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1. Introduction 
 
The European Union Water Framework Directive calls for water 
quality management on a river basins scale. Furthermore, it 
emphasises the need to prevent nitrate pollution of ground and 
surface waters as excess nitrogen from agricultural sources is one of 
the main causes of freshwater pollution in Europe. However, 
catchment-scale management approaches in large catchments are 
often hindered due to the poor understanding of the spatially and 
seasonally variable pathways of nitrate and its multiple possible 
sources. To overcome this problem the isotopic approach has been 
used to investigate the sources and fate of nitrate because different 
nitrate sources have distinctive isotopic nitrogen and oxygen 
signatures. Moreover, previous studies have proven that the 
probability distribution of the proportional contributions of nitrate 
sources can be estimated by the usage of Bayesian stable isotope 
mixing model. However, the number of surface water studies 
applying this model in large catchments characterised by a land use 
gradient is limited, and valuable information can be obtained by 
applying the model in areas characterised by different land uses to 
capture the differences in the proportional contributions of nitrate 
sources. Therefore, the Erlauf catchment was investigated as a 
mesoscale (631.5 km²) river system characterised by a land use 
gradient from pristine forests in headwaters to the agriculturally 
dominated area in the lower course of the river. The objectives were 
to: (1) determine the riverine nitrate (NO3

-) sources and their isotopic 
compositions in the study area, and (2) estimate and compare the 
proportional contribution of identified NO3

- sources in sub-
catchments that differ in their land use, by the usage of Bayesian 
stable isotope mixing model (MixSIAR).  
 
2.  Materials and Methods 
 
2.1 Study site 
The Erlauf catchment is situated in the Alpine foothills in Austria. The 
spring is located at 1200 m above sea level in the vicinity of the 
border between Lower Austria and Styria. The River Erlauf is a 
tributary of the Danube. The catchment is characterised by a land 
cover gradient. The southern part of the catchment is mainly forested 
in contrast to the northern part dominated by agriculture. 
Urbanisation is low, mainly rural with small villages and a few towns 
not exceeding 10000 habitants. The total catchment area is 

631.5 km². At the gauging station located near the outlet, the mean 
discharge is 14.6 m³s-1 (NÖ, 2019).  

Three sampling locations were selected to estimate and compare the 
proportional contribution of identified NO3

- sources in sub-
catchments with different land-use. The first sampling location is 
situated at the outlet of stream Mühlbach (Fig.1, A) and was selected 
to represent an agricultural catchment, with most of the catchment 
area covered by arable land. The second sampling location is located 
at the outlet of stream Schliefaubach (Fig.1, B), and was selected to 
represent a mixed land-use catchment. The main land-use type in this 
catchment is pasture, although forests and heterogeneous 
agricultural areas are also present. The third sampling location is 
situated at the outlet of stream Jeßnitz (Fig.1, C) and it was selected 
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Figure 1: Location of the Erlauf catchment in Austria (left upper 
corner) and land cover map of the Erlauf catchment (EPA, 2012) with 
selected sub-catchments marked with purple (A, B, and C). 
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 to represent a forested catchment. The catchment is mainly forested 
with pastures and urban areas. Table 1 presents details regarding the 
land use types in all sub-catchments. 
 

2.2 Sample collection and laboratory analysis  
In November 2013 surface water samples were collected at the 
outlets of the selected sub-catchments. Moreover, 61 precipitation 
samples were collected in the study area including rainfall and snow 
samples over a longer period of time (2012 – 2017). All samples 
were collected in HDPE bottles, filtered (0.22 μm cellulose acetate) 
and stored in a fridge prior to analysis within one month of 
collection. The isotopic composition of dissolved NO3

- (δ15NNO3 and 
δ18ONO3) was measured by mass spectrometry. The NO3

- stable 
isotopes were measured using the denitrifier method with bacteria 
strains of Pseudomonas chlororaphis (ATCC #13985) (Casciotti et al., 
2002; Sigman et al., 2001). Moreover, all samples were analysed for 
stable isotopes of water (δ2HH2O and δ18OH2O) by laser cavity ring-
down spectroscopy (L1102-I, Picarro Inc.). The NO3

- concentrations 
were analysed in the laboratory with a Segmented Flow Analysis 
according to DIN EN ISO 13395. 
 
2.3 Estimation of the proportional contribution of nitrate 
sources in the study area with SIAR model  
Based on a land-use four potential NO3

- sources in the Erlauf 
catchment were determined, i.e. atmospheric deposition (AD), nitrate 
fertilisers (NF), manure and sewage (M&S), and nitrification of 
reduced N sources (RNS). The RNS source consists of NO3

- derived 
from nitrification of nitrogen originating in soil organic matter, 
ammonium fertilisers, and ammonium in precipitation. In order to 
estimate the proportional contribution of the four potential NO3

- 
sources in surface water the typical nitrate isotopic signatures of 
those sources have to be known, i.e., mean δ15NNO3 and δ18ONO3 
values as well as their standard deviations. 
 
The δ15NNO3 and δ18ONO3 means and standard deviations of 
atmospheric deposition were based on values measured from 
precipitation samples collected in the study area.  
 
The δ18ONO3 values of RNS and M&S originate from nitrification and 
were not measured directly, but calculated. In theory, NO3

- formed by 
microbial nitrification incorporates two oxygen atoms from soil water 
and one from atmospheric O2 (23.5‰) (Andersson and Hooper, 
1983; Snider et al., 2010). Consequently, the expected δ18O value of 
NO3

- derived from nitrification may be estimated as follows:  
 

Equation 1 

The soil water δ18OH2O required in equation 1 was calculated by 
adding 5‰ to the mean δ18OH2O measured from precipitation 
samples collected in the study area to account for the possibility of 
higher soil water δ18OH2O due to evaporation (Mayer et al., 2001; 
Spoelstra et al., 2007), or a heavier reservoir of soil O2 due to 
respiratory consumption in soil (Kroopnick and Craig, 1972).  
 
