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Abstract

In 2018–2019, large parts of Europe experienced an unprecedented multi-year drought with severe impacts on society and

ecosystems. This study is among the first to analyze its impact on water quality by comparing long-term (1997–2017) nitrate

export with 2018–2019 export in an intensively-monitored mesoscale catchment in Germany. We combined data-driven analysis

of concentration-discharge and load-discharge relationships with process-based modelling to analyze the catchment nitrogen

retention capacity and the underlying mechanisms of retention in the soils and during subsurface transport. Within the multi-

year drought, we found a shift in the concentration-discharge relationship at the catchment outlet, reflecting exceptionally low

riverine nitrate concentrations during dry periods and exceptionally high concentrations during subsequent wet periods. Nitrate

loads during the multi-year drought were up to 70% higher than expected from the long-term relationship between discharge

and loads. Model simulations suggested that this increase was driven by a decrease in denitrification and plant uptake in

exceptionally dry soils and subsequent flushing of accumulated nitrogen during rewetting via fast, shallow flow paths. As a

consequence, the overall capacity of the catchment to retain nitrogen was reduced, which was confirmed by model results for

nitrate in the soil leachates. This observation was most evident in the upstream sub-catchments, which have relatively short

transit times during wet periods (<2 months). Downstream, longer transit times (>20 years) inhibit a fast response of riverine

water quality to drought conditions, which might result in a long-term drought legacy becoming visible in the future. Overall,

our study reveals that a severe multi-year drought threatens water quality by intensifying nitrate pollution. This is crucial

knowledge for water quality management in the face of climate change, as such droughts are predicted to become more frequent

and prolonged across Europe.
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Abstract 12 

In 2018–2019, large parts of Europe experienced an unprecedented multi-year drought with severe 13 

impacts on society and ecosystems. This study is among the first to analyze its impact on water quality 14 

by comparing long-term (1997–2017) nitrate export with 2018–2019 export in an intensively-monitored 15 

mesoscale catchment in Germany. We combined data-driven analysis of concentration-discharge and 16 

load-discharge relationships with process-based modelling to analyze the catchment nitrogen retention 17 

capacity and the underlying mechanisms of retention in the soils and during subsurface transport. 18 

Within the multi-year drought, we found a shift in the concentration-discharge relationship at the 19 

catchment outlet, reflecting exceptionally low riverine nitrate concentrations during dry periods and 20 

exceptionally high concentrations during subsequent wet periods. Nitrate loads during the multi-year 21 

drought were up to 70% higher than expected from the long-term relationship between discharge and 22 
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loads. Model simulations suggested that this increase was driven by a decrease in denitrification and 23 

plant uptake in exceptionally dry soils and subsequent flushing of accumulated nitrogen during 24 

rewetting via fast, shallow flow paths. As a consequence, the overall capacity of the catchment to retain 25 

nitrogen was reduced, which was confirmed by model results for nitrate in the soil leachates. This 26 

observation was most evident in the upstream sub-catchments, which have relatively short transit times 27 

during wet periods (<2 months). Downstream, longer transit times (>20 years) inhibit a fast response of 28 

riverine water quality to drought conditions, which might result in a long-term drought legacy becoming 29 

visible in the future. Overall, our study reveals that a severe multi-year drought threatens water quality 30 

by intensifying nitrate pollution. This is crucial knowledge for water quality management in the face of 31 

climate change, as such droughts are predicted to become more frequent and prolonged  across Europe. 32 

Key words: drought, water quality, nitrate, catchment, biogeochemical cycling, nitrogen retention, data-33 

driven analysis, process-based modelling 34 

1 Introduction  35 

In 2018–2019, large parts of Europe experienced a severe multi-year drought that was unprecedented in 36 

the last 250 years (Hari et al., 2020; Rakovec et al., 2022). This drought, caused by exceptionally low 37 

precipitation concurring with high temperatures, had detrimental impacts on vegetation during the 38 

growing season and caused massive forest diebacks (Hari et al., 2020; Schuldt et al., 2020). Besides the 39 

scarcity of water and its direct impact on ecosystems and society (Delpla et al., 2009; Fu et al., 2020; 40 

Stahl et al., 2010), there is first evidence that this drought could also have impacted fresh water quality 41 

in regard to nitrate concentrations. The Nitrate Report 2020 of the Netherlands (National Institue for 42 

Public Health and the Environment (RIVM), 2021) for example, found an increase in nitrogen (N) surplus 43 

in agricultural areas across the country and with it an increase in leachate nitrate concentrations below 44 

the root zone. This increase in N surplus and leachate nitrate concentrations in response to drought has 45 
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been explained by the low water availability that might reduce crop growth and thus N plant uptake 46 

(Cramer et al., 2009; RIVM, 2021). However, high nitrate concentrations in the leachate do not 47 

necessarily reach the stream network, because catchments act as a filter and reactor that can delay the 48 

transit of N to the receiving stream or permanently remove it via denitrification (Van Meter & Basu, 49 

2015). The extent of delays and removal strongly depends on the catchment characteristics and 50 

boundary conditions (e.g., Ehrhardt et al., 2021; Jawitz et al., 2020; Winter et al., 2021). Moreover, 51 

different N sources and their spatial distribution within a catchment can impact nitrate export at the 52 

catchment outlet (Casquin et al., 2021; Dupas et al., 2019). Therefore, both catchment characteristics 53 

and their spatial configuration might shape the response of riverine nitrate export to drought.  54 

Diverse responses of stream water nitrate concentrations have been reported in different catchments 55 

for previous droughts and subsequent post-drought periods (Morecroft et al., 2000; Mosley et al., 2015). 56 

Several studies have found decreasing nitrate concentrations during droughts, which have been 57 

attributed either to disconnected shallow flow paths that normally allow for efficient transport of nitrate 58 

to the stream (J. Yang et al., 2018) or to increased in-stream retention efficiency and to increased uptake 59 

along with higher temperatures (Morecroft et al., 2000; Mosley, 2015; Oelsner et al., 2007). However, 60 

also increases or no changes in stream concentrations have been reported during droughts, mainly due 61 

to high nitrate concentrations in the baseflow or due to the presence of point sources, which increase in 62 

relative importance under low flow conditions (e.g. Andersen et al., 2004; Jarvie et al., 2003; Sprague, 63 

2005; van Vliet & Zwolsman, 2008). With rewetting after the drought, many studies have reported high 64 

nitrate concentration peaks as a consequence of accumulated nitrate in the soil zone being flushed from 65 

the catchment via fast and shallow flow path (Górski et al., 2019; Morecroft et al., 2000; Mosley, 2015; 66 

Outram et al., 2014). This pattern can be explained by both remobilization of accumulated nitrate and 67 

stimulation of mineralization with the rewetting of dry soils (Campbell & Biederbeck, 1982; Haynes, 68 

1986). Together, these findings imply that droughts can have profound impacts on nitrate availability 69 
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and transport to the stream network, and that the catchment response to droughts seems to vary 70 

between catchments and potentially also with drought magnitude. Furthermore, recent studies have 71 

highlighted the role of different sub-catchments with different response times to changes composing 72 

the integrated signal of nitrate export at the catchment outlet (e.g. Ehrhardt et al., 2019; Nguyen et al., 73 

2022; Winter et al., 2021). It can therefore be important to account for the spatial heterogeneity of a 74 

catchment and to look at sub-catchment specific contributions to better understand the overall 75 

catchment response to drought in terms of nitrate export. 76 

To identify drought impacts on nitrate export, data-driven approaches have the advantage to give a 77 

direct reflection of real observations that are an integrated result of the complex biogeochemical and 78 

hydrological processes within the catchment. Data-driven approaches thus provide observation-based 79 

understanding without strong assumptions on the underlying processes, while allowing to build 80 

hypotheses on these processes. For example, the relationships of nitrate concentrations and discharge 81 

(C-Q) and of nitrate loads and discharge (L-Q) can serve as a robust characterization of catchment-82 

specific nitrate export patterns under different flow conditions and allow for conclusions on N source 83 

availability and distribution and on catchment specific response times (e.g., Bieroza et al., 2018; 84 

Minaudo et al., 2019; Musolff et al., 2015). Moreover, a comparison of N input and output from a 85 

catchment allows for the quantification of catchment N retention resulting from hydrological and/or 86 

biogeochemical N legacies and denitrification (Ehrhardt et al., 2019; Van Meter et al., 2016; Van Meter 87 

& Basu, 2015; Winter et al., 2021). A tool complementary to data-driven analyses are mechanistic and 88 

process-based models, which explicitly aim at a physical description of the underlying processes causing 89 

the observed concentrations and loads and therefore provide detailed insights into the catchment 90 

internal N dynamics. For example, the mesoscale Hydrological Model with StorAge Selection functions 91 

(mHM-SAS; Nguyen et al., 2022) allows quantifying the rates of N uptake and removal in the catchment 92 

soils and lateral N transport at the sub-catchment scale. However, resulting simulations also rely on 93 
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fixed assumptions and the distinct processes that these models entail. Therefore, combining data-driven 94 

analyses and mechanistic process-based modelling has several advantages: The data-driven analysis 95 

allows for a robust identification of drought impacts on nitrate export and a discussion on the 96 

underlying processes, while the process-based modelling allows testing if these processes can actually 97 

explain the observed behavior. 98 

In this study, we used data-driven analysis and process-based modelling to analyze the impact of the 99 

2018-2019 multi-year drought on nitrate concentrations and loads compared to previous years (1997-100 

