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Abstract

Nitrate monitoring is commonly conducted with low-spatial resolution, only at the
outlet or at a small number of selected locations. As a result, the information about
spatial variations in nitrate export and its drivers is scarce. In this study, we present
results of high-spatial resolution monitoring conducted between 2012 and 2017 in
65 sub-catchments in an Alpine mesoscale river catchment characterized by a land-
use gradient. We combined stable isotope techniques with Bayesian mixing models
and geostatistical methods to investigate nitrate export and its main drivers, namely,
microbial N turnover processes, land use and hydrological conditions. In the investi-
gated sub-catchments, mean values of NO3;™~ concentrations and its isotope signa-
tures (8'°Nnos and 680nog) varied from 2.6 to 26.7 mg L2, from —1.3%. to
13.1%o0, and from —0.4%0 to 10.1%o., respectively. In this study, land use was an
important driver for nitrate export. Very strong and strong positive correlations were
found between percentages of agricultural land cover and 8'°Nyos, and NO3~ con-
centration, respectively. Mean proportional contributions of NO3;~ sources varied
spatially and seasonally, and followed land-use patterns. The mean contribution of
manure and sewage was much higher in the catchments characterized by a high per-
centage of agricultural and urban land cover comparing to forested sub-catchments.
Specific NO3 ™ loads were strongly correlated with specific discharge and moderately
correlated with NO3™ concentrations. The nitrate isotope and concentration analysis
results suggest that nitrate from external sources is stored and accumulated in soil
storage pools. Nitrification of reduced nitrogen species in those pools plays the most
important role for the N-dynamics in the Erlauf river catchment. Consequently, nitri-
fication of reduced N sources was the main nitrate source except for a number of
sub-catchments dominated by agricultural land use. In the Erlauf catchment, denitrifi-

cation plays only a minor role in controlling NO3™~ export on a regional scale.
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1 | INTRODUCTION
The European Community has been taking measures concerned with
nitrate (NO3;~) water pollution for over 40 years. In 1991, the
European Union (EU) introduced the Nitrates Directive, which aimed
at reducing water quality deterioration caused by nitrate pollution
related to agriculture. Almost 10 years later, in 2000, the EU adopted
a Water Framework Directive (EU, 2000) that called for water quality
management at the river basins scale. However, despite introducing
respective directives and setting up the obligation to develop action
plans to prevent nitrate concentrations above 50 mg L™, many EU
countries still exceed this threshold (Schumacher, 2016). Not only EU
member states encounter problems related to NO3;™ pollution. Nitrate
contamination is a worldwide environmental issue. High NOs;™~ con-
centrations in water threaten not only human health but also the envi-
ronment as they lead to, among other things, eutrophication and toxic
algal blooms (Lee et al., 2008; WHO, 2011). Upper mentioned facts
emphasize the importance of a reliable assessment of the interaction
between anthropogenic activities and the nitrogen dynamics at the
river basins scale. Nevertheless, the basin-scale management
approaches in large catchments are hindered due to the poor under-
standing of the spatial and seasonal variability of nitrate sources, trans-
port and turnover pathways (Lintern et al., 2020). Major uncertainties
and knowledge gaps exist with respect to (1) the transport of nitrate
from different sources through different compartments of the hydro-
logical system and (2) the degree of transport-related alterations of
nitrate source signatures (Lintern et al., 2020; Schlesinger et al., 2006).
A prerequisite for designing effective water pollution mitigation
programs is in-depth knowledge of the drivers controlling the spatial
and temporal variability in nitrate export at relevant management
scales (Wall et al., 2011). Therefore, many researchers addressed the
problem of characterization and quantification of nitrate sources and
in-stream nitrate processing along with a characterization of its con-
trols (Nestler et al., 2011; Rose et al., 2015; Schwientek et al., 2013).
Coupled nitrogen and oxygen stable isotopes of nitrate have proven
to be useful to identify nitrate sources and transformations within
catchments qualitatively (Xue et al., 2009) not only on a hillslope scale
(McAleer et al., 2017) but also in large river basins, such as the Missis-
sippi (Panno et al., 2006), lllinois (Panno et al., 2008), Seine (Sebilo
et al., 2006) and Sawa (Vrzel et al., 2016). Stable isotope monitoring in
large and mesoscale river catchments is usually conducted at the out-
let only or with low-spatial resolution. However, nitrate sources and
transformations may display substantial spatial and seasonal variations
that can be missed while using traditional, low-spatial resolution moni-
toring. Moreover, conducting monitoring with a low spatial resolution
in large river catchments does not provide insights into how
hydrochemical variations at the catchment outlet are linked to the
variations in headwater catchments, that are known to be zones of
nutrient- and carbon processing (von Schiller et al., 2017) and are rec-
ognized for their high ecological value (Bishop et al., 2008; Van
Meerveld et al., 2020). Recently, a high spatially resolved investigation
of nitrate dynamics has been performed in mesoscale river catchment

using coupled dual nitrate isotopes and river discharge (Mueller, Krieg,

et al., 2016). The results suggest that such an approach can provide
more insights into nitrate dynamics in response to land use and flow
regimes.

Stable nitrate isotope signatures coupled with mass balance
mixing models were used to quantitatively assess nitrate sources
(Deutsch et al., 2006; Voss, Deutsch, et al., 2006). Nevertheless, the
usage of mass balance mixing models to trace nitrate sources is con-
strained to well-defined systems and does not take into account sev-
eral substantial sources of uncertainties related to (1) multiple nitrate
sources, (2) overlapping isotopic compositions of nitrate sources, and
(3) the fact that nitrate sources are rarely defined by narrow isotopic
ranges. The introduction of the combined usage of Bayesian updating
and a Monte Carlo search routine opened new opportunities for trac-
ing sources and the fate of nitrate in river basins. This approach is
implemented in programs like SIAR—stable isotope analysis in R
(Parnell et al., 2010), and MixSIR (Moore & Semmens, 2008) or the
concept of Soulsby et al. (2003). Since first applications of Bayesian
stable isotope mixing models (BSIMMs) for estimating the probability
distributions of proportional contribution of nitrate sources to the
nitrate mixture in surface water (Xue et al., 2012), they have been suc-
cessfully applied to study nitrate sources under various land uses,
including urban (Divers et al., 2014), agricultural (Ding et al., 2014),
irrigated (Zhang et al, 2018) and multiple land-use areas (Jin
et al,, 2018; Li et al., 2019; Xing & Liu, 2016). Advances in the usage
of BSIMMs include incorporation of fractionation factors related to
denitrification (Li et al., 2019; Xia et al., 2017; Yue et al., 2015) and
combination of BSIMM with nitrate export and flux calculations at the
catchment outlet in large scale (>350 000 km?) (Li et al., 2019) or with
low-spatial resolution (four locations) in small scale (<16 km?) (Divers
et al., 2014). Moore and Semmens (2008) proposed to improve
BSIMMs estimates by the usage of informative prior distributions. To
the best of our knowledge, this approach has not yet been used to
investigate the contribution of nitrate sources in surface water.
Except for that, BSIMMs were not exploited to investigate nitrate
export by combining them with nitrate export calculations in high spa-
tial resolution in a mesoscale river basin.

