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Abstract. To understand the transport and fate of nitrate in catchments and its potential hazardous impact on ecosystems, 

knowledge about transit times (TT) and age of nitrate is needed. To add to that knowledge, we analyzed a 5-year low-frequency 

dataset followed by a 3-year high-frequency data set of water and nitrate isotopic signatures from a 11.5 km2 headwater 

catchment with mixed land use within the Northern lowlands of the Harz mountains in Germany. For the first time, a 15 

combination of water and nitrate isotope data was used to investigate nitrate age and transport and their relation to water transit 

times. To do so, the numerical model tran-SAS based on Storage Age Selection (SAS) functions was extended using 

biogeochemical equations describing nitrate turnover processes to model nitrification and denitrification dynamics along with 

the age composition of discharge fluxes. The analysis revealed a temporally varying offset between nitrate and water median 

transit times, with a larger offset at the beginning of wet periods due to higher proportions of young nitrate that is released 20 

more quickly with increasing discharge compared to water with larger transit times. Our findings of the varying offset between 

water and nitrate transit times underline the importance of analyses of solute transport and transformation in the light of 

projected more frequent hydrological extremes (droughts and floods) under future climate conditions. 

1 Introduction 

Due to conventional agricultural practice, the amount of nitrogen (N) applied on agricultural land very often significantly 25 

exceeds that of the actual plant uptake (Bijay-Singh & Craswell, 2021; Kirschke et al., 2019), resulting in a N surplus 

accumulating in soils and groundwater systems. Once organic soil nitrogen is transformed to nitrate, it is mobilized and 

transported by water fluxes, with the risk of contaminating receiving water bodies (Galloway et al., 2004) and fostering 

eutrophication in lakes and rivers that may trigger biodiversity loss. A powerful avenue to decipher nitrate dynamics are transit 

time approaches, which estimate the time a water parcel or a solute has spent in a catchment since its entry via precipitation or 30 
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its forming in the soil and until it reaches the stream via discharge or leaves the catchment via evapotranspiration (Hrachowitz 

et al., 2016; Lutz et al., 2018; Rinaldo et al., 2015; van der Velde et al., 2010).  

There is a considerable number of transit time studies that derive water age based on tracers (Benettin et al., 2020; Birkel et 

al., 2010; Dupas et al., 2020; Hrachowitz et al., 2016; Kleine et al., 2020; Lutz et al., 2018; Lutz et al., 2020; Nguyen et al., 

2021; Molénat & Gascuel-Odoux, 2002; Rinaldo et al., 2015; Smith et al., 2020; van der Velde et al., 2010; van der Velde et 35 

al., 2012). Studies on nitrate transit times are, however, scarce. The relevance of water transit times in relation to nitrate 

transport is pointed out in the study of van der Velde et al. (2010) who investigated solute export at the Hupsel brook catchment 

and discovered the relationship between the dynamics of contact times of water and soil and the observed solute concentrations 

in stream. Nitrate transport in relation to water age was discussed by other studies (van der Velde et al., 2012; Molénat & 

Gascuel-Odoux, 2002; Kaandorp et al., 2021; Nguyen et al., 2021; Yu et al., 2023). Nitrate removal in relation to water age 40 

was explicitly pointed out by Benettin, Fovet, & Li (2020) who estimated water age based on chloride as tracer to analyze the 

relationship between water age and nitrate removal. Their findings revealed that nitrate removal and water age does not 

correlate throughout the whole year, but an inverse relationship between nitrate removal and the release of young water was 

found during summer periods. They pointed out that during drier periods such as low flows during summer times, the old water 

contribution to the stream increases. The old water contribution from deeper groundwater storages transports nitrate from a 45 

pool that underwent some extent of denitrification. Due to the latter fact, there is a negative correlation between young water 

fractions and nitrate removal, while nitrate removal decreases when young water fractions increase. The relation between water 

age and nitrate removal in riparian zones has been discussed in other studies as well (e.g. Lutz et al., 2020). However, so far, 

there have been few investigations of age metrics of nitrate compared to age metrics of water. None of the studies attempted 

to estimate the explicit nitrate transit time, describing the time from its formation during nitrification in the soil until nitrate 50 

release to the stream by using isotopic signatures. 

Nitrate transit times can be largely different from those of water because of chemical reactions prior to and during nitrate 

transport (Hrachowitz et al., 2016). The biogeochemical reactions affecting nitrate transit times are difficult to quantify, but 

they specifically impact oxygen isotopic signatures in nitrate, which have the potential to reveal information on nitrate transit 

times. Nitrification of reduced inorganic nitrogen and the associated oxygen isotope exchange between reaction intermediates 55 

and ambient water were investigated in detail by Buchwald & Casciotti (2010), Casciotti et al. (2011), Boshers et al. (2019), 

Kool et al. (2011), Granger & Wankel (2016) and Kendall et al. (2007). Even though the nitrogen isotopic signature of nitrate 

is used widely to describe the sources of nitrate and the extent of biogeochemical reactions (Granger & Wankel, 2016; Kendall 

et al., 2007), it cannot be readily used to track nitrate age because it is governed by the highly variable isotopic signature of 

the nitrogen compounds being transformed to nitrate such as ammonia or nitrite. In contrast, the oxygen isotopic signature of 60 
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nitrate stems from surrounding water and soil air and is incorporated into nitrate during its formation via nitrification (Boshers 

et al., 2019; Griffiths et al., 2016; Kendall et al., 2007; Kool et al., 2011).   

With denitrification, the amount of nitrate on its flow path is reduced and by this nitrate concentrations are lowered in the 

stream. Denitrification along flow paths is associated with isotope fractionation resulting in a shift of both nitrogen and oxygen 

isotope values in the remaining nitrate pool towards higher values with the characteristic ratio of 18O: 15N between 65 

0.5 and 1 (Mariotti et al., 1981; Kendall et al., 2007; Knöller et al., 2011). Hence, with longer transit times, the potential impact 

of denitrification on nitrate isotopes increases. While the age of water is determined by the moment when precipitation enters 

the soil surface, nitrification taking place in the upper soil can be considered as the initial process when the “nitrate clock” 

begins to tick. Naturally, there is a time lag between precipitation entering the soil and the mobilization of newly formed nitrate 

following nitrification. Sebilo et al. (2013) conducted experiments that showed that the temporal offset between nitrogen input 70 

to the soil and mobilization as nitrate can take up to decades. In contrast, once it has been mobilized, nitrate can be considered 

to follow the same flow paths as water. However, processes like biological nitrate uptake, denitrification and mixing may have 

a significant influence on the median age of the nitrate pool resulting in an apparent shift between the transit times of nitrate 

and water.  

Unravelling the time lag between N input and nitrate mobilization and transport and the differences between water and nitrate 75 

transit times is a prerequisite to better understand a catchment’s capability to retain and mitigate nitrogen input for different 

seasons and hydrological conditions. While the time lag between input and mobilization has been addressed in previous studies 

(Sebilo et al., 2013; van der Velde et al., 2010), no studies have attempted to model nitrate transit times directly from the 

forming process until nitrate is released to the stream; hence, the offset between water and nitrate ages is largely unknown.  

The objective of this study is to unravel the relationship between water age and nitrate age by hypothesizing that (i) transit 80 

times of water and nitrate have a temporal offset in a mixed land-use headwater catchment and (ii) transit times of water and 

nitrate are impacted by varying discharge. To test our hypotheses, we collected high frequency data (needed to investigate 

transit time distributions (TTD) more precisely, Stockinger et al., 2016) of isotopic signatures of water and nitrate in the 

Meisdorfer Sauerbach catchment. The Meisdorfer Sauerbach is part of the intensively studied terrestrial environmental 

observatory TERENO (Wollschläger et al., 2017; Mueller et al., 2016; Lutz et al., 2018) and located within the Selke catchment 85 

where many studies have been conducted related to transit times of water and nitrate transport, albeit without the use of nitrate 

isotopes or model-based transit times (Nguyen et al., 2021; Winter et al., 2021; Yang et al., 2021; Ehrhardt et al., 2019; Lutz 

et al., 2020; Nguyen et al., 2022). 

In addition to the conventional evaluation of the high frequency isotope data sets of water and nitrate, we adopted the transit-

time model tran-SAS v1.0 (Benettin and Bertuzzo, 2018) to simulate nitrate transit times and nitrate age by incorporating the 90 

simulation of oxygen isotope signatures and considering dominant processes like nitrification and denitrification and the 
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associated oxygen isotope fractionation effects. Besides high-frequency isotopic data, the model was fed with simulated 

hydrological and nitrate data derived from the mesoscale hydrological Model-Nitrate (mHM-N; Yang et al., 2018; Yang & 

Rode, 2020). We analyzed simulated water and nitrate transit times obtained by the model in order to better understand the 

storage and release of nitrate in mixed land-use headwater catchments. The novelty of this study is the usage of oxygen isotopic 95 

signature to simulate the forming and the degradation of nitrate at the catchment scale and by this being able to estimate the 

age and transit time of nitrate more accurately.   

