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Abstract

Abstract

The inventionof the HabeBosch process teynthesize reactive nitrogen hagproved food security
globally. However the associatethassiverelease of reactive nitrogen into the environment has
disruptedthe global nitrogen cycle with severe impacts on biodiversity, climate, ankirdyiwater
guality. To find an acceptable balance between the benefits andata#iimpacts of reactive nigen
use, we need to understand the complexity of systems in which nitrogen is cyclolgn@atsasthe
main unit for water quality managememicompassiumerous hydrological and biogeochemical
processes that shape nitrogen rébenin and nitrate exgbfrom catchments. Nitrogeretention and
nitrateexport are strongly controlled by catchment characteristics and hetewrological conditions
that vary in space and time. To mitigate nitrate pollution in espiéeific and targeted way, we need to
identify thedominant proesses and controls across spatiotemporal scaléseinterlinkages between
scalesTherefore my overarching research question was:

How do hydrological and biogeochemical processes, operating across different tenoptera) shpe
the dynamics of nitrate concentrations and loads at the outlet of spatitdiypbeneous catchments?

To disentangle the effects of spatial variability, | zoomed in on a hete#ogs mesoscale catchment
in central Germany, analyzing data from three nested gauges (i.e., thidaubents). Furthermore,

| zoomed out, comparingsultsfrom this catchment with neighboring catchments. The temporal scales
investigated ranged from long-term trends over hydedeorological anomalies (a twear drought)

and seasonality to individual runoff events. My methodological approach encadpmiadriven
analyss of concentratiowlischarge and loadischarge relationships combined with prodeased
modeling, hydro-meteorologt runoff event chacterization, ath analysis & water and nitrogen
transit times

Results from the three studien this thesis shetight on how the comlex interplay of nitrate
availability andtransportshapeghe signal of nitrate expo#dt the catchment outlet. In Study 1, |
disentangled the contributieof different subcatchments to seasonality and lgegm trends in nitrate
export in response to an abrupt decline in nitrogen inputs aft&@etraan reunification. Building on
the comprehensive understanding(sfilb)catchmentfunctioning gained in Study 1, in Study 2, |
investigated how a severe, tyear drought can affect suatchmenspecific nitrate export patterns
and nitrogen retention capacity. In StigJyl focused on the tempairscale of runoff eventsomparing
results from the cakenent analyzed in Studidsand2 with those of neighboring catchments. Here, |
assessed how hydmeteorological event characteristics edfect evendriven nitrate export. In this
thesis, lhavesynthesizedhe results of the three slies by dividing them into different temporal scales,
highlighting the relevance of spatial heterogeneity and the intagatkbetween spatiotemporal scales.

Long-term trend analyse revealed howchanges imitrate availability, which can be caused by
strongly decreased fertilization (Study 1) or severe drought (Stugyapagate througdifferent sub
catchmerd. In both cases, sutetchment differences initrogen transit times we crucial for
understanding niatte export dynamics at the catchment outlet.
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Thehydro-meteorological anomalyin the form of a severe drought, analyzed in Study 2, reduced the
capacity of the catchment to retain nitrogen via biogeochemitalessesAdditionally, summer
drought conditios cause exceptionally long transit times, resulting in subsurface nitrate accuamulati
Subcatchmenspecific transit timesduring rewetting determimewhether accumulated nitrate sva
rapidly transported to the stream, causing peak nitrate otvaters, or whether it might have created

a hydrological nitrogen legacy for the future.

All three studies revealam pronouncedeasonalityin discharge and nitrate concentrations, driven by
the seasonality in biogeochemicgirocesses (uptake and removal) and catchment wetness.
Biogeochemical processesntroled nitrate source availability, anchtchment wetness controlldte
hydrological connectivity of nitrate sources.

Hydro-meteorological conditions shaped nitrate export durimpff events by controlling nitrate
availability and lydrological connectivity (Studg). High-magnitude events, occurring mainly during
wet conditions in winter and spring, exported disproportionately high nltvats with comparably
constant nitrate export patterns and no sign of nitrate source limitati@ontrast, lowmagnitude
events, occurring mainly during dry conditions in summer and autumn, showed highbjevaxport
patterns, reflecting the spatial heterogeneity in nitrate source avgilanitl an ncreasingmpact of
biogeochemical retention processes.

By analyzing nitrate export across a range of spatiotemporal scales, | caldibven the complexity
of catchments tadentify dominaniprocesses and controls at their relevant scale and thénikeages
between scales. This allowed me to derive targeted suggestions for futurehreseawater quality
management. Future research can benefit from the process understandidgirgdine thesis by
incorporating it into mechanistic modétsimprovethdr ability to predict the impact of climate change
on the export of nitrate or other pollutants. Regarding water quality mareamel suggesto better
account for the complexity of catchmeritg densermonitoring and differentiating sitspecific
mecanisms of nitrate export using C-Q relationshipsteaukit times These suggestiomsay helpto
find an acceptable balance betwdlemsocietal benefits of reactivaétrogen and its harmful impacts.




Zusammenfassung

Zusammenfassung

Die Erfindung des HabdBoschVerfahrens zur Syntheseon reaktivem Stickstoff haizu einer
Verbesserung der weltweit&mnahrungssicherheit gefiihRie damitverbundenenassive-reisetzung
von reaktivem Stickstoff in die Umwelt hat jedoch den globalen Stickséiéflauf gestort mit
schwerwiegendeAuswirkungen auf diBiodiversitat das Klima und die Trinkwasserqualitat. Um ein
akzeptables Gleichgewicht zwisgen den Vorund Nacleilendes Einsatzes von reaktivem Stickstoff
zu finden, missen wir die Komplexitat der Systeme verstehememen Stickstoff zirkuliert.
Einzugsgebiete alsprimare Einheit des Wasserqualititsmanagementsmspannen zahlreiche
hydrologische und imgeochemische Prozesse, die &ickstoffriickhalt in und den Nitratexport aus
Einzugsgebieten beeinflussen.  Stickstoffrlickhalind  Nitratexport werden stark von
Einzugsgebietsarkmalen undhydrameteorologischen Bedingungen gesteweeiche beidein Raum
und Zeit variieren. Um die Nitratverschmutzung standortspezifisch und gaziedtluzieren, missen
wir die zugrundeliegendeMechanismen auf verschiedenen réauhdit und zeitlichen Skalen und die
Verbindung zwischen diesen Skalen versteMgine Ubergordnetd=orschungsfrage lautete daher:

Wie pragen hydrologische und biogeochemische Prozesse, Uber verschiedene Zbirskalgndie
Dynamik der Nitratkonzentrationen urfdachten am Auslass raumlich heterogener Einzugsgebiete?

Um die Auswirkungen der raumlichen Vatbilitatzu versteherteilte ich eirheterogengsnesoskaliges
Einzugsgebiet in Mitteldeutschlanoh drei Teileinzugsgebiete auf, dam ich die Daten drei
aufeinanderfolgender Pegel analysieealRerdemerweiterte ich die rAumliche Skala, indem ich die
Ergebnisse audiesem Einzugsgebiatit den Ergebnisseangrenzender Einzugsgebigtrglich Die
untersichten Zeitskalen reichten von Laedtrends Uber hydrometeorologische Anomalien (eine
zweijahrige Diire) und Saisonalitat bis hin zu einzelnen Abflussereignissen. Mein metrerdistatz
umfasste datentigebeneAnalysen von Konzentratiorsbfluss- undrFrachtAbflussBeziehungen in
Kombination mit prozesbasierter Modellierung, hydneteorologischer Alhfissereignis
Charakterisierungnd die Analyse der Verweilzeiten von VEasund Stickstoff.

Die Ergebnisse der drei Studién dieser Arbeit geben Aufschluss dartber, wie das komplexe
Zusammenspiel zwischen dditratverfigbarleit unddem transport dasignal desNitratexportsam
Einzugsgebietsuslass pragt. In Studie 1 entschlisselteich die Beitrdge der verschiedenen
Teileinzugsgebiete zur Saisonalitat und demgzeittrendsles Nitratexportsn Reaktion aufeinen
abrupten Riickgang der Stickstoffeintedagach der deutschen Wiedervereinigung. Aufbauend auf dem
in Studiel gewonnenenumfassenden Verstandnis der Funktionsweaige Teilénzugsgebiete
untersuchte ich in Studi2 wie sich eine schwemveijahrige Dirre auf didlitratexportdynamiken
und dieStickstoffriickhaltekapazitéintershiedlicher Teileinzugsgebiete auswirken kann. In St@die
konzentrierte ich mich auf die zeitliche Skala von Abflussereignissdrerglichdie Ergebnisse aus
dem in den Studien 1 und 2 analysierten Einzugsgebiet méhdemachbarter Einzugsgebiete. Dabei
untersuchte ich, wie die hydreeteorologischen Charakteristiken verschiedener Abflussereighgsse d
Nitratexportdynamiken beeinflussen kdnnen. In di&issertationhabe ich die Ergebnisse der drei
Studien basierend awérschiedene Zeitskalenzusammegefasst umdie Bedeutung der rdumlichen
Heterogenitat und der Verknipfungen zwischen den rdumlichen und zeitlichen Sé@alerzuheben.




Zusammenfassung

Die Analysen vonlLangzeittrends haben gezeigwie sichVeranderungen in deéNitratverfligbarkeit
die durch stark verringerte Dingung (Studie 1) oder schwere Dirre (Studieu®aebt werden
kdnnen,in verschiedene Teileinzugsgebietaudreiten In beiden Fallen waren die Unterschiede
zwischen den  Stickstoffverweilzeiten  derTeileinzuggebiete entscheidend um  die
NitratexportdynamikamEinzugsgebietauslass zu verstehen

Diein Studie 2 analysierteydrometeorologische Anomalién Form einer schweren Dirre verringerte
die Fahigkeit des Einzugsgebiets, Stickstoff Giber biogaoithe Prozessmirriickzihalten. Cartiber
hinaus verursachte dierockenheitim SommerauRergewdhnlich langéerweilzeiten, was zu einer
unterirdischerNitratakkumulation fuhrte. Die talnzuggebietsspezifischeWerweilzeiten wéhrend
der Wiedevernassundestimmtenob das akkumulierte Nitrat schnelimFlieRgewassemansportiert
wurde und dort SpitzenNitratkonzentratioan verursachte, oder oldas akkumulierte Nitrat
mdglicherweise ein hydrologisches Stickstégffrmachtnis fir die Zukunft schuf.

Alle drei Studien zeigten eine ausgepragéesonalitatim Abfluss undin den Nitratkonzentrationen,
welche durch die Saisonalitat biogeochemische ProZ&tmdkstoffaufnahme undabbau)und der

Einzugsgebietsfeuchte beditrwar. Biogeochemische Prozeskentrollierten dieNitrateverfligbarkeit
und die Einzugsgebietsfeucltieuertalie hydrologisché&onnektivitat der Nitratquellen.

Die hydrometeorologischen Bedingungen beeinflussten den Nitratexport naéahin
Abflussereignissa, indem sie die Nitratverfigbarkeit und die hydrologische Konnektivitat
kontrollierten (Studie 3Abflussereignisse hoher GroRenordnuttig hauptsachlichu Zeiten feuchter
Bedingungen im Winter und Frihjahr auftraten, exportierten unverhaltnisimatfgNitratfrachten mit
verglechsweise konstanten Nitratexportmusterohne Anzeichen einerLimitierung der
Nitratverfiigbarkeit Im Gegensatz dazu zeigtébflusserignisseniedriger GrolRenordnungvelche
Uberwiegendwahrend trockener Bedingungen im Sommer und Herbst auftraten, sehr variable
Exportmusterwelchedie rdumliche Heterogenitat dlitratverfligbarkeitund einenvergleichsweise
starkenkinfluss biogeochemischer Rickhalteprozesse widerspiegeln.

Durch die Andyse des Nitratexpogs auf verschiedenen raumlichen und zeitlichen Skalen konnte ich
die Komplexitdat von Einzugsgebieten aufschlissalm] wichtige Katrollmechansismerauf der
jeweiligen Skalaowiedie Verbindungen zwischeieden Skalen ermitteln. Daus konnte ich gezielte
Vorschlage fir dieukiinftige Forschung und das Wasserqualititsmanagement abRitemftige
Forschungkann von dem in dieser Arbeit gewonnenen Prozessverstandnis profitieren,diedes
Verstandnisn mechanistische Modelle gj@bautwird, um dadurch deren Fahigkeil verbessern, die
Auswirkungen des Klimawandels auf den Export von Nitrat oder anderen Schestmtierzusagen.
Bezlglich deswasserqualititmanagemerdshlage ich vor, die Komplexit&von Einzugsgebieten
durch én dichteres Monitoringnetzund die Differenzierung standortspezifischer Mechanismen des
Nitratexports mitHilfe von C-Q-Beziehungen underweilzeitenbesser zu bericksichtigen. Diese
Vorschlage kdnten dazu beitragen, ein akzeptables Gleichgewicht zwischen dem gesellschaftliche
Nutzen von reaktivem Stickstoff und seinen schadlichen Auswirkungen zu finden.




Introduction

1 Introduction

Nitrogen (N) is an essential nutrient for all life on earth. Howelveman interference with nitrogen
cycling has drastically increased the availability of reactive nitrogereibitsphere, with detrimental
impacts on biodiversity, climate, and drinkiwater quality(Elser, 2011; Vitousek et al., 199Bigh
concentrations of reactive nitrogen in the groundwater and surface mataly in the form of nitrate
(NOs), threaten the health afjuatic ecosystengSchindler et al., 198%nd human health if ending up

in our drinking water (Majumdar and Gupta, 2QdDgspite great mitigation efforts, nitrate pollutio
remains a pervasive problgiBijay-Singh and Craswell, 2021; SRU, 2015herefore, it is of utmost
importance to understand the spatiotemporal integration of processefdpatthe availability and
transport of reactive nitrogen at the catchment scale, the.,relevant scale for water quality
managementSRU, 2015). It is the main objective of this thesis to contribute to this uadeirsg by
unraveling the dyamics of nitrate export from mesoscale catchments across temporal scales. In the
following, | introduce the overarching problem of a global excess of reaatitogen (1.1) and the
resulting amplification ofhenitrogen cyck and increased nitrate avdilhty for hydrological transport
(1.2). I then present the current state of our knowledge of the processes in a cathhtreznt control
nitrate availability and hydrologicailitratetransport (1.3) at different spatial (1.4) and temporal scales
(1.5).

1.1 Global Excess of Reactive Nitrogen

The largest global nitrogepool is dinitrogen (B in the atmosphere, with a volumetric fraction of
about 78%(Elser, 2011). However, dinitrogen is inert atltereforejnaccessible to most organisms
(Elser, 2011; SRU, 2015). Therefore, to initiate nitrogen cycling in the biospherespderic
dinitrogen needs to be transformiado reactive nitrogen copounds that are available for primary
producers, such as plants. Naturally, dinitrogen is fixed by microorgartisabsare capable of
producing nitrogenase or by lightning strikes. However, due tbigteenergy demand of dinitrogen
fixation, most ecosyemmns are naturally nitrogdimited (Vitousek et al., 1997; Elser, 201Hence, the
availability of reactive nitrogen strongly controls the structure and specigsosdion of ecosystems
(Vitousek et al., 1997).

In the early 20th century, Fritz Haber and Carl Bosch developestteod to synthesize ammonia (§IH
from atmospheric dinitrogen, providing a literally inexhaustible source ofiveanitrogen for plant
fertilization. This invention enabled a tremendous increase in agriautroductivity and foodecurity
across the globéElser, 2011). Another development was the invention of combustion engines that
release nitrogen from fossil fuels and, together with other industrial bysrocgsses, fix atmospheric
dinitrogen in a similar way lightning strikes @&lser, 2011)Both inventions mark milestones in the
development of our modern civilization. However, human interferencetiétimatural nitrogen cyel

has also come with severe downsides: nitrogen oxides in the atmosphere eotarihoibal warming,
depletion of the ozone layer, and air pollution (Vitousek et al., 1997; IPCC, 2021). lo$pbdiie, the
widespread availability of reactive nitrogen has caused immense biodiversity loedestlie critical
role of nitrogenavailability for ecosystem structure and species composditierivries et al., 2011;
IPBES, 2019; Vitousek et al., 199 Moreover, high inorganic nitrogen concentrations in freshwater
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bodies can cause eutrophicati@chindler et al., 1985), while in our drinking watdreycan cause
human health disorders suchnasthemoglobinemia (Majumdar and Gupta, 2000).

1.2The Nitrogen Cycle Beyond Its Natural Boundaries

To understand the role of reactive nitrogerireshwater quality, one needs to take a detailed look at
the major transformation processes in the nitrogeycle thataffect the availability and mobility of
different nitrogen compounds (FigureSRU, 2015).

77 N

N.O “— /v..u, NH,

R A
No\ /\(/O (\,/f\zoz

6 |

|,

Vv
Figure 1. Biogeochemicahitrogen transformations in the se@iateratmosphere continuum
It starts with thenitrogen fluxfrom the atmosphere to the soil when atmospheric dinitrogeq@dsto
ammonia or ammonium (NFf). These two reactive nitrog@ompounds are in dissociation
equilibrium, with ammonia potentially volatilizing back into the atmosplard ammonium being
available for plant uptake (i.e., assimilation). If not directly taken up bytplar other primary
producers, ammonium can be further transformemnitrite (NQ’) and thennto nitrate (NGQ), which
is al® accessible to plants. The transformation from ammonia to nitratees cetfification. Organic
forms of nitrogen are first transforméuoto inorganic ammonium (ammonification) and potentially
further into nitrate (nitrification) to be accessible to plants and other primapdupers. The
transformation of organic nitrogegmompounds to inorganic ammonium and nitrate is called
mineralization. Nitate in the soil thaprimary producers have not taken igpleached into the
groundwater or transferred back into the atmosphere via denitrification $&kat al., 1997While
nitrogen can be temporarily stored in organic biomass, which can signifidafdlynitrogen turnover,
denitrification and anammox are the only known ways of tramsfenitrogen back into the atmosphere
as inert dinitrogen. Denitrification occurs predominantly under anaecohititions (Chen and Strous,
2013)when soil microbes switch from the energetically preferablereleeicceptor oxygen to the less
preferable nitrate, given a sufficient supply of electron dogsock as organic carbon, reduced sulfur
or iron(ll) (Straub et al., 1996; Korom, 1992; Hayakawa et al., 2@a@jng denitrification, nitrate is
successively transformed into nitrite, nitric oxide (NO), nitrous oxid®}Nand finally dinitrogen.
However, incomplete denitrification can releastous oxide, a greenhouse gas with an almost 300
times higher warming potential than carbon dioxide {GPCC, 2007) The ammmox process was
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discovered by Muler et al. 1995), descriling the transformation of ammoniumnd nitrite into
dinitrogen under anaerobic conditions.

Due to the drastically increased availability of reactive nitrogen in itephbere, Rockstrom et al.
(2009) andsteffen et al.Z015)estimated that the nitrogen cycle is far beyond its planetary boundaries
and a safe operating space for humanity. Hanke and SB01i8)éstimated that roughly every second
nitrogen atom in the biosphere originates from fertilizers or fossis.fuled a consequence, nitrate
concentrations in nmy European rivers have increased terfifteenfold in the last 100 yea(§ields,
2004) Thishumanmade alteratioof the nitrogen cycléurther links to other environmental threats of
global relevance, such as biodiversity loss and climate ch@tglen et al., 2015)Therefore, it is
crucial to find a balance between carefully using nitrogen fertilizatiofobd security and preventing
its detrimental impacts on ecosystems and human H&BES, 2019)However, finding such balance

is a delicate task given the nutritional and economic interestrimgan availability(IPBES, 2019;
Ribaudo et al., 2011put also due to the complexity of systems in which nitrogen is cy@éing,
Grathwohl et al., 2013; Musolff et al., 2015; SRU, 20Tigtailed knowledge of the different nitrogen
pathways and processes along these pathways is needed to understand hew isitir@gnsported
through and retained withileterogeneousandscapes. This includes knowledgk tbe spatial
variability of pahways and processes, includittge vulnerability of landscapes and ecosystems to
different nitrogen input levelsandknowledge ofthe timing andduration of the transit of nitrogen-
compounds through the subsurface and their exposure to biogeochemical processes.

1.3 Nitrogen Availability and Transport at Catchment Scale

Catchment characteristics and hydneteorological conditions play an important role in the
spatiotemporal variability of nitrogen availability and its transfer femurce to stream. They shape the
numerous hydrological and biogeochemical processes ¢hat within a catchment and compose the
signal of nitrate export that we can measure in the stream at the outletafraerat According to the
European Water Framework Directive (WFD; 2000/60/EC), catchments araaiheunit of water
guality management. Therefore, addressing the challenge of mitigatirage njiollution while
maintaining agricultural productivity also requitesowledge othe mechanisms behind nitrate export
across a range of catchment characteristics and imyelt@orological conditian

As a first step, reactive nitrogen from different anthropogenic andahatources is introduced to a
catchment. While ften anthropogenic nitrogen sources prevail (Elser, 2011; Vitousek et al., ¥897)
can further distinguish between different types of (mainly anthropogsitiogen input, which can
vary with land use (Figure 2a). In agricultural areas, the diffuse inputrof@n via fertilization is
typically the dominant sourcfEbeling et al., 2021a)n urban areas, the point source input from
wastewateroften dominatege.g.,lverson et al., 2015)Atmospheric deposition, as another diffuse
source, can be the main source of nitrogen input in relatively pristine lansigegpg<napp et al.,
2020) Catchments, especiallyr¢gerscale catchments, often integrate a mix of different land use types
and thus also different nitrogen sources. Overall, the most abundant soumteo@én input is
agricultural fertilization(Ebeling et al., 2021a; Elser, 2011; SRU, 201 this can vary locally or
regionally, and different sources can change in their absolute and eetatiribution over time
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(Wachholz et al., 2022). Consequently, it is important to identify catchspexwific nitrate sources and
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J

their temporal dynaics.
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Time Integrated catchment response
Figure 2. Catchment characteristics and hydneteorological conditions (a d), which jointly shape
discharge and nitrate export dynamics at the catchment outlet. Panel e aepixample of daily discharge
(Q) andnitrate concentrations (C) over one year at the catchment outlet, which is aat@deggnal of all
the different processes {al) within the catchment.

Once entering the soils of a catchment, nitrogen can be taken up by plants orimizugr produces,
being temporarily stored in organic biomass or removed from a specifigssktarvesting. If not taken
up by primary producers, nitrogen can be removed via denitrificatimnasnmox processes (Figurg

or it can be leached from the soils, maimyhe form of nitrate, passing the vadose zone until reaching
the groundwater (see chapter 1.2). When leached, nitrate is tradsgortg the subsurface flow paths
to the stream network or other water bodies, such as lakes (Figure 2b)sdlssdaceldbw paths can
vary between catchments and shape the nitrate transport time scale from nitrpteaobied from the
catchment’s soils until its export at the catchment outlet. Moreovese th@wv paths influence the
exposure of nitrate to reactive zorthat can interrupt nitrate transport via denitrification (Figure 2c;
Tetzlaff et al., 2015; Nogueira et al., 2021¥When reaching the stream network, nitrate is further
transported downstream along the river network. During this jouniggte can again be exposed to
biogeochemical reactions such as nitrate uptake (temporal storage in orgamigsd)ioand
denitrification in the stream channel and within the hyporheic zBigure 2c;Rode et al., 2016;
Nogueira et al., 2021).

Besides the internal catchment characteristics, the surroundingimgdieorological conditions (Figure
2d) also shape the hydrological transport ofatét and its biogeochemical processing at catchment
scale. Regarding hydrological transport, temperature and precipisatongly control the wetness state
of a catchment, which, in turn, influences the hydrological connectivity,heefraction of flow paths
that actively contribute to nitrate transfer from source to st(damncso et al., 2009). High catchment
wetness generally causes higher hydrological connectivity and leads tceyauaigr reaching the
stream networkYang et al., 2018). Low catchment wetness, on the contrary, reduces the hygdfologi
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connectivity, with the remaining fraction of active flow paths prefiaiy transpoting deeper and
older water(Yang et al., 2018). Regarding biogeochemical processing, high tempergenezally
favor high biogeochemical reaction rates, including high rates of miretrah, plant uptakeand
denitrification (up to a procespecific temperature optimurBaad and Conrad, 1993; Campbell and
Biederbeck, 1982; Haynes, 1986). In contrast, low soil moisture, resultingdvoprecipitation but
alsofrom high temperatures, can inhibit these biogeochemical rea€Weusg et al., 2006; Miller and
Johnson, 1964; Dijkstra and Cheng, 2008). Thereby, the hydro-meteorological condititvoktbe
biogeochemical retention of nitrogen within a catchment or its provisienlaile nitrate that can be
hydrologically transported to theream network and exported at the catchnoertiet.

The interplay of all these different processes, from nitrogen input to bgitral transport and
biogeochemical processing, shapes nitratpod dynamics at the catchment outlet (Figure 2e).
Therefore, the dynamics of discharge and nitrate concentrations meassteghtin-can help to
disentangle and better understand these underlying procéémsesrtheless, the great numbafr
catchment processes and their complexity often hinder an unambiguous disentangigpeerdlly in
larger (i.e., mesoscale or macroscale) catchments. Furthermore, all these pracesstesngly
controlled by individual catchment characteristics (e.g., land use, topographydogyy and by the
hydrometeorological conditions, which vary in space and time. To addreag mllution in a site-
specific and targeted way, we, therefore, need to identify dominant processss spatiotemporal
scales.

1.4 The Spatid Scale- Catchment Heterogeneity

Catchments often integrate different land use types, elevations, soil tgpixgigs, and many other
characteristics, which can all be heterogeneous in space. Consequently, caighetientng in terms

of biogeochemical nitrogen processing and hydrological transport can also vagrgce snd, in
general, the larger the catchment, the more complex the interplay of venaasteristics. A more
detailed understanding of the contribution from different landscape unitss(ilseatchments) to
nitrogen input, hydrological transppaind biogeochemical processing would allow us to better account
for the complgity of catchments todevelop more sitepecific approaches for water quality
management.

Numerous studies anaba nitrate export in headwater catchments as the nucleus afneatctvater
quality (Kincaid etal., 2020; Yang et al., 2018; Knapp et al., 2020; Dupas et al.,.2Dt&)reason is
that headwater catchments are often relatively small catchments that aiyerasoaluniform in terms

of land use and other characteristics and thus provide a good test case flyirigethi dominant
processes that shape water quality at the headwater catchmen(eogitiétncaidet al., 2020; Yang et

a., 2018). Mesoscale catchments, on the contrary (10-Kri2000 km?2, Breuer et al., 2008), often
cover several stream orders and can also cover a wide range of different catdfaretieristics and
hydro-meteorological conditions; for example, different rates of annealgitation due to topographic
differences. In largeeale catchments, such as the Elbe catchnehtW K DSSUR[LPDWHO\
(Wachholz et al., 2022understanding the processes that occur at the level of headwater catichment
from measurements at the catchment outlet becomes almost impossible. Neverthelesgalityter
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management is not restricted to fiostler streams in headwater catchments but mainly has to deal with
mesoscale or even larger catchments with all the comyplekihydrological and biogeochemical
processes that these catchments entail.

Nested catchment studies (i.e., studies that use data measuredathiment outlet and a minimum

of one more measurement statioeated within the catchment) are a straightfard approach to
disentanghg the impact of different subatchments on nitrate export at the catchment o(glet,
Ehrhardt et al., 2019; Wollheim et al.,12{). For example, Ehrhardt et al. (2019) showed pronounced
differences in nitrogen input and retention along nesteccatdhvments, resulting in different export
regimes of nitrate, and/ollheim et al. 2017)used a nested catchment approach to improve estimates
on diffuse nitrate sources and instream biogeochemical retexittbe sukcatchment level. As such,
nested catchment studies allow disentangling the contribution of diffarfenatchments, giving soe
insight into the black box of catchment processes that shape nitrateabghe catchment outlet.

Instead of zooming in to a catchment, as done in nested catchment studies) als® zoom out and
extend the scale by comparing different catchménttheir nitrate export dynamics. Such multi-
catchments studies allow us to compare catchments of different charastarst draw conclusions
about the impact of those characteristics on nitrate ep@rtEbeling et al., 2021; Van Meter et al.,
2020).

1.5 The Temporal Scale +From Long-Term to High-Frequency

Nitrogen processing in catchments anidrogen transit from source to stream can be described and
analyzed at various temporal scales, which all havettlevance and specific merits. Analyses across
different time scales help understand the full picture of nitrate tranapdrretention processand
better understand catchment functioning in terms of biogeochemical prgcesginhydrological
transport under changing nitrogen input and hydegeorological conditions. Such analyses can cover,
for example, long-term trends in riverine nitrate @tpits divergence during climatic anomalids,
intra-annual variability (i.e., seasonality), and nitrate export during runoff eteat span a few hours

to days.

Longterm monitoring of nitrate concentrations in streams has a long histargsadstrialized
countries(Vitousek et al., 1997)which allows for the analysis of trends across regions where nitrate
pollution is most pressing. One prominent example is the Mississippi Rivaribalse United States,
where increasing nitrate concentrations in the river have been associatedonatsing fertilizer
application rates, starting around 1980rner and Rabalais, 1990Jhese and other lonterm nitrate
concentration measurements not only provide insights into how changes gemitngput propagate
through a catchment, slowly becoming measurable at the catchmentbuitiéso allowthe detecton

of discrepancies betwedhe total amount of nitrogen input and riverixpert (Van Meter et al., 2016)
Such discrepancies, often referred to msssing N (Van Meter et al., 2016)an hint at nitrogen
removal via denitrification or nitran being retained (i.e., legacies) in the catchment (Van Meter et al.,
2016) Hence, longerm analyses allows to characterize nitrogen transit tinf€3's) resulting from
biogeochemical and hydrological retention and to estimate nitrogen rendanitrification, among
other things (e.g., Ehrhardt et al., 2019; Van Meter et al., 2016).
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Hydro-meteorological anomalies, such as drought, may occur at amntértraannual scales and can
interfere with nitrogen processing and its hydrological transport. fit@iférence can impact the timing
and magnitude of nitrate export at the catchment outlet. For instance;ongnséudies reported that
nitrate export was significantly altered during and immediately aftérought, often degrading the
overall freshwater qualityMosley, 2015and references therein). Consequently, hydeteorological
anomalies, which can occur at inter intraannual time scales, are another aspect to be covered for
understanding the whole picture of nitrate export at catchment scale.

Seasonality of nitrate expoih generaldescribes the intrannual variability in nitrate concentrati®
and loads. Numerous studies that analyzed nitrate export in temperate cliniatesaainual scales
revealed a strong seasonality in nitrate export driven by the seasomdlity hydremeteorological
conditions, shaping nitrate availability and spart (e.g.Ebeling et al., 2021b; Wachholz et al., 2022;
Van Meter et al., 2020Therefore, for a detailed understanding of the magnitude and timiigagfen
export at catchment scale, we also need to understand the seasonality in nibraenebge processes
behind it (Duncan et al., 2015).