The objectives of this study are to (1) quantitatively determine
NO;3 ™~ sources in a mesoscale river catchment with a high spatial reso-
lution, (2) investigate the spatiotemporal variability in mesoscale
nitrate export, and (3) to understand how and to what extend differ-
ent drivers shape nitrate export from a mesoscale catchment. Our key
research hypothesis is that nitrate export from mesoscale river catch-
ments is predominantly controlled by land use, while hydro-climatic
forcing and microbial N-turnover processes play a secondary role. Fur-
thermore, we hypothesize that nitrification of reduced nitrogen stored
in the soil compartment is an important nitrate source on larger scales,
especially during periods of higher hydrological activity. The novelty
of this study is the approach we used to test this hypothesis. Our
approach integrates spatially highly resolved stable isotope and
hydrochemical monitoring with high-resolution discharge data
obtained by the geostatistical top-kriging method and a Bayesian
mixing model with informative priors. The approach aims to better

capture the highly dynamic spatiotemporal patterns of nitrate export
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and its drivers in the mesoscale river catchments. The approach is
applied to a mesoscale Alpine foothill catchment with a land-use gra-
dient, where monitoring data of 19 sampling campaigns conducted
between 2012 and 2017 at in total of 65 locations are available. The
monitoring data involves various sub-catchments at different seasons
and hydrological conditions.

2 | MATERIALS AND METHODS

2.1 | Study area

The Erlauf catchment, with a total catchment area of 631.5 km?
(BMLFUW, 2014), is situated in Alpine foothills in Austria (Figure 1).
The 68 km long river Erlauf is a tributary of the Danube (Braun &
Schagerl, 2010). The altitude range of the catchment is from
ca. 1900 m a.s.l. at headwaters to ca. 210 m a.s.l. at the river mouth.
The investigated catchment is part of the Northern Calcareous Alps,
where karst phenomena are known to occur. Carbonate rocks, such as
limestone, dolomite, marl, and marlstone are common, especially in
the Southern part of the catchment (Strauss, 2009). Besides carbonate
rocks, clay, claystone, sand, sandstone, gravel, slate, and coal are also
present (GBA, 2020). We used the CORINE Land Cover dataset
(EEA, 2012) to perform the land use analysis. The forest and the semi-
natural areas made up 51% of the catchment area. Agricultural areas
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FIGURE 1

occupy 34% of the catchment, including 15% of pastures and 10% of
the non-irrigated arable land. Water bodies encompass 12% of the
total catchment area. In the southern part of the catchment, three
major lakes are located: Erlauf lake (0.56 km?), Erlauf water reservoir
(0.3 km?), and Lassing water reservoir (0.1 km?) (BMLFUW, 2014).
Artificial surfaces account only for 3%. In the Erlauf basin, there are
five wastewater treatment plants (OlEau, 2019) (Figure 1). In the
Northern part of the catchment (location B4), the input of nitrogen
fertilizer ranged from 140 kg N ha~* (2013) to 210 kg N ha~* (2012)
between the years 2010-2013 (Bloschl et al., 2016). The crops are
mainly maize, winter wheat, rape, and barley. We determined the sub-
catchment size for each sampling location based on the LiDAR digital
elevation model (Land Ké&rnten, 2015) with a resolution of 10 m and
the exact sampling location. Subsequently, we calculated the percent-
age of the main land cover types for each sub-catchment, namely, for-
est (LCroR), agricultural areas (LCagr), and urban areas (LCygg). For the
computations, we used the software ArcGlIS version 10.4 and the Zonal
Statistics Tool. The mean discharge of 14.6 m® s~* has been observed
at the gauging station located close to the outlet (Niederndorf)
(NO, 2019). Between the years 2014 and 2018, the mean annual pre-
cipitation varied from 1922 mm in the mountainous region (the gauging
station in Wastl am Wald) to 768 mm in the lowlands (the gauging sta-
tion in Wieselburg) (NO, 2019). There is no clear seasonality in the pre-
cipitation at the catchment scale. However, precipitation in the lowland
is higher in summer compared to the rest of the year (Figure S1).

Kilometers

Map of the Erlauf catchment and its tributaries with land cover (left) and all surface water sampling locations monitored from

2012 to 2018, each representing sub-catchment (right). WWTP states for wastewater treatment plants
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22 | Sampling

We conducted our monitoring program in the Erlauf catchment
between 2012 and 2017. Our sampling methodology involved a com-
bination of regional and event-based surface water sampling cam-
paigns. We performed regional sampling campaigns seasonally with a
high spatial resolution, including the main river and all its major tribu-
taries. Regional sampling campaigns were complemented by four
event-based (event-triggered) sampling campaigns conducted at
selected sampling locations. We carried out event-based campaigns
during or immediately after precipitation events no more than 3 days
after scheduled regional sampling campaigns. Altogether, we per-
formed 19 surface water sampling campaigns and monitored 65 sam-
pling locations. The details regarding the dates and locations of the
surface water monitoring are provided in the supplementary informa-
tion (Table S1). Regional sampling campaigns were performed gener-
ally during base flow conditions with daily average precipitation
during campaigns not exceeding a few mm (Table S2, and Figure S2).
However, conditions antecedent to regional sampling campaigns were
variable (Table S2), resulting in varying average discharges calculated
at the outlet for the regional sampling campaigns (Table S2).

At each site, using the portable meter, we measured the basic
physicochemical properties of water, including electrical conductivity
(EC), temperature (T), and pH. Furthermore, we collected water samples
for major ion and stable isotope analysis of nitrate and water. All sam-
ples were kept in high-density polyethene (HDPE) bottles without
headspace. Besides the surface water monitoring, we collected precipi-
tation samples of rainfall and snow in the study catchment. Precipita-
tion water was collected as monthly composite samples in evaporation-
free precipitation collectors (PALMEX, Croatia; Groning et al., 2012)
with a volume ranging from 30 ml to 2.5 L. Additionally, we collected
1 L snow grab samples during winter. In total, 61 precipitation samples
and 691 stream water samples were collected and analysed for nitrate

and water stable isotopes, as well as nitrate concentrations.