2 Material and Methods 

2.1 Study area 

This study was conducted in the Meisdorfer Sauerbach catchment, which is located at the north-eastern border of the Harz 100 

mountains in Central Germany (Fig. 1). The climate in the area is semi-humid with an annual precipitation of 474 mm and an 

annual mean temperature of 12 °C (considering the years 2013-2020). While arable land accounts for 48 % of the 11.5 km² 

catchment, around 46 % of the catchment are covered with forest and grassland. The remaining 6 % are urban areas (GeoBasis-

DE / BKG, 2018). Dominant soil types are brown earth and podzols with a higher proportion of clay as well as luvisols with 

pseudogleys from loess. Alluvial soils surround the surface water bodies in the catchment (BGR, 2020). The permeability of 105 

the underlying geological sequences mainly consisting of greywacke, red sandstones and shell limestones and varies between 

moderate and low permeable conditions (hydraulic conductivity coefficient (kf-value) between 1E-12 and 1E-5). Aquitard 

sections are found throughout the catchment (BGR, 2020). 
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Figure 1: The Meisdorfer Sauerbach catchment with an area about 11.5 km² is located at the north-eastern border of the Harz 

mountains of Germany (top left map of Germany). The red dot is the location of the autosampler for stream chemistry as well 

as the discharge measurement station. The orange triangles are locations of soil samples and the white circles with the black 

dot are locations of ground water wells. Land-use data in panel A is provided by GeoBasis-DE / BKG (2018), and elevation 115 

data in panel B in 200m resolution is taken from GeoBasis-DE / BKG (2013). 

2.2 Sampling 

Nitrate concentrations, nitrate isotopic signatures (δ15N and δ18O values) and water isotopic signatures (δ2H and δ18O values) 

were measured in stream water close to the catchment outlet with varying temporal resolution. The stream water stable isotope 

samples were taken at fortnightly intervals from February 2017 to September 2018. Monthly samples were taken from October 120 

2018 to April 2019. From May 2019 until March 2021, samples were generally taken as daily grab samples. During that period, 
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sampling was changed from a daily to a sub-daily scheme with sampling intervals between 4 and 8 hours for selected 

precipitation events, whenever the weather forecast predicted precipitation events in the investigation areas.  

Sampling schemes for nitrate concentrations and nitrate isotope signatures in stream water are in fortnightly timesteps from 

February 2017 to September 2018 and daily from May 2019 to March 2021. During October 2018 to April 2019, no samples 125 

were taken for the analysis of nitrate concentrations and nitrate isotopes.  Besides stream water samples, composite 

precipitation samples were collected on a monthly base between 2013 and 2017. Fortnightly composite precipitation samples 

were taken from February 2017 to September 2018. Daily composite precipitation samples and sub-daily precipitation samples 

for selected precipitation events were collected from May 2019 to March 2021. Due to technical challenges related to the 

operation of the autosamplers (mainly temporary clogging of tubes and valves especially during low flow periods), only 130 

considerably reduced, variable sample volumes were collected at certain periods of times. As a consequence, a parallel analysis 

of nitrate isotope signatures and nitrate concentration could not be realized for all samples. In total, there are 147 measurements 

of nitrate isotopic signatures and 161 measurements of nitrate concentrations, while only 71 measurements of both are 

overlapping (from the same sampling time). Stable isotope signatures of water were analysed for 391 stream water samples 

and for 535 precipitation samples. In addition, seasonal groundwater (n=39) and soil moisture (n=127) samples for water 135 

isotope analysis were taken between February 2017 and September 2018 at seven different locations close to the stream in the 

agricultural land use section of the catchment (Fig. 1). 

2.3 Laboratory Analysis 

Water samples were filtered through a 0.45 µm filter before concentration and isotope analyses. Nitrate concentrations were 

measured by ion chromatography with a Dionex ICS-2000 instrument combined with an AS50 autosampler. The denitrifier 140 

method with bacteria strains of Pseudomonas chlororaphis was applied for determining the isotopic composition of dissolved 

nitrate (Sigman et al. 2001; Casciotti et al. 2002). The respective isotope measurements of the produced N2O gas were 

conducted with a GasBench II connected to a DELTA V Plus mass spectrometer (Thermo Scientific). The analytical precision 

for nitrogen and oxygen isotope measurements of nitrate were 0.4 ‰ and 0.8 ‰, respectively. International standards 

(USGS32, USGS34, USGS35 and IAEA NO3) were applied for correction and calibration of the raw analytical data. Stable 145 

isotope signatures of water were measured in duplicate with a liquid water isotope analyser (Picarro L2120-I). Samples were 

normalized to the VSMOW scale using replicate (20x) analysis of internal standards calibrated to VSMOW and Standard Light 

Antarctic Precipitation (SLAP) certified reference materials. The analytical uncertainty of the δ18O measurement was ±0.1 ‰. 

Isotopic ratios are expressed in delta notation (𝛿) relative to atmospheric nitrogen for the nitrogen isotope signature and relative 

to Vienna Standard Mean Ocean Water (VSMOW) for the oxygen isotope signatures of both nitrate and water: 150 

𝛿𝑠𝑎𝑚𝑝𝑙𝑒[‰] =  (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1) × 1000 (1) 
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With 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 describing the isotopic ratio of the water sample, and 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 describing the isotopic ratio of atmospheric 

nitrogen (Rstandard = 3.677x10-3) and the VSMOW-standard (Rstandard = 2.0052x10-3) for nitrogen and oxygen isotope 

measurements, respectively. 

 

2.4 Model set up 155 

To model water and nitrate transit times using a transit-time model aided by isotopic signatures, we conceptualize the 

catchment via a two-storage approach, i.e., an upper storage representing the upper soil layer where nitrification takes place 

and a routing storage representing deeper soil compartments where denitrification takes place (Fig. 2). The upper storage 

receives precipitation as input while water leaves as evapotranspiration and leachate to the routing storage. The routing storage 

releases water as evapotranspiration or as discharge to the stream. Nitrate is formed during leaching from the upper storage to 160 

the routing storage, where denitrification takes place before nitrate is transported to the stream.  

 

Figure 2: Conceptual nitrate isotope model with two storages and the processes (equations) that influence the isotopic 

signature of δ18O-NO3 
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The water and nitrate age distributions as well as the backward transit times are modelled with the Storage Age Selection 165 

(SAS) functions approach by using a modification of the tran-SAS v1.0 model (Benettin and Bertuzzo, 2018). In the tran-SAS 

model, a catchment is represented as a single storage S(t) with a water-age balance that can be expressed as follows (Benettin 

and Bertuzzo 2018):  

𝑆(𝑡) = 𝑆0 + 𝑉(𝑡) (2) 

𝜕𝑆𝑇(𝑇, 𝑡)

𝜕𝑡
+

𝜕𝑆𝑇(𝑇, 𝑡)

𝜕𝑇
= 𝑃(𝑡) − 𝑄(𝑡) ∗ 𝛺𝑄(𝑆𝑇 , 𝑡) − 𝐸𝑇(𝑡) ∗ 𝛺𝐸𝑇(𝑆𝑇 , 𝑡) (3) 

Initial condition : 𝑆𝑇(𝑇, 𝑡 = 0) = 𝑆𝑇0
(t) (4) 

Boundary condition: 𝑆𝑇(0, 𝑡) = 0 (5) 

Where 𝑆0 is the initial storage, 𝑉(𝑡) (mm) are the storage variations, 𝑃(𝑡) is precipitation (mm/d), 𝑄(𝑡) is discharge (mm/d) 

and 𝐸𝑇(𝑡) is evapotranspiration (mm/d). 𝑆𝑇(𝑇, 𝑡) (mm) is the age-ranked storage with 𝑆𝑇0
(mm) as initial age-ranked storage. 170 

The cumulative SAS functions are described as 𝛺𝑄(𝑆𝑇 , 𝑡)  for discharge and 𝛺𝐸𝑇(𝑆𝑇 , 𝑡)  for evapotranspiration. 

The (time variant and time invariant) SAS functions can be expressed as probability density functions with regard to the 

normalized age-ranked storage (𝑃𝑆): 

𝜔(𝑃𝑆(𝑇, 𝑡), 𝑡) = 𝑘 ∗ (𝑃𝑆(𝑇, 𝑡))𝑘−1 (6) 

𝜔(𝑃𝑆(𝑇, 𝑡), 𝑡) = 𝑘(𝑡) ∗ (𝑃𝑆(𝑇, 𝑡))𝑘(𝑡)−1 (7) 

Where the catchment’s water age preference for outflow is described by the parameter 𝑘. The catchment has a preference to 

release young water if 𝑘<1. In case of 𝑘>1, the catchment tends to discharge old water. No selection preference (i.e., random 175 

sampling) is described with 𝑘=1. For stream water the time-variant power-law function (Eq. 7) was used in the modified nitrate 

isotope model. The time varying 𝑘 varies depending on the wetness index (Benettin and Bertuzzo, 2018). Since the focus of 

this study is not on the water age of evapotranspiration and due to the lack of tracer data from evapotranspiration, we applied 

the time invariant power law function (Eq. 6) to evaporation fluxes for the completeness of the model. By this, we got eight 

parameters to be evaluated using the fit of modelled vs. observed streamflow isotope data, i.e., 𝑘𝑄1 and 𝑘𝑄2 for stream water, 180 

𝑘𝐿1 and 𝑘𝐿2 for leaching water, 𝑘_𝐸𝑇1 for evapotranspiration from the upper storage, 𝑘_𝐸𝑇2 for the routing storage and the 

initial storage parameter S1.0 for the upper storage and the initial storage parameter S2.0 for the routing storage (Table 1). 

Two additional parameters are evaluated to represent the denitrification on nitrate isotopic signatures (𝑘16𝑂 and Ɛ). More 

details about tran-SAS are provided by Benettin & Bertuzzo (2018). 