Runoff events often occur within hours or days and are thus hidden if lookiog-fetjuency data
(i.e., biweekly- monthly), typically available from lorterm nitrate concentratiomonitoring. In
contrast to nitrate concentration data, hyah@teorological data such as precipitation and discharge at
high frequency (i.e., subeurly to daily) have been available for decades, allowing for robust
characterizations of longrm catchmenhydrologic functioning (Kirchner et al., 2004)Vith the
advent of sensors for automated higlguency nitrate concentration measurements, we can now
measue the dynamics of nitrate export at the same tempesallution, at which we obserthe
hydrological processeirchner et al., 2004; Rode et al., 2016blis developrantwas a big step
towards a bettarnderstanding of water quality dynamics at the catchmerd @Gathner et al., 2004;
Rode et al., 2016b). Studies that took advantddgghfrequency nitrate concentration measurements
revealed intraannual differences in nitrate export during runoff evéiitspp et al., 2020hysteresis
patterns in discharge versus solute concentration dynamics (Musolff éd2dl), &r diurnal cycling
driven by instream processing (Rode et al., 2016a; Greiwe et al., 2021). Esperiaffyevents,
initiated by, e.g., rainfall or snowmelt, often transport a disproportionatgargrof annual nitrate loads
over a relatively sbrt period(e.g.,Inamdar et al., 2006; Blaen et al., 201Thus, analyzing nitrate
export in concert with discharge dynamics at high frequency is releragibfing the mass balance of
nitrogen input and export. Overall, the analysifigh-frequency discharge and nitrate concentration
data allows for a deeper insight into catchment functioning in term#rofjen retention and release
under different hydro-meteorological conditions and bridges the gap betweenolichbland
biogeoctemical processes that shape catchment nitrate export.
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2 ResearchQuestionand Study Overview

As explained in the previous chapter, nitrate concentration and discharge clyaanhieoutlet of a
catchment are the integrated signal of numerous hydrological and biegdoah processes that
operateacross a wide range of spatially heterogeneous catchment characteridtias different
temporal scales. Therefore, understanding the underlying mechanisms tleabistzd@ export at the
catchment outlet requires studies that cover different spatiotempoes acal draw a linkage between
them. Hence, the overarching@asch question in this thesss

How do hydrological and biogeochemical processes, operating across different tenocpters] shape
the dynamics of nitrate concentrations and loads at the outlet of spatitélyppbeneous catchments?

To disentangle the effects of catchment heterogeneity, | zoomed in oerageeeous mesoale
catchment by analyzing data from three nested gauges (WaliscHdt al., 2017), and | zoomed out by
comparing nitrate export from this catchment with other mesoscale catchmentenigoral scales
covered in this thesis are those of my#tar longterm trends, hydroreteorological anomalies (here,
a twoyear a@ought), seasonality, and individual runoff events that span several hoursstdrdthe
following, | briefly summarize how the three studies that form the coraisfthiesis contribute to
answering the overall research question (Figure 3).

In study 1, | strived to understand how the different catichments of a heterogeneous mesoscale
catchment respond to changing nitrogen input and how thesgagtinents compose the integrated
nitrate export signal at the catchment outlet. To this end, Yzsdhitle subcatchmentspecific long

term trends of nitrate export in response to an abrupt and strong decreasmenriitputs after the
German reunification. Furthermore, | studied seasonal differences inldhgsterm trends and their
implications for nitate export during runoff events for the period with available figiuaency data.
With this comprehensive analysis across spatiotemporal scales, | aimed to bettetanddéne
catchment's functioning in terms of nitrate retention and export andténplay of thecontributions
from thedifferent subcatchments.

In study 2, | asked if a hydnmeteorological anomaly, such as the semgre-year drought in 2018 and
2019, can change (sub-)catchment functioning in terms of nitrate retention Wwildatthment and its
export at the catchment outlet. In this study, | could build upon the knowledgs geom study 1,
investigating (suf)catchment functioning under severe drought compared taéngbehavior. | used
datadriven analysis to detect deviaris in catchment functioning, and | used process-based modeling
to investigate the underlying mechanisms that may cause these deviations aetbEtboad different
sub€atchments. With this approach aimed to understanchow a severe drought can chen
biogeochemical processes and hydrological transport of nitrogen at vile ofe different sub-
catchments.

In Study 3, | looked at nitrate export during runoff events, striving to understand if andifferent
runoff generation processes affect thealyics of nitrate export. Specifically, | asked what we can
learn from an extensive hydro-meteorological event characterization aipoftt @vent-driven nitrate
mobilization and transport across contrasting mesoscale catchments and htavrfotrgnds inhese
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event characteristics could potentially impact future nitrate exportidstiindy, | extended the spatial
scale from the mesoscale catchment in Stutliesd 2 by integrating three neighboring mesoscale
catchments that differed in their land use characteristics, among othersmBinimg runoff event
characteristics with characteristic nitrate export patterns, | aionigigntify hydrometeorological and
catchment controls on nitrate export during runoff events.

Study 1 2 3

Disentangling the impact of
Title catchment heterogeneity on

Droughts can Reduce the
Nitrogen Retention Capacity

Explaining the Variability in
High-Frequency Nitrate Export

nitrate export dynamics from of Catchments Patterns Using Long-Term
event to long-term time scales Hydrological Event Classification
Runoffevent
HighN "I l Rain |
retentio
~ Dry Wet
Overview i
Q
Q
S
High N g 'Q:L Bes. ’f “". i‘ foo
export
Dry Wet Event magnitude

Spatial Mesoscale catchment Mesoscale catchment with Mesoscale catchment with 3 nested

scales with 3 nested gauges

Long-term trends

3 nested gauges

Long-term trends
Two-year hydro-

gauges + 3 neighboring catchments

Long-term trends
Seasonality

Temporal Seasonality

Runoff events meteorological anomaly Runoff events

scales "
Seasonality
Method C-Q relationships C-Q and L-Q relationships C-Q relationships
CHIOCS WRTDS mHM-SAS Runoff event classification
TTDs TTDs

N,~Q relationship

Figure 3. Overview of the three studies that form the core of this th€his abbreviation TsandTTDs
stand for transit times and transit time distributions, respectiWdRTDSstands for Weighted Regression
on Time Discharge and Season (Hirsch et al., 202@}ands for concentration§), for dischargel. for
loads, Nret for nitrogen retention capacjtand mHM-SAS for the mesoscale Hydrological Model with
implemented StorAge Selection functions. Runoff event classes, abbrevistedyn3, represent different
runoff generation processes related to different hydketeorologicatonditions.

The three studies presented here cover different hyeteorological conditions and spatiotemporal
scales for nitrate export. Nevertheless, there are also strong consistencies lleéwsmatial and
temporal scales covered by the three studies; for example, they all include analyssgteim
discharge and sherérm, highfrequency nitrate concentration data from the Selke Catchment. The
reason for these consistencies is that rather than separately naming the spetsfaf dierentspatial

and temporal scales, in this thesis, | aimed to highlight the valuelgiriy different scales and pwmint
outtheir interlinkages, thereby providing a holistic picture of nitratentiete and export controls at the
catchment scale. | am convinced that such comprehensivescalesapproaches are needed to account
for the complexity of hydrological and biogeochemical processes and break dosontipiexity into

a set of comparably simple dominating processes and controls. From such smesds@® can then
derive wellinformed and thus more targeted solutions for water quality managemen¥ighiss
mirrored by the guiding principle of the Helmholtz Research School on TRéyjes towards watER
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security (TRACER), which | am part of, origilty stated by Oliver Wendell Holmes, Jr. (18¢935):
"The only simplicity for which | would give a straw is that which is on the sftle of the complex
not that which never has divined it."
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3 Materials and Methods

3.1 Study Site

The main study site for the analyses of nitrate export in this thesis islkeeCa¢chment (Figure 4), a
mesoscale catchment with an area of approximately 460 km?2 located in the HataiMo(Germany)
and the foreland of the Harz Mountains. The Selke Catchment is one of th&vielye monitored
research sites within the Bode Catchment, which drains into the BleedRrid is part of the Helmholtz
network of TERestrial Environmental Observatories (TEREN@lIschlager et al., 2017)
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Figure 4. Land use map of the Selke Catchment with its three nested gauges and the tlicrealadd
catchments analyzed intusly 3 depicted in more transparent colors. Black contour lines indibate t
elevation in meters above sea level.

Three gauges and nitrate measurement stations are located in the Selke Catchmestieame aip
Silberhiitte, delineating an upstream sub-catchment of around 100 km?, a secondftloere f
downstream at Meisdorf, deéating a sub-catchment of around 180 km? (including the upstream area
of Silberhiitte) and a third one at the catchment outlet, downstream at iHdosheThe sub-
catchments delineated at Silberhitte and Meisdorf have relatively similacthatics.Both are
located in the Harz Mountains and have higher elevations, steeper slopegiestsoils (dominantly
Cambisol), and forest as the dominant land use type, with aroudt@35 % agricultural land use
located mainly upstream of Silberhltte. In contrast, the downstrearmagtthment, delineated at
Hausneindorf, is an agricultural lowland with thick soils (dominantly Chernpzand deep
sedimentary aquifers.

In Study 3, | extended the spatial scale by including data from three neighborimsrelesatchments
(39 km2- 101 km?), namely the Hassel Catchment, the Rappbode Catchment, and the Warme Bode
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Catchment (Figure 4). Like the Selke Catchment, these three catchmest®eatchments of the
Bode Catchment and part of the TERENO network. Additionally, they are part dRapebode
Reservoir ObservatorfRinke et al., 2013)as they all drain into the Rappbode Reservoir, the largest
drinking water reservoini Germawy (Rinke et al., 2013).

3.2 Data

Various studies have been conducted in the Settehment, revealing, for example, spatiotemporal
variations in runoff generation processes (Sinha et al., 26d&oncurrent diurnatycling in
assimilatory nitrate uptake and gross primary production in the s{RRade et al., 2016aPne eason

for this wealth of knowledge about the Selke Catchment and the knowledgd faimeit is the
abundancef available data for this site. Here, | give a brief overview of data relataittate export,
with no claim for completeness (Figure 5).
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Figure 5. Nitrate concentration and discharge data from the three nested gauges ingh@aSeiknent.

At all three gauges, lorigrm discharge data at a daily resolution has been provided by the State Office
of Flood Protection and Water Quality of Saxony Anhalt (LHW) since 1955, and soweda2006, it

is also available at a resolution of 15 minutes. Biweekly to bintpnnitrate concentration
measurements from the LHW started in 1983. Between 201®@t2 the Helmholtz Cen& for
Environmental Research (UFZ) started measuring-figdiuency (i.e., 1%Bainute resolution) nitrate
concentrations at all three gauges using TRIOS Rt SensorgRode et al., 2016a). Lortgrm
meteorological data, such as daily precipitation and temperature, waneleg by the German
Meteorological Service (DWD). Data on nitrogen input was gathered fribenetit sources described
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in more detail in Study 1. This data includes diffuse inputs from fextilggpplication, biological
fixation, atmospheric deposition, and point source inputs from wastewatendreglants.

3.3 Analysis

3.3.1 Databriven Analysis of ConcentrationDischarge Relationships

As introduced above, nitrate export from a catchment is the integrated signaherous complex
hydrological and biogeochemical processes within a catchmerdgbedte at various spatiotemporal
scales. Praessbasel models, which require a pridefinition of all processes involved, allow their
explicit simulation but also carry the risk of biased assumptionsranan, biased models that might
produce the right answers for the wrong reasons (Kirchner, 2006). In cod#&tzgtriven topdown
approaches have the advantage that they allow analyzing the integratedfsitipetharge and nitrate
concentrations (or other solutes) as it is without prior assumptions ondbdying mechanisms. Only
in a later step, after idéifying dominant patterns, these data-driven approaches allow for a deduction
of the underlying processes and mechanisms. Common data-driven approachessf@xport from
catchments focus on the relationship between instream solute concen{(@ji@amsl discharge (Q),
thus enabling the characterization of nitrate export dynamics under diiffgrérological conditions
(Hirsch et al., 2010; Musolff et al., 2015). A parsimonious and straight-fdragproach is the fitting
of a power-law relationship in the form:

C=aQ (1)

wherea andb are fitted parameters representing the intercept and the slope ofQhel@tionship
(Godsey et al., 2009). Of the two parameters, especially the pardngeterthe CQ slope, Figure 6)
is a frequently applied measure to characterize nitrate expdet different hydrological conditions
(e.g., Bieroza et al., 2018; Bwet al., 2019; Musolff et al., 2015). A positive C-Q slope (i.e., positive
parameteb) describes increasing nitrate concentrations with increasing discHfiargxample, during
runoff events. A negative Q- slope represents decreasing nitrate conamis with increasing
discharge. These two scenarios imply a directional relationship betvitate concentrations and
discharge, often described as a chemodynamic export pattern (Figuretb® €mtrary, a € slope
close to zero indicates no cletirectional relationship, which can be described as chemostatic behavior,
under the assumption that the variability of nitrate concentratossaller tha the variability of
discharge(Godsey et al., 2009; Musolff at., 2015; Thompson et al., 201T)o ensure compliaec
with this assumption, we can combine th&€Glope with the ratio of the coefficient of variation of
concentrations and discharge (£8®Vo) in an integrated framewoMusolff et al., 2015; Thompson
etal., 2011)In the case of nitrate export, th&dslope and the CYCVq are often positively aoelated,

as most variability in nitrate concentrations can be explained by disqdamgiéz and Mitchell, 2011,
Musolff et al., 2015). In this case, the €&V does not add signdant additional information on the
C-Q relationship and can be neglected. Therefore, in the three studies loésigs tfocusedn the G

Q slope as the main measure for characterizing nitrate export patterndc8lheditised the C-Q slope
as a measure to characterize nitrate export patterns acroderondata (Studies 1 and 2), during a
two-year drought (Study 2), and between and within runoff events (i.e.eveat-and evasspecific
C-Q slopes in Studies 1 and 3).
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The loaddischarge (LQ) relationship is closely related to therelationship. As L is the product of
C and Q (i.e., a dischargeeighted concentration), the-Q relationship can be mathematically
described as:

L= a gt )

Fitting the L-Q relationship to measured data gives a higher weight to hsghatige values than the
C-Q relationship does, where the weight is comparably higher for lowaradige values. Therefore,
parameteb for the same data can vary between eqodtiand equation @unqui Neira et al., 2021)
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Figure 6. Conceptual framework of concentratidischarge (€Q) relationship, showing how the C-Q slope
and the loadlischarge (LQ) evolve from concentration and discharge measurements over time.

Other, more complex approaches for the characterizatitre &Q relationship exist that account, for
example, for the temporal variability of C-Q relationships or hystekeshavior. One example is the
Weighted Regression on Time, Discharge, and Season (WRTDS), whiek flothecalculation of
seasonalhdistinguishable and flowreighted long-term trends in daily nitrate concentrations, loads,
and CQ slopegqHirsch et al., 2010; Zhang et al., 201@)th:

IN(C) =R + Bajti + BoiIn(Q) + Rz VL Q) +HBs; FRVE &0 3)

where subscrigtstands for the specific datyis the time in decimal year®, — (% are fitted coefficients
on time, discharge and season, disdan error term. Similar to paramelén eq. 1, the fitted paramest
[ can represent the weighted, temporally variabl@ §lope.

Another example is the analysis of hysteresis behavior between C and Q by inaludidditional
fitting parameter ) together with the derivative of dischargi)(d) into equation XKrueger et al.,
2009; Musolff et al., 2021):

C = aQ + c dQ/dt 4)
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This addition allows us to distinguish between the rising and the fallifgdfrdischarge and, thus, to
account for hysteresis patterns in theQQelationship. A positive value gfarameterc indicates
clockwise hysteresis, a negative value couaketkwise hysteresjaand a value close to zero indicates
no or complex hysteresis patterns. Accounting for hysteresiQmeélationships enables the detection
of time shifts between the dynamic of nitrate concentrations andadges, for example, duringmaff
events, and thus all@us to deduce locations of solute sources (Musolff et al., 2021; Lloyd 2046)

3.3.2 The Strength of Combining Complementary Approaches

Combiningcomplementary methods can strongly increase the explanatory posaemtific results.

As mentioned before, @-andL-Q relationships are datiiven approaches that allow analyzing the
integrated signal of nitrate export tdpwn, which has the advantage of not requiring prior assumptions
about the underlying mechanisms. This way, however, data-driven approachaosnfprmulating
hypotheses about the underlying mechanisms but do not allow directly disewgfangindividually
guantifying them. In contrast, other methods explicitly characterize or $embtaunderlying processes
bottomup and can, thus, complement top-down approaches such as C-QQangldtionships. For
example, we can directly characterize underlying mechanismsrfoff generation based on the hydro-
meteorological conditions and relate the resulting runoff event ckesdics with nitrateexport
patterns from &) analysis. Another option is to complement top-down approaches with bgttom
procesdased models that allow us to simulate and quantify the underlying processdgse dheir
sensitivity to changes in environmental conditiomsl gest their ability to reproduce observed patterns
from C-Q relationships. This joint approach could help mfimodel structures and routines, while
model results can also inform about additional data needs.

Large parts of this thesis are basediatadriven analysesnainly focusing on C-Q and partly also L-
Q relationships, which are powerful tools to analyze catchment water queddaynéits. Nevertheless,

a combined approach with complementary methods allows for ar bditentanglement of the
underlying processes and can thus increase the explanatory power. While in sfudly fielled on a

set of different datariven methods (including equati®h, 3 and 4) in study 2, | combined the data-
driven analysis of @ and L-Q relationships (eqtians 1 and 2) with process-based modeling using
the mesoscale Hydrological Model with StorAge Selection functions (F8A8; Nguyen et al., 2021)

In study 3, | combined data-driven@-analysis (equation 1) with an extensive characterization and
classification of runoff events linked to the dominant runoff generation pexeassveloped by
Tarasova et al.2020). Those complementargpproaches allowed me not only to analyze and
characterize nitrate export under different hydreteorological conditions but also to shed light on the
driving mechanisms and their interactions.

3.3.3 Analysis of Water and Nitrogen Transit Times

Transit tmes (TTs) describe the time it takes from the input of water or othstagices to a catchment
until their riverine export at the catchment outlet (Kirchner et al., 26F)water, this means thal§
describe the time from the input of a water parcel to a catchment (i.gredgpitation) until its
discharge at the catchment outlet. Consequently, TTs of water describe tliky wélacvater parcel,
which differs from wave celerity, i.ghe respnse of the hydrograph to a precipitation e\&ihaldo
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et al., 2011). Nitrogen is transported with water in the fornohftde nitrogen compounds; thukge
TTs of water are strongly linked to the TTs of nitrogen. However, TTstmfgen may deviate from
the TTs of water due to the occurrence of biogeochemical processentparally storenitrogen in
organic biomass. As such, TTs of nitrogen describe the time from the inputitbgen atom (for
example, via fertilization), followed by soil processing, leaching and hydoalbigansport through the
subsurface until its riverine expomainly in the form of nitrate. Generally, the longer the TTs of water
(i.e., hydrological transport of nitrate), the more time there is for aitenoval via denitrification,
given anaerobic conditions and a sufficient supply of electron donors. Therafiee water often
exhibits lower nitrate concentratiom®mpared torelatively young wate(Yang et al., 2018)In
summary, TTs of nitrogen reflect the integrated dynamics of hygial transport and biogeochemical
retention along the flow path; thus, understanding TTs is crucial for unulfirgathe dynamics of
nitrate export.

Due to the large varietyf flow paths within a catchment, also the flow pathsecific TTs within a
catchment can strongly deviate. Consequently, some water parcels (anddmis@jen compounds)
might reach the stream within a few days, whereas others might reastnetlim only decades later.
The variety of flow pattspecific TTs is described by transit time distributions (TTDs) withrifsse
metrics such as the mean, standard deviation, skewness, or shape pa(bieietaishel et al., 2020)
For example, defining “effective” TTDs of nitrogen that convolve the dymawifidong-term annual
nitrogen input intdong-term flowrweighted export allows us to estimate catchrspetiific TTDs of
nitrogen and catchment nitrogen retention or theadled “missing N” (Ehrhardtet al., 2019; Van
Meter et al., 2016)Moreover, several studies have shown that TTDs are not congtatinee; instead,
they can vary over time with changing hydaneteorological conditionge.g., Botter et al., 2010;
Heidblchel et al., 2020; Rinaldo et al., 2011; Seeger and Weiler,.2Me&l)concept of StorAge
Selection (SAS) functions, therefore, accounts for the biditiain TTDs by describing the selective
discharge of water frona subsurface storage with different water ages and nitrate concentrations
(Rinaldo et al., 2015). SAS functions are especially helpful in describing teghency (e.g., daily)
nitrate transport dynamics under changing hydro-meteorological conditions t(Besteal., 2017;
Nguyen et al., 2021).

Overall, a good understandingadtchmenspecific TTDs is crucial if the aim is to analyze catchment
functioning in terms of nitrate retenti@amd exporacross different spatiotemporal scales. In this thesis,
I have relied on two different TT-modeling approaches also mentioned alaovelyrusing longerm
catchmensspecific TTDs of nitrogen and daily analyses of nitrate export using SASdus.c
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4 General Results and Discussion

In this thesis, | analyzed how hydrological and biogeochemical processes diffa®nt temporal
scales shape nitrate export at the outlet of a heterogeneous mesoscale taRdsu#a of the three
studies that form the core of this thesis shed lighthendominant processes and controls bettied
complex interplay of nitrate source availability and its hydrologieaigport. In the following chapters
(4.1 and 4.2), synthesize the results of the three studies by brgdakem dowrinto different spatial
and temporal sdes. In the subsequent chapter, 4.3, | discuss interlinkages between thetesgpaal
scales. Based on this, | give an outlook on emerging research questions tthdiecmiit from the
methods applied in and process understanding gained from this thesis (chapiealfy, in the
concluding chapter 6 of this thesis,summarize the knowledge gained afwdmulate targeted
suggestions for water quality management considering the complexitycbfr@ntsand processes
occurring within.

4.1 Spatial Distibution of Nitrate Sources and Hydrological Transport

The spatial variability in nitrate source availability and hydrological sfrart is essential for
understanding the integrated catchment response of nitrate export. In Stushult $how that sub-
catchment differences in nitrogen input and TTDs strongly influencetkmngtrends and seasonality
in nitrate concentrations and C-Q relationships at the catchmerit &utldnermore, in Study 3, | could
show that land use differences between mesoscale catchments shape the overall digradk of
concentrations and loads during runoff events. Nitrate export patterns (i.es|ap€&3) during high-
magnitude events were similar across catchments, indicating common biogeatheohhydrological
controls. Instead, differences ithe spatial distribution of nitrate sources could explain part of the
variability in export patterns between low-magnitude events.

Studies 1 and 2 shadthat nitrogen input to the upstream statchments of the Selke Catchment was
comparably low, and TTs we predominantly short (Figure 7a). In contrast, nitrogen inpuhe
downstream subatchment wa significantly higher, and longer TTs preedil(Figure 7a). These
spatial differences in the nitrate source availability and ithe scales of nitrate mobilization and
subsequent hydrological transport resdftom different subzatchment characteristics. Nitrogen input
increased with agricultural land use as a consequence of thestadlished increase in nitrogen input
with increasing fertilization(Elser, 2011). Differences in the TTDs can be explained by a set of
characteristics, including soil type, geology, and climatic conditionscligrsitz et al., 2010, 2009)
Shallow soils, lowpermeable geology, and higher precipitation in the upstrearoatthments create
relatively short flow paths and enable fast nitrate transporti(&iga). In contrast, deep sedimentary
aquifers and lower precipitation in the downstream sub-catchment eges flow paths and slow
nitrate transport (Figureaj. Such sib-catchment differences in nitrogen input and TTDs are not
restricted to the Selke Catchment but can be expected in many mesoscale cattimhémtegrate
different characteristics, such as land use, soil types, geology, and fupoéeag., Ehrhardt et al.,
2019; Hrachowitz et al., 2010, 2009). Therefore, the spatial heterogeneityaffiyzed as sub
catchment differences) in nitrogen input and TTDs are important for uadeirsg nitrate export at the
catchment outlet and defining Idiyaor regionally adapted management strategies.
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Figure 7. Summary of results, showing a) spatial differences in land use and related nitrqdes \sithin

the Selke Catchment and scdiichmentspecific transit times (TTs). blongterm daily (thin line) and
annual average (bold line) floweighted (FN) nitrate concentrations and concentratiecharge
relationships (€Q slopes, fitted via WRTDS), separated for the upstream catchment area (measured at
Meisdorf) and the entireatchment (measured at HausneindorfQGlopes in the range of chemostatic
nitrate export patterns (-0.1 < 32 < 0.1) are underlain in light blue. Shifteinitrate source availability,
analyzed in this thesis, are marked in gray. These cover the decrease in ifemtiizat to the German
reunification (dark gray) and threducediogeochemical nitrogen retention during the 2018-2019 drought
(light gray). c) Long-term trends in hydro-meteorological conditions, here depistédeanumber of
different unoff event types from 1983 to 2018, indicating the inducing eventRgiadr Snow, antecedent
conditions Wetor Dry), and volume-dominated/0l) versus intensitglominated Ift) precipitation.
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In study 3, | analyzed runoff evedtiven nitrate exporacross different mesoscale catchments and
showed that catchments with a higher proportion of agricultural land use fyeespirted higher
nitrate concentrations and loads during runoff events. Hence, in agreemher@swits from Studies 1
and 2, the fraction of agricultural land use controlled the nitrate sourdabditg and, thereby, the
overall level of nitrate concentrations and loads. Furthermore, lesttbat nitrate export patterns (i.e.,
C-Q slopes) during higimagnitude events were surprisingly homogeneous across catchments. | explain
this homogeneity by the wet antecedent conditions associated witlmamhitude events across all
catchments. High catchment wetness increases the fraction of flowtlpattectively contribute to
nitrate tansfer from source to stream (i.e., hydrological connectivity). High hydrolaminaectivity,
thus, allows for the extensive mobilization of nitrate sources adressatchment (Yang et al., 2018)
overriding potentially catchmemspecific characteristics and processes.

Only during lowmagnitude events did some catchment differences become visible, mainly in the
tendency towards more enrichment patterns (i.e., positive-spenific GQ slopes) in the forested
catchments and more dilution patterns (i.e., negative @pegtfic GQ slopes) in the agricultural
catchments. Enrichment patterns can be explained by relatively shallow sittates that become
hydrologically connected during runoff events (Musolff et al., 2015; Bowels, @045). In contrast,
high base flow nitrate concentrations (from high nitrogen input) and compdwmaldr nitrate sources
in the discharggenerating areas activated during the runoff event can explain thierdiatterns
observed during lowmagnitude runoff even{®lusolff et al., 2015; Bowes et al., 2015). In other words,
nitrate export patterns during low-magnitude events caxpkained by the differences in the spatial
distribution of nitrate sources between catchments, whileearaditions homogenize the catchment's
solute response.

In summary, the spatial variability of land use and flow paths within andebataatchment$apes
the spatial availability and distribution of nitrate sources and thegoakes of nitrate transfer from
source to stream. Both components are important to understandetiratied! signal of nitrate export
at the catchment outlet or differencesnitrate export between catchments. Therefore, dividing
heterogeneous mesoscale catchments into characteristic landscape unitsyanthamtthte export
across contrasting catclemts, as done in this thesis, amortant stepto disentangle the complex
interplay of processes shaping nitrate export.

4.2 Temporal Variability in Nitrate Availability and Hydrological Transpor t

Besides the spatial variability, the temporal variability in nitsmierce availability and hydrological
transport is also crucial for understanding nitrate export dynamicdslthésis, | could show that the
relationship between nitrate concentratiansl discharge (i.e., the-@ relationship) can change i) in
the longterm (Study 1; Figure 7)bii) during a two-year drought (Study 2), iggasonally (Study 1;
Figure 7 b), and iv) between different runoff events (Study 3). These changegdrntianitrogen
input and the mechanisms behind nitrate retention, mobilization, and transpuot steady over time
and that different processes dominate at different time scales. In the fglldwliscuss nitrate export
dynamics and underlying processes at the four different time scaleg/dragterm) trends to (runoff)
events.
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4.2.1 LongTerm Trends

Longterm trends in nitrate export reflect the time between changes inréie source availability and
the response of stream nitrate concentratiorsutth changes. In Study 1, | analyzed the catchment
response to an abrupt and strong decrease in nitrogen input caused byetheddefertilization rates

in the Selke Catchment after the German reunification in 1990 (F&g)rd could show that sub-
catchmenspecific TTDs can cause diverging lonterm trends in nitrate export upstream and
downstream. In the upstream part of the catchment with relatively shait Stieam nitrate
concentrations at the gauges in Silberhitte and Meisdorf decreasbglafiter the decrease in nitrogen
input (Figure 7b. On the contrary, in the downstream part of the catchment with longtTdesk much
longer until changes in nitrogen input were transferred to stream réoatentrations (Figure Yb
These differencesn subcatchmenspecific longterm trends of nitrate concentrations were also
reflected in transitional changes in th&€XGelationship at the catchment outlet (Figusel@wer Selke).
Shortly after the decrease in nitrogen input, low nitrate concentrationsifrstmeam caused a dilution
pattern downstream (i.e., negativeQCslope). After a prolonged period of relatively stable nitrogen
input, nitrate concentrations between the sub-catchments converg@tingein rather chemostatic
export patternstahe downstream gauge (i.e ;@slope close to zero). A similar dynamic in nitrate
export and G? relationships has been reported Blyrhardt et al(2019) for another mesoscale
catchment with a similar decrease of nitrogen irgitér the German reunification, indicating some
generality of the observed patterns. From this, we can learn that diferenthe sulsatchment
specific TTDs play an important role in understanding how nitrogeiladility changes shape the
integrated signal of nitrate export at the catchment outlet. Simifadgsuresotimprove water quality
by reducing nitrogen input can show immediate success in areas wherElsghprevail, whereas the
response in stream nitrate concentration might be considerably delayed wigerd sopredominate.

