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Résumé

L'accroissement des dépôts de nitrate atmosphérique (NO 3 atm ) sur les bassins versants d'altitude, limités en ressources, entraîne des changements nets de disponibilité d'azote. Ces apports modifient la diversité biologique (végétation, microorganismes), les processus des sols liés à l'azote et conduisent à l'eutrophisation des cours d'eau. A terme, l'impact sur les populations humaines se traduira par la perte d'importants services fournis par ces écosystèmes (alimentation en eau, qualité du fourrage, contrôle de l'érosion, biodiversité). Si les effets des dépôts de NO 3 atm sur les bassins versants pauvres en azote sont maintenant bien documentés, il n'en reste pas moins à comprendre les processus régissant la rétention de NO 3 atm dans les écosystèmes de montagne. Pour ce faire, la variabilité spatio-temporelle de la répartition du NO 3 atm dans tous les compartiments subalpins est ici étudiée en utilisant un traceur multi-isotopique ( 17 O, 18 O, 15 N) du NO 3 -.

L'importante proportion de NO 3 atm dans les cours d'eau de montagne, tout au long de l'année et plus particulièrement à la fonte des neiges, laisse à penser que les bassins versants sont cinétiquement saturés en azote. La composition isotopique du NO 3 -dans les eaux de surface illustre la transformation rapide de l'ammonium de la neige et confirme que la fonte des neiges est une période cruciale du cycle de l'azote dans les montagnes enneigées. La proportion de NO 3 atm dans les sols varie, quant à elle, en fonction du type d'occupation des sols et des propriétés biotiques et abiotiques afférentes. Le suivi de la végétation a montré une forte teneur en NO 3

Introduction

1.1 Nitrate positioning in the Nitrogen biogeochemical cycle: an isotopic perspective How best to start this manuscript than by paraphrasing J.N. Galloway and colleagues introduction to their authoritative article of 2004 about Nitrogen (N) cycle [START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF]. There, the authors cited a couplet from the Rime of the Ancient Mariner (by Samuel Taylor Coleridge, 1772-1834): "Water, water everywhere and all the boards did shrink; water, water everywhere nor any drop to drink". Beyond its pure poetical beauty, this couplet was a statement that although sailors were surrounded by abundant seawater, they couldn't drink it because of its form. The analogy with nitrogen is explicit for enlightened minds, and here is why.

About nitrogen and nitrate

Nitrogen (N) is an essential nutrient for life on Earth. It is present at every stages of the biosphere -from being associated with other major elements (carbon (C), oxygen (O), sulfur (S), etc.) in deoxyribonucleic acid (DNA) nucleotides to representing the main constituent (78 %) of the atmosphere as N 2 -and necessary to sustain life forms, from microorganisms to vertebrates [START_REF] Galloway | Transformation of the nitrogen cycle: recent trends, questions, and potential solutions[END_REF].

Paradoxically, despite its prominent abundance N is often a limiting nutrient of net primary productivity in unperturbed systems (Vitousek and Howarth, 1991) due its unavailability to most living organisms (99 % of N is unavailable to 99 % of life on Earth, [START_REF] Galloway | Transformation of the nitrogen cycle: recent trends, questions, and potential solutions[END_REF]. The reason is that N is almost exclusively under the form of molecular nitrogen (N 2 ), which is not usable as such by most organisms because of the strength of the triple bond linking the two N atoms. To become available, N needs to be "fixed", that is, removed from the atmosphere to be associated with other atoms such as O and hydrogen (H) to form reactive N species (Nr). Here, Nr designates all chemically, biologically and radiatively (re)active N molecules that can be found in Earth's envelopes [START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF]. Natural processes susceptible to provide enough energy to achieve the transformation of N 2 to Nr are Biological Nitrogen Fixation (BNF) and lightning. BNF occurs via N fixing organisms which include a surprisingly small number of algae and bacteria, many of them forming symbiotic relationships with higher plants to convert gaseous N into plant-usable Nr [START_REF] Hipkin | Nitrification by plants that also fix nitrogen[END_REF].

Human activities, and more specifically N fixing food-production and energymaking processes have doubled the flux of Nr delivered to the environment (Vitousek et al., 1997), a number projected to increase in the future (Figure 1-1). Detrimental effects of too much Nr in the environment have now been widely monitored, and are well documented [START_REF] Fowler | The global nitrogen cycle in the twenty-first century[END_REF][START_REF] Galloway | Transformation of the nitrogen cycle: recent trends, questions, and potential solutions[END_REF]Vitousek et al., 1997), a perfect illustration of Rosalind famous saying "Too much of a good thing" (As you like it, William Shakespeare, 1564-1616). More details about the ecological consequences of enhanced Nr inputs to ecosystems are given in section 1.2, but among the most noticeable is biodiversity loss [START_REF] Clark | Estimated losses of plant biodiversity in the United States from historical N deposition (1985-2010)[END_REF]. Among Nr species, nitrate (NO 3 -) is of particular importance both to the environment and to humans. With ammonium (NH 4 + ), they constitute the quasi totality of N inorganic forms. Plants acquire N mainly under the form of inorganic N at temperate latitudes [START_REF] Epstein | Mineral Nutrition of Plants Principles and Perspectives[END_REF][START_REF] Miller | Root Nitrogen Acquisition and Assimilation[END_REF], even if organic N (N org ) such as urea or amino acids can also be absorbed [START_REF] Hachiya | Interactions between nitrate and ammonium in their uptake, allocation, assimilation, and signaling in plants[END_REF]. As such, changes in the available amounts and imbalance in the supply of dissolved inorganic nitrogen (DIN) forms can alter vegetation diversity and even cause significant toxicity to plants [START_REF] Britto | Ecological significance and complexity of Nsource preference in plants[END_REF][START_REF] Hachiya | Interactions between nitrate and ammonium in their uptake, allocation, assimilation, and signaling in plants[END_REF]. NO 3 -is also characterized by a high solubility in water, and can be transported far from the original source to the river lower reaches, or accumulate in groundwater [START_REF] Spalding | Occurrence of Nitrate in Groundwater-A Review[END_REF]. It is the most ubiquitous chemical contaminant in the world's aquifers, a situation leading to adverse effects both on humans and the environment. The World Health Organization (WHO) has adopted a 10 mg L -1 N-NO 3 -limit as a maximum standard for safe drinking water. Exceedance of NO 3 -concentrations above this limit is thought to increase risks of reproductive problems, methemoglobinemia and cancer, although it is still subject to scientific controversy [START_REF] Fewtrell | Drinking-Water Nitrate, Methemoglobinemia, and Global Burden of Disease: A Discussion[END_REF][START_REF] Mensinga | Health implications of exposure to environmental nitrogenous compounds[END_REF][START_REF] Powlson | When Does Nitrate Become a Risk for Humans?[END_REF]Van Grinsven et al., 2006). NO 3 -can also impact human health via indirect ecological feedbacks, especially when anthropogenic NO 3 -inputs drive significant changes in the environment [START_REF] Townsend | Human health effects of a changing global nitrogen cycle[END_REF]. For all these reasons, NO 3 -dynamics and fate in the environment have been the scope of hundreds of studies over the past several decades, and still is at the center of important scientific questions in the 21 st century.

Nitrate isotopologues

Nitrate is constituted of one N atom and three O atoms. These elements have two ( 14 N, 15 N) and three ( 16 O, 17 O, 18 O) stable isotopes, respectively, with m the number of nucleons of m X isotope (X being any element of the Mendeleev table). The relative proportion of heavy vs light isotopes of a given element is expressed as a ratio (e.g., R 15 = n( 15 N) / n( 14 N), R 17 = n( 17 O) / n( 16 O) and R 18 = n( 18 O) / n( 16 N)).

The isotopic enrichment (or depletion) of a sample, relative to a standard reference, is expressed in ‰ and calculated using the δ notation as follows:

δ sample = (R sample / R standard ) -1 (Eq. 1.1)
Reference standards (i.e., stable compounds, abundant, non-toxic, easy to handle and store) are specific to each element. Atmospheric N 2 is the reference standard for N [START_REF] Mariotti | Natural 15N abundance measurements and atmospheric nitrogen standard calibration[END_REF], and the Vienna Standard Mean Ocean Water (VSMOW) the reference standard for oxygen (International Atomic Energy Agency). By definition, standards have a δ value of 0 ‰. Here, most of the discussion will turn around the variations of δ 15 N and δ 18 O of nitrate.

Stable isotopes biogeochemistry focuses on the evolution of isotopic ratios in samples when submitted to physical, chemical or biological processes in the environment. Three mechanisms can lead to fractionation: equilibrium (or thermodynamic), kinetic and nuclear spin. For the purpose of this manuscript, no distinction between these processes will be made and "fractionation" will refer to any of these mechanisms from now onwards, unless specified otherwise. Interested readers can refer to Michener and Lajtha (2007) or [START_REF] Hayes | An introduction to isotopic calculations[END_REF] for a very nice introduction to the fundamentals of stable isotopes in the environment. Isotopic fractionation can be quantified using a fractionation factor (α), which can be defined as the ratio of two isotopic ratios:

α = R product / R substrate (Eq. 1.2)
Where R is the isotopic ratio of the instantaneous product (R product ) and substrate (R substrate ). Isotope effects are generally small (i.e., α ≈ 1); therefore it is common practice to report the deviation of fractionation factors from unity as follows:

ε = α -1 (Eq. 1.3)
Where ε is the result of the isotopic fractionation process, which either enrich (ε > 0)

or deplete (ε < 0) the substrate with heavy isotopes relative to the product. Other formulations for fractionation factors are also sometimes used, with different mathematical solutions, and are thoroughly reviewed elsewhere [START_REF] Bao | Triple Oxygen Isotopes: Fundamental Relationships and Applications[END_REF][START_REF] Faure | Principles and applications of geochemistry : a comprehensive textbook for geology students[END_REF][START_REF] Hayes | An introduction to isotopic calculations[END_REF]. The application of stable isotopes biogeochemistry to nitrate has enabled sizable scientific breakthroughs in the understanding of nitrogen cycling in ecosystems, of which an overview is given in the following section.

Sources and sinks of nitrate in terrestrial ecosystems

As stated above, NO 3 -is an important link of N cycling in terrestrial ecosystems, at the crossroads of a variety of N sources, transformations and sinks (Figure 1-2). The δ 15 N and δ 18 O of NO 3 -reflect the original sources (or mixing of sources) of N and O from which it is derived and the subsequent processes that potentially caused fractionation effects. Most existing N sources have now been documented for their δ 15 N ranges, but isotopic fractionation effects of terrestrial processes are still to be further constrained. An overview of the current state of knowledge on N fractionations in the N cycle have recently been published, with emphasize on the discrepancies between experimentally and theoretically calculated fractionation factors [START_REF] Denk | The nitrogen cycle: A review of isotope effects and isotope modeling approaches[END_REF]. Still, a number of studies have laid the ground for isotopic characterization of the main biological processes affecting NO 3 -, as described below.

Among the sources of NO 3 -, nitrification is a two-step process of NH 4 + oxidation to NO 3 -, and the only natural terrestrial production pathway of NO 3 -.

Nitrification is in majority mediated by several different autotrophic bacteria and archaea for the purpose of deriving metabolic energy. Although it exists other nitrifiers capable of oxidizing N forms to nitrate (e.g., heterotrophic nitrification), for the purpose of this work they will all be grouped together and referred to as "nitrifiers" from now onwards, unless specifies otherwise. The production of intermediary nitrite (NO 2 -) is usually the limiting step of this process, yielding 15 N-depleted NO 3 -in the end. Note that depending on the initial ammonium source, the resulting NO 3 -will have different (or overlapping) δ 15 N values. A summary of δ 15 N-NO 3 -ranges, depending on the NH 4 + substrate used in the nitrification process, is given in Figure 1-3. Note that whereas nitrification is a naturally occurring NO 3 -production process, the NH 4 + substrate can originate from either natural or anthropogenic sources.

During the nitrification process, three oxygen isotopes are associated to the N-NH 4 + atom, two of which are supposed to come from soil-water and one from atmospheric O 2 (δ 18 O = 23.88 ‰, [START_REF] Barkan | High precision measurements of 17O/16O and 18O/16O ratios in H2O. Rapid[END_REF]. Therefore, theoretical δ 18 O values of nitrate produced by nitrification can be calculated as:

δ 18 O-NO 3 -= 1/3 (δ 18 O-O 2 ) + 2/3 (δ 18 O-H 2 O) (Eq. 1.4) This calculation assumes a number of hypotheses (e.g., no fractionation resulting from the incorporation of these O atoms) that are extensively discussed elsewhere [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]Rose et al., 2015b;[START_REF] Snider | Stable Oxygen Isotope Ratios of Nitrate Produced from Nitrification: 18O-Labeled Water Incubations of Agricultural and Temperate Forest Soils[END_REF]. δ 18 O-NO 3 -from nitrification are generally in the range of -15 to 15 ‰, with most studies reporting positive values [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF][START_REF] Snider | Stable Oxygen Isotope Ratios of Nitrate Produced from Nitrification: 18O-Labeled Water Incubations of Agricultural and Temperate Forest Soils[END_REF].

The other "natural" source of nitrate, atmospheric deposition, will be further discussed in section 1. 1.4. Range for δ 15 N of atmospheric nitrate is -15 to 15 ‰, and 60 to 90 ‰ for δ 18 O [START_REF] Durka | Effects of forest decline on uptake and leaching of deposited nitrate determined from 15N and 18O measurements[END_REF][START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]. Seasonal variations in δ 15 N and δ 18 O of NO 3 -have been measured, reflecting the contribution of several sources (δ 15 N) and production pathways in the atmosphere (δ 18 O) at different periods of the year [START_REF] Elliott | Nitrogen Isotopes as Indicators of NO x Source Contributions to Atmospheric Nitrate Deposition Across the Midwestern and Northeastern United States[END_REF][START_REF] Freyer | Seasonal variation of 15N/14N ratios in atmospheric nitrate species[END_REF][START_REF] Savarino | Nitrogen and oxygen isotopic constraints on the origin of atmospheric nitrate in coastal Antarctica[END_REF][START_REF] Savarino | Isotopic composition of atmospheric nitrate in a tropical marine boundary layer[END_REF].

Nitrate can also be produced artificially for fertilization purpose by the Haber-Bosch process, which consists in fixing atmospheric N 2 into ammonia (NH 3 ), followed by its oxidation to NO 3 -using atmospheric O 2 . Consequently, the isotopic composition of thus produced NO 3 -is similar to air (i.e., δ 15 N = 0 ± 5 ‰ [START_REF] Mariotti | Natural 15N abundance measurements and atmospheric nitrogen standard calibration[END_REF] and δ 18 O = 23.88 ‰ [START_REF] Barkan | High precision measurements of 17O/16O and 18O/16O ratios in H2O. Rapid[END_REF].

There are three main removal pathways, or sinks, of NO 3 -in terrestrial systems. NO 3 -uptake and assimilation by plants and microbes refer to the transport of external NO 3 -into organism cells and subsequent transformation to organic forms during biosynthesis, respectively. While different fractionation factors for N-NO 3 isotopes have been reported during uptake [START_REF] Denk | The nitrogen cycle: A review of isotope effects and isotope modeling approaches[END_REF], there are generally considered negligible [START_REF] Karsh | The contributions of nitrate uptake and efflux to isotope fractionation during algal nitrate assimilation[END_REF]André Mariotti et al., 1982). A large range of N fractionations (-30 to 0 ‰) has also been measured for NO 3 -assimilation in field and laboratory experiments [START_REF] Denk | The nitrogen cycle: A review of isotope effects and isotope modeling approaches[END_REF][START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]. Interestingly, assimilation was shown to cause coupled δ 15 N and δ 18 O changes along a 1:1 line in residual NO 3 -, highlighting the utility of a dual isotope approach to decipher biological processes in the environment [START_REF] Granger | Coupled nitrogen and oxygen isotope fractionation of nitrate during assimilation by cultures of marine phytoplankton[END_REF](Granger et al., , 2010a;;[START_REF] Karsh | Eukaryotic Assimilatory Nitrate Reductase Fractionates N and O Isotopes with a Ratio near Unity[END_REF][START_REF] Treibergs | Enzyme level N and O isotope effects of assimilatory and dissimilatory nitrate reduction: Enzyme level N and O isotope effects[END_REF].

Denitrification refers to the dissimilatory reduction of NO 3 -into gaseous compounds, (nitric oxide (NO), nitrous oxide (N 2 O) and eventually N 2 ) and occurs only in anaerobic conditions, which are predominant in saturated soils and riparian sediments usually found in wetlands [START_REF] Clément | Seasonal Dynamics of Denitrification Along Topohydrosequences in Three Different Riparian Wetlands[END_REF][START_REF] Sebilo | Isotopic composition of nitratenitrogen as a marker of riparian and benthic denitrification at the scale of the whole Seine River system[END_REF][START_REF] Sebilo | Assessing Nitrification and Denitrification in the Seine River and Estuary Using Chemical and Isotopic Techniques[END_REF].

The first steps of this reducing process are often limiting, yielding strong N and O fractionations (-40 to -5 ‰). Similarly to assimilation, δ 15 N and δ 18 O of residual nitrate covariate along lines with slopes ranging from 0.4 to 1.0 during denitrification (Clément et al., 2003b;[START_REF] Granger | Nitrogen and oxygen isotope fractionation during dissimilatory nitrate reduction by denitrifying bacteria[END_REF][START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF][START_REF] Wexler | Isotopic signals of summer denitrification in a northern hardwood forested catchment[END_REF].

NO 3 -can also be removed by leaching from soils through hydrological flow paths, a processed not yielding any isotopic fractionation [START_REF] Semaoune | Is there any isotopic fractionation of nitrate associated with diffusion and advection?[END_REF]. Sources and processes affecting NO 3 -in terrestrial ecosystems can be plotted in a dual isotope plot featuring δ 15 N and δ 18 O on the x and y-axes, respectively (Figure 1-3). It is customary to report measured δ 15 N and δ 18 O values on such plot to determine where NO 3 -comes from, and which processes it undergoes in a studied system. expected slope for data resulting from denitrification (slope = 0.5) and assimilation (slope = 1). After [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF].

Other dissimilatory reduction processes, such as the dissimilatory reduction of NO 3 -to ammonium (DNRA), have been scarcely investigated for their fractionation factors. However, necessary environmental conditions for these processes to occur (i.e., strong reducing conditions with high sulfide concentrations) are seldom met, and therefore they will not be further discussed here [START_REF] Thamdrup | Production of N(2) through anaerobic ammonium oxidation coupled to nitrate reduction in marine sediments[END_REF][START_REF] Trimmer | Production of nitrogen gas via anammox and denitrification in intact sediment cores along a continental shelf to slope transect in the North Atlantic[END_REF]. Biological N fixation, mineralization and volatilization isotopic effects are not discussed here as well because these processes only affect soil N org and NH 4 + pools, with no direct impact on the isotopic composition of nitrate. Note that anammox and commamox processes, which can potentially impact nitrate pool evolution over time, will not discussed here as they are assumed not to be predominant. More details on N terrestrial cycling can be found in the Chapter 6 of Sutton (2011). 1.1.4 Focus on atmospheric deposition of NO 3 -NO 3 -is produced in the atmosphere by several mechanisms, all implying the oxidation of nitrogen dioxide (NO 2 ) by reactive atmospheric species (e.g., O 3 , OH, NO 3 , halogens) to varying extents. NO 2 , along with NO, play a major role in atmospheric chemistry, especially because of their intertwined relationship with O 3 (and peroxyl radicals) in a diurnal cycle [START_REF] Crutzen | The influence of nitrogen oxides on the atmospheric ozone content[END_REF][START_REF] Leighton | Photochemistry of Air Pollution[END_REF]. In an attempt of clarity, all forms of NO 3 -in the atmosphere (i.e., gaseous nitric acid (HNO 3 )

and particulate nitrate (p-NO 3 ) in the dry fraction, dissolved NO 3 -in precipitation) will be referred to under the shared denomination of "atmospheric nitrate" or "NO 3 atm " in this manuscript. The constant interaction between NO x species (NO 2 and NO) and O 3 is of particular relevance regarding the isotopic composition of NO 3 atm . Indeed, measurements of O isotopic enrichment in the main terrestrial reservoirs of Obearing species showed the following first order relationship: (Eq. 1.5) This relationship translates the doubled fractionation effects on δ 18 O relative to δ 17 O during the production and transformation of these species, due to a mass difference between 18 O and 16 O twice superior to the mass difference between 17 O and 16 O.

δ 17 O ≈ 0.52 * δ 18 O
Such isotopic fractionations are called "mass-dependent".

The laboratory discovery of a significant deviation of ozone isotopes from this mass-dependent terrestrial fractionation line (TFL) has opened the gate to a whole new world of isotopic investigation [START_REF] Thiemens | The mass-independent fractionation of oxygen: a novel isotope effect and its possible cosmochemical implications[END_REF]). 17 O and 18 O enrichment during O 3 production in the atmosphere leads to a deviation from the proportionality law described in (Eq. 1.5Eq. 1.5), and is called "mass-independent" fractionation (MIF). This deviation from the TFL, illustrated in Figure 1-4, is called " 17 O excess" and noted as Δ 17 O, of which its linear expression is written as:

Δ 17 O = δ 17 O -0.52 * δ 18 O (Eq. 1.6) Note that this formulation of Δ 17 O is the one that will be used in the remainder of this manuscript, and that an extensive review of all mathematical expressions of the 17 O excess and their significance can be found elsewhere [START_REF] Bao | Triple Oxygen Isotopes: Fundamental Relationships and Applications[END_REF][START_REF] Coplen | Guidelines and recommended terms for expression of stableisotope-ratio and gas-ratio measurement results[END_REF]. Additionally, an IUPAC project led by Jan Kaiser will soon provide an update in terminology and suitable definitions to use in multiple stable isotope systems. Also, an explanation on the cause of this mass-independent fractionation of oxygen isotopes in O 3 in the first place can be found in [START_REF] Gao | Strange and Unconventional Isotope Effects in Ozone Formation[END_REF]; [START_REF] Hathorn | An intramolecular theory of the massindependent isotope effect for ozone. II. Numerical implementation at low pressures using a loose transition state[END_REF] and [START_REF] Janssen | Does Symmetry Drive Isotopic Anomalies in Ozone Isotopomer Formation?[END_REF]. As ozone interacts with NO x at almost every step of the nitrate making process (Figure 1-5), this 17 O excess is transferred to the final product of the Leighton cycle (i.e., NO 3 -). Briefly, the high reactivity of NO 2 and NO in the troposphere drives a fast succession of photo-dissociation reactions of NO 2 to NO and oxidation of NO to NO 2 by O 3 [START_REF] Savarino | The NO+O3 reaction: A triple oxygen isotope perspective on the reaction dynamics and atmospheric implications for the transfer of the ozone isotope anomaly[END_REF]. Therefore, NO 2 oxygen composition results principally from O 3 , and the 17 O excess in transferred accordingly [START_REF] Morin | Signature of Arctic surface ozone depletion events in the isotope anomaly (Δ17O) of atmospheric nitrate[END_REF]. In reality, other oxidants (e.g., peroxyl radicals) dilute this transfer of mass-independent fractionation signature by contributing O atoms with Δ 17 O values of 0 into the Leighton cycle. Depending on the oxidation pathway of the terminal step of the Leighton cycle (i.e., NO 2 è HNO 3 ), the produced NO 3 -is either further enriched in 17 O excess (nighttime oxidation by O 3 ) or diluted (e.g., during daytime oxidation by OH radical) [START_REF] Morin | Simulation of the diurnal variations of the oxygen isotope anomaly (&Delta;<sup>17</sup>O) of reactive atmospheric species[END_REF]. Δ 17 O of NO 3 atm is, like for most atmospheric reservoirs that involve O 3 in their production mechanisms (e.g., SO 4 2-, ClO 4 -),

representative of the oxidation pathways leading to its formation [START_REF] Alexander | Quantifying atmospheric nitrate formation pathways based on a global model of the oxygen isotopic composition (Δ 17 O) of atmospheric nitrate[END_REF], and has enabled major breakthrough in understanding the oxidative capacity of Earth atmosphere [START_REF] Morin | Tracing the Origin and Fate of NOx in the Arctic Atmosphere Using Stable Isotopes in Nitrate[END_REF][START_REF] Savarino | Isotopic composition of atmospheric nitrate in a tropical marine boundary layer[END_REF][START_REF] Thiemens | History and applications of mass-independent isotope effects[END_REF]. In biogeochemical studies, Δ 17 O is usually not used as a proxy of the oxidative pathways leading to NO 3 atm formation, but rather as a tracer of atmospheric inputs of NO 3 -in a given system. Because of its mathematical expression (Eq. 1.6), Δ 17 O is not affected by mass-dependent fractionation processes and is conserved in terrestrial reservoirs upon deposition, until NO 3 atm is completely biologically recycled (i.e., until the original O mass-independent isotopic signature is lost). Indeed, when NO 3 atm undergoes a full assimilation -mineralization -nitrification cycle, the oxygen atoms forming the new NO 3 -will derive from air O 2 and soil H 2 O as described in (Eq.

1.4), losing its initial 17 O-excess. Biologically produced NO 3 -and anthropogenic fertilizers have Δ 17 O values of 0 (with the notable exception of the atmospheric originated Chilean saltpeter (Michalski et al., 2004a)), making Δ 17 O a unique tool to quantify the direct contribution of unprocessed NO 3 atm to an ecosystem (Michalski et al., 2004b[START_REF] Michalski | Oxygen and nitrogen isotopic composition of nitrate in commercial fertilizers, nitric acid, and reagent salts[END_REF] (Figure [1][2][3][4][START_REF] Thamdrup | Production of N(2) through anaerobic ammonium oxidation coupled to nitrate reduction in marine sediments[END_REF][START_REF] Baron | High Elevation Ecosystem Responses to Atmospheric Deposition of Nitrogen in the Colorado Rocky Mountains, USA[END_REF]. Δ 17 O is a conservative tracer of NO 3 atm inputs, and enables the study of N deposition in ecosystems without perturbing them (e.g., unlike 15 N pool dilution experiments, which often involve unrealistic doses of N in a very short timeframe that potentially bias the results). However, Δ 17 O is not panacea by itself and its utilization yields powerful insights on N cycling sources and processes especially when coupled to the classical dual isotope approach (i.e., δ 15 N and δ 18 O) presented in section 1.1.3. This multi-isotopic method will be at the heart of the scientific interests tackled in this thesis manuscript. , no deviation from the TFL). After [START_REF] Michalski | Determination of the Total Oxygen Isotopic Composition of Nitrate and the Calibration of a Δ17Ο Nitrate Reference Material[END_REF].

Three main processes produce the quasi-totality of NO x of which NO 3 atm is derived from in the troposphere: fixation of N 2 , oxidation of N org during combustion and emission during the various processes of the N cycling. Fixation of N 2 encompasses the natural (lightning) and anthropogenic (e.g., fossil fuel combustion in vehicle engines, industrial energy production) processes occurring at temperature > 1500 °C, leading to the production of "thermal" NO x [START_REF] Young | NOx formation in rotary kilns producing cement clinker applicable NOx control techniques and cost effectiveness of these control techniques[END_REF]. Oxidation of N org during combustion refers to the oxidation of N contained in any fuel during combustion at lower temperatures than the formation threshold for "thermal" NO x .

Coal burning and biomass fires are principally responsible for the making of these "fuel" NO x . Finally, N cycling in soils leads to emissions of NO as a byproduct of processes conducted by microorganisms on Earth surface (e.g., nitrification, denitrification, etc.).

According to United States (US) emissions inventories surveying the past few years, ca 90 % of NO x emitted in the country are due to anthropogenic activities (https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data).

Globally, fossil-fuel combustion is the main contributor to NO x emissions (58 %), followed by soils (22 %), and biomass burning (14 %), the rest being mostly produced by lightning [START_REF] Fowler | Effects of global change during the 21st century onthe nitrogen cycle[END_REF]. Even more preoccupying, NO x (and NH x , i.e. NH 3 and NH 4 + ) emissions are projected to be 17 times higher in 2050 compared to the pre-industrial era [START_REF] Galloway | Transformation of the nitrogen cycle: recent trends, questions, and potential solutions[END_REF]. Because of the long-range transport of NO 3 atm on continents and oceans [START_REF] Galloway | The Nitrogen Cascade[END_REF], atmospheric deposition is a major source of nutrients to remote ecosystems in pristine environments [START_REF] Holtgrieve | A Coherent Signature of Anthropogenic Nitrogen Deposition to Remote Watersheds of the Northern Hemisphere[END_REF]. High altitude watersheds in the mountains are iconic of remote ecosystems being increasingly affected by atmospheric deposition of N, as discussed in section 1.2.

Mountains, sentinels of change

This title was chosen in reference to the Belmont Forum call for proposal, as it perfectly illustrates how sensitive a mountain ecosystem can be to global change.

There is a lot of information to be inferred from the changes observed in altitude (> 1500 m a.s.l.) catchments, a forewarning message of the transformations to be expected in the future in more resilient systems.

Alpine and subalpine environments are sensitive to N deposition

Alpine and subalpine environments are especially vulnerable to increasing inputs of Nr via atmospheric deposition. In the European Alps, an ice-core record showed 5-folds higher Nr deposition nowadays compared to estimated pre-industrial levels [START_REF] Preunkert | A seasonally resolved alpine ice core record of nitrate: Comparison with anthropogenic inventories and estimation of preindustrial emissions of NO in Europe[END_REF], although N deposition rates are on the decline in the Alps [START_REF] Rogora | An Overview of Atmospheric Deposition Chemistry over the Alps: Present Status and Long-term Trends[END_REF]. The N sensitivity of terrestrial ecosystems is logically a function of atmospheric deposition rates of Nr and the strength of Nr sinks (i.e., plants, soils and microorganisms). Harsh bioclimatic conditions have led mountainous soils to be nutrients poor, and N is often the primary limiting factor of plants before phosphorus (P) [START_REF] Körner | Alpine Plant Life[END_REF]. Nitrogen cycling in alpine and subalpine systems is slow [START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF][START_REF] Robson | Land use in subalpine grasslands affects nitrogen cycling via changes in plant community and soil microbial uptake dynamics: Land-use gradients affect N cycle via plants and microbes[END_REF], because of temperature limited mineralization rates [START_REF] Miller | Mineralization responses at near-zero temperatures in three alpine soils[END_REF], high retention of inorganic N in soils organic matter and substantial competition between plants and microbes for N resource during the growing season [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF][START_REF] Robson | Land use in subalpine grasslands affects nitrogen cycling via changes in plant community and soil microbial uptake dynamics: Land-use gradients affect N cycle via plants and microbes[END_REF]. These criteria make herbaceous-dominated grasslands, typical of these systems, very likely candidates to ecological changes under increasing Nr deposition rates [START_REF] Bowman | Nitrogen Critical Loads For Alpine Vegetation And Terrestrial Ecosystem Response: Are We There Yet?[END_REF].

The notion of "critical load" have been introduced by scientists and policy makers in an attempt to determine the minimum input of a pollutant leading to a significant change of an ecological indicator (e.g., nitrogen saturation status), and is increasingly used to set pollution standards worldwide [START_REF] Bobbink | Review and revision of empirical critical loads and dose-response relationships: proceedings of an expert workshop[END_REF]. Among grasslands and tall forbs habitats, alpine and subalpine grasslands are the most sensitive to N deposition, with a critical load for these ecosystems estimated to 1 -4 kg-N ha -1 yr -1 [START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF][START_REF] Bobbink | Review and revision of empirical critical loads and dose-response relationships: proceedings of an expert workshop[END_REF][START_REF] Bowman | Nitrogen Critical Loads For Alpine Vegetation And Terrestrial Ecosystem Response: Are We There Yet?[END_REF][START_REF] Nanus | Spatial variation of atmospheric nitrogen deposition and critical loads for aquatic ecosystems in the Greater Yellowstone Area[END_REF]. Changes in species composition, or acidification of surface freshwaters are early ecological indicators of N deposition detrimental effects, and often used as metrics to measure and evaluate ecosystems response to increased Nr supply and the saturation stage [START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF][START_REF] Bowman | Nitrogen Critical Loads For Alpine Vegetation And Terrestrial Ecosystem Response: Are We There Yet?[END_REF][START_REF] Chapin | Biotic control over the functioning of ecosystems[END_REF].

The nitrogen saturation concept has first been introduced to qualify an ecosystem where Nr inputs (e.g., atmospheric deposition) outbalance the biological demand, leading to losses of unused N generally through leaching [START_REF] Aber | Nitrogen Saturation in Northern Forest Ecosystems[END_REF]. This approach has been revisited in a conceptual model where the rate of Nr inputs exceeds the rate of Nr assimilation in an ecosystem and its remediation capacity [START_REF] Lovett | A New Conceptual Model of Nitrogen Saturation Based on Experimental Nitrogen Addition to an Oak Forest[END_REF], certainly more adequate to describe N status in alpine and subalpine watersheds where multiple drivers control the N budget [START_REF] Barnes | Land-use controls on sources and processing of nitrate in small watersheds: insights from dual isotopic analysis[END_REF][START_REF] Burns | Atmospheric nitrogen deposition in the Rocky Mountains of Colorado and southern Wyoming-a review and new analysis of past study results[END_REF]Rose et al., 2015b).

It would not be possible to discuss Nr deposition in mountains without mentioning the considerable amount of research that has been conducted in the Rocky Mountains in the US. There, probably the most comprehensive study of atmospheric N inputs ecological consequences in alpine ecosystems has been conducted over the last two decades, and is still on-going, providing an unique insight on both short-term and long-term changes in all compartments of mountains (Figure 1234567). Over the past twenty years, patterns in atmospheric N deposition were evaluated, showing that dry deposition can contribute up to 10-30% of the total N inputs in alpine catchments [START_REF] Burns | Atmospheric nitrogen deposition in the Rocky Mountains of Colorado and southern Wyoming-a review and new analysis of past study results[END_REF][START_REF] Mladenov | Atmospheric deposition as a source of carbon and nutrients to an alpine catchment of the Colorado Rocky Mountains[END_REF] and that deposited Nr often originates from distant sources after long-range transport (Wasiuta et al., 2015a(Wasiuta et al., , 2015b)). Stream chemistry was shown to respond to variations in N deposition rates [START_REF] Mast | Links between N Deposition and Nitrate Export from a High-Elevation Watershed in the Colorado Front Range[END_REF], to the point of episodic acidification and NO 3 -leakage in the Green Lakes Valley of the Colorado Front Range [START_REF] Williams | Critical loads for inorganic nitrogen deposition in the Colorado Front Range[END_REF].

Changes in plants functional traits, soil mineralization rates and soil microbial communities were also documented [START_REF] Baron | High Elevation Ecosystem Responses to Atmospheric Deposition of Nitrogen in the Colorado Rocky Mountains, USA[END_REF][START_REF] Nemergut | The effects of chronic nitrogen fertilization on alpine tundra soil microbial communities: implications for carbon and nitrogen cycling[END_REF], and increased uptake of Nr by vegetation had locally led to a 10 % turnover of its biodiversity at the species level [START_REF] Mcdonnell | Modeled subalpine plant community response to climate change and atmospheric nitrogen deposition in Rocky Mountain National Park, USA[END_REF]. Most noticeable impacts were observed in lakes where acidification and eutrophication driven by N atmospheric deposition induced significant changes in phytoplankton nutrient limitation, diatoms species composition and amphibians populations [START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF][START_REF] Burns | The effects of atmospheric nitrogen deposition in the Rocky Mountains of Colorado and southern Wyoming, USA-a critical review[END_REF][START_REF] Elser | Shifts in lake N:P stoichiometry and nutrient limitation driven by atmospheric nitrogen deposition[END_REF][START_REF] Wolfe | Recent ecological and biogeochemical changes in alpine lakes of Rocky Mountain National Park (Colorado, USA): a response to anthropogenic nitrogen deposition[END_REF]. Evidently, ecological changes cited above are not specific to the Rocky Mountains, and similar impacts have been widely monitored elsewhere [START_REF] Bassin | Species Composition of Subalpine Grassland is Sensitive to Nitrogen Deposition, but Not to Ozone, After Seven Years of Treatment[END_REF][START_REF] Bassin | Elevated ozone and nitrogen deposition affect nitrogen pools of subalpine grassland[END_REF][START_REF] Boutin | Nitrogen deposition and climate change have increased vascular plant species richness and altered the composition of grazed subalpine grasslands[END_REF][START_REF] Clément | The effects of snow-N deposition and snowmelt dynamics on soil-N cycling in marginal terraced grasslands in the French Alps[END_REF][START_REF] Gill | The influence of 3-years of warming and N-deposition on ecosystem dynamics is small compared to past land use in subalpine meadows[END_REF][START_REF] Hobbs | Nitrogen deposition to lakes in national parks of the western Great Lakes region: Isotopic signatures, watershed retention, and algal shifts: NITROGEN DEPOSITION TO NORTHERN LAKES[END_REF][START_REF] Nanus | Spatial variation of atmospheric nitrogen deposition and critical loads for aquatic ecosystems in the Greater Yellowstone Area[END_REF].

Nitrogen deposition is considered as the second main driver of alpine ecosystem changes behind climate change [START_REF] Sala | Biodiversity: global biodiversity scenarios for the year 2100[END_REF].

Another particular feature of alpine and subalpine catchment relative to N deposition resides in the seasonal snow-cover, which aggregates a fraction of winter atmospheric N deposits [START_REF] Campbell | Mobility of Nitrogen-15-Labeled Nitrate and Sulfur-34-Labeled Sulfate during Snowmelt[END_REF][START_REF] Williams | Storage and release of solutes from a subalpine seasonal snowpack: soil and stream water response[END_REF]. In high altitude catchments, about half of the year's N deposits are estimated to be retained in the snowpack [START_REF] Hiltbrunner | Inorganic nitrogen storage in alpine snow pack in the Central Alps (Switzerland)[END_REF] and released at spring during snowmelt, when plant demands is high [START_REF] Bilbrough | Early Spring Nitrogen Uptake by Snow-Covered Plants: A Comparison of Arctic and Alpine Plant Function under the Snowpack[END_REF]. Release of snowpack nitrate as an ionic pulse, which magnifies its concentration, is considered as a "hot moment" in these ecosystems, and deemed responsible for episodic acidification of alpine and subalpine streams [START_REF] Lepori | Causes of episodic acidification in Alpine streams[END_REF][START_REF] Williams | Storage and release of solutes from a subalpine seasonal snowpack: soil and stream water response[END_REF][START_REF] Williams | Critical loads for inorganic nitrogen deposition in the Colorado Front Range[END_REF]. Other studies also demonstrated that part of this ionic pulse at snowmelt could results from the flushing of soil inorganic N reservoirs by melt water [START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF][START_REF] Kendall | Tracing sources of nitrate in snowmelt runoff using the oxygen and nitrogen isotopic compositions of nitrate[END_REF]. The importance of hydrology in linking atmospheric N deposition with terrestrial reservoirs has clearly been delineated in these ecosystems [START_REF] Balestrini | Catchment features controlling nitrogen dynamics in running waters above the tree line (central Italian Alps)[END_REF]Rose et al., 2015b).