2017) in a heterogeneous mesoscale catchment with three nested gauges, located in Germany. This 101 

setup allows us to disentangle sub-catchment specific drought-responses, while obtaining results at a 102 

larger and integral spatial scale that is relevant for water quality management. We hypothesize that 103 

droughts can cause a change in the nitrogen retention capacity of catchments, but with different 104 

impacts on riverine nitrate export at contrasting sub-catchments. Our specific objectives were to: i) 105 

identify changes in riverine nitrate concentrations and loads at the sub-catchment scale via data-driven 106 

analyses (using C-Q and L-Q relationships), and to ii) quantify changes in N cycling in the catchment soils 107 

and in the time scales of lateral N transport from the soil leachates to the stream network via process-108 

based modelling (using mHM-SAS). This approach allows us to gain knowledge on drought impacts on 109 

catchment functioning in terms of retaining and releasing N, which is crucial for our ability to adapt to 110 

climate change and effectively mitigate nitrate pollution. 111 

The 2018-2019 multi-year drought was an unprecedented event, but with accelerating climate change, 112 

such multi-year droughts are likely to become more frequent (Hari et al., 2020; IPCC, 2018; Rakovec et 113 

al., 2022; Samaniego et al., 2018). In this context, this study is one step towards a better understanding 114 

of the impacts of such droughts on nitrate export dynamics and the underlying mechanisms within a 115 

catchment.  116 
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2 Data and Methods 117 

2.1 Study site 118 

This study was conducted in the mesoscale Selke catchment, which is located in the Harz Mountains and 119 

Harz foreland in Saxony-Anhalt, Germany (Figure 1a). As a sub-catchment of the Bode basin, it is also 120 

part of the network of TERestrial ENvironmental Observatories (TERENO; Wollschläger et al., 2017). The 121 

Selke catchment is gauged with three nested stations: Silberhütte (SH), Meisdorf (MD) and Hausneindorf 122 

(HD, Figure 1a). The two upstream sub-catchments form the upper Selke with similar characteristics 123 

such as forest being the dominant land use and also in terms of relatively short TTs and comparable 124 

nitrate export dynamics (Nguyen et al., 2022; Carolin Winter et al., 2021). The downstream part forms 125 

the lowland area of the catchment, which is dominated by agricultural land use. Compared to the upper 126 

Selke, TTs are longer and the variability of export dynamics is reduced (Nguyen et al., 2022; Carolin 127 

Winter et al., 2021). 128 
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 129 

Figure 1 Study site, hydrometeorological conditions and nitrate concentration data. a) Land use map of 130 

the Selke catchment with its three gauging stations (SH, MD and HD). b) Climatic anomalies in the Selke 131 

catchment in terms of precipitation, temperature and discharge for the dying-wetting cycles (May–April) 132 

starting 1990–2019; and c) discharge and nitrate as nitrogen concentrations at the gauging stations of 133 

the three Selke sub-catchments (1997–2020) with low-frequency grab samples (orange dots), simulated 134 
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concentrations via mHM-SAS (grey line) and daily averages of high-frequency sensor measurements 135 

from 2012 on (red line). Dashed lines indicate the mHM-SAS calibration (2012–2015) and validation 136 

(2016–2020) periods, comparing simulated nitrate-N concentrations with daily averages of sensor 137 

measurements. 138 

Sub-catchment 
characteristic 

Unit 

Upper Selke Upper Selke Lower Selke 

Silberhütte 
(SH) 

Meisdorf 
(MD) 

Hausneindorf 
(HD) 

Area (km²) 100.9 78.9 277.6 

Mean Elevation (m.a.s.l.) 448.9 370 164.8 

Mean Slope (%) 6.8 11.5 2.6 

Mean annual 
precipitation 

(mm) 718.6 646.9 537 

Mean annual 
temperature 

(°C) 8 8.4 9.9 

Land use (%)    

    Forest   61.3 87.7 12.1 

    Agriculture  36.1 10 76.2 

    Others   2.6 2.3 10.7 

Dominant soil type  Dystic/spodic cambisols Haplic chernozem 

Dominant geology   
Paleozoic greywacke/ Denovian 

shale 
Sedimentary 

Table 1 Sub-catchment specific characteristics of the Selke catchment 139 

Note. Catchment characteristics refer to spatially separated, not nested sub-catchments. Precipitation 140 

and temperature data was taken from the period 1997–2020. 141 
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2.2 Characterization of different hydroclimatic conditions and anomalies 142 

We adopted the definition of annual wet, drying, dry and wetting periods from J. Yang et al. (2018), 143 

based on the catchment subsurface storage condition in a headwater catchment of the Selke 144 

catchment. Accordingly, wet periods last from January to April, drying periods (i.e., the transition from 145 

wet to dry) last from May to June, dry periods last from July to October and wetting periods (i.e., the 146 

transition from dry to wet) last from November to December. Instead of annual averages or averages 147 

over a hydrological year, we calculated averages of discharge and N fluxes over 12-month periods 148 

starting with the drying period in May and ending with the wet period end of April. This was done under 149 

the rationale that nitrate starts accumulating in a catchment over the drying and dry period, when fast 150 

flow paths are deactivated (J. Yang et al., 2018), and that, subsequently, accumulated nitrate is more 151 

efficiently exported from the catchment during wetter conditions. Under this rationale, comparing 152 

annual statistics of nitrate export is more meaningful if comparing 12-month periods starting in May 153 

instead of January or November, considering the seasonality in climatic conditions in central Germany. 154 

Throughout the manuscript, we therefore calculate averages of 12-month periods (drying-wetting 155 

cycles) starting in May. We differentiate drying-wetting cycles by the year in which they started, for 156 

example, the drying-wetting cycle 2018 started on 1st May 2018 and ended on 30th April 2019. In the 157 

same manner, we refer to the multi-year drought as the drying-wetting cycles 2018 and 2019, spanning 158 

a period from May 2018 until the end of April 2020.  159 

To compare the drying-wetting cycles 2018 and 2019 with the ones from previous drying-wetting cycles 160 

(1990–2017), we calculated their anomalies in hydroclimatic conditions compared to the long-term 161 

average. To this end, we calculated the drying-wetting cycle averages in observed temperature, 162 

precipitation, discharge and in modelled soil moisture (see section 2.5) for the study catchment. We 163 

then calculated the long-term average over all cycles and subtracted the single drying-wetting cycle 164 
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averages from those long-term averages. The divergence of single drying-wetting cycles from the long-165 

term average is considered the climatic anomaly. In the Selke catchment for the 2018-2019 drought, 166 

drying-wetting cycles starting in May 2018 and May 2019 are characterized by exceptionally low 167 

precipitation (anomaly of -205mm yr-1 and -110 mm yr-1 in 2018 and 2019, respectively, compared to the 168 

long-term average of 602 mm yr-1 over the period 1997-2020), high temperatures (+1.6°C and +1.4°C in 169 

2018 and 2019, compared to the long-term average of 9.0°C) and low discharge (-37.0 mm yr-1 and -170 

39.2 mm yr-1 compared to the long-term average of 98.5 mm yr-1) (Figure 1b). In terms of soil moisture, 171 

these two drying-wetting cycles were the driest cycles in the Selke catchment since the start of our time 172 

series in May 1997, with 2018 being even drier than 2019 (Figure S1). Consequently, the multi-year 173 

drought that affected large parts of Central Europe (Hari et al., 2020) can also be characterized as an 174 

exceptional drought in the Selke catchment. 175 

2.3 Data  176 

Daily long-term temperature and precipitation data (1997–2020) were provided by the German 177 

Meteorological Service (Deutscher Wetterdienst, DWD). N input data (i.e., fertilizer, manure and plant 178 

residues) and land use management (i.e., crop rotation) and atmospheric deposition were based on 179 

agricultural authority data obtained from X. Yang et al. (2018) and Jomaa et al. (2018). Accordingly, N 180 

input to agricultural fields in mHM-SAS follows a two- or three-year crop rotation, as typical in this area 181 

and as implemented in X. Yang et al. (2018) and Nguyen et al. (2022). Daily discharge data and biweekly–182 

monthly grab samples of nitrate concentrations were provided by the State Office of Flood Protection 183 

and Management of Saxony-Anhalt (LHW; Figure 1c). Sensor measurements (using TriOS Pro-UV 184 

sensors; Rode et al., 2016) of nitrate concentrations at a 15-minute resolution (2012–2020) were 185 

provided by the TERENO facilities of the Helmholtz Centre for Environmental Research (UFZ). To match 186 

the temporal resolution of long-term data, nitrate concentrations were aggregated to daily averages 187 
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(Figure 1c). Part of this data was previously used by (Musolff et al., 2021; Rode et al., 2016; Winter et al., 188 

2021, 2022; X. Yang et al., 2018). Therefore, for the detailed processing of nitrate concentration data, 189 

we refer to Rode et al. (2016) and the other references above. With a coefficient of determination (R²) 190 

between 0.8 for MD and HD and 0.9 for SH, processed high-frequency nitrate concentration data from 191 

sensor measurements showed a good agreement with concentrations from grab samples analyzed in 192 

the lab.  193 

Nitrate-N concentrations differed between the upper and the lower Selke and between normal (i.e., 194 

drying-wetting cycles 2012–2017) and drought periods (drying-wetting cycles 2018–2019; Figure 1c). 195 

Median concentrations in the upper Selke measured before the multi-year drought ranged from 196 

0.6 mg L-1 and 0.7 mg L-1 during dry periods in SH and MD respectively, to a median of 2.6 mg L-1 and 197 