Besides changes in nitrogen input, also lterga trends in the runoff event characteristics due to
changing hydro-meteorological conditions can affect nitrate concentrdtiads, and export patterns.
In study 3, | could show that between 1983 and 2018, the relative number of snavdwedis runoff
events decreased compared to raififaluced events in most of the catchments (FigajeAnhother
trend, detected in half of the catchments, is an increase in the nummbaofbfevents during summer
that occurred under dry antecedenhditions compared to summer events under wet antecedent
conditions. These trends align with predictions of rising tentpeys, decreasing summer precipitation,
and an increased risk for summer droughts, such asahghtanalyzed in Study 2 (IPCC, 2021; Stahl
et al., 2010; Hari et al., 2020). Regarding nitrate export, | showed thHatshotvmeltnduced and
rainfall-induced events under wet antecedent conditions exported the higfnast loads, with no
significant difference between the two event types. Thus | could notrindhdication that a shifti

the ratio of snowmeltversusrainfall-induced events might change nitrate export patternshiswhift
mightchangehe tining of high nitrate export peakstimes outside of the snowmelt sead®egarding

the increase of summer events under dry antecedent cosditichowed that these eventsrave
associated with higher variability in evesgecific GQ slopes compared toetvconditions. Therefore,
increasingly dry summer conditions due to climate change might also indreasgitbility in nitrate
export patterns.
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While results from Study 3 provide indications for possible trajexgtasf runoff event-driven nitrate
expat patterns,an explicit simulation of future projections was beyond the scope of whrk.
Neverthelessthe results of rigorously assessing nitrate export during different typesaif events
provide a novel process understanding that could be incorporated into mechaniskctmodprove
their ability to predict scenarios of nitrate export under climatagda

4.2.2 Hydro-Meteorological Anomalies: A TwoYear Drought

The temporal variability in the hydro-meteorological conditions shapesvagability of nitrate
sources by influencing biogeochemical reaction rates and hydrologicaldratspugh selective flow
pathactivation. Consequently, anomalies in the hyaieteorological conditions can also considerably
affect nitrate export at the catchment oufidbsley, 2015). In Study 2, | analyzed nitrate export at the
three nested gauges of the Selke Catchment underyewdydremeteorological anomaly, the 2018-
2019 drought, which affected large parts of Central Europe (Hari et al., 2026)dibhight was
unprecedented in intensity over at least the last 250 years, but sexkeprolonged droughts are
becoming more likely due to atiate chang€Hari et al., 2020).

| found that the 2018-2019 drought altered catchment functioning in terms of nitestigorgtcausing

a deviation from long-term catchment behavior (Figure 8). Using a combin&tlatesdriven analysis

and process-based modeling, | could show that low soil moisture during the dry suonttes reduced
nitrogen uptake by plants and denitrification in the catchment soils. Consequerniipgiechemical
retention capacity of the catchment was reduced, and the overall niadédbiity increased. Another
effect of the low soil moisture during summer was the low hydrologaalectivity of nitrate sources.
Median TTs during the summer periods wieetwveer8 and44 years longer than the lobgAm median.
Therefore nitrate that was not taken up nor denitrified accumulatéeé icatchment soils (instead of
being exported). At theame time, nitrate concentrations in the stream were exceptionally low because
discharge during the dry summer periods was composed of relatively diakrgelg denitrified water
from previous years. With rewetting in late autumn of both years, TTs up#teeam sugatchments
shifted back to relatively short TTs (median < 2 months), which allowed fast mobilization and
transport of the accumulated nitrate sources. As a consequence, nitcatetiadions measured at the
gauges at Silberhltte and Mdorf reached the highest values on record, and nitrate loads were up t
70 % higher than the longrm L-Q relationship. In the downstream stdtchment, TTs remained
relatively long (median 20 years), inhibiting a fast exportcotiaulated nitrate byotentially creating
elevated groundwater concentrations and a hydrological nitrogen legacy flutute Thus, high
nitrate concentrations measured during the drought years at the gauge in Hauswenrsddriven by

the contribution from the fagespamding upstream subatchments.

Overall, | found evidence that a severe and prolonged drought can congidiEratglase catchment
nitrogen retention anthat sub€atchmenspecific TTDs are essential to understand the catchment
response. Additionally, theegeral framewde developed in Study 2 indicatésat years of high
discharge would also increase nitrogen export relative to nitrogen input. Cendgglooth scenarios,
very dry and very wet conditions, potentially reduce catchment nitrogenioatéfigure 8).
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Figure 8. Conceptual framework of annual average catchment nitrogen retention under varyiagswe
conditions, approximated by annual average discharge, developed in Study 2. The years 2018 and 2019 of
the twoyear draight, analyzed in Study 2, are marked in reddish colors. The years from 1997 to 2017 are
depicted in grayDrivers for a decrease in catchment nitrogen retention capacity are indisadechbws.

Data was taken from the gauge at 8dkeirfand the sulzatchment delineated at Meisdorf.

4.2.3 Seasonality

Nitrate export dynamics in temperate climates often show a strong seas@aglitwachholz et al.,
2022; Ebeling et al., 2021b; Van Meter et al., 20Bf@nce, we need to analyze the seasonal dynamics
of nitrate export and differences withimda between catchments to unravel the hydrological and
biogeochemical processes shaping it.

In this thesis, | found pronounced seasonal dynamics in nitrate export ineallstiadies, with high
discharge and nitrate concentrations in winter and spring and lower ones in sandrnautumn.
Seasonal differences were more pronounced in the upstreatatshiments and less pronounced
downstream (Figure 7b), leading to a disproportionate contribution of theampstdeatchments to
elevated nitrate concentrati® during high flow in winter and spring and thus also to annual loads
(Studies 1 and 2). In contrast, the downstream sub-catchment showed a digpraigocontribution

in elevating summer loflew concentrations when ecosystems are most sensitive riapkigation
(Whitehead et al., 2009Runoff events during winter and spring were mainly characterized as
snownelt-induced or rairinduced under wet antecedent conditiamsl expored comparably high
nitrate concentrations and loads contrast, runoff events during summer and autumn were mainly
characterized as rainduced under dry antecedent conditiamsl shaved a comparably low itrate
export (Study 3).

In temperate climates, the seasonality in nitrate export is generally drivm lmpmponents. One is
the seasonality in temperature and light availability controllinggén uptake and removal, which is
highest during summer and lowest in winter (Dupas et al., 2017; Nogueira et al., 202dan«ll,
1990) In other words, biogeochemical processes such as plant uptake and deioitrifiedtice the
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overall nitrate availability during summer, while more nitrate is availabteng winter. The dter
component is the seasonality in catchment wetness, which is strongly drigeagmntranspiration that

is highest during summer (i.e., low catchment wetness) and lowest during @iventerigh catchment
wetness)(Yang etal., 2018; Sinha et al., 2016), and by snowmelt in early spring. Consequently,
catchment wetness is highest in winter and spring and lowest in summer and adterdegiee of
catchment wetness controls the hydrological connectivity of nitraree®vithin a catchmenflencso

et al.,, 2009; Yang et al., 2018generally, higher catchment wetness causes higher hydrological
connetivity, enabling more nitrate export from wider areas. In contrast, withr loatehment wetness,
only a fraction of nitrate sources get mobilized and transported, mainly froperdaed older
groundwater and often from areas close to the stream netwarl €fal., 2018)Due to these seasonal
changes in the spatial extent of hydrological connectivity,ldbation of nitrate sources within a
catchment (for example, in the distance to the stream, with depth and gatear between sub-
catchments) shapes the seasonal dynamics of nitrate export. Stiltadgang both components,
seasonality in nitrate source availability and its hydrological contigctiemains a challenge that is
beyond the scope of this study to resolve.

Subcatchmenspecific longterm changes in nitrate availability, such as the ones described in chapter
4.2.1, can change the seaabsignal of nitrate export at the catchment outlet (FighyeAt times when
the difference between nitrate concentrations upstream and downstream was relatilglyitsate
concentrations at the catchment outlet were highest in winter and logesaimer. However, in years
when nitrate concentrations from upstream were much lower than those davmseasonality in
nitrate concentrations at the catchment outlet reversed, with the highast cibncentrations in
summer and lowest in winter. Thelkmgterm changesn the seasonality of nitrate export can be
explained by the seasonality in the relative contribution of the difetdeatchments to nitrate export
(i.e., higher contribution of the upstream su#tehments during winter and springdafower
contribution during summer and autummjence in addition to the seasonality in the hydro-
meteorological conditionsubcatchmentifferences in TTDs and nitrate availabilitgnshape the
seasonality of nitrate export at the catchment outlet.

4.2.4 Runoff Events

Runoff events are often described'last moments{McClain et al., 2003)f nitrate export, as they can
transport a disproportionate amount of annual nitrate loads within a refahat time(e.g., Inamdar

et al., 2006; Vaughan et al., 2017; Speir et al., 202 Eyudy 3, | could show that around 74% of event-
driven nitrate loads were exported during high-magnitude events (eithemeitewduced or rain-
induced events) underetv antecedent conditions, which mainly ated in winter and spring. In
contrast, nitrate concentrations during lovagnitude events were lower areealechigh variability

in the evensspecific export patterns.

Across all six (suf)catchments analyzed Btudy 3, event-driven nitrate concentrations increased with
event magnitude (i.e., median discharge during an event; Figure 9a). Riorthavevenspecific GQ
slopes converged from a highriability during lowmagnitude events towards more chemaostati
patterns during high-magnitude events (i.eQ Glope close to zero and @ZVq smaller than 0.5;
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Figure 9b). These rather chemostatic export patterns dughgrdgniude events indicate that there
was no nitrate source limitation in none of the sakchments, not even in the Warme Bode Catchment,
with 90 % forest cover (i.e., lower nitrogen input from fertilization). Ogttedies have shown dilution
patterns (i.e., negative-Q slopes) during high-magnitude events and related it to source limitation
relatively pristine catchmen{&incaid et al., 2020; Vaughan et al., 20br)the dilutionof high base
flow concentrationgFovet et al., 2018). However, no such dilution could be observed in the studied
catchments, indicating that the available pool wfate sources was sufficient to sustain nitrate
concentrations during high-magnitude events (Figure 9b). As discussed ierehdaphighmagnitude
events can be associated with high hydrolaigionnectivity of nitrate sources, allowing extensive
mobilization of nitrate sources and rapid transport to the stream nefiamyither with the result that
the studied catchmé&nwee non-source limited, | conclude that the extensive hydrabginnectivity
during highmagnitude eventan homogenizenitrate export over potentially heterogeneously
distributed sources, making nitrate export a mainly trandipaited process.

Figure 9. Runoffeventdriven nitrate export patterns across all six catchments analyzed in Rtudy
Hausneindorf (HD), Hassel (HS), Meisdorf (MD), Silberhiitte (SHarwe Bode (WB), and Rappbode
(RB). Runoff event classes are composed of the inducing event type, bieemgagiifall Rain) or snowmelt
(Snow), the antecedent conditions that are eillver or Dry, and the temporal distribution of precipitation
that is either intensitdominated Ift) or volume-dominatedol). a) Runoff evenspecific median nitrate
concentrations and median discharge withttegsformed axes. Gray lines depict the catchrapatific
interevent GQ relationship. b) Runoff evenspecific GQ slopes and runoff event magnitude
(approximated by median discharge, shown on therltsformed »axis). The gray area marks the range
of C-Q slopes close to zero (froi.1 to 0.1), indicating chemostatic export patterns.

In contrast to highmagnitude runoff events, low-magnitude events exported lower nitrate
concentrations (Figure 9a) and loads and showed high variability ingwvetific GQ slopes (Figure
9b). Other studies hawatso shown high variability in evespecific export pattern@.g.,Knapp et al.,
2020; Blaen et al., 2017; Speir et al., 2021 study 3, however, | could show that this high variability
was evident maigifor low-magnitude events that veeraininduced and occurred under dry antecedent
conditions in summer and autumn. Furthermore, | could explain part of this \uriayi) the temporal
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distribution of rainfall(i.e., intensitydominatedversus volumalominated precipitation), ii) a higher
impact of biogeochemical processes during-toagnitude compared to highagnitude events, and ii)
the selective fraction of flow paths activated in combination with itrat@ source distribution.
Assuming heterogeneously distributed nitrate sources within a catchmelatystgn important role
where the inducing rain has fallen and which parts of a catchment becomigigditty connected.
Therefore, the variability in nitrate export patterns among low-madgmitunoff events can reflect the
spatial variability of nitrate sources within a catchment.

4.3 Crossing Spatiotemporal Scales kterlinkages

In the previous chapters, | discussed nitrate export and its driveffeedmispatial and temporal scales.
However, those spatiotemporal scales are strongly interlinked. Fopkxdncould show that long-
term trends in nitrogen input and the spatial distribution of nitrate soumcéhe Selke Catchment
shaped the seasonality in nitrate export. In the following, | discuss intgdisksetween spatial and
temporal scalefpcusingon how nitrate export is shaped by the spatiotemporal variabilitytristeni
source availability and the hydrologleonnectivity of these sources to the stream network.

The availability of nitrate sources can strongly vary in botltesend time, driven by nitrogen input,
biogeochemical processing, and TTDs. The first driver, nitrogen inpstrasgly controlled by the
spatial distribution of land use, specifically by the fraction of afjtical land use. Besides spatial
changes in land use, the related nitrogen input can chamgdime, as shown by the decrease in
fertilizer application analyzed in Study 1. The second driver, biogeocheniiceggen processing, is
controlled by the temporal variability in the hydro-meteorological conditiéis shown in Study 2, a
decrease in biogeochemical nitrate retention as a goesee of drought can temporarily increase the
nitrate source availability within a catchment. In both cases, amgngitrogen input and its
biogeochemical retention, TTDs govern how fast changes in niémateee availability propagate
through a catchmeiiKirchner et al., 2010). Therefore, saatchments with relatively short TTs tend
to predominantly store water and nitrate from recent times, with nitrate crataerg equilibrated to
current nitrogen input levelsand its biogeochemical retention. In contrast, catchments with
predominantly long TTs store water of a much larger range of different age$, edn have very
different nitrate concentrations (as shown in Study 1). Thereforecadbment differences in the
respective TTDs, which reflect the time between nitrogen input and its riveriod,egn create spatial
heterogeneity in the nitrate source availability within a catchment.

The hydrological connectivity of these spatiotemporadlyiable nitrate sources can also vary across
space and time. Like the biogeochemical processes, the hydrological conneatieywith changing
hydrometeorological conditions, for example, with seasons, drought, or individual rueoitse¥As
explaned in previous chapters, high catchment wetness (e.g., in winter and @pdugng high-
magnitude runoff events) activates a large fraction of flow paths, congexdtiate sources across the
entire catchment to the stream netw¢vlang et al., 2018). In contrast, at times of low catchment
wetness (e.g., in summer and autumn or under drought), onlyllafremoon of flow paths is active,
typically connecting only those nitrate sources that are in close distance tee#ime ahd stem from
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deeper and older groundwater (Yang et al., 20IBgrefore, the temporal variability in catchment
wetness leads to spatial differences in the connectivity of nitrate soutbesstoeam network.

In summary, the dynanmscof nitrate export that we can measure at the outlet left@rogeneous
mesoscale catchment result from a complex interplay of spatiotemporally &dmatyblogical and
biogeochemical processes shaping nitrate source availability and itsdgydablcomectivity. By
covering a wide range of spatiotemporal scales and bridging them, this tlefie® a more holistic
perspective on the range of processes shaping riverine nitrate exparttanga valuable step forward
toward a better understandinfjtbe integragd signal of nitrate export at tisatchmenbutlet. Only
after facing the complexity afatchmensystems can we, in the next step, break down this complexity
to identify dominant processes and controls to derive well-informed and mgeethmanagement
solutions that allow us to protect water quality and prevent nitrate ipallut

30



5 Outlook

5 Outlook

Human alteration of the nitrogen cycle vaproved global food security but has also led to biodiversity
loss, accelerated climate change, and degi@dof drinking water qualitfVitousek et al., 1997; Elser,
2011). In order to find an acceptable balance between the benefits and the datiimpeatdts of
reactive nitrogen usave need to face the complexitythe systems in which nitrogen is cycling. This
thesis provides new insights intiominant processes and controls foraggnretentionand nitrate
exportat the scale of heterogeneous mesoscale catchments. The pramssanding gained can be
used to build upon in future studies, for examimémprove mechanistic models that are able to predict
nitrate export at different sites and under changing climatic conditions.

With climate change, hydrmeteorological conditions are changing towards higher temperaiodes
more extreme conditions, including floods airdughtgIPCC, 2021) In Study 2 | showed evidence
that a severe and prolonged drought can considerably decrease catchimgen métention and that
periods of high discharge would also increase nitrogen export relativiedgemi input. Thereby, both
scenarios would reduce the nitrogen retention of the catchment. Thus with ntereeegonditions,
one might expect arverall decrease in catchment nitrogen retention emasequentlyan increase in
exportednitrateloads, which would further threaten freshwater quality. However, findingsuty &t
are restricted to one single catchment and are mainly focused on offie sjpeught event. As shown
in Study 3, different catchments might respond differenttifterenthydro-meteorologicatonditions.
Therefore, studies across a broader range of catchments looking adilevdnydremeteorological
conditions, including drughts and floods (i.e., changing water quantity), are needed to understand the
important link between changing hydro-meteorological conditions, water guamtit water quality.
These studies should consider different time scales, fromt&hnortrunoffevents to longerm trends,
because changes in nitrogen availability can get visible in stream water meassignaeny different
time scales, as demonstrated in this thesis. Therefore, | would like to make a ¢aseeésing our
efforts to combine hgrologic disciplines dealing with water quantity and water qualitgliféérent
spatiotemporal scales to ensure water security under climate change.

The nitrogen cycle is only one of the global cycles beyond its boundariesdte aperating space for
humanity(Steffen et al., 2015; Rockstrém et al., 2009). Consequently, freshwater dgiality only
affected by nitrate and other reactive nitrogen compounds but also by other nutriénés searctive
phosphorus (P) or reactive forms of organic Carbon (C) (Ebeling et al., 208dlalpy seemergent
pollutants such as pharmaceuticals, microplastics peany morée.g., Du et al., 2014; Schmidt et, al.
2017) Therefore, studies on freshwater quality in general, and especially in ¢hef felonate change,
should also look at a range of different pollutants that might vaheingources, hydrological transport
pathways, and the way theye biogechemically retainedOne way to address the lack of process
understanding in this regard ddube usingthe set of methods applied in this thesis, such as a
combination of runoff event classification or process-based modeling @hce@2tionships.

Finally, macronutrients in a stream (i.e., carbon, nitrogen, and phosphorus) are not iadt @erttheir
stoichiometric ratio can influence the reaction rates of microbiategs®es in aquatic ecosystems
(Stutter et al., 2018; Graeber et al., 20H9r example, higher availability of carbon favors the
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microbial processing of nitrogen and phosphorus, whereas the deplétiamy cof these three
macronutrients can hinder the microbial processing of the respectivetwth€Stutter et al., 2018;
Graeber et al., Z1). Therefore, for a better system understanding of the complex interplay of
biogeochemical processes in catchments from the perspective of aquatic ecodysteenstudies
should also look at the export of different nutrients in concert, considaeirgstoichiometric ratios.
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In this thesis, | aimedo disentangléhe underlying mechanisms that shape nitrate export and their
spatiotemporal interlinkages in a heterogeneous mesoscale catchment. The SelkerCatffbred
favorable conditions for this goal due to the heterogeneity in catchuharacteristics and the wealth

of available data at three nested gauges, coveringtémsngdischarge, nitrogen input, rivee nitrate
concentration, and meteorological data, but also figgiency data from more recent years. The
nested catchment approach further allowed me to separate the cmmttfitorh distinct landscape units

to nitrate export at the catchment’s outlatthe three studies that form the core of this thesis, | covered
different temporal scales of nitrate experfrom trend to event in response to changes in nitrogen
input (Study 1) and changing hydro-meteorological conditions (Studies 2).aRés3ds highlighted

the importance of disentangling the spatiotemporal variability in @isatirce availability and the
variable connectivity of these nitrate sources to the stream netwandtento understand the integrated
signal of nitrate export at ttecale relevant to watenanagement (i.e., in mesoscale catchments).

Changes in the nitrate source availability can occur due to changes in &arfd.qis decrease in
fertilization rates) oalteratiors in nitrogen retention within a catchment (ergdu@d nitrate retention
during drought). The analysis @fng-term trends in nitrate export reveals how such changes in
nitrogen availability are transferred through the catchment and nesbk signal of nitrate export at
the catchment outlet, thereby adling for an estimation of TTDs. The interplay of different-sub
catchments with potential differences in nitrogen input and TTDs pdaiysmportant role in
understanding the integrated catchment response.

Hydro-meteorological anomaliessuch as a severeatdight, can decrease the capacity of catchments
to retain nitrogen via biogeochemical processes, thereby chahgimgerall nitrate source availability.
Furthermore, a drought can inhibit nitrate transport from source to streaumseeonly a small fracin

of flow paths is active during dry conditions, which can cause an accumulatidgraté sources. Sub-
catchmenspecific TTDs during rewetting govern how fast the accumulated nitrateesoare
transported to the stream network. If TTs are relatilglyg, even during wetter periods, the propagation
of changes in nitrogen availability might only become visible if lookingragterm trends. In contrast,
short TTs can reveal the catchment response to drought during the fifterwents with rewettig in
autumn. Moreover, the drougimduced changes in nitrate availability and the timing of nitrate transpo
can intensify the seasonality in nitrate export.

Not only under hydraneteorological anomalies but also generally in a temperate cloaatgtrate
export exhibit pronounceskasonality often with higher discharge and nitrate concentrations in winter
and spring compared to summer and autumn. This seasonality is driven by seasenesicdsfin
biogeochemical processes (uptake and removal) hwdaotrol the availability and spatial distribution
of nitrate sources. Furthermore, the seasonality in nitrate exportes tgnthe seasonality in catchment
wetness, controlling hydrological transport via activating or deautiydifferent flow pathsthereby
connecting nitrate sources from different locations and age distributiossntBmgling these two
components, nitrate source availability and hydrological connegtieityains a challenge, but, most
likely, a combination of both shapes the seasonality in nitrate export. gaie, aubeatchment
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differences in the degree of seasonality should be considered to understand dalecatodmment
response.

Runoff eventsmark relatively short periods that, nevertheless, have an important roleLia aitrate
export. High-magnitude events, in particular, exported a disproportionate amaanntaf nitrate loads
and approximated chemostatic export patterns across all catchments, indicatnigate source
limitation. Wet antecedent conditions durttigh-magnitude events allotheactivation of a significant
fraction of a catchment's flow paths, connecting all heterogeneously digtrititrige sources to the
stream network. In contrast, lomagnitude eventsanexhibit high variability in nitratexgort patterns,
reflecting the spatial heterogeneity of nitrate sources. Dry antecedelitiamduring lowmagnitude
events allow activation of only a small fraction of flow paths, resultimijtiate transport from selective
areas within a catchmer@hanging hydro-meteorological conditions due to climate change aitght
the spatiotemporal heterogeneity in nitrate source availability and itslagial transport, thereby
likely increasing the variability of nitrate export patterns.

6.1Implications for Management

| have drawn a complex picture of spatially heterogeneous catchments divabiret release nitrate,
driven by different but interlinked processes across time scales. With trasétin the following, |

derive some targetesliggestions for water quality management that can be drawn from the presented
studies and their synthesis, and that might enable morspstgfic decisiormaking and effective
reduction of nitrate pollution:

X Results from the Selke Catchment revealedifsogmt differences in nitrate export dynamics
between sulwatchments that differ in their characteristics, such as land use, soil type, and
geology. Furthermore, the contribution to nitrate export from the differdmtatchments
varied with changing hyd-meteorological conditions. These stdtchment differences
underline the importance of defining meaningful land use units for nitrate expbih w
heterogeneous mesoscale catchments and extending the density of ngprstations
accordingly. Monitoring at the sutatchment level could help disentamtjhe contribution
from different sub-catchments to nitrate export, allowing for morespiéeific management
strategies.

X Nitrate export can strongly vary with discharge, and different catchroersisbcatchments
can show different dynamics and ‘hot moments’ of nitrate exportefdrer, the analysis of-C
Q relationships is a simple and edasyapply method to identify sitepecific export regimes
and pinpoint sitespecific problems. @ relationships &w us to approximate the location of
nitrate sources because they reveal their connectivity to the stream netwerkawflow
versus higklow conditions. Therefore, characterizing catchment orcaibhmensspecific G
Q relationships could help water quality managers to differentiate betwiéeremti types and
dynamics of nitrate pollution. For example, constantly high nitrate camatients, driven by
elevatednitrate concentrations in the base floare reflected by chemostatic or dilution
patternswhereas high peak loads mobilized and transported during relatively short mériods
high discharge can be identified by chemodynamic enrichment patterns.riforeCeQ
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relationships would allow for more targeted water quality monitoring,atchmentswith
chemodynamic export patterns are likely to require more frequent measigethant
catchments with chemostatic export patterns.

x Catchmenspecific TTDs are crucial for understanding the time scale between changes in
nitrogen input (for example, due measures to reduce nitrate pollution) and the response of
nitrate concentrations in the stream. In this thesis, | could further shawTTDs can
substantially differ between swatchments, leading to different responses that form an
integrated signadf nitrate export at the catchment outlet. Therefore, it is importannisicy
TTDs and their spatial differences to understand nitrate export in cadsesd heterogeneous
catchments. Precise and ssfgecific knowledge of TTDs could help water quality managers to
set priority on shorter longterm strategies and to have realistic estimates on the time scale of
conducted measures to show an effect on stream water quality.

These suggestions may help to leverage our understarfdiatcbment functioing for a more efficient
reduction of nitrate pollution. However, | want to stress thathénend, it is still the overall nitrogen
input brought by human interference withe nitrogen cyak, which is the main reason for nitrate
pollution. Improving theefficiency of catchment nitrogen retention is important. However, itreithe
contributes to storing nitrate temporarily, thus postponing the probleatetodenerations, or it may
cause higher denitrification, which is good in terms of water qualitylboiraeleases greenhouse gases.
Therefore reducing nitrogen input, especially fertilizer applicaticihgiirst crucial step to addressing
the problem of nitrate pollution.

Nevertheless, the societal and economic benefits of nitrogen fixation aridatesh are huge.
Therefore, finding an acceptable balance between the benefits and theeketriimpacts of high
nitrogen loads- for example, on water quality is a delicée but crucial task. Moreover, besides
preventing new pollution, we also need to cope with biogeochemical araldyidal nitrogen legacies
from the past (e.g., Ehrhardt et al., 2019; Van Meter et al., 2016; Dupas et al. BfiR@hallenges,
reducing nitrogeninput (prevention) and coping with legacies (mitigation), require managem
strategies and decisianaking based orsite-specific knowledge. Specifically, addressing these
challenges should take into account the spatial heterogeneity in nitrate sailability and
hydrological connectivity and the many different temporal scalesami¢o nitrogen retention and
transfer from source to stream. Withis thesis, | contributed nekwnowledge to address these
challenges by elucidating nitrate retention and export procedseteiogeneous mesoscale catchments
and highlighting the important role of spatiotempeeiabiity in nitrate source availabilitgndnitrate
transporfrom source to stream.
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Abstract Defining effective measures to reduce nitrate pollution in heterogeneous mesoscale
catchments remains challenging when based on concentration measurements at the outlet only. One
reason for this is our limited understanding of the subcatchment contributions to nitrate export and their
importance at different time scales. While upstream subcatchments often disproportionally contribute

to runoff generation and in turn to nutrient export, agricultural areas (which are typically found in
downstream lowlands) are known to be a major source of nitrate pollution. To examine the interplay

of different subcatchments, we analyzed seasonal long-term trends and event dynamics of nitrate
concentrations, loads, and the concentration—discharge relationship in three nested catchments within the
Selke catchment (456 kif), Germany. The upstream subcatchments (40.4% of total catchment area, 34.5%
of N input) had short transit times and dynamic concentration—discharge relationships with elevated
nitrate concentrations during wet seasons and events. Consequently, the upstream subcatchments
dominated nitrate export during high flow and disproportionally contributed to overall annual nitrate

loads at the outlet (64.2%). The downstream subcatchment was characterized by higher N input, longer
transit times, and relatively constant nitrate concentrations between seasons, dominating nitrate export
during low-flow periods. Neglecting the disproportional role of upstream subcatchments for temporally
elevated nitrate concentrations and net annual loads can lead to an overestimation of the role of
agricultural lowlands. Nonetheless, constantly high concentrations from nitrate legacies pose a long-term
threat to water quality in agricultural lowlands. This knowledge is crucial for an effective and site-specific
water quality management.

Plain Language Summary To efficiently remove nitrate pollution, we need to understand

how it is transported, mobilized, and stored within large and heterogeneous catchments. Previous studies
have shown that upstream catchments often have a disproportional impact on nutrient export, while
agriculture (a major nitrate source) is often located in downstream lowlands. To understand which parts
of a catchment contribute most to nitrate export and when, we analyzed long-term (1983—-2016) and
high-frequency (2010-2016) data in the Selke catchment (Germany) at three locations. The mountainous
upstream part dominated nitrate transport during winter, spring, and rain events. It had a surprisingly

high contribution to annual nitrate loads. The agricultural downstream part of the catchment dominated
nitrate export during summer and autumn, with relatively constant concentrations between seasons. Here,
nitrogen inputs needed more than a decade to travel through the subsurface of the catchment, which
causes a time lag between measures to reduce nitrate pollution and their measurable effect. The resulting
storage of nitrate in the groundwater threatens drinking water quality for decades to come. While the role
of agricultural lowlands for nitrate export can be overestimated if neglecting the disproportional role of
upstream subcatchments, their impact poses a long-term threat to water quality.

1. Introduction

High nitrate concentrations in ground water and surface water are a well-known but still widespread prob-
lem in most developed countries (Bouraoui & Grizzett011, Kohl et al., 1971 Rockstrom et al.,2009.
These high concentrations pose a threat to our drinking water quality and the integrity of aquatic ecosystems
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(Camargo & Alonso,2006 Majumdar & Gupta,2000. To most efficiently reduce nitrate pollution, a detailed
understanding of the catchment-internal processes that drive nitrate mobilization, transport, storage, and
transformation is needed. While much is known about these processes for rather uniform headwater catch-
ments, our understanding of those in spatially more heterogeneous and complex mesoscale catchments
(10*-10' km?, Breuer et al. 2008 is yet an open challenge but vital for identifying management options. On
the one hand, upstream subcatchments often have a disproportional contribution to runoff generation due
to their higher drainage density and in turn they often disproportionally contribute to nutrient mobilization
and transport (e.g., Alexander et al2007 Dodds & Oakes2008 Goodridge & Melack2012. On the other
hand, agricultural areas are known to be a major source of nitrate pollution (e.g., Padilla et2018 Strebel
etal.,1989. A typical setting for mesoscale catchments located in the transition zone between uplands and
lowlands is, however, an elevated upstream area with no or only a small percentage of agricultural land use
and a downstream lowland area where agricultural land use dominates (e.g., Krause et24lQ§ Montzka

et al.,2008. Hence, the different upstream and downstream subcatchments can have quite different nitrate
export dynamics. Both subcatchments are relevant for nitrate export from the entire catchment and may op-
erate at very different times and time scales. Their specific contributions, however, remain widely unknown
when measuring only the integrated signal of nitrate export at the catchment outlet, making it difficult to
localize important source zones of nitrate and to identify important driving forces for their mobilization.
Nested catchment studies are a promising approach to shedding light on the contribution of subcatchments
to nitrate export (e.g., Dupas et al2017 Ehrhardt et al.,2019. They enable us to analyze changes in nitrate
transport along the river, to connect these changes to the specific characteristics of upstream and down-
stream subcatchments and to interpret the integrated observations of concentration, dischai@g and
loads at the catchment outlet.

1.1. Time Scales of Nitrate Export

The dynamics of water quality can be assessed on various time scales, which all have their specific relevance
for understanding nitrate export dynamics at catchment scale. Long-term data are indispensable for assess-
ing trends in water quality over time and for assessing transit times (TTs) and legacy stores, both of which
can delay or buffer the catchment response to solute input at the catchment outlet (Dupas et2016
Hirsch et al.,201Q Van Meter et al. 2017). Here, we refer to TTs as the time lag between the introduction of

a solute into the catchment and its riverine export, leading to a temporal storage of N in the catchment. Leg-
acy stores refer to the mass of solute that has been retained and accumulated in the catchment. In the case
of N, legacy stores are separated into organic N retained in the soil (biogeochemical legacy) and inorganic
N that is moving in the groundwater (hydrological legacy) with TTs that strongly depend on catchment-spe-
cific characteristics such as recharge and the storage capacity (Haitjed®95. A precise understanding of

the contribution of TTs and legacy stores to nitrate export dynamics and the long-term persistence of nitrate
is still missing (Van Meter et al.2016. However, this knowledge is crucial for understanding the response

of riverine nitrate concentrations to land use changes and the time scale between measures to reduce nitrate
reduction and their measurable success. Moreover, understanding the controls on the long-term persistence
of pollutants—such as nitrate—within catchments was just recently framed to be one of the major unsolved
problems in hydrology (Bldschl et al.2019.