To decouple water and nitrate age transit times, we extended the tran-SAS model by introducing the upper and lower storage, 185 

including nitrification coupled to leaching from the upper to the lower storage, and simulating denitrification in the lower 

storage affecting nitrate age. The model extension is based on the assumption that nitrate is formed with water leaching from 
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the upper storage; i.e., nitrate has the age zero when entering the routing storage. More specifically, we simulated transit time 

distributions for describing the age composition of discharge and nitrate export at a daily time step (Rinaldo et al. 2015). By 

this, the TTD gives information about the distribution of transit times for all parcels of water and nitrate moving through the 190 

storage system. Denitrification with first order kinetics (Eq. 8) was implemented in the routing storage of the model. 

Denitrification is driven by microbial activity, while the extent of denitrification depends on the time that nitrate has spent in 

the subsurface, i.e., the TTD of water leaving the routing storage. As denitrification is a process affecting the isotopic 

composition of nitrate (Granger and Wankel, 2016), fractionation of oxygen isotopes is considered in the model. Hence, with 

release to the stream, the nitrate isotopic signature carrying the imprint of denitrification is simulated. 195 

To track transit times of water and nitrate, we use oxygen isotopic signatures (δ18O) as a tracer. During nitrification, oxygen 

of the ambient water is incorporated into the produced nitrate (Boshers et al., 2019; Griffiths et al., 2016; Kendall et al., 2007; 

Kool et al., 2011). Therefore, by tracking the transport of water isotopic signatures using δ18O as tracer, it is also possible to 

track nitrate transit times.  

The model is driven by time series of water and nitrate fluxes and isotopic signatures of precipitation, while oxygen isotope 200 

measurements from streamflow are used for calibration. Ordinary kriging of precipitation isotopic signatures with elevation 

was conducted in R version 4.0.5 using the package “automap” to take into account the change of isotopic signatures in 

precipitation with elevation. For that purpose, isotope data from other studies (Radtke et al., 2023) was used to improve the 

spatial distribution of isotopic signatures. The daily isotopic signature was extracted as spatial mean over the catchment area. 

Hydrological fluxes (i.e. evapotranspiration, discharge and leaching from the upper storage) and associated nitrate 205 

concentrations (i.e. nitrate in leaching flux) were computed using the spatially explicit distributed mHM-Nitrate model 

(mesoscale Hydrological Model for Nitrate; Yang & Rode, 2020), a fully distributed nitrate transport and removal model. A 

detailed description of the model structure, conceptualization and calibration of mHM-Nitrate, which combines concepts of 

the hydrological model (mHM) (Samaniego et al., 2010) and the Hydrological Predictions for the Environment (HYPE) model 

(Lindström et al., 2010), is provided by Yang & Rode (2020). Yang & Rode (2020) applied mHM-Nitrate at daily time step to 210 

the larger Selke catchment, of which the Meisdorfer Sauerbach is a tributary, using precipitation and temperature patterns 

interpolated from observed data (Rauthe et al., 2013; DWD, 2017), and calibrated the model against observed discharge as 

well as in-stream nitrate concentrations at three main stem stations of the Selke catchment (Yang et al. 2018). 

2.5 Nitrate isotope model 

To get information on nitrate ages, the tran-SAS model is extended to account for nitrification and denitrification. The nitrate 215 

isotope model is based on oxygen isotopic signatures of nitrate (δ18O-NO3) instead of the nitrogen isotopic signature (δ15N-

NO3). This is due to the fact that the initial oxygen isotope signature of nitrate is determined by the water oxygen isotope value 

during the formation of nitrate (Boshers et al., 2019; Buchwald and Casciotti, 2010; Granger and Wankel, 2016; Griffiths et 

al., 2016; Kool et al., 2011). Hence, we assume it can be utilized as a time stamp for nitrate origin. In contrast, the initial δ15N-
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NO3 is mainly driven by the nitrogen isotope signatures of the precursor nitrogen-bearing substrates (inorganic reduced 220 

nitrogen, organic nitrogen) that are processed during nitrification, the main formation process of nitrate. Therefore, nitrogen 

isotope signatures in nitrate are not suitable for revealing age information of dissolved nitrate.  

The isotopic signature of NO3 formed during nitrification can be described by Eq. (8) (Kool et al., 2011; Boshers et al., 2019): 

𝛿18𝑂𝑁𝑂3
=

1

3
𝛿18𝑂𝑂2

+
2

3
𝛿18𝑂𝐻2𝑂 

 

(8) 

with 𝛿18𝑂𝑂2
 being the isotopic signature of soil air (parameter between 22 and 29 ‰ according to Mayer et al. (2001)) and 

𝛿18𝑂𝐻2𝑂  being the isotopic signatures of leaching water.  225 

The oxygen isotopic signature of soil air is often determined with a value of 23.5 ‰ (Boshers et al., 2019; Griffiths et al., 

2016; Kendall et al., 2007, Kool et al., 2011), although the isotopic signature of soil air can vary due to different influences. 

For example, Kendall et al., (2007) mentioned that the isotopic signature of soil air can be lower due to photosynthesis or 

higher due to respiration by microbes which is in line with findings by Mayer et al., (2001), who observed variations of isotopic 

signature of soil air between 22 and 29 ‰. Moreover, initial oxygen nitrate isotope signatures fixed during nitrification may 230 

undergo an alteration that could bias the extracted age information. This alteration is related to an isotope fractionation during 

denitrification or a secondary oxygen isotope exchange of process intermediates (NOx) with the ambient water (Granger and 

Wankel, 2016). While the potential impact of denitrification is considered in the model, a secondary exchange of oxygen 

isotopes is not taken into account because of the high uncertainty related to the reliable numerical prediction of that exchange 

in combination with multiple environmental and ecological parameters driving the exchange process. Nevertheless, we expect 235 

the alteration of oxygen isotope signatures by secondary isotope exchange to have a minor impact on the nitrate age 

simulations. Therefore, for the sake of simplification, we neglected that process in our model and, for reasons of simplification, 

set the isotopic signature of soil air to 23.5 ‰.  

The extent of denitrification, described with first order kinetics, was determined by the TTDs of the water transporting nitrate 

through the routing storage. We simulated transport and denitrification for the two isotopic species of nitrate (16O and 18O) 240 

separately. This leads to the following expression for nitrate isotope values in the stream:  

𝐶(𝑡) = ∫ 𝐶𝑆(𝑡 − 𝜏)𝑝𝑄(𝜏, 𝑡)𝑒−𝑘𝜏𝑑𝜏
∞

0

 (9) 

where 𝐶(𝑡) is the respective concentration of the two different oxygen isotopes of nitrate (18O, 16O) at the catchment outlet, 

𝐶𝑆(𝑡 − 𝜏) describes the respective concentrations of 18O and 16O of nitrate in the routing storage per timestep, and 𝑝𝑄(𝜏, 𝑡) 

represents the transit time distribution of the water transporting nitrate through the routing storage at time t. The first order 

kinetics expression 𝑒−𝑘𝜏 describes denitrification during transport through the routing storage, where 𝑘 is the degradation rate 245 

constant and 𝜏 describes the transit time. The resulting oxygen isotope signature in the stream was calculated using Eq. 1. The 

nitrate concentration obtained by the nitrate isotope model is calculated by the concentration sum of the two isotopic species: 
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𝐶(𝑡)𝑁𝑂3 = 𝐶(𝑡)18𝑂 + 𝐶(𝑡)16𝑂 (10) 

with the respective concentrations of the two different oxygen isotopes of nitrate (18O, 16O) at the catchment outlet for each 

time step and 𝐶(𝑡)𝑁𝑂3 as resulting nitrate concentration at time step t in mg/l. 

Isotope fractionation during denitrification with rate constant k (see Eq. 9) is determined by the isotope fractionation factor 250 

(𝛼): 

𝛼 =  
𝑘18𝑂

𝑘16𝑂

 (11) 

The corresponding range of values for the fractionation factor and degradation rate constant of the light oxygen isotope species 

(𝑘16𝑂
) were taken from Granger & Wankel (2016). The range of fractionation factors was given as epsilon values (Ɛ ≈ 

1000ln(α) which were between -5‰ and 5 ‰, while degradation rate constants (𝑘16𝑂
) were between 0.0 and 0.9 [day-1]. We 

only considered isotope fractionation for oxygen isotopes in nitrate.  255 

2.6 Model evaluation 

The statistical method generalized likelihood uncertainty estimation (GLUE) (Beven and Binley, 1992; Beven and Binley 

2014) was applied to evaluate the model performance of randomly selected 10.000 parameter sets of the catchment. The GLUE 

approach is a valuable tool to evaluate the parameter uncertainty and equifinality. Multiple sets of parameter values can be 

evaluated within the limitations that are given for a model (Beven and Binley, 1992; Beven and Binley 2014). In this study, 260 

we selected the 10% best simulations (Table 1) considering the Kling-Gupta-Efficiency (Gupta, Kling et al. 2009) between 

observed and simulated isotopic signatures in the stream (Eq. 12). 

𝐾𝐺𝐸 = 1 − √(𝑟 − 1)2 + (
𝜎𝑠𝑖𝑚

𝜎𝑜𝑏𝑠

− 1)
2

+ (
𝜇𝑠𝑖𝑚

𝜇𝑜𝑏𝑠

− 1)
2

 (12) 

where  𝜎𝑜𝑏𝑠/𝑠𝑖𝑚 is the standard deviation in observations/simulations, 𝜇𝑜𝑏𝑠/𝑠𝑖𝑚 is the mean of all observations/simulations and 

𝑟 is the Pearson correlation coefficient between observations and simulations. KGE=1 indicates perfect agreement between 

simulations and observations. A spin up period repeating the period 2013 to 2016 three times is used to minimize the effect of 265 

initial conditions. The initial condition of the isotopic signature δ18O is set to -8 ‰ in both storages. 