Seasonal snow-cover is also an important control of N availability in alpine and subalpine soils. Thinner snowpack was shown to promote higher N-related microbial activity in subalpine meadows [START_REF] Jusselme | Variations in snow depth modify N-related soil microbial abundances and functioning during winter in subalpine grassland[END_REF], consistent with previous findings showing that snow depth and timing controlled soil heterotrophic activity during winter (Brooks et al., 1999;[START_REF] Brooks | Snowpack controls on nitrogen cycling and export in seasonally snow-covered catchments[END_REF]. A shift of microbial communities at snowmelt [START_REF] Lipson | Changes in Soil Microbial Community Structure and Function in an Alpine Dry Meadow Following Spring Snow Melt[END_REF] was deemed responsible for the release of immobilized inorganic N in soils at the beginning of the growing season [START_REF] Schmidt | Microbial growth under the snow: implications for nutrient and allelochemical availability in temperate soils[END_REF].

Finally, N-related changes in altitude catchments are likely to have social and economic impacts because of indirect ecological feedbacks on human population, by analogy with coastal and estuarine environments [START_REF] Dodds | Eutrophication of U.S. Freshwaters: Analysis of Potential Economic Damages[END_REF], and low altitude terrestrial systems [START_REF] Clark | Nitrogen-induced terrestrial eutrophication: cascading effects and impacts on ecosystem services[END_REF]. Therefore, preservation of highaltitude habitats is a growing necessity in terms of biodiversity conservation, erosion control and water quality insurance, and will be a major challenge to address in the upcoming years. As explained above, the Lautaret pass has been the siege of a large number of studies, in which the meteorological, hydrotopographic and biogeomorphic properties of the site have been extensively described [START_REF] Baptist | Impact de la durée d'enneigement sur les cycles biogéochimiques dans les écosystèmes alpins[END_REF][START_REF] Grassein | Mécanismes de variation des traits fonctionnels dans les prairies des Alpes[END_REF][START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF][START_REF] Quétier | Vulnérabilité des écosystèmes semi-naturels européens aux changements d'utilisation des terres : application aux prairies subalpines de Villar d'Arène[END_REF]. In an effort of brevity and clarity, only relevant information to the comprehension of the rest of the manuscript will be presented here.

The meteorological conditions at the Lautaret pass are typical of the subalpine zone and dominated by a strong continental influence. Mean monthly temperatures range from -7°C in February to +16°C in July [START_REF] Legay | Une approche fonctionnelle des relations plantes-microorganismes dans le cadre du cycle de l'azote[END_REF][START_REF] Quétier | Vulnérabilité des écosystèmes semi-naturels européens aux changements d'utilisation des terres : application aux prairies subalpines de Villar d'Arène[END_REF]. Marked temperature differences between winter and summer generally come with an uneven temporal distribution of precipitation, featuring a mostly arid period in summer and wet conditions in winter, with an annual mean of 960 mm [START_REF] Quétier | Vulnérabilité des écosystèmes semi-naturels européens aux changements d'utilisation des terres : application aux prairies subalpines de Villar d'Arène[END_REF]. The snowcover in winter can be as high as 3-m in accumulation zones, and is permanent from November to April (south-facing slope) or May (north-facing slope), considerably limiting the vegetation growth period from May (or June) to September [START_REF] Robson | Land use in subalpine grasslands affects nitrogen cycling via changes in plant community and soil microbial uptake dynamics: Land-use gradients affect N cycle via plants and microbes[END_REF]. The Lautaret Pass received an estimated 6-8 kg-N ha -1 yr -1 in 2015, of which ca 4 kg-N as HNO 3 (GEOS-Chem v11-01, GEOS-FP, resolution: 2x2.5;

Angot, personal communication). The subalpine meadows found at the Lautaret pass are not representative of the climactic cover by Pinus cembra that should be prevalent at this altitude [START_REF] Ozenda | La végétation de la chaîne alpine: dans l'espace montagnard européen[END_REF]. Subalpine regions are an ecotone between the lower dense coniferous forests and the higher permanent alpine grasslands [START_REF] Körner | Alpine Plant Life[END_REF]. Therefore, it should not be surprising to find scattered tree groves in these regions. The absence of forests at the Lautaret pass illustrates human influence, and more specifically the past agropastoral practices which roots spread back to the Middle-Age, that have modified both the topography and the vegetation cover of this valley. The soils have been intensively managed to produce the necessary fodder to sustain cattle during the long winter months, but the intensification of agriculture in plains has progressively led to the decline of mountainous agricultural practices over the past 50 years [START_REF] Girel | Histoire de l'agriculture en Oisans (Haute Romanche et pays faranchin, Villar d'Arène[END_REF]. Current land-management varies from plot to plot, where the most extensive practice consists in mowing and manuring activities in spring and summer and the less extensive practice is the simple cessation of activity except for occasional grazing [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF]. As a consequence, subalpine meadows at the Lautaret pass show a vegetal functional diversity that differs depending on their past land-use -which shaped the actual topography of these meadows (i.e., terraced or unterraced, Figure 1-10) -and their actual agricultural trajectory -the past and current practices (e.g., mowing, manuring, grazing) - [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF].

The conjunction of climatic and anthropic factors has thus favored the setting of specific vegetal communities, making these subalpine meadows among the most diversified ecosystems, in terms of plant species, in Europe [START_REF] Quétier | Vulnérabilité des écosystèmes semi-naturels européens aux changements d'utilisation des terres : application aux prairies subalpines de Villar d'Arène[END_REF]. to cattle and because it releases allelopathic compounds in soils that chemically inhibit the development of other species [START_REF] Binet | Effects of mowing on fungal endophytes and arbuscular mycorrhizal fungi in subalpine grasslands[END_REF][START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF]Viard-Crétat et al., 2012), thus slowing N cycling rates and decreasing specific diversity. (uplands), which make them a unique territory to understand how biota meets N deposition in semi-natural conditions. Whereas the understanding of the ecological impacts of enhanced atmospheric N deposition in subalpine meadows have been the object of extensive studies in the French Pyrenees [START_REF] Boutin | Impacts des dépôts atmosphériques azotés sur la biodiversité et le fonctionnement des pelouses subalpines pyrénéennes[END_REF], this work aims at providing insights on the dynamics and processes leading to such monitored impacts. With focus on NO 3 -, which harmfulness potential is widely recognized (see section 1.1), we intended to investigate the fate and the partitioning of atmospheric deposits in and between the different compartments that constitute the subalpine ecosystem.

The utilization of Δ 17 O-NO 3 -, initially an atmospheric chemistry tracer of oxidative pathways in the troposphere (see section 1.1), in terrestrial environment studies is scarce (less than 15 published scientific papers), mainly because of the difficulties to measure δ 17 O with high accuracy and because of the relative novelty of its discovery. Among the few studies that have used the NO 3 -triple isotope tracer (Δ 17 O, δ 18 O and δ 15 N), most focused on forested catchments [START_REF] Costa | Analysis of atmospheric inputs of nitrate to a temperate forest ecosystem from Δ 17 O isotope ratio measurements: ATMOSPHERIC NITRATE INPUTS TO A FOREST[END_REF]Rose et al., 2015a;[START_REF] Sabo | Episodic, seasonal, and annual export of atmospheric and microbial nitrate from a temperate forest: MICROBIAL AND ATMOSPHERIC NITRATE EXPORT[END_REF][START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF], groundwater or surface water reservoirs [START_REF] Dietzel | <sup>17</sup>O excess traces atmospheric nitrate in paleogroundwater of the Saharan desert[END_REF]T. Liu et al., 2013;[START_REF] Saccon | Determination of Nitrate Pollution Sources in the Marano Lagoon (Italy) by using a Combined Approach of Hydrochemical and Isotopic Techniques[END_REF][START_REF] Tsunogai | Quantifying nitrate dynamics in an oligotrophic lake using &Delta;<suP>17</sup>O[END_REF][START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF] or semi-arid natural or urban systems [START_REF] Dejwakh | Using 17 O to Investigate Nitrate Sources and Sinks in a Semi-Arid Groundwater System[END_REF]Michalski et al., 2004b;[START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF][START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF], and only two on alpine surface waters [START_REF] Darrouzet-Nardi | Landscape-level nitrogen import and export in an ecosystem with complex terrain, Colorado Front Range[END_REF][START_REF] Hundey | Agriculture causes nitrate fertilization of remote alpine lakes[END_REF]. This work aims at increasing this growing body of literature, and at further pushing the limits of Δ 17 O utilization by applying it to a new ecosystem, and to new environmental matrices.

Objectives, structure and overview

To avoid -as much as possible -redundancy with the Methods sections of the four scientific papers that consist the core of this manuscript, an overview of the field and analytical techniques used during the 3 years of this Ph.D. thesis will be given in Appendix A -Methods. Readers are invited to peruse this section as considerable amount of time was spent collecting and analyzing samples during this doctoral work.

Scientific questions and manuscript structure

The importance of studying nitrate deposition in subalpine systems has been extensively discussed in section 1.2, and the ecological vulnerability of these systems highly motivated this project. Another title to this manuscript could have 

Main scientific achievements

The main scientific findings that will be presented in this doctoral work can be summarized in five highlights as follows:

-Deposited atmospheric nitrate and ammonium both contribute to the N balance of a subalpine watershed, especially at snowmelt.

-Year-round presence of atmospheric nitrate in streams suggests that atmospheric inputs exceed the remediation capacity of subalpine freshwaters.

-Biotic and abiotic processes that depend on the land-management regimes and the basins characteristics drive atmospheric nitrate turnover in subalpine soils.

-The Δ 17 O tracer can be used to monitor vegetation assimilation pathways and to infer plants uptake strategies.

-The Δ 17 O tracer, when coupled to δ 18 O and δ 15 N of nitrate, helps not only to trace NO 3 atm fate, but also to better understand N cycling processes in all spheres of the environment.

An overview of this doctoral work in two figures

The sampling strategy during this Ph.D. consisted in spending one day per week at the Lautaret pass, and this for more than two years. In Figure 1 atm exports in subalpine streams, and if these exports are varying before reaching downstream populated areas. A particular focus is given on the snowmelt period to evaluate its role in transferring accumulated NO 3 atm in the snowpack to the surrounding environment. The section 2.1 describes the seasonal variations of NO 3 atm exports in three subalpine streams over one year and offers an explanation to these variations based on hydrological and topographical considerations. The section 2.2 depicts the spatial heterogeneity of NO 3 atm exports in seven freshwater reservoirs along an altitude gradient, and gives insights on the different drivers that explain such pattern. A summary of the scientific conclusions is provided in section 2.3, and the main findings will be put in perspective with the terrestrial N cycle in subalpine meadows. 

Type of analysis

Δ 17 O, δ 18 O, δ 15 N, [NO 3 -], [NH 4 + ], [SO 4 2-], [Ca 2+ ], [Cl -] Δ 17 O, δ 18 O, δ 15 N, [NO 3 -], [NH 4 + ], [SO 4 2-], [Ca 2+ ], [Cl -] Δ 17 O, δ 18 O, δ 15 N, [NO 3 -], [NH 4 + ], [SO 4 2-], [Ca 2+ ], [Cl -] Δ 17 O, δ 18 O, δ 15 N, [NO 3 -], [NH 4 + ], [SO 4 2-], [Ca 2+ ], [Cl -], H 2 O isotopes Δ 17 O, δ 18 O, δ 15 N, [NO 3 -], [NH 4 + ], TDN, TON, OM, bulk density, microbial N Δ 17 O, δ 18 O, δ 15 N, [NO 3 -], [NH 4 + ]

Abstract

Nitrogen is an essential nutrient for life on Earth, but in excess, it can lead to environmental issues. Understanding the nitrogen budget (i.e., inputs and outputs) is essential to evaluate the prospective decay of the ecosystem services that subalpine headwater catchments provide, especially as these ecosystems experience increased anthropogenic nitrogen deposition. Here, we use a multi-isotopic tracer (Δ 17 O, δ 15 N and δ 18 O) of nitrate in aerosols, snow and streams to assess the fate of atmospherically deposited nitrate in the subalpine watershed of the Lautaret pass (French Alps). We show that atmospheric deposition contributes significantly to stream nitrate pool year-round, either by direct inputs (up to 35 %) or by in situ nitrification of atmospheric ammonium (up to 35 %). Snowmelt in particular leads to high exports of anthropogenic nitrate, most likely fast enough to impede assimilation by surrounding ecosystems. Yet, in a context of climate change, with shorter snow seasons, and increasing nitrogen emissions, our results hint at possibly stronger ecological consequences of nitrogen atmospheric deposition in the close future.

Introduction

Reactive Nitrogen (Nr) has long been known for its duality. At low to moderate concentrations, it is an essential nutrient for natural ecosystems in general, and plant nutrition in particular [START_REF] Epstein | Mineral Nutrition of Plants Principles and Perspectives[END_REF]. In excess, Nr becomes an environmental issue for endemic terrestrial plant species and aquatic ecosystems [START_REF] Aber | Nitrogen Saturation in Northern Forest Ecosystems[END_REF][START_REF] Galloway | The Nitrogen Cascade[END_REF]Vitousek et al., 1997), and may pose threats to human health [START_REF] Ward | Workgroup Report: Drinking-Water Nitrate and Health-Recent Findings and Research Needs[END_REF]. Human activities have increased N inputs to the environment by 150% over the last century [START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF], with a rising contribution -among other distribution processes -of atmospheric deposition [START_REF] Galloway | Transformation of the nitrogen cycle: recent trends, questions, and potential solutions[END_REF][START_REF] Matson | The Globalization of Nitrogen Deposition: Consequences for Terrestrial Ecosystems[END_REF]. Fossil-fuel combustion, agriculture and food production are responsible for direct or indirect emissions of atmospheric Nspecies with the capacity to reach remote ecosystems such as mountainous regions [START_REF] Baron | High Elevation Ecosystem Responses to Atmospheric Deposition of Nitrogen in the Colorado Rocky Mountains, USA[END_REF][START_REF] Preunkert | A seasonally resolved alpine ice core record of nitrate: Comparison with anthropogenic inventories and estimation of preindustrial emissions of NO in Europe[END_REF] where Nr equilibrium is very sensitive to small perturbations [START_REF] Baron | Ecosystem Responses to Nitrogen Deposition in the Colorado Front Range[END_REF][START_REF] Kirchner | Nitrogen deposition along differently exposed slopes in the Bavarian Alps[END_REF]. Alpine and subalpine watersheds are particularly vulnerable to this increasing Nr-supply [START_REF] Burns | The effects of atmospheric nitrogen deposition in the Rocky Mountains of Colorado and southern Wyoming, USA-a critical review[END_REF][START_REF] Clark | Estimated losses of plant biodiversity in the United States from historical N deposition (1985-2010)[END_REF], as they are usually N-limited ecosystems [START_REF] Kaye | Competition for nitrogen between plants and soil microorganisms[END_REF].

The critical load for these ecosystems has been estimated to 1-4 kg-N ha -1 yr -1 , making alpine and subalpine grasslands the most sensitive to N deposition among grasslands and tall forb habitats [START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF][START_REF] Bobbink | Review and revision of empirical critical loads and dose-response relationships: proceedings of an expert workshop[END_REF][START_REF] Nanus | Spatial variation of atmospheric nitrogen deposition and critical loads for aquatic ecosystems in the Greater Yellowstone Area[END_REF]. In some regions of the globe, such as in the Colorado Front Range, USA, shifts from N-limitation to N-saturation state have been observed leading to regional and national policies to regulate this phenomenon [START_REF] Baron | Hindcasting nitrogen deposition to determine an ecological critical load[END_REF][START_REF] Williams | Critical loads for inorganic nitrogen deposition in the Colorado Front Range[END_REF][START_REF] Wolfe | Recent ecological and biogeochemical changes in alpine lakes of Rocky Mountain National Park (Colorado, USA): a response to anthropogenic nitrogen deposition[END_REF]. As a consequence of increasing N deposition, a slow but persistent change of alpine and subalpine landscape has been noticed in several regions [START_REF] Bassin | Species Composition of Subalpine Grassland is Sensitive to Nitrogen Deposition, but Not to Ozone, After Seven Years of Treatment[END_REF][START_REF] Mcdonnell | Modeled subalpine plant community response to climate change and atmospheric nitrogen deposition in Rocky Mountain National Park, USA[END_REF]. Species more competitive for nitrogen uptake tend to develop in abundance at the expense of usually oligotrophic native plants, leading to plant diversity loss and changes in ecosystem functioning and services. Freshwater quality and erosion control are, per instance, threatened by this cascade of changes [START_REF] Bowman | Nitrogen Critical Loads For Alpine Vegetation And Terrestrial Ecosystem Response: Are We There Yet?[END_REF][START_REF] Chapin | Biotic control over the functioning of ecosystems[END_REF]). Yet, and mainly because of the paucity of monitoring facilities in isolated areas and of the logistical difficulties in accessing these regions, key biogeochemical processes regulating N cycling in mountains are still not well understood [START_REF] Mast | Links between N Deposition and Nitrate Export from a High-Elevation Watershed in the Colorado Front Range[END_REF].

More specifically, atmospheric nitrate (NO 3 -) and ammonium (NH 4 + ), deriving principally from anthropogenic NO x (NO and NO 2 ) and agricultural NH 3 emissions, are transferred to the land surface through wet and dry deposition. Dissolved inorganic nitrogen (DIN) species (i.e., NO 3 -and NH 4 + ) are of capital importance in ecological studies given their high solubility in water; the strong hydrological connectivity and typical topography of alpine and subalpine watersheds can lead to a fast transport and a potentially long reach of the above-mentioned nutrients in surrounding ecosystems [START_REF] Campbell | Nitrogen deposition and release in alpine watersheds[END_REF][START_REF] Clow | Relations between basin characteristics and stream water chemistry in alpine/subalpine basins in Rocky Mountain National Park, Colorado[END_REF].

Traditionally, environmental studies on NO 3 -sources partitioning are essentially based on δ 15 N and δ 18 O-NO 3 -values [START_REF] Kendall | Tracing sources of nitrate in snowmelt runoff using the oxygen and nitrogen isotopic compositions of nitrate[END_REF][START_REF] Mayer | Sources of nitrate in rivers draining sixteen watersheds in the northeastern US: Isotopic constraints[END_REF][START_REF] Ohte | Nitrogen and oxygen isotope measurements of nitrate to survey the sources and transformation of nitrogen loads in rivers[END_REF], to constrain the biogeochemical processes affecting the various N forms in mountains. Yet, the wide range of observed values for δ 15 N and δ 18 O-NO 3 -from atmospheric and other sources limits accurate quantification of contributing sources (T. Liu et al., 2013;Michalski et al., 2004b).

In this study we focus -for the first time (to the best of our knowledge) -on year-round NO 3 -dynamics in a mountainous watershed in the French Alps, using a multi-isotopic (Δ 17 O, δ 18 O, δ 15 N) tracer of NO 3 -in subalpine surface waters. This relatively new method has been increasingly used, as it enables a more refined understanding of atmospheric NO 3 -(NO 3 atm ) contribution to ecosystems N pool (Michalski et al., 2004b;Rose et al., 2015a;[START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF]. With the aim to clearly delineate the fate of atmospheric Nr in a subalpine watershed, we first characterized the triple isotopic composition of NO 3 -in aerosols and snow deposited in high altitude catchments (> 1500m a.s.l.) of the central French Alps (i.e., the input flux). Second, we evaluated the fate of the deposited NO 3 atm by monitoring NO 3 riverine exports from the watersheds (i.e., the output flux).

We hypothesized that (i) the triple isotopes approach will enable a clear delineation of NO 3 -sources and the quantification of their respective contribution to small and medium-scale watersheds N budget and (ii) seasonal dynamics of NO 3 atm exports in stream will provide additional insights on N cycling controls in high altitude catchments. The climate is subalpine with a strong continental influence. The annual precipitation in 2015 (year of study) was 537 mm, significantly drier than the mean annual precipitation of 956 mm observed between 2004 and 2013 [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF]. In 2015, ca 45 % of the precipitation occurred during the growing season from snowmelt (in April) to late September. Winters are cold and snowy. The mean temperature was -7.5 °C in February 2015 and 13.9 °C in July 2015. More detailed information about the sampling site can be found elsewhere [START_REF] Clément | The effects of snow-N deposition and snowmelt dynamics on soil-N cycling in marginal terraced grasslands in the French Alps[END_REF][START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF]. with a Digitel® PM 2.5 cutting head. We used QMA Whatman quartz filters for aerosols collect, burnt at 800 °C for 1 h to lower the blank signal [START_REF] Jaffrezo | Size distribution of EC and OC in the aerosol of Alpine valleys during summer and winter[END_REF]. Filters were changed on a weekly basis, thus accumulating enough material for isotopic analysis. Airflow was fixed at 0.5 m 3 per minute.

Material and methods

From December 2014 to April 2015 a snow pit (SP) was dug every month on the Lautaret watershed to provide profiles of NO 3 atm concentration and isotopic values in the snowpack. For each pit, snow was dug until the soil was reached, then after cleaning the vertical profile, samples were collected every 3 cm starting from surface snow.

Water samples were collected in the three streams (Figure 2-2, in red) from November 2014 to December 2015 to obtain a full one-year hydrological cycle and stream N chemistry. The samples were taken according to the Niwot Ridge LTER protocol [START_REF] Williams | Solute chemistry of snowmelt and runoff in an Alpine Basin, Sierra Nevada[END_REF]. Samples were taken on a weekly basis when possible, and at most 2 weeks separated two consecutive samples.

More details regarding aerosols, snow and water sampling can be found in the section 2.1.5. Unfortunately, neither rivers discharge measurements nor wet deposition collect could be done at the time of the study because of lacking equipment. Appreciation of snowmelt timeframe, peak and length was based on visual observation of snow cover and rivers flow. The Laurichard stream could not be sampled from mid-January to mid-April as the riverbed was completely covered by the snowpack.

Samples pre-treatment and NO 3 -concentration analysis

Aerosols samples were analyzed by extracting NO 3 -from filters, immersed in 40-mL of ultrapure water in a centrifugal ultrafiltration unit (Milipore Centricon plus-70, 100 000 Daltons), shaken a few times, and then centrifuged at 4500-RPM for 20 minutes. The extract was then collected in a 50-mL Corning ® centrifuge tube and kept frozen until further analysis.

Water and snow samples underwent the same pre-treatment for isotopic analysis. Frozen samples were melted at room temperature overnight before being filtered using 0.45-μm Whatman GD/X syringe filters linked to a peristaltic pump.

Ultimately, aerosols, snow and stream samples were concentrated using an anionic resin (0.6-mL AG 1-X8 resin, Cl --form, Bio-Rad) with recovery efficiency over 98.5%

and eluted with 10 mL of a 1-M NaCl solution for isotopic analysis [START_REF] Templer | Use of mixed ion exchange resin and the denitrifier method to determine isotopic values of nitrate in atmospheric deposition and canopy throughfall[END_REF]. Sample aliquots were taken before the resin concentration step for [NO 3 -] determination using a Continuous Flow Analysis spectrophotometer (SEAL Analyzer QuAAtro) based on cadmium-reduction of NO 3 -to nitrite [START_REF] Wood | Determination of nitrate in sea water by cadmium-copper reduction to nitrite[END_REF]. [NO 3 -] values are given with an uncertainty of 0.02 mg L -1 , calculated as the mean standard deviation of ten successive measurements of the calibrating standards.

Isotopic analysis

Aerosols, snow and river samples were analyzed for Δ 17 O, δ 18 O and δ 15 N of NO 3 -using the bacterial denitrifier technique in combination with the N 2 O gold decomposition method [START_REF] Casciotti | Measurement of the Oxygen Isotopic Composition of Nitrate in Seawater and Freshwater Using the Denitrifier Method[END_REF][START_REF] Kaiser | Triple Oxygen Isotope Analysis of Nitrate Using the Denitrifier Method and Thermal Decomposition of N 2 O[END_REF][START_REF] Morin | Tracing the Origin and Fate of NOx in the Arctic Atmosphere Using Stable Isotopes in Nitrate[END_REF].

More details about the analytical procedure can be found elsewhere [START_REF] Morin | Comprehensive isotopic composition of atmospheric nitrate in the Atlantic Ocean boundary layer from 65°S to 79[END_REF] and in the section 2.1.5.

All samples isotopic values were corrected for any isotopic effect possibly occurring during the procedure by processing simultaneously international reference materials (International Atomic Energy Agency USGS 32, USGS 34 and USGS 35) through the same analytical batch. The isotopic standards were prepared in the same background matrix as samples (i.e., 1-M NaCl). Standard deviation of the residuals from the linear regression between the measured reference standards (n=20) and their expected values served as indicator of the accuracy of the method. In our study, [START_REF] Morin | Comprehensive isotopic composition of atmospheric nitrate in the Atlantic Ocean boundary layer from 65°S to 79[END_REF]Savarino et al., 2007) whereas Δ 17 O value of NO 3 -from all other sources (industrial fertilizers, nitrification) or biologically processed NO 3 atm , is 0 (Michalski et al., 2004b[START_REF] Michalski | Oxygen and nitrogen isotopic composition of nitrate in commercial fertilizers, nitric acid, and reagent salts[END_REF]. In this study, we used these two distinct Δ 17 O values as end-members in a simple mixing model to quantify unprocessed NO 3 atm proportion in streams. Calculation of atmospheric contribution, noted ƒ atm , was derived from the following equation:

Δ 17 O-NO 3 - sample = ƒ atm * Δ 17 O-NO 3 - atm + (1-ƒ atm ) * Δ 17 O-NO 3 - ter (Eq. 2.1)
With ƒ atm (= %NO 3 atm ), the mole fraction of the atmospheric contribution (Michalski et al., 2004b) (Granger et al., 2010b;[START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF], but co-occurring soil production of NO 3 -by nitrification can lead to lower enrichment proportions [START_REF] Granger | Isotopic overprinting of nitrification on denitrification as a ubiquitous and unifying feature of environmental nitrogen cycling[END_REF]. However, well within the atmospheric range of NO 3 -isotopic values reported in the literature [START_REF] Morin | Comprehensive isotopic composition of atmospheric nitrate in the Atlantic Ocean boundary layer from 65°S to 79[END_REF][START_REF] Savarino | Isotopic composition of atmospheric nitrate in a tropical marine boundary layer[END_REF]. δ 18 O and δ 15 N values were between 60 and 90 ‰ and -10 and 0 ‰, respectively (Figure 2-4c and d), consistent with a reservoir exclusively made of NO 3 atm [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]. Mean (± standard deviation) isotopic values of snow NO 3 -were 29.3 ± 1.6, 77.0 ± 5.6 and -3. On Y-axis is snow depth as measured on day of collect. Brown, blue, green, purple and orange colors stand for December, January, February, March and April snow pit, respectively. The layer at 150 cm depth corresponds to the first non-melted snow of the winter. The deepest collected layer for each pit was about 2 cm above the soil, to avoid any NO 3 -exchange at the soil-snow interface.

Δ
Mean isotopic values of NO 3 -in aerosols were also consistent with other measurements of particulate NO 3 - [START_REF] Elliott | Dual nitrate isotopes in dry deposition: Utility for partitioning NO x source contributions to landscape nitrogen deposition[END_REF], featuring significantly lower mean Δ 17 O-NO 3 -and δ 15 N-NO 3 -in summer (23. 1 ± 2.4 and -6.5 ± 3.4 ‰, respectively) than in winter (28.9 ± 1.7 and -1.0 ± 1.7 ‰, respectively), a temporal pattern discussed in the section 2.1.7. Winter aerosols NO 3 -isotopic values were in the range of the snowpack NO 3 -values. and Laurichard, whereas there was no significant difference between Tufiere and Laurichard mean Δ 17 O-NO 3 -(p-value = 0.5). All streams showed similar range for δ 18 O-NO 3 -and δ 15 N-NO 3 -, between -5 and 25 ‰ for δ 18 O-NO 3 -and between -6 and 13 ‰ for δ 15 N-NO 3 -. Our findings were somewhat in the same range of previously measured NO 3 -isotopic values in alpine streams [START_REF] Burns | Analysis of δ15N and δ18O to differentiate NO3-sources in runoff at two watersheds in the Catskill Mountains of New York[END_REF][START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF][START_REF] Mayer | Sources of nitrate in rivers draining sixteen watersheds in the northeastern US: Isotopic constraints[END_REF], although higher spanning δ 18 O-NO 3 values found elsewhere might be due to analytical bias (Rose et al., 2015b). Transitions between both seasons are snowmelt period in spring, and plant senescence in autumn. Our choice to use snow-NO 3 -as the atmospheric end-member laid on simple but robust assumptions. First, snow is a good conservator of atmospheric nitrate in high accumulation sites (> 30 cm of snow accumulation) and preserves its isotopic composition [START_REF] Hastings | Seasonal variations in N and O isotopes of nitrate in snow at Summit, Greenland: Implications for the study of nitrate in snow and ice cores[END_REF][START_REF] Savarino | Nitrogen and oxygen isotopic constraints on the origin of atmospheric nitrate in coastal Antarctica[END_REF]. Second, the snowpack is representative of winter bulk deposition, as it aggregates both wet and dry deposition [START_REF] Campbell | Mobility of Nitrogen-15-Labeled Nitrate and Sulfur-34-Labeled Sulfate during Snowmelt[END_REF][START_REF] Williams | Storage and release of solutes from a subalpine seasonal snowpack: soil and stream water response[END_REF]. Third, most of NO 3 atm measured in streams was assumed to come from snowmelt, as previously observed in other seasonally snow-covered catchments [START_REF] Brooks | Snowpack controls on nitrogen cycling and export in seasonally snow-covered catchments[END_REF][START_REF] Williams | Storage and release of solutes from a subalpine seasonal snowpack: soil and stream water response[END_REF]. Little temporal variation of NO 3 -concentration and isotopic values in snow pits profiles, along with no isotopic evidence of post-deposition processes further supported this assumption (section 2.1.6, Figure 2-4 and Figure 23456789). By inputting mean snow Δ 17 O-NO 3 -in Eq. 2.2, we obtained:

ƒ atm = Δ 17 O-NO 3 - sample / 29.3 (Eq. 2.
3)

The error range on ƒ atm was inferred from snow Δ 17 O-NO 3 -standard deviation, and calculated as 2 %.

It must be underlined that snow as atmospheric end-member might not account correctly for wet or dry deposition in summer. Wet deposition has de facto been shown to contribute significantly to freshwaters systems, either through direct inputs due to flashy hydrology [START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF]Rose et al., 2015a) or through indirect contribution via enhanced nitrification [START_REF] Nanus | Evaluating Regional Patterns in Nitrate Sources to Watersheds in National Parks of the Rocky Mountains using Nitrate Isotopes[END_REF]. We show that summer deposition (wet or dry) as atmospheric end-member results in higher calculated NO 3 atm fraction in streams, up to 6% in this study (see section 2.1.7). For that reason, all calculated ƒ atm values in the following sections must be considered as a lower estimate of NO 3 atm inputs in this system. [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]Rose et al., 2015b). Note that our approach (i.e., Δ 17 O vs δ 18 O) might yield lower uncertainty compared to the traditional one (i.e., δ 18 O calculation) which comes with a number of assumptions and caveats that are thoroughly dissected elsewhere (Rose et al., 2015b;[START_REF] Snider | Stable Oxygen Isotope Ratios of Nitrate Produced from Nitrification: 18O-Labeled Water Incubations of Agricultural and Temperate Forest Soils[END_REF]. Conversely, we found a significant negative correlation between Δ 17 O-NO 3 -and δ 15 N-NO 3 -(Figure 2-6g, h and i) in the three streams, with once again the best fit for Romanche.

With the same method as cited above, we can infer the mean δ 15 N-NO 3 ter : 4.4, 5.0 and 6.1 ‰ in Tufiere, Laurichard and Romanche, respectively. These values characterizing the NO 3 ter end-member are typical of NO 3 -produced from soil NH 4 + nitrification [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]. On the other hand, extrapolating this correlation to 2-1). Surprisingly, δ 15 N-NO 3 atm values of ca -30 ‰ were inferred in all streams, far from measured δ 15 N-NO 3 -in snow and aerosols (Table 2-1) and from existing literature data showing a range of δ 15 N values for NO 3 -between -15 and 15 ‰ [START_REF] Guha | Isotopic ratios of nitrate in aerosol samples from Mt. Lulin, a high-altitude station in Central Taiwan[END_REF][START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF][START_REF] Mara | Isotopic composition of nitrate in wet and dry atmospheric deposition on Crete in the eastern Mediterranean Sea: ISOTOPIC COMPOSITION OF NITRATE IN DEPOSITION[END_REF][START_REF] Xue | Present limitations and future prospects of stable isotope methods for nitrate source identification in surface-and groundwater[END_REF]. This suggested that a two end-members mixing model cannot account for the different sources of N that might have served as substrate for nitrification in subalpine meadows, and the subsequent large distribution of δ 15 N-NO 3 ter . + in the snowpack and in soils during snowmelt, or flushing of soil NO 3 produced under the snowpack during winter [START_REF] Kendall | Tracing sources of nitrate in snowmelt runoff using the oxygen and nitrogen isotopic compositions of nitrate[END_REF]. Nitrification in the snowpack is highly unlikely; indeed, such a process would have overprinted snow

Δ 17 O-NO 3 -= 29.3 ‰ (i.
Δ 17 O-NO 3
-values, which is not the case here (see section 2.1.6 and Figure 234).

However, the dual isotopes plot presented in [START_REF] Brooks | Snowpack controls on nitrogen cycling and export in seasonally snow-covered catchments[END_REF][START_REF] Hiltbrunner | Inorganic nitrogen storage in alpine snow pack in the Central Alps (Switzerland)[END_REF][START_REF] Jusselme | Variations in snow depth modify N-related soil microbial abundances and functioning during winter in subalpine grassland[END_REF][START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF] and could justify the observed pattern. At snowmelt, cold adapted microbial communities massively turn over when confronted to warmer air temperatures [START_REF] Schmidt | Microbial growth under the snow: implications for nutrient and allelochemical availability in temperate soils[END_REF], releasing nitrified N from lysed cells into the soils where it leaches towards groundwater and streams [START_REF] Williams | Mineral nitrogen transformations in and under seasonal snow in a high-elevation catchment in the Rocky Mountains, United States[END_REF]. Sources of nitrified N under the snowpack may be related to soil organic matter and litter decomposition [START_REF] Saccone | The effects of snowpack properties and plant strategies on litter decomposition during winter in subalpine meadows[END_REF] or soil NH 4 + pool resulting from previous year's N deposits [START_REF] Kendall | Tracing sources of nitrate in snowmelt runoff using the oxygen and nitrogen isotopic compositions of nitrate[END_REF][START_REF] Williams | Mineral nitrogen transformations in and under seasonal snow in a high-elevation catchment in the Rocky Mountains, United States[END_REF].

At this point we cannot conclude which source contributed the most to NO 3 ter yield, but overwinter isotopic monitoring of N pools under the snowpack might bring clarification. -export patterns, certainly due to different hydrological behaviors and respective basins characteristics (Rose et al., 2015b).

NO 3 -dynamic in Tufiere were most likely governed by snowmelt. Brief but high peaks of 17 O-excess of NO 3 -in March 2015, coincident with higher [NO 3 -], were attributed to direct runoff of snowmelt water to the stream [START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF][START_REF] Darrouzet-Nardi | Landscape-level nitrogen import and export in an ecosystem with complex terrain, Colorado Front Range[END_REF]. Rapid melting of the lower watershed snowpack washed away labile NO 3 atm deposits and contributed up to 35 % of the total stream NO 3 -pool. Leached NO 3 ter from snow-free soils by subsurface melt or rain water accounted for both higher [NO 3 -] and lower Δ 17 O-NO 3 -in the stream later in spring [START_REF] Liu | Source waters and flow paths in an alpine catchment, Colorado Front Range, United States: SOURCE WATERS AND FLOW PATHS IN ALPINE CATCHMENTS[END_REF]. Gentle hillslopes and the calcareous substrate of the Lautaret subwatershed were also likely to facilitate snowmelt water infiltration and mixing with groundwater, a common feature in subalpine catchments [START_REF] Cowie | Sources of streamflow along a headwater catchment elevational gradient[END_REF].

Starting early May, a slow but persistent increase in Δ Tufiere [START_REF] Nanus | Evaluating Regional Patterns in Nitrate Sources to Watersheds in National Parks of the Rocky Mountains using Nitrate Isotopes[END_REF].

In contrast, NO 3 atm contributed only between 4 and 15 % of total NO 3 -in Laurichard stream from April to May (Figure 2-5b), coincident with the snowmelt period for this northern exposed watershed. Laurichard rock glacier is an actively monitored permafrost-related landform, which increased surface velocities over the past twenty years hint at increased permafrost temperatures, possibly to the point of thawing [START_REF] Bodin | Two decades of responses (1986-2006) to climate by the Laurichard rock glacier, French Alps[END_REF]. Considerably higher year-round [NO 3 -] in Laurichard compared to snow-fed Tufiere -by 1-2 orders of magnitude -suggested that Laurichard NO 3 -exports were mainly driven by increasing soil exposure (Williams et al., 2007) more than any other geomorphic or biogeographic feature [START_REF] Saros | Melting Alpine Glaciers Enrich High-Elevation Lakes with Reactive Nitrogen[END_REF]. Sources of such elevated levels of NO 3 -, while still debated [START_REF] Slemmons | The influence of glacial meltwater on alpine aquatic ecosystems: a review[END_REF][START_REF] Williams | Effects of glaciers on nutrient concentrations and phytoplankton in lakes within the Northern Cascades Mountains (USA)[END_REF], were likely linked to glaciers retreat and permafrost thawing leading to enhanced stream solutes fluxes [START_REF] Barnes | Thawing glacial and permafrost features contribute to nitrogen export from Green Lakes Valley, Colorado Front Range, USA[END_REF][START_REF] Hood | Riverine organic matter and nutrients in southeast Alaska affected by glacial coverage[END_REF], increased nitrification and/or mobilization of stored N from disturbed soils [START_REF] Louiseize | Stable isotopic evidence of enhanced export of microbially derived $${\text{NO}}_{3}^{ -}$$ NO 3 -following active layer slope disturbance in the Canadian High Arctic[END_REF]. Steeper slopes (Figure 2-2), and potentially increased deposition loading because of increased orographic precipitations [START_REF] Williams | Critical loads for inorganic nitrogen deposition in the Colorado Front Range[END_REF] -relative to the Lautaret watershed -were certainly responsible for the occasional higher Δ 17 O-NO 3 -peaks, concomitant with rain events (Figure 2-3).