2.3 | Laboratory analysis

Water samples for stable isotope and chemical analysis were filtered
through cellulose acetate filters with a pore size of 0.22 and 0.45 pum,
respectively. Samples were stored refrigerated prior to analysis within
1 month of collection. The denitrifier method with bacteria strains of
Pseudomonas chlororaphis (ATCC #13985) was used to measure the
isotopic composition of dissolved nitrate (Casciotti et al., 2002;
Sigman et al., 2001). The isotopic composition of N,O (6*°Nyoz and
580n03) produced from sample NO3~ was measured by gas isotope
ratio mass spectrometry. A DELTA V Plus mass spectrometer, in com-
bination with a GasBench Il from Thermo Scientific, was used for the
nitrate isotope determination. Stable isotope ratios are expressed in
the delta (5) notation as follows: (Kohl et al., 1971):

o0 - (e

1) x 1000(%40), (1)
Rstandard

where Rsample and Rstandara are the sample's and the standard's ratio of
the heavier to the lighter isotope. The §¥°Nyog values are reported
relative to the atmospheric nitrogen, and 5003 are reported rela-
tive to the Vienna Standard Mean Ocean Water (VSMOW). The SDs
for the nitrogen and the oxygen isotope measurements of nitrate are
+0.4%0 and + 1.6%o., respectively. The following international stan-
dards were used for calibration: USGS32, USGS34, USGS35 and IAEA
NOS3. Moreover, all samples were analysed for stable isotopes of
water (§°Hyp0 and 8'80y50) by laser cavity ring-down spectroscopy
(L2120-I, Picarro Inc.). The analytical precision of the method is 0.8%o
and 0.1%o for §°H and 820, respectively. Stable isotopes of water
are reported relative to the international standard VSMOW. Anions
(Cl—, and NO3™) were analysed using ion chromatography (IC).

24 | Determination of potential nitrate sources
and their chemical and isotopic composition

Based on the land use characteristics, we determined four potential
sources of riverine NO3 ™ in the study area, that is, atmospheric deposi-
tion (AD), nitrate fertilizers (NF), manure and sewage (MS), and nitrifica-
tion of reduced N sources (RNS). The RNS source consists of NO3~
derived from nitrification of nitrogen originating in several other
sources, namely, soil organic matter, mineral fertilizers (except nitrate
salts), and ammonium in precipitation. The values of these sources
overlapped to such an extent that distinguishing among them without
an additional tracer would be questionable.

To estimate the proportional contribution of the four potential
NO3™ sources, the typical nitrate isotopic signatures of those sources
have to be known, that is, mean 5*°Nyos and 8%0yo3 values as well
as their SDs. Means and SDs of §*°Nyos and €00z of atmospheric
deposition (AD) were based on isotopic signatures measured from the
precipitation samples that we collected in the study area between
2012 and 2017. The oxygen isotope signatures of the same precipita-
tion samples were used to calculate means and SDs of §'80y 03 of RNS
and MS, assuming that NO3~ is formed by microbial nitrification (Text
S1). We compiled the data available in relevant literature to obtain
means and standard deviations of 615NN03 of RNS, MS, and NF and
5'%0N0s of NF (Bateman & Kelly, 2007; Curt et al, 2004; Fogg
et al., 1998; Heaton, 1986; Kreitler & Browning, 1983; Li et al., 2007;
Mariotti et al., 1988; Mayer et al., 2001; Panno et al., 2008; Rapisarda
et al., 2010; Rennie et al., 1976; Rogers, 2008; Spoelstra et al., 2007;
Vitoria et al., 2004; Wassenaar, 1995; Widory et al., 2005; Williard
et al., 2001; Zhang et al., 2008). We have described in detail the proce-
dure of calculating the mean isotopic signatures of nitrate sources in
the supplementary information (Text S1).

We used NO3z~ /CI- molar ratios as an indicator of nitrate
sources since different NO3~ sources have different levels of NO3™
/CI™ ratios. The mineral fertilizers are characterized by high NO3;~
/CI~ molar ratios and low concentrations of Cl~, while untreated
effluents from MS have relatively low NO3;™/ClI™ ratios and high CI~
concentrations (Liu et al., 2006). The NO3;~/CI™ ratios of sewage will
increase after being treated in wastewater treatment plants (Xia
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et al., 2017). In the Erlauf watershed, neither halite nor sylvite
deposits occur. Therefore, we expect no influence of evaporites on
NO3;/CI™ ratios.

2.5 | Stable isotope mixing model

We used MixSIAR, a Bayesian tracer (e.g. stable isotope) mixing model
framework (Moore & Semmens, 2008; Parnell et al., 2010; Stock
et al, 2018), to calculate the proportional contribution of NO3™
sources in surface water in all sub-catchments. Supplementary Infor-
mation (Text S2) includes additional information about the model.

2.6 | Discharge and precipitation data

The daily discharge data were provided by the state government
office of Lower Austria (‘Amt der Niederosterreich Landesregierung’).
In the Erlauf catchment, there are 12 gauging stations. Five of them
are located along the main river, and the other seven are on the main
tributaries (Figure 1).

Daily precipitation data were obtained for eight stations located
within the catchment and in the close neighbourhood (Table S3) from
the web page of the state government office of Lower Austria
(NG, 2019).

27 |
loads

Regionalization of river discharge and nitrate

To calculate the nitrate export from all investigated sub-catchments
and to understand the spatial heterogeneity of the nitrate export and
its controls, we interpolated the runoff in our sampling locations from
discharge gauging stations on a daily time step using the top-kriging
technique. Top-kriging, developed by Skgien et al. (2006), is a
geostatistical method that allows interpolating runoff characteristics
along with the stream network. In comparison to traditional determin-
istic or geostatistical interpolation approaches, it accounts for the
river network hierarchy. More details can be found in Skgien and
Bloschl (2007).