The mean simulation of all 10% best parameter combinations according to the highest KGE for water isotopic signatures in 

stream were selected for further analysis.  
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Table 1: Parameter ranges of the 10% best simulations according to the KGE of the water isotopic signatures in stream (amount 

simulations = 212) 270 

Parameter Parameter description Lower 

boundary 

Upper 

boundary 

kL1 [-] Time-variant power-law function parameter for leaching water 0.01 0.09 

kL2 [-] Time-variant power-law function parameter for leaching water 0.01 0.10 

k_ET1 [-] Time-invariant power-law function parameter for 

evapotranspiration, upper storage 

0.60 0.99 

S1.0 [mm] Initial condition of the water volume in the upper storage 80 190 

kQ1 [-] Time-variant power-law function parameter for discharge 0.10 0.47 

kQ2 [-] Time-variant power-law function parameter for discharge 0.10 0.21 

k_ET2 [-] Time-invariant power-law function parameter for 

evapotranspiration, routing storage 

0.60 

 

0.99 

S2.0 [mm] Initial condition of the water volume in the routing storage 153 499 

𝒌𝟏𝟔𝑶
 Denitrification rate of the light oxygen isotope [day-1] 0.01 0.10 

Ɛ Epsilon as fractionation factor for the isotopic signature [‰] -5 5 
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2.7 Evaluation of isotopic enrichment 

To evaluate the occurrence of microbial activity such as denitrification, the Rayleigh plot can be used. Isotopic enrichment 275 

during denitrification can be expressed by a simplified Rayleigh equation (Eq. 13): 

𝛿15𝑁𝑡 = 휀 𝑙𝑛 (
𝐶𝑡

𝐶𝑚𝑎𝑥

)  + 𝛿15𝑁𝐶−𝑚𝑎𝑥 (13) 

where 휀 is the isotopic enrichment factor, 𝑡 expresses the nitrogen isotopic composition and nitrate concentration at any time 

step and 𝑚𝑎𝑥 refers to the highest measured concentration and the isotopic composition determined at that particular timestep. 

3 Results and discussion 

3.1 Evaluation of measured isotope data 280 

The isotopic signature of δ18O of water in stream shows a damped signal compared to the isotopic signature of water in 

precipitation. Only during event sampling with higher sampling frequencies, higher fluctuations of isotopic signatures are 

visible in stream water. The isotopic signature in precipitation varies between -21.3 ‰ and 3.4 ‰ for δ18O while the isotopic 

signature in stream water varies between -11.2 ‰ and -6.7 ‰ for δ18O. Soil moisture and groundwater samples for 18O-H2O 

varied from -14.9 ‰ to -1.0 ‰ and from -9.2 ‰ to -7.9 ‰, respectively. For instream nitrate, δ18O-NO3 varied between -285 

3.3 ‰ and 33.1 ‰ and δ15N-NO3 varied between 3.5 ‰ and 27.4 ‰ (Fig. 3). Measured NO3-N concentrations in stream water 

varied between 0.25 mg/l and 9.6 mg/l. 
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Figure 3: Isotopic signatures of nitrate (A, B) as well as the concentration of NO3-N in stream water (C) and the discharge (Q) 

[mm/d] (D) for the observation period 290 

Isotopic signatures of nitrate that were measured fortnightly show less strong variations compared to the isotopic signatures of 

nitrate that have been measured sub-daily to daily (Fig. 3). In 2019, the highest isotopic signatures of nitrate can be found 

during the daily sampling scheme. Considering the NO3-N concentrations, the pattern is different. During the fortnightly 

sampling campaign, NO3-N concentrations rose up to 10 mg/l while during the sub-daily to daily sampling scheme, NO3-N 

concentrations rose up to 3.5 mg/l. In general, NO3-N concentrations during the high-frequency sampling scheme were lower 295 

compared to the low-frequency sampling scheme. With a delay, the NO3-N concentrations increase in response to an increasing 

discharge, which can be seen in the beginning of 2018 and 2020. The isotopic signatures show a minor change in their 

composition in response to changing hydrologic conditions: the oxygen isotopes show a more scattered pattern during high 

flows, while nitrogen isotopes show a decrease in their isotopic signatures during high flows, which can be seen both in the 

beginning of 2018 and 2020. These findings indicate that nitrate is flushed out of the storage system due to high flow events. 300 

Storage selection functions that are used in numerical models such as the tran-SAS (Benettin and Bertuzzo, 2018) can reflect 

these varying conditions; therefore, we decided to use the SAS approach for further investigation of nitrate and its age derived 

from nitrate isotopic compositions. 
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Since nitrate can derive from different nitrogen sources, it is not straightforward to determine the exact nitrogen source. In Fig. 

4, the possible sources of nitrate in the Meisdorfer Sauerbach catchment according to its isotopic values are shown.  305 

 

 

Figure 4: Isotopic signatures of nitrate in stream water in the Meisdorfer Sauerbach catchment, indicating different possible 

nitrate sources. 

In the Meisdorfer Sauerbach catchment, the relation between both isotopic signatures (δ15N and δ18O of nitrate) show possible 310 

sources mainly from fertilizer such as organic fertilizer and ammonium fertilizer as well as ammonium formed in the soil zone 

(Fig. 4), with boundaries of the isotopic signatures of the sources taken from Kendall et al. (2007) and adapted to the 

precipitation isotopic signature that have been measured in the catchment. There is no clear sign of denitrification evident in 

the isotopic measurements. Nevertheless, denitrification cannot be excluded, since some gaps in the measured time series due 

to a lack of sample water are present (Fig. 3). To further investigate whether the dataset points towards the occurrence of 315 

denitrification, we compare monthly distributions of isotopic signatures of nitrate with the monthly distributions of measured 

nitrate concentrations (Fig. 5). 
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Figure 5: Monthly distribution of the isotopic signature (panel A) δ18O-NO3, (panel B) δ15N-NO3 and (panel C) nitrate-N 

concentration during the years 2017-2020 320 
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The monthly distribution of δ18O-NO3 in comparison to the nitrate-N concentration shows increasing isotopic signatures for 

decreasing nitrate-N concentrations (Fig. 5). Even though this relationship is not strong (Pearson correlation: -0.12), the 

behavior is visible for instance in 2019. The highest variability of oxygen isotopic signatures was found in the summer of 

2019, where low nitrate-N concentrations under 10 mg/l were observed. In the beginning of 2018, the nitrate-N concentrations 

increased, and the most depleted oxygen isotopic signatures coincide with the highest nitrate-N concentrations. The observed 325 

pattern points towards different mechanisms of nitrate formation depending on hydrologic conditions. After fertilizer 

application, microorganisms in the soil zone consume the infiltrated substances of the fertilizer application and nitrify them to 

nitrate. The isotopic signature of the nitrified nitrate, which can be taken up by plants as well as flushed out of the system due 

to high flow periods, is dominated by the soil oxygen isotope signature and therefore shows more decreased oxygen isotopic 

signatures. In summer, with higher temperatures, nitrate consuming processes such as denitrification occur under moist 330 

conditions (Kendall et al., 2007; Kaneko and Poulson, 2013; Granger and Wankel, 2016). Depleted nitrate-N concentrations 

during summer months with increasing oxygen isotopic signatures are indicators for denitrification that occurred in the soil 

zone under high temperatures and high soil moisture. The measured samples in the Meisdorfer Sauerbach show only short-

term periods; therefore, a continuous time series analysis is not possible. Considering the samples we have, some indications 

(variations of isotopic signatures; fractionation) of microbial processes can be observed such as nitrification and denitrification, 335 

even though these processes likely occur irregularly and cannot be confirmed by the dual isotope plot or the relation between 

nitrate concentrations and isotopic signatures of δ15N. 

 

Figure 6: Comparison of the measured range of 18O-NO3 in stream water with calculated ranges of 18O-NO3 based on the 

18O-H2O ranges observed in different compartments using Eq. (8)  340 
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Using Eq. (8) with the isotopic signature of 23.5 ‰ for 18O-O2 and the measured 18O-H2O values of precipitation, 

groundwater, soil moisture and stream water results in hypothetical 18O-NO3 values that reflect the compartment in which 

nitrification has occurred. Interestingly, Fig. 6 illustrates that the observed range of 18O-NO3 is larger than the calculated 

ranges for the different compartments. Moreover, while the calculated means are very close to each other (2-3 ‰), the mean 

of the observed oxygen isotopic range in nitrate is significantly higher (4.5 ‰). The most obvious reason for the differences 345 

between calculated and observed ranges is a secondary biogeochemical impact on the oxygen isotopic composition of the 

nitrate pool that to some extent disturbs the original isotopic signature fixed during nitrification. A negative deviation from the 

calculated range could be associated with oxygen isotope exchange of reaction intermediates (primarily nitrite) with the 

ambient water. This scenario is especially likely for temporally or locally variable biogeochemical conditions favouring both 

the reductive pathway of nitrate reduction and the oxidative pathway of nitrite oxidation (Granger and Wankel, 2016). A 350 

positive deviation of observed 18O- NO3 from computed 18O- NO3 is most likely caused by the impact of denitrification. The 

overall impact of denitrification on the catchment scale can be evaluated by integrated data analysis as shown below (Kendall 

et al., 2007). Considering all measured isotope signatures of nitrate and nitrate concentrations throughout the observation 

period, the integrated analysis with a Rayleigh plot and an isotope cross-plot (Fig. 7) clearly suggests a minor impact of 

denitrification at the catchment scale. Fitting the Rayleigh equation to the observed data only yields an apparent, field-based 355 

enrichment factor that is normally smaller than the intrinsic enrichment factor that would be observed under closed system 

conditions (e.g., Druhan and Maher, 2017; van Breukelen, 2007). Despite this uncertainty, the obtained value of  

-2.7 ‰ cannot be considered as indicative for straightforward denitrification (Knöller et al., 2011). Even though a minor 

number of samples undoubtedly show the impact of denitrification with elevated isotope values and low concentrations (Fig. 