2.5 mg L-1 during wet periods. Median nitrate-N concentrations measured at HD were higher and less 198 

variable with a median of 2.1 mg L-1 during dry periods and 3.0 mg L-1 during wet periods. During the 199 

multi-year drought, nitrate-N concentrations generally showed a higher seasonal variability (Figure 1c). 200 

During dry periods 2018 and 2019, nitrate-N concentrations were lower than during previous dry 201 

periods, with a median of 0.2 mg L-1and 0.4 mg L-1 and 1.3 mg L-1 in SH, MD and HD, respectively. During 202 

the subsequent wet periods (January-April 2019 and 2020), nitrate-N concentrations were exceptionally 203 

high with a median of 4.2 mg L-1, 3.8 mg L-1, and 3.7 mg L-1. In the upper Selke (SH and MD) nitrate-N 204 

concentrations reached the highest value observed since the start of measurements in 1983, with 6.4 205 

mg L-1 in January 2019. Peak concentration in the lower Selke (HD) during that time was 5.9 mg L-1, 206 

which was also among the highest values measured at this gauge (Fig. 1c).  207 

2.4 Data driven analysis using concentration-discharge relationships 208 

To characterize nitrate export in the Selke catchment, we performed a data driven analysis using 209 

concentration-discharge (C-Q) relationships from daily averages and load-discharge (L-Q) relationships 210 
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from drying-wetting cycle averages. A simple but efficient way to describe the C-Q relationship, is a 211 

power-law relationship of the form 212 

𝐶(𝑡) = 𝛼𝑄(𝑡)𝛽          (1) 213 

with t standing for the respective time step. The parameters α and β describe the intercept (α) and the 214 

slope of the relationship in the log-log space (β), also termed C-Q slope ( Musolff et al., 2015; Thompson 215 

et al., 2011). A positive C-Q slope indicates an increase of nitrate concentrations with discharge 216 

(enrichment pattern), whereas a negative C-Q slope indicates decreasing nitrate concentrations with 217 

increasing discharge (dilution pattern). Both patterns imply a directional relationship between 218 

concentrations and discharge with nitrate concentrations either increasing or decreasing with increasing 219 

discharge. On the contrary, a C-Q slope around zero indicates that nitrate concentrations are not or 220 

poorly correlated with the dynamics of discharge. Since nitrate loads (L) are the product of nitrate 221 

concentrations (C) and discharge (Q), the L-Q slope can be described using β+1, with the differentiation 222 

in this study that the C-Q slope and the L-Q slope were calculated with data of different temporal 223 

resolutions and are thus not directly comparable. 224 

The C-Q relationship was calculated from daily averages of measured data only and is therefore 225 

restricted to the period 2012–2020. To test if the C-Q slope for the multi-year drought was different 226 

than the long-term average, we compared both slopes and their standard errors. To account for the 227 

different sample sizes between the pre-drought and drought periods, we applied additional block 228 

sampling across all possible combinations of two consecutive drying-wetting cycles and compared the 229 

resulting pre-drought C-Q slopes with the one from the multi-year drought.  230 

Instead of restricting our analysis to observed daily data, as done for C-Q relationships, we calculated L-231 

Q relationships with the sums of daily load and discharge data over drying-wetting cycles starting in May 232 
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1997. To this end, we used the continuous daily discharge measurements and filled the gap in daily 233 

nitrate concentration measurements by interpolating from biweekly–monthly grab samples via 234 

Weighted Regression on Time Discharge and Season (WRTDS; Hirsch et al., 2010). The fit between daily 235 

loads calculated from interpolated and measured nitrate concentration data (2012-2019) was high, with 236 

an R² between 0.93 and 0.96 and a small percentage bias between -0.5% and -1.1% (Figure S2). 237 

2.5 Process-based nitrogen export modeling with Storage Selection Functions 238 

To get a deeper insight into catchment processes that cause the observed nitrate export patterns during 239 

and after the multi-year drought, we simulated daily nitrate concentrations at the three gauging stations 240 

using the mesoscale Hydrological Model with StorAge Selection functions (mHM-SAS, Nguyen et al., 241 

2021, 2022). The mHM-SAS model is explained in detail in Nguyen et al. (2022) and in the supplements 242 

(Text S1). Briefly, mHM-SAS provides a spatially distributed (1x1 km²) representation of hydro-climatic 243 

inputs, N pools and fluxes in the soil zone based on a combination of mHM and the soil nitrogen model 244 

(X. Yang et al., 2018). Nitrate pools and fluxes in the saturated and unsaturated zone below the soil are 245 

represented for each sub-catchment using the nitrate transport model with SAS functions (van der Velde 246 

et al., 2012, Nguyen et al., 2022). 247 

Nguyen et al. (2022) calibrated the model in the Selke sub-catchments for the years 2012–2015 with a 248 

Nash-Sutcliffe Efficiency (NSE) of 0.81, 0.81 and 0.57 over the validation period (2016–2019), which 249 

includes parts of the multi-year drought. Using the same set-up, here we extended the model 250 

simulations to the 1997–2020 time period (Figure 1c). We used these extended simulations to contrast 251 

average conditions with the 2018–2019 drought-induced changes in the C-Q relationships in the 252 

different sub-catchments of the Selke catchment. Despite distinct climatic conditions during the 2018-253 

2019 drought period, simulated nitrate concentrations via mHM-SAS showed a good fit to the measured 254 

sensor data with a NSE of 0.89, 0.88 and 0.77 in SH, MD and HD respectively (Figure 1c). With this setup, 255 
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the mHM-SAS model allows for a separation of the contribution of each sub-catchment to the overall 256 

catchment responses, to account for sub-catchment specific N cycling in the soil zone (denitrification, 257 

plant uptake, mineralization and leaching), instream uptake, denitrification along the groundwater flow 258 

paths and for dynamic transit times. 259 

To additionally estimate the potential impact of forest dieback during the multi-year drought (Schuldt et 260 

al., 2020), we ran scenarios with a 5%, 10%, 20% and 100% reduction of N uptake from forested areas 261 

and compared simulated nitrate concentrations of the different scenarios with the baseline scenario. 262 

2.6 Catchment retention capacity 263 

We estimated the capacity of a catchment to retain N (Nret) during a drying-wetting cycle by the ratio of 264 

average nitrate-N load export (NOUT) against average atmospheric deposition during an drying-wetting 265 

cycle and long-term average N inputs from fertilizer, manure and plant residues (NIN): 266 

𝑁𝑟𝑒𝑡 = 1 −
𝑁𝑂𝑈𝑇

𝑁𝐼𝑁
          (2) 267 

We used the long-term average N input across crop rotations, as precise information on which crop is 268 

applied to which field in which year is not available and thus a long-term average is more robust. 269 

Additionally, we assessed the sensitivity of our results to uncertainty in N input through crop rotation, 270 

by variying N inputs by ±20%, which confirmed the overall robustness of our results (Figure S3). 271 

We distinguish two forms of N retention capacity: i) the catchment N retention capacity (Nret), which is 272 

the ratio of observed riverine nitrate-N load exported at the (sub-)catchment outlet to the 273 

corresponding N input and ii) the soil N retention capacity (Nret-soil), where NOUT is replaced by nitrate-N 274 

loads in the leachate from the root zone, simulated via mHM-SAS. Consequently, Nret or Nret-soil equal to 275 

zero indicate that the same amount of N entering a catchment is also exported from the catchment soils 276 
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or leaving the catchment at its outlet within one drying-wetting cycle. Nret or Nret-soil equal to one indicate 277 

100% retention of N input within the catchment or the catchment soils, respectively. Nret-soil is a direct 278 

estimate of N retention in the catchment soil, because N that entered the soil but is not leached, is 279 

eventually retained or processed within the soil compartment. Instead, Nret is a combination of soil N 280 

retention and its consecutive transport via hydrological flow paths to the stream network, which is 281 

additionally affected by N transit times and denitrification along the subsurface flow paths.  282 

Because observed nitrate-N loads and discharge at the (sub-)catchment outlet are inherently an 283 

integrated signal of all upstream sub-catchments, we also aggregate the simulated water and nitrate 284 

leaching from the soils to nested values for the calculation of Nret-soil. To estimate changes in the N 285 

retention capacities relative to the hydrological conditions, we calculated a linear regression between 286 

Nret and observed log-transformed discharge and between Nret-soil and simulated log-transformed 287 

leachate for the drying-wetting cycles previous to the multi-year drought (1997-2017). 288 

3 Results 289 

3.1 Concentration-discharge and load-discharge relationship 290 

Nitrate concentrations during the multi-year drought show an accelerated seasonality (see section 2.3) 291 

that is reflected in a more chemodynamic C-Q relationship (Figure 2a-c). All three sub-catchments show 292 

a positive C-Q relationship for daily averages of pre-drought (January 2012 – April 2018) nitrate-N 293 

concentrations and discharge, with the highest slope in SH, followed by MD and the lowest slope in HD. 294 

During the multi-year drought, the C-Q slope for all sub-catchments increased by values that are 295 

multiples of the standard error of the pre-drought regressions for the entire period (Figure 2a-c), but 296 

also for block sampled C-Q slopes that account for the smaller samples size of the drought period (Figure 297 