Lower vegetation cover -and therefore reduced plant NO 3 atm uptake-and the poor buffering capacity of Laurichard watershed granitic bedrock are additional factors that could have fostered punctually enhanced exports of NO 3 atm from wet deposition [START_REF] Balestrini | Catchment features controlling nitrogen dynamics in running waters above the tree line (central Italian Alps)[END_REF]Rose et al., 2015b). The storm in June 2015 (Figure 2 or uptake by the riparian vegetation [START_REF] Hall | Hydrologic control of nitrogenremoval, storage and export in a mountain stream[END_REF]. Denitrification and assimilation should discriminate δ 18 O against δ 15 N of residual NO 3 -following a line with a positive slope (i.e., enrich the residual nitrate with heavier isotopes), which

was not observed in our study (Figure 2345678). However, frequent recharge of NO 3 -by smaller tributaries such as Laurichard may have overprinted any biological isotopic signature [START_REF] Granger | Isotopic overprinting of nitrification on denitrification as a ubiquitous and unifying feature of environmental nitrogen cycling[END_REF].

On all basins, the strong controls seemingly exerted either by snowmelt Nitrogen saturation has first been evaluated in an ecosystem subjected to increasing N deposition [START_REF] Aber | Nitrogen Saturation in Northern Forest Ecosystems[END_REF]. Several stages of saturation have been distinguished, ranging from 0 (N-limited ecosystem) to 3 (fully saturated ecosystem characterized by N-leaching and higher streams [NO 3 -]). [NO 3 -] in Tufiere and Romanche was within the range of reported alpine and mountain stream [NO 3 -]

( [START_REF] Balestrini | Catchment features controlling nitrogen dynamics in running waters above the tree line (central Italian Alps)[END_REF], but [NO 3 -] in Laurichard was higher than in streams pinned as indicators of stage 2 or 3 (Rose et al., 2015a). However, similar seasonal variations of [NO 3 -] in Tufiere, Laurichard and Romanche -high in spring after snowmelt, decreasing in summer, then increasing again as air temperature starts falling down (Figure 2-5a) -were symptomatic of plants and microbial biomasses working as N sinks during the growing season. Evaluation of N saturation according to the conceptual model of biological demand exceeded by N supply does not take into account other drivers of N exports (Rose et al., 2015b), and may not be adapted to describe the N saturation state of subalpine watersheds. Another approach to N saturation has been described as kinetic N saturation, where the rate of N inputs exceeds the rate of N assimilation in an ecosystem and its remediation capacity, and can lead to intensive exports of N in streams [START_REF] Lovett | A New Conceptual Model of Nitrogen Saturation Based on Experimental Nitrogen Addition to an Oak Forest[END_REF]. Given the highest percentage of unprocessed NO 3 atm during hydrological events, our results provided additional evidence that catchment hydrology is certainly responsible for the kinetic N saturation in subalpine watersheds. Anyhow, assessment of N deposition load could help us estimate whether the critical threshold has been crossed, as evidenced in other alpine environments [START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF][START_REF] Boutin | Subalpine Pyrenees received higher nitrogen deposition than predicted by EMEP and CHIMERE chemistrytransport models[END_REF][START_REF] Nanus | Spatial variation of atmospheric nitrogen deposition and critical loads for aquatic ecosystems in the Greater Yellowstone Area[END_REF], and will be the object of future studies. 23). While [NO 3 -] in the lake averaged 2.0 ± 0.8-mg L -1 during the growing season, far below the limit of 50-mg L -1 (guideline value from The World Health Organization translated in the EU Water Framework Directive 2000/60/EC), the presence of NO 3 atm in this elevated freshwater reservoir is yet another warning signal of potential threats due to atmospherically deposited pollutants. Evidence of lakes fertilization by atmospheric deposition in high altitude watersheds has been demonstrated before [START_REF] Hundey | Agriculture causes nitrate fertilization of remote alpine lakes[END_REF]. Fast cycling dynamics of high atmospheric Nr in lakes [START_REF] Tsunogai | Quantifying nitrate dynamics in an oligotrophic lake using &Delta;<suP>17</sup>O[END_REF] can lead to well-documented ecological consequences such as acidification [START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF], shift of algal and phytoplankton communities [START_REF] Hobbs | Nitrogen deposition to lakes in national parks of the western Great Lakes region: Isotopic signatures, watershed retention, and algal shifts: NITROGEN DEPOSITION TO NORTHERN LAKES[END_REF][START_REF] Spaulding | Paleolimnological Records of Nitrogen Deposition in Shallow, High-Elevation Lakes of Grand Teton National Park, Wyoming[END_REF] and disturbance of lakes food web [START_REF] Elser | Shifts in lake N:P stoichiometry and nutrient limitation driven by atmospheric nitrogen deposition[END_REF], and highlight the necessity to protect critical water resources. In winter, limited hydrological connectivity between soils and streams cannot explain the yearround export presence of unprocessed NO 3 atm in subalpine streams, highlighting the potential contribution of groundwater contamination to streams exports. Previous studies also showed that most alpine and subalpine plants acquire N during snowmelt [START_REF] Bilbrough | Early Spring Nitrogen Uptake by Snow-Covered Plants: A Comparison of Arctic and Alpine Plant Function under the Snowpack[END_REF]. In traditionally N-poor subalpine ecosystems, increasing inputs of NO 3 atm together with climate change could accelerate diversity and composition losses of plant communities. In a 21 st century with a shorter snow season, a higher fraction of the yearly deposited NO 3 -will be brought to subalpine ecosystems at a slower rate, during the growth season, instead of abruptly at snowmelt. If NO 3 -saturation is indeed kinetic -as our study suggested -then this climate driven change in NO 3 -influx timing could result in higher NO 3 -absorption in the environment, and lead to capacity saturation. This would come with a wide number of changes in the ecosystem, which have been extensively detailed elsewhere at a global scale [START_REF] Aber | Nitrogen Saturation in Northern Forest Ecosystems[END_REF][START_REF] Galloway | Transformation of the nitrogen cycle: recent trends, questions, and potential solutions[END_REF]Vitousek et al., 1997), and more specifically in high altitude catchments [START_REF] Baron | Ecosystem Responses to Nitrogen Deposition in the Colorado Front Range[END_REF][START_REF] Elser | Shifts in lake N:P stoichiometry and nutrient limitation driven by atmospheric nitrogen deposition[END_REF][START_REF] Nanus | Spatial variation of atmospheric nitrogen deposition and critical loads for aquatic ecosystems in the Greater Yellowstone Area[END_REF].

These findings emphasize the need for more joint monitoring of subalpine soils and plant communities, with the objective a better understanding of atmospheric N deposition consequences on biogeochemical cycling in these semi-isolated ecosystems. In particular, prospective studies should continue focusing on potential synergetic effects of land use management coupled with atmospheric deposition on ecosystems alteration, to better orient policy makers in N emissions mitigation and adaptation efforts. 

Appendix 1

The aerosol collector was installed about 200-m uphill from the SAJF research station with no traffic in direct vicinity except for occasional hikers. A 1-min sampling blank was performed every month to track possible contaminations associated with the analytical procedure. Blanks were always negligible (i.e., three orders of magnitude lower than the lowest [NO 3

atm ] in samples) and thus no blank correction was applied to any isotope measurement. After sampling, filters were folded to avoid any loss, immediately wrapped in aluminum foil, and conserved on site in clean sealed plastic bags at -20°C until further chemical analysis. All handling operations were designed to reduce potential contaminations as much as possible (gloves, clean surface, fast transport, etc.). The sampling area for snow pits was chosen close -within 50-m -to the aerosols collector on the Lautaret sub-watershed (Figure 2-2, in orange) and was delimited by poles and rope to avoid trespassing by hikers and cross-country skiers. Snowpack depth spatial variability was not evaluated. However, the snow sampling location was carefully chosen on a rather flat area, to avoid as much as possible blowing or accumulation effects of wind. Our accumulation measurements were consistent with other measurements on the site at the same period and with regional models predictions [START_REF] Charrois | Assimilation de réflectances satellitaires du domaine visible et proche infrarouge dans un modèle détaillé de manteau neigeux[END_REF]. Each snow sample was stored in a 2-L Whirl-Pack ® bag, placed in a cooler with ice and brought back to the lab to be stored at -20°C. Visual check indicated that snow did not melt upon arrival to the laboratory except for April 2015 where a small amount of snowmelt water (about 5-mL) was observed in the bags. The maximum accumulation of snow (early March) was determined by continuous measurement of snow height with an acoustic sensor (Campbell SR50A-L) [START_REF] Charrois | Assimilation de réflectances satellitaires du domaine visible et proche infrarouge dans un modèle détaillé de manteau neigeux[END_REF]. Stream samples were collected in 1-L Nalgene bottles, previously washed 3 times in laboratory with ultrapure water (18.2

MΩ.cm at 25 °C) and rinsed three more times with stream water before collection. All samples were then kept at -20°C on site until further treatment.

Isotopic analyses were performed using the bacterial denitrifier technique in combination with the N 2 O gold decomposition method [START_REF] Casciotti | Measurement of the Oxygen Isotopic Composition of Nitrate in Seawater and Freshwater Using the Denitrifier Method[END_REF][START_REF] Kaiser | Triple Oxygen Isotope Analysis of Nitrate Using the Denitrifier Method and Thermal Decomposition of N 2 O[END_REF][START_REF] Morin | Tracing the Origin and Fate of NOx in the Arctic Atmosphere Using Stable Isotopes in Nitrate[END_REF]. Briefly, the denitrifying Pseudomonas aureofaciens and N isotopic analysis.

Appendix 2

Based on the vertical profiles of snowpack NO 3 -isotopic values (Figure 2-4),

we provide evidence that post-deposition processes such as nitrification, denitrification, photolysis or uptake did not affect NO 3 atm concentrations and isotopes. First of all, emphasis should be put on the very good agreement of the measured NO 3 -isotopic values in the snowpack and the literature about NO 3 atm isotopic values [START_REF] Guha | Isotopic ratios of nitrate in aerosol samples from Mt. Lulin, a high-altitude station in Central Taiwan[END_REF][START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]. However, and because of the large range for NO 3 atm isotopic values in the literature, post-deposition processes could affect NO 3 atm isotopes and still be in line with expected values for an atmospheric reservoir. The comparison of winter particulate NO 3 -(p-NO 3 -) isotopic values with snow NO 3 -isotopic values did not support that hypothesis. In case of processes leading to NO 3 -supply (nitrification) or loss (denitrification, photolysis, uptake), snow residual NO 3 -should have been respectively depleted or enriched in 15 N and 18 O compared to p-NO 3 -. However, winter p-NO 3 -isotopic values were concordant with snow NO 3 -(Table 2-1), with differences lower than the calculated standard deviation (SD) for the mean values. Additionally, we did not observe temporal loss of NO 3 -between two consecutive pits, with the exception of April pit when lower [NO 3 -] is likely due to snowpack elution by melted snow (Figure 234).

Little to no correlation between δ 18 O and δ 15 N is further evidence that NO 3 atm and its isotopic signature were rather well conserved in the snowpack (Figure 2 [START_REF] Beyn | Changes in atmospheric nitrate deposition in Germany -An isotopic perspective[END_REF][START_REF] Elliott | Dual nitrate isotopes in dry deposition: Utility for partitioning NO x source contributions to landscape nitrogen deposition[END_REF]. This was also illustrated at the Lautaret pass by lower p-NO 3 -isotopic values in summer compared to winter (Table 2-1). Therefore, to choose a winter over a summer atmospheric endmember is likely to impact subsequent quantification of NO 3 atm proportion in a given ecosystem. However, we show here that lower Δ 17 O of wet deposition NO 3 -during the growing season only strengthens our conclusions since a previously used Δ 17 O-NO 3 -value of 25 ‰ [START_REF] Costa | Analysis of atmospheric inputs of nitrate to a temperate forest ecosystem from Δ 17 O isotope ratio measurements: ATMOSPHERIC NITRATE INPUTS TO A FOREST[END_REF]Michalski et al., 2004b) for summer wet deposition end-member would lead to:

ƒ atm = Δ 17 O-NO 3 - sample / 25 (Eq. 2.3bis)
Instead of, for snow as atmospheric end-member: 

ƒ atm = Δ 17 O-NO 3 - sample /

Abstract

As an increasing fraction of human population lives in cities, there is a growing need to understand how human activities couple and decouple with natural biogeochemical cycles. Excessive urbanization exacerbates the nitrogen (N) pollution of freshwaters. The study of the N cycle is thus of major interest to promote adapted remediation policies. Here, we focus on atmospheric nitrate exports in streams along a montane to urban gradient, using a multi-isotopic tracers approach (Δ 17 O, δ 15 N, δ 18 O of nitrate and δ 2 H of water). We show that montane streams have higher proportions of atmospheric nitrate compared to urban streams, and export more atmospheric nitrate on a yearly basis (0.35 vs 0.10-kg N ha -1 yr -1 ). In urban areas, downstream nitrate flux is totally explained by groundwater, whereas in the catchment head export flows are dominated by key events such as snowmelt. Based on the measurements of δ 15 N and δ 18 O-NO 3 -we conclude that the biological processes of denitrification or assimilation do not dominate in any streams in our study. On the other hand, the observed low δ 15 N and δ 18 O range of stream terrestrial nitrate compared to literature suggests that atmospheric deposition may have been a

widely underestimated direct source of N pollution to the environment.

Introduction

Atmospheric nitrogen (N) deposition has increased 10-fold over the past century, increasingly contributing to the global N resource [START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF].

Anthropogenic activities such as fossil-fuel combustion, agriculture and fertilizers use are responsible for this increase [START_REF] Fowler | Effects of global change during the 21st century onthe nitrogen cycle[END_REF][START_REF] Galloway | Transformation of the nitrogen cycle: recent trends, questions, and potential solutions[END_REF]Vitousek et al., 1997), with impacts even in remote ecosystems [START_REF] Hastings | Anthropogenic Impacts on Nitrogen Isotopes of Ice-Core Nitrate[END_REF][START_REF] Holtgrieve | A Coherent Signature of Anthropogenic Nitrogen Deposition to Remote Watersheds of the Northern Hemisphere[END_REF][START_REF] Preunkert | A seasonally resolved alpine ice core record of nitrate: Comparison with anthropogenic inventories and estimation of preindustrial emissions of NO in Europe[END_REF]. The consequences of high N loading on the environment have now been well documented and are evidenced in every sphere of the total environment [START_REF] Aber | Nitrogen Saturation in Northern Forest Ecosystems[END_REF][START_REF] Clark | Nitrogen-induced terrestrial eutrophication: cascading effects and impacts on ecosystem services[END_REF][START_REF] Elser | Shifts in lake N:P stoichiometry and nutrient limitation driven by atmospheric nitrogen deposition[END_REF][START_REF] Matson | The Globalization of Nitrogen Deposition: Consequences for Terrestrial Ecosystems[END_REF]. 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).

Nitrate concentrations and fluxes in soils and streams have often been used to assess the N saturation status in watersheds [START_REF] Aber | Nitrogen Saturation in Northern Forest Ecosystems[END_REF][START_REF] Baron | Nitrogen fluxes in a high elevation Colorado Rocky Mountain basin[END_REF][START_REF] Lovett | A New Conceptual Model of Nitrogen Saturation Based on Experimental Nitrogen Addition to an Oak Forest[END_REF]. However, N exports in stream depend on multiple parameters such as basin topography [START_REF] Balestrini | Catchment features controlling nitrogen dynamics in running waters above the tree line (central Italian Alps)[END_REF][START_REF] Clow | Relations between basin characteristics and stream water chemistry in alpine/subalpine basins in Rocky Mountain National Park, Colorado[END_REF], land-cover [START_REF] Barnes | Thawing glacial and permafrost features contribute to nitrogen export from Green Lakes Valley, Colorado Front Range, USA[END_REF][START_REF] Williams | Effects of glaciers on nutrient concentrations and phytoplankton in lakes within the Northern Cascades Mountains (USA)[END_REF] and land-management [START_REF] Barnes | Land-use controls on sources and processing of nitrate in small watersheds: insights from dual isotopic analysis[END_REF][START_REF] Burns | Sources and Transformations of Nitrate from Streams Draining Varying Land Uses: Evidence from Dual Isotope Analysis[END_REF][START_REF] Lefebvre | 15n-Nitrate Signature in Low-Order Streams: Effects of Land Cover and Agricultural Practices[END_REF]. As streams integrate many processes at the watershed scale, it is important to evaluate the respective contribution of biological and anthropogenic sources to downstream N exports, and to clarify the fate of deposited N in the environment, in order to understand the origin and the development of N saturation.

Montane ecosystems are particularly sensitive to increased N inputs by atmospheric deposition [START_REF] Baron | Ecosystem Responses to Nitrogen Deposition in the Colorado Front Range[END_REF][START_REF] Baron | High Elevation Ecosystem Responses to Atmospheric Deposition of Nitrogen in the Colorado Rocky Mountains, USA[END_REF][START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF], as they are traditionally Nlimited [START_REF] Kaye | Competition for nitrogen between plants and soil microorganisms[END_REF]. Critical loads for these ecosystems are among the lowest for pristine environments [START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF][START_REF] Bowman | Nitrogen Critical Loads For Alpine Vegetation And Terrestrial Ecosystem Response: Are We There Yet?[END_REF][START_REF] Nanus | Spatial variation of atmospheric nitrogen deposition and critical loads for aquatic ecosystems in the Greater Yellowstone Area[END_REF], making them vulnerable to long-range transport of atmospheric N emitted from distant sources [START_REF] Mast | Links between N Deposition and Nitrate Export from a High-Elevation Watershed in the Colorado Front Range[END_REF]Wasiuta et al., 2015b). Nitrogen is mostly exported as nitrate (NO 3 -) from alpine and subalpine watersheds, typically showing a pulse at spring as soils subsurface NO 3 -reservoirs are flushed by snowmelt water [START_REF] Kendall | Tracing sources of nitrate in snowmelt runoff using the oxygen and nitrogen isotopic compositions of nitrate[END_REF][START_REF] Williams | Storage and release of solutes from a subalpine seasonal snowpack: soil and stream water response[END_REF][START_REF] Williams | Solute chemistry of snowmelt and runoff in an Alpine Basin, Sierra Nevada[END_REF].

Nevertheless, atmospheric deposition of N has also been shown to contribute significantly, either directly or indirectly, to year-round NO 3 -exports from montainous catchments (Bourgeois et al., in review;[START_REF] Hundey | Agriculture causes nitrate fertilization of remote alpine lakes[END_REF].

On the other hand, atmospheric deposition is a major source of N to urban areas, which receive much higher loads than adjacent environments [START_REF] Bettez | Nitrogen Deposition in and near an Urban Ecosystem[END_REF][START_REF] Fang | Nitrogen deposition and forest nitrogen cycling along an urban-rural transect in southern China: FOREST N CYCLING IN SOUTHERN CHINA[END_REF][START_REF] Hall | Impacts of anthropogenic emissions and cold air pools on urban to montane gradients of snowpack ion concentrations in the Wasatch Mountains[END_REF][START_REF] Rao | Atmospheric nitrogen inputs and losses along an urbanization gradient from Boston to Harvard Forest[END_REF][START_REF] Templer | Atmospheric inputs and nitrogen saturation status in and adjacent to Class I wilderness areas of the northeastern US[END_REF]. Local and regional emissions and subsequent deposition of fuel-combustion derived NO x and ammoniac (NH 3 ) are responsible for such pattern [START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF][START_REF] Kean | On-Road Measurement of Ammonia and Other Motor Vehicle Exhaust Emissions[END_REF]. NO x are oxidized into NO 3 -within hours [START_REF] Beirle | Megacity Emissions and Lifetimes of Nitrogen Oxides Probed from Space[END_REF], then scavenged from the atmosphere by wet and dry deposition [START_REF] Hertel | Governing processes for reactive nitrogen compounds in the European atmosphere[END_REF].

In the atmosphere, NH 3 is in equilibrium with ammonium (NH 4 + ), 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 N exports to freshwater bodies [START_REF] Groffman | Nitrogen Fluxes and Retention in Urban Watershed Ecosystems[END_REF][START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF], with major ecological, economic and health consequences [START_REF] Dodds | Eutrophication of U.S. Freshwaters: Analysis of Potential Economic Damages[END_REF].

So far, little attention has been paid to the control of atmospheric NO 3 -(NO 3 atm ) exports from upland streams to urban reaches, down in the valley. Snowmelt derived groundwater, rather than surface water, was shown to drive NO 3 -exports across a montane to urban watershed in Salt Lake City, Utah, with little differences between snowmelt and baseflow hydrological regimes [START_REF] Hall | Stream Nitrogen Inputs Reflect Groundwater Across a Snowmelt-Dominated Montane to Urban Watershed[END_REF]. Also, efficient soils subsurface N retention and denitrification were put forward to explain the low export of N from fertilizers or atmospheric deposition in streams. An increase in NO 3 -concentration was observed only when groundwater intercepted NO 3 -leaking from sewers. Other studies also hint at a high contribution of groundwater to baseflow in streams in various environments (Clément et al., 2003a;[START_REF] Ravazzani | Assessing Groundwater Contribution to Streamflow of a Large Alpine River with Heat Tracer Methods and Hydrological Modelling[END_REF][START_REF] Winter | The Role of Ground Water in Generating Streamflow in Headwater Areas and in Maintaining Base Flow1[END_REF], with supposedly low exports of NO 3 atm . However, on occasional extreme hydrological events, enhanced exports of NO 3 atm were generally measured in stormflow [START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF][START_REF] Pellerin | Taking the pulse of snowmelt: in situ sensors reveal seasonal, event and diurnal patterns of nitrate and dissolved organic matter variability in an upland forest stream[END_REF]Rose et al., 2015b;[START_REF] Sebestyen | Coupled hydrological and biogeochemical processes controlling variability of nitrogen species in streamflow during autumn in an upland forest: STREAM N DYNAMICS DURING AUTUMN[END_REF].

Here, we combined isotopic and hydro-chemical techniques to evaluate the drivers of NO 3 atm inputs and removal in streams along a montane to urban gradient. We hypothesized that, although the contribution from other sources (e.g., sewage, nitrification, fertilizers) is expected to increase in urban areas, higher atmospheric N inputs should lead to increased NO 3 atm exports along the gradient. We also hypothesized that urban stream NO 3 atm exports should suffer less temporal variability than subalpine streams, if a well-equilibrated groundwater reservoir controls most of these streams discharge.

Material and methods

Study site and selected streams

The Lautaret pass is located in the central French Alps at 2058 m a.s.l., and dominates the Romanche Valley down to Grenoble (90 km away and 250 m a.s.l.).

The Grenoble conurbation counts around 500 000 inhabitants, and is the biggest alpine metropolis in France (Figure 2-10).

We choose to sample 6 streams and one lake from the Lautaret pass to Grenoble, draining watersheds of increasing size and with distinct geomorphic and biogeographic characteristics (Table 234). Two alpine streams were sampled at ca 2000-m a.s.l., draining either the South exposed side of the Lautaret pass (S-upper montane, n=157) or its North exposed side (N-upper montane, n=93) where the stream is thought to be mainly fed by glacier melt. The mid montane stream (n=67) was sampled at ca 1600-m a.s.l., about 6-km away from the Lautaret pass. All three streams are tributaries of the Romanche (lower montane stream, n=127), which was sampled about 15-km away from the Lautaret pass at ca 1000-m a.s.l., before ending in the Chambon lake. The lake (ca 900-m a.s.l., n=29) is an artificial reservoir managed by the French national electricity company (EDF), about 21-km away from the Lautaret pass. The two urban sites were located around Grenoble (ca 210-m a.s.l.), either upstream from the main urbanized area (upper urban stream, n=48) or downstream from it (lower urban stream, n=45), and were separated by ca 8-km.

Note that whereas the lower urban stream partly derives from the Romanche and the Chambon lake, the upper urban stream, called Isère, stems from a totally different alpine valley. The upper urban stream flows along residential areas, gardens and some arable fields prior to its sampling location whereas the lower urban site abuts industrial developments as well as residential neighborhoods [START_REF] Dutordoir | Bilan des flux de métaux, carbone organique et nutriments contenus dans une rivière alpine: part des rejets urbains de l[END_REF]. 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 ultrapure water (18.2 MΩ.cm at 25°C), and the sample was stored at -20°C.

Stream and lake water was sampled at all sites according to the Niwot Ridge LTER protocol [START_REF] Williams | Solute chemistry of snowmelt and runoff in an Alpine Basin, Sierra Nevada[END_REF]. In short, samples (total n=566) were collected manually in 1-L Nalgene bottles, previously washed 3 times in laboratory with MilliQ water 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 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, which was shown to be a good proxy of discharge [START_REF] Weijs | Could electrical conductivity replace water level in rating curves for alpine streams?: ELECTRICAL CONDUCTIVITY STREAMFLOW RATING CURVES[END_REF], 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 [START_REF] Mano | Processus fondamentaux conditionnant les apports de sediments fins dans les retenues-Optimisation des methodes de mesure et modelisation statistique[END_REF][START_REF] Némery | Carbon and suspended sediment transport in an impounded alpine river (Isère, France)[END_REF]. Discharge was estimated from stage measurements by using rating curve (water level vs discharge) [START_REF] Némery | Carbon and suspended sediment transport in an impounded alpine river (Isère, France)[END_REF]. Continuous discharge could not be measured at the upper and mid montane sites due to their torrential behavior. 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.

Chemical and isotopic analysis

All stream and deposition samples were left to unfreeze at ambient temperature prior to being filtered using 0.45-μm Whatman GD/X syringe filters linked to a peristaltic pump. They were subsequently analyzed for ion concentrations

([NH 4 + ], [NO 3 -], [SO 4 2-], [Cl -], [Ca 2+ ]
) using a colorimetric technique (Gallery Plus, Thermo Fisher Scientific, Waltham, Massachusetts, USA) with an analytical error of ± 0.01 mg L -1 . Major ions such as sulfate and calcium and chloride are often used as hydro-chemical tracers of water flowpaths or water sources [START_REF] Briand | Approche multi-traceurs pour la détermination de l'origine des nitrates dans les eaux souterraines: exemple d'une source karstique dans les Landes[END_REF][START_REF] Devito | Nitrate dynamics in relation to lithology and hydrologic flow path in a river riparian zone[END_REF][START_REF] Hall | Stream Nitrogen Inputs Reflect Groundwater Across a Snowmelt-Dominated Montane to Urban Watershed[END_REF][START_REF] Stoewer | Tracing freshwater nitrate sources in pre-alpine groundwater catchments using environmental tracers[END_REF], and were measured to identify the dominating hydrological regimes in our studied sites.

All samples were concentrated on an anionic resin (0.6-mL AG 1-X8 resin, Cl -form, Bio-Rad) with recovery efficiency over 98.5% [START_REF] Erbland | Contraintes isotopiques sur l'interprétation de l'enregistrement en nitrate dans la carotte de glace de Vostok[END_REF] and eluted with 10-mL of a 1-M NaCl solution for isotopic analysis [START_REF] Templer | Use of mixed ion exchange resin and the denitrifier method to determine isotopic values of nitrate in atmospheric deposition and canopy throughfall[END_REF].

Isotopic analyses of NO 3 -(Δ 17 O, δ 18 O and δ 15 N) were conducted on an MAT 253 IRMS using an adapted version of the denitrifier method [START_REF] Kaiser | Triple Oxygen Isotope Analysis of Nitrate Using the Denitrifier Method and Thermal Decomposition of N 2 O[END_REF][START_REF] Morin | Analyse de la composition isotopique de l'ion nitrate dans la basse atmosphère polaire et marine[END_REF]. More details about the experimental setup can be found elsewhere (Bourgeois et al., in review). The analytical errors were ± 0.4, 1. 

NO 3 -sources appointment

A number of previous studies have used the dual isotopes approach (δ 18 O and δ 15 N of NO 3 -) to track the spatio-temporal variability of sources contribution to NO 3 -pools in a large variety of environmental matrixes [START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF][START_REF] Durka | Effects of forest decline on uptake and leaching of deposited nitrate determined from 15N and 18O measurements[END_REF][START_REF] Elliott | Dual nitrate isotopes in dry deposition: Utility for partitioning NO x source contributions to landscape nitrogen deposition[END_REF][START_REF] Yang | δ 15 N and δ 18 O Reveal the Sources of Nitrate-Nitrogen in Urban Residential Stormwater Runoff[END_REF]. Biochemical processes such as denitrification or assimilation have also been shown to enrich residual NO 3 -in heavier isotopes (here 15 N and 18 O) in distinguishable patterns [START_REF] Granger | Coupled nitrogen and oxygen isotope fractionation of nitrate during assimilation by cultures of marine phytoplankton[END_REF](Granger et al., , 2010a;;[START_REF] Granger | Isotopic overprinting of nitrification on denitrification as a ubiquitous and unifying feature of environmental nitrogen cycling[END_REF][START_REF] Treibergs | Enzyme level N and O isotope effects of assimilatory and dissimilatory nitrate reduction: Enzyme level N and O isotope effects[END_REF]. Pathways for NO 3 -removal in the environment have thus been thoroughly discussed (Clément et al., 2003b;[START_REF] Emmerton | Assimilation and Isotopic Fractionation of Nitrogen by Mycorrhizal and Nonmycorrhizal Subarctic Plants[END_REF][START_REF] Estrada | Stable isotopic composition of perchlorate and nitrate accumulated in plants: Hydroponic experiments and field data[END_REF][START_REF] Fang | Microbial denitrification dominates nitrate losses from forest ecosystems[END_REF][START_REF] Lefebvre | 15n-Nitrate Signature in Low-Order Streams: Effects of Land Cover and Agricultural Practices[END_REF]Liu et al., 2013a;[START_REF] Wexler | Isotopic signals of summer denitrification in a northern hardwood forested catchment[END_REF]. However, the isotopic fingerprint of biological processes can lead to inaccurate NO 3 -source appointment in some cases, especially in delineating the respective contribution of the microbial and the atmospheric sources (Michalski et al., 2004b;[START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF]Rose et al., 2015a).

In the past few years, a growing number of studies have used an isotopic particularity of NO 3 atm to quantify the contribution of atmospheric deposition to terrestrial N pools (Bourgeois et al., in review;[START_REF] Costa | Analysis of atmospheric inputs of nitrate to a temperate forest ecosystem from Δ 17 O isotope ratio measurements: ATMOSPHERIC NITRATE INPUTS TO A FOREST[END_REF][START_REF] Hundey | Agriculture causes nitrate fertilization of remote alpine lakes[END_REF][START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF]. NO 3 atm is enriched in 17 O due to its production pathways (i.e., oxidation of NO x by O 3 ), showing a deviation from the Terrestrial Fractionation Line [START_REF] Thiemens | History and applications of mass-independent isotope effects[END_REF] generally ranges between 20 and 35 ‰ in temperate latitudes [START_REF] Morin | Comprehensive isotopic composition of atmospheric nitrate in the Atlantic Ocean boundary layer from 65°S to 79[END_REF][START_REF] Savarino | Nitrogen and oxygen isotopic constraints on the origin of atmospheric nitrate in coastal Antarctica[END_REF], whereas Δ 17 O value of NO 3 -from all other sources (industrial fertilizers, nitrification) or of biologically processed NO 3 atm , is 0 (Michalski et al., 2004b[START_REF] Michalski | Oxygen and nitrogen isotopic composition of nitrate in commercial fertilizers, nitric acid, and reagent salts[END_REF]. In this study, we used these two distinct Δ 17 O values as end-members in a simple mixing model to quantify unprocessed NO 3 atm proportion (ƒ atm ) in streams, according to Bourgeois et al., in review:

ƒ atm = Δ 17 O-NO 3 - sample / Δ 17 O-NO 3 - atm (Eq. 2.2)
The atmospheric fraction (ƒ atm ) and the terrestrial fraction of NO 3 -(ƒ ter = 1ƒ atm ) can be used to remove the isotopic influence of NO 3 atm on samples, and allow for a better interpretation of biological processes that affect δ 15 N and δ 18 O [START_REF] Dejwakh | Using 17 O to Investigate Nitrate Sources and Sinks in a Semi-Arid Groundwater System[END_REF][START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF]. δ 18 O vs δ 15 N plots have been intensively used to evaluate sources of N and potential processes (denitrification, assimilation) in the environment [START_REF] Burns | Sources and Transformations of Nitrate from Streams Draining Varying Land Uses: Evidence from Dual Isotope Analysis[END_REF][START_REF] Durka | Effects of forest decline on uptake and leaching of deposited nitrate determined from 15N and 18O measurements[END_REF][START_REF] Griffiths | Dual nitrate isotopes clarify the role of biological processing and hydrologic flow paths on nitrogen cycling in subtropical low-gradient watersheds: N CYCLING IN LOW-RELIEF WATERSHEDS[END_REF][START_REF] Kendall | Tracing sources of nitrate in snowmelt runoff using the oxygen and nitrogen isotopic compositions of nitrate[END_REF]Liu et al., 2013a). However, because of strongly distinct δ 18 O-NO 3 atm values compared to δ 18 O-NO 3 ter , even a low ƒ atm can lead to scatter in a dual-isotope plot. Removing the atmospheric δ 15 N and δ 18 O components from environmental samples lead to an easier assessment of biological processes, such as assimilation in our case. This isotope correction was applied on our samples using the isotopic mass balances from Riha et al. [START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF]: N-NO 3 -fluxes were calculated at each site -when possible -on a weekly basis (F m in kg-N w -1 ) using the mean weekly discharge (Q m in m 3 s -1 ) and instantaneous concentrations ([NO 3 -] i in mg N-NO 3 -L -1 ), as follows:

δ 18 O ter = (δ 18 O sample -δ 18 O atm * ƒ atm ) /
F m = Q m * [NO 3 -] I (Eq. 2.6)
Total specific annual stream fluxes of N-NO 3 -(F tot in kg N ha -1 yr -1 ) were calculated as the annual sum of weekly N-NO 3 -exports during the study period (2015 and 2016), as follows: [START_REF] Cowie | Sources of streamflow along a headwater catchment elevational gradient[END_REF]. At the upper urban site, discharge peaked up to 900 m 3 s -1 whereas maximum discharge was 300 m 3 s -1 at the lower urban site, a difference due to the streams draining two distinct watersheds (Figure 2-11). 2-5, were nonsignificantly higher in dry deposition than in wet deposition (significant only for δ 15 N-NO 3 -), a pattern widely monitored at temperate latitudes [START_REF] Beyn | Changes in atmospheric nitrate deposition in Germany -An isotopic perspective[END_REF][START_REF] Freyer | Seasonal variation of 15N/14N ratios in atmospheric nitrate species[END_REF][START_REF] Mara | Isotopic composition of nitrate in wet and dry atmospheric deposition on Crete in the eastern Mediterranean Sea: ISOTOPIC COMPOSITION OF NITRATE IN DEPOSITION[END_REF]. Mean Δ 17 O-NO 3 -in precipitation and dry deposition were 26.4 ± 3.2 and 24.7 ± 3.5 ‰, respectively. These values are consistent with previously reported data for Δ 17 O-NO 3 atm [START_REF] Costa | Analysis of atmospheric inputs of nitrate to a temperate forest ecosystem from Δ 17 O isotope ratio measurements: ATMOSPHERIC NITRATE INPUTS TO A FOREST[END_REF][START_REF] Hundey | Agriculture causes nitrate fertilization of remote alpine lakes[END_REF]Michalski et al., 2004b). The mass-weighted mean Δ 17 O value for total deposition was 25.6 ± 3.3 ‰, and was used to quantify the atmospheric component of NO 3 pools in streams (see section 2.2.2.4). Mean annual total δ 18 O-NO 3 atm (70.8 ± 7.2 ‰) and δ 15 N-NO 3 atm (-4.8 ± 5.9 ‰) are also consistent with a reservoir of exclusively NO 3 atm [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF], and these values were used to correct samples from their atmospheric δ 18 O and δ 15 N components (see Eq. 2.4 and Eq. 2.5). on the red y-axis). Highlighted in grey is the dormant season (October-April). Note the different y-axes scales across the different panels.

F tot = ( Fm m ) / (

Discussion

NO 3 -exports in streams

Little differences in streams [NO 3 -] along the elevation gradient came as a surprise, as we expected the contribution from anthropogenic activities to streams N pool to increase when getting closer to urbanized areas [START_REF] Groffman | Nitrogen Fluxes and Retention in Urban Watershed Ecosystems[END_REF]. The range of [NO 3 -] at the montane sites is consistent with measured concentrations in other Alpine valleys [START_REF] Balestrini | Catchment features controlling nitrogen dynamics in running waters above the tree line (central Italian Alps)[END_REF], and in elevated sites of the Colorado Front Range [START_REF] Baron | Nitrogen fluxes in a high elevation Colorado Rocky Mountain basin[END_REF][START_REF] Campbell | Nitrogen deposition and release in alpine watersheds[END_REF]. The N-upper montane sites had a much wider range than the S-upper montane site, which is attributed to glacier melt influence [START_REF] Barnes | Thawing glacial and permafrost features contribute to nitrogen export from Green Lakes Valley, Colorado Front Range, USA[END_REF]Bourgeois et al., in review).

[NO 3 -] in urban streams was low when compared to other concentrations measured in urban settings, such as the Tucson basin where values up to ca 62-mg L -1 were determined [START_REF] Dejwakh | Using 17 O to Investigate Nitrate Sources and Sinks in a Semi-Arid Groundwater System[END_REF] or up to ca 26-mg L -1 in the Gwynns Falls watershed [START_REF] Groffman | Nitrogen Fluxes and Retention in Urban Watershed Ecosystems[END_REF].

Even more surprising is the significantly higher contribution of atmospheric deposition as a NO 3 -source to streams at the montane sites relative to the urban sites -exception made of the mid montane site (Figure 2-12). The Chambon lake showed the highest ƒ atm , although it is possible that sampling of this reservoir exclusively in summer resulted in a biased estimate of mean annual NO 3 atm . High NO 3 atm inputs in montane streams (up to 47%) clearly outline the influence of the melting snowpack releasing its load of atmospheric nitrate (Bourgeois et al., in review). Surprisingly, the mid montane stream exported the lowest proportion of NO 3 atm . Basins topography has been demonstrated to exert a strong control over NO 3 dynamics in altitude catchments [START_REF] Balestrini | Catchment features controlling nitrogen dynamics in running waters above the tree line (central Italian Alps)[END_REF][START_REF] Clow | Relations between basin characteristics and stream water chemistry in alpine/subalpine basins in Rocky Mountain National Park, Colorado[END_REF], and much smoother slopes on this watershed (Table 2-4) are certainly responsible for this behavior by impeding direct runoff to stream during hydrological extremes (e.g., snowmelt). Low ƒ atm in urban streams is intriguing, as it poses a stark contrast with other findings, which showed an increasing ƒ atm in streams along an urbanization gradient [START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF], or high NO 3 atm inputs in urban runoff [START_REF] Yang | δ 15 N and δ 18 O Reveal the Sources of Nitrate-Nitrogen in Urban Residential Stormwater Runoff[END_REF]. In urban areas, the combination of more impervious surface area coupled to higher atmospheric deposition inputs is a strong driver that was expected to promote a higher proportion of NO 3 atm to reach the urban streams, relative to montane sites.