As the regional sampling campaigns were conducted within
4 days during steady flow conditions with only small intra-campaign
changes in discharge, and the event-based sampling campaigns were
conducted within a one-time step, discharge variability due to the
travel time of the event wave between up- and downward river cross-
sections is assumed to be small. Therefore, we used spatial kriging
(time-independent kriging). We leveraged the rtop package (Skaien
et al,, 2014) in the statistical environment R (R Core Team, 2018) to
apply the top-kriging approach. We tested the predictive accuracy of
the interpolation using ordinary cross-validation. In the ordinary
cross-validation, each gauged station is, in turn, treated as an
ungagged station, and the runoff is interpolated from the other

gauged stations. The interpolated runoff is then compared with the

observed daily runoff. We quantified the predictive accuracy with the
Nash-Sutcliffe Efficiency (NSE) (Nash & Sutcliffe, 1970). As a result of
our calculations, we obtained the mean NSE at the level of 0.86. The
high cross-validation NSE values indicate that the top-kriging regional-
ization captures well the observed local runoff dynamics. NSE values
are also in the range of cross-validated NSE values of Parajka
et al. (2015) using a well-established variogram fitted to several hun-
dred runoff stations in Austria (Merz et al., 2008; Skgien et al., 2006).
Previous studies (Lark, 2000; Skgien et al., 2014) show that the quality
of the predictions is relatively insensitive to the choice of the
variogram, at least as long as there are several observations within its
range. In the Erlauf catchment, a high density of stations (12 stations
per 631.5 km?) is available.

We calculated the specific discharge (Qspec) by dividing the dis-
charge by the respective catchment area. Subsequently, we calculated
the nitrate loads (Lnos) and specific nitrate loads (SLyog) for each
sampling point and each campaign. We calculated Lyosz by multiplying
measured nitrate concentrations with the average discharge of the
sampling campaign. Specific nitrate loads were calculated by dividing

calculated nitrate loads by the respective catchment areas.

2.8 | NO;3 loads derived from different sources
For each sub-catchment, in turn, we calculated what portion of the
NO;~ load was derived from each of the four sources (AD, NF, RNS,
and MS). We did it by multiplying the SLyos calculated for a specific
sampling campaign (Section 2.7) with the mean contribution of each
of the four NO3™ sources calculated for the respective sub-catchment
(Section 2.5). For this analysis, we selected five seasonal sampling
campaigns conducted from April 2013 to January 2014. Event-based
sampling campaigns were not included in this analysis. All five
selected sampling campaigns were performed during different
months, with the average discharge calculated at the river outlet of
204, 19.3, 6.8, 7.4 and 6.7 m® s'~, for the sampling campaigns per-
formed in April, June, August, November, and January, respectively.

2.9 | Discharge separation

To shed more light on the dynamics of hydrological processes, we
divided streamflow into the base flow and quick flow components.
The contribution of these components is likely to affect nitrate con-
centrations and isotopic compositions because various pathways for
the mobilization of nitrogen from natural and anthropogenic sources
may be associated with certain hydrological events. Therefore, we
conducted a separation of total discharge with a simple smoothing
method proposed by the Institute of Hydrology (1980) at all locations
(Text S3). Based on discharge separation, we calculated the base flow
index (BFI), defined as a ratio of base flow to total flow. We did it sep-
arately for all sampling locations and each sampling campaign. If sam-
pling campaigns lasted longer than 1 day, we used the average BFI

value for all sampling days of the respective campaign.
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210 | Other statistics and calculations

We applied the one-way repeated analysis of variance (repeated
ANOVA) with a subsequent pairwise t-test to test the differences in
51°Nnos and 818003 between all seasons. To test the differences in
NO3;~ concentrations, the Friedman test with subsequent pairwise
Wilcoxon test was applied. Moreover, for each sampling location, we
calculated the correlation matrix of pairwise contributions of all vari-
ables based on Spearman's correlation coefficient and Pearson's corre-
lation coefficient. We tested the differences in NO3~ concentrations,
5°Nnos, 600z, and §80y,0 between pre-event and event-based
sampling campaigns using the Wilcoxon test. Moreover, we calculated
Spearman's correlation rank and Pearson correlation coefficient
between BFI and 80y o3 for all sub-catchments that were sampled at
least 10 times, in turn.

To investigate the potential impact of denitrification, we per-
formed a location-wise and spatial analysis. In the location-wise analy-
sis, we firstly included data from all sampling campaigns. In this
analysis, we calculated the linear regression between §¥0yo3 and §%°
Nnos, as well as between 5°Nno3 and the natural logarithm of NO3~
for all sub-catchments. Secondly, we investigated inter-campaign vari-
ations by examining changes of nitrate isotope signatures and nitrate
concentrations occurring at the same sampling location between two
subsequent seasonal sampling campaigns. To declare that a sampling
location was potentially affected by denitrification, we verified if the
following conditions are met (1) a simultaneous increase in 8N and
580 with a slope between 1:1.3 and 1:2.1, and (2) a decrease in NOg
~ concentrations larger than 0.2 mg L™%. Likewise, to obtain spatial
information on the potential impact of denitrification, we analysed the
changes in §1¥0no3, 82°Nnos and NO3; ™ along the main river.

The field-based, apparent enrichment factors for nitrogen (*°¢) and

oxygen (18) were calculated using the simplified Rayleigh equation:

(8 — Binitial)
In (cmcn:.)l Y @

=

where ¢ stands for the isotopic enrichment factors for nitrogen and
oxygen, d stands for the 8'°N and 50 values, respectively, and C

stands for the nitrate concentration.

3 | RESULTS

3.1 | AQualitative determination of nitrate sources
Figure 2 presents the means and SDs of four potential nitrate sources
in the study area, as well as the isotopic signatures of all surface water
and precipitation samples collected in the study area. For the Erlauf
River, the calculated mean §*80yo3 expected from nitrification (see
Section 3.1) is —0.3%o (+4.0%o0) with the minimum of —9.0%., and the
maximum of 8.2%o.

The ratios of NO3~/Cl™ varied widely from 0.12 to 14.06 in the
catchment, suggesting a mixture of multiple sources of nitrate. In

general, high CI™ concentrations and low NO3;™/ClI™ ratios were found
in catchments with a high percentage of agricultural land use. This
could be caused by the high contribution of manure and effluents
from sewage. Contrary, low CI™ concentrations and a wide range of
NO5; /CI™ ratios were found in catchments with a low percentage of
agricultural land use, reflecting the impact from atmospheric deposi-
tion and RNS (Figure S4).

3.2 | Spatiotemporal variations of nitrate isotopes
and concentrations in stream water

3.2.1 | Spatial variability

Spatially, mean NO5™ concentrations from respective sub-catchments
ranged from 2.6 to 26.7 mg L%, while standard deviations varied
between 0.6 to 14.5 mg L~ (Figure 3). Generally, mean NO3~ con-
centrations and their standard deviations increased from the upper
reaches in the spring area to the lower reaches in the agricultural
lowlands.