7a), the overall nitrate isotope-concentration pattern is controlled by dilution and other flow-related processes as well as by the 360 

isotopic nitrate source variability (Benettin et al., 2020; Lutz et al., 2020). Accordingly, the dual isotope plot (Fig. 7b) does 

not show a strong positive correlation between nitrogen and oxygen isotope signatures expressed by a so-called denitrification 

line with a slope between 0.5 and 1. 
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Figure 7: a. Relationship between nitrate concentrations (normalized to the highest measured concentration) and b. dual 365 

isotope plot showing the correlation between measured nitrogen and oxygen isotope signatures 

3.2 Simulation results of the modified tran-SAS  

3.2.1 Water isotopic signatures and water age distributions in discharge 

In general, the simulated isotopic signature of stream water using the tran-SAS model mirrors the behavior of measured isotopic 

signature in stream water with a KGE of 0.48 (Fig. 8). Except for strong short-term fluctuations of the isotopic signatures in 370 

stream for instance in 2019 and at the end of 2020, the model is able to capture the general variation of isotopic signatures 

during individual years. 

For the comparison of transit times of both water and nitrate (Fig. 10), the transit times of the routing storage are considered 

only. Transit times of water are lower during high flow conditions and higher during low flow conditions and long recession 

times. Discharge after winter and during spring of 2018, 2019 and 2020 becomes lower and by this the proportion of old water 375 

becomes higher, which is reflected by increasing median transit times. Water of different ages contributes to stream water with 

variable proportions over time. During the entire observation period between 2017 and 2020, the wettest conditions were 

observed in 2017. Correspondingly, the highest proportion of young water was found during a peak flow at the beginning of 

2018, after the wet year 2017. The following years 2019 and 2020 were influenced by dry climate conditions with lowered 

discharge and increasing transit times of water. This implies that the higher proportion of older ages in stream flow during the 380 

dry year 2018 compared to the wet year 2017 is most likely related to higher relative contribution of older (ground-)water to 

the streamflow during the recession period and less young water from recent precipitation events, since less precipitation felt 

during the dry year 2018. The following years 2019 and 2020 are affected by drought conditions and overall less precipitation, 

causing higher old water contributions during summertime. It is most likely that the replenishment of water storages took a 
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few months after the drought in 2018. A similar behavior was reported by Smith et al. (2020) who analyzed the effect of the 385 

drought in 2018 on ecohydrological fluxes in Central Germany. According to their findings, the replenishment of the water 

storages took 6 to 8 months depending on the vegetation canopy. The impact of the drought can easily be followed by the 

discharge time series. Lowered discharge in subsequent years after 2018 reflect that the catchment has not yet recovered from 

the drought impact, as similarly found by Kleine et al. (2020). 

 390 

Figure 8: Precipitation [mm] (blue) and isotopic signature of δ18O-H2O in precipitation (grey: dots = measured, line = 

sinusoidal fitting line to precipitation isotopic signature) on top and discharge [mm] boxplots on the right side of the graph 

show the distribution of isotopic signature in precipitation (top) and streamflow (bottom) 

3.2.2 Nitrate isotopic signatures and TTDs gained from nitrate isotope model 

The measured nitrate oxygen isotopic signature δ18O-NO3 in stream water samples shows a considerable scatter (Fig. 4 and 395 

Fig. 9). Considering a range of literature values for isotope fractionation parameters during denitrification and degradation 

rates as proposed by Granger & Wankel (2016), we obtain a simulated scattering of oxygen isotopic signatures that is shown 

in orange in Fig. 9. Most of the measured values plot within that simulated range. Instead of applying variable fractionation 
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parameters, we used a simple model approach with constant degradation rates and constant fractionation factors during the 

time series which is able to reflect the range of measured isotopic signatures. It is obvious though that biogeochemical 400 

processes in soil and stream water are more complex and that δ18O-NO3 is not only determined by nitrification and 

denitrification. A significant share of nitrate with an oxygen isotopic signature not related to nitrification in any way can be 

introduced into the catchment by direct input through inorganic fertilization using nitrate salts. That share can account for up 

to 20-30% of the total fertilization in arable land (Boshers et al., 2019). Moreover, as already discussed in section 3.1 based 

on the evaluation of the observed data, intermediates of redox reactions in the unsaturated and saturated zones involving 405 

nitrogen transformations such as hydroxylamine or nitrite have the capability of quickly exchanging oxygen isotopes with the 

ambient water and thereby introducing an uncertainty on the prediction of δ18O-NO3 formed during nitrification according to 

Eq. (8) (Buchwald and Casciotti, 2010; Casciotti et al., 2011; Boshers et al., 2019). Kool et al. (2011) state that the isotopic 

signature δ18O-NO3 may be completely controlled by δ18O-H2O, due to the above-mentioned isotope exchange during 

biogeochemical processes in the reactive zones. This potential exchange of δ18O and any water flow related mixing phenomena 410 

of nitrate from different sources is not considered in our simple model, due to the fact that other mixing phenomena of nitrate 

are not measurable with the data provided. Moreover, the isotopic signature of surrounding soil air has an influence on the 

nitrified nitrate. In our study, we assumed that the proportion of oxygen from water and soil air are the same in soils as observed 

in laboratory cultures and that, therefore, the incorporation of oxygen from soil air or water during nitrification is not associated 

with isotope fractionation (Kendall et al., 2007). Besides, we assume that the isotopic signature δ18O of water used by microbes 415 

is the same as the isotopic signature of water in the soil storage and that the isotopic signature δ18O of soil air used by microbes 

is the same as the atmospheric isotopic signature (Kendall et al., 2007). However, under natural conditions in aquatic systems, 

other processes can influence the δ18O of dissolved oxygen of soil air, e.g., the diffusion of atmospheric oxygen of air in the 

subsurface as well as photosynthesis which lowers the δ18O of soil air, and respiration by microbes which leads to higher δ18O 

values of soil air due to isotopic fractionation (Kendall et al., 2007; Boshers et al., 2019). In general, observed δ18O of nitrate 420 

can show an offset compared to δ18O of nitrate computed with the simple Eq. (8), due to the implemented oxygen isotopic 

signature of soil air which undergoes respiration (Kendall, 1998; Kendall et al., 2007). Besides, in addition to the common 

autotrophic nitrification pathway, nitrate formation can occur to some extent via heterotrophic aerobic ammonia oxidation 

(Mayer et al., 2001). Moreover, the proportion of oxygen from surrounding water and soil air can change to a minor degree 

during nitrification (Aravena et al., 1993; Kool et al., 2011). It is still unresolved how these different mechanisms affect the 425 

isotopic signature of nitrate during nitrification reactions and to what extent they can therefore not be adequately mirrored with 

simple equations such as Eq. (8) (Kendall et al., 2007). Instead the applied equation gives a possible range of nitrate isotopic 

signatures that could occur under the previously mentioned restrictions. 

During wet periods, younger nitrate is dominant, which was released from the upper subsurface storages. In the Meisdorfer 

Sauerbach catchment, we predominantly found transit times of water up to 300 days with lowest transit times (50 days) during 430 

high flows. Hence, water with such short transit times easily transports soluble nitrate directly to the stream (Fig. 10). 

Considering such short contact times between water-born nitrate and biofilms on the mineral matrix hosting denitrifying 
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microbial communities, we conclude that the impact of denitrification during the transport process at the catchment scale is 

relatively low. This assumption is clearly supported by an integrated analysis of observed field data (Fig. 7). Therefore, a low 

denitrification rate constant was chosen during the calibration process. 435 

 

Figure 9: Panel A with the simulated nitrate concentrations [mg/l] of the mHM model of discharge in dark green and as 

leaching flux in light green. The black line in panel A shows the nitrate concentrations obtained from the nitrate isotope model. 

Panel B shows the isotopic signature of δ18O-NO3 in stream: green dots= measured with measuring error 0.8 ‰, black line= 

simulated, orange area= 10% best simulation according to a small bias between observed and simulated nitrate δ18O-NO3 in 440 

stream. 

Once mobilized, the transport of nitrate within the catchment is expected to be closely linked to the transport pathways of 

water (Maher, 2010; Maher, 2011). Therefore, the TTDs of nitrate should display a similar behavior as the TTDs of water. 
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Considering the median transit times in the lower storage (TT50) as shown in Fig. 10, nitrate has lower TT50s than water 

throughout the entire observation period, but both lines reflect the same seasonal behavior. The offset shown is caused by 445 

denitrification in the lower storage, as nitrate associated with short transit times contributes significantly more to the overall 

nitrate transit time because of its higher concentration compared to nitrate associated with large water transit times, which has 

been mostly denitrified before reaching the catchment outlet.  

 

Figure 10: Top panel: Median Transit Times (TT50) of water (black solid line) and nitrate (green dashed line) through the 450 

lower storage, and discharge bottom panel: monthly boxplots of difference between TT50 of water and of nitrate 

Nevertheless, the offset between TT50 of water and TT50 of nitrate is not constant but shows a significant temporal variability. 