We calculated the annual fluxes (kg-N ha -1 yr -1 ) of total NO 3 -and total NO 3 atm at the lower montane and both urban sites for 2015 and 2016 (Table 23456 2345) -is a well documented phenomenon [START_REF] Kirchner | Nitrogen deposition along differently exposed slopes in the Bavarian Alps[END_REF][START_REF] Rogora | An Overview of Atmospheric Deposition Chemistry over the Alps: Present Status and Long-term Trends[END_REF]. Sustained nitrogen deposition in addition to the steep slopes of the lower montane watershed (Table 2-4) are likely to account for the higher total NO 3 atm flux at the montane site. Grenoble conurbation is also remarkable in that its land cover is mainly constituted of forest and lower vegetation (64 %) followed by agricultural fields (24 %), and impervious surfaces (10 %) only a minor surface occupation (UE-SOeS, CORINE Land Cover, 2006). NO 3 atm inputs are thus likely to move to multiple sinks, be biologically recycled or lost via different processes (e.g., denitrification, photolysis (Clément et al., 2003b;[START_REF] Ye | Photolysis of Nitric Acid and Nitrate on Natural and Artificial Surfaces[END_REF]) before being collected by the urban streams [START_REF] Rao | Atmospheric nitrogen inputs and losses along an urbanization gradient from Boston to Harvard Forest[END_REF]. Furthermore, a strong decoupling between atmospheric N deposition and urban soils N cycling has also been evidenced recently, pointing at a distinct urban biogeochemical N cycle that would need further investigation [START_REF] Decina | Variability, drivers, and effects of atmospheric nitrogen inputs across an urban area: Emerging patterns among human activities, the atmosphere, and soils[END_REF]. Finally, NH 3 -emitted by engine exhausts [START_REF] Kean | On-Road Measurement of Ammonia and Other Motor Vehicle Exhaust Emissions[END_REF] and local fertilization [START_REF] Decina | Variability, drivers, and effects of atmospheric nitrogen inputs across an urban area: Emerging patterns among human activities, the atmosphere, and soils[END_REF] -can contribute significantly to urban atmospheric N together with NO 3 - [START_REF] Decina | Variability, drivers, and effects of atmospheric nitrogen inputs across an urban area: Emerging patterns among human activities, the atmosphere, and soils[END_REF][START_REF] Rao | Atmospheric nitrogen inputs and losses along an urbanization gradient from Boston to Harvard Forest[END_REF] because of short atmospheric lifetime of ammonia [START_REF] Hertel | Governing processes for reactive nitrogen compounds in the European atmosphere[END_REF]. In the montane sites, N deposition occurred mainly as NO 3 -(Table 2- Seasonal variations of NO 3 atm are driven by hydrology Seasonal variations of NO 3 atm exports at the montane sites reflected the influence of hydrologic and topographic features of the basins, and are thoroughly discussed elsewhere (Bourgeois et al., in review). The S-upper montane site exports are likely 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.

Interestingly, the period between each 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 supposedly driven mostly by glacial melt, leading to higher [NO 3 -] than its southern counterpart by 1 order of magnitude (Figure 2-13). Occasional higher ƒ atm are linked with rainstorm events (Figure 2-3). The lower montane stream and the lake had very similar seasonal variations of Δ 17 O-NO 3 -, featuring the gradual melting of upstream snowpack throughout the growing season. The mid montane and the urban streams showed no marked seasonal variation, a behavior we attribute to the buffering effect of soils and the higher N cycling rates inherent to more intensive land management treatments (Table 2-4), which probably dampened NO 3 atm inputs to streams.

Groundwater dominates streams NO 3 atm exports, to some extent Year-round detectable Δ 17 O-NO 3 -translates the continuous NO 3 atm exports in all streams, even during baseflow (Figure 2 -14). Most studies focusing on NO 3 dynamics in runoff reported NO 3 atm only during stormflow or snowmelt periods [START_REF] Burns | Sources and Transformations of Nitrate from Streams Draining Varying Land Uses: Evidence from Dual Isotope Analysis[END_REF][START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF][START_REF] Pellerin | Taking the pulse of snowmelt: in situ sensors reveal seasonal, event and diurnal patterns of nitrate and dissolved organic matter variability in an upland forest stream[END_REF]. However, these studies used the dual isotope approach (i.e., δ 18 O and δ 15 N of NO 3 -), which was demonstrated to not account so well for NO 3 atm in streams compared to the Δ 17 O tracer (Michalski et al., 2004b;Rose et al., 2015a). In a growing body of works using

Δ 17 O-NO 3
-in streams, NO 3 atm presence during baseflow is a unifying feature (Rose et al., 2015a;[START_REF] Sabo | Episodic, seasonal, and annual export of atmospheric and microbial nitrate from a temperate forest: MICROBIAL AND ATMOSPHERIC NITRATE EXPORT[END_REF][START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF]. In all these studies, ƒ atm ranged from 1-12 % in baseflow, except for a coniferous watershed in West Virginia, which led to ƒ atm of 54 % in stream, possibly due to low sampling resolution (n=4).

Here, ƒ atm ranged from 1-20 % in all streams during the dormant season (in grey, Table 2-4). These findings are also consistent with NO 3 atm exports being mainly driven by surface or subsurface runoff at the N-upper montane site, as opposite to underground flowpaths in the Supper montane stream. However, even if groundwater contributes at all sites to streams water, its influence on streams ionic exports changes in the urban reaches. -] with discharge in any stream implies a homogenized NO 3 -pool in groundwater reservoirs by infiltrated snowmelt inputs. In line with this hypothesis, a dual isotope plot of water suggested that snowmelt more than rain fueled the streams, even down to the outskirts of Grenoble (Figure 2 -17). Other studies also reported similar findings of underground reservoirs fed by snowmelt in mountains vicinity (Brooks et al., 1999;[START_REF] Hall | Stream Nitrogen Inputs Reflect Groundwater Across a Snowmelt-Dominated Montane to Urban Watershed[END_REF][START_REF] Williams | Storage and release of solutes from a subalpine seasonal snowpack: soil and stream water response[END_REF]. Weak negative correlations between δ 18 O-NO 3 -and δ 15 N-NO 3 -at all sites, exception made of the lower urban site, indicate that biological processes such as denitrification or assimilation do not control NO 3 -cycling in streams. Indeed, such processes should enrich residual δ 18 O-NO 3 -and δ 15 N-NO 3 -along a positively correlated line [START_REF] Granger | Nitrogen and oxygen isotope fractionation during dissimilatory nitrate reduction by denitrifying bacteria[END_REF](Granger et al., , 2010a;;[START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF] systems [START_REF] Burns | Analysis of δ15N and δ18O to differentiate NO3-sources in runoff at two watersheds in the Catskill Mountains of New York[END_REF][START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF][START_REF] Griffiths | Dual nitrate isotopes clarify the role of biological processing and hydrologic flow paths on nitrogen cycling in subtropical low-gradient watersheds: N CYCLING IN LOW-RELIEF WATERSHEDS[END_REF][START_REF] Jin | Using dual isotopes to evaluate sources and transformations of nitrate in the West Lake watershed, eastern China[END_REF][START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF][START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF] Even though this approach comes with a number of assumptions and caveats (Rose et al., 2015b;[START_REF] Snider | Stable Oxygen Isotope Ratios of Nitrate Produced from Nitrification: 18O-Labeled Water Incubations of Agricultural and Temperate Forest Soils[END_REF], the calculated values are significantly higher -by ca 4 ‰ -than the mean annual δ 18 O-NO 3 ter (Table 234567). In a study focusing on an estuarine system in San Francisco Bay, it was postulated that rapid recycling of NO 3 -under low [NO 3 -] conditions (< 0.9-mg L -1 ) could result in an increased incorporation of H 2 O-O atoms into the NO 3 -molecule [START_REF] Wankel | Nitrogen sources and cycling in the San Francisco Bay Estuary: A nitrate dual isotopic composition approach[END_REF]. Another work focusing on nitrification in forests soils of central Japan attributed low δ 18 O-NO 3 -to a combination of O atoms exchange between H 2 O and NO 2 -and kinetic isotope fractionation associated with oxygen incorporation throughout the nitrification process in acidic soils [START_REF] Fang | Low δ 18 O Values of Nitrate Produced from Nitrification in Temperate Forest Soils[END_REF]. The latter hypothesis could possibly apply to our generally acidic subalpine soils characterized by slow N cycling [START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF], but further investigation is warranted to understand the cause of 18 O depleted NO 3 -. Anyhow, these findings suggest that atmospheric deposition of NO 3 could have possibly been underestimated (e.g., up to 5 % in this study, see Table 234567) in most studies focusing on NO 3 -dynamics and source partitioning in terrestrial and aquatic ecosystems. ter (‰) after sample isotopic compositions were corrected for the atmospheric imprint, and the proportion of NO 3 atm when using the corrected value as microbial end-member. Fourth column presents the calculated theoretical δ 18 O-NO 3 nit when using the approach detailed in section 2.2.4.3, and the proportion of NO 3 atm when using this theoretical value as microbial end-member. 

Mean annual

δ 18 O-NO 3 -(‰)

Conclusions

Ours results showing higher NO 3 atm exports in a montane stream relative to urban streams have several key implications. First, we shed light on the contribution of snowmelt-derived groundwater to year-round NO 3 atm exports in all streams at baseflow. This suggests that contamination of groundwater by NO 3 atm may be a widespread phenomenon, regardless of emitting sources proximity [START_REF] Dejwakh | Using 17 O to Investigate Nitrate Sources and Sinks in a Semi-Arid Groundwater System[END_REF][START_REF] Dietzel | <sup>17</sup>O excess traces atmospheric nitrate in paleogroundwater of the Saharan desert[END_REF][START_REF] Stoewer | Tracing freshwater nitrate sources in pre-alpine groundwater catchments using environmental tracers[END_REF]. Second, we provide evidence that hydrological events (e.g., snowmelt) are the main controls of upland NO 3 atm 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 of altitude catchments, decreasing exports of NO 3 atm by snowmelt water could result in proportional NO 3 atm enrichment of alpine soils. However, how this would correlate with otherwise reported snow cover removal effects on microbial communities, N retention, plants biomass and soil respiration is a complex question yet to be addressed [START_REF] Brooks | Carbon and Nitrogen Cycling in Snow-Covered Environments[END_REF][START_REF] Gavazov | Winter ecology of a subalpine grassland: Effects of snow removal on soil respiration, microbial structure and function[END_REF][START_REF] Sorensen | Reduced snow cover alters rootmicrobe interactions and decreases nitrification rates in a northern hardwood forest[END_REF]Vankoughnett and Henry, 2013). Third, we emphasize on the convenient association of Δ 17 O, δ 15 N and δ 18 O as a potent tool to unravel the respective atmospheric and terrestrial sources contribution to NO 3 -pools. The lower δ 18 O-NO 3 ter than theoretically expected suggests that atmospheric deposition could have been underestimated in most pristine and urban environments. We recommend that more work be conducted using the triple isotope technique to revise our assessment of NO 3 atm ubiquity in the environment.

Synthesis 2.3.1 Summary of the main results

In the first part of this chapter (section 2. 

Linkage with the other terrestrial compartments

Streams are often used to assess the stage of N saturation of a given ecosystem (see section 2.1.4.4). High NO 3 -leaching rates, and therefore high [NO 3 -] in streams are usually associated with elevated N saturation status. Here, variable

[NO 3 -] from a subalpine stream to the other, and seasonal trends in Δ 17 O-NO 3 -rather point at a kinetic saturation of the system. But do snowmelt and precipitation really impede atmospheric NO 3 atm uptake or immobilization in soils, and therefore limit the ecological impact of atmospheric N deposition? Is NO 3 atm retained in soils? If so, is it rapidly processed by microorganisms, indicating that N-limitation is still a controlling factor of net primary production? These are the questions that arise after this chapter, and they will be addressed in the following one.

Atmospheric nitrate in soils: seasonal dynamics, land use influence and implication for N turnover

This chapter describes the breakthroughs in our understanding of the N cycle in subalpine meadows. Three specific meadows, with land use spanning a management gradient, are more specifically the object of the study presented here.

The section 3.1 describes the temporal variations of NO 3 atm in three subalpine meadows, and the influence of the management treatments on NO 3 atm retention in soils. Based on isotopic considerations, nitrification sources and pathways are also discussed and constrained. The section 3.2 provides complementary information relative to microbial genes abundance in soils, and presents future directions aiming at coupling isotopic and genomic data. A summary of the scientific conclusions is provided in section 3.3, and the main findings will be put in perspective with the terrestrial N cycle in subalpine meadows. 

Abstract

It is well established that increasing nitrogen (N) inputs in ecosystems generate a cascade of various ecological and environmental issues (e.g., eutrophication, water quality, biodiversity loss). However, the usual specific markers to trace the fate of N in ecosystems still strongly limits our capacity to reveal the mechanisms and processes at play, and thus our capacity to propose conservative actions. Here, we propose a completely new strategy to track atmospheric N inputs into a subalpine ecosystem. We coupled monthly δ 18 O, δ 15 N and concentration measurements of nitrate (NO 3 -), common tools for probing N in ecosystems, with Δ 17 O-NO 3 -, a conservative tracer of atmospheric N deposition, in three subalpine grasslands soils with distinct management at the Lautaret pass, French Alps.

We provide isotopic evidence that on average 0-6 % of soil NO 3 -derives directly from atmospheric deposition, without undergoing any microbial reprocessing.

This proportion was lower than expected, and point at several removal mechanisms that strongly depend on land management. Low and seasonally constant δ 18 O-NO 3 in all meadows are in situ evidence of kinetic isotopic effects during nitrification, and potentially equilibrium isotopic fractionation. Low but temporally variable δ 15 N-NO 3 -in all fields imply a combination of multiple sources and non-conservative behavior.

Kinetic fractionation during mineralization and nitrification, atmospherically deposited ammonium and denitrification are the most likely candidates to explain the observed variability. Altogether, these results suggest that subalpine meadows are still N limited. We also strongly recommend that future NO 3 -isotopic studies in environmental matrixes as complex as soils do not solely rely on isotopes to decipher the processes at play, but also draw on ancillary data.

Introduction

Understanding the fate of deposited atmospheric nitrogen (N) in pristine environment is essential to assessing and mitigating the ecological consequences of increasing atmospheric N deposition worldwide [START_REF] Fowler | The global nitrogen cycle in the twenty-first century[END_REF][START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF][START_REF] Holtgrieve | A Coherent Signature of Anthropogenic Nitrogen Deposition to Remote Watersheds of the Northern Hemisphere[END_REF]. Past studies have indicated that atmospheric N deposition has an important function in N cycling of alpine and subalpine ecosystems [START_REF] Baron | Ecosystem Responses to Nitrogen Deposition in the Colorado Front Range[END_REF][START_REF] Baron | High Elevation Ecosystem Responses to Atmospheric Deposition of Nitrogen in the Colorado Rocky Mountains, USA[END_REF][START_REF] Burns | The effects of atmospheric nitrogen deposition in the Rocky Mountains of Colorado and southern Wyoming, USA-a critical review[END_REF]. N critical load -defined as the minimum input of a pollutant before an "harmful effect" to an ecological sensitive indicator [START_REF] Bowman | Nitrogen Critical Loads For Alpine Vegetation And Terrestrial Ecosystem Response: Are We There Yet?[END_REF] -for these systems is estimated to be 1-4 kg-N ha -1 yr -1 , ranging among the lowest established for natural environments [START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF][START_REF] Bobbink | Review and revision of empirical critical loads and dose-response relationships: proceedings of an expert workshop[END_REF][START_REF] Nanus | Spatial variation of atmospheric nitrogen deposition and critical loads for aquatic ecosystems in the Greater Yellowstone Area[END_REF]. In the European Alps, atmospheric deposition has delivered N loads around 10-fold higher than this critical threshold [START_REF] Kirchner | Nitrogen deposition along differently exposed slopes in the Bavarian Alps[END_REF][START_REF] Rogora | An Overview of Atmospheric Deposition Chemistry over the Alps: Present Status and Long-term Trends[END_REF], a seemingly unifying feature across mountainous regions globally [START_REF] Bai | Tradeoffs and thresholds in the effects of nitrogen addition on biodiversity and ecosystem functioning: evidence from inner Mongolia Grasslands[END_REF][START_REF] Baron | Empirical Critical Loads of Atmospheric Nitrogen Deposition for Nutrient Enrichment and Acidification of Sensitive US Lakes[END_REF][START_REF] Boutin | Subalpine Pyrenees received higher nitrogen deposition than predicted by EMEP and CHIMERE chemistrytransport models[END_REF][START_REF] Phoenix | Atmospheric nitrogen deposition in world biodiversity hotspots: the need for a greater global perspective in assessing N deposition impacts[END_REF][START_REF] Zong | Nitrogen Critical Loads for an Alpine Meadow Ecosystem on the Tibetan Plateau[END_REF].

Remote subalpine grasslands are generally characterized by nutrients-poor soils [START_REF] Körner | Mountain biodiversity, its causes and function[END_REF], and even low atmospheric N inputs can substantially increase bioavailable N contents, which was shown to particularly affect plant species composition and biodiversity in these systems [START_REF] Bassin | Species Composition of Subalpine Grassland is Sensitive to Nitrogen Deposition, but Not to Ozone, After Seven Years of Treatment[END_REF][START_REF] Boutin | Nitrogen deposition and climate change have increased vascular plant species richness and altered the composition of grazed subalpine grasslands[END_REF][START_REF] Stevens | Impact of Nitrogen Deposition on the Species Richness of Grasslands[END_REF]. However, there are contrasting reports in the literature on the effects of deposited atmospheric N on grassland soil N pools and turnover rates [START_REF] Bassin | Elevated ozone and nitrogen deposition affect nitrogen pools of subalpine grassland[END_REF][START_REF] Clément | The effects of snow-N deposition and snowmelt dynamics on soil-N cycling in marginal terraced grasslands in the French Alps[END_REF][START_REF] Phoenix | Effects of enhanced nitrogen deposition and phosphorus limitation on nitrogen budgets of semi-natural grasslands[END_REF]. [START_REF] Bassin | Elevated ozone and nitrogen deposition affect nitrogen pools of subalpine grassland[END_REF] conducted 15 N tracer studies and concluded that subalpine soils N pools remained unaffected by atmospheric N deposition. Similarly, [START_REF] Clément | The effects of snow-N deposition and snowmelt dynamics on soil-N cycling in marginal terraced grasslands in the French Alps[END_REF] documented undisturbed N cycling rates in subalpine meadows after snowmelt, considered as a « hot moment » for nutrients bio-availability because of the sudden transfer of stocked atmospheric N in snow to surrounding compartments [START_REF] Bilbrough | Early Spring Nitrogen Uptake by Snow-Covered Plants: A Comparison of Arctic and Alpine Plant Function under the Snowpack[END_REF][START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF][START_REF] Williams | Solute chemistry of snowmelt and runoff in an Alpine Basin, Sierra Nevada[END_REF]. On the other hand, [START_REF] Phoenix | Effects of enhanced nitrogen deposition and phosphorus limitation on nitrogen budgets of semi-natural grasslands[END_REF] reported that 38-89 % of deposited atmospheric N was retained in grassland soils. Resolving the fate and impact of atmospheric N in soils upon deposition is therefore crucial for understanding its impacts on subalpine ecosystems.

To further complicate the picture, other factors have been shown to play an important role in controlling subalpine soil N pools and turnover. Seasonal snow cover is a major driver of change in microbial communities [START_REF] Jusselme | Variations in snow depth modify N-related soil microbial abundances and functioning during winter in subalpine grassland[END_REF][START_REF] Lipson | Changes in Soil Microbial Community Structure and Function in an Alpine Dry Meadow Following Spring Snow Melt[END_REF][START_REF] Schmidt | Microbial growth under the snow: implications for nutrient and allelochemical availability in temperate soils[END_REF], with in turn consequences on N cycling [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF][START_REF] Legay | Influence of plant traits, soil microbial properties, and abiotic parameters on nitrogen turnover of grassland ecosystems[END_REF]. Agricultural land-management is also deemed responsible for altering N processes in subalpine grasslands, either via past [START_REF] Gill | The influence of 3-years of warming and N-deposition on ecosystem dynamics is small compared to past land use in subalpine meadows[END_REF][START_REF] Mcgovern | Increased inorganic nitrogen leaching from a mountain grassland ecosystem following grazing removal: a hangover of past intensive land-use?[END_REF] or current [START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF][START_REF] Robson | Land use in subalpine grasslands affects nitrogen cycling via changes in plant community and soil microbial uptake dynamics: Land-use gradients affect N cycle via plants and microbes[END_REF] (Michalski et al., 2004b). Most terrestrial reservoirs of NO 3 -show mass-dependent relationships between its oxygen (O) isotopes, accordingly to δ 17 O ≈ 0.52 * δ 18 O [START_REF] Miller | Isotopic fractionation and the quantification of 17 O anomalies in the oxygen three-isotope system: an appraisal and geochemical significance[END_REF][START_REF] Young | Kinetic and equilibrium mass-dependent isotope fractionation laws in nature and their geochemical and cosmochemical significance[END_REF]. A noticeable exception to this rule is ozone (O 3 ), which exhibits equal 17 O and 18 O enrichment upon formation [START_REF] Thiemens | The mass-independent fractionation of oxygen: a novel isotope effect and its possible cosmochemical implications[END_REF]. This deviation from the terrestrial fractionation line is most commonly defined as Δ 17 O = δ 17 O -0.52 * δ 18 O. NO 3 atm is characterized by high Δ 17 O values (20 -35 ‰ [START_REF] Savarino | Isotopic composition of atmospheric nitrate in a tropical marine boundary layer[END_REF]), which translate its photochemical formation pathway in the atmosphere when its precursors (NO x ) react with O 3 [START_REF] Alexander | Quantifying atmospheric nitrate formation pathways based on a global model of the oxygen isotopic composition (Δ 17 O) of atmospheric nitrate[END_REF]. In contrast, terrestrial NO 3 -(NO 3 ter ) and NO 3 -fertilizers have Δ 17 O values close to 0 (Michalski et al., 2004b[START_REF] Michalski | Oxygen and nitrogen isotopic composition of nitrate in commercial fertilizers, nitric acid, and reagent salts[END_REF]. This makes Δ 17 O a unique tool to track and quantify the fraction of soil NO 3 -deriving directly from unprocessed atmospheric deposition relative to other terrestrial sources and turnover [START_REF] Costa | Analysis of atmospheric inputs of nitrate to a temperate forest ecosystem from Δ 17 O isotope ratio measurements: ATMOSPHERIC NITRATE INPUTS TO A FOREST[END_REF]Michalski et al., 2004b). NO 3 -dual isotopes (δ 18 O and δ 15 N) co-variation has also been intensively used to infer the dominant biological processes in a given system such as vegetation and microbial N assimilation, and microbial nitrification and denitrification [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]. Nitrification, an aerobic microbial activity transforming ammonium (NH 4 + ) into nitrite (NO 2 -) and NO 3 -, comes with a decoupling of δ 18 O-NO 3 -and δ 15 N-NO 3 -because whereas N isotopes of NO 3 -reflect the original N source from which it is derived [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF], O isotopes of NO 3 -illustrate the nitrification pathway leading to its production [START_REF] Buchwald | Oxygen isotopic fractionation and exchange during bacterial nitrite oxidation[END_REF][START_REF] Casciotti | Oxygen isotopic exchange and fractionation during bacterial ammonia oxidation[END_REF]. In case of heterotrophic microbial denitrification, or plant and microbial assimilation, δ 18 O and δ 15 N are expected to vary along a 1:2 to 1:1 line [START_REF] Granger | Coupled nitrogen and oxygen isotope fractionation of nitrate during assimilation by cultures of marine phytoplankton[END_REF][START_REF] Granger | Nitrogen and oxygen isotope fractionation during dissimilatory nitrate reduction by denitrifying bacteria[END_REF](Granger et al., , 2010a;;[START_REF] Karsh | Eukaryotic Assimilatory Nitrate Reductase Fractionates N and O Isotopes with a Ratio near Unity[END_REF][START_REF] Treibergs | Enzyme level N and O isotope effects of assimilatory and dissimilatory nitrate reduction: Enzyme level N and O isotope effects[END_REF], enabling a clear appreciation of the processes at play in a system (Bourgeois et al., in review;Clément et al., 2003b;[START_REF] Fang | Microbial denitrification dominates nitrate losses from forest ecosystems[END_REF][START_REF] Swart | The fractionation of nitrogen and oxygen isotopes in macroalgae during the assimilation of nitrate[END_REF][START_REF] Wexler | Isotopic signals of summer denitrification in a northern hardwood forested catchment[END_REF].

Here, we conduct and report isotopic measurements (Δ 17 O, δ 18 O, and δ 15 N) of extracted and leached NO 3 -in soils and in precipitation collected at the Lautaret pass, French Alps. We evaluate whether a significant fraction of soil NO 3 -stems from direct atmospheric deposition inputs, and what are the main biological processes at play driving N cycling in these soils. We hypothesize that (i) an increasing proportion of NO 3 atm should be measured in less extensively managed grasslands as a result of low N turnover rates, and (ii) that more NO 3 atm should be find in leachates, relative to extracts, if leaching is indeed an efficient NO 3 atm removal process as suggested by stream exports (see Chapter 2).

Material and methods

Study site and sampling procedure

From April to October 2016, samples were collected on a monthly basis in three distinct meadows of the Lautaret pass (2058-m a.s.l.), located in the French Alps (Figure 3-1). The study sites are thoroughly described elsewhere (Bourgeois et al., in review;[START_REF] Clément | The effects of snow-N deposition and snowmelt dynamics on soil-N cycling in marginal terraced grasslands in the French Alps[END_REF][START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF]. Briefly, the surrounding meadows of the Lautaret pass are under the combined influence of mountainous climatic conditions (a cold and wet winter with extensive snow cover from November to April followed by a short plant growing season from May to September), agricultural practices (organic fertilization, mowing, grazing) and modified topography (terraces) [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF]. In light to this assemblage of climatic and human drivers, oligotrophic soils and rich plant biodiversity have been maintained over the past decades [START_REF] Körner | Alpine Plant Life[END_REF][START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF] . Here, sampling was performed on 9 fields, i.e. 3 replicates for each of 3 distinct land management regimes, featuring:

(i)
Terraced meadows, manured in May (ca 8-kg N ha -1 yr -1 ) [START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF], mown for hay in August and grazed in autumn (TM hereafter).

(ii) Terraced meadows, unmown but grazed in summer (TU hereafter).

(iii) Unterraced and unmown grasslands where very light grazing occurs during livestock transhumance (UU hereafter).

The management practices in the area have been stable since at least 2003 [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF]. Soil characteristics are given in Table 3-1. Prior to sampling, each of the 9 locations was divided in two subplots, separated by ca 10-cm, where a soil core was taken using a corer of 4.5-cm diameter and 8-cm length, bringing the total soil samples to n=18 (3 meadows * 3 replicates * 2 cores) per sampling date. All soil cores were immediately labeled, placed in a cool box, and frozen until further manipulation. Samples were removed at monthly intervals, from late April just after snowmelt to October. In parallel, wet and dry deposition samples were collected -every three weeks when possible -using an atmospheric deposition collector (WADOS Kroneis GmbH Austria) from April 2016 to October 2016, thus spanning the same timeframe as soil sampling. Precipitation samples were stored frozen until further analysis. The dry deposition funnel was rinsed with 500-mL of ultrapure water (18.2-MΩ cm -1 ), and the sample was stored frozen.

Sample extraction and analysis

Systematically, one soil core was homogenized by hand and sieved (5.6-mm).

Visible roots and rocks were removed before the homogenized core was subsampled in 10-g aliquots. One aliquot served for N extraction by adding 50-mL ultrapure water before mechanical shaking for 1-h at 300-RPM (referred as "soil extracts" hereafter). All extracts were centrifuged (400-RPM for 10-min) and the supernatant was carefully recovered. Another filtration step (0.22-μm Whatman GD/X syringe filters linked to a peristaltic pump) followed before analysis. The second aliquot was used for chloroform fumigation (for 7 days) and subsequent ultrapure water extraction to quantify microbial N [START_REF] Brookes | Chloroform fumigation and the release of soil nitrogen: A rapid direct extraction method to measure microbial biomass nitrogen in soil[END_REF]. Nitrogen Mineralization Potential (NMP) was determined by incubating a third aliquot with 50-mL ultrapure water for 7 days at 40°C. During this process, organic N is mineralized and accumulates as NH 4 + , providing information on the potential mineralization rate in the meadows [START_REF] Waring | Ammonium Production in Soil under Waterlogged Conditions as an Index of Nitrogen Availability[END_REF]. Finally, the last aliquot was oven-dried for 7 days at 70°C to determine soil moisture, before being burned at 550°C for 5 hours to determine % organic matter (OM).

The second soil cores were carefully wrapped in aluminum foil with holes and placed upon graduated cylinders. Then each soil core was leached with 100-mL of distilled water and potentially leached NH 4 + and NO 3 -were measured from percolates [START_REF] De Vries | Nitrogen losses from two grassland soils with different fungal biomass[END_REF]. Leached waters (ca 40-mL, referred as "soil leachates" hereafter) were recovered before being centrifuged and filtered similarly to soils extracts.

Precipitation samples were left to melt at ambient temperature prior to being filtered on 0.45-μm quartz filters (QMA Whatman).

All samples were subsequently analyzed for [NH 4 + ] and [NO 3 -] using a colorimetric technique (Gallery Plus, Thermo Fisher Scientific, Waltham, Massachusetts, USA) with an analytical error of ± 0.01-mg L -1 . All soil extracts were also analyzed for total dissolved nitrogen (TDN) by mixing 2.5-mL of sample with 2.5-mL of an oxidative potassium persulfate solution [START_REF] Williams | Storage and release of solutes from a subalpine seasonal snowpack: soil and stream water response[END_REF]. Dissolved organic nitrogen (DON) concentration was determined as the difference between TDN concentration and the sum of mineral N form concentrations. All concentrations are given in μg-N g -1 dry soil weight (dw). Isotopic analyses were conducted on an MAT 253 IRMS using an adapted version of the denitrifier method [START_REF] Kaiser | Triple Oxygen Isotope Analysis of Nitrate Using the Denitrifier Method and Thermal Decomposition of N 2 O[END_REF]. The analytical error was ± 0.6, 1.6 and 0.2 ‰ for Δ 17 O, δ 18 O and δ 15 N of NO 3 -, respectively.

Calculation of the atmospheric contribution

The atmospheric contribution (ƒ atm ) was calculated using a two-source mixing model as previously described (Bourgeois et al., in review). Briefly, Δ 17 O-NO 3 atm end-member was chosen as the mean concentration-weighted value of Δ 17 O-NO 3 -in wet and dry deposition collected at the Lautaret pass from April to October 2016 (Table 3-2 -in a sample (Bourgeois et al., in review).

Mole fractions of NO 3 -(ƒ atm and ƒ ter = 1 -ƒ atm ) can be used to remove the isotopic influence of NO 3 atm on NO 3 sample [START_REF] Dejwakh | Using 17 O to Investigate Nitrate Sources and Sinks in a Semi-Arid Groundwater System[END_REF][START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF], which allows for a better interpretation of biological processes that affect its δ 15 N and δ 18 O values, as stated in section 1. Because of significantly higher δ 18 O-NO 3 atm values compared to δ 18 O-NO 3 ter , even a small ƒ atm can lead to scatter in a dual isotope plot. Removing the atmospheric δ 15 N and δ 18 O components from environmental samples should allow an easier assessment of biological processes, such as nitrification and denitrification in our case. This isotope correction was applied on our samples using the isotopic mass balances from [START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF]: 

δ 18 O ter = (

Data analysis and statistics

Note that each data point in Figure 3-6 represents the mean value of three soil replicates per sampling date in order to account for spatial variability. All statistical analyses were conducted using R software (v3.2.3). A Mann-Whitney test was applied to determine significant differences of mean concentrations and isotopic values of NO 3 -and NH 4 + between soil extracts and leachates, among or across land managements and on an annual (Table 3-3) or seasonal (Figure 3-4) basis.

Differences and correlations were held significant when the p value reached a 0.05 credible interval.

Results

NO 3 -isotopes in wet and dry deposition

Mean Δ 17 O-NO 3 -in wet and dry deposition over the study period is 25.1 ± 2.7 ‰ and 23.6 ± 2, respectively (Table 3-1). These values are consistent with previously reported data for Δ 17 O-NO 3 atm [START_REF] Costa | Analysis of atmospheric inputs of nitrate to a temperate forest ecosystem from Δ 17 O isotope ratio measurements: ATMOSPHERIC NITRATE INPUTS TO A FOREST[END_REF][START_REF] Hundey | Agriculture causes nitrate fertilization of remote alpine lakes[END_REF]Michalski et al., 2004b). The mass-weighted mean Δ 17 O value for total deposition is 24.4 ± 2.4 ‰, and is used to quantify the atmospheric component of NO 3 -pools in streams (Eq.

3.1). Mean annual total δ 18 O-NO 3 atm (66.6 ± 5.8 ‰) and δ 15 N-NO 3 atm (-6.0 ± 4.1 ‰) are also consistent with a reservoir of exclusively NO 3 atm [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF], and these values are used to correct samples from their atmospheric δ 18 O and δ 15 N components (Eq. 3.2 and Eq. 3.3).

Soil N pools and NO 3 -isotopes

As presented in Figure 3 -] are lower than reported values at the same sites, but in the same order of magnitude [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF][START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF]. However, it must be underlined that our values encompass a full snow-free season whereas the previous studies focused on a period from May to July, potentially explaining the lower values obtained here.

Mean could be detected on average over the year. Mean Δ 17 O-NO 3 -was significantly higher in the UU meadow, and NO 3 atm accounted for 4 and 6 % to the nitrate pool in the extracts and leachates, respectively. These values were consistent with measured soils Δ 17 O-NO 3 -(n=2) between 0.5 and 1 ‰ for a mountain site in the south of California (Michalski et al., 2004b) but lower than the mean 3.6 ± 2.4 ‰ (n=4) in soils of a temperate forest of Michigan [START_REF] Costa | Analysis of atmospheric inputs of nitrate to a temperate forest ecosystem from Δ 17 O isotope ratio measurements: ATMOSPHERIC NITRATE INPUTS TO A FOREST[END_REF].

Note that all reported δ 18 O and δ 15 N values were corrected for the presence of ter values of -10 ‰ (in the terraced meadows) are sensibly lower than mostly positive values reported in the literature, as reviewed elsewhere (Rose et al., 2015b). [START_REF] Fang | Low δ 18 O Values of Nitrate Produced from Nitrification in Temperate Forest Soils[END_REF] reported intriguingly low δ 18 O-NO 3 -values around -4 % in a temperate forest of Japan, still higher than in this study. Similarly, mean δ 15 N-NO 3 ter ranged from -5.1 ± 6.6 (UU) to -1.3 ± 9.6 ‰ (TU), lower than the -0.1 ± 1.3 ‰ value measured in the organic topsoil of a forested watershed in the Catskill Mountains [START_REF] Burns | Analysis of δ15N and δ18O to differentiate NO3-sources in runoff at two watersheds in the Catskill Mountains of New York[END_REF]. In contrast, [START_REF] Mayer | The oxygen isotope composition of nitrate generated by nitrification in acid forest floors[END_REF] early growing season (April-July) and the senescence period (August-October). Such decoupling of periods is common in subalpine studies [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF][START_REF] Robson | Land use in subalpine grasslands affects nitrogen cycling via changes in plant community and soil microbial uptake dynamics: Land-use gradients affect N cycle via plants and microbes[END_REF], as N turnover is expected to be governed by plant uptake in the first period and by microbial uptake in the second [START_REF] Jaeger | Seasonal partitioning of nitrogen by plants and soil microorganisms in an alpine ecosystem[END_REF]. Here, the most Using the same framework as provided in [START_REF] Costa | Analysis of atmospheric inputs of nitrate to a temperate forest ecosystem from Δ 17 O isotope ratio measurements: ATMOSPHERIC NITRATE INPUTS TO A FOREST[END_REF], we estimated the expected Δ 17 O-NO 3 -if rain was to saturate the pore space in soils, assuming no leaching or nitrification. At the Lautaret pass, the mean soil pore space is 68, 70 and 78 % for TM, TU and UU meadows, respectively (Table 3-1). The average [NO 3 -] in rain over the study period is 5.5-μg mL -1 (Table 3-2). Thus, if the pore space was saturated by rain, we would expect an increase of 3.7, 3.9 and 4.3 μg-NO 3 -per cm -3 of bulk soil (0.8, 0.9 and 1.0 μg-N cm -3 ), assuming no soil NO 3 -is displaced by rain.

Considering the mean soil extracts NO 3 -concentrations reported in Table 3-3, and the mean soil densities given in Table 3-1, we find an average soil NO 3 concentration of 8.5, 8.6 and 1.4 μg-N cm -3 for TM, TU and UU meadows, respectively. This means that the rain would contribute up to 9, 10 and 71 % of total soil NO 3 -after a rainfall episode, corresponding to Δ 17 O-NO 3 -= 2.2, 2.4 and 17.3 ‰ in TM, TU and UU meadows, respectively. As the aim of this study was not to focus specifically on rain events but rather to capture the background presence of NO 3 atm in soils, it is not surprising that our results are, in average, lower than the calculated values stated above. However, it is interesting to debate the possible sinks for deposited NO 3 atm .

Possible sinks of deposited NO 3 atm in soils encompass extensive leaching, fast uptake or immobilization by plants and microorganisms and fast biological recycling of NO 3 atm in soils. Biological recycling will be further expanded on in the section 3.1.4.2, in light of δ 18 O and δ 15 N data.

The isotopic composition of NO 3 -exported in the streams draining the same watersheds on which soils were sampled here -namely Les Cours and Laurichard,have been reported elsewhere (Bourgeois et al., in review). In the mid montane stream draining the terraced meadows, mean annual Δ 17 O-NO 3 -= 1.0 ± 0.7 ‰ whereas Δ 17 O-NO 3 -= 3.0 ± 1.7 ‰ in the upper montane stream corresponding to UU meadows. Without stream discharge measurements, it is difficult to assess the amount of NO 3 atm that was actually retained in soils. However, higher proportion of NO 3 atm (i.e., higher Δ 17 O-NO 3 -) in streams compared to soils on an annual basis suggest that direct leaching of deposited NO 3 atm could be partly responsible for NO 3 atm removal from the meadows of the Lautaret pass. The magnitude of this removal mechanism is difficult to assess, but the snowmelt period is a good indicator whether NO 3 atm is efficiently transported to the stream [START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF][START_REF] Campbell | Mobility of Nitrogen-15-Labeled Nitrate and Sulfur-34-Labeled Sulfate during Snowmelt[END_REF][START_REF] Kendall | Tracing sources of nitrate in snowmelt runoff using the oxygen and nitrogen isotopic compositions of nitrate[END_REF][START_REF] Ohte | Tracing sources of nitrate in snowmelt runoff using a highresolution isotopic technique: TRACING SOURCES OF NITRATE IN SNOWMELT RUNOFF[END_REF]. In the upper stream, the snowmelt period led to an increase of Δ 17 O-NO 3 -, a pattern not observed in the mid montane stream (Bourgeois et al., in review). Furthermore, hydrological events such as rainstorms led to an increase of Δ 17 O-NO 3 -in the upper mountain stream (Bourgeois et al., in review).