Long-term data are most often available at a low frequency (weekly to monthly), as methods to continuous-
ly measure high-frequency nitrate concentrations have only recently been developed (Burns et24119.
While these long-term, low-frequency data are appropriate for the identification of long-term trends, TTs,
and legacy stores (e.g., Ehrhardt et a019 Hirsch et al.,2010, the analysis of event dynamics can only
be conducted with high-frequency data (Burns et al2019. The time scale of single events, however, is
especially important for the analysis of nitrate dynamics, because most of the annual nitrate load to the
stream is transported during events (Bernal et aR002 Inamdar et al.,2006§. Event dynamics of nitrate
concentrations C) and Q can shed light on mobilization and transport processes that are masked when
only long-term trends are looked at (Duncan et al2017 Rose et al.2018. For example, Dupas et al2016
found chemostasis (i.e., the variability of nitrate concentrations is low compared to that@fand there is

no significant directional relationship betweenC and Q) in long-term trends in a mesoscale catchment,
while dynamics at the scale of discharge events conversely showed a decrease of nitrate concentrations with
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increasingQ. They argued that these event-scale patterns are one of the main drivers for the uncertainty in
annual load estimations. Moreover, both long-term trends and event dynamics often show a strong season-
ality (e.g., Dupas et al.2017 which should be analyzed in parallel in order to be able to accurately assess
nitrate export patterns across time scales. Consequently, a combination of analyses of all (long-term trends,
event dynamics, and their seasonality) is needed to address the knowledge gap in driving forces of nitrate
export dynamics.

1.2. Concentration—Discharge Relationship

The concentration—discharge relationship@Q relationship) is a simple data-driven concept that is com-
monly used to investigate export dynamics of nitrate and other solutes on various spatial and temporal
scales (e.g., Godsey et apP09 Musolff et al., 2015 Rose et al.2018. In general, theCQ relationship
allows differentiation between three different export regimes: (i) chemodynamic with accretion pattern,
(ii) chemodynamic with dilution pattern, and (iii) chemostasis (Godsey et al2009 Musolff et al.,2017.
Export regimes (i) and (ii) are both summarized under the term “chemodynamic,” which means that a
solute's concentration variability is comparable to or higher than the variability @, with concentrations
either increasing (accretion) or decreasing (dilution) with increasin. Accretion patterns are generally
explained by additional source zones becoming connected during higher flow conditions, while dilution
patterns are observed when highe® causes a dilution of instream solute concentrations without further
source zone activation (Basu et aR010Q. Chemodynamic nitrate export has often been found in relatively
natural systems with no or only a small percentage of agricultural land use or urban areas, i.e., where nitrate
sources are not ubiquitously available (Basu et a201Q Goodridge & Melack2012. On the contrary, che-
mostasis indicates constant nutrient concentrations instream that are not significantly correlatedQand
have a considerably lower variability (Basu et aR01Q Bieroza et al.2018. This pattern often emerges in
catchments with a spatially uniform distribution of abundant solute sources, such as nitrate in agricultural
areas, leading to a relatively constant release of solutes to the stream network (Basu e2@L(Q Bieroza
etal.,2018. To assess the directional relationship betwe&hand Q, Godsey et al.Z009 proposed a power
law relationship betweenC and Q, with the corresponding slope between If) and In(Q) termed theCQ
slope. Subsequently, Thompson et aR@1]) established the C¥/CV g metric to express the variability irC
relative to the variability in Q (with CV being the coefficient of variation). Jawitz and MitchellZ011) and
Musolff et al. (2015 combined the two approaches to a single conceptual framework@® slope and C\/
CVq are mathematically linked.

So far, top-down assessments of catchment export dynamics have mainly been focused on observations
at the catchment outlet, largely neglecting catchment-internal variabilities. Here, we see the need for re-
search on how the role of internal organization of catchments (i.e., nested subcatchments) shapes the out-
let observation seasonally and under varying flow conditions in terms of nitrate inputs, reactive transport

in the subsurface, and the stream network. To address this research gap, we conduct a nested catchment
study in the mesoscale Selke catchment, which is an intensively monitored research site (Jiang e2@14
Wollschlager et al.,2017) that provides the unique opportunity to study long-term trends as well as event-
scale nitrate concentrations and loads. We analyzed (i) seasonal long-term trends and (ii) event dynamics of
nitrate concentrations, loads, and th€Q relationship for each nested subcatchment. Furthermore, we (iii)
calculated subcatchment-specific transit time distributions (TTDs) from N inputs and riverine nitrate out-
puts to address the potential extent and effect of legacy stores and their impact on nitrate export dynamics
and long-term trends. Using this comprehensive approach, our aim was to obtain a better understanding
of how nested subcatchments (i) contribute to the integrated signal of nitrate concentrations, loads, and
CQrelationships observed at the catchment outlet at different times scales (long term, seasonal, and event
scale), and how they (ii) affect the response of nitrate concentrations, loads, &trelationships to chang-

es in N input.
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Figure 1. Land use map of the Selke catchment with gauging stations (pink dots) and wastewater treatment plants
(black squares).

2. Materials and Methods
2.1. Catchment Description

The Selke catchment is located in the Harz Mountains and the Harz foreland of Saxony-Anhalt, Germany
(Figure 1). It is a subcatchment of the Bode catchment, which is an intensively monitored catchment within
the network of TERrestrial ENvironmental Observatories (TERENO, Wollschlager et &Q017. We consid-
ered three nested subcatchments in the Selke catchment (Figdrand Tablel), delineated by the following
gauging stations: (i) Silberhitte, (ii) Meisdorf, and (iii) Hausneindorf. Characteristics of the subcatchments
are summarized in Tablel.

Silberhiitte and Meisdorf are located in the Harz Mountains and drain the upper part of the catchment. In
the following, these two nested subcatchments are summarized as tpper SelkeThe upper Selke is dom-
inated by forests, followed by agriculture, which is mainly located upstream of Silberhiitte (Tali}e Soils

are dominated by Cambisols overlaying low permeable schist and claystone, resulting in relatively shallow
groundwater systems (Jiang et al2014. Due to the higher elevation (Tabld), a considerable amount of
snowmelt contributes to stream discharge during late winter and spring (X. Yang et &018. There are
three wastewater treatment plants (WWTPSs) located in the upper Selke, of which one is located at the upper
part draining to the gauge in Silberhtte.

The transition from the upper to the lower part of the catchment marks a distinct change in landscape char-
acteristics. The downstream part of the catchment is terméalwer Selle from here on. It is a fertile plain

with productive soils in the foreland of the Harz Mountains dominated by agriculture (Tabl® mainly in

the form of arable crops. Soils are dominated by Chernozems above quaternary sediments and mesozoic
sedimentary rocks (sandstone and limestone) that allow for considerably deeper groundwater systems than
those found in the upper Selke (Jiang et akp14.

Another three WWTPs are located in the lower Selke, of which one is at a tributary to the Selke (FigQre
Furthermore, there was an opencast mine (closed in 1991) located in the northeastern part of the lower Sel-
ke. Selke water has been abstracted from 1998 on to fill the open pit with an average annual abstraction rate
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Table 1
Characteristics of the Three Nested Subcatchments Within the Selke Catchment

Upper Selke Lower Selke

Hausneindorf

Catchment characteristic Unit Silberhuitte Meisdorf ~ Nested Separaté Data source
Area (km?) 105 184 456 272 LHW"
MAP® (mm year?) 739.1 694.3 588.9 519.0 DWDY, Zink
etal.
(2017%
Elevation range (m.a.s.l.) 335-597 196-597 68-597 68-396 EFAR®
Mean slope (%) 6.9 8.4 4.9 2.7 EERE13
Specific discharge (mm day) 0.90 0.65 0.32 LHW
Land use Agriculture (%) 30.5 20.9 47.8 65.0 EE2Q19
Forest 65.0 75.3 39.8 17.1
Urban 3.3 3.1 5.9 7.7
Others 1.2 0.7 6.5 10.2

Note *Nested catchment characteristics for Hausneindorf (left column) integrate the upper Selke while the separate
characteristics exclude the upper Selke (right column). Analysis and results in this study are based on the nested version.
bState Office of Flood Protection and Water Management of Saxony-Anhéllean annual precipitation. ‘German
Weather ServicetDigital elevation model of the European Environment Agency downscaled to a resolution of 100 m.

of 3.1 million m3. In 2009, a landslide occurred on the banks of the pit-lake, so that water from the filling pit
has been pumped (annual rate of 10.4 million m3) into the Selke in order to stabilize the banks since 2010.

Note that due to the nested catchment structure, all measurements from the lower Selke are an integrated
signal from the upper and the lower Selke.

2.2. Data Basis

Daily Q data are publicly available for all gauges from 1983 to 2016 and high-frequeQajata (15 min) are
available since 2010. All data are provided by the State Office of Flood Protection and Water Management
of Saxony-Anhalt (LHW; FigureS1). Long-term data of nitrate concentrations for all three gauges were pro-
vided by the LHW from 1983 to 2009 and by the Helmholtz Centre for Environmental Research (UFZ) from
2010 to 2016, collected as grab samples at biweekly to bimonthly intervals and published previously by X.
Yang et al. 018. Continuous high-frequency data of nitrate were measured in more recent years at 15 min
intervals using TriOS ProPS-UV sensors (described in more detail by Rode e@allf. Sensor performance
was reported to be high, with af?? of 0.93 for the regression of grab samples and sensor-derived concentra-
tions (y = 1.001x, n = 122) and a bias of 0.01 mg NON (Rode et al.201§. The data were collected by the
UFZ as part of the TERENO monitoring program from 2013 to 2016 for Silberhiitte, October 2010 to 2016 for
Meisdorf, and July 2010 to 2016 for Hausneindorf. Slight variations in the timing of measurements between
Q and nitrate concentrations were corrected by aggregation to equal 15 min intervals.

2.3. Long-Term Trends of Concentrations and Concentration—Discharge Relationships

All analyses were carried out within the R software environment (R Core Tea2019. Long-term trends

in nitrate concentrations and loads were calculated using “Weighted Regression on Time, Discharge and
Season” (WRTDS, Hirsch et al2010, implemented in the R package “Exploration and Graphics for RivEr
Trends” (EGRET). WRTDS requires timéQ, and season as explanatory variables to simulate daily concen-
trations from sporadic measurements over long time series (Hirsch et £010:
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1)

where subscripti indicates the specific dayC is the concentration in mg L , t is the time in decimal years,
Qis the discharge in m3$, B, R, are fitted coefficients withR, representing theCQ slope, and is an error
term.

The regression in WRTDS is weighted via the tricube weight function (Tuckey@77), which gives an in-
creasing weighting to observations close to the estimation point in terms of tin@, and season (Hirsch

et al., 2010. Flow normalization is applied for an estimation of concentration that is unbiased by daiy
variation. Here, concentrations are flow normalized (FN) in such a way that measur@dbn a given date is
assumed to have the same probability as all obsern@d/alues of that date in all other years in the record.
Thus, for every single date in the time series, Equatidnis applied once with everyQ record that was
measured on the same date in all years and these values are finally averaged to one single FN concentration
estimate for the specific day.

In order to analyze long-term trends of th€Q relationship, we used a modification of the original EGRET
codes to extract the daily parametdd, from Equation 1 (which was developed by Zhang et a016. The pa-
rameter 3, represents the relationship between &) and In(Q) (CQ slope), which enables a differentiation
between export regimes: (i) chemodynamic with an accretion patterf,(> 0.1), (ii) chemodynamic with a
dilution pattern (3, < 0.1), and (iii) chemostatic (0.1 < [, < 0.1). We chose the threshold for chemostatic
at 0.1 and 0.1 as according to Zhang et al2016 and Bieroza et al. 2018, although we are aware that this
somewhat arbitrary threshold only indicates chemostatic patterns if GCVq << 1 (Musolff et al., 2015.
The CQ slope and the CW¥CVq were found to be positively correlated for nitrate (Musolff et al2019, as
most of the variability inC is explained by variability inQ. In this case, the additional information gained by
the CV/CVq metric is small. The methods and results of this study are therefore restricted to @@ slope.

Using daily streamflow data and low-frequency nitrate concentrations, we calculated seasonally averaged
and FN nitrate concentrations, loads, and FIEQ slopes for all gauges from 1983 to 2016 in order to detect
long-term trends and seasonal differences. Spring was defined as lasting from March to May, summer from
June to August, autumn from September to November, and winter from December to February. To quantify
the uncertainty, all results were bootstrapped 200 times using the R package EGRETci (Hirsch e2@19

for FN nitrate concentrations and loads and a modification of the code from Zhang et &016 for boot-
strapping 3,. As recommended by Hirsch et al.2015, we used a block length of 200 (randomly selected
with replacement) and show the 90% confidence interval in all consequent figures (5%—-95% quantiles).

2.4. Nitrogen Input

N input into the Selke catchment was calculated following the procedure described by Ehrhardt et2019.
Here, N input refers to N surplus as the sum of three different input classes: (i) agricultural N surplus, (ii)
atmospheric N deposition, and (iii) N input from WWTPs, where (i) and (ii) are diffuse sources and (iii) is
a point source. To stay consistent with the nested catchment structure, N input data of Meisdorf represent
N input for the entire upper Selke and N input from the lower Selke represents the entire Selke catchment,
including the upper part.

We used agricultural N surplus data derived for the 403 counties in Germany, representing the annual
surplus of N on agricultural areas that results from the difference between N sources (i.e., fertilizer and
manure application, atmospheric deposition, and biological N fixation by legumes) and N sinks in the form
of N in harvested crops (Bach & Fredd,998 Behrendt et al., 2000; HauRermann et aR019. Our study

area covers three counties. The share of agricultural area for each county was taken from the CORINE Land
Cover (CLC, EEA2012 for the years 1990, 2000, 2006, and 2012 and further corrected as according to Bach
et al. (2006 personal communication), introducing a scaling factor for each county to adjust for the mis-
match between the CLC-derived agricultural share and that from statistical data sources (Bach e2abg.

Atmospheric N deposition represents the annual input from N emissions due to burning in private house-
holds, industry, and traffic between 1980 and 2015, the data were provided by the Meteorological Syn-
thesizing Centre — West of the European Monitoring and Evaluation Programme (e.g., Bartnicky & Ben-
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edictow, 2017 Bartnicky & Fagerli, 2004. From 1950 to 1980, the county-based input is assumed to be
constant (25.03 kg ha year' in Silberhitte, 28.75 kg ha year® in Meisdorf and 16.15 kg ha year*

in Hausneindorf) due to a lack of further data for that time. We considered N deposition data only for
nonagricultural land cover classes (e.g., forest, water bodies, wetlands, and grassland) because the agri-
cultural N surplus data already account for atmospheric deposition and biological fixation (see above). We
added biological N fixation to nonagricultural land cover classes according to Cleveland et 4899 and

Van Meter et al. Q017). Cities were neglected (except urban grassland such as parks) under the assumption
that nitrogen from sealed surfaces is directly discharged into the WWTPs. We acknowledge that sealed-sur-
faces runoff which enters directly into the stream can have a considerable impact (Decina e?8118 Hope

et al.,2004. However, due to the small percentage of urban areas in the Selke catchment (5.9%, Tabhe
believe that this simplification is acceptable.

Data on the annual mean nitrate and ammonium concentrations from WWTP outflow between 2010 and
2015 were provided by the Ministry of Environment, Agriculture and Energy Saxony-Anhalt. We calculated
nitrate input from WWTPs with the provided nitrate concentrations and an additional maximum estimate
for the contribution of WWTPs to nitrate export during high-flow seasons (HFSs) and low-flow seasons
(LFSs) under the assumption of a complete nitrification of wastewater-borne ammonium. Nitrate concen-
tration values from 2010 were assigned to all years previous to 2010. As their contribution to N input in the
Selke catchment is relatively small, compared to agricultural N input, we believe that these data and their
extrapolation robustly represent the recent state of point source N loads but do not allow for describing
the long-term evolution of N loads due to improvements in wastewater treatment and newly constructed
WWTPs.

Finally, a harmonized and consistent data set for each of the three different input types was created on
county level (average area of 887 Kixfor the period of 1950—2015 and combined to one single N input data
set that was clipped for all three nested subcatchments. To this end, we used the weighted average, taking
into account the areal fractions of involved counties and the respective (sub)catchment boundaries. To com-
pare N input with nitrate export, we assume that entire N input is eventually mineralized and that nitrate
concentration patterns (with nitrate as the most abundant species of inorganic N, MeybetR829 reflect

the main processes of riverine N export and subcatchment-specific differences in N export dynamics. To
account for this simplification, we discuss other important processes that play a role in reactive N transport,
such as instream assimilation or denitrification in riparian zones.

2.5. Transit Time Distributions

Apparent TTDs for nitrate were calculated by applying a methodology described by Musolff et 2DX7)

and Ehrhardt et al. 019. We assumed a log-normal form for the TTDs because this allows us to account
for the long tails in the TTD needed to adequately reflect legacy effects. First, we scaled N input and mean
annual FN nitrate concentrations from the long-term low-frequency data in order to compare the temporal
dynamics of input and output independently from their absolute value. Then, we calibrated the parameters
pand of the log-normal distribution (mean and standard deviation of the natural logarithm of the target
variable, defining the tailing and mode) by minimizing the sum of squared errors between simulated and
measured scaled FN nitrate concentrations. We used these TTDs to compare the response of the nested
catchments to changes in N input and to improve our estimate of N legacies in the period from 1983 to
2015. More specifically, we calculated the total conservative N export for each subcatchment by convolving
the annual N input for each year with the calibrated TTDs, extracting the fractions that would be exported
by 2015 and summing up these annual estimates to derive the cumulative N export until 2015. We then
compared this estimate of conservative N export to the measured nitrate export over the same period to get
an estimate of themissing N We assume thaimissing Nwas either removed via denitrification or that it is

still in the catchment as hydrological legacy (delayed by long TTs of subsurface water i.e., hydrological TTs)
or as biogeochemical legacy (stored as organic N in the catchment soils). Determining which form of legacy
the missing Ncan be contributed to is challenging (Van Meter & Bas2015 Van Meter et al. 2016 and be-
yond the scope of this study. Nevertheless, long-term trendsG® relationships together with pronounced
changes in N input can give first indications on their contribution (Ehrhardt et al.2019. In respect to
hydrological legacies, a decline in N input can cause a temporal increase in the concentration heterogeneity
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belowground (e.g., between younger and older water fractions), which can go along with a shif€@rela-
tionships from chemostasis toward more chemodynamic patterns. In contra€iQ relationships under the
dominance of biogeochemical legacies are likely to be more buffered and less affected by changes in N input
(Ehrhardt et al.,2019. Hence, we used long-term trends in th€éQ slope to discuss indications toward either
hydrological or biogeochemical legacies. Additionally, we compared the difference between TTD-derived
and measured N export to literature data on potential denitrification.

2.6. Event Dynamics

We used the high-frequency data from 2010 to 2016 to analyze storm events at all three gauges. To identify
events, we converted from m3 s' to mm, smoothed it with a running average and separated it into a base
flow and fast flow component following the methodology described by Gustarii983 and WMO (2008.

This methodology linearly interpolates between turning points i that are defined as local minima (with-

in a nonoverlapping 5-day window) which are at least 1.11 times smaller than their neighboring minima.
Despite its simplicity, this base flow separation method was chosen because it permits an unambiguous
identification of event starting points (Tarasova et al2018. We defined the start of an event as the point in
time when fast flow increases to at least 2.5% of base flow &nldas increased by a minimum of 5% over the
previous 5 h. Events were defined to end when fast flow decreases to less than 2.5% of base flow. The final
selection of the event was based on the criteria that (i) the event included a minimum of 20 data points,
(ii) peak Q reached at least the 5% percentile of &lmeasurements, (iii) fast flow contribution at the peak

of the event was at least 30% of total flow, and (i9)decreased at least to one third of its former increase.
Events with data gaps larger than 5 h were discarded from the analysis. These criteria and thresholds were
chosen as they allowed for a good balance between the separation of clearly evident events (from scatter in
Q) and the detection of a sufficient number of small-scale events that occurred during LFSs to obtain a fairly
equal number of events during all four seasons.

Next, we fitted Equation2 to each selected event (Eder et 82010 Krueger et al. 2009 Minaudo et al.,2017)
to analyze the event-specifi€Q slope and the hysteresis direction and extent:

)

wherea, b, andc are parameters that were fitted for each event individually. Parametegives the event-spe-

cific intercept and b the CQ slope, which is comparable to the parametds, from the long-term analy-

sis (Equation1). Consequently, parameteb was used to differentiate between chemodynamic accretion

(b > 0.1), chemodynamic dilution b < 0.1), and chemostatic (0.1 < b < 0.1) nitrate transport during
storm events. Parametec was used to identify the extent and direction of event-specific hysteresis with
¢> 0.1 indicating clockwise hysteresisg < 0.1 indicating counterclockwise hysteresis and 0.1 < c<0.1
indicating no or complex hysteresis. Note thadlQ/dt was scaled for the individual event to allow a better
comparison ofc between the events. The season of an event was defined as the season in which the event
starts. To assure the quality of results, parametdysaind c were only used for further analysis if the coeffi-
cient of determination &) for the event-specific fit of Equatior2 was larger than 0.5.

3. Results
3.1. Nitrogen Budget

Since the start of the N input time series in 1950, N input strongly increased until 1976 and fluctuated between
1976 and 1989 around an average N input of 57.3 kg'hgear® in the upper Selke and 79.4 kg Hayear®

in the lower Selke. Maximum N input was reached in 1988. In 1990, after the reunification of Germany and
the associated breakdown of the intensive agriculture in East Germany (Gros396, N input decreased
markedly within 1 year and then stabilized again at a lower level (around 33.9 + 3.3 kg*hgear® in the
upper Selke and 37.7 £ 5.2 kg htayear® in the lower Selke) from 1995 onwards (Figur2 and Table2).

Annual N input per hectare (ha) was generally lower for the upper Selke (representing the catchment area
draining to the gauge at Meisdorf) than for the lower Selke (representing the entire catchment area draining
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Figure 2. Total N input per hectare and year for all three nested subcatchments of the Selke catchment and N
input divided into its components: (i) from agricultural areas, (ii) atmospheric deposition and biological fixation on
nonagricultural areas, and (iii) outflow from wastewater treatment plants (WWTPs, secon@xis).

to the gauge at Hausneindorf; Figur2 and Table2). The only exceptions were found during years when the

total N input was especially low (e.g., 1990/1991). In these years, the scenario was reversed, with the highest
N input in the upper Selke and the lowest N input in the lower Selke, due to a relatively high atmospheric N
deposition over the Harz Mountains and biological N fixation in the forests (FiguBand Table2). Between

1983 and 2015, approximately one third (34.5%) of N input stemmed from the upper Selke and most of this
from the upstream area draining to the gauge at Silberhitte (Tal N surplus from agriculture in this

period was around 33% and 68% of the total N input for the upper and lower Selke, respectively. The remain-
ing N input mainly stemmed from natural areas (mainly forests and grasslands), while the contribution

of WWTPs was small. When assuming constant N input from WWTPs over the year, they contributed an
average of 0.8%—1.6% to exported annual nitrate loads in the upper Selke and 2.4%-3.6% in the lower Selke
(assuming no or a complete nitrification of wastewater-born ammonium). During LFSs, the contribution

of WWTPs to nitrate export was an average of 3.4%-7.4% and 6.2%-9.5% for the upper and lower Selke,
respectively.

3.2. Seasonal and Long-Term Patterns in Nitrate Concentrations

Referring to the regular monitoring results between 1983 and 2016, the upper Selke showed a pronounced
seasonality, with lower nitrate concentrations during LFSs (summer and autumn) and higher concentra-
tions during HFSs (winter and spring), while nitrate concentrations in the lower Selke were more stable
between seasons. In general, the fitted nitrate concentrations increased from the upper to the lower Selke
(Figure 3), but due to the differences in seasonality, this increase was especially pronounced during LFSs.
Here, FN nitrate concentrations (N@N) ranged between 0.5 and 1.8 mg'Lin the upper Selke and between
2.0 and 3.7 mg I in the lower Selke. During HFSs, the difference between upper and lower Selke nitrate
concentrations was relatively small. Here, FN nitrate concentrations ranged between 1.6 and 3.4 rhgrL

the upper Selke and between 2.4 and 3.7 md lin the lower Selke. Using WRTDS to fit daily nitrate con-
centrations resulted in a small bias of 1.7%, 0.5%, and 0.5% for Silberhitte, Meisdorf and Hausneindorf,
respectively, with respect to the measured long-term data.

Besides general differences in nitrate concentrations and their different seasonalities, long-term trends also
showed varying behavior between upper and lower Selke, again most pronounced during LFSs. Here, a mar-
ginal decrease beginning in 1990 occurred in the upper Selke, while FN nitrate concentrations increased
substantially in the lower Selke, with a maximum value of 3.7 and 3.5 mg lin summer and autumn 1997,
respectively. A secondary peak occurred during 2010, with 3.1 m§ in both seasons (Figure8c and 3d).
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Table 2

Balance Between Nitrogen (N) Input and Its Riverine Export as Nitrate Loads and Transit Time Distributions (TTDs)
Upper Selke Lower Selke
Unit Silberhutte Meisdorf Hausneindorf
N input vs. export (1983-2015) Cumulative N input ®) 14,078.7 23,195.4 67,146.9
N export,qn, (conservative) (kg ha year') 443 41.2 50.3
Cumulative N export,, (conservative) (® 15,352.9 25,045.3 75,753.0
Cumulative N export, (measured) (t) 3,052.1 3,912.0 6,094.3
Missing N (conservative — measured) (kg Hayear®) 35.5 34.8 46.3
(® 12,300.7 21,133.3 69,658.6
(%) 80.1 84.4 92.0
TTDs u (year) 2.12 1.59 2.91
(year) 1.15 1.10 0.73
R? @) 0.57 0.92 0.40
Mode (year of peak travel time) (year) 3 3 12

Note Conservative N export is the N input convolved with TTDs as indicated by subscript conv. Missing N refers to the difference between conservative N export
and measured N export in form of riverine nitrate loads. TTDs follow a log-normal distribution with fitted parameteusand and theR? as the coefficient of

determination.

Figure 3. Long-term trends of annual flow normalized (FN, lines) and annual non-FN (dots) nitrate concentrations from three nested subcatchments of the
Selke catchment, separated by season (a—d). Uncertainty bands in the subcatchment-specific color indicate the 90% confidence intervals from bootstrapping FN

values.
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Figure 4. Long-term trends in annual flow normalized (FN, lines) and annual non-FN (dots) nitrate loads from three nested subcatchments of the Selke
catchment, separated by season (a—d). Uncertainty bands in the subcatchment-specific color indicate the 90% confidence intervals from bootstrapping FN

values.

In the most recent years (2011-2016), nitrate concentrations in the lower Selke during LFSs decreased to an
average value of 2.6 mgL. During HFSs, nitrate concentrations in the upper Selke decreased more strong-

ly after 1990 but increased again staring in 2000. In the lower Selke, however, only slight temporal changes
occurred during HFSs and the decrease in most recent years (observable during LFSs) occurred to a lesser
extent also during HFSs (Figure8a and 3b).

3.3. Seasonal and Long-Term Behavior of Nitrate Loads

Nitrate loads generally showed similar long-term trends than nitrate concentrations did (Figu#. The
main difference was in the pronunciation of seasonality, with much higher loads during HFSs compared
to LFSs (Figured). This seasonality was even more pronounced in the upper Selke than in the lower Sel-
ke, and the relative contribution from subcatchments to nitrate loads varied seasonally in consequence.
Overall, highest loads occurred during winter, with an average of 515.5 kg dain Silberhiitte, 607.8 kg
day® in Meisdorf, and 774.8 kg day in Hausneindorf (average from non-FN values). When neglecting in-
stream losses of nitrate, this implies that the upper Selke transported 78.4% of the total catchment's nitrate
loads which are exported from the lower Selke during winter (1983—2016). Lowest loads occurred during
summer with 39.5 kg day , 77.4 kg day , and 207.6 kg day for Silberhitte, Meisdorf, and Hausneindorf,
respectively. Contrary to the situation in winter, the upper Selke had a much smaller contribution to the
catchments loads of only 37.3% during summer. On an annual scale, the upper Selke contributed approxi-
mately 64.2% to the total catchment's nitrate loads. When taking the subcatchment area into account, the
average of annual loads was highest in Silberhiitte with 8.6 kg hayear' , followed by Meisdorf with

6.3 kg ha' year' and smallest in Hausneindorf with 3.9 kg ha year® .
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Figure 5. Long-term trends of the fitted parameteR,, indicating the annual flow normalized (FN) and annual non-FN In(concentration)—In(discharge)
relationship (CQ slope) from three nested subcatchments in the Selke catchment, separated for each season (a—d). Uncertainty bands in the subcatchment-
specific color indicate the 90% confidence intervals from bootstrapping FN values. Horizontal gray lines delineate the border between chemostatic and
chemodynamic nitrate transport.

3.4. Nitrate Retention and TTDs

Fitted TTDs as a transfer function between annual N input and annual FN nitrate concentrations show that
TTs in the upper Selke were considerably shorter than those in the lower Selke (Tabknd Figure.S3.
Smaller modes and -values together with larger -values ( > 1) in the upper Selke indicate a dominance
of short TTs, whereas the higher mode andvalue together with a lower -value ( < 1) of the TTD in the
lower Selke indicates a dominance of longer TTs and a considerably longer tailing. The convolution model
was accurate for the upper Selke at Meisdof®{= 0.92) and acceptable for SilberhiitteRé = 0.57) as well

as for the lower SelkeR? = 0.40; Table2).

TTD-derived conservative N export over the period from 1983 to 2015 was higher than N input for this
period (Table2), because it integrated parts of the high N input from before 1983. We refer to the TTD-de-
rived conservative N export that was not exported in the form of measured annual nitrate loads as the
missing N(Van Meter et al.,2016 Table2), which is either still in the catchments as legacy or removed via
denitrification. All subcatchments of the Selke catchment showed a considerable percentagenisfsing N
(80%—-92%). This number is smallest for the upper Selke, especially for the upstream area draining to the
gauge at Silberhiitte, and largest for the lower Selke, with 10.8-11.5 kg hgear' more N being missing
than in the upper Selke.

3.5. Concentration—-Discharge Relationships

Long-term CQ slopes in the upper Selke were positive, indicating chemodynamic nitrate export with an ac-
cretion pattern (Musolff et al., 2017, as was observed in seasonal (Figusgas well as in annualCQ slopes
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Figure 6. Boxplots of the event-specific fitted parametets(CQ slope) andc (hysteresis) in Equatior2 with R? > 0.5. Parameters were separated by seasons and
gauging stations within the Selke catchment, displayed from upstream (left) to downstream (right).

(Figure S29. The only exception was for Meisdorf during LFSs between 1983 and 1990, where nitrate export
was chemostatic with a&CQslope close to zero (Figurésc and5d). CQslopes in Silberhitte were higher than

the ones in Meisdorf, except for HFSs from 2010 on, for whi€l) slopes were both around 0.45 (Figuré&s

and 5b). During LFSs,CQslopes in the upper Selke peaked in 1999 and, following a minimum around 2005,
leveled out afterward. Uncertainty from sample estimates assessed via bootstrapping was highest for LFSs,
but the generally positiveCQ slopes beginning in 1990 were still evident (Figuré&s and 5d).