While the differences between TT50 of water and TT50 of nitrate are highest during periods with high discharge during winter 

time, lowest differences are observed during dry periods such as summertime (Fig. 10). The offset between TT50 of water and 

TT50 of nitrate at the beginning of periods with high discharge (i.e. earlier lower TT50 of nitrate than TT50 of water in December 455 

2018 and December 2019) is most likely caused by more old water contributions from deeper water sources such as 

groundwater that are active at the beginning of a high flow event before the young water from precipitation is dominating the 
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runoff process. The first flush after drier periods carries larger amounts of young nitrate through soil layers with fast flow 

paths, while older water contributing to runoff carries less amount of nitrate. Water transit times are known to decrease during 

increasing discharge (Benettin et al., 2015; Soulsby et al., 2015).  460 

Considering the low offset between both transit times during summertime in 2018, 2019 and 2020, one can assume that 

denitrification is lowered during these times. Even though high temperature is occurring during summer, the wetness of soils 

is lowered because of the prolonged drought conditions since 2018 (Kleine et al., 2020). During the year 2017 much more 

variability of nitrate transit times can be seen (Fig. 10). With our isotope data, we were not able to demonstrate significant 

denitrification due to missing data. Nevertheless, the nitrate concentrations indicated that denitrification happened to a limited 465 

extent (Fig. 7). This is complemented by the relation between the transit time and nitrate concentration (Fig. 11): The lowered 

nitrate concentrations with higher transit times are an indicator for processes that degrade the solute nitrate along its transport 

path through the catchment.  

 

Figure 11: Relation between the measured nitrate concentration in stream water (NO3-N [mg/l]) and the simulated median 470 

transit time of nitrate (TT50 NO3) 

Considering the underlying geology with low to moderate groundwater connectivity, significant nitrate contributions to the 

stream from deeper aquifers hosting older groundwater do not seem very likely in the study catchment. Our results are in line 

with the findings of Jasechko et al. (2016) who point out that soluble contaminant inputs can be transmitted from watersheds 
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to streams during short time scales, which are in the range of young water fractions (~2 months), and especially in flat 475 

agriculturally dominated catchments where a higher proportion of young water is present, a faster release of solutes is possible. 

Especially for farmers it is relevant to improve the understanding of the processes in the catchments with the aim to prevent 

ecological habitats such as water bodies from high nitrate loads that cause eutrophication and are in general harmful to the 

ecosystem.  

In general, the computation of water and nitrate transit times does not only have scientific, but also practical implications, as 480 

a relevant goal for farmers is to increase the efficiency of fertilizer application on agricultural fields so that nutrients are 

available for the crops as long as possible without being flushed out during precipitation events. Knowing how fast nitrate is 

released to the stream, farmers can improve their management practices, e.g., by reducing the amount of nitrate fertilizers that 

are applied at several times per year, but also by considering that even when it is allowed to apply fertilizer (e.g., until the end 

of October in Germany), the weather forecast has to be considered more strongly with the aim to avoid fertilizer application 485 

during precipitation intense periods. 

4 Potential impact of conceptual simplifications on the model performance  

The deliberately chosen parsimonious modelling approach provided valuable insights into the transit time dynamics of water 

and nitrate in the investigated catchment. Nevertheless, we are aware that this relatively simple concept might be associated 

with higher uncertainties with respect to the model output.  490 

One issue that might have some impact on the model performance is the data collection strategy providing the data sets 

implemented in our model.  For technical reasons, stream water samples were collected as grab samples at specific times of 

the day. Birkel et al. (2010) analyzed the effect of different sampling strategies such as composite samples versus grab samples 

and how model performances of different model types are affected by samples taken in different timesteps. They report a 

decreasing model efficiency related to lowered sampling frequencies. Moreover, especially for catchments that release water 495 

predominantly from shallow subsurface storages, the influence of composite samples in lowered sampling frequencies causes 

less accurate model performances (Birkel et al., 2010). The fact that the Meisdorfer Sauerbach catchment releases 

predominantly water from the shallow subsurface during the investigated time series as well as the low sampling frequency 

during 2013 to 2017 may be responsible for the relatively low Kling-Gupta-Efficiency of 0.48 for stream water isotopic 

signatures. 500 

Regarding the modifications made for the nitrate isotopic signatures in tran-SAS, our model concept was deliberately simple. 

The calculation of the oxygen isotopic signature of nitrate generated during nitrification is based on a straightforward 

implementation of δ18O of water and δ18O of soil air according to Eq. (8) with a fixed isotopic signature of soil air to 23.5 ‰. 

Even though it is well known that the isotopic signature of soil air can vary depending on the biogeochemical processes that 

occurred in the soil zone, other studies already evaluated that an isotopic signature of 23.5 ‰ is able to represent the overall 505 

isotopic signature in soil storages. For calculating δ18O-NO3, we applied the simplified assumption that water oxygen is 

incorporated from the leaching flux leaving the upper storage. Compared to the δ18O-H2O of the precipitation input function, 
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the leaching flux shows a damped signal with a lower variability of the simulated δ18O-H2O values. Under natural conditions, 

however, some of the nitrate will be formed with water that has not reached the same level of isotope signal dampening as 

expected for the leaching flux. As a consequence, the overall variability of the observed δ18O-NO3 could be slightly higher 510 

compared to the computed δ18O-NO3. 

By assuming that denitrification is the only process affecting the isotopic signatures of nitrate after initial nitrification, we 

applied a further simplification for our model concept.  

Our main goal was to describe the age of nitrate compared to the age of water using median transit times as age metric gained 

from a high-frequency isotope dataset. We assume, it is most important to consider, that nitrate is transformed during the 515 

transport with water, whereas water does not have a transformation. Therefore, we state that with the consideration of the 

denitrification of nitrate on its way through the catchment, our simple model gives a very relevant insight to the decoupling of 

nitrate and water transit times. Despite the simplifications and related uncertainties described above, our approach provides a 

novel tool that is fully in line with our intention to provide information on the differences or similarities of the age metrics of 

water and nitrate in a mixed land-use headwater catchment. 520 

5 Conclusion 

Based on time series observed between 2017 and 2020, we investigated the transit time distributions of water and nitrate using 

their oxygen isotopic signatures (δ18O) as a characteristic fingerprint in concert with a simple model. The numerical model 

tran-SAS (Benettin and Bertuzzo, 2018) was modified by introducing a second storage and by applying simple biogeochemical 

equations to describe nitrification and denitrification as well as associated isotopic signatures and isotope fractionations. The 525 

study was conducted in a 11.5 km² headwater catchment in the Northern lowland of the Harz mountains, Central Germany.  

Generally, we found that nitrate transit times behave in the same way as water transit times, but with an apparent offset between 

median transit times of water and nitrate, which was highest at the beginning of high discharge periods due to higher 

contributions of water from water storages that contain old water such as groundwater storages with less nitrate. Instead, during 

recession periods, predominantly young nitrate was released to the stream. Due to biogeochemical processes such as 530 

denitrification, the apparent transit time of nitrate can be lower than that of water, because the old nitrate has been degraded 

and, therefore, contributes less to the overall nitrate transit time. Hence, predominantly young nitrate is released to the stream. 

This information is highly relevant for understanding processes that control nitrate export from the agricultural fields to surface 

water ecosystems that are stressed by the impact of high nitrate loads. Moreover, this knowledge may be used to enhance 

farming practices with the aim to increase the efficiency of fertilizer application on agricultural fields. For instance, to be sure 535 

that the loss of nutrients from fertilizer application is lowered, a buffer time before and after wet periods such as high 

precipitation events that cause the discharge to rise, could be considered for the planning of fertilizer application. 

We conclude that our findings are characteristic for a mixed land use headwater catchment under significant hydrological and 

ecological stress associated with increasing drought conditions due to climate change. However, the assumptions we made 

cannot necessarily be transferred to other catchments displaying largely different hydro-meteorological, topographic and/or 540 
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land use boundary conditions. Therefore, a broader investigation involving catchments of various characteristics is advisable 

in order to provide a more general view on the link between such catchment characteristics and transit times of water and 

nitrate.  

Generally, our findings regarding the varying offset between water and nitrate transit times underline the importance of 

analyses of solute transport and transformation in the light of projected more frequent hydrological extremes (droughts and 545 

floods) under future climate conditions. 
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The nitrate isotope model set up is described in the present publication, by using tran-SAS v1.0 (Benettin and Bertuzzo, 2018) 

as a basis. Input data for the model simulations as well as field data and mHM-Nitrate (Yang, et al., 2018; Yang & Rode, 2020) 550 

simulation data can be found at HydroShare: Radtke, C., K. Knöller, C. Müller, J. Rouhiainen (2024). Meisdorfer Sauerbach 

catchment measured data and model input data, HydroShare, 

http://www.hydroshare.org/resource/79f5635f893b4a90959b36ddb56aba8c. 

 

Author contribution 555 

CR and KK developed the study. Samples were taken by KK, CM, JR and CR. Laboratory analysis and the sample preparation 

have been conducted by CR, HW, JR and laboratory staff from the UFZ Halle. XY did the model simulation with the mHM-

nitrate. CR developed with the support of SL and PB the nitrate isotope model, based on the tran-SAS model. KK, RM and SL 

acted as supervisor for the study. CR analysed the data and the results and wrote the first draft of the manuscript. KK, RM, 

SL, PB and XY reviewed the manuscript. 560 

 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared 

to influence the work reported in this paper. 