S4). 298 
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 299 

Figure 2 Concentration-discharge (C-Q) and load-discharge (L-Q) relationships for the three sub-300 

catchments of the Selke catchment (SH, MD and HD). a-c) Daily averaged nitrate concentration and 301 

discharge data with log-transformed axes. The lines show the C-Q slope for daily averages before the 302 

multi-year drought (grey) and since the start of the multi-year drought (dark red). d-f) Drying-wetting 303 

cycle averages for loads and discharge in the log-log space since 1997. Black lines show the L-Q slope 304 

previous to the multi-year drought. Boxplots at the right side of each panel (d-f) show the distribution of 305 

data points within the pre-drought load range and drought cycles indicated as colored dots. 306 

Median nitrate-N loads per area over the drying-wetting cycles 1997–2017 were 6.6 kg yr-1 ha-1, 307 

5.7 kg yr-1 ha-1 and 3.2 kg yr-1 ha-1 in SH, MD and HD, respectively. During the multi-year drought, nitrate-308 

N loads were in a similar range in SH (6.0 and 7.2 kg yr-1 ha-1, in 2018 and 2019 respectively) and lower 309 
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but still within the interquartile range in MD (4.5 and 4.9 kg yr-1 ha-1) (Figure 2d-f). They were clearly 310 

lower in HD with a load of 2.1 kg yr-1 ha-1 in both drying wetting cycles (Figure 2d-f). 311 

In terms of L-Q relationships, nitrate-N loads increased with increasing discharge with an L-Q slope close 312 

to 1 in all sub-catchments (Figure 2d-f). During the drought cycles 2018 and 2019, loads exported from 313 

the upper Selke were clearly above the loads expected from the long-term L-Q relationship. So, relative 314 

to discharge that was naturally low during the drought, loads were unexpectedly high. More specifically, 315 

exported loads at SH were 2.2 and 2.9 kg ha-1 yr-1 higher in 2018 and 2019 than expected from the long-316 

term L-Q relationship, and at MD loads were 1.9 kg ha-1 yr-1 higher in both years. In relative numbers, 317 

this is an increase by 58%-70%, compared to the predicted export from the L-Q relationship from 318 

previous years. In the lower Selke (HD) on the contrary, the difference between observed and expected 319 

nitrate-N export was marginal during the multi-year drought (0.2 kg ha-1 yr-1 in both drying-wetting 320 

cycles, equivalent to an increase by 10%). However, exported nitrate loads in the lower Selke have 321 

generally decreased since 2011 (Winter et al., 2021). Therefore, 2013–2017 loads are the once plotting 322 

clearly below the long-term L-Q slope (Figure 2d); as such, the L-Q relationships from the multi-year 323 

drought can be seen as slightly increased if compared to the most recent years only. To illustrate, 324 

exported nitrate loads at HD during the multi-year drought are around 0.5 kg ha-1 yr-1 higher than 325 

expected from the 2013–2017 L-Q relationship (Figure 2f). 326 

3.2 Simulated internal nitrogen fluxes  327 

The sub-catchment specific N fluxes, simulated via mHM-SAS and averaged over the drying-wetting 328 

cycles are summarized in Table 2. They show that particularly in the drying-wetting cycle starting in May 329 

2018, which was the driest cycle of the multi-year drought (Figure 1b), N fluxes clearly differed from the 330 

long-term average (1997–2017). Notably, mineralization rates in 2018 increased by 23%, 39% and 67% 331 

in SH, MD and HD, respectively. In the same drying-wetting cycle, denitrification in the soils of the sub-332 



18 
 

catchments was 27%–34% lower than the long-term average, whereas plant uptake was reduced by 333 

around 10% in the upper Selke (SH and MD), but not in the lower Selke (HD), likely due to differences in 334 

the soil type (Table 1).  N in the leachates were relatively low in both cycles (2018 and 2019), especially 335 

in MD and HD, due to the dry soil moisture content (Figure S1). 336 

Table 2. Nitrogen (N) fluxes simulated via mHM-SAS, separately for the three Selke sub-catchments. 337 

Site Drying-wetting cycle 
Mineralization Denitrification Plant uptake Leachate 

[kg ha-1 yr-1] [kg ha-1 yr-1] [kg ha-1 yr-1] [kg ha-1 yr-1] 

SH May 1997 - April 2018 20.9 ±8.2 23.1 ±3.7 45.1 ±3.9 10.5 ±2.9 

SH May 2018 - April 2019 29.0  16.8   40.4   8.8  

SH May 2019 - April 2020 14.2   26.5   43.9   10.6   

MD May 1997 - April 2018 8.8 ±2.6 12.1 ±1.9 25.1 ±1.8 5.5 ±2.1 

MD May 2018 - April 2019 11.9   8.9   22.4   3.0   

MD May 2019 - April 2020 8.2   13.4   26.7   3.3   

HD May 1997 - April 2018 43.5 ±23.6 48.3 ±7.6 94.2 ±5.6 3.6 ±2.3 

HD May 2018 - April 2019 72.6   31.7   96.4  0.8   

HD May 2019 - April 2020 14.7   46.0  98.5  2.0  

Note. Long-term time periods (May 1997–April 2018; grey background) show the average of drying-338 

wetting cycle averages (12-month period starting in May) and their respective standard deviation (±).  339 

3.3 Transit times and storage selection preference 340 

Similar to nitrate concentrations and loads, the simulated a/b ratio for SAS functions (indicative of young 341 

versus old water preference) and median TTs showed a different behavior during the multi-year drought 342 

compared to previous years, with clear contrasts between upper and lower Selke (Figure 3). Upper Selke 343 

sub-catchments showed a young water preference (a/b ratio < 1) with shorter median TTs during the 344 

wet periods (January-April; median of 41 and 53 days in SH and MD, previous to the drought and median 345 

of 22 and 36 days during the drought). During dry periods (July-October) previous to the drought, the 346 
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median of median TTs in the upper Selke was 2.5 and 6.7 yrs in SH and MD, respectively (Figure 3d-e). 347 

Nevertheless, more than half of all drying-wetting cycles still showed a young water preference even 348 

during dry periods (Figure 3a-b). However, during the dry periods of the multi-year drought, median TTs 349 

were very long (median of median TTs was 46 yrs in both sub-catchments) with a pronounced old water 350 

preference, particularly in 2018. Note that the maximum transit time in the simulations is restricted to 351 

the number of years since the start of simulations, which explains the July–December plateau (Figure 3). 352 

Long median TTs during the dry season can therefore be interpreted as >46yrs. This cutoff likely causes 353 

an underestimation of the median of previous years as well and creates some additional uncertainty in 354 

the absolute numbers. However, this does not affect the general result of exceptionally high median TTs 355 

during the dry periods in 2018–2020 compared to previous drying-wetting cycles (1997–2017).  356 

In the lower Selke sub-catchment, there is a clear selection preference for old water throughout all 357 

drying-wetting cycles and periods (Figure 3c). Even during wet periods, median TTs were relatively long 358 

(median 20 yrs), compared to the upper Selke sub-catchments (Figure 3d-f). Similar to the upper Selke 359 

sub-catchments, median TTs during the dry periods in 2018 and 2019 were longer than normal with a 360 

median of 32 yrs compared to 24 yrs in previous drying-wetting cycles. 361 
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 362 

Figure 3 Simulated sub-catchment-specific water age selection preference (a-c) as the ratio of the fitted 363 

parameters a and b, and (d-f) median transit times given in days. Grey areas indicate the range of all pre-364 

drought (1997–2017) drying-wetting cycles and their interquartile range and white lines the median of 365 

all pre-drought cycles. Colored lines indicate the multi-year drought with the two drying-wetting cycles 366 

starting in May 2018 and 2019.  367 

3.4 Catchment retention capacity 368 

In all cases, soils and catchments retained the largest part of N input (>0.8), most pronounced in HD, 369 

where retention capacity was always >0.9 (note that these values account for the nested catchment). 370 

On average, Nret-soil was 0.02-0.04 lower than Nret (Figure 4a-f), which can be explained by additional N 371 

loss occurring during the transit of N from the leachates to the stream network. Both Nret-soil and Nret 372 

show a clear decrease with decreasing drying-wetting cycle discharge averages in all sub-catchments. In 373 
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the upper Selke (SH and MD), Nret-soil decreased with increasing discharge with a slope of -0.06, and Nret 374 

decreased with a slope of -0.08 and -0.07. In the lower Selke, Nret-soil an Nret decreased with increasing 375 

discharge with a slope of -0.03 and -0.02, respectively. 376 

In the upper Selke, the relationship between N retention capacity and discharge during the multi-year 377 

drought (drying-wetting cycles 2018 and 2019) was clearly lower than that of previous cycles (1997-378 

2017). Nret and Nret-soil dropped by around 0.02 – 0.03 compared to the long-term regression line, which 379 

can be translated into 1.6-2.6 kg N ha-1 yr-1 that are not retained but exported. In the lower part of the 380 

catchment (HD), Nret-soil dropped by 0.01 in both drying-wetting cycles, whereas Nret was very close to the 381 

long-term regression line (difference of 0.002).  382 

 383 
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Figure 4 Relationship between the N retention capacity of soils (Nret-soil) or catchments (Nret) and log-384 

scaled discharge (Q) at the nested catchment scale, given as drying-wetting cycle averages (12 month 385 

period starting in May). Black lines represent the regression line between Nret or Nret-soil and log-386 

transformed discharge prior to the multi-year drought (1997–2017). 387 

4 Discussion 388 

4.1 Inter-annual variability of nitrate concentrations 389 

The presented results show that the multi-year drought spanning the years 2018 and 2019 and across 390 

Central Europe can have strong impacts on catchment water quality in terms of nitrate export. The 391 

increased inter-annual variability of nitrate export, with lower concentrations during the dry periods 392 