In contrast to the upper Selke, the export regime in the lower Selke changed significantly over time (Fig-
ure 5 and FigureS29. CQ slopes in the lower Selke were positive between 1983 and 1990 for all seasons,
indicating chemodynamic nitrate transport with accretion patterns. After 199@Q slopes decreased toward
values around zero during HFSs (FigureSa and 5b), which indicates chemostatic transport, and toward
negativeCQ slopes during LFSs (FigureSc and 5d), which indicates chemodynamic nitrate export with a
dilution pattern. Beginning around 2010, nitrate transport in the lower Selke was chemostatic during all
seasons, with a tendency toward slightly high&ZQ slopes during HFSs compared to during LFSs.

3.6. Storm Events

We identified a total of 200 storm events: 59 for Silberhutte (from 2013 to 2016), 72 for Meisdorf, and 69 for
Hausneindorf (both from 2010 to 2016). Of all these events, 56% could be described adequately with the
empirical formula which defines the hysteresis loop (EquatioB) with R? > 0.5. This is true for 40 events in
Silberhiitte, 44 in Meisdorf, and 29 in Hausneindorf, with at least seven events per season and gauge. Fitted
parametersb and c for event-specificCQ slopes and hysteresis behavior of these events are displayed in Fig-
ure 6 and FiguresS4and S5 Upper SelkeCQslopes were dominantly positive, indicating chemodynamic ni-
trate export during storm events with an accretion pattern (Figuré&&aand6b). Some exceptions were found
during November in Silberhitte, when some small events showed negati@®€ slopes and caused a large
variability in CQslopes during this season (Tab®1) and during summer in Meisdorf. Event-specific hyster-
esis in the upper Selke was dominantly counterclockwise, indicated by the negative parame{@igures6d
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and 6e€). In contrast to the upper Selke, event-specifieQ slopes in the lower Selke were negative during
LFSs, indicating chemodynamic nitrate transport with a dilution pattern (Figuréc). During HFSs however,
event-specificCQ slopes were dominantly positive, indicating an accretion pattern, similar to that found
for the upper Selke. Hysteresis was clockwise during summer and dominantly counterclockwise during all
other seasons, again similar to the situation in the upper Selke. For all three subcatchments, variability in
hysteresis behavior was most pronounced during autumn. When looking at all identified events—regard-
less of theirR? (FiguresS4and S5—the described patterns irCQ slopes and hysteresis stayed evident, with
the only exception being thatCQ slopes in the lower Selke during spring were dominantly around zero or
negative.

4. Discussion
4.1. Long-Term Trends in Nitrate Export

The nested catchment structure provided an ideal setting for analyzing the contribution of different sub-
catchments to nitrate export measured at the catchment outlet. This structure enabled us to calculate sub-
catchment-specific TTDs which revealed distinct time scales in the response of riverine nitrate export to N
input within one mesoscale catchment. In the mountainous upper Selke, TTDs had their mode after 3 years,
indicating a dominance of short TTs, while in the agriculturally dominated lower Selke, the TTD showed a
peak after 12 years and a considerably longer tailing (Tal)e This difference can be explained mainly by a
difference in hydrological TTs caused by a lower storage capacity (shallow soils and relatively impermeable
geology) in the upper Selke, compared to the lower Selke (Haitjerh899. Consequently, N input in the up-

per Selke is transported rapidly to the stream network, and instream nitrate concentrations respond quickly
to changes in N input, while in the lower Selke, N input is transported far more slowly and the response of
nitrate concentrations to changes in N input is delayed by more than a decade. Long-term persistence of
nitrate pollution is therefore more an issue in the lower Selke than in the upper Selke.

The subcatchment-specific differences in TTDs, furthermore, help to explain the different long-term trends

in nitrate concentrations, loads, andCQ slopes (Figures3-5). The rapid response of instream nitrate con-
centrations to changes in N input explains the decrease of nitrate concentrations and loads after 1990 in the
upper Selke as an immediate consequence of the drastic decrease in N inputs (Figudeie to the German
reunification and the associated break down of intensive agriculture. Our finding of short TTs in the upper
Selke is in agreement with reported TTs from a small headwater catchment in the upper Selke (J. Yang
et al., 2018 and with studies in other responsive headwater catchments for which comparably short TTs
were reported (e.g., Hrachowitz et al2009 Soulsby et al.2015. However, the increase in nitrate concentra-
tions and loads during HFSs beginning in 2000 cannot be explained by TTDs and N input, because no pro-
nounced increase of N input occurred around that time. One possible explanation could be an increase of
distant nitrate sources that become connected to the stream with higher soil moisture content during HFSs
and consequently more active flow path. Reasons for this might be local changes in agricultural practices,
forest management, or land use arrangement, which were not accounted for in the county-based N input
data. For example, spruce forests of the Harz Mountains were subjected to increased bark beetle attacks
as a likely consequence of increasing temperatures (Lindner et @01Q Overbeck & Schmidt2012. The
consequent die-back of trees could have caused changes in the N-balance of forest ecosystems in the upper
Selke (Huber,2005 Mikkelson et al.,2013.

In view of the large TTs in the lower Selke, we argue that the increase in N input before 1976 caused the
increase in nitrate concentrations around 1990, while the decrease in N input that occurred in 1990 im-
pacted riverine nitrate concentrations about a decade later (Figur8sand 4, Figure S3. However, there

is considerable uncertainty in the comparison between N input and export dynamics in the lower Selke,
as suggested by the lowd® of the TTD (Table2). Larger catchments with different land use types such
as agriculture and urban areas are often exposed to multiple nitrate sources (Caraco & Ck8969 Silva

et al., 2009. Hence, the observed dynamics in the lower Selke, especially the two emerging peaks during
LFSs around 1997 and 2010, are likely a mixture of delayed N input and additional direct influences from
other nitrate sources. Two possible direct influences are (i) the activities around the mining pit close to the
catchment outlet and (ii) the starting operation of WWTPs around 1996/1997. Water was pumped from the
mining pit into the Selke River before 1991 and after 2009, while water was diverted from the river into the

WINTER ET AL.

56



Water Resources Research 10.1029/2020WR027992

pit between 1998 and 2009. The few available grab samples of nitrate concentration at the outlet of the filled
mining pit (mainly after 2009, FigureS@ suggest a temporal dilution of riverine nitrate concentrations and

it remains unclear how these activities changed groundwater gaining or losing conditions in the Selke River
itself (Figure S§. We showed not only that WWTPs generally have a small impact on nitrate concentrations
(Figure 2) but also that their impact is highest during LFSs. Hence, it is possible that temporal changes that
cannot be accounted for by the resolution of our WWTP data contributed to the decrease in nitrate concen-
trations around 1997.

In summary, although the decline in nitrate concentrations in the lower Selke is generally a good sign for
improved water quality, its driving forces are related to considerable uncertainty. Nitrate concentrations
might have decreased as a delayed response to the decrease in N input in 1990 or due to other more direct
influences such as the nearby mining pit. We suggest that a combination of all these processes was respon-
sible for the observed concentration dynamics.

4.2. Long-Term Trends in Concentration—Discharge Relationships

CQ slopes in the upper Selke showed an overall consistent picture of chemodynamic accretion patterns in
nitrate export (Figure5). Low CQ slopes during LFSs before 1990 might indicate N saturation of the catch-
ments due to the high agricultural N input during this time (Figure2). CQslopes increased toward chemod-
ynamic accretion patterns after the decrease of N inputs in 1990, suggesting that the landscape is becoming
less saturated and that there is more heterogeneity in nitrate sources and pathways; however, nitrate export
was still transport limited. In 2000,CQ slopes during LFSs decreased but maintained chemodynamic ac-
cretion patterns as an indication of transport limitation. We argue that the more dynam@Q slopes during
LFSs (compared to HFSs) are likely linked to seasonal conditions such as decreased hydrologic connectivity
and a greater biological N demand.

CQslopes in the lower Selke changed from (i) an accretion pattern before 1990 to (ii) dilution in LFSs and
chemostasis in HFSs and finally toward (iii) chemostatic nitrate export during all seasons in recent years
(Figure 5). A very similar dynamic ofCQ slopes was reported by Ehrhardt et al2019 for a nearby mesos-
cale catchment. They explained this by the vertical stratification of nitrate storage in the subsurface as a
consequence of the downward transport of nitrate with time (Dupas et a016 and different active flow
paths during HFSs and LFSs. During LFS®,is dominated by base flow originating from deeper groundwa-
ter, whereas shallower subsurface flow paths which access a younger fraction of groundwater are activated
during HFSs (Ehrhardt et al. 2019 Musolff et al.,2016. As N input gradually increased until 1976, deeper
groundwater in the lower Selke still showed lower nitrate concentrations than shallow groundwater in the
first years of our time series. Consequently, nitrate concentrations during low-flow conditions were lower
than concentrations during high flow, leading to the observed accretion pattern. After the German reuni-
fication in 1990, N input drastically decreased leading to a decrease of nitrate concentrations in shallow
groundwater and higher concentrations in deeper groundwater due to the downward percolation of the
high N inputs from before 1990 (Figure?). Consequently, nitrate concentrations in the lower Selke were
higher during low-flow conditions than during high-flow conditions, leading to the observed dilution pat-
tern. Another reasonable explanation for the dilution pattern is the impact from upper Selke nitrate export.
Due to the shorter TTs and the consequently faster transport of N in the upper Selke, long-term trends in riv-
erine nitrate concentrations showed an immediate decrease after 1990, while concentrations still increased
in the lower Selke. These diverging long-term trends were especially pronounced during LFSs (Fig8res
and 3d). Lower nitrate concentrations from the upper Selke during LFSs could therefore have diluted the
higher nitrate concentrations downstream, leading to the observed dilution pattern @Q slopes in the
lower Selke (Figuresc, 5d, andS29. Most plausibly, a mixture of both vertical layering of groundwater ni-
trate concentrations and the impact of the upper Selke led to the observed dilution pattern. In recent years,
chemostatic nitrate export during all seasons developed in the lower Selke, likely due to a mixture of both
vertical equilibration of groundwater nitrate concentrations after a prolonged period of stable N inputs (Fig-
ure 2; Dupas et al.2018 Ehrhardt et al.,2019 and a less pronounced dilution effect from the upper Selke
due to converging nitrate concentration levels between the subcatchments (Fig@je

Similarly to Ehrhardt et al. 2019, we were able to show tha€Q relationships transitionally shift with
changes in N input and further that these changes can be different between seasons. Thus, chemostatic ni-
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trate export is an indication not exclusively for intensive agriculture but also for homogenously distributed
N stores, both vertically in the subsurface and between different subcatchments. In fact, chemodynam-
ic export at the catchment outlet can also indicate “not equilibrated systems,” where changes in N input
have not yet propagated through the whole system, causing a vertical layering of nitrate concentrations in
the subsurface and/or diverging nitrate concentration between subcatchments due to different subcatch-
ment-specific TTDs. Defining one uniqu&€Q slope for nitrate concentrations at the catchment outlet across
longer time series and seasons can be misleading, as it may integrates input and mobilization patterns as
well as transport times that are not necessarily the same over space and time (Fige For example, a
temporal transition from accretion patterns toward dilution—as observed in the lower Selke during LFSs
from 1990 to 2000—might be interpreted as constantly chemostatic if these long-term temporal changes
and for seasonal differences are not taken into account.

4.3. N Legacies and Potential Denitrification

The largest proportion of N export that should have been exported according to TTDs is “missing.” Only
15.4% and 8.0% of the estimated N export derived from conservative TTDs were actually exported as meas-
ured nitrate loads, which translates into 34.8 kg N hayear® and 46.3 kg N ha year! of missing N(Ta

ble 2). This is likely evidence of considerable N retention in both subcatchments, especially in the lower
Selke.

The relatively constantCQ slopes in the upper Selke indicate biogeochemical legacies, while short TTs
suggest a fast turnover of hydrological legacies that prevent a similar vertical stratification and associated
heterogeneity in the belowground N storage as discussed for the lower Selke. The observed chemodynam-
ic accretion pattern and the pronounced seasonality also indicate that N sources are stored either in the
shallower zones of the subsurface or in the more distant zones to the stream network, which could both be
partially activated during high-flow conditions such as storm events during winter. This explanation is sup-
ported by J. Yang et al.2018, who proposed that an expansion of discharge generating zones during high-
flow conditions in a small headwater catchment in the upper Selke enables the mobilization of additional N
sources. In contrast, long TTs and the shifts @Q relationships in the lower Selke indicate the presence of
considerable hydrological legacies, as nitrate export patterns are driven by the seasonal activation of differ-
ent N source zones with different ages, as discussed above (Ehrhardt epall9.

Denitrification is the only process leading to permanent nitrate removal within the catchment. It accounts
for a part of themissing Nand prevents it from being stored in the catchment (Seitzinger et a2006.
Kuhr et al. (2019 calculated average denitrification rates for soils in Saxony-Anhalt using the pro-
cess-based DENUZ transport model (K6hne & Wendlan@i992 Kunkel & Wendland, 200§ and showed
that denitrification rates in the unsaturated zone in and around the Selke catchment are low to very low
(9-13 kg ha' year'), which is considerably lower than the rates ofissing Nfor the Selke catchment
mentioned above (Table2). Even assuming the upper range denitrification ratenissing Nwould still be
>20 kg N ha' year! in the upper and >30 kg N ha year® in the lower Selke.

According to a recent study from Hannappel et al2018, the potential for denitrification in the ground-
water is largely depleted in Saxony-Anhalt. Hannappel et al. compared N input with nitrate concentrations
in the groundwater and searched for hydrogeochemical evidence of ongoing denitrification (redox status,
increase in hydrogencarbonate or sulfate). Of the seven observation wells within the Selke catchment, only
one (located in the upper Selke) showed evidence of ongoing denitrification. Hence, denitrification in the
groundwater likely removed a part of N input in the upper Selke. However, of all observation wells in
Saxony-Anhalt located in a similar geologic setting as the upper Selke (Palaeozoic), fewer than 5% showed
evidence of ongoing denitrification. This is a warning sign for the upper Selke, indicating that essential
electron donors such as pyrite for autolithotrophic denitrification have been largely consumed or might
become depleted in the near future. None of the observation wells showed a potential for denitrification in
groundwater in the lower Selke (Hannappel et al2018. We therefore argue that denitrification in ground-
water played only a minor role for the fate of N input in the lower Selke, an assumption which is in line
with findings from Ehrhardt et al. (2019 made in a nearby mesoscale catchment. Nevertheless, there is
evidence for significant denitrification in the riparian zones, especially during LFSs. Recent studies by Lutz
et al. (2020 and Trauth et al. 018 reported a removal by riparian denitrification of up to 12% of nitrate
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from groundwater entering the Selke River along a 2-km section downstream of Meisdorf. Additionally, a
stable isotope study by Mueller et al201§ in the Bode catchment (which includes the Selke catchment)
found evidence for significant denitrification in the stream beds during LFSs, whereas denitrification in the
groundwater was not evident, findings which are in line with those of Hannappel et aR§18. The studies
agree that riparian zone and stream bed denitrification are more likely to occur in the downstream part
of the river where flow velocities are reduced, which suggests that this type of denitrification might be an
important process for the lower but not evidently for the upper Selke.

Assimilatory uptake in the stream is another important process in nitrate export dynamics: it could, accord-
ing to Rode et al. 2016, have removed around 5% of nitrate in the upper Selke and 13% in the lower Selke.
Nevertheless, only a small percentage of nitrate uptake is the permanent removal via denitrification. Hence,
we suggest that N uptake in the stream only accounts for a small percentage ofritigsing N Moreover,
following the argument of Ehrhardt et al. 019, the change in seasonal patterns in the lower Selke and the
high nitrate concentrations in LFSs around 1997 (Figurex and 3d) indicate that assimilatory uptake was

not a key process in causing the observed nitrate export patterns at longer time scales, as this would imply
a more steady seasonality.

In summary, a large proportion of N was not exported from the Selke River and is therefore missing. It is
unlikely that denitrification alone is responsible for allmissing N which means that part of it was stored

as hiogeochemical and hydrological legacies in both parts of the catchment. We see an indication for bi-
ogeochemical legacies in the upper Selke, whereas long TTs and deeper aquifers indicated an important
contribution of hydrological legacies in the lower Selke. As N input and the percentagenifsing Nin the
lower Selke was higher, extensive N legacies and especially long-term nitrate pollution are more of an issue
in the agriculturally dominated lowland parts of the catchment than in the mountainous upstream part.
Groundwater-dominated catchments like the lower Selke are generally more prone to hydrological legacies
(Van Meter & Basu2017. As these (sub)catchments are typically associated with agricultural land use, they
are most prone to developing nitrate legacies.

4.4, Seasonality in Nitrate Export

The contribution of different subcatchments to nitrate export in the Selke catchment was highly seasonal,
with significant differences between HFSs and LFSs. While the upper Selke dominated nitrate export dur-
ing HFSs, the lower Selke dominated during LFSs. This seasonal shift in the dominant subcatchment for
nitrate export was driven by the seasonally different dynamics of mobilization and transport in the different
subcatchments.

Nitrate concentrations in the upper Selke showed a pronounced seasonality, with high concentrations dur-
ing HFSs and low concentrations during LFSs. This dynamic might have several reasons, such as an in-
creased N demand of the ecosystems during warmer temperatures (Rode ef@llf, a flushing of limited
surficial N sources with peak snowmelt (Pellerin et al2012, and a higher hydrological connectivity due

to an increased soil moisture content during HFSs (J. Yang et 2018. Especially, the last point is also re-
flected by the positiveCQ slopes in the upper Selke, which indicat€Q a chemodynamic-accretion pattern
(Figure 5). This accretion pattern can be explained by the activation of additional N sources with efficient
transport to the stream during wet conditions (J. Yang et aR018. In contrast to chemostatic patterns, N
sources in a chemodynamic-accretion pattern are not uniformly distributed. Instead, distinct sources be-
come activated during certain flow conditions. Therefore, accretion patterns hint at patchy N sources and
spatially limited N legacies. This might be a common situation in mountainous and forest-dominated up-
stream catchments which include only patches of agriculture or other relevant N sources. The consequent
increase in nitrate concentrations during high flows and HFSs can cause high nitrate loads, as observed in
the upper Selke and other forest-dominated catchments (Seybold et 2019. Although it is known that
upstream catchments can have an important role for nutrient transport (Alexander et €007 Goodridge

& Melack, 2012, the contribution from the upper Selke to 78.4% of overall nitrate loads during winter
and 64% annually was unexpectedly high, given the fact that the upper Selke comprises only 17% of the
catchment's agricultural area and contributed on average only 37% of total N input. We explain this dispro-
portional contribution to nitrate loads by (i) the high nitrate concentrations during HFSs which indicate an
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additional activation of N sources with higheiQ as reflected by the described accretion pattern and by (ii)
a disproportional contribution to Q from the upper Selke, which is typical for upstream catchments (Alex-
ander et al.,2007 Dupas et al.2019 and might be enhanced by snowmelt during HFSs due to the higher
elevations in the upper Selke (Tablg).

Nitrate concentrations in the lower Selke generally showed a less pronounced seasonality compared to the
upper Selke, especially since 2010, when nitrate export became chemostatic during all seasons (Fsjyure
Chemostatic export was often found for catchments like the lower Selke which are dominated by agricul-
tural land use, indicating a considerable amount of nitrate legacy stores (Basu et 201Q 2011 and a
prolonged period of relatively stable N inputs (Ehrhardt et al2019. Due to the decreasing contribution
from the upper Selke during LFSs and base flow conditions, the relatively constant nitrate input (around
3.1 mg L) in the lower Selke kept nitrate concentrations high during these periods and consequently
dominated nitrate export under dry conditions when surface waters are subject to an increased risk of
eutrophication and a consequent loss of aquatic biodiversity (Whitehead et @009. Another factor that
could have caused high or nondecreasing nitrate concentrations during LFSs is the constant contribution
from WWTPs that have a relatively higher impact when strea@is low. However, their overall contribution

to nitrate export in the lower Selke was low, even during LFSs (6.2%-9.4%), and the dilution pattern during
events indicates no significant impact from rainwater overflow basins. Outflow from WWTPs were there-
fore certainly not the dominant driving force for elevated nitrate concentrations during LFSs.

In conclusion, the pronounced seasonality in the upper Selke leads to a dominance of nitrate export during
HFSs and a disproportional contribution to annual nitrate loads. During LFSs, the contribution to nitrate-ex
port from the upper Selke is small and consequently the relatively constant nitrate export from the lower Selke
dominates. The integrated signal of nitrate export patterns, measured at the catchment outlet, is not a constant
mixture of subcatchment-specific signals but reflects a seasonal dominance of different subcatchments. These
results emphasize the importance of analyzing seasonal dynamics in different parts of larger catchments in
order to identify the patterns of most dominant N sources at different times of the year (under different hydro
logical conditions) and thus the temporal interplay between different high-risk zones for N pollution.

4.5. Event Dynamics and Their Seasonality

To examine the integrated signal of nitrate export across time scales, we analyzed not only long-term trends
and seasonal patterns but also theQ slopes and hysteresis behavior during single events. Because high-fre-
quency data for event analysis were available between 2010 and 2016, we could directly compare long-term
trends and event dynamics during this common period. Event-specific as well as long-t&2@slopes in the
upper Selke were dominantly positive, indicating chemodynamic export with an accretion pattern that is
time scale independent (Figure$a and 6b). Large storm events can therefore mobilize and transport large
amounts of nitrate and contribute disproportionally to annual nitrate loads. The counterclockwise hystere-
sis found for most events (Figure8d and 6€) indicates that N sources are mobilized with a delay €@ which

can be explained by distant N sources and higher nitrate concentrations in riparian floodplain aquifers that
dominate the falling limb of eventQ (Rose et al.2018 Sawyer et al.2014.

In the lower Selke, long-termCQ slopes between 2010 and 2016 showed a chemostatic pattern, whereas
event-specificCQ slopes were more dynamic (Figur®; Figure 6¢). The event-specific dilution patterns
(negativeCQ slopes) in LFSs in the lower Selke can be explained by lower nitrate concentrations from the
upper Selke (Figuressc and 3d) that diluted lower Selke nitrate concentrations. Additionally, they might be
caused by a direct dilution from shallow flow paths with reduced nitrate concentrations due to an elevated
N demand by agricultural crops during summer and early fall that were activated during events and diluted
the more highly concentrated base flow. During winter, event-specif@Q slopes in the lower Selke became
dominantly positive (Figure 6¢), indicating a chemodynamic export with the same accretion pattern as
in the upper Selke. It is also during recent winters that nitrate concentrations from the upper Selke were
similarly high as the nitrate concentrations in the lower Selke (Figurga). It is therefore reasonable to as-
sume that higher nitrate concentrations from the upper Selke during storm events also caused an increase
in concentrations in the lower Selke and led to the described accretion pattern during winter events. The
observed counterclockwise hysteresis during winter confirms this assumption, because it was also observed
in the upper Selke and indicates more distant nitrate sources (Musolff et 2017 which, in this case, might
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represent the impact from the upper Selke. For both dilution from spring to autumn and accretion during
winter, the event dynamics in the lower Selke are considerably influenced by the upper Selke nitrate export.

Event-specificCQ slopes estimated at the catchment outlet (lower Selke) are in accordance with findings
from Bowes et al. 015, who reported a dominance of dilution patterns during storm events at the outlet of

a mesoscale catchment that integrates different types of land use (39% agriculture, 27% grassland, and 23%
woodland). Similarly to the findings in our study, the only accretion pattern was observed during winter. Bow

es et al. 019 related this accretion pattern to an additional mobilization of distant agricultural N sources,
which are comparable to our findings with respect to mobilization from the upper Selke. Furthermore, they
argued that diffuse N sources become depleted throughout large storm events in winter and spring, which
might also be the case (to a lesser extend) in the upper Selke catchment and could explain its lower export
levels of nitrate during spring compared to winter (FigureS8a, 3b, 4a and4b). Moreover, Dupas et al.Z016

found a similar dilution pattern during most storm events at the outlet of a mesoscale catchment in Thurin

gia (Germany), whereas long-term trends increasingly showed chemostasis, as observed in the lower Selke.
These comparisons show that nitrate export patterns observed at the Selke catchment are not an isolated phe
nomenon. Taking advantage of the nested catchment study design in the Selke catchment that allowed us to
identify subcatchment-specific contributions, we suggest that the contrast between long-term and event-spe
cific CQslopes in the lower Selke reflects the upstream subcatchment export patterns and therefore serves as
an indicator to disentangle subcatchment-specific contributions to nitrate export and its dynamics.

4.6. Conceptual Framework and Implications for Management

A key objective of this study was to analyze how different nested subcatchments contribute to the integrated
signal of nitrate concentrations, loads, an@€Q relationships at the outlet of a mesoscale catchment. While
upstream subcatchments are known to have a disproportional impact on nutrient transport (e.g., Alexander
et al., 2007 Dodds & Oakes2008 Goodridge & Melack,2012, agricultural areas (which are more likely to
occur in downstream lowlands) are known to be a major source of nitrate pollution (e.g., Padilla et2018
Strebel et al.,1989. The available long-term and high-frequency data for three nested catchments within the
Selke catchment enabled us to disentangle these contrasting drivers of nitrate export and allowed a detailed
analysis of the relative impact of more mountainous upstream subcatchments (upper Selke) versus mere in
tensively cultivated downstream lowlands (lower Selke) across time scales. The general findings, summarized
in Figure 7, illustrate that TTs for nitrate in the upper Selke were relatively short (Figui) and that transport
patterns were quite dynamic, with nitrate concentration increasing wit (Figures7b and7c). These dynamics

led to temporally elevated nitrate concentrations during HFSs and events and a disproportional contribution to
annual nitrate loads, which are both relatively short-term impacts. In contrast, the lower Selke showed long TTs
(Figure 73) and a less dynamic export behavior with relatively constant nitrate concentrations (Figui#sand

70). Due to the long TTs, the imbalance between TTD-derived conservative N export and measured N export
and the low potential for denitrification, legacy stores in the downstream part are expected to be significant.
Consequently, nitrate pollution in the lower Selke is a rather long-term and persistent problem that will likely
impact nitrate exports for years to come, dominantly during LFSs and base flow conditions. This differentiation
between a more mountainous upper part of a catchment and an agriculturally dominated lowland part is very
common for mesoscale catchments in temperate climates (e.g., Krause e@Dg Montzka et al.,2008; hence

our findings have far reaching consequences for the management of nitrate pollution in such catchments.

Water quality managers should be aware of these potential differences between subcatchments. If the aim
is to reduce high nitrate loads, the focus must be on the upstream subcatchments with short TTDs and
dynamic transport patterns. As nitrate concentrations are especially high during winter and spring, an ap-
plication of catch crops during these seasons is a promising measure to reduce nitrate leaching (Askegaard
et al., 2005 Constantin et al.,201Q McLenaghen et al.199§. Furthermore, large buffer strips (>50 m)
can decrease connectivity between agricultural fields and the stream network (Mayer et 2005. Unfor-
tunately, high N loading via atmospheric deposition, as apparently occurs in the Harz Mountains (Kuhr
et al., 2014, cannot be addressed locally but requires a large-scale reduction of fertilizer application and
fossil fuel combustion. Nevertheless, a substantial reduction of N surplus from agriculture and measures
to decrease nitrate leaching are believed to have the potential to significantly and relatively quickly reduce
nitrate export to the streams, as the riverine concentration decrease after 1990 suggests.
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Figure 7. Conceptual framework explaining the subcatchment-specific contribution of the upper Selke (green) and
the lower Selke (yellow) to nitrate export from the Selke catchment during low-flow seasons (LFSs, yellow background
in (b) and (c)) and high-flow seasons (HFSs, blue background in (b) and (c)). Note that nitrate export from the lower
Selke is always an integrated signal from the entire catchment. (a) The Selke catchment divided into the upper Selke
(green circle) and the lower Selke (yellow circle) with its land use, its relative N input (not true to scale), and apparent
travel times of nitrate (TTs). (b) Seasonal and event dynamics of nitrate concentratioBs\ith indexed US and LS
representing the upper and lower Selke) and (c) the long-ter@Q relationships. Note that long-termCQ relationships,

as depicted in (c), do not account for temporal shifts but represent the integrated signal.

If the aim is to reduce low-flow nitrate concentrations to protect drinking water resources and aquatic €co
systems on the long-term, lowland areas with extensive agricultural land use and long TTs need to be the
target for remediation measures. However, long TTs and legacy stores will impede a quick success of nitrate
reduction measures and will likely affect drinking water quality and low-flow instream concentrations for
years to come. For such groundwater-dominated systems, long-term management strategies to reduce ferti
lizer application on a large scale will be needed to effectively address nitrate pollution (Bieroza et24118
Ehrhardt et al.,2019.

In any case, to address short-terrand long-term nitrate pollution, water quality managers should focus
neither solely on upstream areas of catchments nor solely on the lowland areas where most of the agricul
tural land use typically occurs. Instead, they need to integrate all characteristic landscape units and their
interaction.

5. Conclusions

A key goal of this study was to characterize the spatial variability in nitrate export dynamics across
nested subcatchments and to disentangle their respective contributions to the integrated signal ef ni
trate export at the catchment outlet. Taking advantage of a comprehensive data set that includes long-
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term and high-frequency data from three nested subcatchments in the Selke catchment, we were able to
show that subcatchments can have very different nitrate export dynamics that lead to seasonally different
subcatchment contributions to nitrate concentrations and loads. The mountainous upstream part of the
catchment (here the upper Selke) transports temporally elevated nitrate concentrations during HFSs and
events and therefore has a disproportionally high contribution to nitrate loads. This imbalance underlines
the important role of upstream subcatchments when considering effective measures to reduce nitrate
pollution. Hence, nitrate export from hydrologically responsive upstream catchments can be a serious
threat to water quality, especially with respect to exported loads. At the same time, short TTs emphasize a
fast response to changes in N input and dedicated mitigation measures are likely to show effects relative
ly quickly. In contrast, lowland subcatchments with long TTs and a dominance of agricultural land use
(here the lower Selke) pose a long-term and persistent problem in terms of nitrate pollution; the quality of
drinking water can be threatened for decades. Nitrate export from these subcatchments is relatively steady
and dominates during LFSs and base flow conditions. Its impact on nitrate concentrations during HFSs
and events and especially on nitrate loads, however, might be overestimated if the impact from upstream
subcatchments is not taken into consideration. We do not aim at prioritizing individual measures to re
duce nitrate pollution between subcatchments, but we emphasize the importance of subcatchment-spe
cific characteristics in order to place nitrate reduction measures most effectively and to assume realistic
time scales for their success.

We could further show thatCQ relationships for nitrate concentrations can change as a reaction to changes
in N input. Whereas chemodynamic patterns can indicate “not equilibrated systems” that are still in transi
tion toward a new equilibrium, chemostasis can indicate homogenously distributed N sources (both vertical

ly in the subsurface and between subcatchments) after a prolonged period of stable N inputs. To detect these
changes, it is crucial to account for temporal changes and seasonalitiQ relationships. Furthermore, we
found that the combined analysis of long-term trends and event-sc&€) slopes is a promising approach to
disentangle the impact from subcatchments on nitrate export at the catchment outlet, as it can reveal short-
term impacts from the more dynamic upstream catchment export which is relevant for load estimations and

a more precise detection of N sources. Examining the whole range of time scales—from long-term trends
to the event scale—is therefore crucial in order to be able to assess the full range of subcatchment impacts
on nitrate export, as the times and time scales relevant for nitrate export can vary substantially between
subcatchments.