Mean 8°Nyos ranged from —1.3%o to 13.1%o, while SDs varied
between 0.6%o and 3.9%o. In general, high mean §*°Nyo3 values were
found in small sub-catchments in agricultural lowlands, while the low-
est mean 8°Nyos values were found in the southern forested sub-
catchments. The 8°Nnos SDs did not follow the same pattern. The
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FIGURE 2 The iso-space plot of all samples collected during the
monitoring of the Erlauf River catchment in the years 2012 to 2018.
Red figures present the calculated means and whiskers represent
standard deviations of all potential nitrate sources. Dual isotope plots
of surface water samples collected in different seasons are shown in
Sl, Figure S3
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highest values were found in the central part of the catchment and

two locations in the southern part (spring and Erlauf water reservoir).
Mean 58003 ranged from —0.4%o to 10.1%o while SDs varied

between 1.0%o0 and 7.7%o. Generally, mean §¥0Oyo3 and their stan-

dard deviations were spatially variable.

3.2.2 | Temporal variability

We investigated the temporal variations of NO3;~ concentrations and
stable isotope signatures on a seasonal basis. We observed a signifi-
cant difference in 8°Npos between April and all other months
(Figure 4a). Similarly, we observed a significant difference between
samples collected in November and the other months for ¥ 0Onos
(Figure 4b). We detected a significant difference in NO3;™~ concentra-
tions between samples collected in April and samples collected in
December or January (Figure 4c). We found the highest coefficient of
variation in June (102%) and the lowest in April (88%).

3.3 | Correlation analysis

Results of the pairwise Spearman's correlation analysis of all collected
surface water samples (Figure 5) show that LCagr and LCror Were very
strongly correlated with §2°Nyos and strongly correlated with NO5~
concentrations. Moreover, we found a moderate positive correlation
between NO;~ concentrations and 8°Nyos. Contrary, LCacr and
LCror Were very weakly correlated with §'€0yogs. Qspec Was weakly

correlated with stable isotope signatures and very weakly correlated

Spatial variations of mean NO3;™ concentrations and isotope signatures (upper row) with corresponding standard deviations

with NO3 ™ concentrations. We found a very weak correlation between
NO3~ concentrations and §'80no3. SLnogz Was strongly correlated with
Qspec and moderately correlated with NO3™ concentrations. Generally,
we found higher SLyo3 in catchments with higher LCagr. Even though
LCacr and LCror Were strongly correlated with NO3;™ concentrations,
the correlations between SLyos and LCagr or LCror Were only weak.

All sub-catchments show a negative dependency of BFI and 88
Onos, of which one-fifth has a very strong or strong correlation
(Table S6). A similar general tendency was observed neither between
BFI and 8'*Nyo3 nor between BFI and NO3 ™~ concentrations.

The analysis of the relationship between nitrogen and oxygen iso-
tope signatures of nitrate on a seasonal basis (Figure S3) shows no
positive linear correlation with a slope from 1:1.3 to 1:2.1. During the
location-wise analysis of data from all sampling campaigns (see Sec-
tion 2.10), 60 out of 62 analysed locations did not show significant lin-
ear regressions specific for denitrification (Table S4). Nine sets of
sampling campaigns (Table S5) matched the prerequisites of inter-
campaign analysis (see Section 2.10). For those nine sets, calculated 1°
€ ranged from —6 to —46 while 8 ranged from —8 to —69 (Table S5).
Spatial analysis along the main river shows that increased isotopic sig-
natures were generally accompanied by increased nitrate concentra-

tions and nitrate loads (Figure S7).
3.4 | Spatiotemporal variations of nitrate sources
and loads

The model output (Figure 6) shows that calculated probability distri-
butions of nitrate source contributions differ mainly between the
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FIGURE 5 The spearman pairwise correlation matrix between
nitrate isotopes signatures (6*°Nnos, and 880no3), nitrate
concentrations (NO3 ), specific nitrate loads (SLyos), specific
discharges (Qspec), and percentages of the agricultural (LCagr) and the
forested land cover (LCroR), based on all samples collected from all
sampling locations. Correlations with the p value >0.001 are specified
on the plot

different land-use areas, but seasonal differences are also visible (Text
S4). In the Erlauf spring area (headwater sub-catchment B18, 2.7 km?,
with 99.7% forest, and 0.3% agriculture), the primary source of NOz™~
calculated for the whole monitoring period was RNS with the mean
contribution of 95%, followed by AD (5%), and the contribution of
two other sources close to zero. At the outlet of the river (location
E19), the primary source of NO3;™ calculated for the whole monitoring
period was also RNS with the mean contribution of 46%, followed by
MS (44%), NF (8%), and AD (2%). In the sub-catchment characterized
by the highest percentage of agriculture (location B7; 3 km?, with
100% of agricultural areas), the primary source of NO3 ™~ calculated for
the whole monitoring period was MS with the mean contribution of
83%, followed by NF (9%), RNS (6%), and AD (3%).

We found the highest SLyos in April and June (Figure 7, columns
1 and 2). During all analysed months, SLyos were generally increasing
from south to north. We found the highest SLyos in small agricultural
sub-catchments with a high percentage of arable land located next to
the Erlauf river outlet. The analysis of the SLyos derived from each of
the four sources (Figure 7, rows 2-5) reveals that in those catchments
higher total SLyoz were caused mainly by increased SLyos derived
from MS. Generally, the SLyo3z were higher in catchments character-
ized by higher LCaggr, especially those characterized by a high per-
centage of arable land. The SLyos derived from AD were very low.
The SLnos derived from RNS did not follow a spatial pattern and were
highest in April and June. The SLyo3 derived from NF were highest in
April and June, especially in catchments with a high percentage of

arable land.

3.5 | Event-based monitoring
We did not observe any significant difference in mean NO3~ concen-
trations nor mean 8*°Nyog between pre-event and event-based sam-
pling campaigns (Table 1). For winter and spring event-based sampling
campaigns, we observed a significant difference in mean 5¥0yo3 and
580100 in comparison to the values measured during antecedent
pre-event sampling campaigns, with p values lower than 0.001 and
0.05, respectively. During summer and autumn rainfall-runoff events,
we neither detected a significant difference for §*80pno3 nor §'20420.
We identified moderate to strong positive linear correlations
between the LCacg and the difference between 8'°Nyoz measured
during pre-event and event sampling campaigns in the respective sub-
catchments for three out of four investigated events (Figure 8). Accord-
ingly, the difference in °Nog is negatively correlated to the LCrog. A
similar strong correlation was neither found between the LCagr and
change in 8*80n o3 nor between LCacr and change in NO3 ™~ concentra-
tions (Table S7). For the autumn event, no correlation between the
LCacr and the difference between §'°Nyos measured during a pre-

event and event sampling campaign was observed (Figure 8d).