This and the significantly higher Δ 17 O-NO 3 -in UU soil leachates relative to soil extracts corroborate leaching as the likely driver of NO 3 atm flushing from soils of the UU meadow. Yet, it does not explain what becomes of NO 3 atm in the terraced fields. Dominance of species with exploitative traits on terraced meadows has been well documented [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF], and efficient removal of soil NO 3 atm by root and leaves uptake is a reasonable hypothesis to explain what becomes of NO 3 atm . Higher ƒ atm in Dactylis glomerata, the dominant perennial grass on these terraces, relative to soils has been reported in another study at the Lautaret pass (Bourgeois et al., in review). Also, other studies conducted in subalpine grasslands showed an effective scavenging of 15 N-enriched NO 3 -by plants in simulated atmospheric deposition experiments, at the expense of the soil reservoirs [START_REF] Bassin | Elevated ozone and nitrogen deposition affect nitrogen pools of subalpine grassland[END_REF][START_REF] Boutin | Impacts des dépôts atmosphériques azotés sur la biodiversité et le fonctionnement des pelouses subalpines pyrénéennes[END_REF]. Given the unvarying Δ 17 O-NO 3 -over time in both soil extracts and leachates (Figure 3-4), it is likely that microbial immobilization also plays a role in NO 3 atm removal. Indeed, it is widely acknowledged that plant benefit from a decrease in nutrients competition with microbes due to freeze-thaw cycles restricting microbial growth in the first part of the growing season, leading to greater plant N uptake associated with active growth [START_REF] Freppaz | Simulating soil freeze/thaw cycles typical of winter alpine conditions: Implications for N and P availability[END_REF][START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF]. By August, most subalpine plants have completed their life cycle [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF], leading to enhanced N microbial immobilization in soils [START_REF] Jaeger | Seasonal partitioning of nitrogen by plants and soil microorganisms in an alpine ecosystem[END_REF], thus driving NO 3 atm removal in the second part of the snow-free season. Significantly greater microbial biomass in the terraced meadows compared to the UU grassland (Table 3-1) also points at an active role played by microbes in these fields.

Another important characteristic of the UU grassland is the extensive litter cover [START_REF] Baptist | Carbohydrate and nitrogen stores in Festuca paniculata under mowing explain dominance in subalpine grasslands: Carbohydrate and N storage in F. paniculata under mowing[END_REF][START_REF] Gross | Leaf dry matter content and lateral spread predict response to land use change for six subalpine grassland species[END_REF] that is likely to intercept NO 3 atm before it reaches the soils. For instance, Michalski et al [2004] reported a Δ 17 O-NO 3 -value of 18.9 ‰ for surface litter in a Californian forest when underlying soils had Δ 17 O-NO 3 -values of 2.5 ‰. To sum up, the combination of soil leaching and litter retention is assumed to drive NO 3 atm removal in UU grasslands whereas we suggest it is more likely controlled by plant uptake and microbial immobilization in the terraced meadows.

Low δ 18 O-NO 3 ter

The low δ 18 O-NO 3 ter values measured in soils were unexpected. Although the mean annual δ 18 O-NO 3 ter measured in all fields are comprised in the -15 ‰ to 15 ‰ range expected for microbial nitrification product [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF], we measured values as low as -25 ‰, which has very rarely been reported in literature. [START_REF] Andersson | O2 and H2O are each the source of one O in NO-2 produced from NH3 by Nitrosomonas: 15N-NMR evidence[END_REF][START_REF] Hollocher | Oxidation of ammonia by Nitrosomonas europaea. Definite 18O-tracer evidence that hydroxylamine formation involves a monooxygenase[END_REF]. The next oxidation step leading to the formation of nitrate involves another oxygen atom from H 2 O [START_REF] Hollocher | Source of the oxygen atoms of nitrate in the oxidation of nitrite by Nitrobacter agilis and evidence against a P-O-N anhydride mechanism in oxidative phosphorylation[END_REF], resulting in a theoretical

It is customary in NO

δ 18 O-NO 3 - nit = 1/3 (δ 18 O-O 2 ) + 2/3 (δ 18 O-H 2 O
). Using this definition, we calculated in a previous study on the same site an expected δ 18 O-NO 3 nit ranging between -3.3 and 2.3 ‰, using δ 18 O-O 2 = 23.5 ‰ and δ 18 O-H 2 O = -16.6 ‰ (if water is snow) or -8.2 ‰ (if water is rain) (Bourgeois et al., in review). When compared to the infield measured values in this study (Table 3-3), it is clear that this theoretical calculation overestimates microbial nitrate oxygen isotopic composition, which stands in stark contrast with otherwise reported higher field values than theoretically calculated. A number of such studies have been listed in [START_REF] Snider | Stable Oxygen Isotope Ratios of Nitrate Produced from Nitrification: 18O-Labeled Water Incubations of Agricultural and Temperate Forest Soils[END_REF], who also provides a very nice framework for interpreting higher δ 18 O-NO 3 ter than expected. However, an opposite pattern is observed here (i.e., lower δ 18 O-NO 3 ter values than theoretically calculated and to what was reported in the literature).

The only other study reporting lower δ 18 O-NO 3 ter than expected attributed such pattern to a combination of kinetic isotopic fractionation -during the incorporation of oxygen atoms from water and molecular oxygen process -and equilibrium isotopic fractionation (Figure 345) when O-exchange occurs between the intermediary NO 2

-and H 2 O [START_REF] Fang | Low δ 18 O Values of Nitrate Produced from Nitrification in Temperate Forest Soils[END_REF]. Using the same two scenarios as presented by the authorsi.e., scenario 1 is "kinetic isotopic fractionation but no Oexchange" and scenario 2 is "complete O-exchange and kinetic isotopic fractionation" -, we calculated a new δ 18 O-NO 3 nit . To do so, we assumed kinetic isotopic effects between -37.6 and -17.9 ‰ for the NH 4 + è NO 2 -step [START_REF] Casciotti | Oxygen isotopic exchange and fractionation during bacterial ammonia oxidation[END_REF], a kinetic isotopic effect between -18.2 and -12.8‰ for the NO 2 -è NO 3 -step [START_REF] Buchwald | Oxygen isotopic fractionation and exchange during bacterial nitrite oxidation[END_REF] and an equilibrium isotopic effect of 14‰ for the O-exchange between NO 2 -and H 2 O [START_REF] Casciotti | Oxygen Isotopes in Nitrite: Analysis, Calibration, and Equilibration[END_REF]. Using these reported fractionation factors, we calculated δ 18 O-NO 3 nit from -21.9 to -13.5 ‰ and from -13.0 to -11.5 ‰ for scenarios 1 and 2, respectively, if water is snow. If water is rain, the calculated δ 18 O-NO 3 nit ranges from -16.3 to -7.9 ‰ and from -4.9 to -3.1 ‰ for scenarios 1 and 2, respectively. We reported these values in a dual isotope plot (Figure 3 -and H 2 O is pH dependent [START_REF] Casciotti | Oxygen Isotopes in Nitrite: Analysis, Calibration, and Equilibration[END_REF][START_REF] Fang | Low δ 18 O Values of Nitrate Produced from Nitrification in Temperate Forest Soils[END_REF][START_REF] Snider | Stable Oxygen Isotope Ratios of Nitrate Produced from Nitrification: 18O-Labeled Water Incubations of Agricultural and Temperate Forest Soils[END_REF], acidic soils in the UU grasslands certainly favored a greater degree of O-exchange compared to the terraced meadows, where the pH H2O is closer to neutral due to past agricultural practices that mobilized the underlying calcareous substrate [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF] (Table 3-1). This would significantly raise the δ 18 O-NO 3 ter in UU grassland compared to the terraced meadows (by overwriting the strong kinetic effects leading to 18 O depletion), as observed here (Table 3-3 Anyhow, some δ 18 O-NO 3 ter fell outside the predictions from scenarios 1 and 2, especially in the UU soil extracts and leachates. Possible explanations are numerous and encompass the possible 18 O-enrichment of water by evaporation [START_REF] Fang | Low δ 18 O Values of Nitrate Produced from Nitrification in Temperate Forest Soils[END_REF], denitrification [START_REF] Wexler | Isotopic signals of summer denitrification in a northern hardwood forested catchment[END_REF] (which discriminates against heavier isotopes), heterotrophic nitrification [START_REF] Mayer | The oxygen isotope composition of nitrate generated by nitrification in acid forest floors[END_REF] or efflux from subalpine roots NO 3 - [START_REF] Britto | Futile cycling at the plasma membrane: a hallmark of low-affinity nutrient transport[END_REF][START_REF] Maire | Trade-off between root nitrogen acquisition and shoot nitrogen utilization across 13 co-occurring pasture grass species[END_REF][START_REF] Marty | High NH4+ efflux from roots of the common alpine grass, Festuca nigrescens, at field-relevant concentrations restricts net uptake[END_REF], 18 Oenriched by nitrate reductase during the assimilation process [START_REF] Granger | Coupled nitrogen and oxygen isotope fractionation of nitrate during assimilation by cultures of marine phytoplankton[END_REF](Granger et al., , 2010a)). Based on the data presented here, it is difficult to clearly delineate the drivers at play and further investigation would be needed. Quantification of key -before the nitrification process [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]. Although some sources have overlapping δ 15 N ranges that sometimes complicate the appointment process, when δ 15 N is coupled to δ 18 O useful insights on sources and processes driving NO 3 -dynamics in a system can be inferred. Here, the wide range in δ 15 N-NO 3 ter in extracts and leachates suggests that a combination of multiple sources and nonconservative behavior is the main control on δ 15 N values of NO 3 ter . In this study, the probable sources of NO 3 ter were limited to deposited NH 4 + (NH 4 + atm ) and soil organic matter (OM) -although manure and cattle waste also represent potential sourcesand the primary processes expected to cause variation in δ 15 N are mineralization, nitrification and denitrification.

First, the report of the δ 15 N-NO 3 ter values measured in this study in a dual isotope plot (Figure 3456) points at an origin from NH 4 + atm , which has also been found to have low δ 15 N values [START_REF] Russell | Sources of nitrogen in wet deposition to the Chesapeake Bay region[END_REF][START_REF] Xue | Present limitations and future prospects of stable isotope methods for nitrate source identification in surface-and groundwater[END_REF]. It is difficult to ascertain whether NH 4 + atm contributes much to total soil NH 4 + , however the release of NH 4 + atm at snowmelt and subsequent nitrification was proposed as the reason for the low δ 15 N-NO 3 -in streams at the Lautaret pass in spring (Bourgeois et al., in review).

This falls in line with the significantly lower δ 15 N-NO 3 ter in the TM and TU soil extracts and leachates in the first part of the growing season compared to later in the year when snowmelt influence is negligible (Figure 34). Interestingly, [NH 4 + ] was under the detection limit in the quasi totality of stream samples even at snowmelt (data not shown), hinting at a strong retention and utilization of NH 4 + atm in soils, also supported by the significantly lower [NH 4 + ] in leachates compared to extracts (Table 3-3). However, NH 4 + atm is not likely to account for δ 15 N-NO 3 ter as low as -17 ‰.

OM as the main substrate for mineralization and nitrification would lead to higher δ 15 N-NO 3 ter than NH 4 + atm as substrate, and cannot account for the low δ 15 N-NO 3 ter in this study. Yet, kinetic isotopic effects favor the incorporation of the light isotope in the microbial product of nitrification [START_REF] Casciotti | Assessment of Nitrogen and Oxygen Isotopic Fractionation During Nitrification and Its Expression in the Marine Environment[END_REF]. The low δ 15 N-NO 3 ter in this study can only reflect the isotopic segregation during NO 3 ter production process [START_REF] Mayer | The oxygen isotope composition of nitrate generated by nitrification in acid forest floors[END_REF][START_REF] Spoelstra | The isotopic composition of nitrate produced from nitrification in a hardwood forest floor[END_REF]. NH 4 + availability was shown to drive the magnitude of the kinetic isotopic effect [START_REF] Mayer | The oxygen isotope composition of nitrate generated by nitrification in acid forest floors[END_REF], because the isotope effect during nitrification is reduced or not observed if NH 4 + is limiting to nitrifiers [START_REF] Mariotti | Experimental determination of nitrogen kinetic isotope fractionation: some principles; illustration for the denitrification and nitrification processes[END_REF]. Here, NH 4 + pools are of the same order of magnitude as NO 3 -pools in all soil extracts, suggesting that fractionation during nitrification The mineralization process is usually considered as yielding little isotopic fractionation to the produced NH 4 + , however several studies have reported δ 15 N-NO 3 ter approximately lower by 5 ‰ compared to bulk soil δ 15 N [START_REF] Fang | Low δ 18 O Values of Nitrate Produced from Nitrification in Temperate Forest Soils[END_REF][START_REF] Ostrom | Temporal trends in nitrogen isotope values of nitrate leaching from an agricultural soil[END_REF][START_REF] Spoelstra | The isotopic composition of nitrate produced from nitrification in a hardwood forest floor[END_REF] and could be an additional factor to explain the low δ 15 N-NO 3 ter . Here, NMP is significantly higher in the terraced soils (Table 3-1), where δ 15 N-NO 3 ter is the lowest (Table 3-3), suggesting that kinetic isotope effects during mineralization are not the main driver of δ 15 N-NO 3 ter variability in these fields. For the UU grassland with high DON pool and where year-round mineralization rates are low (Table 3-1 andFigure 3-3), it is possible that kinetic fractionation during OM mineralization exert a stronger control on δ 15 N-NO 3 ter , also possibly explaining the lack of significant temporal variation observed in this meadow (Figure 34).

The dual isotope plot does not reveal any sign of denitrification, i.e. no significant correlation between δ 15 N and δ 18 O of nitrate is evidenced (Figure 3456). However, it does not mean that denitrification processes did not occur in our soils, because nitrification has been shown to ubiquitously overprint denitrification isotopic effects [START_REF] Granger | Isotopic overprinting of nitrification on denitrification as a ubiquitous and unifying feature of environmental nitrogen cycling[END_REF]. Denitrification can occur in anaerobic microsites of well-drained nitrifying soils [START_REF] Spoelstra | The isotopic composition of nitrate produced from nitrification in a hardwood forest floor[END_REF], and discriminates against the heavier isotopes of NO 3 -during the N 2 O and N 2 production processes [START_REF] Mariotti | Experimental determination of nitrogen kinetic isotope fractionation: some principles; illustration for the denitrification and nitrification processes[END_REF]Andre Mariotti et al., 1982). Therefore, denitrification could be responsible for the higher δ 15 N-NO 3 ter in extracts compared to leachates (Table 3-3) or for the higher values after the peak biomass when warmer temperatures trigger denitrification [START_REF] Ostrom | Temporal trends in nitrogen isotope values of nitrate leaching from an agricultural soil[END_REF].

Implications for N cycling in mountainous ecosystems

Our findings have several key implications regarding the fate of atmospheric N and the biological processes in subalpine meadows. First, the low ƒ atm in all soils suggest that the studied grasslands have not reached an advanced N saturation stage yet. In UU grassland, the low N cycling rate [START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF] coupled with litter interception and efficient leaching of atmospheric N presumably prevent exogenous N accumulation in soils. In the terraced meadows, the strong seasonal plant-microbe competition for nutrients is assumed to promote a fast uptake of deposited N, in order to meet the biological N demand. This is, per definition, the sign of N limitation as the main limiting factor of net primary production. That O and N isotopes of nitrate are strongly affected by kinetic isotopic effects is also in line with N limited ecosystems. Slow rates of nitrification, and in some case of mineralization, are responsible for such exacerbated isotopic fractionation, and are symptomatic of N limited environments [START_REF] Burns | The effects of atmospheric nitrogen deposition in the Rocky Mountains of Colorado and southern Wyoming, USA-a critical review[END_REF]. It is likely that the difficult weather conditions still exert a strong control on microbial properties, which were shown to drive N turnover in these N poor soils [START_REF] Jusselme | Variations in snow depth modify N-related soil microbial abundances and functioning during winter in subalpine grassland[END_REF][START_REF] Legay | Influence of plant traits, soil microbial properties, and abiotic parameters on nitrogen turnover of grassland ecosystems[END_REF].

Second, the decoupling between the oxygen isotopic compositions of nitrate following the land-management regimes is intriguing. Differences in δ 18 O-NO 3 ter can only originate from differences in water composition (unlikely considered the close vicinity of the studied site and a relatively similar snow-covered period) or from isotopic effects during nitrification. These isotopic effects depend on abiotic conditions (pH, temperature) but also on the microbial communities driving the nitrification processes (e.g., bacteria, archeae, anammox microbes, heterotrophic nitrifiers, etc.). Therefore, it would be interesting to couple isotopic considerations with microbial gene abundances and sequencing to better understand the main mechanism of nitrification in natural soils. A very nice example is given in [START_REF] Liu | Abiotic versus biotic controls on soil nitrogen cycling in drylands along a 3200 km transect[END_REF], where the authors evaluated the biotic and abiotic controls of N cycling along an aridity gradient in China.

Third, the considerable variability of δ 15 N-NO 3 ter , both spatially and temporally, highlights the complex interaction between biological processes and multiple sources in a life-riche environment such as soils. To further constrain the drivers, there is a clear need for ancillary data, such as, once again, a thorough study of the microbial communities involved in N cycling (e.g., nitrifiers, denitrifiers, N fixers, etc.).

Finally, it is interesting to note that [START_REF] Burns | Analysis of δ15N and δ18O to differentiate NO3-sources in runoff at two watersheds in the Catskill Mountains of New York[END_REF] attributed increasing δ 15 N-NO 3 ter during an incubation experiment to the conservative recycling of N in soils. A 15 N-pool dilution study led in Pyreneans subalpine grasslands showed that N was conservatively recycled in the soil-plant continuum [START_REF] Boutin | Impacts des dépôts atmosphériques azotés sur la biodiversité et le fonctionnement des pelouses subalpines pyrénéennes[END_REF].

However, low δ 15 N-NO 3 ter in our study rather suggest that NO 3 ter is newly produced in soils, and the causes for such discrepancy (possibly higher leaching rates in the case of the present study) would be worth investigating. 123 3.2 Complements of information I started collaborating in 2016 with Catherine Larose, Tim Vogel, and Cécile Thion from the Laboratoire Ampère of Lyon, who have an extensive experience working on environmental microbial genomics. My intent was to further constrain the biological processes (e.g., nitrification, denitrification) that take place in the studied subalpine meadows of the Lautaret pass. By capturing the nature and the diversity of the underlying microbial communities, I hope to clarify their role in controlling N turnover [START_REF] Legay | Influence of plant traits, soil microbial properties, and abiotic parameters on nitrogen turnover of grassland ecosystems[END_REF]. Additionally, coupling of isotopic tracers and genomics data has been seldom used in N cycling studies in natural environments. The only other study I could find in literature that combined the two approaches is from [START_REF] Liu | Abiotic versus biotic controls on soil nitrogen cycling in drylands along a 3200 km transect[END_REF]. There, the authors show the good match between, on one side, isotopic evidence of NO 3 -sources mixing (and no processing) and low N-related microbial genes abundance in arid areas; and on the other side isotopic imprints of biological processes correlated with higher N-related genes abundance. Another interesting study coupling isotopic and genes abundance, this time focusing on methane, reports evidence of a full methane turnover regulated by microorganisms in a groundwater system of Pennsylvania, US (Vigneron et al., 2017). Therefore, I aim at investigating whether the association of genomic, taxonomic and isotopic data could help further understand the drivers of N cycling in subalpine soils.

In summer 2017 I spent two weeks at the Laboratoire Ampère, where I analyzed the densities of total bacteria, ammonium-oxidizing microbes (bacteria and archaea), nitrate reducers and denitrifiers in a subset of the collected soils presented in the previous section by quantitative PCR (qPCR). I specifically focused on the 16Sb rRNA (bacteria), 16Sa rRNA (archeae), 18S rRNA (fungi), AOB (ammoniumoxidizing bacteria), AOA (ammonium-oxidizing archaea), narG and napA (nitrate reducers) and nirK, nirS and nosZ (denitrifiers) genes. I also sent DNA extracts to a private American company (Mr DNA, Molecular Research LP, Texas, US), which provided taxonomic analyses on 16S rRNA gene only.

Because of the cost of genomic and taxonomic analyses, only 9 soils samples were analyzed in this first batch, spanning three different management treatments (see section 3.1.2.1) on three different dates (May, July, October) representative of subalpine ecosystems temporal "hotspots" (i.e., snowmelt, peak biomass, plant senescence). Every sample was pooled from three replicates collected on the meadows.

The results are freshly obtained, and not yet thoroughly dissected. However, we provide here some promising preliminary findings. First, a dendrogram produced by hierarchical clustering of Operational Taxonomic Units (OTU)i.e. groups of nonidentified microorganisms showing similar 16S sequences -is given in Figure 34567.

We see that the unterraced grassland (UU in section 3.1) can be clearly distinguished from the terraced meadows (TM and TU in section 3.1) using this taxonomic approach. This is not without echoing the significantly different nitrate isotopic composition in UU soils compared to soils from other management treatments (Table 3-3). Whereas concluding that one is the cause for the other would be a very unscientific shortcut, this nevertheless suggests an interesting possible correlation between isotopic and taxonomic data. Using an analysis of similarities (ANOSIM) test, it is possible to separate soil samples in two groups that are statistically different (ANOSIM statistic R = 0.9474 and p < 0.01) with one group constituted of the TM and TU soils and the other constituted of the UU soils. With an analysis of similarity percentage (SIMPER) test, it is possible to hierarchize the microbial phyla that most explain the statistical difference between the two groups. Five phyla accounting for 71% of the taxonomic difference between soils are given in Table 3-4. A preliminary review of the literature did no provide information on whether species from Verrucomicrobia and Actinobacteria phyla could play a significant role in N cycling, however species from the Chloroflexi, Proteobacteria and Thaumarchaeota phyla are associated with bacterial heterotrophic nitrification, bacterial chemolithoautotrophic nitrification and archaeal ammonia oxidation, respectively. These results point at alternative nitrification pathways from the "classical" autotrophic nitrification, but further tests are required to evaluate how this could relate to isotopic spatial and temporal variations. It is possible to look even more in details at the taxonomic diversity of microorganisms in soils, by focusing on bacterial classes for instance (Figure 345678).

However, the more details, the more difficulty in interpreting the relationship between isotopic and taxonomic data. Indeed, microorganisms' diversity probing is limited by a number of caveats. First, the choice of primers to perform the gene sequencing will strongly control the access to the taxa diversity in soils, and can potentially bias our understanding of microbial community structure. Second, taxonomy and functionality are not always related because of:

(i) Functional redundancy (i.e., taxa that are phylogenetically very different can have genes coding for the same function). For instance denitrification is coded by a large number of genes that intervene successively in the denitrification stages, and that are widely (and randomly?) spread among the bacterial phylogeny [START_REF] Salles | Relating Phylogenetic and Functional Diversity among Denitrifiers and Quantifying their Capacity to Predict Community Functioning[END_REF].

(ii) Horizontal genes transfer (i.e., an exchange of functional genes between bacterial communities), although this is has been mostly reported for N-fixing genes [START_REF] Bailly | Horizontal gene transfer and homologous recombination drive the evolution of the nitrogen-fixing symbionts of Medicago species[END_REF][START_REF] Bolhuis | Horizontal transfer of the nitrogen fixation gene cluster in the cyanobacterium Microcoleus chthonoplastes[END_REF].

(iii) Significant discrepancy between bacterial genotype and phenotype which sometimes translate the precise control of environmental conditions on a gene expression. It is notably the case for denitrifiers, which allegedly express denitrification only under anaerobic conditions (N playing the role of electron acceptor) because this alternative respiration pathway costs more energy [START_REF] Ferguson | Denitrification and its control[END_REF].

Despite these limitations, there is generally a strong coherence between taxonomy and ecology, and my efforts will be placed on a few relevant taxa regarding N cycling. 

Synthesis

Summary of the main results

In the first part of this chapter (section 3.1), we specifically focus on quantifying NO 3 atm proportion in three subalpine meadows. The soils exhibit different NO 3 atm retention patterns depending on their management. In average over the study period, the terraced meadows (TM and TU) both have undetectable NO 3 atm in soil extracts and leachates whereas up to 6 % of the unterraced grassland (UU) NO 3 -pool has an atmospheric origin. This is likely due to low N cycling rates in the UU grassland favoring a higher transit time of NO 3 atm in soils without being biologically processed. The overall low amount of NO 3 atm in the terraced meadows, and no NO 3 atm exports at the outlet of the watershed during snowmelt together suggest that NO 3 atm undergoes a rapid turnover upon deposition in these fields. In the unterraced grassland, soil and stream data rather suggest that kinetic saturation is the primary driver of NO 3 atm dynamics in this unamended field.

Low δ 18 O-NO 3 ter and δ 15 N-NO 3 ter in all soils are intriguing and perplexing. To date, it is difficult to ascertain why this is so, and several hypotheses are provided in sections 3. 1.4.2 and 3.1.4.3. Regardless of the reason, it appears that isotopic fractionations, due to kinetic or equilibrium effects for instance, could play a major role in controlling the isotopic composition of nitrate in these subalpine soils. A systematic monitoring of nitrate complete isotopic composition (Δ 17 O, δ 18 O and δ 15 N) in future environmental studies -and correction for the atmospheric imprint -would help understand whether the low δ 18 O-NO 3 ter and δ 15 N-NO 3 ter in this study are sitespecific or more widely spread than suggested in literature. This is an important point because most studies -including mine -rely heavily on the assumption that sources mixing rather than processes is the main driver of NO 3 -isotopic composition. I hope that coupling isotopic with genomic data will alleviate the uncertainties regarding the main processes driving N turnover in subalpine soils and their effect on NO 3 -isotopes. 

Results situated in the conceptual framework

Linkage with the plant compartment

Low fractions of NO 3 atm in soils point at a quick immobilization and uptake by microbes and plants. NO 3 atm contribution to subalpine plants N contents could be particularly important because of the strong competition between plants and microorganisms for resources, tipping in favor of subalpine plants uptake in the early stages of the growing season [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF]. Furthermore, plants have unanimously been recognized as a very sensitive biota to N deposition, especially in nutrient poor environments where the biotic constraint on plant response to N inputs is particularly acute [START_REF] Bowman | Nitrogen Critical Loads For Alpine Vegetation And Terrestrial Ecosystem Response: Are We There Yet?[END_REF][START_REF] Chapin | Biotic control over the functioning of ecosystems[END_REF]). An experiment conducted in subalpine meadows in the French Pyrenees showed that plant recovered 43 % and 37 % (19 % and 29 % in soils) of exogenous sprayed N after one and two years following inoculation, respectively [START_REF] Boutin | Impacts des dépôts atmosphériques azotés sur la biodiversité et le fonctionnement des pelouses subalpines pyrénéennes[END_REF]. Interestingly, most part of this additional N was found in leaves, hinting at a potential foliar uptake strategy of these subalpine plant species. In the next chapter, we will investigate this plant compartment at the Lautaret pass and see whether, under natural conditions, plants show higher NO 3 atm contents than in soils.

Atmospheric nitrate in plants: seasonal dynamics, uptake pathways and ecological implication

This chapter describes the breakthroughs in our understanding of NO 3 -uptake pathways and strategy used by two dominant subalpine plants at the Lautaret pass.

Dactylis glomerata and Festuca paniculata, collected on the same meadows as presented in Chapter 3, are more specifically the object of the study presented here.

The section 4.1 describes the temporal variations of NO 3 atm proportion in plant organs and how it relates to known nutrients uptake strategies for these species.

Based on isotopic considerations, the respective importance of foliar and root uptake is discussed, and the preferred sites for NO 3 -assimilation are dissected. A summary of the scientific conclusions is provided in section 4.2, and the main findings will be put in perspective with the terrestrial N cycle in subalpine meadows. 

Abstract

Despite decades of studies on nitrogen (N) cycling perturbations in ecosystems caused by anthropogenic activities, several caveats remain before we fully understand the fate of increasing atmospherically deposited N. Subalpine meadows are especially relevant in that concern as N is a key-limiting nutrient fostering the dominance of specific subalpine plant communities, with strong impact on essential ecosystems services. Here, we present isotopic evidence (Δ 17 O, δ 18 O and δ 15 N) of the direct contribution of atmospherically deposited nitrate to subalpine plants nitrate pool (up to 33%). Differences in nitrate isotopic composition between leaves and roots suggest that plants strategies for N uptake reflect on their NO 3 isotopic composition. We show that direct foliar uptake of atmospheric nitrate (3-16% of plant N demand) is a non-negligible, yet overlooked, pathway for N uptake in grasses under natural conditions, especially when growing on nutrients poor soils.

Further, we demonstrate that this multi-isotopic approach has a unique potential to further unravel the global functioning of ecosystems with changing N supplies, and we recommend that more studies use this technique to decouple atmospheric N input pathways into ecosystems.

Significance

Nitrogen (N) is often an essential limiting nutrient for terrestrial plant productivity. However, in excess, it leads to complex ecological consequences on Earth system. Human activities have increased by ten-fold the amount of atmospherically deposited nitrogen over the last century with, as consequence, the alteration of pristine environments. Here, we use natural isotopes of nitrate, one of the preferential N form for plant uptake, to demonstrate that subalpine plants readily absorb atmospheric nitrogen either after deposition, through the root system, or directly from the air via the leaves. These measurements provide the first in situ evidence of the direct contribution of atmospheric nitrogen as plants substrate, bypassing soil N cycling, and raise the concern of potentially increased ecological issues under rising anthropogenic nitrogen deposition.

Introduction

Nitrogen (N) atmospheric deposition monitoring has been determinant to assess human global imprint on the environment over the past decades [START_REF] Fowler | Effects of global change during the 21st century onthe nitrogen cycle[END_REF][START_REF] Galloway | Transformation of the nitrogen cycle: recent trends, questions, and potential solutions[END_REF]Vitousek et al., 1997). Anthropogenic activities (e.g., fossil fuel combustion, agriculture) have led to increased emissions of reactive nitrogen species (Nr = NO y , NH x , N 2 O), with in turn enhanced inputs of N in a large variety of ecosystems [START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF]. Consequences of such alteration of the N cycle are now well documented, ranging from soil acidification to biodiversity loss, not to mention intensified N leaching, eutrophication and public health issues [START_REF] Aber | Nitrogen Saturation in Northern Forest Ecosystems[END_REF][START_REF] Clark | Estimated losses of plant biodiversity in the United States from historical N deposition (1985-2010)[END_REF][START_REF] Galloway | The Nitrogen Cascade[END_REF][START_REF] Ward | Workgroup Report: Drinking-Water Nitrate and Health-Recent Findings and Research Needs[END_REF].

Mountainous regions are especially vulnerable to this phenomenon because of little acidification buffering capacities in soils and optimized functioning strategies of native plants in response to historical nutrients limitation [START_REF] Bassin | Species Composition of Subalpine Grassland is Sensitive to Nitrogen Deposition, but Not to Ozone, After Seven Years of Treatment[END_REF][START_REF] Boutin | Nitrogen deposition and climate change have increased vascular plant species richness and altered the composition of grazed subalpine grasslands[END_REF][START_REF] Bowman | Nitrogen Critical Loads For Alpine Vegetation And Terrestrial Ecosystem Response: Are We There Yet?[END_REF]. For instance, advanced stages of N saturation in elevated sites of the Colorado Front Range, USA have been demonstrated [START_REF] Baron | Hindcasting nitrogen deposition to determine an ecological critical load[END_REF][START_REF] Burns | The effects of atmospheric nitrogen deposition in the Rocky Mountains of Colorado and southern Wyoming, USA-a critical review[END_REF][START_REF] Williams | Critical loads for inorganic nitrogen deposition in the Colorado Front Range[END_REF], and highlight the critical need for further investigation in understanding the fate of deposited N.

Novel isotopic techniques used in recent studies have shed new light on the dramatically high contribution of atmospheric N to remote freshwater bodies (15, Bourgeois et al. in review). Yet, N balance in altitude catchments is still poorly understood. Atmospheric N deposition often exceeds streams water losses via leaching [START_REF] Baron | Nitrogen fluxes in a high elevation Colorado Rocky Mountain basin[END_REF][START_REF] Mast | Links between N Deposition and Nitrate Export from a High-Elevation Watershed in the Colorado Front Range[END_REF]; potential sinks for the missing N may be immobilization by soil microbes, uptake by plants and/or denitrification. Up to date, atmospheric N dynamics in mountainous soil/plant continuum have scarcely been investigated, despite an urgent need for understanding nutrients partitioning in these ecologically critical ecosystems [START_REF] Clément | The effects of snow-N deposition and snowmelt dynamics on soil-N cycling in marginal terraced grasslands in the French Alps[END_REF][START_REF] Thébault | Nitrogen limitation and microbial diversity at the treeline[END_REF].

Inorganic N (nitrate and ammonium) is usually considered as more readily absorbed by plants than organic N forms [START_REF] Haynes | Ammonium and Nitrate Nutrition of Plants[END_REF]. Measurements of the triple isotopes (Δ 17 O, δ 18 O and δ 15 N) composition of nitrate (NO 3 -) provide a unique and powerful tool to identify NO 3 -sources and infer the biological processes governing its dynamics [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]. However, this multi-isotopic tracer has, to the best of our knowledge, still never been used to monitor atmospheric nitrate (NO 3 atm ) uptake and assimilation by plants in natural condition. The dual isotope technique has been successfully used on mosses to evaluate the sources of NO 3 contained in their tissues [START_REF] Liu | Preliminary insights into δ15N and δ18O of nitrate in natural mosses: A new application of the denitrifier method[END_REF]Liu et al., 2013b), but interpretation of the δ 18 O and δ 15 N values of NO 3 -(δ 18 O-NO 3 -and δ 15 N-NO 3 -later on) in vascular plants is a much more complicated challenge (Liu et al., 2013a). We suggest that direct measurements of Δ 17 O-NO 3 -in plants should help to bypass interpretation issues caused by mass-dependent biological fractionation.

To investigate the contribution of NO 3 atm to the bio-available nutrients pool in subalpine meadows, we measured for the first time the concentration and triple isotopic composition (Δ 17 O, δ 18 O and δ 15 N) of NO 3 -, along with ammonium (NH 4 + ) concentration, in different tissues of two subalpine plants species at the Lautaret pass in the Central French Alps. This site is characterized by a seasonal snow-cover (November to April) and by a short vegetative period (May to September, hereafter referred as annual). The vegetation is dominated by grassland communities whose diversity and functional traits depend on past -terraced vs. unterraced -and current -mowing, grazing -land use [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF]. From May to September 2016, we harvested the roots and the leaves and stems (hereafter referred as leaves) of Dactylis glomerata (D. glomerata) and Festuca paniculata (F. paniculata), two dominant perennial tussock grasses featuring exploitative and conservative resource use strategies, respectively [START_REF] Gross | Leaf dry matter content and lateral spread predict response to land use change for six subalpine grassland species[END_REF][START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF]. Temperatures in 2016 averaged -3.0°C in January and 13.0°C in August and cumulated annual precipitation was 609 mm. We studied three grasslands featuring three combinations of past (terraced vs unterraced) and present (mown vs unmown) land uses [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF]. Two of the grasslands were situated on the terraced slopes of Les Cours watershed. One was mown for hay in August then grazed in autumn (terraced and mown, TM) while the other was not mown but grazed in summer (terraced and unmown, TU). The unterraced grassland has never been mown (unterraced and unmown, UU) and only very lightly grazed during the transhumance of livestock. The management practices in the area have been stable since at least 2003 [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF] and led to substantial differences in plant communities and soil properties. Briefly, terraced meadows are dominated by species showing exploitative traits such as D. glomerata whereas unterraced grasslands are dominated by conservative species like F.

paniculata. These two species show very different functional traits [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF], illustrating different strategies for nutrients uptake and competition with soil microbial biomass [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF][START_REF] Robson | Land use in subalpine grasslands affects nitrogen cycling via changes in plant community and soil microbial uptake dynamics: Land-use gradients affect N cycle via plants and microbes[END_REF]. 4.1.2.2 Samples collect and analysis.

Sampling encompasses three different grasslands as described in the previous section, each of which was divided in three plots, to reach a total number of 9 plant individuals collected per sampling date (3 grasslands * 3 replicates). From May to September 2016, either one D. glomerata or F. paniculata tussock per subplot, including several tillers, was harvested based on respective species dominance in the meadow. A soil core of 4.5-cm diameter and 8-cm length was removed from all subplots, in the same place as the biomass harvest. Sampling was performed twice a month until peak biomass (May and June), and on a monthly basis afterward (July, August, September).

Separate wet and dry deposition were collected -every three weeks when possible -using an atmospheric deposition collector (WADOS Kroneis GmbH Austria) from April 2016 to October 2016. Precipitation samples were stored frozen until further analysis. The dry deposition funnel was rinsed with 500-mL of ultrapure water (18.2-MΩ cm -1 ), and the sample was stored at -20°C.

All plants were thoroughly washed with ultrapure water. Aerial parts (i.e., leaves, shoots and stems) and belowground parts (i.e., roots) were separated, wiped and stored frozen. Samples were later freeze-dried (Heto DryWinner, Allerod, Denmark), grounded to powder (RETSCH Mixer Mill MM400) and homogenized, following a commonly used procedure [START_REF] Laursen | Is it really organic? -Multi-isotopic analysis as a tool to discriminate between organic and conventional plants[END_REF][START_REF] Mihailova | Stable isotope analysis of plantderived nitrate -Novel method for discrimination between organically and conventionally grown vegetables[END_REF].

Dissolved inorganic nitrogen (DIN) was extracted by shaking (300-RPM for 1-h) 1-g and 1.5-g dw of D. glomerata and F. paniculata powdered tissues, respectively, in 50-mL ultrapure water. Soils were 2-mm sieved to remove rocks and roots, and 10-g dw subsamples of sieved soils were shaken (300-RPM for 1-h) in 50-mL ultrapure water to extract the DIN. After centrifugation (4000-RPM for 10-min), all plants and soils samples were filtered on 0.22-μm quartz filters (QMA Whatman). Precipitation samples were left to melt at ambient temperature prior to being filtered on 0.45-μm quartz filters (QMA Whatman).