The relevant literature was used to obtain all other values, including 
δ15NNO3 and δ18ONO3 (Bateman and Kelly, 2007; Kendall, 1998 and 
references therein, Vitòria et al., 2004), δ15NNO3 of RNS (Bateman 
and Kelly, 2007; Kendall, 1998 and references therein; Li et al., 
2007; Mayer et al., 2001; Panno et al., 2008; Rogers, 2008; 
Spoelstra et al., 2007; Williard et al., 2001; Zhang et al., 2008), and 
δ15NNO3 of M&S (Bateman and Kelly, 2007; Curt et al., 2004; 
Kendall, 1998 and references therein; Kreitler and Browning, 1983; 
Panno et al., 2008; Rapisarda et al., 2010; Rogers, 2008; Widory et 
al., 2005). 
  
The proportional contribution of four NO3

- sources to surface water 
was calculated by applying a Bayesian stable isotope mixing model 
(MixSIAR). The model defines the set of N mixing measurements on J 
NO3

- isotopes with K sources and can be expressed as follows 
(Parnell et al., 2010): 
 
 

 Equation 2 
 
 
 
 
 
 
 

where Xij  is the observed isotope value j of the water sample i; Ρk is 
the proportional contribution of source k, estimated by the model; Sjk  
is the source value k on isotope j and is normally distributed with 
mean μjk and standard deviation ωjk; cjk is the isotope fractionation 
factor for isotope j on source k and it is normally distributed with 
mean λjk and standard deviation τjk; εij  is the residual error describing 
additional inter-observation variance not described by the model and 
is normally distributed with mean 0 and standard deviation σj.  
 
Based on water chemistry and isotope data denitrification was not 
observed in the respective sub-catchments (Bujak et al., 2019). 
Moreover, calculations were performed for cold season (November) 
to reduce the possible impact of microbiological processes. 
Therefore, denitrification was assumed to have no effect on isotope 
signature in the respective sub-catchments and the fractionation 
factor was set to zero in equation 1 (Ckj=0).  
 
3. Results and Discussion  
 
Figure 2 shows the output of the model where source contributions 
differ between the different land-use areas.   
 
The contribution of M&S calculated by the model in the agricultural 
sub-catchment was higher than in the mixed land-use and forested 
sub-catchments (74%, 40%, and 26%, respectively). Almost one-
third of riverine NO3

- was derived from manure and sewage in the 
forested catchment. This may seem a high result but considering that 
the measured NO3

- concentration for the forested catchment was 
more than two times lower (5.0 mg L-1) than in agricultural 

Table 1: Land cover in selected sub-catchments expressed as a 
percentage of the total sub-catchment area.  

Sub-catchment 
  
Land cover [%] 

A B C 

Arable land 60 0 0 

Heterogeneous agricultural areas 40 13 0 

Pastures 0 47 16 

Forests 0 39 82 

Urban fabric 0 1 2 
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catchment (12.1 mg L-1) this cannot be neglected. The contribution 
of RNS calculated by the model in the forested catchment was higher 
than in the mixed land-use catchment and the agricultural catchment 
(62%, 48%, and 14%, respectively). Because the δ18ONO3 values of 
RNS and M&S were not measured directly but from the value 
expected from nitrification, the distinction of these two sources 
caused more constraints for the model and thus longer whiskers in 
the box plot (Fig. 2). According to the model, in all sub-catchments, 
AD contributed little to the riverine NO3

- and less than 3%. The 
contribution of NF in all sub-catchments was low, from 6% to 8%.  
 
4. Conclusion 
 
Four potential NO3

- sources in riverine water were determined in the 
Erlauf catchment and the proportional contribution of those sources 
was estimated using the MixSIAR model. Proportional nitrate source 
contributions in Erlauf catchment vary between catchment areas with 
different land uses. In the Erlauf catchment nitrification of reduced   
N sources was the main source of riverine NO3

- in forested     
headwaters with a low percentage of the agricultural land cover. The 
proportional contribution of this nitrate source was substantially 
lower in the agricultural sub-catchment. Manure and sewage was 
the main source of nitrate in the agricultural sub-catchment. The land
-use practices control the changes in nitrate sources contributions 
and nitrate concentrations in surface water in the study area. The 
results highlight the critical role of land management practices on 
regional N dynamics.  
 
The MixSIAR model can be applied to estimate proportional 
contributions of four NO3

- sources, namely manure and sewage, 
reduced N sources, nitrate fertiliser, and atmospheric deposition, in 
catchments characterised by different land-uses. The uncertainty of 
model estimations is higher for manure and sewage, and reduced N 
sources than for nitrate fertiliser and atmospheric deposition. An 
additional tracer (e.g. 11Br) can be used to improve model estimates.  
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Figure 2: Proportional contributions of four potential NO3
- sources in 

November 2013 estimated by the MixSIAR model for three sub-
catchments (A, B, C) characterised by different land cover. Box plots 
illustrate the 10th, 25th, 50th, 75th, and 90th percentiles from bottom to 
top. Potential NO3

- sources: nitrate fertilisers (NF), reduced N sources 
(RNS), atmospheric deposition (AD), manure and sewage (M&S). 
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