4 | DISCUSSION
4.1 | Dynamics of NO;™ export and
microbiological NO3;™ transformations

Nitrification and denitrification processes are important steps in the
nitrogen cycle that govern N loss and N,O emissions. Because they
imprint a traceable change in nitrate stable isotope signatures, stable
isotopes of nitrate can be used to get insights into these drivers.
Denitrification produces simultaneously enriched dual isotopic
values of nitrate in combination with decreasing nitrate concentra-
tions. In theory, 8'°Nnos plotted against the natural logarithm of NO3~
concentration should yield a straight line. Previous studies noted that a
positive linear relationship between *°Nyoz and 8*80pos, with a slope
from 1:1.3 to 1:2.1, is characteristic for denitrification (Aravena &
Robertson, 1998; Fukada et al., 2003; Mengis et al., 1999). The analysis
of the relationship between nitrogen and oxygen isotope signatures of
nitrate on a seasonal basis does not provide any evidence for a strong
impact of denitrification (Figure S3). During the location-wise analysis
of data from all sampling campaigns, most locations did not show signif-
icant linear regressions specific for denitrification (Table S4). However,
two sampling locations displayed slopes in the dual-isotope plot that
might be indicative of the occurrence of denitrification with weak cor-
relations. Their further analysis showed that the correlation between
580n03 and 8 °Nyos in one of the locations is driven rather by the
mixing of different sources than denitrification (Figure S5). However,
the possibility of a weak denitrification signal could not be rejected in
the second location (Figure Sé). Nevertheless, on average, less than
0.6% of the nitrate load at the outlet of the Erlauf River is delivered
from this location. Therefore, even if denitrification occurred in this

location, it had a negligible impact on the isotopic composition of the
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FIGURE 6 Proportional contributions of four potential NO3; ™ sources estimated by the MixSIAR model are presented for all sub-catchments
seasonally and for all collected data (last row). White colour refers to a lack of data (Table S1)

main river. The location-wise analysis of data from all sampling cam-
paigns did not provide any evidence for a significant role of denitrifica-
tion in nitrate turnover on the entire river system. Previous research
has shown that denitrification may occur in so-called hot spots and hot
moments when conditions are favourable (e.g. Harms & Grimm, 2008;
Palta et al., 2014; Peter et al., 2011). Therefore, we performed further
inter-campaign analyses (see Section 2.10), during which nine sets of
sampling campaigns (Table S5) matched the prerequisites. However,
except for one location, subsequent analysis of *°¢ and 8 (Table S5)
did not confirm straightforward denitrification as the sole process con-
trolling the isotopic composition of nitrate. The *°¢ of denitrification
reported in the literature vary between —40%o0 and —5%. (Kendall &
McDonnell, 1998) with typical values reported for groundwater denitri-
fication between —8%o0 and —5%o (Mariotti et al., 1988). The oxygen
isotope enrichment factors for denitrification (*8¢) fall between —18%o
and —8%o (Xue et al., 2009). The apparent enrichment factors calcu-
lated based on Equation (2), were lower than the typical range of 15¢
for denitrification. Moreover, all occasions of the inter-campaign analy-
sis where results gave some indication for the impact of denitrification
had relatively low isotopic signatures, with §'80y03 not exceeding the
typical range for nitrification. Further spatial analysis along the main
river did not show a considerable impact of bacterial denitrification
(Figure S7).

While a considerable portion of the measured surface water 52

Onos Vvalues (61%) fell into the range of the standard deviation from
the mean estimated value, over 91% of all measured surface water
580n03 values plot in the range between minimum and maximum
estimated value for 8'0 of nitrate derived from nitrification
(Figure 2). The facts mentioned above indicate the dominance of the
nitrification process for controlling the N-dynamics in the Erlauf basin.
9% of samples have §'80yo3 higher than theoretically expected for
nitrification-derived nitrate what is likely caused by the enriched
residual water 8'80y,0 due to (1) a higher fractionation by respiration
in soil (Kendall et al., 2007; Mayer et al., 2001), (2) a higher exchange
of oxygen atoms between intermediate N-compounds (nitrite) and
water (Casciotti & Buchwald, 2012; Kool et al., 2011), or higher evap-
oration causing a positive water oxygen isotope shift.

Overall, our analyses showed that nitrate concentrations are likely
to be controlled by nitrification processes. On a regional scale, bacte-
rial denitrification plays only a minor role in the Erlauf catchment. Pre-
vious studies used stable isotopes to evaluate large-scale patterns in
N turnover processes showing that they can be variable and site-spe-
cific. Denitrification was found to have a negligible impact on a
regional scale nitrate turnover in Bode catchment characterized with
similar land use and topographic gradients (Mueller, Krieg, et al., 2016;
Mueller, Zink, et al., 2016). Dual isotope evaluation of nitrate proved
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FIGURE 7 Row 1 (top) presents specific NO3;™ loads (SLyos) calculated for each sub-catchment, and rows 2 to 5 present SLyoz derived from
each of four NO3™ sources. In the figure presented are SLyos calculated for five selected seasonal sampling campaigns from April 2013 to
January 2014, based on NO3~ concentrations measured during respective sampling campaign, discharge data calculated by the usage of the top-
kriging (Section 2.7), and mean NO3; ™~ sources contributions calculated by the usage of MixSIAR (Figure 6, columns 1 to 5, respectively). White

colour refers to a lack of data (Table S1)

that denitrification was a main regional nitrogen sink in forested sub-

tropical catchments (Yu et al., 2019).