All samples were subsequently analyzed for [NH 4 + ] and [NO 3 -] using a colorimetric technique (Gallery Plus, Thermo Fisher Scientific, Waltham, Massachusetts, USA) with an analytical error of ± 0.01-mg L -1 . All concentrations are given in μg g -1 dry tissue weight (dw). Isotopic analyses were conducted on an MAT 253 IRMS using an adapted version of the denitrifier method [START_REF] Kaiser | Triple Oxygen Isotope Analysis of Nitrate Using the Denitrifier Method and Thermal Decomposition of N 2 O[END_REF].

The analytical error was ± 0. [START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF][START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF][START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF]. Most processes and materials on Earth are subject to isotopic fractionations proportional to the relative difference of isotopes mass (mass-dependent fractionation). Microbial nitrification in soils, for instance, yields NO 3 -of which O isotopes follow the mass-dependent law δ 17 O ≈ 0.52*δ 18 O [START_REF] Miller | Isotopic fractionation and the quantification of 17 O anomalies in the oxygen three-isotope system: an appraisal and geochemical significance[END_REF]. [START_REF] Savarino | Isotopic composition of atmospheric nitrate in a tropical marine boundary layer[END_REF], whereas NO 3 from other sources has Δ 17 O of zero (Michalski et al., 2004b). In this study, Δ 17 O-NO 3 atm end-member was chosen as the mean concentration-weighted value of Δ 17 O-NO 3 -in wet and dry deposition collected at the Lautaret pass from May to September 2016 (Table 3-2 sample , which allow a better interpretation of biological processes that affect its δ 15 N and δ 18 O values [START_REF] Dejwakh | Using 17 O to Investigate Nitrate Sources and Sinks in a Semi-Arid Groundwater System[END_REF][START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF]. Dual isotope plots have been intensively used to evaluate sources of N and potential processes (denitrification, assimilation) in the environment [START_REF] Burns | Sources and Transformations of Nitrate from Streams Draining Varying Land Uses: Evidence from Dual Isotope Analysis[END_REF][START_REF] Durka | Effects of forest decline on uptake and leaching of deposited nitrate determined from 15N and 18O measurements[END_REF][START_REF] Griffiths | Dual nitrate isotopes clarify the role of biological processing and hydrologic flow paths on nitrogen cycling in subtropical low-gradient watersheds: N CYCLING IN LOW-RELIEF WATERSHEDS[END_REF][START_REF] Kendall | Tracing sources of nitrate in snowmelt runoff using the oxygen and nitrogen isotopic compositions of nitrate[END_REF]Liu et al., 2013a).

However, because of distinct δ 18 O-NO 3 atm values compared to NO 3 ter , even a small ƒ atm can lead to scatter in a dual-isotope plot. Removing the atmospheric δ 15 N and δ 18 O components from environmental samples lead to an easier assessment of biological processes, such as assimilation in our case. This isotope correction was applied on our samples using the isotopic mass balances from [START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF] Measured [NO 3 -] in plants were consistent with NO 3 -contents in other grasses grown under natural conditions [START_REF] Gebauer | Nitrate, nitrate reduction and organic nitrogen in plants from different ecological and taxonomic groups of Central Europe[END_REF] Soils extracts [NO 3 -] (μg g -1 dw)

[NH 4 + ] (μg g -1 dw) Δ 17 O (‰) δ 18 O (‰) δ 15 N (‰)
UU meadows (n=18) 14.6 ± 19.0 13.0 ± 13.7 0.9 ± 0.6 -4.3 ± 6.8 -5.1 ± 6.6

TU meadows (n=21) 58.9 ± 46.9 17.5 ± 29.9 0.5 ± 0.8 -10.3 ± 6.6 -1.3 ± 9.6

TM meadows (n=21) 52.3 ± 48.7 6.2 ± 4.0 0.3 ± 0.4 -10.9 ± 5.1 -2.6 ± 6.5 Photoautotrophic plants are not able to produce autonomously the nitrogen they need for biomass growth and therefore depend on external N availability to meet their needs. NO 3 -uptake is regulated by a large number of environmental and physiological parameters [START_REF] Liu | Nitrate dynamics in natural plants: insights based on the concentration and natural isotope abundances of tissue nitrate[END_REF], with soils regarded as the almost exclusive pool of available N for vascular plants [START_REF] Haynes | Ammonium and Nitrate Nutrition of Plants[END_REF]. Here, D. glomerata and F. paniculata both showed unequivocal year-round presence of NO 3 -atm in roots and leaves, which contributed punctually up to 33% (Δ 17 O = 8.1 ‰) of total NO 3 -pool . This result highlights that, in natural conditions, atmospheric nitrate serves as substrate for vascular plants uptake, and this before being recycled in soils. Increasing NO 3 atm proportion in leaves after peak biomass may illustrate a shift of plants strategy from roots uptake in spring after snowmelt to foliar uptake in summer, when competition by microbial immobilization is stronger [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF][START_REF] Robson | Land use in subalpine grasslands affects nitrogen cycling via changes in plant community and soil microbial uptake dynamics: Land-use gradients affect N cycle via plants and microbes[END_REF], and foliar exchange surface with the atmosphere is maximum. A recent study in French Pyrenees subalpine meadows highlighted the strong foliar uptake capacity of Poaceae (i.e., F. paniculata and D. glomerata family) in an experiment where δ 15 N-labeled NO 3 -and NH 4 + were sprayed at different concentrations on natural grasslands [START_REF] Boutin | Impacts des dépôts atmosphériques azotés sur la biodiversité et le fonctionnement des pelouses subalpines pyrénéennes[END_REF]. To assess the plausibility of such foliar uptake under natural conditions, we evaluated the possible pathways of NO 3 atm entry in plants organs based on isotopic considerations [START_REF] Liu | Nitrate dynamics in natural plants: insights based on the concentration and natural isotope abundances of tissue nitrate[END_REF].

One possible scenario for NO 3 atm uptake is the foliar absorption of gaseous species (NO 2 , HNO 3 ) and/or the incorporation of NO 3 -dissolved in precipitation when water forms a film layer on plant tissues (Vallano and Sparks, 2007). These compounds enter plant leaves either via the stomata or through the cuticles, depending on the chemical and physical characteristics of the pollutants and the plant species [START_REF] Sparks | Ecological ramifications of the direct foliar uptake of nitrogen[END_REF]Vallano and Sparks, 2007). HNO 3 , NO 3 -and hypothetically NO 2 [START_REF] Savarino | The NO+O3 reaction: A triple oxygen isotope perspective on the reaction dynamics and atmospheric implications for the transfer of the ozone isotope anomaly[END_REF], will lead to a similarly Δ 17 O enriched NO 3 atm when assimilated in leaves. However, our results cannot discriminate one pathway against the other.

Another possible scenario is the translocation of deposited NO 3 atm in soils to aboveground biomass [START_REF] Boutin | Impacts des dépôts atmosphériques azotés sur la biodiversité et le fonctionnement des pelouses subalpines pyrénéennes[END_REF]. Roots-to-shoot transport of NO 3 -via the xylem is well-documented for herbaceous species, with NO 3 -being either stored in petioles or reduced in mesophyll cells [START_REF] Hachiya | Interactions between nitrate and ammonium in their uptake, allocation, assimilation, and signaling in plants[END_REF]. On the way up, NO 3 could also be partly reduced in roots or stored in the vacuole. In this study, yearround positive Δ 17 O-NO 3 -values in D. glomerata and F. paniculata roots indicated that at least part of NO 3 atm in plants was acquired via roots uptake from the soil N pool, then partly stored in roots and transported to above-ground plant tissues.

However, the increasing Δ 17 O-NO 3 -in leaves, compared to roots or soils, after peak biomass could only be explained by foliar uptake. Indeed, an enrichment of leaves NO 3 atm (increasing Δ 17 O-NO 3 -) should have reflected the respective NO 3 atm enrichment of its reservoir (increasing Δ 17 O-NO 3 -), as biological and transport processes do not affect Δ 17 O signal (Michalski et al., 2004b). Here, neither soils (Table 4-2 -difference between leaves and roots), in perfect agreement with a modeled estimate of 3-16 % of plant N demand sustained by direct foliar incorporation [START_REF] Holland | U.S. nitrogen science plan focuses collaborative efforts[END_REF].

These findings shed new light on the direct contribution of atmospheric nitrogen to plants-available N reservoir. Indeed, we can hypothesize that along with NO 3 atm , atmospheric NH 4 + (NH 4 + atm ) might be also quantitatively absorbed by plants to fuel plants metabolism, a mechanism which has been evidenced in Poaceae species [START_REF] Boutin | Impacts des dépôts atmosphériques azotés sur la biodiversité et le fonctionnement des pelouses subalpines pyrénéennes[END_REF][START_REF] Hanstein | Uptake and utilization of atmospheric ammonia in three native Poaceae species: leaf conductances, composition of apoplastic solution and interactions with root nitrogen supply[END_REF]. However, the quantification of such input based on isotopic consideration (δ 15 N-NH 4 + ) would be complicated due to overlapping effects of sources mixing and processes induced fractionation [START_REF] Kolb | Implications of leaf nitrogen recycling on the nitrogen isotope composition of deciduous plant tissues[END_REF][START_REF] Sparks | Ecological ramifications of the direct foliar uptake of nitrogen[END_REF]Vallano and Sparks, 2007). If plants N comes from direct uptake of atmospheric N species, it means that the buffering effect of soil -where microbial N immobilization, N leaching, denitrification and volatilization in part dampen N accumulation in ecosystems -is bypassed, highlighting the urgent need to further constrain this process [START_REF] Sparks | Ecological ramifications of the direct foliar uptake of nitrogen[END_REF]. Uptake and subsequent transport of NO 3 -in plants is commonly regarded as yielding little, if none, isotopic fractionation due to the lack of bond breakage in the process (Mariotti et al., 1982). In contrast, the co-variation of O and N isotopic fractionation can be a good indicator of biological processes such as denitrification [START_REF] Fang | Microbial denitrification dominates nitrate losses from forest ecosystems[END_REF][START_REF] Wexler | Isotopic signals of summer denitrification in a northern hardwood forested catchment[END_REF], but also assimilation [START_REF] Granger | Coupled nitrogen and oxygen isotope fractionation of nitrate during assimilation by cultures of marine phytoplankton[END_REF](Granger et al., , 2010b)). In plants, variations of δ 18 O-NO 3 -and δ 15 N-NO 3 -are thus mainly influenced by NO 3 -reduction (NR) into NH 4 + in the protein-making process [START_REF] Tcherkez | Viewpoint : Isotopic fractionation by plant nitrate reductase, twenty years later[END_REF]. Laboratory and hydroponic experiments on NR induced isotopic fractionations showed that the δ 18 O and δ 15 N values of residual NO 3 -covariate accordingly, along a 1:1 slope [START_REF] Estrada | Stable isotopic composition of perchlorate and nitrate accumulated in plants: Hydroponic experiments and field data[END_REF][START_REF] Karsh | Eukaryotic Assimilatory Nitrate Reductase Fractionates N and O Isotopes with a Ratio near Unity[END_REF]. These findings were supported by the only in field analysis of NR fractionation effect in natural plants, where a slope of 1.27 was found between δ 18 O-NO 3 -and δ 15 N-NO 3 -in tree roots (Liu et al., 2013a). To investigate in which organ NR takes place, we plotted in Figure 4-7a the δ 18 O and δ 15 N values of NO 3 -in roots and leaves.

However, uptake of NO 3 atm was likely to shift up the correlation slope due to its high δ 18 O values (66.6 ± 5.8 ‰ in this study, see Table 3-2). Correction for the isotopic influence of NO 3 atm enables a better assessment of biological processes such as assimilation [START_REF] Dejwakh | Using 17 O to Investigate Nitrate Sources and Sinks in a Semi-Arid Groundwater System[END_REF][START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF], and was used here to remove the atmospheric component caused by foliar uptake on δ 18 O and δ 15 N values of NO 3 -(see section 4. 1.2.3). We found similar significant correlation slopes for both tissues (0.76 and 0.71 in roots and leaves, respectively), somewhat lower than the expected 1:1 line. Weaker denitrification slopes in natural conditions (0.4 -0.7) when compared to laboratory experiments (1.0) have been reported elsewhere [START_REF] Wexler | Isotopic signals of summer denitrification in a northern hardwood forested catchment[END_REF], and were in part attributed to the recharge of new NO 3 ter (with low δ 18 O and δ 15 N) in a given system [START_REF] Granger | Isotopic overprinting of nitrification on denitrification as a ubiquitous and unifying feature of environmental nitrogen cycling[END_REF]. Here, uptake of NO 3 ter by roots and subsequent translocation to the leaves represent a reasonable hypothesis to explain the observed pattern. In Figure 4 ter compared to roots suggested that additional NR occurred in aboveground organs after transport from roots (Figure 4-7b). To explore this hypothesis, we reported in Figure 4-6b the corrected δ 18 O leaves- roots and δ 15 N leaves-roots (δ leaves-roots = δ leavesδ roots ) values in all plants. We found a significant correlation between δ 18 O leaves-roots and δ 15 N leaves-roots with a slope of 0.99, unambiguously evidencing that an additional NR step occurred in leaves after NO 3 partial assimilation in roots and transport to leaves. 3-2. The red diamond corresponds to the expected mean isotopic values of NO 3 ter at the Lautaret pass (Bourgeois et al., in review). In all panels, the arrows indicate the expected variation of residual soil NO 3 -isotopic values following assimilation.

4. 1.4.4 Different plant strategies for NO 3 -uptake Further isotopic considerations highlighted different N uptake strategies by D. glomerata and F. paniculata. We reported in Figure 4-7c the Δ 17 O-NO 3 -and δ 15 N-NO 3 -measured in roots and leaves. Dual isotope plots have been extensively used to evaluate the sources of N used during nitrification [START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF], and to provide insights on biological processes, as shown in the previous section.

Surprisingly, δ 15 N-NO 3 -in D. glomerata roots was generally lower than the estimated (Bourgeois et al., in review). Another explanation holds in the initial production of δ 15 N-depleted NO 3 -in subalpine soils where N cycling is slow [START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF], hypothesis also brought forward in another study to explain 15 N-depleted NO 3 -in tree roots compared to soils (Liu et al., 2013a).

Occasionally high D. glomerata roots δ 15 N-NO 3 -values in TM meadows are likely related to manure derived NO 3 -inputs on this fertilized meadow (see section 4. 1.2.1).

In contrast, we measured 15 N-enriched NO 3 -in F. paniculata roots compared to NO 3 ter , which could have resulted from several distinct or concomitant sources and processes. Possible explanations encompass:

(i) The contribution of manure derived NO 3 -as suggested by isotopic sources partitioning (Figure 4-7a), but this remains improbable considering the rare and scattered occurrence of grazing in unterraced grasslands (see section 4. 1.2.1).

(ii) Nitrate reduction in the roots that would lead to isotopic enrichment of residual root-NO 3 -, as highlighted in the previous section. Yet, F. paniculata exhibits conservative functional traits [START_REF] Quétier | PLANT TRAITS IN A STATE AND TRANSITION FRAMEWORK AS MARKERS OF ECOSYSTEM RESPONSE TO LAND-USE CHANGE[END_REF] that are unlikely to account for the year-round high δ 18 O and δ 15 N enrichment observed in roots (Figure 4-3d and e).

(iii) The well-documented association of F. paniculata with mycorrhizal fungi [START_REF] Binet | Effects of mowing on fungal endophytes and arbuscular mycorrhizal fungi in subalpine grasslands[END_REF][START_REF] Mouhamadou | Differences in fungal communities associated to Festuca paniculata roots in subalpine grasslands[END_REF], which impact on N and O isotopes of NO 3 -has never been investigated. However, in a recent review on the isotopic imprint of plants-fungi association, mycorrhizal plants were 15 Ndepleted compared to their fungal symbionts [START_REF] Hobbie | Nitrogen isotopes link mycorrhizal fungi and plants to nitrogen dynamics[END_REF], hinting at opposite isotopic effects to what was found here.

(iv) The relative abundance of previous year stored NO 3 -, 15 N-enriched by NR [START_REF] Baptist | Carbohydrate and nitrogen stores in Festuca paniculata under mowing explain dominance in subalpine grasslands: Carbohydrate and N storage in F. paniculata under mowing[END_REF]. This last hypothesis is supported by the low N turnover measured for subalpine Poaceae species [START_REF] Boutin | Impacts des dépôts atmosphériques azotés sur la biodiversité et le fonctionnement des pelouses subalpines pyrénéennes[END_REF] and by year-round elevated δ 15 N and δ 18 O (Figure 4-3d and e).

In any case, the isotopic values of NO 3 -found in D. glomerata and F.

paniculata organs are consistent with their nutrients uptake strategies. Significantly higher [NH 4 + ] and lower δ 15 N-NO 3 -in D. glomerata roots (Figure 4-3b and d).

reflected its exploitative strategy, characterized by fast uptake (i.e., low δ 15 N-NO 3 due to frequent turn-over with new NO 3 ter ) and intensive assimilation rates (i.e., production of NH 4 + ). For F. paniculata, which is more conservative, data show a significantly higher proportion of NO 3 atm in roots (Figure 4-3c), mirroring the slower N cycling rates in adjacent UU soils which has been well documented [START_REF] Robson | Neglect of mowing and manuring leads to slower nitrogen cycling in subalpine grasslands[END_REF]. For this subalpine plant species growing on nutrients poor soils, uptake of NO 3 atm appears to be a non-negligible alternative source of nutrients, hypothesis also supported by higher spanning Δ 17 O-NO 3 -in its leaves compared to D. glomerata

(Figure 4-3c).
Using a multi-isotopic tracer of NO 3 -, we managed to evidence, for the first time in natural conditions, the direct contribution of NO 3 atm to subalpine grasses N pools, and to unravel organ respective role in the fate of absorbed NO 3 -. We showed that foliar uptake accounted for up to 16 % of plant N, and we provided an in field evaluation of assimilation isotopic fractionation effect on residual soil NO 3 -. These results also enabled a refined understanding of the different strategies for N uptake adopted by D. glomerata and F. paniculata. It is necessary, in the close future, to generalize this isotopic approach over a larger span of species and ecosystems and evaluate whether our findings are globally unifying features. This would improve current process models which either do not consider foliar uptake of reactive N separate from total N deposition, or make this separation without firm experimental evidence [START_REF] Sparks | Ecological ramifications of the direct foliar uptake of nitrogen[END_REF]. A systematic isotopic quantification of species foliar N uptake is the key to better constrain model estimates of N deposition alteration of ecosystem functioning, and more particularly when coupled to other drivers of change. For instance, global temperature increase is projected to drive a strong N/P decoupling in alpine soils above treeline, which could possibly be further exacerbated by plants foliar uptake, a variable not taken into account in the study [START_REF] Mayor | Elevation alters ecosystem properties across temperate treelines globally[END_REF].

Synthesis

Summary of the main results

In the first part of this chapter (section 4. Our findings also lifted the incertitude surrounding the real proportion of NO 3 atm in streams draining seasonally snow-covered catchments. Previous studies relying only on dual isotope quantification of NO 3 atm reported a much lower contribution of atmospheric deposition to streams NO 3 -contents [START_REF] Burns | Analysis of δ15N and δ18O to differentiate NO3-sources in runoff at two watersheds in the Catskill Mountains of New York[END_REF][START_REF] Campbell | Pathways for nitrate release from an alpine watershed: Determination using δ 15 N and δ 18 O: ALPINE WATERSHED NITRATE δ 15 N AND δ 18 O[END_REF][START_REF] Kendall | Tracing sources of nitrate in snowmelt runoff using the oxygen and nitrogen isotopic compositions of nitrate[END_REF][START_REF] Ohte | Tracing sources of nitrate in snowmelt runoff using a highresolution isotopic technique: TRACING SOURCES OF NITRATE IN SNOWMELT RUNOFF[END_REF]. Here, the use of the Monitoring the fate of NO 3 atm in subalpine soils yielded results difficult to fully comprehend in light of the few parameters that were simultaneously measured. At this point, it is difficult to provide firm conclusions on the main biological processes that drive NO 3 atm dynamics in soils. Soils are very complex environmental matrixes where N turnover is affected by a large number of sources, abiotic and biotic processes and environmental parameters. However, the fate of NO 3 atm in subalpine soils seems to depend on:

i)

The land management treatment (past or current) that controls N cycling rates through abiotic (pH) or biotic (microbial immobilization, plant uptake) constraints.

ii)

ii) The topographic and geomorphic characteristics of the watershed, which promote or impede runoff and leaching. Writing these final words, I feel that the originality of this work mainly holds in its multidisciplinary approach. I combined tools from multiple fields of research (e.g., atmospheric chemistry, hydrology, ecology, biology, microbiology) to capture a snapshot of NO 3 atm dynamics in a subalpine watershed, tools that are responsible for the novel results presented here. A particular stress should be put upon the utilization of Δ 17 O, initially a pure atmospheric chemistry tool, but with so much potential when applied to other scientific fields. Because this project had the ambitious objective to understand how atmospheric nitrate fares in all compartments of a subalpine watershed, and because three years of PhD is too short a time to do so, I believe that a lot of work is still needed to unravel all the mysteries surrounding the fate of atmospheric nitrate in altitude catchments and in the environment more generally.

However, I have hope that this work can serve as a milestone towards achieving this objective.

Perspectives

Owing to the deployment of atmospheric deposition collectors (rain, aerosols), to intensive field and laboratory work and to a novel isotopic approach, I believe this work cleared the ground for more in depth study of NO 3 atm fate in the environment, and more generally of the N cycle in the environment. Rather than to saturate the literature with studies focusing on NO 3 -dual isotopes (δ 15 N and δ 18 O), it now appears primordial to me that scientists systematically analyze Δ 17 O-NO 3 -. This would help remove the large uncertainty that tarnish the interpretation of dual isotope plots. Only then we will start gaining useful insights on the sources and processes involved in N turnover in a given system under natural conditions. In the meantime, several axes that could help further constrain our understanding of the N cycle are provided hereafter.

On the local scale

As stated above, there a lot of work yet to be done to fully understand the fate of atmospheric N is subalpine ecosystems. However, this thesis will serve to lay the foundation of a more ambitious project aiming at -if funded -totally constraining the N budget at a small watershed (ca 0.5-km 2 ) scale. It will associate microbiologists, ecologists, hydrologists, biogeochemists and atmospheric chemists in an attempt to fully capture the ins and outs of nitrogen at the subalpine stage. I actively collaborated to the setting up of this project, and here were my recommendations:

A better understanding of soil processes is first required. Further work on the association of genomic, taxonomic and isotopic data will help to do so. Additionally, contingent measurements of NO 3 -isotopes (Δ 17 O, δ 15 N and δ 18 O), but also δ 15 N-NH 4 + and δ 15 N of bulk soil are necessary to discriminate isotopic fractionation during nitrification or mineralization processes and sources mixing [START_REF] Mayer | The oxygen isotope composition of nitrate generated by nitrification in acid forest floors[END_REF][START_REF] Spoelstra | The isotopic composition of nitrate produced from nitrification in a hardwood forest floor[END_REF]. A year-round survey of soil-water isotopic composition (δ 2 H and δ 18 O) in parallel to NO 3 -isotopic composition seems also inevitable to understand nitrification pathways [START_REF] Casciotti | Assessment of Nitrogen and Oxygen Isotopic Fractionation During Nitrification and Its Expression in the Marine Environment[END_REF][START_REF] Snider | Stable Oxygen Isotope Ratios of Nitrate Produced from Nitrification: 18O-Labeled Water Incubations of Agricultural and Temperate Forest Soils[END_REF].

In order to constrain the full nitrogen budget, entering and outgoing nitrogen fluxes need to be quantified. This starts by a systematic monitoring of subalpine streams discharge. [START_REF] Stocker | Climate change 2013: the physical science basis: Working Group I contribution to the Fifth assessment report of the Intergovernmental Panel on Climate Change[END_REF]).This would definitely help to anticipate the ecological and climatic consequences of a forecasted to increase atmospheric N deposition [START_REF] Fowler | Effects of global change during the 21st century onthe nitrogen cycle[END_REF][START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF]. The necessity for N isotopic benchmarks in global change models has been underlined recently [START_REF] Houlton | Representation of nitrogen in climate change forecasts[END_REF], and in line with this recommendation, a recent review paper has set a nice base to foster the interlocking of δ 15 N measurements and ecosystem modeling [START_REF] Denk | The nitrogen cycle: A review of isotope effects and isotope modeling approaches[END_REF].

A bit aside from the work I have doing over the past three years, but interesting nonetheless is the identification of the sources of NO 3 atm that deposits at the Lautaret pass. By running back trajectories of air masses, it is possible to get a sense of atmospheric species spatial origin. Furthermore, variations of NO 3 atm isotopic composition have been widely used to infer the emitting sources and subsequent oxidation pathways prior to deposition (see section 1.1.4).

On the global scale

Throughout this manuscript, I have advocated for a more systematic utilization of NO 3 -triple isotopes (Δ 17 O, δ 18 O, δ 15 N) in ecosystem studies. Here I reiterate by summarizing the two main issues that I feel are inherent to the NO 3 -dual isotope (δ 18 O, δ 15 N) approach. First, sources partitioning can be biased: when comparing results obtained from the two approaches (triple isotopes and dual isotopes), all studies in the literature provided evidence of misevaluation of the atmospheric source, and therefore of other sources as well (Michalski et al., 2004;[START_REF] Riha | High Atmospheric Nitrate Inputs and Nitrogen Turnover in Semi-arid Urban Catchments[END_REF]Rose et al., 2015, this study). This stems from the high variability of terrestrial provide more robust evaluation of NO 3 -dynamics in a system (this study, [START_REF] Tsunogai | Quantifying the effects of clear-cutting and strip-cutting on nitrate dynamics in a forested watershed using triple[END_REF]. Therefore, there is a need for more studies to establish to what extent we could have missed key information on N cycle in the environment.

Investigation of foliar uptake magnitude worldwide, and especially in forests appears as a priority [START_REF] Sparks | Ecological ramifications of the direct foliar uptake of nitrogen[END_REF]. Forested ecosystems are widely recognized as very sensitive to N deposition [START_REF] Aber | Nitrogen Saturation in Northern Forest Ecosystems[END_REF][START_REF] Costa | Analysis of atmospheric inputs of nitrate to a temperate forest ecosystem from Δ 17 O isotope ratio measurements: ATMOSPHERIC NITRATE INPUTS TO A FOREST[END_REF][START_REF] Durka | Effects of forest decline on uptake and leaching of deposited nitrate determined from 15N and 18O measurements[END_REF][START_REF] Lequy | Dépôts atmosphériques particulaires sur les écosystèmes forestiers de la moitié nord de la France: influence sur les cycles biogéochimiques[END_REF][START_REF] Mclauchlan | Changes in nitrogen cycling during the past century in a northern hardwood forest[END_REF][START_REF] Templer | Effects of nitrogen deposition on greenhouse-gas fluxes for forests and grasslands of North America[END_REF]Vitousek et al., 1997), and evidence of vegetation foliar uptake goes back as far as 1971 [START_REF] Hill | Vegetation: A Sink for Atmospheric Pollutants[END_REF].

However, to date the assessment of foliar uptake mostly relied on the evaluation of bulk plant δ 15 N (Vallano, 2009;Vallano and Sparks, 2007), a tenuous task considering the difficulty to precisely measure the isotopic fractionation effect associated with foliar uptake. The use of Δ 17 O-NO 3 -, not affected by mass-dependent fractionation, can be a very good alternative to estimate the amount of incorporated oxidized N species, although it would not account for NH 3 / NH 4 + foliar uptake. This approach has a unique potential to increase our understanding of canopies role in biogeochemical cycles, and has already been successfully used to evidence biological nitrification and atmospheric N processing in forests of the United Kingdom [START_REF] Guerrieri | Isotopic evidence for the occurrence of biological nitrification and nitrogen deposition processing in forest canopies[END_REF].

Recent studies show a shift towards an increasing proportion of reduced N species (NH 3 / NH 4 + ), but also of organic N species, in total N deposition [START_REF] Li | Increasing importance of deposition of reduced nitrogen in the United States[END_REF][START_REF] Sun | Organic nitrates and other oxidized nitrogen compounds contribute significantly to the total nitrogen depositions in the United States[END_REF]. This is line with my findings hinting at a possibly high contribution of atmospheric NH 4 + at the Lautaret pass, especially at snowmelt. NO 3 isotopic composition monitoring should provide information on the relative increase of these N forms addition to the environment. However, more work is needed to characterize the variability in reduced and organic nitrogen δ 15 N values in order to grasp the magnitude of this speciation shift in atmospheric N deposition, but also to better understand emitting sources [START_REF] Felix | Spatial and temporal patterns of nitrogen isotopic composition of ammonia at U.S. ammonia monitoring network sites[END_REF][START_REF] Lin | Aerosol isotopic ammonium signatures over the remote Atlantic Ocean[END_REF]. NH 3 emissions are subject to little or none regulations worldwide, and sources are highly variable in space and time, making it arduous to provide precise emissions inventories [START_REF] Paulot | Ammonia emissions in the United States, European Union, and China derived by high-resolution inversion of ammonium wet deposition data: Interpretation with a new agricultural emissions inventory (MASAGE_NH3)[END_REF]. Undoubtedly, N deposition issues will yet continue to occupy scientists for a number of years. -When arriving on site, stop the collector and note the date, time, and value of the volumetric counter.
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-Remove the filter holder, wrap in clean aluminum foil, and bring back to laboratory.

-Remove the filter from the filter holder with clean pliers under a hood; fold it in two (so that the collecting surface is protected) and wrap it in aluminum foil.

-Put the aluminum containing the filter in a clean zip lock bag.

-Store at -20°C.

-Clean the pliers and the filter holder; leave them to dry under the hood.

-Take a clean filter holder; insert a new filter; wrap in clean aluminum foil.

-Insert in the collector; launch it and note the date, time, and value on the volumetric counter. 

Deposition (wet and dry) collect

We also added a wet & dry deposition collector (WADOS Kroneis GmbH Austria) in 2016 to capture precipitation and dry particles / gases [START_REF] Beyn | Changes in atmospheric nitrate deposition in Germany -An isotopic perspective[END_REF][START_REF] Mara | Isotopic composition of nitrate in wet and dry atmospheric deposition on Crete in the eastern Mediterranean Sea: ISOTOPIC COMPOSITION OF NITRATE IN DEPOSITION[END_REF]. Monitoring of dry deposition has been a challenge for the scientific -Clean both buckets three times with ultrapure water; leave them to dry upside down.

-When dry, put the buckets back in place. Write down the date and time. The dry deposition funnel is just a bucket (right panel). The rain gauge was still under plastic when the picture was taken.

Snow collect I performed snow pits on a monthly basis throughout winter 2015, and collected bulk snow throughout winter 2016 (Figure A-0-3), in agreement with the procedure used in Antarctica by IGE [START_REF] Erbland | Contraintes isotopiques sur l'interprétation de l'enregistrement en nitrate dans la carotte de glace de Vostok[END_REF]. As most of the bulk snow samples have not been analyzed to date, I will only provide a simplified version of the snow pits sampling procedure hereafter:

-Before the first snow pit, spot a flat area with consistent snowpack that is not on a ridge (to avoid blowing snow bias) and neither in an accumulation zone.

-Delineate the sampling zone with visible landmarks to avoid skiers and hikers trespassing.

-Dig a pit until soil is reached; make a hole large enough so that a person can fit in easily.

-Clean the vertical profile; measure the snowpack height.

-Collect snow in Whirl-Pack ® bags with a clean shovel every 2-5 cm depending on the snowpack.

-Label every samples and store in a cold box.

-When done, refill the hole and mark the location.

-Store samples at -20°C. I used a soil coring system (Eijkelkamp Inc., Netherlands) to extract soil without too much disturbing its physical and chemical properties and the microbial communities within [START_REF] Legay | Comparison of inorganic nitrogen uptake dynamics following snowmelt and at peak biomass in subalpine grasslands[END_REF][START_REF] Robson | Land use in subalpine grasslands affects nitrogen cycling via changes in plant community and soil microbial uptake dynamics: Land-use gradients affect N cycle via plants and microbes[END_REF]. At the beginning of the experiment, each meadow was divided in three parts separated by ca 100m from one another, to account (a minimum) for spatial variability. The three parts were visibly marked.

On the same dates of soil sampling, entire grass (i.e., roots + aerial parts) specimens were collected in close vicinity to the soils sampling location. Plants species were chosen based on their abundance on the three meadows elected for this experimentation. On the terraced meadows, it was Dactylis glomerata that was harvested, and Festuca paniculata for the abandoned grassland . A simplified version of the manual procedure is provided hereafter:

-The day before sampling, prepare and clean the soil corer and the metallic cores;

gather cool boxes, ice packs, plastic bags and a shovel.

-On sampling day, go to the first meadow; proceed to the first landmark.

-Collect two soil cores (8-cm high and 4.5-cm diameter); leave about 10-cm between the two soil coring locations.

-Wrap the cores, label them and store in a cold box.

-Spot a grass of interest (Dactylis glomerata or Festuca paniculata depending on the meadow); dig around the grass to a depth of ca 50-cm.

-Carefully remove the grass from the soil with its roots; put it in a plastic bag.

-Store the plant in a cold box after it is labeled.

-Proceed to the next landmark (or meadow) and start over.

-Store all samples at -20°C. -Connect the filters to the outgoing tubes.

-Place each filter in a clean funnel on top of a clean Nalgene bottle.

-Filter until all samples have been flown to the Nalgene bottles.

-Collect an aliquot for major ions analyses in a clean 50-mL Corning tube.

-Start over After being extracted, all extracts were straight away concentrated on resin (see nitrate concentration). Blanks were regularly performed.

Soil samples

Soil samples were left to unfreeze at room temperature prior to any treatment.

The two soil cores collected per sampling location (section A.1. -Add 50-mL ultrapure water; shake mechanically at 300-RPM for 1-h.

-Centrifuge at 4000-RPM for 10-min.

-Recover the supernatant and filter using 0.22-μm Whatman GD/X syringe filters linked to a peristaltic pump as described above.

-Collect an aliquot for nitrate, ammonium and TDN analyses in a clean 50-mL Corning tube.

-Start over.

After being extracted, all extracts were straight away concentrated on resin (see nitrate concentration). Blanks were regularly performed.

Net Mineralization Potential (NMP) -Weight 10-g of fresh soil in a clean extraction vial; note the exact weight.

-Fill the vial with ultrapure water and weight again to infer the added water volume.

-Place at 40°C for seven days.

-Add 50-mL ultrapure water and proceed to extraction as described above.

-Centrifuge at 4000-RPM for 10-min.

-Recover the supernatant and filter using 0.22-μm Whatman GD/X syringe filters linked to a peristaltic pump as described above.

-Start over.

Note that these samples are analyzed for ammonium concentration only.

Microbial biomass -Weight 10-g of fresh soil in a clean weighted open glass vial; note the exact weight.

-Prepare clean chloroform under the hood.

-Add wet paper at the bottom of a 20-L desiccator placed under the hood.

-Place the samples in the desiccator; pour 75-mL of chloroform in a glass vial with pumice; place it in the desiccator.

-Make sure that all samples are sufficiently wet (i.e., at least half field capacity); otherwise spray ultrapure water on them.

-Close the desiccator; evacuate the air to create gauge-controlled vacuum and cover with a black plastic bag for five days.

-When done, open the desiccator under the hood and remove the chloroform.

-Purge the air several times.

-Remove the samples.

-Proceed to extraction as describes above.

-Start over.

Note that these samples are analyzed for TDN concentration only.

-Recover the supernatant and filter using 0.22-μm Whatman GD/X syringe filters linked to a peristaltic pump as described above.

-Collect an aliquot for nitrate and ammonium in a clean 50-mL Corning tube.

-Start over.

After being extracted, all extracts were straight away concentrated on resin (see nitrate concentration) so that all samples had the same matrix (i.e., NaCl).

Blanks were regularly performed. Note that [START_REF] Liu | Preliminary insights into δ15N and δ18O of nitrate in natural mosses: A new application of the denitrifier method[END_REF] did not recommend freeze-drying after comparing plants nitrate extraction methods. However, to be consistent with the already analyzed plant samples using the freeze-drying method, I continued with this protocol. 
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 11 Figure 1-1: Current (left) and future (right) estimates of global Nr fixation with in green the natural processes (Biological Nitrogen Fixation (BNF) and lightning) and in purple human driven processes (agriculture, combustion, industrial activities). After Fowler et al., 2015.
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 12 Figure 1-2: A very simplified representation of the processes, sources (in red) and sinks (in blue) involved in the terrestrial N cycle, featuring NO 3 -as the nerve center.
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 1 Figure 1-3: A dual isotope plot showing the typical range of δ 18 O and δ 15 N of NO 3 -derived or nitrified from various sources. Colored boxes denote potential sources of NO 3 -. The black lines indicate the
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 1 Figure 1-4: Oxygen isotopic compositions of atmospheric species as measured to date of publication (Thiemens, 2006). TFL represents the oxygen terrestrial fractionation line based on mass dependent fractionation (δ 17 O = 0.52 * δ 18 O). MIF (mass independent fractionation) species are atmospheric derived compounds that are equally enriched in 17 O and 18 O. The deviation of MIF species from the TLF is denoted Δ 17 O (Δ 17 O ≈ δ 17 O -0.52 * δ 18 O). After Riha, (2014). SMOW stands for Standard Mean Ocean Water.
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 15 Figure 1-5: Simplified representation of the Leighton cycle leading to the production of NO 3 atm . After Erbland (2011).
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 16 Figure 1-6: Oxygen isotopic compositions of NO 3 -species as measured to date of publication. The mass dependent line represents the oxygen terrestrial fractionation line (δ 17 O = 0.52 * δ 18 O). NO 3 atm deviates from the TFL because of equal enrichment in 17 O and 18 O. The deviation from the TFL is denoted Δ 17 O (Δ 17 O ≈ δ 17 O -0.52 * δ 18 O). Biologically produced NO 3 -and anthropogenic NO 3 -
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 1 Figure 1-7: A simplified version of the nitrogen cascade, illustrating the effects of nitrogen deposition on terrestrial and aquatic ecosystems. ANC stands for Acid Neutralization Capacity. After Baron et al. (2005).

Figure 1 - 8 :

 18 Figure 1-8: Geographical location of the Lautaret pass. The black lines delineate a shift in climatic characteristics, and the red line the boundary between Southern and Northern Alps. Modified from Baptist (2007).
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 19 Figure 1-9: Panoramic view on the Lautaret pass, taken from the road to the Galibier pass.

  Herbaceous species are dominated by graminoïds, among which Poaceae is the most abundant family (Figure 1-10). Mown and fertilized terraces are mostly covered by fast maturing species showing exploitative traits associated to high resource uptake strategies (i.e., Dactylis glomerata). When not fertilized, mown terraced meadows vegetation shifts to an increased presence of intermediary (in terms of speed) growing species such as Bromus erectus, but Dactylis glomerata remains a co-dominating species. Finally, abandoned grasslands are highly dominated by Festuca paniculata (> 70 % of communities biomass), mainly because of no interest

Figure 1 -

 1 Figure 1-10: The left panel shows typical terraced meadows, an inherited topography from past agricultural practices. The right panel illustrates the rich biodiversity of high patrimonial value subalpine grasslands. © S. Aubert.