Acknowledgments 565 

Funding for this study was provided by the Helmholtz Research Program. Laboratory analyses were conducted by laboratory 

staff of Helmholtz Centre for Environmental Research in Halle, Germany. Many thank to Tam V. Nyguen and Rohini Kumar 

for their support regarding the model set ups. 

  

References 570 

Aravena, R., Evans, M.L. & Cherry, J.A. (1993) Stable isotopes of oxygen and nitrogen in source Identification of nitrate from 

septic systems. Ground Water, 31, 180–186. 

https://doi.org/10.5194/hess-2024-109
Preprint. Discussion started: 31 May 2024
c© Author(s) 2024. CC BY 4.0 License.



28 

 

Benettin, P., S. W. Bailey, J. L. Campbell, M. B. Green, A. Rinaldo, G. E. Likens, J. McGuire, and G. Botter (2015), Linking 

water age and solute dynamics in streamflow at the Hubbard Brook Experimental Forest, NH, USA, Water Resour. Res.,51, 

9256–9272, doi:10.1002/2015WR017552. 575 

Benettin, P., & Bertuzzo, E. (2018). Tran-SAS v1.0: a numerical model to compute catchment-scale hydrologic transport using 

StorAge Selection functions. Geoscientific Model Development, pp. 1627-1639. [code] 

Benettin, P., Fovet, O., & Li, L. (2020). Nitrate removal and young stream water fractions at the catchment scale. Hydrological 

Processes. DOI:10.1002/hyp.13781 

Beven, K. and Binley, A.: The Future Of Distributed Models – Model Calibration And Uncertainty Prediction, Hydrol. 580 

Process., 6, 279–298, https://doi.org/10.1002/hyp.3360060305, 1992. 

Beven, K. J. and Binley, A. M.: GLUE, 20 years on, Hydrol. Process., 28, 5897–5918, https://doi.org/10.1002/hyp.10082, 

2014. 

BGR. (2020). Bodenübersichtskarte. Bundesanstalt für Geowissenschaften und Rohstoffe. 

BGR. (2020). Hydrogeologische Übersichtskarte. Bundesanstalt für Geowissenschaften und Rohstoffe. 585 

Bijay Singh, & Craswell, E. (2021). Fertilizers and nitrate pollution of surface and ground water: an increasingly pervasive 

global problem. SN Applied Sciences. Doi: doi.org/10.1007/s42452-021-04521-8 

Birkel, C., Dunn, S. M., Tetzlaff, D., & Soulsby, C. (2010). Assessing the value of high- resolution isotope tracer data in the 

stepwise development of a lumped conceptual  rainfall-runoff model. Hydrological Processes. Doi:10.1002/hyp.7763 

Boshers, D. S., Granger, J., Tobias, C. R., Böhlke, J. K., & Smith, R. L. (2019). Constraining the  Oxygen Isotopic 590 

Composition of Nitrate Produced by Nitrification. Environmental Science & Technology. 

Buchwald, C., & Casciotti, K. L. (2010). Oxygen isotopic fractionation and exchange during bacterial nitrite oxidation. 

Limnology Oceanography. Doi:10.4319/lo.2010.55.3.1064 

Casciotti, K. L., Buchwald, C., Santoro, A. E., & Frame, C. (2011). Assessment of nitrogen and oxygen isotopic fractionation 

during nitrification and its expression in the marine  environment. Methods in Enzymology. DOI: 10.1016/B978-0-12-595 

381294-0.00011-0  

Druhan, J. L., & Maher, K. (2017). The influence of mixing on stable isotope ratios in porous media: A revised Rayleigh 

model. Water Resources Research, 53(2), 1101-1124. https://doi.org/10.1002/2016wr019666 

Dupas, R., Ehrhardt, S., Musolff, A., Fovet, O., & Durand, P. (Nov 2020). Long-term nitrogen  retention and transit time 

distribution in agricultural catchments in western France. Environmental Research Letters. Doi:10.1088/1748-9326/abbe47 600 

DWD (2017): Abteilung Hydrometeorologie: REGNIE (REGionalisierte NIEederschläge): Verfahrensbeschreibung & 

Nutzeranleitung, DWD internal report, Offenbach 2017. [data set] 

Ehrhardt, S., Kumar, R., Fleckenstein, J. H., Attinger, S., & Musolff, A. (2019). Trajectories of nitrate input and output in three 

nested catchments along a land use gradient. Hydrology  and Earth System Sciences. Doi:0.5194/hess-23-3503-2019 

https://doi.org/10.5194/hess-2024-109
Preprint. Discussion started: 31 May 2024
c© Author(s) 2024. CC BY 4.0 License.



29 

 

Flewelling, S. A., Herman, J. S., Hornberger, G. M., & Mills, A. L. (2011). Travel time controls  magnitude of nitrate 605 

discharge in groundwater bypassing the riparian zone to a stream on Virginia’s coastal plan. Hydrological Processes. 

Doi:10.1002/hyp.8219 

Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., Seitzinger, S. P.,  Vörösmarty, C. J. (2004). 

Nitrogen cycles: past, present, and future. Biogeochemistry. 

GeoBasis-DE / BKG. (2013). Elevation data 200m resolution. Bundesamt für Kartographie und Geodäsie. [data set] 610 

GeoBasis-DE / BKG. (2018). Land-use data. Bundesamt für Kartographie und Geodäsie. [data set] 

Granger, J., & Wankel, S. D. (4. October 2016). Isotopic overprinting of nitrification on  denitrification as a ubiquitous and 

unifying feature of environmental nitrogen cycling. PNAS. DOI: doi.org/10.1073/pnas.160138311 

Griffiths, N.A., C. R. Jackson, J. J. McDonnell, J. Klaus, E. Du, and M. M. Bitew (2016), Dual nitrate isotopes clarify the role 

of biological processing and hydrologic flow paths on nitrogen cycling in subtropical low-gradient watersheds, J. Geophys. 615 

Res. Biogeosci.,  121, 422–437, DOI:10.1002/2015JG003189. 

Gupta, H. V., Kling, H., Yilmaz, K. K., & Martinez, G. F. (2009). Decomposition of the mean squared error and NSE 

performance criteria: Implications for improving hydrological  modelling. Journal of Hydrology. DOI: 

10.1016/j.jhydrol.2009.08.003 

Hrachowitz, M., Benettin, P., van Breukelen, B. M., Fovet, O., Howden, N. J., Ruiz, L., Wade, A. J. (2016). Transit times – 620 

the link between hydrology and water quality at the catchment scale. WIREs Water. Doi:10.1002/wat2.1155 

Jasechko, S., Kirchner, J. W., Welker, J. M., & McDonnell, J. J. (2016). Substantial proportion of global streamflow less than 

three months old. Nature geoscience. 

Kaandorp, V. P., Broers, H. P., Van Der Velde, Y., Rozemeijer, J., & De Louw, P. G. B. (2021). Time lags of nitrate, chloride, 

and tritium in streams assessed by dynamic groundwater flow tracking in a lowland landscape. Hydrology and Earth System 625 

Sciences, 25(6), 3691–3711. https://doi.org/10.5194/hess-25-3691-2021 

Kaneko, M., Poulson, S.R., 2013. The rate of oxygen isotope exchange between nitrate and water. Geochim. Comochim. Acta 

118, 148–156. 

Kendall, C. (1998) Tracing nitrogen sources and cycling in catchments. In: Isotope Tracers in Catchment Hydrology (Eds C. 

Kendall & J.J. McDonnell), pp. 519–576. Elsevier, Amsterdam. 630 

Kendall, C., Elliott, E. M., & Wankel, S. D. (2007). Tracing anthropogenic inputs of nitrogen to  ecosystems, Chapter 12, 

In: R.H. Michener and K. Lajtha (Eds.), Stable Isotopes in Ecology and Environmental Science, 2nd edition. S. p. 375-449. 

Kirchner, J. W. (2016). Aggregation in environmental systems – Part 1: Seasonal tracer cycles quantify young water fractions, 

but not mean transit times, in spatially heterogeneous catchments. Hydrological Earth System Sciences. Doi: 

https://doi.org/10.5194/hess-20-279-2016 635 

Kirschke, S., Häger, A., Kirschke, D., & Völer, J. (2019). Agricultural Nitrogen Pollution of Freshwater in Germany. The 

Governance of Sustaining a Complex Problem. Water. 

https://doi.org/10.5194/hess-2024-109
Preprint. Discussion started: 31 May 2024
c© Author(s) 2024. CC BY 4.0 License.



30 

 

Kleine, L., Tetzlaff, D., Smith, A., Wang, H., & Soulsby, C. (2020). Using water stable isotopes to understand evaporation, 

moisture stress, and re-wetting in catchment forest and grassland soils of the summer drought of 2018. Hydrology and Earth 

System Sciences. 640 

Knöller, K., Vogt, C., Haupt, M., Feisthauer, S., & Rochnow, H.-H. (2011). Experimental investigation of nitrogen and oxygen 

isotope fractionation in nitrate and nitrite during denitrification. Biogeochemistry, S. 371-384. DOI:10.1007/s10533-010-

9483-9 

Kool, D. M., Wrage, N., Oenema, O., Van Kessel, C., & Van Groeningen, J. W. (2011). Oxygen exchange with water alters 

the oxygen isotopic signature of nitrate in soil ecosystem. Soil  Biology & Biochemistry. 645 

Lindström, G., Pers, C., Rosberg, J., Strömqvist, J., & Arheimer, B. (2010). Development and testing of the HYPE 

(Hydrological Predictions for the Environment) water quality model  for different spatial scales. Hydrology Research, S. 