Findings from this study should be further tested by applying our (or similar) approaches to other mesos
cale catchments with different characteristics and in different settings. Including the knowledge gained from
such studies on subcatchment contributions to nitrate export into spatially distributed water quality models
would eventually lead to more precise projections and, in turn, to more robust management strategies for
water quality.

Data Availability Statement
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cal Institute of BNorway (MET Norway).

The raw meteorological data sets can be freely obtained from the German Weather Service (DWD) and
gridded products based on Zink et al2017) from https://www.ufz.de/index.php?en=41160
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Introduction

In the following, we provide additional figures and datasets to support the analysid an
results. Fig. S1 gives an overview on all data available for dischargen@it&rate
concentrations (C) in the Selke catchment. Fig. S2 depicts the annual long-term trends of flow-
normalized (FN) and non-flow normalized nitrate concentrations, loads and the CQ slopes,
calculated viaWeighted Regression on Time Discharge and Sg&8BTDS)-ig. S3 depicts the
fitted transit time distributions (TTDs) and the dynamics of the TTD derived consereativ
nitrogen (N) export, N input and measured FN nitrate export. Fig. S4 and Sk shient
specific CQ slopes and hysteresis patterns for all identified events (2@0tal) and table S1
includes the characteristics of all these eventag. S6 depicts nitrate concentrations from the
outflow of the mining lake into the Selke River. Dataset S1 provides annual andosahs
averages of flow-normalized and non-FN nitrate concentrations, loads and CQ slapds
dataset S2 provides annual N input data between 1950 and 2015 for the $atkbment and
its sub-catchments. Datasets and tables are available in an opgrository in Hydroshare
(https://www.hydroshare.org).
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Figure S1 Long-term (red dots) and high-frequency (red lines) data of nitrate concentrations
and daily discharge data (blue lines) between 1983 and 2016, measatredl three gauging
stationsin the Selke catchment, where Silberhitte and Meisdorf are considered asipiper

Selkeand Hausneindorf is considered as thawver Selke
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Figure S2 Long-term trends of annual flow normalized and non-flow normalized a) nitrate
concentrations, b) loads and) CQrelationships (fitted parameter Bfrom WRTDS) from three
nested sub-catchments in the Selke catchment. Uncertainty bands in the sub-catchment
specific color indicate the 90% confidence intervals from bootstrapping flow-normalized

values.
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Figure S3.a) Transit time distributions (TTDs) for all three nested sub-catchments of the Selke
catchment and bZd) N input, TTDs derived conservative N export and measured flow-
normalized (FN) nitrate concentrations, all scaled divided into subplots of the threstad
sub-catchments. The dotted dark red line indicates the German reunificatidrich was

followed by a marked decrease in N input.

Figure S4 Boxplots of all event-specific fitted parameters b (&Rpe) and c¢ (hysteresis) in
eq. 2. Parameters are separated by seasons and gauging stations within the Eatiklement,

displayed from upstream (left) to downstream (right).
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Figure S5 Relationship between the event-specific fitted parameters b (CQ-slope) and ¢
(hysteresis) in eq. 2, separated by seasons.
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Figure S6 Flow-normalized (FN) and noRNsummer nitrate concentrations (yellow) from the
Selke catchment at Hausneindorf (HAUS)d additional grab samples of nitrate
concentrations from the outflowof the filled open-cast mine (red dojs

Figure S7 Relationship between nitrate concentrations (C) and discharge (Q) from long-term
grab samples for all three nested catchments within the Selke catchment, asstbpe

between In(C) and In(Q) (CQ-slope). The CQ-slope is depicted a) for thetgive period from
1983 to 2016 and b-f) divided into 5 smaller time periods. The coefficient ofrdatetion (R?)

is displayed for all CQ-slopebk0.1 and3-0.1. For CQ-slopes around zero that are accounted
for as chemostatic, the GXC\4 is displayed, with CV being the coefficient of variation.
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Data Set S1 Annual ard seasonal nitrate concentrations data (1982016). Average flow-
normalized (FN and non-FN values calculated with WeigldeRegressin on Time Discharge
and Season (WTRDS, Hirsch et al. 2010). Available under
https://doi.org/10.4211/hs.c3ea08faa88a46a4a3ce596a09686198

Data Set S2 Nitrogen (N input as the sum of N surplus freagricultural areasN surplus from
non-agricultural areas indrm of atmosphert deposition ard biological fixation ard nitrate
outflow from wastewater treatment plants (WWTPs). Available under
https://doi.org/10.4211/hs.c3ea08faa88a46a4a3ce596a09686198

Table S1.Evert characteristics of all eventsancluding stat and endpointof events maximum
discharge (Qa), maximum nitrate concentration (Ga), fitted parameters b ad ¢ ard the
coefficient of determination (R?) for the fitted eq. ZAvailable under
https://doi.org/10.4211/hs.c3ea08faa88a46a4a3ce596a09686198
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Abstract. In 2018-2019, Central Europe experienced an un-1 Introduction
precedented 2-year drought with severe impacts on society
and ecosystems. In this study, we analyzed the impact of this

drought on water quality by comparing long-term (1997— :jn 201r]8_ﬁ019’ large partsd of E(ijr_opeh e>|<peri2er518ed a Se;f'ere
2017) nitrate export with 2018-2019 export in a heteroge- rought that was unprecedented in the last years (Hari

neous mesoscale catchment. We combined data-driven ana‘?—t al., 2020; Rakovec et al., 2022). This drought, caused by

ysis with process-based modeling to analyze nitrogen reten(_axceptionally low p.recipitat.ion concurring With high tem-
tion and the underlying mechanisms in the soils and dur-peratures, had detrimental impacts on vegetation during the

ing subsurface transport. We found a drought-induced shif‘LgrOWing season and caused massiv_e forest diebac_ks (Hari et
in concentration—discharge relationships, re ecting excep-al" 2020; Schuldt et al., 2020). Besides the scarcity of wa-

tionally low riverine nitrate concentrations during dry peri- ter and its direct impact on ecosystems and society (Delpla

ods and exceptionally high concentrations during subsequerﬁt .al., 2009; Fu ?t al., 2020; Stahl et al., 201.0)’ there is rst
wet periods. Nitrate loads were up to 73 % higher compareoev'dence t.hat. this drought. could also havg impacted fresh-
to the long-term load—discharge relationship. Model simula-Water quality in regard to nitrate concentrations. The Nitrate
tions con rmed that this increase was driven by decreasedfeport 20_20 of the_Net_herIands (RIVM, 20.21)’ fqr example,
denitri cation and plant uptake and subsequent ushing of ound an increase in nitrogen (N) ;urplu_s n agncyltural ar
accumulated nitrogen during rewetting. Fast transit times ( €as across the cquntry and, with it, an Increase in Ieachgte
2 months) during wet periods in the upstream sub-catchmentditrate concentrations below the root zone. This increase in

enabled a fast water quality response to drought. In contrasﬁl surplus and Ieachate_nitrate concentrations in_res_p_onse to
longer transit times downstream Q0 years) inhibited a fast drought has been explained by the low water availability that

response but potentially contribute to a long-term droughtmight reduce crop growth and, thus, N plant uptake (Cramer

legacy. Overall, our study reveals that severe droughts,whicﬁt "’}'" 2909; RIVM, 2021). However, h'g_h nitrate concen-
are predicted to become more frequent across Europe, can (Jations in the leachate do not necessarily reach the stream
duce the nitrogen retention capacity of catchments, thereb;?etwork’ because catchments act as a lter and reactor that

intensifying nitrate pollution and threatening water quality. can delay the transn_ of N_“? the_ receiving stream or per-
manently remove it via denitri cation (Van Meter and Basu,

2015). The extent of delays and removal strongly depends on
the catchment characteristics and boundary conditions (e.g.,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Ehrhardt et al., 2021; Jawitz et al., 2020; Winter et al., 2021).ent ow conditions and allow for conclusions on N source
Moreover, different N sources and their spatial distribution availability and distribution and on catchment speci c re-
within a catchment can impact nitrate export at the catchmensponse times (e.g., Bieroza et al., 2018; Minaudo et al., 2019;
outlet (Casquin et al., 2021; Dupas et al., 2019). ThereforeMusolff et al., 2015). Moreover, a comparison of N input
both catchment characteristics and their spatial con gurationand output from a catchment allows for the quanti cation
might shape the response of riverine nitrate export to droughtof catchment N retention resulting from hydrological and/or
Diverse responses of stream water nitrate concentrationsiogeochemical N legacies and denitri cation (Ehrhardt et
have been reported in different catchments for previousal., 2019; Van Meter et al., 2016; Van Meter and Basu,
droughts and subsequent post-drought periods (Morecroft €2015; Winter et al., 2021). Tools complementary to data-
al., 2000; Mosley, 2015). Several studies have found decreagdriven analyses are mechanistic and process-based models,
ing nitrate concentrations during droughts, which have beerwhich explicitly aim at a physical description of the un-
attributed either to disconnected shallow ow paths that nor-derlying processes causing the observed concentrations and
mally allow for ef cient transport of nitrate to the stream loads, and therefore provide detailed insights into catchment-
(J. Yang et al., 2018) or to increased in-stream retention efinternal N dynamics. For example, the mesoscale Hydrolog-
ciency and to increased uptake along with higher temper-ical Model with StorAge Selection functions (MHM-SAS;
atures (Morecroft et al., 2000; Mosley, 2015; Oelsner et al.,Nguyen et al., 2022) allows quantifying the rates of N up-
2007). However, also increases or no changes in stream coriake and removal in the catchment soils, lateral N transport at
centrations have been reported during droughts, mainly du¢he sub-catchment scale, and time-variant transit time distri-
to high nitrate concentrations in the base ow or due to the butions (TTDs). However, resulting simulations also rely on
presence of point sources, which increase in relative impor-xed assumptions and the distinct processes that these mod-
tance under low ow conditions (e.g., Andersen et al., 2004; els entail. Therefore, combining data-driven analyses and
Jarvie et al., 2003; Sprague, 2005; Van Vliet and Zwolsmanmechanistic process-based modeling has several advantages:
2008). With rewetting after the drought, many studies haveThe data-driven analysis allows for robust identi cation of
reported high nitrate concentration peaks as a consequenaought impacts on nitrate export and a discussion on the un-
of accumulated nitrate in the soil zone being ushed from derlying processes, while the process-based modeling allows
the catchment via fast and shallow ow paths (Gorski et al., testing if these processes can actually explain the observed
2019; Loecke et al., 2017; Morecroft et al., 2000; Mosley, behavior.
2015; Outram et al., 2014). This pattern can be explained by In this study, we used data-driven analysis and process-
both remobilization of accumulated nitrate and stimulationbased modeling to analyze the impact of the 2018-2019
of mineralization with the rewetting of dry soils (Campbell drought on nitrate concentrations and loads compared to
and Biederbeck, 1982; Haynes, 1986; Loecke et al., 2017)previous years (1997-2017) in a heterogeneous mesoscale
Together, these ndings imply that droughts can have pro-catchment with three nested gauges located in Germany.
found impacts on nitrate availability and transport to the This setup allows us to disentangle sub-catchment-specic
stream network and that the catchment response to droughtirought responses while obtaining results at a larger and in-
seems to vary between catchments and potentially also withegral spatial scale relevant to water quality management. We
drought magnitude. Furthermore, recent studies have highhypothesize that droughts can cause a change in the nitrogen
lighted the role of different sub-catchments with different re- retention capacity of catchments, but with different impacts
sponse times to changes composing the integrated signal @h riverine nitrate export at contrasting sub-catchments. Our
nitrate export at the catchment outlet (e.g., Ehrhardt et al.speci ¢ objectives were to (i) identify changes in riverine
2019; Nguyen et al., 2022; Winter et al., 2021). It can there-nitrate concentrations and loads at the sub-catchment scale
fore be important to account for the spatial heterogeneity ofvia data-driven analyses (usi@z3Q andL—Q relationships)
a catchment and to look at sub-catchment-speci ¢ contribu-and (ii) quantify changes in N cycling in the catchment soils
tions to better understand the overall catchment response tand in the timescales of lateral N transport from the soil
drought in terms of nitrate export. leachates to the stream network via process-based modeling
To identify drought impacts on nitrate export, data-driven (using mHM-SAS). This approach allows us to gain knowl-
approaches have the advantage of giving a direct re ec-edge on drought impacts on catchment functioning in terms
tion of real observations that are an integrated result ofof retaining and releasing N, which is crucial for our abil-
the complex biogeochemical and hydrological processesty to adapt to climate change and effectively mitigate nitrate
within the catchment. Data-driven approaches thus providepollution.
observation-based understanding without strong assumptions The 2018-2019 drought was an unprecedented event, but
on the underlying processes while allowing to build hypothe-with accelerating climate change, such prolonged droughts
ses on these processes. For example, the relationships of rare likely to become more frequent (Hari et al., 2020; IPCC,
trate concentrations and dischar@e-Q) and of nitrate loads  2018; Rakovec et al., 2022; Samaniego et al., 2018). In this
and dischargel(—Q) can serve as a robust characterization context, this study is one step towards a better understanding
of catchment-speci ¢ nitrate export patterns under differ-
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Figure 1. Study site and long-term hydro-meteorological conditiqayLand use map of the Selke catchment with its three gauging sta-
tions (SH (Silberhitte), MD (Meisdorf), and HD (Hausneindorf}) Climatic anomalies in the Selke catchment in terms of precipitation,
temperature, and discharge for the years (starting in May) 1990 to 2019.

of the impacts of such droughts on nitrate export dynamicstion from dry to wet) last from November to December. In-

and the underlying mechanisms within a catchment. stead of annual averages starting in January, we calculated
annual averages of discharge and N uxes over 12-month pe-
riods, starting with the drying period in May and ending with

2 Data and methods the wet period end of April. This was done under the ratio-
_ nale that nitrate starts accumulating in a catchment over the
2.1 Study site drying and dry period, when fast ow paths are deactivated

. _ J. Yang et al., 2018), and that, subsequently, accumulated
This study was conducted in the mesoscale Selke catchmenyi aie is more ef ciently exported from the catchment dur-
which is located in the Harz Mountalns and Harz foreland INing wetter conditions. Under this rationale, comparing an-
Saxony-Anhalt, Germany (Fig. 1a). As a sub-catchment of, 5| statistics of nitrate export is more meaningful if com-
the Bode basin, it is also part of the network of TERestrial

- ¢ : A paring 12-month periods starting in May instead of January,
ENvironmental Observatories (TERENO; Wollschlager et considering the seasonality in climatic conditions in central

al., ,2017)' The S.(.elke catchmer)t is gauged with three ne.Stee%ermany. Throughout the paper, we therefore de ned years
stations: Silberhitte (SH), Meisdorf (MD), and Hausnein- by drying-wetting cycles starting in May, with the consec-

dorf (HD, Fig. 1a). The two upstream sub-catchments form, e numbering being based on the starting date. For ex-
the upper Selke with similar characteristics, such as forestdmple the year 2018 started on 1 May 2018 and ended on
being the dominant land use and also in terms of relativelyy Ap}il 2019. In the same manner, we refer to the 2-year

short transit times (TTs) and comparable nitrate export dy'drought as 2018-2019, spanning a period from May 2018
namics (Nguyen et al., 2022; Winter et al., 2021). The down- , | the end of April 2020.

stream part forms the lowland area of the catchment, which compare the hydro-meteorological conditions during

is dominated by agricultural land use. Compared to the uppef,o drought years (2018 and 2019) with the ones dur-
_Selke, TTs are longer, and the varif_;lbility of export dynamicsing previous years (1990-2017), we calculated their hydro-
is reduced (Nguyen et al., 2022; Winter et al., 2021). meteorological anomalies compared to the long-term aver-
age. To this end, we calculated the annual averages in ob-
served temperature, precipitation, and discharge and mod-
eled soil moisture (see Sect. 2.5) for the study catchment.
We adopted the de nition of annual wet, drying, dry, and We then calculat'ed the long-term average over all years and
subtracted the single annual averages from those long-term

wetting periods from J. Yang et al. (2018), based on the The di ¢ | hvd ; logical
catchment subsurface storage condition in a headwater catcft o' ages. '€ divergence of ahnual hydro-meteorologica

ment of the Selke catchment. Accordingly, wet periods Iastcondltlons from the long-term average is considered the
from January to April, drying periods (i.e., the transition hydro-meteorological anomaly. In the Selke catchment for

from wet to dry) last from May to June, dry periods last the 2018-2019 drought, thg years startlng in May 2018
from July to October, and wetting periods (i.e., the transi- and May 2019 are characterized by exceptionally low pre-

2.2 Characterization of different hydro-meteorological
conditions and anomalies

https://doi.org/10.5194/hess-27-303-2023 Hydrol. Earth Syst. Sci., 27, 303-318, 2023
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Figure 2. Nitrate as nitrogen concentrations and discharge at the gauging stations of the three Selke sub-catchments (1997-2020) with
low-frequency grab samples (orange dots), simulated concentrations via mHM-SAS (grey line), daily averages of high-frequency sensor
measurements from 2012 (red line), and daily discharge (bluish lines). Dashed lines indicate the mHM-SAS calibration (2012—-2015) and
validation (2016—2020) periods, comparing simulated nitrate-N concentrations with daily averages of sensor measurements.

cipitation (anomaly of 205 and 110mmyr ! in 2018 et al. (2018) and Jomaa et al. (2018). Accordingly, N in-
and 2019, respectively, compared to the long-term averput to agricultural elds in mHM-SAS follows a 2- or 3-
age of 602 mmyr! over the period 1997-2020), high tem- year crop rotation, as is typical in this area and as imple-
peratures €1:6 andC1:4 C in 2018 and 2019, compared mented in X. Yang et al. (2018) and Nguyen et al. (2022).
to the long-term average of 9.Q), and low discharge Daily discharge data and biweekly—monthly grab samples of
( 3720 and 392mmyr ! compared to the long-term av- nitrate concentrations were provided by the State Of ce of
erage of 98.5mmyrt) (Fig. 1b). In terms of soil moisture, Flood Protection and Management of Saxony—Anhalt (LHW;
these 2 years were the driest in the Selke catchment since tHég. 2a—c). Sensor measurements (using TriOS Pro-UV sen-
start of our time series in May 1997, with 2018 being evensors (Rode et al., 2016) of nitrate concentrations at a 15 min
drier than 2019 (Fig. S1 in the Supplement). Consequentlyresolution (2012-2020) were provided by the TERENO
the 2-year drought that affected large parts of Central Europédacilities of the Helmholtz Centre for Environmental Re-
(Hari et al., 2020) can also be characterized as an exceptionakearch (UFZ). To match the temporal resolution of long-term

drought in the Selke catchment. data, nitrate concentrations were aggregated to daily aver-
ages (Fig. 2a—c). Part of this data was previously used by
2.3 Data Musolff et al. (2021), Rode et al. (2016), Winter et al. (2021,

2022), and X. Yang et al. (2018). Therefore, for the detailed
Daily long-term temperature and precipitation data (1997—processing of nitrate concentration data, we refer to Rode
2020) were provided by the German Meteorological Ser-et al. (2016) and the other references above. With a coef -
vice (Deutscher Wetterdienst, DWD) and gridded via exter-cient of determinationR?) between 0.8 for MD and HD and
nal drift kriging following Zink et al. (2017). N input data 0.9 for SH, processed high-frequency nitrate concentration
(i.e., fertilizer, manure, and plant residues), land use managedata from sensor measurements showed a good agreement
ment (i.e., crop rotation), and atmospheric deposition werewith concentrations from grab samples analyzed in the lab.
based on agricultural authority data obtained from X. Yang

Hydrol. Earth Syst. Sci., 27, 303-318, 2023 https://doi.org/10.5194/hess-27-303-2023
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2.4 Data-driven analysis using 2.5 Process-based nitrogen export modeling with
concentration—discharge relationships storage selection functions

To characterize nitrate export in the Selke catchment, we pero get a deeper insight into catchment processes that cause
formed a data-driven analysis using concentration—dischargghe observed nitrate export patterns during and after the 2-
(C-Q) relationships from daily averages and load—dischargeyear drought, we simulated daily nitrate concentrations at
(L—Q) relationships from annual averages (starting in May).the three gauging stations using the mesoscale Hydrolog-
A simple but ef cient way to describe the—Q relationship  jcal Model with StorAge Selection functions (MHM-SAS,
is a power—law relationship of the following form: Nguyen et al., 2021, 2022; Nguyen, 2022). The mHM-SAS
model is a deterministic model with a strong physical basis,
CtUD QY ; (1) explained in detail in Nguyen et al. (2022) and in the Sup-

with t standing for the respective time step. The parame—plement (Sect. S1). Brie y, mHM-SAS provides a spatially

ters and describe the intercept § and the slope of distributed (1 1knP) representation of hydro-climatic in-

the relationship in the log-log space)( also termedC—Q puts, N pools, and uxes in the soil zone based on a com-

slope (Musolff et al., 2015; Thompson et al., 2011). A pos- bination of ”?H'V' and the soil nltrogen model (X. Yang et

. L : . al., 2018). Nitrate pools and uxes in the saturated and un-
itive C—Q slope indicates an increase of nitrate concentra- .
. N . saturated zone below the soil are represented for each sub-
tions with discharge (enrichment pattern), whereas a nega-

tive C—Q slope indicates decreasing nitrate concentration catchment using the nitrate transport model with StorAge Se-

L : . L Section (SAS) functions (Van Der Velde et al., 2012, Nguyen
with increasing discharge (dilution pattern). Both pattems tal., 2022). SAS functions describe the selective removal of

imply a directional relationship between concentrations an o
. o : . . . water from a subsurface storage with different water ages and
discharge, with nitrate concentrations either increasing or de-

. I . . nitrate concentrations, which allows for a nitrate transport
creasing with increasing discharge. On the contrag;—Q . . . )
- . . formulation based on time-variant TTDs. The SAS function
slope around zero indicates that nitrate concentrations are . : : ;
. . . I mHM-SAS is described using a beta functiora(b/ ),
not or are poorly correlated with the dynamics of dlscharge.With 2 andb being two tted parameters that vary in time
Since nitrate loadsl() are the product of nitrate concentra- g P y

tions (C) and discharge@), theL—Q slope can be described (see S_upplement, Eq. 6)'. The derivsebratio represents the
using C1: with the differentiation in this study that th@— selection schemes for discharge, e.g., preference for young

Q slope and thé. —Q slope were calculated with data of dif- \évlat(;r(')éza;)branm 1) or old water §=bratio> 1) (Nguyen et

ferent temporal resolutions and are thus not directly compa- Nguyen et al. (2022) calibrated the model in the Selke sub-

ral?rlre]éc_Q relationship was calculated from dailv averages catchments for the years 2012—-2015 with a Nash—Sutcliffe
P Y 9 f ciency (NSE) of 0.68, 0.66, and 0:13 over the calibra-

of measured data only and is therefore restricted to the perio§

. lon, and 0.81, 0.81, and 0.57 for SH, MD, and HD over

2012 .2020' To test if th€-Q slope for the 2-year drought the validation period (2016—-2019), which includes parts of
was different than the long-term average, we compared both . .
. . __the 2-year drought. The lower NSE in HD can be explained

slopes and their standard errors. To account for the differ- L .
ent samole sizes between the ore-drouaht and drouaht erPy the lower seasonality in nitrate concentrations (Nguyen et
P P 9 ght p al., 2022; Schae i and Gupta, 2007). Using the same setup,

ods, we applied additional block sampling across all pOSSibleiﬂere we extended the model simulations to the 1997-2020
combinations of 2 consecutive years and compared the re-

. ; time period (Fig. 2a—c). To create an initial age distribution
sulting pre-droughC-Q slopes with the one from the 2-year in the storage before 1997 and to minimize the effect of ini-
drought. . - . .

- . . tial conditions, we replicated model input data between 1993
Instead of restricting our analysis to observed daily data, : : oo
. ) . and 1996 10 times as a warm-up period to obtain initial con-
as done folC-Q relationships, we calculatdd-Q relation- .
. . . . ditions for our actual model runs (1997-2020). We used these
ships with the annual sums of daily load and discharge data

starting in May 1997. To this end, we used the continuouseXtended simulations to contrast average conditions with the

daily discharge measurements, and lled the gap in daily2018_2019 drought-induced changes in @eQ relation-

nitrate concentration measurements by interpolatin fromshipsinthe different sub-catchments of the Selke catchment.
y b 9 Despite distinctly different climatic conditions during the

biweekly—monthly grab samples via Weighted Regression o : . . :

Time, Discharge, and Season (WRTDS; Hirsch et al., 2010;3&?;?&1%?3&5230; gl\trear;[ebg(t)tgcr:etn :Laifgfnz?sﬂ?éid

The t betwe.en daily loads ca_llculated from interpolated ar_1d sensor data (NSE of 0.89, 0.88, and 0.79 in SH, MD, and HD

vrCifr? séur:;dz %gﬁi:ﬁ%cggt;t?% g?irﬁfjo;zsrﬁglll%)e\:\::aei g S‘Zréspectively) than for the calibration period.(Fig. 2a—c). This

bias between 0'5 % ar;d 11 % (-Fig 32) good t over the drought years indicates that the model is
' ' ' ' also applicable under very dry hydro-meteorological condi-

tions. With this setup, the mHM-SAS model allows for a

separation of the contribution of each sub-catchment to the
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overall catchment responses to account for sub-catchmertigher and less variable, with a median of 2.2 md during
speci ¢ N cycling in the soil zone (denitri cation, plant up- dry periods and 3.1 mg L during wet periods. During the
take, mineralization, and leaching), instream uptake, denitri-2-year drought, nitrate-N concentrations generally showed a
cation along the groundwater ow paths, and for dynamic higher seasonal variability (Fig. 2a—c). During dry periods

transit times (TTs). in 2018 and 2019, nitrate-N concentrations were lower than
_ . during previous dry periods, with a median of 0.2, 0.4, and
2.6 Catchment retention capacity 1.4mgL 1 in SH, MD, and HD, respectively. During the

_ ) ) subsequent wet periods (January—April 2019 and 2020),
We estimated the capacity of a catchment to retain MdN nitrate-N concentrations were exceptionally high, with a me-

during 1 year (starting in May) by the ratio of average nitratg—dian of 4.2, 3.8, and 3.7mgLL. In the upper Selke (SH

N load export (Mur) against annual average atmospheric 5 \p) nitrate-N concentrations reached the highest value

deposition and long-term average N inputs from fernhzerandobserved since the start of measurements in 1983, with

manure (W), 6.4mgL 1in January 2019. Peak concentration in the lower
Nout Selke (HD) during that time was 5.9 mg £, which was also

: (2) among the highest values measured at this gauge (Fig. 2c).

NretD 1 Nin

We used the long-term average N input across crop rotations; » Concentration—discharge and load—discharge
as precise information on which crop is applied to which eld relationship

in which year is not available, and thus a long-term average is

more robust. This approach is justi ed by the fact that N in- \jiirate concentrations during the 2-year drought show an ac-
put data did not show any trends and no signi cant deviation ce|erated seasonality (see Sect. 2.3) that is re ected in a more
during the 2-year drought. Additionally, we assessed the SeNzhemodynami€—Q relationship (Fig. 3a—c). All three sub-
sitivit.y of our re;ults t.o uncertainty in N .input through crop aichments show a posit\@-Q relationship for daily av-
rotation by varying N inputs by 20 %, which conrmed the  grages of pre-drought (January 2012—April 2018) nitrate-N
overall robustness of our results (Fig. S3). _ concentrations and discharge, with the highest slope in SH,
To estimate changes in.§ relative to the hydrological fgjowed by MD, and the lowest slope in HD. During the

conditions,yve tted a non-linear regressiqn betwees &hd 2-year drought, th&€&—Q slope for all sub-catchments in-
observed discharg&) for the years previous to the 2-year ¢reased by values that are multiples of the standard error of
drought (1997-2017). To this end, we assume @a [0g-  the pre-drought regressions for the entire period (Fig. 3a—c),
normally distributed and related to m_trateé(iads_(l.eouh&) but also for block sample@—Q slopes that account for the

in the form of a power—law relationship@ %), with C1  gmajler samples size of the drought period (Fig. S5).

being thel —Q slope. Consequently, & can be describedas  \egian nitrate-N loads per area over the years 1997-2017
a function ofQ ©%, which would be linear if thé. —Q slope  \yere 6.6. 5.7. and 3.2 kgytha ! in SH, MD, and HD
equals 1. The result is and-Q relationship that asymptot-  egpectively. During the 2-year drought, nitrate-N loads
ically approaches 1 (i.e., 100 % retention) at zero dischargéyere in a similar range in SH (6.0 and 7.2kg¥yha !

and that is zero if Nur equals M. Nretis @ combined mea- i 2018 and 2019, respectively) and lower but still within
sure of biogeochemical N retention in the catchment soilsyo interquartile range in MD (4.5 and 4.9kgymha 1)

and its consecutive transport via hydrological ow paths to (Fig. 3d—f). They were clearly lower in HD with a load of
the stream network, which is affected by TTs and denitri ca- 5 ¢ kgyr Tha L in both years (Fig. 3d—f).

tion along the ow paths. To acquire a more direct estimate | _ relationships showed a good R@ 0.9-0.96) with

of soil N retention, we additionally tted the f—Q refation- a5 _q slope close to 1 in all sub-catchments, re ecting that

ship for simulated nitrate leachates (Fig. S4). nitrate-N loads increased with increasing discharge (Fig. 3d—
f). During the drought cycles 2018 and 2019, loads exported

3 Results from the upper Selke were clearly above the loads expected
from the long-termL—Q relationship. So, relative to dis-

3.1 Nitrate concentrations charge that was naturally low during the drought, loads were

unexpectedly high. More speci cally, exported loads at SH
Daily nitrate-N concentrations (i.e., sensor measurementsyvere 2.2 and 2.9 kgha yr ! higher in 2018 and 2019 than
differed between the upper (SH and MD) and the lowerexpected from the long-terin—Q relationship, and at MD,
Selke (HD) and between normal (i.e., 2012—-2017) andloads were 1.9 kg ha yr * higher in both years. In relative
drought years (2018-2019; Fig. 2a-c). Median concentranumbers, this is an increase of 57-73 %, compared to the
tions in the upper Selke measured before the 2-year droughtredicted export from thé —Q relationship from previous
ranged from 0.6 and 0.7 mgE during dry periods in SH years. In the lower Selke (HD), on the contrary, the differ-
and MD, respectively, and 2.6 and 2.4 mgliduring wet pe-  ence between observed and expected nitrate-N export was
riods. Median nitrate-N concentrations measured at HD weranarginal during the 2-year drought (0.2 kg Agr *in both
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Figure 3. Concentration—discharg€{Q) and load—discharge (Q) relationships for the three sub-catchments of the Selke catchment (SH,
MD, and HD).(a—c)Daily averaged nitrate concentration and discharge data with log-transformed axes. The lines Sbe@ giepe for

daily averages before the 2-year drought (grey) and since the start of the 2-year drought (ddk-feénnual averages for loads and
discharge in the log—log space since 1997 (years starting in May). Black lines shbw@hslope previous to the 2-year drought. Box plots

at the right side of each pan@l—f) show the distribution of data points within the pre-drought load range and drought cycles indicated as
colored dots.