Figure 1 -

 1 Figure 1-11: Illustration of ecosystem services loss caused by N deposition. The left panel shows signs of advanced eutrophication -evidenced by algal bloom -in a subalpine stream of the Lautaret pass in July 2016. Shift of biodiversity can also lead to erosion control issues, occasioning landslides as it happened close to the Chambon lake (right panel, © www.lemedia05.com).

Chapter 2 Chapter 4

 24 been "What becomes of atmospheric nitrate in a subalpine watershed after being deposited?" which sums up pretty well what this doctoral work has been about these past three years. In a nutshell, this works aims at tracing and quantifying NO 3 atm in the various compartments that constitute the subalpine ecosystem, and will try to specifically answer the following questions: What is the isotopic composition of NO 3 atm deposited at the Lautaret pass? Is it exported in streams, and what are the drivers controlling the seasonal variations of these exports? Does snowmelt release NO 3 atm as an ionic pulse? What are the other sources of NO 3 -in streams, and how does it translate in terms of saturation? Are the controls of NO 3 atm exports the same along a montane to urban gradient? These questions will be addressed through two scientific articles. The first article, in review for Environmental Science & Technology, treats the deposition and the seasonal dynamics of NO 3 atm exports at the subalpine stage only. It focuses on the biological and hydrological drivers of seasonal variability in NO 3 atm exports. The second article tackles the dynamics of NO 3 atm in streams along a montane to urban gradient and the ecological implication for both subalpine and urban environments. This article is in review for Science of the Total Environment. in time, and what does it mean in terms of N cycling rates and processes? Are these variations the same in meadows that differ by their past and current land uses? What does it mean in a context of changing agro-pastoral practices at the Lautaret pass? This is still on-going work, and results obtained so far are presented under the form of a scientific article to comply with the general format of this Ph.D. manuscript. Here, I focus on three subalpine meadows with different management treatments, and I evaluate the ecological ramification of the variability in NO 3 -isotopic composition (Δ 17 O, δ 18 O and δ 15 N) in soil extracts and leachates. I also aim at constraining what are the dominant biological processes at play in soils. How much NO 3 atm is absorbed by subalpine plant species? Is there enough NO 3 -in plant tissues to perform isotopic analyses? How can we adapt existing extraction protocols to perform Δ 17 O-NO 3 -analysis in plants? What do we learn from such measurements in terms of plant metabolism rates? What are the ecological ramifications of the measured levels of NO 3 atm in plants? These questions will be addressed under the form a scientific article that is in review for the Proceedings of the National Academy of Sciences. I present the isotopic composition of NO 3 -(Δ 17 O, δ 18 O and δ 15 N) in the organs of two dominant subalpine plant species, and segregate the respective contribution of root and foliar uptake to plant NO 3 -contents. A conceptual framework provided in Figure 1-12 sumsup all scientific interests that will be addressed in this Ph.D. manuscript.

Figure 1 -

 1 Figure 1-12: Conceptual framework and general structure of this study. The dotted lines delineate watersheds with increasing size (and altitude range). Blue points and line are for streams. Colored boxes illustrate the variety of subalpine meadows management regimes at the Lautaret pass. The red question marks translate the scientific questions addressed in this study.

  -13, the readers are provided with an overview of the study site and its geographical range, as well as the sampling locations. This monitoring led to a total of 1377 samples analyzed for NO 3 -isotopes (Δ 17 O, δ 18 O and δ 15 N), major ions (NH 4 + , SO 4 2-, Cl -, Ca 2+ ) and other parameters, and a few dozen still waiting in the cold room at the Institute of Geosciences for Environment (IGE).

Figure 1 -

 1 Figure 1-13: Representation of the study area. The upper map represents the Romanche Valley in the central French Alps, situated 90 km away from the city of Grenoble. The boundaries of the different studied watersheds are delimited in yellow. In orange is the position of the SAJF research facilities and location for snow, aerosols and rain sampling. The lower map illustrate Grenoble conurbation. Streams are shown in blue, and in red are the sampling locations. The green / brown dots indicate the meadows where soils and plants were collected. Maps were extracted from www.geoportail.fr.

Figure 2 - 1 :

 21 Figure 2-1: Positioning of this chapter in the conceptual framework of this study, and related objectives it will answer to.

2. 1

 1 Ins and outs of atmospheric nitrate at the Lautaret pass After: Bourgeois, I. ; Savarino, J. ; Caillon, N. ; Angot, H. ; Barbero, A. ; Delbart, F. ; Voisin, D. and Clément, J.-C.: Tracing the fate of atmospheric nitrate in a subalpine watershed using Δ 17 O, in review for Environmental Science & Technology.

2. 1 . 2 . 1

 121 Study site The studied catchments are located in the upper Romanche valley, near the Lautaret pass (central French Alps, Figure 2-2). The experimental site is part of the national research infrastructure for the study of continental ecosystems and their biodiversity (AnaEE -France, https://www.anaee-france.fr), and of the Long Term Ecological Research network (LTER, https://lternet.edu). The streams monitored throughout 2015 are located close to the research facilities of the Alpine Research Station (Station Alpine Joseph Fourier (SAJF), CNRS-UGA, UMS 3370, https://www.jardinalpindulautaret.fr), where atmospheric and climatic parameters were monitored (Figure 2-3).
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 22 Figure 2-2: Map of the Lautaret pass study area. The upper map represents the Romanche Valley in the central French Alps, situated 90 km away from the city of Grenoble (~ 163 000 inhabitants). The boundaries of Lautaret and Laurichard watersheds are delimited in yellow. Streams are shown in blue. Streams and snow sampling localizations are indicated in red and orange, respectively.

Figure 2 -

 2 Figure 2-3: Meteorological conditions at the Lautaret pass in 2015 with a) precipitation amount (mm) summed daily; b) temperature (T in °C); c) wind direction (Wd in °, 0° being North) and d) wind speed (Ws in km.h -1). The annual precipitation amount was 560 mm and the mean annual temperature was 3.8°C.Highlighted in yellow is a two-days rainstorm that occurred mid-June.

  , Δ 17 O-NO 3 sample the measured value of Δ 17 O-NO 3 -in a sample and Δ 17 Oatmospheric end-member values of Δ 17 O-NO 3 atm is further discussed in section 2.1.4.1. Post-deposition processes such as denitrification or assimilation should enrich δ 18 O and δ 15 N along a 2:1 to 1:1 line

  measured in all snow pits layers (Figure2-4). In February and March, a peak of [NO 3 -] up to 5-mg L -1 between 70 and 90-cm of snow accumulation was recorded. This peak was also measured in April (orange line in Figure2-4a), but at a lower depth (40 to 60-cm) and to a lesser extent (2.7-mg L -1 ), due to elution of the snowpack NO 3 by snowmelt water. Δ 17 O-NO 3 -in snow varied between 20 and 35 ‰ (Figure2-4b),

  6 ± 1.6 ‰ for Δ 17 O, δ 18 O and δ 15 N, respectively.

Figure 2 -

 2 Figure 2-4: NO 3 -concentration and isotopic profiles of 5 snow pits (SP_ddmmyy) dug in winter 2014-2015, on a monthly basis. On X-axis is a) [NO 3 -] (mg L -1 ); b) Δ 17 O (‰); c) δ 18 O (‰) and d) δ 15 N (‰).
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 25 Figure 2-5: Seasonal variations of a) log([NO 3 -] in μg L -1 ) (for an easier comparison of streams [NO 3 -]); b) Δ 17 O (‰) and corresponding ƒ atm (%, the relative amount of atmospheric nitrate in streams); c) δ 18 O (‰) and d) δ 15 N (‰) of NO 3 -in streams. Red, blue and green colors stand for Tufiere, Laurichard and Romanche, respectively. Highlighted in yellow is a two-days rainstorm that occurred mid-June. The grey frames highlight the dormant season while the green one highlights the growing season.

2. 1

 1 .4.2 Identification of terrestrial nitrate sources No correlation was found between Δ 17 O-NO 3 -and [NO 3 -] in Tufiere, Laurichard and Romanche (Figure 2-6a, b and c), indicating that NO 3 atm is not the main contributor to streams nitrogen load on a yearly basis. For all streams, Δ 17 O-NO 3 was significantly correlated to δ 18 O-NO 3 -(Figure 2-6d, e and f) with the best correlation found in Romanche. Deviations from linear regressions are attributed to occasionally intense biological processes affecting δ 18 O signal but leaving Δ 17 O intact. Otherwise, the strong linear correlations observed here suggest that mixing of sources more than biological processes could explain the observed seasonal variations of NO 3 -isotopic values. As a consequence, by extrapolating this linear relationship to Δ 17 O-NO 3 -= 0 (i.e., 100 % terrestrial NO 3 -), we can determine the mean δ 18 O value of NO 3 ter produced in the three watersheds: -6.0, -4.6 and -6.6 ‰ in Tufiere, Laurichard and Romanche, respectively. These results for NO 3 ter were consistent with other studies estimation of δ 18 O-NO 3 ter in streams, either calculated via the same method (Darrouzet-Nardi et al., 2012; Michalski et al., 2004b) or deduced from measured δ 18 O values of soil-water and O 2 , assuming they respectively contributed to NO 3 --O accordingly to δ 18 O

  measured snow NO 3 -isotopic values. We found values of 77.7, 79.0 and 74.7 ‰ for δ 18 O-NO 3 atm in Tufiere, Laurichard and Romanche, respectively, consistent with the mean δ 18 O value of 77.0 ‰ measured for snow NO 3 -(Table

Figure 2 - 6 :

 26 Figure 2-6: Correlation between nitrate Δ 17 O (‰) and a), b), c) log([NO 3 -]); d), e), f) δ 18 O (‰); g), h), i) δ 15 N (‰). Red, blue and green colors stand for Tufiere, Laurichard and Romanche, respectively.Outliers (surrounded by stars) were not considered in the linear regression model, as we assume they result from biological processes (e.g., denitrification) and would blur determination of NO 3 -sources.
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 2 7 hints at a stronger contribution of atmospheric N deposition -either as snow or rain -than previously assessed in subalpine watersheds. Deposition of NH 4 + atm in particular was likely to enrich soils N pool, and could account for part of NO 3 ter exported in streams. Snow at the Lautaret pass has been shown to hold a non-negligible pool of NH 4 +equivalent to NO 3 -pool (Clément et al., 2012) -whereas undetectable [NH 4 + ] was monitored in all streams (data not shown) suggesting that NH 4 + released from snow is either adsorbed on clay minerals or biologically processed. If the entire snow-NH 4 + pool (if considered about roughly the same size as snow-NO 3 -pool) was nitrified in soils and exported as NO 3 -into streams during snowmelt, it would account for as much as 54 and 18 % of NO 3 ter production in Tufiere and Laurichard, respectively (Figure 2-5b). The additional NO 3 ter exported in streams can only be explained by soil leaching at snowmelt. Strong microbial activity under the snowpack is not uncommon in cold mountainous regions

Figure 2 ---

 2 Figure 2-7: Dual isotopes plot (Δ 17 O vs. δ 15 N) illustrating the mixing between three sources of NO 3 -in our study sites. The plain triangles feature the mixing range between snow NO 3 atm and NO 3 -from

  25 % again at the end of August. Significantly higher precipitation in May and in August, compared to the previous months (Figure 2-3) could have triggered this resurgence by filling the aquifer with rain water, thus flushing stored water. The wide temporal range of this Δ 17 O increase, encompassing six months from May to October, is in line with a temporally spread transit time of infiltrated melt water along an altitude gradient. Direct contribution of rain NO 3 atm was unlikely to explain such pattern, given the low response of Tufiere [NO 3 -] and Δ 17 O-NO 3 -to the storm in June (Figure 2-3). Considering the basin topography and geology (i.e., gentler slopes and higher vegetation cover), most rain N inputs were certainly retained in soils or assimilated before either infiltration or direct runoff of rainwater in

-

  -3) led to the strongest input of NO 3 atm in this stream, accounting for 29 % of Laurichard NO 3 -pool (Figure 2-5b). Simultaneous Δ 17 O-NO 3 -peaks and [NO 3 -] minima in July and September were further evidence of this flashy hydrology and illustrated stream glacial melt water dilution by rain. Conversely, we did not observe an early snowmelt runoff-linked peak in Romanche stream water Δ 17 O-NO 3 -in spring. Instead, NO 3 atm contribution increased steadily from April to July (34 % of NO 3 atm on July 9 th ) then declined until reaching a baseflow value of about 5 % of NO 3 atm during the dormant season. Romanche is the main stream of the valley, fueled by myriad smaller tributaries like Tufiere and Laurichard. Lower altitude catchments contributed most in spring, but as air temperature and solar radiation increased in summer, melting snowpack from higher watersheds of the Ecrins National Park may have led to enhanced NO 3 from Laurichard to Romanche is uncertain, but dilution by snow-fed streams like Tufiere between sampling locations is a possibility. Other possible sinks include denitrification, in-stream algal and phytoplankton assimilation

(

  Tufiere and Romanche) or by glacier melt water (Laurichard) on stream NO 3 atm exports precluded a higher contribution from direct summer deposition of NO 3 atm . Wet deposition loads of NO 3 atm to streams were either buffered by vegetation uptake and/or soil immobilization on Lautaret watershed, subdued by high NO 3 ter except on intense rain events on Laurichard watershed, or combined with the wide temporal response of the Romanche to snowmelt from uplands. Nevertheless, summer deposition of NH 4 + atm contributed significantly to subalpine N pool and was partly responsible for the NO 3 ter exports in streams. Simultaneous monitoring of Δ 17 O-NO 3 -, streams discharge, water isotopes and chemical tracers of hydrological paths remain needed to further constrain water sources and their respective contribution to NO 3 -exports in subalpine streams.Longer monitoring of streams exports is also warranted to better evaluate annual variability in this subalpine watershed, as year 2015 was significantly drier than previous years at the Lautaret pass. Hydrological responses to rain events, and resulting NO 3 -export dynamics under different precipitation conditions, need to be assessed.
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 28 Figure 2-8: Correlation between stream water nitrate δ 18 O (‰) and δ 15 N (‰) in a) Tufiere (red), b) Laurichard (blue) and c) Romanche (green). Outliers were not considered in the linear regression model, for easier comparison with Figure 2-6. Negative slopes indicate that mixing, more than biological processes, governs NO 3 -budget in streams.

N

  inputs at the watershed scale, through NO 3 atm direct contribution or NH 4 + atm nitrification, are likely to substantially impact surrounding ecosystems, especially during the growing season following snowmelt. For instance, the lake Chambon, a freshwater reservoir fueled by the Romanche stream, which supplies downhill villages and cities -including Grenoble (163 000 inhabitants) -with drinking water, showed high NO 3 atm contribution from May to November (up to 25 %, Table

  bacteria convert NO 3 -to N 2 O under anaerobic conditions. N 2 O is then flushed into an in-house built processing line, where it is thermally decomposed in a gold furnace heated to 880 °C into a N 2 /O 2 mixture. These are subsequently separated by gas chromatography (GasBench II with a 10 m Agilent J&W CP-Molsieve 5Å GC Column CP7535I5) then injected into a mass spectrometer (Thermo Finnigan MAT 253) for O

  -9a). The only enrichment line in the April pit can be explained by lower isotopic values of snow surface NO 3 -(Figure 2-9a), illustrating the seasonal shift in NO 3 atm sources or oxidation pathways, as explained in section 2.1.7. The Δ 17 O / δ 18 O plot of snowpack NO 3 -also shows little deviation from linear correlation that would indicate massdependent fractionating processes such as volatilization, biological uptake or denitrification (Figure 2-9).
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 2 Figure 2-9: Correlation between snow nitrate a) δ 18 O (‰) and δ 15 N (‰); b) Δ 17 O (‰) and δ 18 O. Brown, blue, green, purple and orange colors stand for December 2014, January 2015, February 2015, March 2015 and April 2015 snow pit, respectively. In the left panel, correlations were significant only for December and April (p<0.05). In the right panel, all correlations were significant (p<0.001).
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 2 Atmospheric nitrate exports in streams from the Lautaret pass to Grenoble After: Bourgeois, I. ; Savarino, J. ; Némery, J., Caillon, N. ; Albertin, S. ; Delbart, F. ; Voisin, D. and Clément, J.-C.: Atmospheric nitrate export in streams along a montane to urban gradient, in review for Science of the Total Environment.
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 2 Figure 2-10 : Map of the Lautaret pass study area. The upper map represents the Romanche Valley in the central French Alps, situated 90 km away from the city of Grenoble. The boundaries of the Supper, N-upper and mid montane watersheds are delimited in yellow. In green is the position of the Lautaret pass research station. The lower map illustrate Grenoble conurbation. Streams are shown in blue, and in red are the sampling locations. Maps were extracted from www.geoportail.fr.

Figure 2 -

 2 Figure 2-11: Hydrological conditions featuring a) daily precipitation (mm) and b) daily discharge (m 3 s -1 ) at sites along the montane to urban gradient. Line colors denote sites as indicated in legend. Note the specific y-axis for discharge at the lower montane site.

  streams compared to urban streams, with the surprising exception of the mid montane site (1.0 ± 0.7 ‰), which exhibited the lowest values (Figure 2-12a). Both upper and lower urban, along with the mid montane streams were also characterized by the highest annual mean δ 15 N-NO 3 -(3.7 ± 1.0 ‰, 4.9 ± 5.6 ‰ and 4.0 ± 2.0 ‰, respectively) (Figure 2-12c). The lake, fueled by the lower montane stream, presented the highest annual mean Δ 17 O-NO 3 -(5.1 ± 1.8 ‰) and δ 18 O-NO 3 -(8.6 ± 6.2 ‰), and the lowest δ 15 N-NO 3 -(-0.2 ± 2.4 ‰) (Figure 2-12). It must be stressed out again that the lake was only sampled when unfrozen (i.e., late spring, summer and autumn), potentially biasing NO 3 -mean isotopic values at this site.
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 2 Figure 2-12: Two years isotopic composition of NO 3 -in streams, with a) Δ 17 O (‰) (and corresponding ƒ atm (%) on the red y-axis), b) δ 18 O (‰) and c) δ 15 N (‰). Different letters denote significant differences in NO 3 -isotopic composition among sites (e.g., a site with ab letters is significantly different from sites with letters from c onwards. However, it means that it is not significantly different from sites with a or b letters).
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 2 Figure 2-13: Two years solute concentrations in streams, with a) [NO 3 -] (mg L -1 ), b) [SO 4 2-] (mg L -1 ), c) [Cl -] (mg L -1 ) and d) [Ca 2+ ] (mg L -1). Different letters denote significant differences in NO 3 -isotopic composition across sites. (e.g., a site with ab letters is significantly different from sites with letters from c onwards. However, it means that it is not significantly different from sites with a or b letters).
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 2 Figure 2-14: Seasonal variations of Δ 17 O-NO 3 -and δ 15 N-NO 3 -(‰) in streams. Point colors denote isotopes as indicated in legend. Range of corresponding ƒ atm (%) is indicated on the secondary y-axis.

  ). While urban streams generally produced higher total NO 3 -fluxes during the two years of the study, higher total NO 3 atm fluxes are estimated at the lower montane site where NO 3 atm represented ca 21% of the total annual NO 3 -flux. Elevated N deposition in the Alps -also illustrated by higher [NO 3 -] in wet and dry deposition compared to streams (Table
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 2 Figure 2-14), except for high Δ 17 O-NO 3 -peaks at the S-upper montane site in March 2015 due to a shorter winter this year (Bourgeois et al., in review).
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 2 Figure 2-15: Relationships between [SO 4 2-] and [Ca 2+ ] at all sites. Linear regressions were plotted only when significant. Different colors denote different sites as shown by legend. The dashed black lineshows the expected slope of 0.42 if both ionic species were in equimolar proportions.
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 2 Figure 2-16: 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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 2 Figure 2-17: Dual isotope plot (δ 18 O vs δ 2 H) of water in rain, snow and streams along the montane to urban watershed. The significant regression line (R 2 = 0.99) shows the dual contribution of snowmelt and rain to streams water. Different colors denote different sites as shown by legend.
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 2 Figure 2-18: Diurnal variations of a) Δ 17 O (‰), b) conductivity (mS.cm -1 ) and c) discharge (m 3 .s -1 ).Variations were evaluated on period ranging from April 8 to April 24 in 2016, with a 3h-stepwise sampling frequency in streams. The envelope around the mean shows the 95% confidence interval.
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 2 Figure 2-19: Relationships of NO 3 -isotopes, solute concentration and discharge with conductivity during snowmelt (April 8 to April 24 in 2016) at the S-upper montane (in red) and the lower montane (in green) sites. Linear regressions were plotted only if significant. Full or open circles feature either a) different NO 3 -isotopes or b) and c) different solute concentrations.
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 2 Figure 2-20: Dual isotopes plot (δ 18 O vs δ 15 N) illustrating the mixing between distinct sources of NO 3 ter (non-atmospheric) in streams. All isotopic values were obtained by the Δ 17 O transform of NO 3 collected at all sites (see section 2.2.2.4). The colored boxes represent the reported range for NO 3 -

  , in a similar fashion to what is observed at the lower urban site. Yet, that δ 15 N-NO 3 -was significantly correlated to [Cl -] in this stream (data not shown) rather suggests that the high δ 15 N-NO 3 -values are due to interception of sewage-originated wastewater (Hall et al., 2016). Decreasing δ 15 N-NO 3 -and [Cl -] with discharge (Figure 2-16b and e) at this specific site also supports a groundwater origin of these nitrate pollution episodes.
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 2 Figure 2-21: Dual isotope plots of δ 18 O-NO 3 -(left) and δ 15 N-NO 3 -(right). On the y-axes is the sample isotopic composition in streams as measured over the two years of this study, and on the x-axes is the corresponding isotopic composition after correction for the atmospheric component (see section 2.2.2.4). The dotted black lines feature the 1:1 slope expected if no NO 3 atm had contributed to streams N pool. Different colors denote different sites as shown by legend.

  Figure 2-22: Main results from the chapter 2 placed in the study context.
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 31 Figure 3-1: Positioning of this chapter in the conceptual framework of this study, and related objectives it will answer to.

3. 1

 1 Drivers of nitrate turnover in subalpine soils at the Lautaret pass This chapter is still on-going work, and results obtained so far are presented under the form of a scientific article to comply with the general format of this Ph.D. manuscript.
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 32 Figure 3-2: Map of the Lautaret pass study area. The central map represents the Romanche Valley in the central French Alps, situated 90 km away from the city of Grenoble (~ 163 000 inhabitants). The boundaries of Lautaret, Laurichard and Les Cours watersheds are delimited in yellow. Streams are shown in blue. The localization of soils sampling in three meadows with different land-management is indicated in red. The meadows are labeled as TM (terraced-mown), TU (terraced-unmown) and UU (unterraced-unmown.

-

  ), with a value of 24.4 ± 2.4 ‰ (-6.0 ± 4.1 and 66.6 ± 5.8 ‰ for δ 15 N and δ 18 O-NO 3 atm , respectively). Respective contribution of atmospheric deposition in samples was thus inferred from the following equation: ƒ atm = Δ 17 O-NO 3 the mole fraction of the atmospheric contribution and Δ 17 O-NO 3 sample the measured value of Δ 17 O-NO 3

  -3, DON is the most abundant form in all soils, and its proportion increases with decreasing land management intensity. Similarly, NH 4 + proportion increases with decreasing land management intensity, at the expense of the NO 3 -pool, which represent only 11% of TDN in the UU meadow.

Figure 3

 3 Figure 3-3: Soil N pools repartition across different land management at the Lautaret pass. Different colors delineate different N forms as indicated in the legend.

  lower in the terraced meadows soil extracts relative to the UU grassland soil extracts, and no significant differences between soil extracts and leachates were measured, exception made of the TM meadow. Mean δ 18 O-NO 3 -

  Figure 3-4 illustrates the variations of the mean [NH 4 + ], [NO 3 -] and NO 3 isotopic values (Δ 17 O, δ 18 O and δ 15 N) in soil extracts and soil leachates between the

  remarkable variations concerned [NH 4 + ], which significantly decreased in TM soil extracts and leachates and in TU soil extracts after the peak biomass. [NO 3 -] was significantly higher in TU soil extracts in the second part of the year. Δ 17 O-NO 3 -did not significantly vary between the two periods neither for leachates nor for extracts, whereas δ 18 O-NO 3 ter was significantly lower and higher in soil extracts after the peak biomass in TM and UU meadows, respectively. The most marked isotopic temporal variations occurred for δ 15 N-NO 3 ter , which was significantly higher in TM soil extracts and TU soil extracts and leachates in the late part of the growing season.

Figure

  Figure 3-4: Before and after peak biomass values of a) [NH 4 + ] (μg g -1 dw), b) [NO 3 -] (μg g -1 dw), c) Δ 17 O-NO 3 -(‰), d) δ 18 O-NO 3 ter (‰) and e) δ 15 N-NO 3 ter (‰) in soil extracts (blue, n=12) and leachates (orange, n=9). Highlighted in grey is the after peak biomass period. Asterisks indicate that the after peak biomass mean value is significantly different from the before peak biomass value (* for p<0.05, ** for p<0.01, *** for p<0.001). Outliers are not shown. Note that δ 15 N and δ 18 O values are corrected for the atmospheric contribution (see section 3.1.2.3).

  3 -isotopic studies not to measure directly the isotopic composition of nitrate produced by nitrifiers (δ 18 O-NO 3 nit ) but rather to infer it based upon the knowledge of the fractional contributions and isotopic ratios of water (H 2 O) and molecular oxygen (O 2 ) during chemolithoautotrophic nitrification. The oxidation of ammonium to nitrite (NO 2 -) is catalyzed by ammonia monooxygenase and hydroxylamine oxidoreductase, and the oxygen atoms incorporated during this step are derived from O 2 and from H 2 O (

  -6) to show that a combination of these two scenarios could very possibly explain the measured low δ 18 O-NO 3 ter in soils at the Lautaret pass. Most of the values fell in line with this predicted δ 18 O-NO 3 ter . As the O-exchange rate between NO 2

  ).We did not measure systematically[NO 2 -] values in soils, however we did measure it in a subset of soil extracts and leachates where no evidence of nitrite accumulation was found (data not shown). Similarly, all stream samples draining the two studied watersheds here had [NO 2 -] = 0, which is another indication that NO 2 residence time in soils is most likely short, which is quite in contradiction with the scenarios prediction stated above. A more thorough investigation is needed to evaluate whether O-exchange is a determinant step in modifying the oxygen isotopic composition of NO 3 ter .
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 35 Figure 3-5: Schematic of isotopic fractionation and exchange during nitrification. During ammonia oxidation, N isotopic fractionation occurs at ammonia monooxygenase ( 15 ε k,NH3 ), and O isotopic fractionation occur during O 2 and H 2 O incorporation ( 18 ε k,O2 and 18 ε k,H2O,1 , respectively) and exchange (χ AO , 18 ε eq ). During nitrite oxidation, N and O isotopic fractionation occur at nitrite oxidoreductase ( 15 ε k,NO2 and 18 ε k,NO2 , respectively), and O isotopic fractionation occurs during H 2 O incorporation ( 18 ε k,H2O,2 ) and exchange (χ NO , 18 ε eq ). N and O isotopic fractionation may also occur during N 2 O production from NH 2 OH and NO 2 by ammonia oxidizers (not shown). After Casciotti et al. (2011).

  microbial gene -relative to the N cycle -abundances and identification of the microbial communities in soils could for example help understand if heterotrophic nitrification or denitrification exerts control on δ 18 O-NO 3 ter .
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 36 Figure 3-6: Dual isotopes plot (δ 18 O vs δ 15 N) illustrating the mixing between distinct sources of NO 3 ter in soil extracts (black) and leachates (purple). All isotopic values were obtained by the Δ 17 O transform of NO 3 -collected at all sites (see section 3.1.2.3). The colored boxes represent the reported range for NO 3 -terrestrial sources, featuring atmospheric ammonium (NH 4 + atm ) in orange, mineralized ammonium (NH 4 + org ) in turquoise, manure or sewage derived NH 4 + in beige and fertilizers NO 3 -in violet. The blue diamond reflects the isotopic composition of NO 3 atm as measured in this study. Point shapes denote management treatments as indicated in legend. The grey boxes indicate the range for expected δ 18 O-NO 3 ter following scenario 1 (kinetic isotopic fractionation but no O-exchange) and scenario 2 (complete O-exchange and kinetic isotopic fractionation). The dashed grey boxes translate the overlapping of predicted ranges.

  could possibly occur. Also the concomitant δ 15 N-NO 3 ter increase and [NH 4 + ] decrease in soil extracts after peak biomass in the terraced meadows (Figure 3-4) is in line with a dampened kinetic effect due to NH 4 + limitation. Finally, significantly lower δ 15 N-NO 3 ter in leachates compared to extracts suggest that the newly formed NO 3 nit is 15 N-depleted compared to NO 3 -in soils microsites, possibly as a result from kinetic effect during nitrification.
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 37 Figure 3-7: Dendrogram of OTU clusters in nine soil samples and two blanks. Samples encompass three different past and current land uses (Unterraced-Unmown (UU), Terraced-Unmown (TU) and Terraced-Mown (TM) and three different dates (May, July and October).

Figure 3

 3 Figure 3-8: Bacterial diversity in nine soil samples spanning three different land past and current use (Unterraced-Unmown (UU), Terraced-Unmown (TU) and Terraced-Mown (TM) and three different dates (May, July and October).
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 39 Figure 3-9: Main results from the chapter 3 placed in the study context.
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 41 Figure 4-1: Positioning of this chapter in the conceptual framework of this study, and related objectives it will answer to.

  D. glomerata was collected on two terraced meadows with different current land-management -terraced-mown (TM) vs terraced-unmown (TU) -while F. paniculata was collected on unterraced grassland -unterraced-unmown (UU) -(Figure 4on two sub-watersheds (Lautaret and Les Cours), located in the upper Romanche valley, near the Lautaret pass (45°02'N; 6°20'E, 1650-2000 m a.s.l., Figure 4-2). The experimental site is part of the national research infrastructure for the study of continental ecosystems and their biodiversity (AnaEE -France, https://www.anaee-france.fr), and of the Long Term Ecological Research network (LTER, https://lternet.edu).

Figure 4 - 2 :

 42 Figure 4-2: Map of the Lautaret pass study area. The central map represents the Romanche Valley in the central French Alps, situated 90 km away from the city of Grenoble (~ 163 000 inhabitants). The boundaries of Lautaret, Laurichard and Les Cours watersheds are delimited in yellow. Streams are shown in blue. The localization of plants and soils sampling in three meadows with different landmanagement is indicated in red. The meadows are labeled as DG-TM (terraced-mown, Dactylis glomerata is dominant), DG-TU (terraced-unmown, Dactylis glomerata is dominant) and FP-UU (unterraced-unmown, Festuca paniculata is dominant).

NO 3 -

 3 atm deviates from this mass-dependent law because of its production pathway involving O 3 , bearer of a 17 O excess between 25 and 35‰ (Vicars and Savarino, 2014). As a result, 17 O excess (noted Δ 17 O, with Δ 17 O = δ 17 O -0.52*δ 18 O) of NO 3 atm ranges from 20 to 35 ‰

-

  ), with a value of 24.4 ± 2.4 ‰ (-6.0 ± 4.1 and 66.6 ± 5.8 ‰ for δ 15 N and δ 18 O-NO 3 atm , respectively). Respective contribution of atmospheric deposition was thus inferred from the following equation: ƒ atm = Δ 17 O-NO 3 the mole fraction of the atmospheric contribution and Δ 17 O-NO 3 sample the measured value of Δ 17 O-NO 3 -in a sample. Mole fractions of NO 3 -(ƒ atm and ƒ ter = 1 -ƒ atm ) can be used to remove the isotopic influence of NO 3 atm on NO 3

  Figure 4-3 shows the mean annual [NH 4 + ], [NO 3 -] and NO 3 -isotopic values (Δ 17 O, δ 18 O and δ 15 N) in D. glomerata and F. paniculata tissues. Values are also given in Table 4-1. Mean annual plant [NO 3 -] varied between 10.0 ± 5.4 and 38.8 ± 50.8-μg g -1 dry weight (dw), and no significant difference was found between plant species or between plants tissues, except for D. glomerata in TU fields (Figure 4-3a).

Figure 4 - 3 :

 43 Figure 4-3: Mean annual a) [NO 3 -] (μg g -1 dw) and b) [NH 4 + ] (μg g -1 dw) along with c) Δ 17 O (‰), d) δ 18 O (‰) and e) δ 15 N (‰) of NO 3 -in Dactylis glomerata and Festuca paniculata leaves (n= 55 and 33 for concentration and isotopic data, respectively) and roots (n= 56 and 47 for concentration and isotopic data, respectively), sampled between May and September 2016. Box plots show median, 25 th and 75 th percentiles. Different letters indicate significant differences between plant species. Asterisks indicate significant differences between plant organs for a given species (* for p<0.05, ** for p<0.01, *** for p<0.001).

Figure

  Figure 4-4 presents the variations of [NH 4 + ], [NO 3 -] and NO 3 -isotopic values (Δ 17 O and δ 15 N) in pooled plants before and after the peak biomass early July (δ 18 O is given in Figure 4-5). Mean [NO 3 -] in leaves was significantly higher after peak biomass in all plants compared to prior peak biomass (Figure 4-4a), whereas mean

Figure

  Figure 4-4: Before and after peak biomass values of a) [NO 3 -] (μg g -1 dry tissue), b) [NH 4 + ] (μg g -1 dry tissue), c) Δ 17 O-NO 3 -(‰) and corresponding ƒ atm (%, the proportion of NO 3 atm ) and d) δ 15 N-NO 3 -(‰) in pooled plant leaves (green) and roots (brown). The black arrow delineates the peak biomass (beginning of July). Highlighted in grey is the after peak biomass period. Different letters indicate significant differences between the two periods. Asterisks indicate significant differences between plant organs for a given period (* for p<0.05, ** for p<0.01, *** for p<0.001).

Figure 4 - 5 :-

 45 Figure 4-5: Before and after peak biomass values of δ 18 O-NO 3 -(‰) in pooled plant leaves (green) and roots (brown). The black arrow delineates the peak biomass (beginning of July). Highlighted in grey is the after peak biomass period. Different letters indicate significant differences between the two periods. Asterisks indicate significant differences between plant organs for a given period (* for p<0.05, ** for p<0.01, *** for p<0.001).

  ) nor roots (Figure 4-4c) -which would be the reservoirs of leaves NO 3 atm in this scenario -showed similar increase in exogenous NO 3 -. Figure 4-6a shows a significant positive correlation between organs differences in [NO 3 -] and Δ 17 O-NO 3 -, further supporting the assumption of an increased contribution of foliar uptake to plants NO 3 -content. 3-16 % of leaves NO 3 -was NO 3 atm from foliar uptake (calculated from the 0.8 and 3.8 ‰ range of the positive Δ 17 O-NO 3

Figure 4 - 6 :

 46 Figure 4-6: Difference between leaves and roots values of a) Δ 17 O (‰) vs [NO 3 -] (μg g -1 dw) and b) δ 18 O (‰) vs δ 15 N (‰). In panel b) are shown corrected for NO 3 atm contribution data (in red) and uncorrected data (in black). See section 4.1.2.3 for information on the correction.

  -7b, the significant positive correlation observed between Δ 17 O-NO 3 -and δ 18 O-NO 3 -in roots, with a slope of 0.08, also pointed at NRdriven δ 18 O enrichment of NO 3 ter . Also, the strong deviation of δ 18 O-NO 3 -in all plant leaves from the mixing line between NO 3 atm and NO 3

Figure 4

 4 Figure 4-7: Roots (brown) and leaves (green) NO 3 -isotopic values featuring a) δ 18 O (‰) vs δ 15 N (‰), b) Δ 17 O (‰) vs δ 18 O (‰) and c) Δ 17 O (‰) vs δ 15 N (‰). The boxes in the first panel (a) delineate the isotopic range of potential terrestrial NO 3 -sources, featuring atmospheric ammonium (NH 4 + atm ) in grey, mineralized organic matter (NH 4 + org ) in turquoise and manure NH 4 + in beige. The colored full triangles in the second and third panels indicate the mixing area between the atmospheric end-member (blue diamond) and the above-mentioned terrestrial NO 3 -poles. The blue diamond corresponds to the mean isotopic values of NO 3 atm given inTable 3-2. The red diamond corresponds to the expected mean isotopic values of NO 3

NO 3 -

 3 ter isotopic values at this site (δ 18 O = -5.7 ‰ and δ 15 N = 5.1 ‰ (Bourgeois et al., in review)). Lower values of δ 15 N-NO 3 -in D. glomerata roots indicated that absorbed NO 3 -could derive from NH 4 + atm nitrification rather than from nitrification of NH 4 + mineralized from organic N (NH 4 + org ), which is in line with the demonstrated nitrification of NH 4 + atm at this site

-

  Figure 4-8: Main results from the chapter 4 put back in the context of the study.

Δ

  17 O-NO 3 -tracer shows that NO 3 atm constitute ca 20% of total NO 3 -exports at the outlet of the Romanche Valley. It is difficult to speculate on the origin of the ionic pulse usually monitored at snowmelt in alpine/subalpine streams as such ionic pulse was not clearly recorded over the past two years. This could be due to the sampling temporal resolution (weekly basis), but even during the intensive field campaign in April 2016 no such pulse was recorded. Interestingly, this manuscript results showed that all streams, urban or subalpine, had a year-round quantifiable proportion of NO 3 atm . This suggests that atmospheric N inputs exceed the capacity of water reservoirs to process this additional source of N, and is a primary indicator of ubiquitous eutrophication risks. Additionally, I showed that the main source of NO 3 -in streams is the nitrification of ammonium. The way NO 3 ter isotopic composition points at a potentially high contribution of atmospheric ammonium to this process is very intriguing and would definitively need further investigation.

  The interception by dead (litter) or living plants prior to reaching the soil compartment. A combination of low rate nitrification (yielding isotopic fractionation), occasional denitrification outbursts and mixing of NH 4 + sources (atmospheric deposition and mineralization) are advanced to explain NO 3 ter isotopic composition. These results will be put in perspective with genomic and taxonomic data with the objective to further constrain the biological processes driving the N cycle in subalpine soils. Monitoring the fate of NO 3 atm in plants was doubtless the most demanding challenge of this doctoral work, first because of the novelty of this approach and second because there was a large unknown regarding the feasibility of such isotopic analyses on plant-extracted NO 3 -(i.e., sufficient amount of NO 3 -in plants relative to the minimum quantity necessary for isotopic measurements). With the help of two students, I had to adapt existing protocols to the analytical chain constraints (see Appendix A -Methods). However, these efforts were rewarded by findings that provided precise insights on why are subalpine plants sensitive to atmospheric N deposition. Results showed that the entry pathways of NO 3 atm in plants are twofold: i) root uptake (0-14%) and ii) foliar uptake, accounting up to 16% of leaves NO 3-contents. This is the first evidence of infield foliar uptake, and it points at the need for more investigation on the spread of this process across ecosystems. NO 3 ter isotopic composition in plants also highlights the two-step process of NO 3 assimilation by subalpine grasses, first in the roots than in the leaves.