(July-October) and exceptionally high concentrations during the subsequent wet periods (January-April). 393 

It shows that the drought did not only affect nitrate fluxes in the soil leachates as discussed in the 2020 394 

Nitrate Report from the Netherlands (National Institue for Public Health and the Environment (RIVM), 395 

2021), but it can also propagate through catchments affecting in-stream nitrate concentrations at the 396 

catchment outlet within a relatively short time period. These results are in close agreement with 397 

previous studies that similarly reported low nitrate concentrations during a drought and high 398 

concentrations during subsequent rewetting (e.g. Górski et al., 2019; Morecroft et al., 2000; Mosley, 399 

2015). Such high nitrate concentrations following drought pose a threat to water quality and the health 400 

of aquatic ecosystems (Carpenter et al., 1998). 401 

The shift in the C-Q relationship towards a steeper C-Q slope (Figure 2a-c) reflects that the 402 

intensification in the seasonality of nitrate export was not solely driven by low discharge due to the 403 

drought. Instead, nitrate concentrations during dry periods were even lower than expected from the C-404 

Q relationship and higher during wet periods, showing an increased inter-annual variability compared to 405 

that of discharge. This increased concentration variability indicates that biogeochemical and 406 
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hydrological processes within the catchment changed during the drought, which are affecting the 407 

availability and transport of nitrate. The exceptionally low nitrate concentrations during the dry periods 408 

of the multi-year drought can be explained by the strong old water preference during these periods 409 

(Figure 3a-c). Nguyen et al. (2022) showed that old water in the upstream Selke catchment is 410 

considerably affected by denitrification (Damköhler number >10), which can explain the very low nitrate 411 

concentrations. The pronounced old water preference in the upstream catchment during the multi-year 412 

drought is in agreement with a study from X. Yang et al. (2021). Using water stable isotopes as age 413 

tracers in a small (1.44 km²) headwater catchment of the Selke catchment, they found a large increase in 414 

stream water ages, driven by a decrease in younger surface runoff and stream discharge. Differences in 415 

the median TTs between this and our study (8 yrs and 46 yrs) can be explained by the difference in the 416 

catchment area of around two orders of magnitude and by uncertainty in the estimation of longer TTs, 417 

especially as annually cycling isotope tracers show only limited applicability towards long TTs (Seeger & 418 

Weiler, 2014). 419 

In the downstream sub-catchment, the potential for denitrification in groundwater is very low 420 

(Damköhler number <1; Nguyen et al., 2022). Therefore nitrate concentrations do not significantly 421 

decrease with water ages and could, instead, still show signs of historically higher N inputs (Carolin 422 

Winter et al., 2021). Hence the low nitrate concentrations during the dry periods are likely driven by the 423 

upstream catchment area. However, also the efficiency of instream N uptake is enhanced with higher 424 

temperatures (Nguyen et al., 2022), which is an additional factor explaining part of the low nitrate 425 

concentrations during drought, even more so in the lowland part of the catchment where light 426 

availability is higher and flow velocity is reduced (Rode et al., 2016). Therefore, a combination of both, 427 

dilution of old and largely denitrified water from upstream and increased in-stream uptake efficiency, 428 

mainly downstream, are responsible for the low nitrate concentrations during the dry periods 2018 and 429 

2019. 430 
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While predominately old (pre-drought) water was exported during dry periods, the rates of 431 

denitrification and plant N uptake from the soils during the drying-wetting cycle 2018 decreased across 432 

the catchment. This decrease can be attributed to the very low soil moisture during the drought that 433 

inhibits denitrification (as implemented in the soil routines in HYPE; Lindström et al., 2010) and plant 434 

growth. Together with the deactivation of shallow flow paths, the reduced N removal can lead to an 435 

accumulation of inorganic N in the catchment soils. Similarly, the rewetting of dry soils in autumn can 436 

cause a peak in mineralization that transforms accumulated organic material into mobile inorganic N 437 

(Campbell & Biederbeck, 1982; Haynes, 1986), in agreement with the simulated high mineralization 438 

rates for the drying-wetting cycle 2018 (Table 2). Furthermore, Maxwell et al. (2022) showed that the 439 

rate of depolymerization (i.e., breaking down of large organic-N molecules into smaller ones), which is 440 

rate-limiting for mineralization (Jan et al., 2009; Schimel & Bennett, 2004), increased under drought in a 441 

montane grassland in Austria. With the shift towards younger water fractions and median 442 

TTs < 2 months during the wetting and wet periods in the upstream sub-catchments, the accumulated 443 

and mineralized N pool can be rapidly transported to the stream network, which can explain the high 444 

nitrate-N concentration peaks (Figure 1c, 2a-c). In contrast, in the downstream sub-catchment, old 445 

water fractions dominate all year round (Figure 3f), and therefore most of the accumulated N cannot 446 

reach the stream network within the subsequent wetting- and wet period. Note that the ‘wetting-’ and 447 

‘wet periods’ 2018 and 2019 are part of the multi-year drought, and in relative terms were also 448 

exceptionally dry compared to previous wetting and wet periods, but they typically show a higher 449 

catchment wetness compared to ‘dry periods’ due to pronounced hydroclimatic seasonality over the 450 

study region (Sinha et al., 2016; J. Yang et al., 2018).  451 

The changes in N cycling were only evident for the drying-wetting cycle in May 2018, not for the one 452 

starting in May 2019 that was dry, but not as dry as in 2018 (Figure 1b, Table 2). This indicates that the 453 

described perturbation in N cycling does only occur under severe drought conditions. In a small 454 
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(0.6 km²) catchment, Burt et al. (2015) found evidence that post-drought mineralization can supply 455 

sufficient N to sustain increased nitrate concentrations through the next high-flow season. Hence, such 456 

drought legacies might have also built up in the larger Selke catchment and impact nitrate export in 457 

subsequent years. One indication for this is that although the drying-wetting cycle in 2018 was drier and 458 

had a stronger impact on soil-N fluxes (Table 2), nitrate export dynamics for the drying-wetting-cycle in 459 

2019 were comparable to the ones observed in 2018 (Figure 2). 460 

4.2 Sub-catchment-specific contributions to the intgral nitrate response to the drought 461 

The spatial configuration of land use and other characteristics within a catchment can play an important 462 

role for nitrate export from the entire catchment and its temporal variability (Casquin et al., 2021; Dupas 463 

et al., 2019; Carolin Winter et al., 2021). In the Selke catchment, previous studies showed that the 464 

upstream area contributed disproportionally to annual nitrate loads, despite having a lower N input; 465 

whereas the downstream part contributed most to nitrate export during low-flow periods (Nguyen et 466 

al., 2022; Winter et al., 2021). During the multi-year drought, this difference in the sub-catchment-467 

specific contributions became even more pronounced. Water from the upstream catchment area during 468 

the dry periods was very low in nitrate and therefore had the potential to dilute the higher 469 

concentrations from the downstream agricultural areas. Nonetheless, the contribution from the 470 

downstream area maintained nitrate-N concentrations at levels >1 mg L-1 even under low flow 471 

conditions during summer, when aquatic ecosystems are most vulnerable to eutrophication (Jeppesen 472 

et al., 2010; Whitehead et al., 2009). With rewetting, the ability of the forested upstream area to dilute 473 

downstream nitrate concentrations has been almost entirely lost, as nitrate concentrations reached 474 

similar or even higher levels than the downstream area (Figure 1c, 2a-c). Therefore, the observed 475 

changes in immediate response to the drought with regard to the seasonal dynamic of nitrate 476 

concentrations at the catchment outlet were almost entirely controlled by the upstream area due to its 477 
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shorter TTs and young water preference. The sub-catchment differences in median TTs and storage 478 

selection preferences can be explained by differences in landscape characteristics within the catchment. 479 

The upstream area is located in the Harz Mountains with higher precipitation, steeper slopes and 480 

shallower soils and in turn a faster transit of water and shorter flow paths to the streams, which typically 481 

results in faster TTs and is reflected in a selection preference for younger water (Jiang et al., 2014; 482 

Tetzlaff et al., 2009; Table 1). 483 

Considering the important role of the upstream, largely forested (87.7%; Table 1), part of the catchment 484 

for the overall nitrate export, one should also consider the potential long-term impacts of the multi-year 485 

drought on forest ecosystems. Schuldt et al. (2020) showed that especially the dry summer in 2018 486 

caused severe tree mortality in Central Europe, whereas Schnabel et al. (2021) could show in a German 487 

floodplain forest that the drought impact on trees was even stronger in 2019, due to an accumulated 488 

drought effect. Moreover, there is evidence that droughts can negatively affect tree growth several 489 

years after the actual drought event (Anderegg et al., 2013). Such forest dieback can cause increased 490 

nitrate concentrations (Kong et al., 2022; Mikkelson et al., 2013), but its effect on water quality can 491 

again be delayed for several years (Huber, 2005). The strongest modelling scenario, with a 100% 492 

decrease in N uptake from forested areas, showed up to 45% increase in simulated nitrate-N 493 

concentrations in the rewetting phase of 2019 (see supplements Text S2, Figure S5). While a 100% 494 

decrease in N uptake is not a realistic scenario, it can give an indication of possible future impacts of 495 

forest dieback on nitrate export and shows that ongoing and future forest dieback as a drought legacy 496 