Figure 4. N input and N uxes simulated via mMHM-SAS separately for the three Selke sub-catchments (SH, MD, and HD). N entering the
catchment soils are shown as positive values, N uxes leaving the catchment soils are shown as negative values. Error bars represent th
standard deviation between annual averages from 1997 to 2017.

years, equivalent to an increase of 10 %). However, exporte®.3 Simulated internal nitrogen uxes

nitrate loads in the lower Selke have generally decreased

since 2011 (Winter et al., 2021). Therefore, 2013—-2017 loads he sub-catchment-specic N uxes, simulated via mHM-
are the ones plotting clearly below the long-termQ slope  SAS (with a good model t for in-stream nitrate concentra-
(Fig. 3f); as such, thé.—Q relationships from the 2-year tions) and averaged over the years starting in May, are de-
drought can be seen as slightly increased if compared to theicted in Fig. 4. They show that particularly in 2018, which
most recent years only. To illustrate, exported nitrate loadgvas the driest year of the 2-year drought (Fig. 1b), N uxes
at HD during the 2-year drought are around 0.5 kgha ! clearly differed from the long-term average (1997-2017).

higher than expected from the 2013-201%Q relationship. ~ Notably, mineralization rates in 2018 increased by 39 %,
36 %, and 66 % in SH, MD, and HD, respectively. In the same
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Table 1. Sub-catchment speci ¢ characteristics of the Selke catchment.

Sub-catchment Unit Upper Selke Upper Selke  Lower Selke

characteristic Silberhiitte Meisdorf  Hausneindorf
(SH) (MD) (HD)

Area (kn?) 100.9 78.9 277.6

Mean elevation (ma.s.l.) 448.9 370 164.8

Mean slope (%) 6.8 115 26

Mean annual precipitation  (mm) 718.6 646.9 537

Mean annual temperature @) 8 8.4 99

Land use (%)

Forest 61.3 87.7 121

Agriculture 36.1 10 76.2

Others 2.6 23 107

Dominant soil type Dystic/spodic Cambisols Haplic Chernozem

Dominant geology Paleozoic greywacke/Denovian shale  Sedimentary

Note: catchment characteristics refer to spatially separated, not nested sub-catchments. Precipitation and temperature data were taken
from the period 1997-2020.

Figure 5. Simulated sub-catchment-speci ¢ water age selection prefermes) as the ratio of the tted parameteesandb, and (d—

f) median transit times are given in years. Grey areas indicate the range of all years previous to the drought (1997-2017, with a year starting
in May), and their interquartile range and white lines are the median of all pre-drought years. Colored lines indicate the 2-year drought, with
the 2 years starting in May 2018 and 2019.

year, denitri cation in the soils of the sub-catchments was water preference) and median TTs showed a different behav-
27-34% lower than the long-term average, whereas planior during the 2-year drought compared to previous years,
uptake was reduced by around 10 % in the upper Selke (SHith clear contrasts between upper (SH and MD) and lower
and MD) but not in the lower Selke (HD), likely due to dif- Selke (HD; Fig. 5). Upper Selke sub-catchments showed a
ferences in the soil type (Table 1). N in the leachates was relyoung water preferencefbratio< 1) with shorter median
atively low in both cycles (2018 and 2019), especially in MD TTs during the wet periods (January—April; median of 42 and

and HD, due to the dry soil moisture content (Fig. S1). 56d in SH and MD, previous to the drought and median of
23 and 39d during the drought). During dry periods (July—
3.4 Transit times and storage selection preference October) previous to the drought, the median of median TTs

in the upper Selke was 2.5 and 7.0 years in SH and MD, re-

Similar to nitrate concentrations and loads, the simulatedSPectively (Fig. 5d and e). Nevertheless, more than half of
a=bratio for SAS functions (indicative of young versus old all years still showed a young water preference, even during
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Figure 6. Relationship between the N retention capacity of catchmerig)(dhd log-scaled discharg®] at the nested catchment scale,
given as annual averages (12-month period starting in May). Black lines represent the non-linear relationship between Nret and@ljscharge (
prior to the 2-year drought (1997-2017), with log-transformexkes.

dry periods (Fig. 5a and b). However, during the dry periods In the upper Selke (SH and MD), thedNd-Q relationship

of the 2-year drought, median TTs were very long (medianduring the 2-year drought (2018-2019) was clearly lower
of median TTs was 66 years in both sub-catchments) with ghan that of previous cycles (1997-2017)e{Nropped by
pronounced old water preference, particularly in 2018. Notearound 0.04-0.05 compared to the long-term regression line,
that the maximum TTs in the simulations are restricted towhich can be translated into 1.8-2.8 kg N hgr ! that are
the number of years since the start of simulations plus thenot retained but exported. In the lower part of the catch-
warm-up period, which explains the July—December plateaument (HD), Net Was very close to the long-term regression
(Fig. 5). Long median TTs during the dry season can theredine (difference of 0.002).

fore be interpreted as 66 years. This cutoff likely causes an

underestimation of the median of previous years as well and

creates some additional uncertainty in the absolute numbersy piscussion

However, this does not affect the general result of exception-

ally high median TTs during the dry periods in 2018-20204.1  |ntra-annual variability of nitrate concentrations
compared to previous years (1997-2017).

In the lower Selke sub-catchment (HD), there is a clear se-The presented results show that the 2-year drought span-
lection preference for old water throughout all years and peri-ning the years 2018 and 2019 and across Central Europe
ods (Fig. 3c). Even during wet periods, median TTs were rel-had strong impacts on catchment water quality in terms of
atively long (median 20 years) compared to the upper Selkgitrate export. We found an increased intra-annual variabil-
sub-catchments (SH and MD; Fig. 5d-f). Similar to the up-ity of nitrate export, with lower concentrations during the
per Selke sub-catchments, median TTs during the dry periodgry periods (July—October) and exceptionally high concen-
in 2018 and 2019 were longer than normal, with a median ofirations during the subsequent wet periods (January—April).

30 years compared to 24 years in previous years. This shows that the drought did not only affect nitrate uxes
) ) in the soil leachates, as discussed in the 2020 Nitrate Report
3.5 Catchment retention capacity from the Netherlands (RIVM, 2021), but it can also propa-

te through catchments affecting in-stream nitrate concen-
rations at the catchment outlet within a relatively short time.

These results are in close agreement with previous studies
ues account for the nested catchment). The t of thecN that similarly _reported low pitrate c_oncentrations during a

Q relationship (1997-2017) was high, with &% of 0.90, dro,ugh.t and high corllcentranons during su-bsequent rewetting
(Goérski et al., 2019; Loecke et al., 2017; Morecroft et al.,

0.94, and 0.91 in SH, MD, and HD, respegtwely. In a!l sub- 2000; Mosley, 2015). For example, Loecke et al. (2017) re-
catchments, N; shows a clear decrease with decreasing an-

nual discharge in all sub-catchments, which is steepest angorted that the shift from very dry to wet conditions resulted

o . . . In an increase in ow-weighted nitrate export compared to
most sensitive at low N and high discharge (Fig. S3) and . : i
attening towards low discharge conditions (Fig. 6). Sim- previous years, and Davis et al. (2014) suggested that the an

. n il moistur nditions pl n important role in
ilar patterns could also be observed for the#D rela- tecedent soil moisture conditions play a portant role

tionship with simulated nitrate leachates from the catchmentthe response of nitrate export durl'ng runoff events.
. . . . The shift in theC-Q relationship towards a steep€r
soils. However, uncertainty for the simulated soil N reten-

T oo .~ Q slope (Fig. 3a—c) re ects that the intensi cation in the
tion is larger, due to uncertainty in the model parametrization . . )
(Fig. S4). seasonality of nitrate export was not solely driven by low

discharge due to the drought. Instead, nitrate concentrations

In all cases, the sub-catchments retained the largest part
N input ( 0:79). This was most pronounced in HD, where
retention capacity was always 0:89 (note that these val-
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during dry periods were even lower than expected from the(as implemented in the soil routines in HYPE; Lindstrom et
C—Q relationship and higher during wet periods, showing al., 2010) and plant growth. Together with the deactivation of
an increased intra-annual variability compared to that ofshallow ow paths, the reduced N removal can lead to an ac-
discharge. This increased concentration variability indicatescumulation of inorganic N in the catchment soils. Similarly,
that biogeochemical and hydrological processes (e.g., runofthe higher accumulation of organic material during summer
generation processes; Lange and Haensler, 2012) within thand the rewetting of dry soils in autumn can cause a peak
catchment changed during the drought, affecting the availin mineralization that transforms organic material into mo-
ability and transport of nitrate. The exceptionally low nitrate bile inorganic N (Campbell and Biederbeck, 1982; Haynes,
concentrations during the dry periods of the 2-year droughtl986), in agreement with the simulated high mineralization
can be explained by the strong old water preference duringates for 2018 (Fig. 4). With the shift towards younger wa-
these periods (Fig. 5a—c). Nguyen et al. (2022) showed thater fractions and median TTs 2 months during the wetting
old water in the upstream Selke catchment is considerabhand wet periods in the upstream sub-catchments, the accu-
affected by denitri cation (Damkéhler number10), which  mulated and mineralized N pool can be rapidly transported
can explain the relatively low nitrate concentrations. Theto the stream network, which can explain the high nitrate-N
pronounced old water preference in the upstream catchmertoncentration peaks (Fig. 2). In contrast, in the downstream
during the 2-year drought is in agreement with a study bysub-catchment, old water fractions dominate all year round
X. Yang et al. (2021). Using stable water isotopes as age tracfFig. 5f), and therefore most of the accumulated N cannot
ers in a small (1.44 k&) headwater catchment of the Selke reach the stream network within the subsequent wetting and
catchment, they found a large increase in stream water agesiet period.

driven by a decrease in younger surface runoff and stream Note that the “wetting” and “wet periods” 2018 and 2019
discharge. Differences in the median TTs between this andire part of the 2-year drought and, in relative terms, were
our study (8 and 46 years) can be explained by the differencalso exceptionally dry compared to previous wetting and wet
in the catchment area of around 2 orders of magnitude and bperiods, but they typically show a higher catchment wet-
uncertainty in the estimation of longer TTs, especially as an-ness compared to “dry periods” due to pronounced hydro-
nually cycling isotope tracers show only limited applicability meteorological seasonality over the study region (Sinha et
towards long TTs (Seeger and Weiler, 2014). al., 2016; J. Yang et al., 2018).

In the downstream sub-catchment, the potential for denitri- The changes in N cycling were only evident for the year
cation in groundwater is very low (Damkdhler numberd; starting in May 2018, not for the one starting in May 2019,
Nguyen et al., 2022). Hannappel et al. (2018) looked at evi-which was dry but not as dry as in 2018 (Figs. 1b and 4).
dence for groundwater denitri cation in the area of our study This indicates that the described perturbation in N cycling
site and found such evidence only in the upstream but notloes only occur under severe drought conditions. In a small
in the downstream area, which can be explained by differ-(0.6 kn?) catchment, Burt et al. (2015) found evidence that
ences in the geology (Table 1) and a lack of electron donorpost-drought mineralization can supply suf cient N to sus-
in the aquifer which are needed for denitri cation (Rivett tain increased nitrate concentrations through the next high-
et al., 2008). Therefore nitrate concentrations in the down- ow season. Hence, such drought legacies might have also
stream sub-catchment do not signi cantly decrease with wa-built up in the larger Selke catchment and impacted nitrate
ter ages and could, instead, still show signs of historicallyexport in subsequent years. One indication for this is that
higher N inputs (Winter et al., 2021). Hence, the low nitrate although the year 2018 was drier and had a stronger im-
concentrations during the dry periods are likely driven by pact on soil N uxes (Fig. 4), nitrate export dynamics for
the upstream catchment area. However, also the ef ciencythe year 2019 were comparable to the ones observed in 2018
of instream N uptake is enhanced with higher temperaturegFig. 3).

(Nguyen et al., 2022), which is an additional factor explain- In comparison to other regions of the world, irrigation
ing part of the low nitrate concentrations during drought, is not a common practice in the study area (EEA, 2018),
even more so in the lowland part of the catchment wherebut this might change in the future (Riediger et al., 2014).
light availability is higher and ow velocity is reduced (Rode Crop irrigation would increase the soil moisture content and
etal., 2016). Therefore, a combination of both dilution of old might therefore buffer drought impacts, such as the decrease
and largely denitri ed water from upstream and increased in-in plant uptake and denitri cation, and might lead to mobi-
stream uptake ef ciency, mainly downstream, are responsidization of nitrate, which would otherwise be retained in the
ble for the low nitrate concentrations during the dry periodsupper soil until rewetting in autumn. As such, crop irriga-
of 2018 and 2019. tion might counterbalance the reduction of N retention in the

While predominately old (pre-drought) water was ex- catchment soils and the accumulation of N during summer.
ported during dry periods, the rates of denitri cation and However, irrigation would also increase the pressure on the
plant N uptake from the soils during 2018 decreased acrosavailable water resources and might enhance greenhouse gas
the catchment. This decrease can be attributed to the very lowmissions from agricultural soils (Sapkota et al., 2020)
soil moisture during the drought that inhibits denitri cation
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4.2 Sub-catchment-speci ¢ contributions to the Such forest dieback can cause increased nitrate concentra-
integral nitrate response to the drought tions (Kong et al., 2022; Mikkelson et al., 2013), but its effect
on water quality can again be delayed for several years (Hu-
The spatial con guration of land use and other characteris-ber, 2005). Therefore, forest dieback should be considered as
tics within a catchment can play an important role in nitrate an additional drought-induced threat to stream water quality
export from the entire catchment and its temporal variabil-that might impact nitrate concentrations in the future.
ity (Casquin et al., 2021; Dupas et al., 2019; Winter et al.,
2021). In the Selke catchment, considering the pronounced.3 Exported nitrate loads and catchment retention
differences between the upstream and the downstream area  capacity
is crucial to understand the integrated signal of nitrate export
at the catchment outlet (Winter et al., 2021). Previous stud-The overall discharge during the 2-year drought was very
ies showed that the forested upstream area contributed disew. Nitrate loads, however, were only low in the down-
proportionally to annual nitrate loads, despite having a lowerstream part of the catchment (HD). In the upstream area (SH
N input, whereas the downstream part contributed most tcand MD), nitrate loads were up to 73 % higher than expected
nitrate export during low- ow periods (Nguyen et al., 2022; from the long-ternlL—Q relationship. This can be explained
Winter et al., 2021). During the 2-year drought, this dif- by the exceptionally high nitrate concentrations during the
ference in the sub-catchment-speci ¢ contributions becamewetting and wet periods of the 2-year drought (November—
even more pronounced. Water from the upstream catchmenpril, Fig. 2). As discussed above, these high nitrate concen-
area during the dry periods was comparably low in nitrate,trations are the result of reduced plant uptake and denitri -
and therefore had the potential to dilute the higher concen€ation of N in the soils during the previous dry periods and
trations from the downstream agricultural areas. Nonetheshort TTs during wet periods. Hence the increase of exported
less, the contribution from the downstream area maintainedoads relative to discharge, but also relative to N input to the
nitrate-N concentrations at leveisl mgL ! evenunderlow catchment, show that under severe drought, a catchment can
ow conditions during summer, when aquatic ecosystemslose a part of its functionality to retain N. The long-tetrw
are most vulnerable to eutrophication (Jeppesen et al., 201@ relationship and the N—Q relationship showed good ts
Whitehead et al., 2009). With rewetting, the ability of the for the pre-drought year, indicating a strong discharge con-
forested upstream area to dilute downstream nitrate concertrol. Scatter in these relationships might have been induced
trations has been almost entirely lost, as nitrate concentraby other factors, such as temperature, controlling biogeo-
tions reached similar or even higher levels than the down-chemical processes, and N availability (Nogueira et al., 2021)
stream area (Figs. 1c and 2a—c). Therefore, the observedr speci c runoff event characteristics (Winter et al., 2022).
changes in immediate response to the drought with regard t@Vith climate change, temperature and other associated fac-
the seasonal dynamic of nitrate concentrations at the catchtors as well as runoff event characteristics were not stable
ment outlet were almost entirely controlled by the upstreambetween 1997 and 2017 (Fig. 1b; IPCC, 2018; Winter et al.,
area due to its shorter TTs and young water preference. Th2022). Nevertheless, none of these years has shown a devi-
sub-catchment differences in median TTs and storage sele@tion from theL —Q relationship comparable to that in 2018
tion preferences can be explained by differences in land-and 2019. This indicates that the 2-year drought considerably
scape characteristics within the catchment. The upstrearaltered catchment functioning, whereas the overalD re-
area is located in the Harz Mountains with higher precipita-lationship can be considered relatively stable over previous
tion, steeper slopes, and shallower soils and, in turn, a fasteyears.
transit of water and shorter ow paths to the streams, which We identi ed two drivers of a decrease ind\ i.e., an
typically results in faster TTs and is re ected in a selection increase in discharge and the 2-year drought (Fig. 7). The
preference for younger water (Jiang et al., 2014; Tetzlaff etdischarge-driven decrease in the{dan be explained by hy-
al., 2009; Table 1). In contrast, thick sedimentary aquifers,drologic mobilization and transport dominating over biogeo-
at topography, and very sparse tile drainage in the down-chemical processes such as N uptake and removal. In con-
stream area favor long TTs and a preference for old watetrast, under dry (but not drought) conditions, the role of ni-
(Winter et al., 2021). trate uptake and removal gains in relative importance, and
Considering the important role of the upstream, largelywith that, the retention capacity of the catchment increases.
forested (87.7 %; Table 1) part of the catchment for the over-However, extreme hydro-meteorological events, such as the
all nitrate export, one should also consider the potential long2018-2019 drought, can cause a perturbation of those bio-
term impacts of the 2-year drought on forest ecosystemsgeochemical processes if soils are too dry to maintain func-
Schuldt et al. (2020) showed that especially the dry sum-ionality in terms of N cycling. The decrease of N uptake
mer in 2018 caused severe tree mortality in Central Eu-and removal can result in a divergence from the retention—
rope, whereas Schnabel et al. (2022) could show in a Gerdischarge relationship, also for other years with very low
man oodplain forest that the drought impact on trees wasdischarge (Figs. 6 and 7). Until the end of the data record
even stronger in 2019 due to an accumulated drought effectavailable for this study, no recovery from this loss ipfh
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trogen legacies induced by severe drought will be a task for
future research.

5 Conclusion

The presented study is among the rst to assess the impact of
the 2018-2019 drought in Central Europe on nitrate concen-
trations in a heterogeneous mesoscale catchment. We found
that such an exceptional drought can have signi cant impacts
on water quality in terms of nitrate concentrations, load ex-
port, and catchment N retention capacity.

C—Q relationships revealed an increased intra-annual vari-
ability in nitrate concentrations, with low concentrations dur-
ing dry periods and exceptionally high concentrations during
wet periods, mainly driven by the more responsive upstream
Figure 7. Conceptual framework of the capacity of a catchment to part of the gatchment. Low concentrations could_bg explained

by a selection preference for old and largely denitri ed water,

retain N in relation to average discharge. The framework illustrates h hiah . L f shall
two potential drivers that cause a reduction in the catchment reten¥Whereas high concentrations re ect a reactivation of shallow

tion capacity. Those are either an increase in discharge (blue arrow§d young ow paths that transport accumulated N from the
or a drought event (yellow arrow). Data were taken from the gaugecatChment soils. The increased intra-annual Varlablllty was
at MD that gives an integrated signal of the upper Selke catchmenthot only driven by a stronger temporal shift in N transport
which is characterized by a relatively fast reaction in riverine nitrate but also by a decrease in N uptake by plants and removal via
export to drought. denitri cation during dry periods. Thus also, the overall pro-
vision of exportable nitrate increased, which was re ected
in a decrease in the capacity of the catchment soils to re-
tain N and an increase in nitrate loads at the (sub-)catchment
the upstream catchment area could be observed, but there haatlets relative to the loads expected from the long-term
not yet been a speci cally wet year since the drought in 2018.Q relationship. We identi ed two drivers for a decrease in
Therefore, the resilience of the sub-catchments (Hashimotéhe catchment N retention capacity: (i) a decrease with in-
et al., 1982), in terms of their ability to recover from a loss creasing discharge that reduces the relative importance of soil
in catchment N retention capacity after the 2-year drought,N cycling compared to hydrological transport, or (ii) a severe
remains uncertain. drought that decreases N cycling by drying out the catchment
When looking at N export at the sub-catchment gauges, theoils. The subsequent transport of increased nitrate leaching
decrease in the catchment retention capacity is only evidenftrom the soil zone to the stream network is dependent on the
in the upstream sub-catchments. This difference in catchsub-catchment-specic TTs and the denitri cation potential
ment retention capacity can be explained by different sub-in the groundwater. In catchments with short median TTs,
catchment-speci ¢ TTs. Whereas predominantly short TTsthe catchment-retention capacity can decrease within the ob-
in the upstream sub-catchments during the wet period alservation period. Instead, long TTs can dampen such a short-
low for a rapid response of stream nitrate concentrations tderm response but potentially form a hydrological N legacy
drought, long median TTs in the downstream sub-catchmenthat might become visible at the catchment outlet years to
(even under wet conditions) dampened such a fast droughdecades later.
response. Instead, increased N in the soil leachates, togetherHotter multi-year droughts are likely to become more fre-
with long median TTs, potentially generate a hydrological N quent and more prolonged with climate change (Hari et al.,
legacy that might become visible at the catchment outle2020; IPCC, 2018). Our study shows that such climatic ex-
years to decades later (Van Meter et al., 2016; Van Meter andremes are a threat not only to water quantity but also to
Basu, 2015), especially under the assumption of low denitri-water quality in terms of nitrate pollution, as they can re-
cation potential in groundwater (Nguyen et al., 2022). One duce the capacity of the catchment soils and entire catch-
indication is high nitrate concentrations in 2019 and 2020 inments to retain N. Moreover, such droughts have the poten-
a groundwater observation well in the lower Selke catchmential to override positive effects of measures to improve water
(Fig. S6). Moreover, Jutglar et al. (2021) reported immedi- quality (e.g., two-stage ditches; Bieroza et al., 2019). Conse-
ate and delayed drought responses in the form of increasinguently, droughts need to be considered as an additional risk
nitrate concentrations in the groundwater in Southwest Gerto water quality that can intensify the existing anthropogenic
many after the drought in 2003. Besides such rst evidence pressures. To counteract the additional risk, one should con-
estimating the potential biogeochemical and hydrological ni-sider intensi ed restrictions on manure and fertilizer applica-
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Text S1
Mechanistic process-based modeling with Storage Selection Eans

In the following, we provide a more detailed description of the soil and belowground pexess
implemented into mHM-SAS (Nguyen et al., 2022):

Within the soil compartment, different N pools (dissolved inorganic nitrogen - DIN, didsmiganic

nitrogen - DON, active organic nitrogen - QCa¥d inactive organic nitrogen - SPahd N

transformation between these pools (mineralization, dissolution, and degradation) are consitieired.

the DIN pool (Nitrate) can be removed by plant uptake, denitrification, and leaching to therfade.
Transport of N in the subsurface is described by the water balance and the master equation (Benettin &
Bertuzzo, 2018; Botter et al., 2011; Nguyen et al., 2022; Van Der Velde et al., 2012):

¢ PF3:P; 3)

x¢
Haléei . p.pp . 2:64 PARIAF (4)

where S(t)[L®] is the subsurface storage at ting](t)[L]] andQ(t) [L?] are inflow to and outflow from
the subsurface, respectivel\&(T,t)[L?] is the age-ranked subsurface storage(T,t) or pQ(T,t)are the

transit time distribution of outflow,2¢ :6 &;R. ij Le: 6 & P@.G he transit time distribution relates to
the residence time distributiorRs [-], via a StorAge Selection (SAS) functiafiis, t) [-], as follows:
p ~ . L EA
Le:6 &R rg:zaP;!—i,f‘ (5)
where “o(Ps, t) is approximated by the two-parameter beta function (Nguyen et al., 2022):
X: 24 PL >AP%A =4 > (6)

wherea andb are the two parameters of the beta function (a/b > 1: preference for young water; a/b >

1: preference for old water). Parameteaisandb vary in time, depending on the antecedent infldand
outflow Q (Nguyen et al. 2022). Assuming denitrification in the subsurface is a first-order process with a
rate constant k [T], nitrate concentration in the outflow from the subsurface is (Nguyen et al., 2022;
Queloz et al., 2015):

%:F’,Li‘;IT %:P F6aR:6aRATL :FG @6 , (6)

where G(t-T,t)[MLJJis the nitrate concentratiomn the inflowJat timet-T. More details of the model
description are given Nguyen et al. (2022).
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Figure SISoil moisture anomalies for the yeal2{month period starting in May) from 1997 to 2019.
Anomaly is shown as the difference between average soil saturation [%] for a specific year to the long-
term mean.

Figure SDbserved versus simulated daily nitrate-N loads for the three sub-catchments of the Selke
catchment (a-c). Observed nitrate-N loads refer to loads that were calculated from observed Nitrate-
concentrations (daily averages of sensor measurements) and daily averages of observed discharge.
Simulated Nitrate-N loads were calculated from nitrate-N concentrations that were interpolated
between biweekly to monthly grab samples via Weighted Regression on Time Desahdr§eason
(WRTDS; Hirsch et al., 2010) and observed daily discharge. The coefficient of deterniRfation the
percentage bias (pbias) are shown as indicators for the goodness of fit.
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Figure SRelationship between the N retention capacity of catchments)(Bind log-scaled discharge
(Q) at the nested catchment scale, given asushaverages (12-month period starting in May). Grey
dots show the annual averages prior to the two-year drought (1997-20&Ifpwyand red dots show the
averages over 2018 and 2019, respectively. Black lines represent the regression line betwaet N
log(Q) prior to the two-year drought, and blue lines show scenarios of +20put\Nipper line) -20%!
input (lower line) in the form of fertilizer and manure to test the sensitivityesults to uncertainties
introduced byimprecise information on N input and crop rotatiorhis sensitivity analysis shows that
the variability in N input mainly affectsdNat high discharge, whereas its impact becomes small towards
low discharge. Moreover, the years 2018 and 2019 clearly stand out in SH and MD, ridsultson the
impact of thetwo-year drought (characterized by exceptionally low discharge)qraté sufficiently
robust to uncertainty in N inputs.
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Figure S4.ong-term load-discharge (L-Q) relationship and the N retention caflkity.) calculated
from annual (12-month period starting in May) averages of simulated soil leachatigsfand nitrate-
N loads in the soil leachatesddhaid. Grey dots depict the annual averages of the long-term
relationship from 1997 to 2017; colored dots represent the drought years 2018wyellod 2019 (red).
Error bars depict the 90% confidence intervals that result from parameter uncertainty in the S#%8vI-
model (Nguyen et al., 2022),.Noi is calculated as 1 (Nin/ Neachard, With N being N input to the
catchment. The depicted uncertainty does not allow for an unambiguous interpretation oésusts.
However, in tendency, the drought years 2018 and 2019 show higher Loads compareddogtierm
L-Q relationship and a lower N retention capacity.
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Figure SBlock sampled concentration-discharge (C-Q) slopes (exponent of the power law relationship
between C and Q) across all possible combinations of two consecutive years (12-month periogl startin

in May) between 2012 and 2017 for the three sub-catchment of the Selke catchment (SH, MD, and HD
from upstream to downstream), compared to C-Q slopes frontweyear drought (2018-2019; red

dots).
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Figure S@sroundwater observation well in Wilsleben (lower Selke catchment). Data provided by the
State Office of Flood Protection and Water Quality of Saxony-Anhalt (LHW).
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Explaining the Variability in High-Frequency Nitrate Export
Patterns Using Long-Term Hydrological Event Classification

C. Winter1 @, L. Tarasova (2, S. R. LutZ2 ), A. Musolff! (2, R. Kumar* ), and J. H. Fleckensteif®

Department for Hydrogeology, Helmholtz Centre for Environmental Research-UFZ, Leipzig, Geibeoartment for
Catchment Hydrology, Helmholtz Centre for Environmental Research-UFZ, Leipzig, GeP@apgrnicus Institute of
Sustainable Development, Utrecht University, Utrecht, The Netherl&Deisartment of Computational Hydrosystems,
Helmholtz Centre for Environmental Research-UFZ, Leipzig, Gernilygrologic Modelling Unit, Bayreuth Center of
Ecology and Environmental Research (BayCEER), University of Bayreuth, Bayreuth, Germany

Abstract Runoff events play an important role in nitrate export from catchments, but the variability of
export patterns between events and catchments is high and the dominant drivers remain difficult to disentang
Here, we rigorously asses if detailed knowledge on runoff event characteristics can help to explain this
variability. To this end, we conducted a long-term (1955-2018) event classification using hydro-meteorologica
data, including rainfall characteristics, soil moisture and snowmelt, in six neighboring mesoscale catchments
with contrasting land use. We related these event characteristics to nitrate export patterns from high-frequenc
nitrate concentration monitoring (2013—-2017) using concentration-discharge (CQ) relationships. Our results
show that low-magnitude rainfall-induced events with dry antecedent conditions exported lowest nitrate
concentrations and loads but exhibited highly variable CQ relationships. We explain this by a low fraction

of active flow paths, revealing the spatial heterogeneity of nitrate sources within the catchments and by an
increased impact of biogeochemical retention processes. In contrast, high-magnitude rainfall or snowmelt-
induced events exported highest nitrate concentrations and loads and converged to similar chemostatic expor
patterns across all catchments, without exhibiting source limitation. We explain these homogeneous export
patterns by high catchment wetness that activated a high number of flow paths and by higher nitrate availabili
during high-flow seasons. Long-term hydro-meteorological data indicated an increased number of events witt
dry antecedent conditions in summer and a decreased number of snow-influenced events. These trends will
likely continue and cause increased nitrate concentration variability during low-flow seasons and changes in t
timing of nitrate export peaks during high-flow seasons.

Plain Language Summal’yRunoﬁ events play an important role in nitrate export from catchments.
However, the response of nitrate export to runoff events is highly variable and therefore difficult to understand
Here, we classified runoff events according to their inducing precipitation and antecedent soil moisture and
related those event characteristics to nitrate export patterns. Our results show that small summer and autumr
events exported lowest nitrate concentrations and loads with highly variable patterns, such as increasing or
decreasing nitrate concentrations. We explain this variability with nitrate mobilization being restricted to near-
stream areas with variable nitrate availability and by an increased impact of biogeochemical nitrate retention.
contrast, larger winter and spring events exported highest nitrate concentrations and loads. These events sho
only a small increase of nitrate concentrations compared to discharge, so that discharge dominated overall
nitrate loads. This was similar in all catchments, which we explain by high catchment wetness connecting

all nitrate sources within a catchment to the stream and higher nitrate availability. Long-term trends indicate

a decrease of summer soil moisture and a decrease of snow-influenced events. These trends might cause
increasing variability in nitrate concentrations during summer and change the timing of nitrate export peaks
during winter and spring.

1. Introduction

High riverine nitrate concentrations and loads from diffuse agricultural sources threaten drinking water qualit
and the health of freshwater as well as marine ecosystems (Carpentet @&ilElser,2011 Mekonnen &
Hoekstra2020. In this context, runoff events play a dominant role for the mobilization and transport of nitrate
from catchments to the downstream receiving water resources (Blae2@13linamdar et al2006 Ockenden
et al.,2016. Climate change is predicted to change the frequency and characteristics of such runoff events, a
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these changes are in turn predicted to significantly alter water quality and nutrient expor20Rg8®arshall

& Randhir,2008 Sebestyen et aR009 Trang et al.2017 Wagena et al2018. Therefore, an in-depth under-
standing of nitrate mobilization and transport during runoff events under different hydro-meteorological condi
tions is needed to better predict and mitigate water quality deteriorations.