δ

  18 O-NO 3 -due to i) possible enrichment from the atmospheric source, ii) possible enrichment due to biological processes (denitrification, assimilation) and iii) high dependency on the nitrification pathway and rate. Second, biological processes assessment can be hindered, for the reasons listed above. Isotope plots combining Δ 17 O-NO 3 -vs δ 18 O-NO 3 -, Δ 17 O-NO 3 -vs δ 15 N-NO 3 -and δ 18 O-NO 3 ter vs δ 15 N-NO 3 ter
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 11121141511819111212223225262729222222222222319932353641424546 Figure 1-1: Current (left) and future (right) estimates of global Nr fixation with in green the natural processes (Biological Nitrogen Fixation (BNF) and lightning) and in purple human driven processes (agriculture, combustion, industrial activities). After Fowler et al., 2015. .................................................................................... 10 Figure 1-2: A very simplified representation of the processes, sources (in red) and sinks (in blue) involved in the terrestrial N cycle, featuring NO 3 -as the nerve center. ................................................................................................................ 15 Figure 1-3: A dual isotope plot showing the typical range of δ 18 O and δ 15 N of NO 3 -

Figure A-0- 1 :

 1 Figure A-0-1: The atmospheric collectors at the Lautaret pass, with a) the homemade aerosols collector on the experimental platform and b) from left to right: a bulk aerosols collector, a deposition (wet and dry) collector and an automatic aerosols collector on the roof of the Galerie de l'Alpe.

  the method employed here cannot account quantitatively for the dry deposition flux. The collector is constituted of two funnels, dedicated to the collect of dry deposition and wet deposition separately. A moving lid is operated by a heated rain gauge, and depending on the precipitation status (i.e., rain or not), it alternatively covers the wet or the dry funnel. Under snow conditions, the heated rain gauge melts snowflakes and thus triggers the opening of the wet funnel. The wet funnel is connected to a collecting bucket inside a fridge at 4 °C to prevent any further biological or chemical transformation (Figure A-0-2). Sampling was done every three weeks or so. A simplified version of the procedure is provided hereafter:` -When arriving on site, note the date and time and retrieve the two collecting buckets.-In the laboratory, pour the wet deposition sample in a weighted clean Nalgene bottle; weight the sample.-Rinse the dry deposition bucket with 1-L ultrapure water; pour into a clean Nalgene bottle. Store the samples at -20°C.

Figure

  Figure A-0-2: The WADOS collector being installed on the roof of the Galerie de l'Alpe. The wet deposition funnel is connected to a fridge where rain (or snow) samples are conserved (left panel).

Figure

  Figure A-0-3: Snow pit digging in winter 2015 (left panel) and surface snow sampling in winter 2016 with the help of Albane Barbero (right panel). © S. Hattori and F. Delbart.

Figure A-0- 5 :

 5 Figure A-0-5: The three sampled meadows with a) Terraced-Mown, b) Terraced-Unmown and c) Unterraced-Unmown treatments (left panel). Hélène Angot helping with the soil corer in front of the Laurichard glacier (right panel).

Figure A-0- 6 :

 6 Figure A-0-6: Festuca paniculata tussock (left panel) and Dactylis glomerata inflorescence (right panel).

  2.2) underwent a different fate in laboratory. The first soil core was used for nitrate, ammonium and total dissolved nitrogen (TDN) extraction, along with other parameters measurements. The second soil core was dedicated to leaching simulation experiments, to extract labile ions from soils macro sites. Extraction and other parameters Sieve (5.6 mm) and homogenize soil cores; remove apparent rocks, roots and insects. Extraction -Weight 10-g of fresh soil in a clean extraction vial; note the exact weight.

Figure A- 0

 0 Figure A-0-7: Example of a method comparison test for nitrate extraction from plants tissues. Here the samples are Dactylis glomerata leaves. "3x" refers to the three successive extractions method, "1h" refers to the 1 h mild water extraction method, unlabeled bars are for the 30 min mild water extraction method and "T°" designates the 30 min heated water extraction method. Error bars indicate the standard deviation of three replicates for each test. After Nesti (2016).

  

  

  

  

Table 1

 1 

-1 sums up the main field experiments and laboratory analyzes conducted to achieve the scientific objectives of this study.

Table 1 -

 1 1: Summary of the main field experiments, laboratory analyses and where to find the data.

		Aerosols	Wet & Dry deposition	Snow	Streams	Soils	Plants
	Aspect	Filters	Rain Rinsed dust in MQ water	Snow Pits (2016) (2015) Bulk snow	River water	Leachates Extracts	Roots Leaves + stems
						2015	
	Year collected	2015 (PM 2.5 ) 2016 (PM 10 )	2016	2015 2016	2015 2016	(experimental) 2016 (growing	2016 (growing season only)
						season only)	
	Sampling frequency	1 / week	1/ 2 weeks	1 / month (pit) 1 / week (bulk snow)	1 / week (per stream)	3 / month (per meadow)	3 / month (per meadow)

  17 O values are unaffected because they are independent of the absolute δ 18 O

	values (Michalski et al., 2004b), and therefore provide a robust quantification of
	unprocessed NO 3	-	atm ., and subsequently, of NO 3	-	ter .
	2.1.2.6 Statistical analysis		
	We used two non-parametric statistical tests in our study. The choice for non-
	parametric tests lies in the small population size of the aerosols (n=26), snow (n=30,
	22, 29, 36 and 26 for December, January, February, March and April SP,
	respectively), and stream water samples (n=42, 29 and 28 for Tufiere, Laurichard
	and Romanche, respectively). A Mann-Whitney test was applied on river samples 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 Δ 17 O, δ 18 O, δ 15 N and [NO 3	-]).
	Differences and correlations were held significant when the p value reached a 0.01
	credible interval. All statistical analyses were conducted using R software (v3.2.3).
	2.1.3 Results				
	2.1.3.1 Nitrate input to ecosystems: NO 3	-	atm
	Evolution of mean concentration, Δ 17 O, δ 18 O and δ 15 N of NO 3	-in snow pits
	throughout the winter, and in aerosols throughout year 2015 can be found in Figure
	2-4 and in Table 2-1. First snow falls occurred mid-November 2014 with several
	freeze-thaw events before it started to accumulate. On days of snow pits sample
	collect, snowpack depths were 66, 64, 139, 142 and 101 cm in December 2014,
	January, February, March and April 2015, respectively. Maximum snow accumulation
	(ca 1.6-m) occurred early March 2015 (see section 2.1.5). By the end of April 2015,
	the snowpack had completely melted. In December and January, low [NO 3	-] were

Table 2 -

 2 

	1: Mean volume-weighted concentration and concentration-weighted isotopic values for NO 3	-
	in snow pits (SP) and aerosols at the Lautaret pass. SP mean values are always calculated over the
	entire depth of the snow pack. Dates for SP are given in a dd/mm/yy format. SD is the standard
	deviation.					
		Snow depth (cm)	δ 15 N (‰)		δ 18 O (‰)	Δ 17 O (‰)	[NO 3	-] (mg.L -1 )
				Mean (SD)	Mean (SD)	Mean (SD)	Mean (SD)
	SP 09/12/14	66		-5.5 (2.7)		77.0 (5.0)	29.8 (1.9)	0.1 (0.4)
	SP 13/01/15	64		-3.6 (1.7)		76.6 (7.2)	28.6 (2.5)	0.1 (0.9)
	SP 19/02/15	139		-2.4 (1.2)		77.7 (4.5)	29.3 (1.2)	1.2 (1.3)
	SP 19/03/15	142		-2.3 (1.6)		76.3 (4.6)	28.5 (1.3)	0.9 (1.0)
	SP 09/04/15	104		-4.1 (1.1)		77.2 (6.8)	30.1 (1.0)	0.6 (0.6)
	Aerosols (summer)	-		-6.5 (3.6)		62.9 (6.5)	23.1 (2.4)	0.1 (0.1) mg m -3
	Aerosols (winter)	-		-1.0 (1.7)		74.7 (4.4)	28.9 (1.0)	0.1 (0.2) mg m -3
	2.1.3.2 Nitrate output in rivers		
	All streams [NO 3	-] data can be found in the Table 2-2. Laurichard showed
	significantly higher year-round [NO 3	-] compared to the other streams, with a mean
	value of 2.6 ± 1.3-mg L -1 . Mean annual [NO 3	-] was 0.09 ± 0.06-mg L -1 and 1.02 ±
	0.48-mg L -1 in Tufiere and Romanche, respectively. Seasonal variations were similar
	in all streams, featuring higher [NO 3	-] in late spring and lower [NO 3	-] in summer
	(Figure 2-5a).					
	Tufiere had the widest range in Δ 17 O-NO 3	-values, varying from 0.5 to 10.3 ‰,
	with a mean value of 3.2 ± 2.4 ‰. Δ 17 O-NO 3	-values in Laurichard ranged from 0.8 to
	8.2 ‰, with a mean value of 2.8 ± 1.7 ‰. In Romanche, Δ 17 O-NO 3	-values remained
	above 3 ‰ for a period spanning several months, with a mean value of 4.3 ± 2.3 ‰
	(Figure 2-5b). Mean Δ 17 O-NO 3	-was significantly higher in Romanche than in Tufiere
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 2 

	2: Volume-weighted [NO 3	-] in streams at the Lautaret pass. Nitrate concentrations are given
	with an uncertainty of 0.02 mg L	-1 .		
	Date (dd/mm/yy)		Tufiere	Laurichard Romanche
	23/11/14		0.07	2.09
	09/12/14		0.09	2.69	0.39
	17/12/14		0.07	2.78	0.64
	07/01/15		0.08	2.03	1.63
	13/01/15		0.08	1.85	0.67
	27/01/15		0.05		0.76
	05/02/15		0.07	
	09/02/15		0.07	
	19/02/15		0.08		1.21
	26/02/15		0.07	
	02/03/15		0.05	
	05/03/15		0.06	
	10/03/15		0.06		0.79
	19/03/15		0.15		1.43
	27/03/15		0.13		0.86
	03/04/15		0.16		0.97
	09/04/15		0.14		0.27
	23/04/15		0.35	5.33	0.80
	28/04/15		0.11	5.12	1.10
	06/05/15		0.17	3.06	1.37
	12/05/15		0.07	3.78	1.77
	19/05/15		0.08	2.54	1.19
	27/05/15		0.07	2.66	1.07
	09/06/15		0.06	1.39	0.79
	13/06/15		0.05	1.91
	16/06/15		0.02	1.01
	18/06/15		0.07	1.20
	23/06/15		0.06	2.06	0.48
	30/06/15		0.02	1.25
	09/07/15		0.12	0.32
	18/07/15		0.02	1.87
	24/07/15		0.08	1.75	0.72
	07/08/15		0.09	2.17	0.48
	14/08/15		0.04	0.20	0.59
	03/09/15		0.19	3.26
	09/09/15		0.13	2.97	0.71
	25/09/15		0.09	4.53	1.00
	07/10/15		0.05	3.52	2.45
	23/10/15		0.06	3.90	1.12
	30/10/15		0.06	4.47	0.91
	13/11/15		0.05	3.75	1.55
	30/11/15		0.12	1.91	1.53

Table 2 -

 2 3: Volume-weighted concentrations and concentration-weighted isotopic values of NO 3 -in the lake Chambon.

  research site Zone Atelier Alpes, a member of the ILTER-Europe. We would like to thank J.-L. Jaffrezo, F. Masson, V. Lucaire, E. Vince, C. Arnoldi and S.Albertin for help with either laboratory or field work. We acknowledge J. Renaud for help with SIG.

		29.3		(Eq. 2.3)
		For a river sample with a Δ 17 O = 10.3 ‰ (highest value measured in streams
	in 2015, Figure 2-5b), Eq. 2.3 gives ca 35 % of atmospheric NO 3	-whereas Eq. 2.3bis
	gives ca. 41 % of atmospheric NO 3	-in the stream. To use snow NO 3	-as atmospheric
	end-member enables the quantification of the minimum contribution of atmospheric
	NO 3	-in streams N pool. Rain NO 3	-, with lower isotopic values, results in a higher
	calculated contribution of NO 3	-	atm , and only tunes up with the conclusions of the
	manuscript (high contribution of NO 3	-	atm and potential ecological consequences).

ecological
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 2 4: Characteristics of the Romanche Valley and Isere watersheds along the montane to urban gradient. Data were obtained using QGIS (Renaud, personal communication). The geology characteristics were inferred from[START_REF] Bodin | Geodynamique du pergélisol alpin : fonctionnement, distribution et évolution récente. L'exemple du massif du Combeynot[END_REF];[START_REF] Dutordoir | Bilan des flux de métaux, carbone organique et nutriments contenus dans une rivière alpine: part des rejets urbains de l[END_REF] and[START_REF] Mano | Assessment of suspended sediment transport in four alpine watersheds (France): influence of the climatic regime[END_REF]. the roof of the Lautaret pass alpine research station (SAJF, https://www.jardinalpindulautaret.fr) to reduce the impact of ground turbulences and input of soil particles. Samples were collected about every three weeks. Precipitation

	Watershed	S-upper montane	N-upper montane	Mid montane	Lower montane	Upper urban	Lower Urban
	Main regime Snowmelt	Glacier melt Snowmelt	Snowmelt	Snowmelt -Rainfall	Snowmelt -Rainfall
	Altitude							
	range (m	1667-2725	1667-3155	1618-1980	1050-4088	210-2650	210-4088
	a.s.l.)							
	Size (km	2 )	3.4	5.3	0.5	220	5720	3600
	Mean slope (%)	25	30	17	28	22	22
							77 % Marls	
						60% Marls	and	Crystalline
						and	carbonates,	rocks
				Granitic and		carbonates,	15 %	(granite,
	Geology		Calcareous	ancient volcanic	Calcareous	40% Metamorphic	Metamorphic and	gneisses and
				rocks		and	crystalline	amphibolite
						crystalline	rocks, 8%	s)
						rocks	glacial	
							deposits	
			30% alpine					
			meadows					
	Land cover	(grazed), 27% uncovered, 26% abandoned grasslands, 13% terraced meadows,	Mostly uncovered and abandoned grasslands	80% terraced meadows (mown for hay), 13% alpine meadows, one village	60% Uncovered, 40% Forest or low vegetation, a few villages	74% Forest and semi-natural vegetation, 22% Agricultural fields, 4% Urbanized areas	81% Forest and semi-natural vegetation, 16% Agricultural fields, 3% Urbanized areas
			some					
			habitations					
	2.2.2.2 Deposition and streams sampling, discharge and conductivity	
	Separated wet and dry deposition were collected using an atmospheric
	deposition collector (WADOS Kroneis GmbH Austria) at the S-upper montane site

from April 2016 to April 2017. A heated moisture sensor connected to a moving lid above funnels ensured the separated collection. The deposition collector was installed on

  . Δ 17 O is a quantification of this deviation, calculated as Δ 17 O = δ 17 O -0.52 * δ 18 O in the present work. Δ 17 O value of NO 3

	-	atm
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 2 5: Mean NO 3 -isotopic values in wet and dry deposition collected at the Lautaret pass from April 2016 to April 2017. The last row shows the inferred isotopic values of the atmospheric endmember used in this study.

		Δ 17 O (‰)	δ 18 O (‰)	δ 15 N (‰)
	Dry deposition (n=16)	26.4 ± 3.2	71.4 ± 6.3	-3.4 ± 5.6
	Wet deposition (n=15)	24.7 ± 3.5	65.4 ± 8.1	-6.3 ± 1.7
	Atmospheric end-member	25.6 ± 3.3	70.8 ± 7.2	-4.8 ± 5.9
	Significantly higher annual mean Δ 17 O-NO 3	-was measured in montane

  . The theoretical range for δ 18 O-Assuming δ 18 O values of air-O 2 around 23.88 ‰[START_REF] Barkan | High precision measurements of 17O/16O and 18O/16O ratios in H2O. Rapid[END_REF], we end up with δ 18 O-NO 3 -= -3.3 (if the end-member is snow water) and +2.3 ‰ (if the end-member is rain water) for NO 3

	NO 3	-	nit (i.e., theoretical δ 18 O-NO 3	-after nitrification) is -15 to 15 ‰, assuming soil-
	water and O 2 respectively contribute to NO 3	--O accordingly to δ 18 O-NO 3	-= 1/3 (δ 18 O-
	O			

2 ) + 2/3 (δ 18 O-H 2 O)

[START_REF] Kendall | Tracing anthropogenic inputs of nitrogen to ecosystems[END_REF]

. Here, a subset of 5 snow-water samples and 2 rain samples were analyzed for δ 18 O, with respective mean values of -16.6 ‰ and -8.2 ‰. Soil-water isotopes were not directly measured, but assimilated to precipitation water isotopes.

nit .
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 2 7: The second column gives the mean annual δ 18 O-NO 3 -(‰) measured in streams. The third column shows the mean annual δ 18 O-NO 3

Table 3

 3 

	-1: Soil characteristics (0-8 cm depth) and ecosystem properties of the three management
	treatments. OM stands for Organic Matter. NMP stands for Net Mineralization Potential. pH H2O values
	were reported from Robson et al. [2007].					
		Terraced		Terraced		Unterraced
		Mown		Unmown		Unmown	
		meadows		meadows		meadows	
	OM (%)	16.7 ± 4.0	a	18.4 ± 4.0	ab	20.3 ± 6.3	b
	Bulk density (g.cm -3 )	0.72 ± 0.19				

a 0.65 ± 0.17

  δ 18 O sampleδ 18 O atm * ƒ atm ) / ƒ ter (Eq. 3.2) δ 15 N ter = (δ 15 N sampleδ 15 N atm * ƒ atm ) / ƒ ter (Eq. 3.3) δ 15 N atm and δ 18 O atm were inferred from NO 3 -in wet and dry deposition, and are given in Table 3-2.

Table 3

 3 

	-2: Mean NO 3	-and NH 4	+ concentrations and NO 3	-isotopic values in wet and dry deposition
	collected at the Lautaret pass from April to October 2016, and associated standard deviations. The
	last row gives the inferred isotopic values for this study atmospheric end-member.
	Deposition	[NH 4 1 )	+ ] (μg L -	[NO 3	-] (μg L -1 ) Δ 17 O (‰)	δ 18 O (‰)	δ 15 N (‰)
	Dry deposition (n=10)	-			-		25.1 ± 2.7 69.1 ± 5.7	-5.1 ± 6.2
	Wet deposition (n=9)	0.5 ± 0.2		5.5 ± 3.2	23.6 ± 2.0 63.8 ± 6.0	-7.1 ± 1.7
	Atmospheric end-member	-			-		24.4 ± 2.4 66.6 ± 5.8	-6.0 ± 4.1
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 3 

	-3 gives the mean [NH 4	+ ], [NO 3	-] and NO 3

-isotopic values (Δ 17 O, δ 18 O and δ 15 N) in soil extracts and soil leachates over the study period. Mean annual [NH 4 + ] in soil extracts were not significantly different across meadows, and ranged from 4.8 ± 3.1 μg-N g -1 dw in TM fields to 13.6 ± 23.2 μg-N g -1 dw in TU fields. Mean [NO 3 -] in soil extracts were significantly higher in the terraced meadows (TM and TU)

Table 3

 3 

	-3: Mean annual concentration of NO 3	-and NH 4	+ (μg g	-1 dw) and concentration-weighted
	isotopic values of NO 3	-	ter (‰) in soil extracts and leachates, and associated standard deviation. Bold
	leachates values indicate significant difference with the corresponding soil extract values. Different
	letters indicate significant differences across land-use. Note that δ	15 N and δ	18 O values are corrected
	for the atmospheric contribution.			
		Terraced Mown	Terraced Unmown	Unterraced Unmown
		Extracts	Leachates	Extracts	Leachates	Extracts	Leachates
		(n=21)	(n=21)	(n=21)	(n=21)	(n=18)	(n=18)
	[NH 4 (μg N g -1 + ] dw)	4.8 ± 3.1	0.6 ± 1.3			a	10.1 ± 10.6	1.2 ± 1.2	b
	[NO 3 (μg N g -1 -] dw)	11.8 ± 11.0 a	6.0 ± 12.8 a	13.3 ± 10.6

* 13.6 ± 23.2 0.6 ± 1.4

Table 3 -

 3 4: Five phyla explaining 71% of the difference in taxonomy between the terraced meadows (TM and TU) and the unterraced grassland (UU).

	Phylum	Difference explained (cumulative %)
	Verrucomicrobia	26
	Actinobacteria	44
	Chloroflexi	55
	Proteobacteria	65
	Thaumarchaeota	71

  5, 2.1 and 0.3 ‰ for Δ 17 O, δ 18 O and δ 15 N of NO 3

	4.1.2.3 Isotopic end-member mixing model
	Oxygen abundances have been successfully used in recent studies to
	discriminate NO 3	-	atm from NO 3	-originating from other sources
				-,
	respectively.			

:

  δ 18 O ter = (δ 18 O sampleδ 18 O atm *ƒ atm )/ƒ ter (Eq. 4.2) δ 15 N ter = (δ 15 N sampleδ 15 N atm *ƒ atm )/ƒ ter (Eq. 4.3) δ 15 N atm and δ 18 O atm were inferred from NO 3 -in wet and dry deposition, and given in

	Table 3-2.
	4.1.2.4 Plots and statistical analysis
	Note that each data point in

Table 4

 4 ) in soils extracts and leachates, and associated standard deviation. UU, TU and TM refer to Unterraced-Unmown, Terraced-Unmown and Terraced-Mown land-uses.

	-1: Mean concentration of NO 3	-and NH 4	+ (μg g	-1 dw) and concentration-weighted isotopic
	values of NO 3	-(‰) in plants organs and associated standard deviation. UU, TU and TM refer to
	Unterraced-Unmown, Terraced-Unmown and Terraced-Mown land-uses. Highlighted values exclude
	one outlier.					
	Roots		[NO 3 (μg g -1 dw) -]	[NH 4 (μg g -1 dw) + ]	Δ 17 O (‰)	δ 18 O (‰)	δ 15 N (‰)
	F. paniculata (UU meadows)	14.4 ± 18.3	2.1 ± 2.9		1.9 ± 0.6	23.6 ± 5.4	15.9 ± 6.7
	D. glomerata (TU meadows)	10.0 ± 5.4	94.0 ± 100.1 1.2 ± 1.2	4.9 ± 5.6	-2.4 ± 5.5
	D. glomerata (TM meadows)	29.4 ± 52.8	43.6 ± 27.1	1.0 ± 0.7	3.8 ± 3.1	4.4 ± 8.4
	Leaves		[NO 3 (μg g -1 dw) -]	[NH 4 (μg g -1 dw) + ]	Δ 17 O (‰)	δ 18 O (‰)	δ 15 N (‰)
	F. paniculata (UU meadows)	19.2 ± 12.9	1.3 ± 0.8		3.4 ± 3.2	25.6 ± 6.6	14.8 ± 14.8
	D. glomerata (TU meadows)	38.8 ± 50.8	2.0 ± 1.4		2.7 ± 1.7	13.6 ± 16.2	4.4 ± 11.8
	D. glomerata (TM meadows)	36.5 ± 23.7	3.6 ± 2.5		2.5 ± 2.0	18.2 ± 6.2	16.8 ± 7.7

  Tufiere (S-upper montane) stream has recently been equipped with an automatic water-level gauge, a first step towards this objective. The annual total deposition flux also need to be quantified. This was one of my Ph.D. objectives that I couldn't achieve, mostly because of the inadequacy of the sampling collectors with the harsh climatic conditions in winter on site, which prevented me from gathering a full and continuous year of atmospheric deposition data. Finally, measurements of NO, NO 2 , N 2 O (and N2) and NH 3 from the soils are necessary to evaluate the gaseous losses from the soils and the snow.

	The next step is to implement all these data in a simple box model and see if
	the observed patterns in N fluxes can be reproduced. The ultimate goal would be to
	input observation and isotopic data into a more complex model, such as ParFlow-
	CLM (i.e., a coupled hydrologic and land model) in order to be able to predict N
	partitioning in terrestrial and aquatic compartments globally. This model seems the
	most suitable in that account because of its historical importance in setting climate
	science and policy (e.g., only model to consider N in CO 2 and climate change
	simulations in the IPCC report from 2013
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Appendix A -Methods

The following section presents simplified versions of field and laboratory techniques that were deployed during this Ph.D., and most are routinely used at IGE and LECA. Unless specified otherwise, all the work presented hereafter has been part of the routine sampling and analysis protocol I performed over the pas three years. This could not have been achieved without the precious help of students and colleagues, who were always willing to lend a hand when needed. Here, the aim is to give an overview of the main techniques that have been used, and more extensive documentation on the procedures can be found in published papers or theses, of which references will be distilled throughout the text. Ultrapure water designates MilliQ water (18.2-MΩ cm -1 at 25°C).

Field work

Atmospheric nitrate sampling Aerosols collect I installed at the Lautaret pass a homemade apparatus (similar to a DIGITEL DA77), equipped with a DIGITEL PM 2.5 cutting head (Figure A-0-1a). Similar equipment has been routinely used in Antarctica with the same purpose (i.e., to collect NO 3 -in aerosols) [START_REF] Ishino | Seasonal variations of triple oxygen isotopic compositions of atmospheric sulfate, nitrate, and ozone at Dumont d'Urville, coastal Antarctica[END_REF]. This equipment served all year 2015, and was later (in 2016) replaced by an automatic SDEC CAV-A aerosols collector with a PM 10 cutting head, which proved to be highly inadequate to on-site winter conditions (Figure A-0-1b). The SDEC collector is operated through a LCD that doesn't support below freezing temperature. Therefore, a specific housing -not provided by the manufacturer -is needed to operate this instrument in mountainous regions. Another alternative is to keep the instrument in a warmed shelter with only the collecting head exiting outside.

Sampling was done on a weekly basis. Filters for the aerosols collect were always prepared at IGE using QMA Whatman quartz filters burnt at 800°C for 1-h to lower the blank signal [START_REF] Jaffrezo | Size distribution of EC and OC in the aerosol of Alpine valleys during summer and winter[END_REF]. Airflow was set at 30-m 3 h - For three weeks, I collected samples in Tufiere, Les Cours and Romanche streams every three hours using automatic water samplers (Teledyne ISCO ® 3700). A simplified version of the manual procedure, which was adapted to the automatic sampling period, is provided hereafter:

-In laboratory, prepare and clean Nalgene bottles by rinsing them three times with ultrapure water.

-Go to the first stream; rinse the bottle and cap three more times with stream water.

-Fill the bottle; note the date and time.

-Proceed to the next stream and start over.

-Don't forget to label the bottles.

-Store all samples at -20°C. 

Samples treatment

Aerosols filters

The CERMO lab at IGE first collected punches on all filters for major ions, elementary and organic carbon and tracer compounds (e.g., levoglucosan). I dissolved what remained of the filters in ultrapure to extract nitrate, as follows:

-In laboratory, rinse four centrifugal ultrafiltration units (Milipore Centricon plus-70, 100 000 Daltons) with ultrapure water.

-Fill the units with 40-mL ultrapure water.

-Centrifuge for 2-min at 4500-RPM.

-Remove the water and clean again the units three times with ultrapure water.

-Carefully place one filter per unit with clean pliers; fill with 40-mL ultrapure water.

-Shake manually for 30-sec.

-Centrifuge for 20-min at 4500 -PM.

-Retrieve the extracts in clean 50-mL Corning tubes; throw the filters.

-Start over.

After being extracted, all extracts were straight away concentrated on resin (see nitrate concentration). Blanks were regularly performed.

Liquid samples (stream, snow, wet and dry deposition)

All samples were left to unfreeze at room temperature the day prior to treatment. All samples were filtered using 0.45-μm Whatman GD/X syringe filters linked to a peristaltic pump, as follows:

-Prepare and clean Nalgene bottles by washing them three times with ultrapure water.

-Rinse the peristaltic pump tubes with ultrapure water.

-Connect all incoming tubes to samples (12 at a time).

-Rinse all tubes again with samples for 2-min.

Soil humidity and organic matter content -Weight 5-g of fresh soil in a clean weighted Pyrex cup; note the exact weight.

-Bake the samples at 70°C for seven days.

-Weight again the samples; note the exact weight.

-Bake the same samples at 550°C for 5-h.

-Weight again the samples; note the exact weight.

Leaching experiment

In order to do this experiment, soil cores need to be intact:

-Wrap all soil cores in clean aluminum foil; leave the top of the core uncovered; weight all soil cores.

-With a clean sharp tool, pierce holes in the aluminum at the bottom of the soil cores;

don not pierce the soil cores.

-Place each soil core in a clean funnel on top of a measuring cylinder.

-Prepare around 100-mL ultrapure water in another measuring cylinder; note the volume.

-Spray homogeneously the water on a soil core; avoid lateral flow paths.

-Once the water starts to leach, continue to spray until a volume of ca 40-mL is collected in the measuring cylinder; note the collected and sprayed volumes.

-Weight the water saturated soil core.

-Proceed to the next sample.

-Bake all soil cores at 70°C for seven days then weight the soil cores.

-Centrifuge and filter all leachates using the protocol described above; collect an aliquot for nitrate, ammonium and TDN analyses.

-Start over.

After being extracted, all extracts were straight away concentrated on resin (see nitrate concentration). Blanks were regularly performed.

Plant samples

All plant samples were left to unfreeze at room temperature before further -Rinse all plants thoroughly with ultrapure water; make sure to remove of trace of soil and dirt.

-Separate aboveground organs (leaves hereafter) from underground organs (roots hereafter).

-Dry all samples with clean laboratory paper.

-Weight about 50-g (for Dactylis glomerata) and 70-g (for Festuca paniculata) of plant organs and put them in a clean zip lock bag.

-Store at -20°C.

-Freeze-dry all samples (Heto DryWinner, Allerod, Denmark) for 48 hours.

-Grind all samples (RETSCH Mixer Mill MM400) for 45 sec at 30-Hz.

-Extract 1.5-g (for Dactylis glomerata) and 1-g (for Festuca paniculata) of ground powder with 50-mL ultrapure water for 1 h at 300 RPM.

-Centrifuge at 4000-RPM for 10-min.

Concentration on anionic resin

The analytical chain prior to the isotopic analyses requires that all samples have a minimum of 100-nmol of nitrate in a maximum of 10-mL sample volume.

Nitrate concentrations in environmental matrixes are often lower than this requirement. Therefore, a necessary step of nitrate concentration on an anionic resin (AG 1-X8 resin, Cl --form, Bio-Rad) was performed on all samples prior to isotopic analyses. The trapping of nitrate in resins have been widely used in both field and laboratory experiments [START_REF] Boutin | Impacts des dépôts atmosphériques azotés sur la biodiversité et le fonctionnement des pelouses subalpines pyrénéennes[END_REF][START_REF] Silva | A new method for collection of nitrate from fresh water and the analysis of nitrogen and oxygen isotope ratios[END_REF][START_REF] Templer | Use of mixed ion exchange resin and the denitrifier method to determine isotopic values of nitrate in atmospheric deposition and canopy throughfall[END_REF], and is routinely used at IGE to concentrate nitrate from Antarctic snow and ice

Its recovery efficiency is over 98.5%, a level at which potential isotopic fractionation effects are estimated as negligible [START_REF] Erbland | Contraintes isotopiques sur l'interprétation de l'enregistrement en nitrate dans la carotte de glace de Vostok[END_REF].

After samples nitrate concentrations were determined, I calculated the required volume of sample needed to trap ca 300-nmol of nitrate on the resin. The protocol used is provided hereafter:

-Prepare a 50:50 (in volume) resin solution by adding 1-M NaCl solution to a new solid resin.

-Shake the solution for 30-sec; wait until the resin deposits.

-Remove the supernatant; add the same volume of a 1-M NaCl solution.

-Do this steps three times.

-Pour 0.6-mL of mixed resin bed in a clean funnel; wait until the liquid has flown through.

-Rinse the funnel and the sample connecting tube with 20-mL of 1-M NaCl solution;

wait until all liquid has flown through the resin.

-Rinse the funnel and the sample connecting tube with 20-mL of ultrapure water;

wait until all liquid has flown through the resin.

-Pour the sample into the funnel; wait until all liquid has flown through the resin.

-Retrieve the funnel and place it over a clean 15-mL Corning tube.

-Elute the sample with 5-mL of a 1-M NaCl solution; wait until all liquid has flown through the resin.

-Elute again the sample with another 5-mL of a 1-M NaCl solution; wait until all liquid has flown through the resin.

-Store concentrated samples at -20°C until isotopic analysis.

-Start over.

Note that if not too dirty, a resin bed can be reused, after thorough cleaning, for another extraction. Blanks were performed regularly. I also regularly checked that the concentration process was going smoothly by i) collecting about 10-mL of liquid flowing through the resin towards the end of the concentration process and ii) eluting 

Analytical procedures

Concentrations Major ions

Nitrate and nitrite concentrations were first analyzed on a Continuous Flow Analysis spectrophotometer (SEAL Analyzer QuAAtro) based on cadmium-reduction of NO 3 -to nitrite [START_REF] Wood | Determination of nitrate in sea water by cadmium-copper reduction to nitrite[END_REF] in 2015. In 2016, the LECA bought a new, more complex spectrophotometer (Gallery Plus, Thermo Fisher Scientific, Waltham, Massachusetts, USA), which enabled ammonium, sulfate, calcium and chloride concentration monitoring in addition to nitrate and nitrite concentrations (see Table 1-1). Considering that these analytical techniques are widely used and thoroughly described on the manufacturers' websites, the protocols will not be thoroughly described here. Analytical routine includes analytical calibration, regular blanks and data control.

Due to excessive analytical costs, nitrite was not analyzed in all samples.

However, I did analyze nitrite concentration in a sub-set of all matrix samples, chosen to span the entire study period. All samples thus analyzed had either undetectable nitrite concentrations or concentrations two orders of magnitude under nitrate levels.

Therefore, all subsequent isotopic results were considered as unbiased estimations of nitrate isotopic composition. Note that addition of sulfamic acid to samples has been shown to remove nitrite and to be compatible with the denitrifier method [START_REF] Granger | Removal of nitrite with sulfamic acid for nitrate N and O isotope analysis with the denitrifier method[END_REF].

Total Dissolved Nitrogen (TDN)

TDN represents the total amount of dissolved nitrogen (organic and inorganic) in a sample, and can be determined by oxidizing all dissolved N forms to nitrate as follows:

-Prepare an oxidative solution by mixing 26-g K 2 S 2 O 8 , 15.6-g H 3 BO 3 and 50-mL 3.75N NaOH with ultrapure water in a 500-mL vial.

-Mix 5-mL of sample with 1-mL of oxidative solution in glass tubes.

-Prepare 5 control tubes with 5-mL of urea solution of known concentration and 1-mL of oxidative solution.

-Prepare 3 blank tubes with 5-mL ultrapure water and 1-mL of oxidative solution.

-Put the samples in the autoclave for 1-h at 121°C.

-Analyze nitrate concentration in all samples.

TDN analyses were performed only on soil extracts.

Isotopes

The dentirifier method that enables nitrate isotopic composition determination was first used to measure nitrate isotopes in freshwater and marine environments [START_REF] Casciotti | Measurement of the Oxygen Isotopic Composition of Nitrate in Seawater and Freshwater Using the Denitrifier Method[END_REF][START_REF] Sigman | A Bacterial Method for the Nitrogen Isotopic Analysis of Nitrate in Seawater and Freshwater[END_REF]. It was later improved by [START_REF] Kaiser | Triple Oxygen Isotope Analysis of Nitrate Using the Denitrifier Method and Thermal Decomposition of N 2 O[END_REF] to allow for Δ 17 O, δ 18 O and δ 15 N simultaneous measurements of nitrate. Here we use an adapted version of this protocol, extensively described elsewhere [START_REF] Morin | Analyse de la composition isotopique de l'ion nitrate dans la basse atmosphère polaire et marine[END_REF][START_REF] Morin | Comprehensive isotopic composition of atmospheric nitrate in the Atlantic Ocean boundary layer from 65°S to 79[END_REF]. Here, I will provide a quick outlook of this method, routinely used at IGE.

Preparation of the samples

The denitrifier method relies on the incomplete reduction of nitrate during the denitrification process by Pseudomonas aureofaciens leading to the production of N 2 O while conserving at least one N and one O atom from the initial nitrate.

Briefly, Pseudomonas aureofaciens is grown in 250-mL batches of nutrientsrich broth during 5 days at 30°C. After control of the good "health" of the bacteria by monitoring nitrite level in the medium, bacteria are harvested and concentrated 5-8fold in 20-mL glass vials (2-mL per vial) and closed with septa. The vials were then purged with a helium (He) flux for at least 3 hours. This step enables the removal of residual N 2 O and ensures anaerobic conditions necessary to trigger bacterial denitrification. Automated injection of samples, standards and matrix (1-M NaCl) maintains identical processing conditions for all vials (e.g., total volume, matrix, etc.).

The complete reduction of nitrate to N 2 O requires a few hours; therefore, all samples 

Data correction

All samples isotopic values were corrected for any isotopic effect possibly occurring during the procedure by processing simultaneously international reference materials (International Atomic Energy Agency USGS 32, USGS 34 and USGS 35 [START_REF] Böhlke | Oxygen isotopes in nitrate: new reference materials for 18O:17O:16O measurements and observations on nitrate-water equilibration[END_REF][START_REF] Michalski | Determination of the Total Oxygen Isotopic Composition of Nitrate and the Calibration of a Δ17Ο Nitrate Reference Material[END_REF][START_REF] Morin | Analyse de la composition isotopique de l'ion nitrate dans la basse atmosphère polaire et marine[END_REF]) through the same analytical batch. The isotopic standards were prepared in the same background matrix. An algorithm was used to calibrate the results to account for blank effects and isotopic exchange that could occur during the denitrification process. Standard deviation of the residuals from the linear regression between the measured reference standards (n=20) and their expected values served as indicator of the accuracy of the method. Goldschmidt Conference 2016, Yokohama, Japan. 

Outreach

Tribulations Savantes

Small experiments related to Earth and the Universe sciences, set up by Ph.D. students, and presented to high school pupils.

Les lundi de la Galerie

Open conferences held at the Lautaret pass on atmospheric pollution related issues in mountainous areas.

Field missions

Stromboli island: two weeks field campaign for the FOFAMIFS project in May 2017.

Ny-Ålesund: two weeks field campaign for the ARCSNOW project in September 2016. 

Résumé