(Anderegg et al., 2013) should be considered as an additional drought-induced threat to stream water 497 

quality. 498 



27 
 

4.3 Exported nitrate loads and catchment retention capacity 499 

The overall discharge during the multi-year drought was very low. Nitrate loads, however, were only low 500 

in the downstream part of the catchment (HD). In the upstream area (SH and MD), nitrate loads were up 501 

to 70% higher than expected from the long-term L-Q relationship. This can be explained by the 502 

exceptionally high nitrate concentrations during the wetting- and wet periods of the multi-year drought 503 

(November-April, Figure 2). As discussed above, these high nitrate concentrations are the result of 504 

reduced plant uptake and denitrification of N in the soils during the previous dry periods and short TTs 505 

during wet periods. Hence the increase of exported loads relative to discharge, but also relative to N 506 

input to the catchment, show that under severe drought a catchment can lose a part of its functionality 507 

to retain N. We differentiate between the capacity of the entire catchment (or sub-catchment) and the 508 

catchment soils to retain N (Nret and Nret-soil), which can both be affected by drought, but at different, 509 

catchment specific time scales as discussed in the following. 510 

We identified two drivers of a decrease in Nret and Nret-soil, i.e., an increase in discharge and the multi-511 

year drought (Figure 5). The discharge-driven decrease in the N retention capacity can be explained by 512 

hydrologic mobilization and transport dominating over biogeochemical processes such as N uptake and 513 

removal. In contrast, under dry (but not drought) conditions, the role of nitrate uptake and removal 514 

gains in relative importance and with that the retention capacity of the catchment increases. However, 515 

extreme climate events, such as the 2018–2019 multi-year drought can cause a perturbation of those 516 

biogeochemical processes, if soils are too dry to maintain functionality in terms of N cycling. The 517 

decrease of N uptake and removal can result in a divergence from the retention-discharge relationship, 518 

as it was apparent for the soil leachates in all three sub-catchments (Figure 4a-c) and also for other 519 

years with very low discharge (Figure 4, 5). Until the end of the data record available for this study, no 520 

recovery from this loss in Nret-soil could be observed, but also there has not yet been a specifically wet 521 
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year since the drought in 2018. Therefore, the resilience of the sub-catchments (Hashimoto et al., 1982), 522 

in terms of their ability to recover from such loss in catchment-soil N retention capacity after the multi-523 

year drought, remains uncertain.  524 

 525 

Figure 5 Conceptual framework of the capacity of a catchment to retain N in relation to average 526 

discharge. The framework illustrates two potential drivers that cause a reduction in the catchment 527 

retention capacity. Those are either an increase in discharge (blue arrow) or a drought event (yellow 528 

arrow). Data was taken from the gauge at MD that gives an integrated signal of the upper Selke 529 

catchment, which is characterized by a relatively fast reaction in riverine nitrate export to drought. 530 

When looking at N export at the sub-catchment gauges, the decrease in the catchment retention 531 

capacity is only evident in the upstream sub-catchments. This difference in catchment-soil and overall 532 

catchment retention capacity can be explained by different sub-catchment-specific TTs. Whereas short 533 

median TTs in the upstream sub-catchments during the wet period allow for a rapid response of stream 534 

nitrate concentrations to drought, long median TTs in the downstream sub-catchment (even under wet 535 



29 
 

conditions) dampened such a fast drought response. Instead, increased N in the soil leachates together 536 

with long median TTs potentially generate a hydrological N legacy that might become visible at the 537 

catchment outlet years to decades later (Van Meter et al., 2016; Van Meter & Basu, 2015), especially 538 

under the assumption of a low denitrification potential in groundwater (Nguyen et al., 2022). 539 

5 Conclusion 540 

The presented study is among the first to assess the impact of the 2018-2019 multi-year drought in 541 

Central Europe on nitrate concentrations in a heterogenous mesoscale catchment. We found that such 542 

an exceptional drought can have significant impacts on water quality in terms of nitrate concentrations, 543 

load export and catchment N retention capacity.  544 

C-Q relationships revealed an increased inter-annual variability in nitrate concentrations, with low 545 

concentrations during dry periods and exceptionally high concentrations during wet periods, mainly 546 

driven by the more responsive upstream part of the catchment. Low concentrations could be explained 547 

by a selection preference for old and largely denitrified water, whereas high concentrations reflect a 548 

reactivation of shallow and young flow paths that transport accumulated N from the catchment soils. 549 

The accelerated inter-annual variability was not only driven by a stronger temporal shift in N transport 550 

but also by a decrease in N uptake and removal via denitrification and plant uptake during dry periods. 551 

Thus also the overall provision of exportable nitrate increased, which was reflected in a decrease in the 552 

capacity of the catchment soils to retain N and an increase in nitrate loads at the (sub-)catchment 553 

outlets relative to the long-term L-Q relationship. We identified two drivers for a decrease in the 554 

catchment- and catchment-soil N retention capacity i) a decrease with increasing discharge that reduces 555 

the relative importance of soil N cycling compared to hydrological transport, or ii) a severe drought that 556 

decreases N cycling by drying out the catchment soils. The subsequent transport of increased nitrate 557 

leaching from the soil zone to the stream network is dependent on the sub-catchment specific TTs and 558 
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the denitrification potential in the groundwater. In catchments with short median TTs, the catchment-559 

retention capacity can decrease within the observation period. Instead, long transit times can dampen 560 

such a short-term response, but potentially form a hydrological N legacy that might become visible at 561 

the catchment outlet years to decades later. 562 

Hotter multi-year droughts are likely to become more frequent and more prolonged with climate 563 

change (Hari et al., 2020; IPCC, 2018). Our study shows that such climatic extremes are a threat not only 564 

to water quantity but also to water quality in terms of nitrate pollution, as they can reduce the capacity 565 

of the catchment soils and entire catchments to retain N. Moreover, such droughts have the potential to 566 

override positive effects of measures to improve water quality (e.g. two-stage ditches; Bieroza et al., 567 

2019). Consequently, droughts need to be considered as an additional risk to water quality that can 568 

intensify the existing anthropogenic pressures. To counteract the additional risk, one should consider 569 

intensified restrictions on manure and fertilizer applications. Furthermore, our study emphasizes the 570 

role of catchment heterogeneity and TTs for a catchment’s vulnerability to drought impacts on nitrate 571 

export and the timing of such impacts. Whereas fast-reacting sub-catchments with short TTs can 572 

contribute to immediate drought responses, slowly-reacting sub-catchments (long TTs) might build up 573 

drought-induced N legacies that could impact future water quality on the long term, depending on the 574 

subsurface denitrification potential. We could show that a severe drought can potentially amplify such 575 

sub-catchment specific differences. The increased variability of nitrate export on both temporal and 576 

spatial scales calls for an increased spatiotemporal frequency of water quality monitoring and more site-577 

specific management plans for site-specific problems. This also means that more studies on drought 578 

effects on water quality in different catchments and also for other pollutants are needed to assess the 579 

additional risk that is posed by longer and hotter droughts. 580 



31 
 

Acknowledgements 581 

This study was funded by the Helmholtz Research Program, Topic 5 Landscapes of the Future, subtopic 582 

5.2 Water resources and the environment and by the Helmholtz International Research School TRACER 583 

(HIRS-0017). A cordial thank goes to the State Office of Flood Protection and Water Quality of Saxony-584 

Anhalt (LHW) and to Germany’s National Meteorological Service (Deutscher Wetterdienst, DWD) for 585 

providing the discharge data and the meteorological data sets.  586 

Data availability statement 587 

The source code and input data for mHM-SAS are available under https://git.ufz.de/nguyenta/mhm-sas 588 

and https://git.ufz.de/yangx/mHM-Nitrate. The raw discharge data can be downloaded from the State 589 

Office of Flood Protection and Water Quality of Saxony Anhalt (LH) under https://gld.lhw-sachsen-590 

anhalt.de/. The raw meteorological data can be downloaded from Germanys National Meteorological 591 

Service (DWD) at https://opendata.dwd.de/climate_environment/CDC/grids_germany/daily/regnie/ and 592 

gridded products based on Zink et al. (2017) are available under 593 

https://www.ufz.de/index.php?en=41160. Raw nitrate-N concentration data are archived in the TERENO 594 

database, available upon request through the TERENO-Portal (www.tereno.net/ddp).  595 

References 596 

Anderegg, W. R., Plavcová, L., Anderegg, L. D., Hacke, U. G., Berry, J. A., & Field, C. B. (2013). Drought’s 597 

legacy: multiyear hydraulic deterioration underlies widespread aspen forest die‐off and 598 

portends increased future risk. Global Change Biology, 19(4), 1188–1196. 599 

https://doi.org/10.1111/gcb.12100 600 

https://git.ufz.de/yangx/mHM-Nitrate
https://www.ufz.de/index.php?en=41160
http://www.tereno.net/ddp


32 
 

Andersen, C. B., Lewis, G. P., & Sargent, K. A. (2004). Influence of wastewater-treatment effluent on 601 

concentrations and fluxes of solutes in the Bush River, South Carolina, during extreme drought 602 

conditions. Environmental Geosciences, 11(1), 28–41. https://doi.org/10.1306/eg.10200303017 603 

Benettin, P., & Bertuzzo, E. (2018). tran-SAS v1. 0: a numerical model to compute catchment-scale 604 

hydrologic transport using StorAge Selection functions. Geoscientific Model Development, 11(4), 605 

1627–1639. 606 

Bieroza, M. Z., Bergström, L., Ulén, B., Djodjic, F., Tonderski, K., Heeb, A., et al. (2019). Hydrologic 607 