4.2 | Dynamics of NO3;~ export and land cover
Contrary to §*¥0yos, we found obvious correlations between both
percentages of land cover (LC) and NO3~ concentrations and d**Nyog

, as well as between the two last themselves (Figure 5). This indicates

that the changing land use resulted in increased NO3~ concentrations
what was likely attributed to the increasing contribution of MS, as this
source is characterized by relatively high 5*°Nnos and nutrient con-
tent. We excluded the possibility of increased 8*°Nyo3 caused by the
higher impact of denitrification because the correlation between 88
Onos and 8*°Nyos was insignificant. This is consistent with the con-
cluded low impact of denitrification on a regional scale. Our findings
align with the results of other studies involving stable isotopes in

catchments characterized by high LCagr and LCyrg. For example, in
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Mean stable isotope and NO3; ™~ concentrations from surface water samples together with hydro-climatic indices calculated for event-based monitoring conducted in 2013. The

TABLE 1

corresponding p values calculated between pre-event and event sampling campaigns for measured parameters (NO3~, §*°Nnoa, §:0n03, 8-80p20) are indicated by * (p < 0.05), ** (p < 0.01), as well

s *** (p < 0.001); fields without any sign indicate p > 0.05. Mean precipitation calculated for the period between pre-event and event sampling campaign is shown in italic

Measured parameters

Hydro-climatic indices

Sampling campaigns

58 0no03 (%0) VSMOW 51804120 (%0) VSMOW

5% Npo3 (%o) AIR

NOz ™ (mgL™Y

Precipitation®

Code? Qiotar® (M3 s7Y) BFI° (—) Quick Flow®

Time

Season

(mm day %)
1.5 (+1.5) 28.7 (+6.2)

18.0 (+5.7)

(m®s%)

0.1

+0.52, n = 15)

BUJAK ET AL.

+0.61, n = 15)***

+0.3,n = 8)

8)*

+0.53,n = 11)

+0.37,n

+0.4,n = 11)

+0.77,n = 11)

+0.8,n = 11)

—10.67
—12.04

-11.44

—-1.3(+2.1,n=15)

1.4 (+2.8,n = 15)

+1.5,n = 15)

5.0 (¥3.2, n = 15)**
44(£1.9,n=28)
6.5(+2.1,n

-0.3(+1.3,n=15)

1.4 (£3.0,n

+1.4,n = 15)

=8)

+1.9,n=8)

-11.86

—10.68
—10.65
—10.58

8)*

29 (#1.5,n=11)

8)

1.7 (#2.8,n = 11)

04 (+1.7,n

8)

1.8,n =
+2.8,n=11)

+

0.9 (#2.9,n = 11)

2.1 (x1.9,n=11)

+2.6,n=11)

4.7 (#2.2,n=11)

2.7 (¥2.9,n=11)

+1.6,n = 11)

—10.46

4.8 (+x2.3,n=11)

0.6 (¥2.3,n = 11)

+1.1,n=11)

3.9

0.99
0.10
0.92
0.70
0.98
0.85
0.89
0.21

55 132

Pre-event

Winter

3.7

112.2
1.7
9.3
0.1

1253
20.4

S5A
564

Event

4.8

0.3 (+0.6) 1.4 (+0.8)

1.7 (£0.9)

Pre-event

Spring

4.8

314
6.8
7.8
74

S6A

Event

51

16.3 (+7.8) 7.2 (+3.8)

1.7 (+3.7)

Pre-event 8¢

Summer

5.2
4.0

4.1

1.2
0.9

S8A
594

Event

5.0 (+5.0) 21.7(+6.9)

8.3 (+3.7)

Pre-event

Autumn

25.8

32.6

S9A

Event

?Details about the sampling locations can be found in SI, Table 1.

PCalculated at the outlet (sampling location E19).

“Mean value calculated from the precipitation gauging stations located within the catchment and neighbourhoods.

dFor comparability, only sampling locations included in subsequent event-based sampling campaign were taken into account.

their meta-analysis of 33 river catchments, Johannsen et al. (2008)
found a strong positive correlation (R = 0.71) between 8°Nyos
values and the proportion of arable and urban land caused by
increased inputs of nitrate from sewage and manure.

The presence of a strong correlation between Qgpec and SLyos,
not observed between both percentages of LC and SLyos, suggests
that Qgpec Plays a more important role than LC in controlling SLyos.
Both percentages of LC were also weakly correlated with Qgpec,
with lower Qgpec found in sub-catchments with higher LCagr. This is
likely to be related to the fact that most of the catchments with the
highest LCagr are located on lower altitudes and receiving less pre-
cipitation than the mountainous sub-catchments.

421 | Spatiotemporal variations in proportional
contributions of NO3;™ sources

The main source of NO3~ along the main river and in forested
catchments was RNS. The estimated proportional contributions of
anthropogenic nitrate sources (MS and NF) were generally increas-
ing along the main river during different seasons. Notably, the con-
tribution of MS estimated by the model for the catchments
characterized by a high LCagr and LCyrg Was much higher than in
forested sub-catchments. The proportional contribution of NF was
relatively stable over the year in all sub-catchments, with generally
slightly higher values in November. The application of fertilizers
occurs mainly in the spring and fall seasons. In November, the N-
uptake of the vegetation is significantly reduced, and some fields
are left with no vegetation cover at all. Therefore, the washout of
freshly applied fertilizers could be responsible for the higher contri-
bution of NF in November. The proportional contribution of AD
was low in all locations, with mean values not exceeding a few per-
cent and not exhibiting any considerable changes over the year. The
results show that most of the nitrate originating from AD is not con-
tributing directly to the stream water, but it is processed through
the biota and then nitrified before entering the stream. Many other
studies that used stable isotopes in forested catchments report low
proportional contribution (mean ~10%) of nitrate from atmospheric
deposition contributing to streams during baseflow (Rose
et al., 2015).

422 | Spatiotemporal variations in NO3~ loads
and their sources

The highest SLyosz were found for the two campaigns with relatively
high discharges (Figure 7, columns 1 and 2) emphasizing the impor-
tance of Qgpec role in controlling SLyos. The analysis of the SLyos
derived from each of the four sources (Figure 7, rows 2-5) suggests
that in catchments characterized by higher LCaggr, especially those
characterized by a high percentage of arable land, higher total
SLnos were mainly related with increased SLyos derived from MS

but also from NF. Very low SLyos derived from AD were related to
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the fact that sampling campaigns were performed when the base flow
was the main component of total flow. Spatiotemporal patterns of
SLnos derived from RNS suggest a preferred mobilization of the RNS
source during periods of higher discharge.

4.3 | Dynamics of NO3~ export and hydrological
conditions
43.1 | Catchment response to rainfall-runoff

events constrained by event-based monitoring

The lack of significant differences in mean NO3;~ concentrations and
5°Nnos between pre-event and event-based sampling campaigns
(Table 1) is consistent with our previous finding that denitrification
has a low impact in the investigated catchment on a regional scale.
Moreover, no significant difference in mean NOj3;~ concentrations
suggests a low direct contribution of AD into the stream water and a
low impact of dilution during event-based campaigns.