295-319. DOI: https://doi.org/10.2166/nh.2010.007 

Lutz, S. R., Krieg, R., Müller, C., Zink, M., Knöller, K., Samaniego, L., & Merz, R. (2018). Spatial Patterns of Water Age: 

Using Young Water Fractions to Improve the characterization of Transit Times in Contrasting Catchments. Water Resources 650 

Research. DOI:10.1029/2017WR022216 

Lutz, S. R., Trauth, N., Musolff, A., Van Breukelen, B. M., Knöller, K., & Fleckenstein, J. H. (2020). How Important is 

Denitrification in Riparian Zones? Combining End-Member Mixing and Isotope Modelling to Quantify Nitrate Removal from 

Riparian Groundwater. Water Resources Research. Doi:10.1029/2019WR025528 

Maher, K., 2010. The dependence of chemical weathering rates on fluid residence time. Earth and Planetary Science Letters 655 

294, 101–110. https://doi.org/10.1016/j.epsl.2010.03.010. 

Maher, K., 2011. The role of fluid residence time and topographic scales in determining chemical fluxes from landscapes. 

Earth and Planetary Science Letters 312, 48–58. https://doi.org/10.1016/j.epsl.2011.09.040. 

Mariotti, A., Germon, J. C., Hubert, P., Kaiser, P., Letolle, R., Tardieux, A., & Tardieux, P. (1981), Experimental determination 

of nitrogen kinetic isotope fractionation: some principles; illustration for the denitrification and nitrification processes. Plant 660 

and soil, 62(3), 413-430. Doi: 10.1007/BF02374138 

Mayer, B., Bollwerk, S.M., Mansfeldt, T., Hütter, B., Veizer, J., 2001. The oxygen isotope composition of nitrate generated 

by nitrification in acid forest floors. Geochim. Cosmochim. Acta 65, 2743–2756. 

Molénat, J., & Gascuel-Odoux, C. (2002). Modelling flow and nitrate transport in groundwater for the prediction of water 

travel times and of consequences of land use evolution on water quality. Hydrological Processes. DOI:10.1002/hyp.328 665 

Mueller, C., Krieg, R., Merz, R., & Knöller, K. (2016). Regional nitrogen dynamics in the TERENO Bode River catchment, 

Germany, as constrained by stable isotope patterns. Isotopes in Environmental and Health Studies. 

DOI:10.1080/10256016.2015.1019489 

Nguyen, T. V., Kumar, R., Lutz, S. R., Musolff, A., Yang, J., & Fleckenstein, J. H. (2021). Modelling Nitrate Export From a 

Mesoscale Catchment Using StorAge Selection Functions. Water Resources Research. [data set] 670 

DOI:10.1029/2020WR028490 

https://doi.org/10.5194/hess-2024-109
Preprint. Discussion started: 31 May 2024
c© Author(s) 2024. CC BY 4.0 License.



31 

 

Nguyen, T. V., Kumar, R., Musolff, A., Lutz, S. R., Sarrazin, F., Attinger, S., & Fleckenstein, J.  H. (2022). Disparate 

Seasonal Nitrate Export From Nested Heterogeneous  Subcatchments Revealed With StorAge Selection Functions. Water 

Resources Research. DOI:10.1029/2021WR030797 

Radtke, C., K. Knöller, C. Müller, J. Rouhiainen (2024). Meisdorfer Sauerbach catchment measured data and model input 675 

data, HydroShare, [data set] http://www.hydroshare.org/resource/79f5635f893b4a90959b36ddb56aba8c.  

Radtke, C. F., Lutz, S. R., Müller, C., Merz, R., Kumar, R., Knöller, K. (Preprint, 2023)  Fractions of Different Young Water 

Ages are Sensitive to Discharge and Land Use - an  Integrated Analysis of Water Age Metrics under Varying Hydrological 

Conditions for Contrasting Sub-Catchments in Central Germany. ESS Open Archive. August 07, 2023. DOI: 

10.22541/essoar.169143883.33463468/v1 680 

Rauthe, M., Steiner, H., Riediger, U., Mazurkiewicz, A., Gratzki, A. (2013): A Central European  precipitation climatology 

– Part I: Generation and validation of a high-resolution gridded daily data set (HYRAS) Meteorologische Zeitschrift Vol. 22 

No. 3, p. 235 – 256. https://doi.org/10.1127/0941-2948/2013/0436 

Rinaldo, A., Benettin, P., Harman, C. J., Hrachowitz, M., McGuire, K. J., van der Velde, Y., Botter, G. (2015). Storage 

selection functions: A coherent framework for quantifying how catchments store and release water and solutes. Water 685 

Resources Research, S. 4840-4847. DOI: https://doi.org/10.1002/2015WR017273 

Sebilo, M., Mayer, B., Nicolardot, B., Pinay, G., & Mariotti, A. (2013). Long-term fate of nitrate  fertilizer in agricultural 

soils. PNAS. DOI: doi/10.1073/pnas.13053721 

Segura, C. (2021). Snow drought reduces water transit times in headwater streams. Hydrological  Processes. 

Smith, A., Tetzlaff, D., Kleine, L., Maneta, M. P., & Soulsby, C. (2020). Isotope-aided modelling of ecohydrologic fluxes and 690 

water ages under mixed land use in Central Europe: The 2018 drought and its recovery. Hydrological Processes. 

Soulsby, C., C. Birkel, J. Geris, J. Dick, C. Tunaley, and D. Tetzlaff (2015), Stream water age distributions controlled by 

storage dynamics and nonlinear hydrologic connectivity: Modelling with high-resolution isotope data, Water Resour. Res., 51, 

7759–7776, doi:10.1002/2015WR017888. 

Stockinger, M. P., Bogena, H. R., Lücke, A., Diekkrüger, B., Conrelissen, T., & Vereecken, H. (2016). Tracer sampling 695 

frequency influences estimates of young water fraction and stream water transit time distribution. Journal of Hydrology. doi: 

http://dx.doi.org/10.1016/j.jhydrol.2016.08.007 

van Breukelen, B. M. (2007). Quantifying the Degradation and Dilution Contribution to Natural Attenuation of Contaminants 

by Means of an Open System Rayleigh Equation. Environmental Science & Technology 41(14): 4980-4985. 

https://doi.org/10.1021/es062846u 700 

van der Velde, Y., Rozemeijer, J. C., van Geer, F. C., & Broers, H. P. (2010). Nitrate response of  a lowland catchment: On 

the relation between stream concentration and travel time distribution dynamics. Water Resources Research. doi: 

10.1029/2010WR009105 

van der Velde, Y., Torfs, P., van der Zee, S. E., & Uijlenhoet, R. (2012). Quantifying catchment- scale mixing and its effect 

on time-varying travel time distributions. Water Resources Research. doi:10.1029/2011WR011310 705 

https://doi.org/10.5194/hess-2024-109
Preprint. Discussion started: 31 May 2024
c© Author(s) 2024. CC BY 4.0 License.



32 

 

Van Meter, K. J., & Basu, N. B. (2015). Catchment Legacies and Time Lags: A Parsimonious Watershed Model to Predict the 

Effects of Legacy Storage on Nitrogen Export. PLoS ONE. doi:10.1371/journal.pone.0125 

Winter, C., Lutz, S. R., Musolff, A., Kumar, R., Weber, M., & Fleckenstein, J. H. (2021). Disentangling the Impact of 

Catchment Heterogeneity on Nitrate Export Dynamics From Event to Long-Term Time Scales. Water Resources Research. 

doi:10.1029/2020WR027992 710 

Wollschläger, U., Attinger, S., Borchardt, D., Brauns, M., Cuntz, M., Dietrich, P., Zacharias, S.  (2017). The Bode 

hydrological observatory: a platform for integrated, interdisciplinary  hydro-ecological research within the TERENO 

Harz/Central German Lowland  Observatory. Environmental Earth Sciences. doi: https://doi.org/10.1007/s12665-016-

6327-5 

Yang, X., & Rode, M. (2020). A Fully Distributed Catchment Nitrate Model - mHM-Nitrate v2.0. Zenodo. DOI: 715 

https://doi.org/10.5281/zenodo.3891629 

Yang, X., Jomaa, S., Zink, M., Fleckenstein, J. H., Borchardt, D., & Rode, M. (2018). A New Fully Distributed Model of 

Nitrate Transport and Removal at Catchment Scale. Water Resources Research. [code] DOI: 

https://doi.org/10.1029/2017WR022380 

Yang, X., Tetzlaff, D., Soulsby, C., Smith, A., & Borchardt, D. (2021). Catchment Functioning Under Prolonged Drought 720 

Stress: Tracer-Aided Ecohydrological Modelling in an Intensively Managed Agricultural Catchment. Water Resources 

Research. [data set] DOI:10.1029/2020WR029094 

Yu, Z., Hu, Y., Gentry, L. E., Yang, W. H., Margenot, A. J., Guan, K., Mitchell, C. A., & Hu, M.  (2023). Linking Water 

Age, Nitrate Export Regime, and Nitrate Isotope Biogeochemistry in a Tile‐Drained Agricultural Field. Water Resources 

Research, 59(12), e2023WR034948. https://doi.org/10.1029/2023WR034948 725 

https://doi.org/10.5194/hess-2024-109
Preprint. Discussion started: 31 May 2024
c© Author(s) 2024. CC BY 4.0 License.