Extremes and Legacy Sources Can Override Efforts to Mitigate Nutrient and Sediment Losses at 608 

the Catchment Scale. Journal of Environmental Quality, 48(5), 1314–1324. 609 

https://doi.org/10.2134/jeq2019.02.0063 610 

Botter, G., Bertuzzo, E., & Rinaldo, A. (2011). Catchment residence and travel time distributions: The 611 

master equation. Geophysical Research Letters, 38(11). 612 

Burt, T. P., Worrall, F., Howden, N. J. K., & Anderson, M. G. (2015). Shifts in discharge-concentration 613 

relationships as a small catchment recover from severe drought. Hydrological Processes, 29(4), 614 

498–507. https://doi.org/10.1002/hyp.10169 615 

Campbell, C. A., & Biederbeck, V. O. (1982). Changes in mineral N and numbers of bacteria and 616 

actinomycetes during two years under wheat-fallow in Southwestern Saskatchewan. Canadian 617 

Journal of Soil Science, 62(1), 125–137. https://doi.org/10.4141/cjss82-014 618 

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N., & Smith, V. H. (1998). 619 

Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecological Applications, 620 

8(3), 559–568. https://doi.org/10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2 621 

Casquin, A., Dupas, R., Gu, S., Couic, E., Gruau, G., & Durand, P. (2021). The influence of landscape 622 

spatial configuration on nitrogen and phosphorus exports in agricultural catchments. Landscape 623 

Ecology, 36(12), 3383–3399. https://doi.org/10.1007/s10980-021-01308-5 624 



33 
 

Cramer, M. D., Hawkins, H.-J., & Verboom, G. A. (2009). The importance of nutritional regulation of plant 625 

water flux. Oecologia, 161(1), 15–24. https://doi.org/10.1007/s00442-009-1364-3 626 

Delpla, I., Jung, A.-V., Baures, E., Clement, M., & Thomas, O. (2009). Impacts of climate change on 627 

surface water quality in relation to drinking water production. Environment International, 35(8), 628 

1225–1233. https://doi.org/10.1016/j.envint.2009.07.001 629 

Dupas, R., Abbott, B. W., Minaudo, C., & Fovet, O. (2019). Distribution of landscape units within 630 

catchments influences nutrient export dynamics. Frontiers in Environmental Science, 7, 43. 631 

https://doi.org/doi:10.3389/fenvs.2019.00043 632 

Ehrhardt, S., Kumar, R., Fleckenstein, J. H., Attinger, S., & Musolff, A. (2019). Trajectories of nitrate input 633 

and output in three nested catchments along a land use gradient. Hydrology and Earth System 634 

Sciences, 23(9), 3503–3524. https://doi.org/doi:0.5194/hess-23-3503-2019 635 

Ehrhardt, S., Ebeling, P., Dupas, R., Kumar, R., Fleckenstein, J. H., & Musolff, A. (2021). Nitrate transport 636 

and retention in Western European catchments are shaped by hydroclimate and subsurface 637 

properties. Water Resources Research, 57(10), e2020WR029469. 638 

https://doi.org/10.1029/2020WR029469 639 

Fu, Z., Ciais, P., Bastos, A., Stoy, P. C., Yang, H., Green, J. K., et al. (2020). Sensitivity of gross primary 640 

productivity to climatic drivers during the summer drought of 2018 in Europe. Philosophical 641 

Transactions of the Royal Society B: Biological Sciences, 375(1810), 20190747. 642 

https://doi.org/10.1098/rstb.2019.0747 643 

Górski, J., Dragon, K., & Kaczmarek, P. M. J. (2019). Nitrate pollution in the Warta River (Poland) 644 

between 1958 and 2016: trends and causes. Environmental Science and Pollution Research, 645 

26(3), 2038–2046. https://doi.org/10.1007/s11356-017-9798-3 646 



34 
 

Hari, V., Rakovec, O., Markonis, Y., Hanel, M., & Kumar, R. (2020). Increased future occurrences of the 647 

exceptional 2018–2019 Central European drought under global warming. Scientific Reports, 648 

10(1), 1–10. https://doi.org/10.1038/s41598-020-68872-9 649 

Hashimoto, T., Stedinger, J. R., & Loucks, D. P. (1982). Reliability, resiliency, and vulnerability criteria for 650 

water resource system performance evaluation. Water Resources Research, 18(1), 14–20. 651 

https://doi.org/10.1029/WR018i001p00014 652 

Haynes, R. J. (1986). The decomposition process: Mineralization, immobilization, humus formation. 653 

Mineral Nitrogen in the Plant-Soil Systems, 52–126. 654 

Hirsch, R. M., Moyer, D. L., & Archfield, S. A. (2010). Weighted regressions on time, discharge, and 655 

season (WRTDS), with an application to Chesapeake Bay river inputs 1. JAWRA Journal of the 656 

American Water Resources Association, 46(5), 857–880. https://doi.org/doi:10.1111/j.1752-657 

1688.2010.00482.x 658 

Huber, C. (2005). Long lasting nitrate leaching after bark beetle attack in the highlands of the Bavarian 659 

Forest National Park. Journal of Environmental Quality, 34(5), 1772–1779. 660 

https://doi.org/10.2134/jeq2004.0210 661 

IPCC. (2018). Global warming of 1.5° C: an IPCC special report on the impacts of global warming of 1.5° C 662 

above pre-industrial levels and related global greenhouse gas emission pathways, in the context 663 

of strengthening the global response to the threat of climate change, sustainable development, 664 

and efforts to eradicate poverty [Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, 665 

P.R. Shukla, A.  Pirani,  W.  Moufouma-Okia,  C.  Péan,  R.  Pidcock,  S.  Connors,  J.B.R.  666 

Matthews,  Y.  Chen,  X.  Zhou,  M.I.  Gomis,  E.  Lonnoy,  T.  Maycock,  M. Tignor, and T. 667 

Waterfield (eds.)]. Intergovernmental Panel on Climate Change. 668 



35 
 

Jan, M. T., Roberts, P., Tonheim, S. K., & Jones, D. L. (2009). Protein breakdown represents a major 669 

bottleneck in nitrogen cycling in grassland soils. Soil Biology and Biochemistry, 41(11), 2272–670 

2282. https://doi.org/10.1016/j.soilbio.2009.08.013 671 

Jarvie, H. P., Neal, C., Withers, P. J., Robinson, A., & Salter, N. (2003). Nutrient water quality of the Wye 672 

catchment, UK: exploring patterns and fluxes using the Environment Agency data archives. 673 

Hydrology and Earth System Sciences, 7(5), 722–743. https://doi.org/10.5194/hess-7-722-2003 674 

Jawitz, J. W., Desormeaux, A. M., Annable, M. D., Borchardt, D., & Dobberfuhl, D. (2020). Disaggregating 675 

landscape‐scale nitrogen attenuation along hydrological flow paths. Journal of Geophysical 676 

Research: Biogeosciences, 125(2), e2019JG005229. https://doi.org/10.1029/2019JG005229 677 

Jeppesen, E., Moss, B., Bennion, H., Carvalho, L., DeMeester, L., Feuchtmayr, H., et al. (2010). Interaction 678 

of Climate Change and Eutrophication. In M. Kernan, R. W. Battarbee, & B. Moss (Eds.), Climate 679 

Change Impacts on Freshwater Ecosystems (pp. 119–151). Oxford, UK: Wiley-Blackwell. 680 

https://doi.org/10.1002/9781444327397.ch6 681 

Jiang, S., Jomaa, S., & Rode, M. (2014). Modelling inorganic nitrogen leaching in nested mesoscale 682 

catchments in central Germany. Ecohydrology, 7(5), 1345–1362. 683 

https://doi.org/doi:10.1002/eco.1462 684 

Jomaa, S., Aboud, I., Dupas, R., Yang, X., Rozemeijer, J., & Rode, M. (2018). Improving nitrate load 685 

estimates in an agricultural catchment using Event Response Reconstruction. Environmental 686 

Monitoring and Assessment, 190(6), 330. 687 

Kong, X., Ghaffar, S., Determann, M., Friese, K., Jomaa, S., Mi, C., et al. (2022). Reservoir water quality 688 

deterioration due to deforestation emphasizes the indirect effects of global change. Submitted 689 

to Water Research. 690 

Maxwell, T. L., Canarini, A., Bogdanovic, I., Böckle, T., Martin, V., Noll, L., et al. (2022). Contrasting 691 

drivers of belowground nitrogen cycling in a montane grassland exposed to a multifactorial 692 



36 
 

global change experiment with elevated CO2, warming, and drought. Global Change Biology, 693 

28(7), 2425–2441. https://doi.org/10.1111/gcb.16035 694 

Mikkelson, K. M., Bearup, L. A., Maxwell, R. M., Stednick, J. D., McCray, J. E., & Sharp, J. O. (2013). Bark 695 

beetle infestation impacts on nutrient cycling, water quality and interdependent hydrological 696 

effects. Biogeochemistry, 115(1–3), 1–21. https://doi.org/10.1007/s10533-013-9875-8 697 

Morecroft, M. D., Burt, T. P., Taylor, M. E., & Rowland, A. P. (2000). Effects of the 1995-1997 drought on 698 

nitrate leaching in lowland England. Soil Use and Management, 16(2), 117–123. 699 

https://doi.org/10.1111/j.1475-2743.2000.tb00186.x 700 

Mosley, L. M. (2015). Drought impacts on the water quality of freshwater systems; review and 701 

integration. Earth-Science Reviews, 140, 203–214. 702 

https://doi.org/10.1016/j.earscirev.2014.11.010 703 

Musolff, A., Zhan, Q., Dupas, R., Minaudo, C., Fleckenstein, J. H., Rode, M., et al. (2021). Spatial and 704 