The observed significant differences between mean 880y o3 and
58010 measured during winter and spring event-based sampling
campaigns and antecedent pre-event sampling campaigns are likely to
be related to the change of water pathways. In the winter event-
based campaign (S5A), the observed discharge at the outlet was

several times higher than the mean discharge. In the spring event-
based campaign (S6A), the observed discharge at the outlet was about
double the mean discharge. During both winter and spring pre-event
sampling campaigns, the mean precipitation was very low. The total
discharge calculated at the outlet for the spring pre-event sampling
campaign was higher than the mean discharge, indicating that the
catchment was relatively wet. Observed higher 5003 cannot be
solely explained by the increased contribution of AD because they
were not accompanied by a considerable drop in NO3;~ concentra-
tions. Moreover, the measured mean nitrate isotopes values were typ-
ical for the RNS source. Additionally, runoff separation performed for
both events revealed the increased contribution of quick flow. There-
fore, the shifts in stable O isotopes of water and nitrate during winter
and spring event-based monitoring are likely to be related to the
change of water pathways. Due to the increased contribution of inter-
flow (as one significant component of the quick flow), nitrate pools
from the unsaturated zone could be mobilized. Mobilization of nitrate
pools with elevated §¥Onos from the unsaturated zone and the
minor impact of the increased direct contribution of AD could explain
the observed changes in the isotopic signatures during the investi-
gated winter and spring events.

During summer and autumn rainfall-runoff events, we neither
detected a significant difference for §*80yog nor §*0 0. In summer,

the pre-event sampling campaign (S8) was characterized by a total



14 of 17 Wl LEY

BUJAK ET AL.

discharge lower than half the mean discharge. Moreover, even though
the precipitation was higher than during the spring event, both total
discharge and quick flow increased to a small extend only. Those two
facts indicate that antecedent to the event, the catchment was rela-
tively dry. A low increase in the contribution of quick flow was likely to
be responsible for the absence of a significant difference between
mean 8003 and 80,450 values measured during the summer pre-
event and event sampling campaigns. In autumn, even though the BFI
decreased noticeably between the pre-event and the event-based sam-
pling campaign, a significant difference was not detected for any of the
parameters. This might be related to the fact that the pre-event sam-
pling campaign was not performed during pure base flow conditions
(BFI = 0.89). Because interflow and surface runoff flow paths were
already contributing to the streamflow during the pre-event sampling
campaign, nitrate pools from the unsaturated zone were already mobi-
lized at that time, and no significant difference in nitrate isotopes was
observed. We expect that this different NO3; ™~ response to the rainfall-
runoff events may be related to the antecedent conditions.

4.3.2 | Land-use control on sub-catchment
responses to rainfall-runoff events

We further explored how different sub-catchments reacted to the
rainfall-runoff events (Figure 8) by comparing the LCgr and the dif-
ference between §°Nyos measured during a pre-event and an
event sampling campaign. Correlations calculated between the per-
centage of LC and the differences in §*°Nyoz measured during pre-
event and event sampling campaigns (Figure 8) cannot be explained
by the typical SD of 8'°Nyogs. It is because SD of 8'°Nyogz shows
lower values and does not follow the land cover gradient (Figure 3).
The observed correlations between LCagr and event-related N-
isotope shifts further confirm that the mobilization of RNS during
precipitation events is driving the changes in 8°Nyos, especially in
the agricultural catchments where the MS contribution is high (see
Figure 6). Stable isotope signatures imply that agricultural and for-
ested catchments react differently to the rainfall-runoff events with
respect to changes in pathways of nitrate pool mobilization. Lack of
correlation between the LCacr and the difference between &°
Nno3 measured during autumn pre-event and event sampling cam-
paigns (Figure 8d) is likely related to the fact that the pre-event
sampling campaign was not performed during pure base flow condi-
tions (BFlI = 0.89) and that the interflow and surface runoff flow
paths were already contributing to the streamflow during the pre-

event sampling campaign.

43.3 | Relationship between discharge, NO3™~
isotopic signatures, and NO3~ export through the
monitoring period

The results of the pairwise Spearman's correlation analysis between

Qspec, 8*80no3, and NOz~ concentrations (Figure 5) indicate a low

impact of dilution during periods of higher specific discharge in the
investigated catchments. Considering the correlation between Qgpec
and 8*°Nnos, one can conclude that periods of higher specific dis-
charge in the investigated catchment are likely to be associated with a
higher contribution of RNS or NF sources rather than a direct contri-
bution of AD. Stronger correlations between SLyoz and Qgpec cOM-
pared to the correlation between SLyoz and NO3;~ concentrations
emphasize the impact of discharge changes on NOs;~ export from
catchments.

Results of the correlation analysis between BFI and nitrate
concentrations and isotopes (Table S6) support the assumption that
nitrate pools with elevated §'%Oyo3 are mobilized from the unsatu-
rated zone. We found that during the performed sampling cam-
paigns, most of the atmospheric nitrate was not contributing
directly to the stream. Instead, it was first cycled through the biota
and fixed in the soil storage before it was nitrified and released to
the stream. Our findings are consistent with the observations of
Burns and Kendall (2002), who report a major contribution of atmo-
spheric nitrate only during high flow events that exceeded the
annual flow. None of the rainfall-runoff events investigated in our
study exceed the annual flow. Moreover, our results suggest that
different nitrate export pathways occur during different hydrologi-

cal conditions.

5 | CONCLUSIONS

Our integrated approach provides valuable insights into the nitrate
export from a mesoscale river catchment and its main controls: land-
use, hydrological, and nitrate transformation processes. The studied
Erlauf catchment is a typical representative of a mesoscale Alpine
foothill catchment characterized by a land-use gradient from forested
headwaters to agricultural lowlands. Therefore, our site-specific find-
ings may be utilized to improve the interpretation of the data from
low spatial resolution water quality monitoring in catchments with
similar characteristics. In the Erlauf river system, nitrate from external
sources is stored and accumulated in soil storage pools instead of
being directly mobilized and dislocated. Nitrification of reduced nitro-
gen species in those pools plays the most important role for the N-
dynamics in the study catchment. Consequently, nitrification of
reduced N sources was the main nitrate source except for agricultural
sub-catchments. In this study, land use is the important driver of
nitrate export. The agricultural land cover was tied to elevated nitrate
concentrations and changes in the proportional contribution of nitrate
sources, especially a significantly higher contribution of manure and
sewage. In the Erlauf catchment, nitrate degradation potential is not
high enough to solely control nitrate export, and on a regional scale,
denitrification plays only a minor role. Therefore, high specific nitrate
loads in small agricultural catchments may only be managed by reduc-
ing the nitrogen surplus. One option would be the utilization of preci-
sion farming techniques allowing a spatially distributed application of
organic and chemical fertilizers according to the actual fertilization

demand.
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