Temporal Variability in Concentration-Discharge Relationships at the Event Scale. Water 705 

Resources Research, 57(10), e2020WR029442. https://doi.org/10.1029/2020WR029442 706 

Musolff, A., Schmidt, C., Selle, B., & Fleckenstein, J. H. (2015). Catchment controls on solute export. 707 

Advances in Water Resources, 86, 133–146. https://doi.org/10.1016/j.advwatres.2015.09.026 708 

National Institue for Public Health and the Environment (RIVM). (2021). Agricultural practices and water 709 

quality in the Netherlands; status (2016-2019) and trend (1992-2019). 710 

https://doi.org/10.21945/RIVM-2020-0184 711 

Nguyen, T. V., Kumar, R., Musolff, A., Lutz, S. R., Sarrazin, F., Attinger, S., & Fleckenstein, J. H. (2022). 712 

Disparate Seasonal Nitrate Export From Nested Heterogeneous Subcatchments Revealed With 713 

StorAge Selection Functions. Water Resources Research, 58(3), e2021WR030797. 714 

https://doi.org/10.1029/2021WR030797 715 



37 
 

Oelsner, G. P., Brooks, P. D., & Hogan, J. F. (2007). Nitrogen Sources and Sinks Within the Middle Rio 716 

Grande, New Mexico1. JAWRA Journal of the American Water Resources Association, 43(4), 717 

850–863. https://doi.org/10.1111/j.1752-1688.2007.00071.x 718 

Outram, F. N., Lloyd, C. E. M., Jonczyk, J., Benskin, C. M. H., Grant, F., Perks, M. T., et al. (2014). High-719 

frequency monitoring of nitrogen and phosphorus response in three rural catchments to the 720 

end of the 2011–2012 drought in England. Hydrology and Earth System Sciences, 18(9), 3429–721 

3448. https://doi.org/10.5194/hess-18-3429-2014 722 

Queloz, P., Carraro, L., Benettin, P., Botter, G., Rinaldo, A., & Bertuzzo, E. (2015). Transport of 723 

fluorobenzoate tracers in a vegetated hydrologic control volume: 2. Theoretical inferences and 724 

modeling. Water Resources Research, 51(4), 2793–2806. 725 

Rakovec, O., Samaniego, L., Hari, V., Markonis, Y., Moravec, V., Thober, S., et al. (2022). The 2018–2020 726 

Multi-Year Drought Sets a New Benchmark in Europe. Earth’s Future, 10(3), e2021EF002394. 727 

https://doi.org/10.1029/2021EF002394 728 

Rode, M., Halbedel née Angelstein, S., Anis, M. R., Borchardt, D., & Weitere, M. (2016). Continuous in-729 

stream assimilatory nitrate uptake from high-frequency sensor measurements. Environmental 730 

Science & Technology, 50(11), 5685–5694. https://doi.org/10.1021/acs.est.6b00943 731 

Samaniego, L., Thober, S., Kumar, R., Wanders, N., Rakovec, O., Pan, M., et al. (2018). Anthropogenic 732 

warming exacerbates European soil moisture droughts. Nature Climate Change, 8(5), 421–426. 733 

https://doi.org/10.1038/s41558-018-0138-5 734 

Schimel, J. P., & Bennett, J. (2004). Nitrogen Mineralization: Challenges of a Changing Paradigm. Ecology, 735 

85(3), 591–602. https://doi.org/10.1890/03-8002 736 

Schnabel, F., Purrucker, S., Schmitt, L., Engelmann, R. A., Kahl, A., Richter, R., et al. (2021). Cumulative 737 

growth and stress responses to the 2018–2019 drought in a European floodplain forest (p. 738 

2021.03.05.434090). https://doi.org/10.1101/2021.03.05.434090 739 



38 
 

Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm, A., et al. (2020). A first assessment 740 

of the impact of the extreme 2018 summer drought on Central European forests. Basic and 741 

Applied Ecology, 45, 86–103. https://doi.org/10.1016/j.baae.2020.04.003 742 

Seeger, S., & Weiler, M. (2014). Reevaluation of transit time distributions, mean transit times and their 743 

relation to catchment topography. Hydrology and Earth System Sciences, 18(12), 4751–4771. 744 

https://doi.org/10.5194/hess-18-4751-2014 745 

Sinha, S., Rode, M., & Borchardt, D. (2016). Examining runoff generation processes in the Selke 746 

catchment in central Germany: Insights from data and semi-distributed numerical model. 747 

Journal of Hydrology: Regional Studies, 7, 38–54. https://doi.org/10.1016/j.ejrh.2016.06.002 748 

Sprague, L. A. (2005). Drought Effects on Water Quality in the South Platte River Basin, Colorado1. 749 

JAWRA Journal of the American Water Resources Association, 41(1), 11–24. 750 

https://doi.org/10.1111/j.1752-1688.2005.tb03713.x 751 

Stahl, K., Hisdal, H., Hannaford, J., Tallaksen, L., Van Lanen, H., Sauquet, E., et al. (2010). Streamflow 752 

trends in Europe: evidence from a dataset of near-natural catchments. 753 

https://doi.org/10.5194/hess-14-2367-2010 754 

Tetzlaff, D., Seibert, J., McGuire, K. J., Laudon, H., Burns, D. A., Dunn, S. M., & Soulsby, C. (2009). How 755 

does landscape structure influence catchment transit time across different geomorphic 756 

provinces? Hydrological Processes, 23(6), 945–953. https://doi.org/10.1002/hyp.7240 757 

Thompson, S. E., Basu, N. B., Lascurain, J., Aubeneau, A., & Rao, P. S. C. (2011). Relative dominance of 758 

hydrologic versus biogeochemical factors on solute export across impact gradients. Water 759 

Resources Research, 47(10). https://doi.org/10.1029/2010WR009605 760 

Van Der Velde, Y., Torfs, P., Van Der Zee, S., & Uijlenhoet, R. (2012). Quantifying catchment‐scale mixing 761 

and its effect on time‐varying travel time distributions. Water Resources Research, 48(6). 762 

https://doi.org/10.1029/2011WR011310 763 



39 
 

Van Meter, K. J., & Basu, N. B. (2015). Catchment legacies and time lags: A parsimonious watershed 764 

model to predict the effects of legacy storage on nitrogen export. PLoS One, 10(5), e0125971. 765 

https://doi.org/10.1371/journal.pone.0125971 766 

Van Meter, K. J., Basu, N. B., Veenstra, J. J., & Burras, C. L. (2016). The nitrogen legacy: emerging 767 

evidence of nitrogen accumulation in anthropogenic landscapes. Environmental Research 768 

Letters, 11(3), 035014. https://doi.org/10.1088/1748-9326/11/3/035014 769 

Van Vliet, M. T. H., & Zwolsman, J. J. G. (2008). Impact of summer droughts on the water quality of the 770 

Meuse river. Journal of Hydrology, 353(1), 1–17. https://doi.org/10.1016/j.jhydrol.2008.01.001 771 

Whitehead, P. G., Wilby, R. L., Battarbee, R. W., Kernan, M., & Wade, A. J. (2009). A review of the 772 

potential impacts of climate change on surface water quality. Hydrological Sciences Journal, 773 

54(1), 101–123. https://doi.org/10.1623/hysj.54.1.101 774 

Winter, C., Tarasova, L., Lutz, S. R., Musolff, A., Kumar, R., & Fleckenstein, J. H. (2022). Explaining the 775 

Variability in High-Frequency Nitrate Export Patterns Using Long-Term Hydrological Event 776 

Classification. Water Resources Research, 58(1), e2021WR030938. 777 

https://doi.org/10.1029/2021WR030938 778 

Winter, C., Lutz, S. R., Musolff, A., Kumar, R., Weber, M., & Fleckenstein, J. H. (2021). Disentangling the 779 

impact of catchment heterogeneity on nitrate export dynamics from event to long‐term time 780 

scales. Water Resources Research, 57(1), e2020WR027992. 781 

https://doi.org/10.1029/2020WR027992 782 

Wollschläger, U., Attinger, S., Borchardt, D., Brauns, M., Cuntz, M., Dietrich, P., et al. (2017). The Bode 783 

hydrological observatory: a platform for integrated, interdisciplinary hydro-ecological research 784 

within the TERENO Harz/Central German Lowland Observatory. Environmental Earth Sciences, 785 

76(1), 29. https://doi.org/10.1007/s12665-016-6327-5 786 



40 
 

Yang, J., Heidbüchel, I., Musolff, A., Reinstorf, F., & Fleckenstein, J. H. (2018). Exploring the dynamics of 787 

transit times and subsurface mixing in a small agricultural catchment. Water Resources 788 

Research, 54(3), 2317–2335. https://doi.org/10.1002/2017WR021896 789 

Yang, X., Jomaa, S., Zink, M., Fleckenstein, J. H., Borchardt, D., & Rode, M. (2018). A New Fully 790 

Distributed Model of Nitrate Transport and Removal at Catchment Scale. Water Resources 791 

Research, 54(8), 5856–5877. https://doi.org/10.1029/2017WR022380 792 

Yang, X., Tetzlaff, D., Soulsby, C., Smith, A., & Borchardt, D. (2021). Catchment Functioning Under 793 

Prolonged Drought Stress: Tracer-Aided Ecohydrological Modeling in an Intensively Managed 794 

Agricultural Catchment. Water Resources Research, 57(3), e2020WR029094. 795 

https://doi.org/10.1029/2020WR029094 796 