Hydro-meteorological data at a high temporal resolution (i.e., daily) has been readily available for many decad
and allows for a robust characterization of catchment hydrologic functioning during runoff events on the lon
term (Kirchner et al.2004 Tarasova et al2020. Those characterizations showed that with different antecedent
wetness conditions, different flow paths within a catchment can become activated that connect different catc
ment areas with the stream network (Jencso 2@09. For dry antecedent conditions, typically only a smaller
fraction of the catchment area is connected to the stream network, often via deeper subsurface flow paths, wt
deliver older water with longer transit times. In contrast, during wet antecedent conditions, additional shallowe
and faster flow paths become activated and transport younger water (i.e., with shorter transit times) also frc
more distant locations to the stream (Jencso @09 Kumar et al.202Q J. Yang, Heidbuchel, et a018.
Moreover, in a temperate climate, runoff events can be generated by precipitation events of different nature, si
as rainfall or snowmelt (Tarasova et 2020. In such climates, rain-on-snow events (i.e., snowmelt in concur-
rence with rainfall and high antecedent soil moisture) often form the largest runoff events of the year and c:
activate all or most of the available flow paths within a catchment (Berghuijs 2049, Jencso et al2009
Stieglitz et al.2003.

Itis most likely that the spatiotemporal variability in the hydrological land-to-stream connectivity causes differen
responses in nutrient mobilization and transport as well (Stieglitz 2088,. With the advent of high-frequency
measurements for nitrate and other nutrient concentrations (Kirchner2€i0s. Rode, Wade, et al2016, we

can now measure water quality at the same temporal resolution as water quantity to analyze in detail the ¢
nection of runoff event characteristics with nitrate export patterns. More specifically, we refer to runoff even
characteristics as all related hydro-meteorological characteristics including antecedent conditions, the charac
istics of the inducing precipitation event and the characteristics of the runoff event hydrograph (for example pe.
discharge). This also includes the proposed different runoff formation processes (Taraso2829) &hat can
potentially connect different sources of nitrate to the stream network. For example, from available hydroclima
ic data, we can now distinguish events that are induced by rain-on-snow under wet antecedent conditions ¢
low-magnitude rain-induced events with dry antecedent conditions (Tarasov2@2@l. Note, that for the sake

of consistency in the use of terms with previous studies (i.e., Musolff 20&B, 2021, Tarasova et al2020),

we use the terms “discharge” and “runoff” synonymously, referring to the total volumetric water flow rate in the
stream at a gauging point.

Several studies took advantage of high-frequency measurements and conducted a detailed analysis on n
ent mobilization and transport during runoff events and generally confirmed the importance of runoff event
for nutrient export (e.g., Blaen et a2017 Burns et al.2019 Fovet et al.2018 Knapp et al.2020 Rose

et al.,2018. For example, Casson et a20(L0 and Pellerin et al.2012 showed that high-magnitude rain-
on-snow events can account for a disproportional amount of annually exported nitrate loads. These stud
also revealed large inter-event and inter-catchment variability of nutrient export dynamics. For example
Blaen et al. 2017 found a positive correlation between antecedent wetness and event nitrate cencentre
tions in a catchment with mixed agricultural and forested land use. On the contrary, KnapR@2@l. (
found a negative correlation between antecedent wetness and event nitrate concentrations in a small mo
tainous catchment that is covered by forest and meadows. While both studies could explain parts of the
findings by changes in the hydrological catchment connectivity, their differences might mainly be cause
by different nitrate source availabilities, induced by different catchment characteristics such as land us
Knapp et al. 2020 summarized that the variability of event responses was driven by changes in sourct
availability, hydrological connectivity, and biogeochemical reaction rates. The role of temperature- anc
soil-moisture-driven differences in biogeochemical reaction rates for nitrate export was also stressed |
Lutz et al. 020 and Rode, Angelstein et ak{16. Both, hydrological connectivity and biogeochemical
removal (or retention) are driven by environmental conditions and thus often have a similar seasonal timir
in temperate climates. In consequence, connectivity and removal can be difficult to disentangle. For exar
ple, rain-on-snow events with a high hydrological connectivity typically occur in colder periods of lower
ecosystem nitrate uptake and hence a higher nitrate availability. All these examples show that nitrate exp.
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patterns can be potentially related to hydrological event characteristics, such as the contribution of meltwat
or antecedent conditions as well as to biogeochemically controlled source availability. The response of r
trate export to runoff events is obviously highly variable between catchments of different configurations fo
example, with regard to land use and nitrate availability. Therefore, we see a need for larger-scale studi
that analyze the connection of event characteristics and nitrate export patterns across the entire annual ¢
and in contrasting catchments.

A common tool to reveal the relevant sources and flow paths for nitrate transport under changing-hydrolo
ical conditions are concentration-discharge (CQ) relationships, which represent the directional relationsh
between concentrations and discharge (e.g., Bieroza &04l8 Bowes et al.2015 Musolff et al.,2021;
Vaughan et al.2017). A negative slope of the CQ relationship can indicate high base flow concentrations that
are diluted by water from newly activated flow paths (Bowes eR@l5 or a depletion of nutrient sources
(Vaughan et al2017). A positive CQ slope can indicate the additional activation of more shallow and younger
(Musolff et al.,2015 or more distant nutrient source zones (Bowes e2@l5. A chemostatic pattern is-in
stead described by a CQ slope close to zero (Godsey 20@9,Musolff et al.,2015 Thompson et al2011)

and is mainly attributed to ubiquitous and uniformly distributed N sources in agricultural catchments (Bas|
et al.,2010. The CQ slope is not necessarily consistent across time scales and can thus reveal cemplem
tary information on nutrient export during single runoff events compared to CQ relationships across seaso
that integrate several events (e.g., Godsey eR@l9 Knapp et al.202Q Minaudo et al.2019 Musolff

et al.,2021).

Yet, a rigorous assessment of how much of the inter-event variability of nutrient export patterns can be e
plained by a more thorough understanding of runoff event characteristics and classifications of runoff formatic
processes is still missing and has not yet been applied across a range of hydro-climatic conditions and land
settings (Knapp et al202Q Tarasova et al2020. Studies that relate hydrological runoff events with nutrient
transport are typically limited to single catchments and/or to relatively short time periods, which is often not mor
than one or two years, frequently excluding the cold seasons (e.g., Blac2@tAlCarey et al.2014 Knapp

et al.,2020. Therefore, the full range of runoff event characteristics is not always covered and it remains unclez
if analyzed event characteristics are representative across catchments and for the long-term catchment beha
Moreover, it is largely unknown if runoff event characteristics are changing over longer time scales. In this stud
we conduct an extensive assessment across catchments and time scales to explore to what extent runoff e
characteristics and runoff formation processes govern nitrate export during and across runoff events. To this e
we related event characteristics such as the wetness state of a catchment, the nature of an inducing precipit:
event and the temporal distribution of rainfall to nitrate concentrations and loads. For this, we used a 5-yr peri
of high-frequency water quality and hydro-meteorological data from six mesoscale Central European catchmel
with different land use settings. We classified runoff events according to their different hydro-meteorologica
conditions (Tarasova et aPp20 and utilized CQ relationships to infer the relevant flow paths and source areas
for nitrate transport and mobilization. We then combined the findings from such analysis with the changes
event characteristics and catchment state conditions over past decades obtained from long-term daily hydro-I
teorological time-series to identify possible trends in the long-term runoff event characteristics that could impa
nitrate export dynamics in the future.

2. Materials and Methods
2.1. Study Area

Event characteristics and nitrate export patterns were analyzed in six sub-catchments of the Bode River cat
ment (Figurel), which is an intensively monitored catchment within the network of the TERestrial Environ
mental Observatories (TERENO, Wollschlager et2017). Warme Bode (WB), Rappbode (RB) and Hassel
(HS) are part of the Rappbode Reservoir Observatory (Rinke 2048, whereas Silberhitte (SH), Meisdorf
(MD) and Hausneindorf (HD) are three subsequent gauging stations of the nested Selke River catchme
All six catchments are located in the Harz Mountains and the Harz foreland in Saxony-Anhalt, German
(Figurel). They have contrasting characteristics in regard to their size, land use, elevation, and mean annt
precipitation (Tablel).
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Figure 1. Map of the study site, showing all six mesoscale catchments (WB, RB, HS, SH, MD, and HD) with their respective land use.

2.2. Data

2.2.1. Long-Term Daily Data

We used long-term daily hydro-meteorological data (Figures S1-S6 in Supporting InforBBttonclassify

runoff events and to analyze potential trends in the characterization of runoff events. Daily discharge data w
provided by the State Office of Flood Protection and Water Management of Saxony-Anhalt (LHW) and calcu
lated to specific discharge [mnt §l In all catchments except HS and HD, discharge data is available from 1955
until 2018. In HS and HD, discharge data records started in 1968 and 1980, respectively, and lasted until 20
Daily precipitation data over these time periods were provided by Germany's National Meteorological Servic

(Deutscher Wetterdienst, DWD) as interpolated station data at a spatial resolution 0{RBGNIE; Rauthe

et al.,2013. Daily average temperatures were interpolated to a 4 km grid from the DWD stations by Externa

Drift Kriging using elevation as an explanatory variable (Zink et8l1,7). Daily soil moisture and snow water
equivalent were calculated using the mesoscale Hydrological Model (mHM, Kumar 2018. Samaniego
et al.,201Q Zink et al.,2017).

Table 1
Characteristics of the Six Studied Mesoscale Catchments Within the Bode River Catchment

Land use and land cover

WINTER ET AL.

Mean annual Mean annual Elevation Mean

Area precipitation temperature  Agriculture Forest Urban Other range slope

Catchment [km?] [mm yrt] [°C] [%0] [%] [%] [%] [m.a.s.l] [%]
WB 101.1 1,111.9 6.6 5.9 90.2 2.9 1.0 429-957 7.7
RB 39.1 969.3 7.1 19.5 747 41 1.7 454-636 6.8
HS 42.0 820.9 7.0 59.8 35.6 4.5 0.1 436-604 4.8
SH 102.5 726.6 6.7 34.6 62.2 3.2 0.0 335-597 6.9
MD 178.6 693.0 7.2 23.2 73.6 3.1 0.1 196-597 8.4
HD 460.1 589.4 8.1 54.8 36.7 6.1 2.4 68-597 4.9
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2.2.2. High-Frequency Hourly Data

High-frequency hourly data were used to analyze exported nitrate loads and CQ relationships within and betwe
runoff events from 2013 to 2017. Discharge data at a temporal resolution of 15 min were provided by the LHV
which we aggregated to hourly values [mrh]hSimilar to nitrate concentration data (see below), a moving
average was applied over a 5-hr window to reduce noise in the raw data and to stay consistent with the pro
dure applied in previous studies that used parts of the same data (e.g., Musol#021aRode, Angelstein,

et al.,2016. Hourly precipitation data as reprocessed radar data were provided by the DWD with precipitatior
amounts adjusted to station observations and a spatial resolution 8{RABDOLAN; Winterrath et al.2017).

Due to a lack of hourly temperature data, we reconstructed those from the daily data by using hourly weigt
based on month-specific sine functions obtained from long-term minimum and maximum temperatures to rese
ble the diurnal cycle of temperature. Hourly snow water equivalent and soil moisture data were simulated usil
mHM (Zink et al.,2017).

Nitrate concentration data were collected between 2013 and 2017 via TRIOS ProPS-UV sensors at 15 min
tervals (Kong et al.2019 Rode, Angelstein, et a016, which we aggregated to hourly averages. Data from
the WB catchment were previously published by Kong et28l19 and Musolff et al. 2021), data from the

three Selke catchments (SH, MD, and HD) were previously published by Musolff 2021),(Rode, Angel-

stein, et al. 2016, Winter et al. 2021), and X. Yang, Jomaa, et aRQ18. For the processing of the nitrate
concentration data, we refer to the references above and to our Supporting Information (Text S1 in Supporti
InformationS1). Briefly, raw data was restricted to a realistic range (0-100 mg N dutliers were removed
(Grubbs,1950, a moving average was applied over a 5-hr window to smooth the data and concentrations we
calibrated against grab samples analyzed in theR&B.80-0.91, Figures S7 and S8 in Supporting Informa-
tion S1). Note that the LHW gauging station at HS, where long-term and high-frequency discharge data wel
measured, is located upstream of the measurement point for concentration data, thus delineating a catchment
of around 29 krafor discharge data compared to 42?Kior measured concentration data (Figlydablel).
Nevertheless, area-specific discharge data [mijrflom upstream and downstream measurement points (availa-
ble downstream between 2013 and 2014) showed a good agreement in their temporal dynami®sofvitsa

and in absolute values with a small percentage bias of 3.0% (Figure S9 in Supporting InfoigiatMie thus

found area-specific discharge from the upstream station data to be suitable for further analysis at the downstre
station.

2.3. Runoff Event Identification and Classification

Runoff events were separated and classified using the recently developed approach by Tara20d8@2(,

which allows for an automated separation and classification of runoff events. The approach is explained in det
in the cited studies and is, therefore, only briefly described here. As a first step, events from daily long-term al
high-frequency data were identified using an automated event separation approach from Taras@@4. 8t al. (
Then, we adopted the event classification framework from Tarasova 2020),(developed for daily data res-
olution (Figure2). Each runoff event was classified by the characteristics of the inducing precipitation event
(Figure2a Layer 1) and the pre-event wetness state of the catchment (Egguss/er 2). The nature of precip-
itation events was identified by the ratio of meltwater volumg ) and total precipitation volume (i.e., sum of
rainfall and snowmel®, ). Using a threshold d¥l, /P, = 0.05 (Figure2a), events were classified &ainor
Snowinfluenced events. The temporal distribution of precipitation was characterized by means of the tempor
coefficient of variation of the precipitation rate (&Y) and by the ratio between the maximum precipitation
rate during an event and precipitation volurRg (P,,). Events with a Cy.,> 1 andP, /P > 0.5 were
defined asntensity-dominatednd all other events aslume-dominate@igure2a). Third, the wetness state of

a catchment was characterized by means of antecedent soil moistyrg. (38¢hg a threshold of maximum

with  representing the catchment-specific curvature of the nonlinear relationship between event runoff coeff
cients and soil moisture (Tarasova et2020, events were classified ¢etor Dry events (Figur@a). In total,

this classification resulted in five event classes (Fig@bje(a) snow-influenced eventSijow, (b) rain-induced
events that wereolume-dominatednd occurred under wet antecedent soil moisture condifain-{Vet-Vo),

(c) rain-induced events that occurred under wet antecedent conditions andteresity dominatedRain-Wet-

Int), (d) rain-induced events that occurred under dry antecedent conditions andhere-dominatedRain-
Dry-Vol) and (e) rain-induced events that occurred under dry antecedent conditions aintbweity dominated

WINTER ET AL.
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Figure 2. (a) Event characteristics and thresholds for the classification of events. Threshold for the wetness state of the catchments is defined by the, maximum of
which represents the catchment-specific curvature of the nonlinear relationship between event runoff coefficients and soil moisture. (b) The resulting event classe:
Modified from Tarasova et al202Q CC BY 4.0).

(Rain-Dry-Inf). To assure comparability of event classes between two data sets of different resolutions, we clas
fied events using the daily time series (1955-2018) and then assigned the respective classes to the correspor
events from the hourly time series (2013-2017).

2.4. Long-Term Trends in Event Characteristics

We used the non-parametric Mann-Kendall test (Ken@i@88 Mann,1945 to detect monotonic trends in the
continuous event characteristics and event classes with a significance level of 5%. We considered the followi
continuous event characteristics: (a) antecedent soil moisturg XSi) the ratio of meltwater volume and
precipitation volumeN,,/P,.), and (c) the ratio of maximum precipitation and precipitation voling/e,,,).

which is an indicator fointensity or volume-dominate@vents, respectively (Figuga). To reduce inter-event
variability between those characteristics, we calculated seasonal averages for each year and analyzed thes
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seasonal long-term trends. Similarly, we analyzed seasonal trends in the annual contribution and total numl
of (a) Snowevents (vsRain events), (bRain-Dry (vs. Rain-We} events, and (dntensity-dominatedvs. Vol-
ume-dominatedevents.

2.5. Nitrate Export
2.5.1. Descriptors of Nitrate Export

To characterize nitrate transport from the high-frequency data, we chose four descriptors for the event scale:
median nitrate concentratioB(.4in mg N L!), (b) average loads per eventin kg Nha! (this unit was cho-

sen for a better comparison between catchments and events of different duration), (c) inter-event CQ slopes
(d) event-specific CQ slopes. Event-specific CQ slopes were assessed by fitting the paraoratére follow-

ing power-law relationship after Godsey et a0Q9 and Musolff et al.Z015 to the data of the individual events:

1)

whereC(t) represents the time series of nitrate concentrations during a specific event in‘'m@)lrepresents

the time series of discharge in mrh janda andb represent the intercept and linear slope of the CQ relationship
in the log-log space. A parametex 0 describes a negative CQ slope, that is, decreasing concentrations with
increasing discharge and therefore a dilution pattern. A parametérdescribes a positive CQ slope, that is,
increasing concentrations with increasing discharge and therefore an accretion pattern. Both scenarios are
counted for as chemodynamic patterns (Godsey @819 Musolff et al.,2015 2017). If parameteb is close to

zero, there is no clear directional relationship. This pattern can be described as chemostatic under the assumg
that the coefficient of variation of concentrations is much smaller than that of discharge (Godse&30é8al.,
Musolff et al.,2015 2017). Similar to the event-specific CQ slope, we analyzed the CQ relationship across all
events within each catchment (i.e., the inter-event CQ slope) using the power law model from Equation
C..qandQ, ., of each event instead 6{t) andQ(t) within each specific event.

2.5.2. Statistical Analysis

All computations and statistical analyses were conducted in R (R Core 2@2Mn We used the non-parametric
Kruskal-Wallis test (Kruskal & Wallis]952) to test for differences in loads, ., Q,.qand the CQ slope between
event classes and the Pairwise Wilcoxon Test (Wilcok®45 with Holms correction for multiple comparisons
(Holm, 1979 to test for differences in-between the event classes, both at the significance level of 5%. In order
test the impact of event classes on the inter-event CQ slope, we tested the simple Gpgptni(Q,,.) regres-

sion against a linear regression model that includes event classes and their interaction®, yjhBoth mod-

els were compared via the sample-size corrected Akaike Information Criterion (AICc; Ak@t&Hurvich &

Tsai, 1989 Sugiura,1978. If accounting for event classes led to a substantial improvement (i.e., AICc decreasec
at least by 2, similar to Marinos et @020 their impact was regarded as considerable. Otherwise, the added
value from event classes compared to a simple CQ model was negligible for nitrate export estimations.

3. Results
3.1. Long-Term and High-Frequency Runoff Event Characteristics

In total, we identified and classified 5,872 events over the long-term period (on average 14.5-19.0 events |
catchment and year) and 388 events over the high-frequency time period (on average 9.6—16.2 events per ce
ment and year). Event classes generally differed more strongly between seasons than between catchments |
ure3). In both long-term and high-frequency event classes, winter (December—February) was domibated by
andRain-Wet-Volevents. Spring (March—May) showed the most even distribution of event classes and was th
season with the highest percentagRain-Wet-VobhndRain-Wet-Inevents. Summer (June—August) and autumn
(September—November) were dominatedRayn-Dry-Volevents andRain-Dry-Intevents. Differences between
catchments reflect a decreasing percentaggénofvevents and an increasing percentagRain-Dry-Voland
Rain-Dry-Intevents from west to east (WB to HD catchment; FigurAcross all seasons of the long-term event
classes, more than half of all events in the six catchments were classRaihd3ry events (from 51.2% in WB

t0 61.9% in HD). Around a fifth up to a quarter of all observed events were classiirdves/ents (from 17.7%
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Figure 3. Seasonal absolute frequency of event clagsasi$) in the six study catchments, showing (a) long-term changes between 8-year periods from 1955 until
2018 and (b) the period of high-frequency data from 2013 until 2017. Periods in panel (a) with no or very few events in HS and HD indicate missing discharge dat:

in MD to 25.0% in WB), and the proportion R&in-Wetevents ranged between 14.0% in HS and 23.9% in WB.
Rain-induced events were more frequertiumethanintensity-dominated

Runoff events had an average duration of 11.2 + 9.1 days for long-term data and 11.2 + 8.9 days during tt
period of high-frequency data, with considerable differences between event classes (Figure S10 in Support
Information S1). Intensity-dominate@vents Rain-Dry-Int and Rain-Wet-In} were shortest, lasting in average
5.5+ 4.7 days and 8.6 + 6.5 days for long-term data, respectively, follow&hhyDry-Volevents that lasted

in average, 10.0 + 8.1 dayRain-Wet-VoandSnowevents were the longest events, lasting in average 14.4 + 8.8
and 18.2 + 10.2 days.

3.1.1. Long-Term Trends and Changes in Event Characteristics

In agreement with increasing temperature due to climate change (#C8, Mann Kendall trends analysis
indicated a decrease in the number and proportidtaof-Wetevents in summer, which was significant in half

of the catchments (WB, SH, and MD; Table S1 in Supporting Inform&ipnThis decrease goes along with

a significant decrease in antecedent soil moisture in spring and/or summer in WB, RB, and MD catchmen
Moreover, the number and/or proportionSyfowevents decreased significantly in spring in WB, RB, SH, and
MD catchments (Table S1 in Supporting Informat&i). These trends go along with a significant decrease in
the proportion of meltwater volume per evedt /P, ) in winter and spring in all catchments except HS. Only
one catchment (WB) showed a significant decrease in the number and propairitensify-vs. volume-domi-
natedevents, which occurred during summer. In contrast, the RB, SH, and MD catchments showed a significa
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increase irP, /P, during summer, but no significant trend in the total number or proportionenisity-or

volume-dominatedvents (Table S1 in Supporting Informati®1).

3.2. Nitrate Export During Runoff Events

Runoff event and nitrate export characteristics differed between catchments. Event runoff decreased roughly fr
west to east, along the precipitation gradient (Tapleith highest averag®,,.in the WB catchment (1.1 mm

hr!) and lowest averag®,, in the HD catchment (0.3 mm h}. Nitrate export during runoff events varied
across catchments in line with their land use patterns (Tab&atchments with the highest percentage of agri-
cultural land use exported in average higl@st, (HS and HD with 2.5 mg N £ and 2.3 mg N L), followed

by mixed land use catchments (MD and SH with 1.6 mg*Naind 1.5 mg N E ) and lowest averagg,,., was
observed in the dominantly forested catchments RB and WB (0.6 mig&ht 0.7 mg N ).

3.2.1. Nitrate Loads

Runoff events had a prominent role for annual nitrate export. The cumulative duration of all identified event
from the high-frequency data was on average 39.6% (30.8%-48.1% depending on the catchment) of the analy
time period (2013-2017), while they accounted on average for 51.2% (44.8%—63.3%) of all nitrate loads (Te
S2 in Supporting InformatioB81). In relation to catchment area (Tall)e the HS catchment transported high-

est median nitrate loads across all event classes (5.5 kg NrA3 followed by HD (1.8 kg N h&a yr!), MD

(1.7kg N ha yrt), WB (1.6 kg N h& yr!), SH (1.4 kg N h& yr!) and lowest median loads were exported
from RB catchment (1.0 kg N Bayr?! ). Between event classes, lowest loads were transported &RaimdDry-

Int andRain-Dry-Volevents, which were responsible for around 25.6% (14.8% in MD up to 41.6% in HD) of all
event-driven loads. Highest loads were transported diRaig-Wetand Snowevents, which were responsible

for around 74.4% (58.4%—85.2%) of all event-driven loads (Figukeuskal Wallis test showed significant dif-
ferences in exported nitrate loads between the event classes in all catchments. Results of the pairwise Wilco
Test indicated that these differences are mainly driven by the differences bBR@weddry-Intor Rain-Dry-Vol
events andRain-Wet-Vobr Snowevents, whereas no significant difference betwain-Dry-VolandRain-Dry-

Int events, nor betwedRain-Wet-VohndSnowevents were detectelain-Wet-Intevents were generally too low

in their frequencyr(= 1-7) to be compared reliably (Figudg

Figure 4. Nitrate loads per area (on logarithmic scale) transported during runoff events, divided into catchments and runoff event classes.
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3.2.2. Inter-Event Concentration-Discharge Relationships

The inter-event CQ relationship is characterized by the slope betwé&;pJrgnd InQ,..y of all events within

one catchment. It shows consistently positive CQ relationships in the log-log space, indica€pg,ihateased

with Q.4 but with a different slope depending on the catchment (Figuie line with transported loads (Fig-
ure4), Rain-Dry-VolandRain-Dry-Intevents are mainly located in the lower part of the CQ relationship, repre-
senting low-magnitude events (Id@y,. with low concentrations (lowZ,,.) that occur mainly during summer
and autumn (Figur8). Rain-Wet-VolandSnowevents that occurred mainly in winter and spring (Figyrare
located on the upper part of the CQ relationship, showing the hi@hgsandC, ., (Figure5). Additionally,
someRain-Dry-Vol events are located at the upper end of the CQ relationship. These events occurred main
during autumn and often extended into the winter period with highgmandC,_ ., Rain-Wet-Inevents occurred
only occasionally and represent mainly events of a lower magnitude in winter and spring with @ggiand

Qee PlOtting in between the other event classes.

The inter-event CQ relationship could account for most of the variar@g, jmvith anR? varying between 0.51

and 0.91 (Figur®). Except for the SH catchment, adding information on event classes to the model did not im
prove its performance in terms of AICc compared to a simple CQ model. This indica®gthaas the most
powerful predictor ofC .,and no or only a small part of additional variance was explained by the event classe:
themselves. In the SH catchment, event classes clearly improved the linear regression model (AICc decreasel
13.6 units). While no clear differences betw&ain-Dry-VolandRain-Dry-Intevents nor betwedrain-Wet-Vol
andSnowevents are visible (Figure S11 in Supporting Informa8a)y the main event class differences in SH
was a higher intercept &ain-Wet-VolndSnowevents compared ®ain-Dry-IntandRain-Dry-Volevents.

Figure 5. Median discharged,,.) and nitrate concentration§ (. for each runoff event with log-scateandy-axis, separated into the six catchments (a—f). Colors
indicate the five different event classes, gray lines show the linear relationship betwizen &r(d InQ,,,. and colored lines show individual linear relationships
between InC,,..9 and InQ,,,.y for each event class, only shown when event classes clearly improved the linear regression model (differences in AlCc >2; (d)).
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3.2.3. Event-Specific Concentration-Discharge Relationships

Across all catchments, most events (72.4%) were characterized by a positive event-specific CQ slope, indicat
an increase of nitrate concentrations with increasing discharge (B)gWe found that event-specific CQ slopes

in all catchments showed a large variability between low-magnitude event®lgwwhereas CQ slopes for
high-magnitude events (high@,., collapse to a slightly positive CQ slope that is roughly between 0.1 and 0.3,
close to a chemostatic pattern (Figég. Some catchment-specific differences can be observed between CQ
slopes during low-magnitude events (Figébe. The more forested and pristine catchments dominantly showed
positive CQ slopes, whereas the agriculturally dominated catchments HS and HD tended toward close-to-zerc
negative CQ slopes.

Rain-Dry-IntandRain-Dry-Volevents cause most of the variability between event-specific CQ slopes @jigure
These two event classes are distinguished by the temporal distribution of the inducing rainfall, beimgegither
sity- or volume-dominatedro assess whether the difference in the temporal distribution of rainfall explains any
additional variability in event-specific CQ slopes of low-magnitude events, we compared both classes using t
Kruskal-Wallis test (Kruskal & Wallis1952. We found significantly higher event-specific CQ slopesRfain-
Dry-Int events compared ®ain-Dry-Volevents in half of the catchments (FigidraVB, SH, and MD), all of

them showing >60% forest cover (Tall)le Median event-specific CQ slopes Rain-Dry-Volevents were 0.18,

0.32, and 0.05 in WB, SH, and MD, respectively, and 0.39, 0.51, and OR&ifeDry-Intevents. In contrast, no

Figure 6. Event-specific CQ slopes (slope of nitrate concentrations and discharge in the log-log space) against the specific mediaQgigobbegelf event

shown for all catchments in one plot (a) and with logarithmagis and separated by catchments to visualize differences in events w@h Joetween catchments

(b). Colors of dots indicate the five event classes, dot sizes indicate the event load. Gray-shaded areas indicate event-specific CQ slopes close to zero (between |
0.1).
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Figure 7. Event-specific CQ slopes (slope between nitrate concentrations and discharge in the log-log space) for all six study catchments and the two event classe
Rain-Dry-Int and Rain-Dry-Vol, representing rain-induced runoff events that occurred under dry antecedent soil moisture conditions with either intensity- or volume
dominated rainfall. Orange asterisks in the header indicate significari.Q5) differences between the event classes for a particular catchment. Gray-shaded areas
indicate event-specific CQ slopes close to zero (between 0.1 and 0.1).

significant difference irC, . andQ, ., betweerRain-Dry-IntandRain-Dry-Volevents could be detected (Figure
S12 in Supporting Informatio81), except for the SH catchment, whé&e,,andQ, ., were significantly higher
duringRain-Dry-Volevents.

4. Discussion
4.1. Impact of Runoff Event Characteristics on Nitrate Export

The aim of this study was to thoroughly assess how much of the inter-event variability in nitrate export patter:
can be explained by event characteristics and runoff formation classes across a range of hydro-meteorolog
conditions and different types of catchments. We argue that the extensive data set used in combination with a ¢
tematic runoff event classification and a nitrate export characterization using CQ relationships leads to a broa
transferability of the identified, dominant drivers of event-scale nitrate export patterns beyond the catchmen
analyzed in this study.

Our results show that the average level of exported nitrate concentrations and loads during an event are catchr
specific, depending on the land use and related N input. Higher export was observed in catchments with mq
agricultural land use, which have a higher N input through fertilizer application, whereas lower export was foun
in the more forested catchments, were N input, stemming from atmospheric deposition and biological fixatiol
is typically lower (Ebeling et al2021). However, we could also show very similar patterns in event-scale ni-
trate export across all catchments that were strongly dependent on the event magnitude (in regard to runoff)
season (Figur8). Low-magnitude events during summer and autumn exported lowest concentrations and loac
and high-magnitude events in winter and spring exported highest nitrate concentrations and load8gFigure
The variability of event-specific CQ slopes decreased with increasing event magnitude, indicating an increasi
homogenization of the dominant drivers for nutrient export for increasing event magnitudes&Bjgure

In the following, we discuss the impact of runoff event characteristics on nitrate export during those differer
conditions in more detail. Furthermore, we discuss the transferability of results to other areas and how well t
analyzed runoff event characteristics from the high-frequency period (2013-2017) represent the long-term run
event characteristics. Moreover, we discuss the observed trends in long-term runoff event characteristics and tl
implications for future nitrate export.

4.1.1. Low-Magnitude Events

Low-magnitude and often relatively short rain-induced events occurred mainly during summer and autumn ai
coincided with dry antecedent soil moisture conditions, classifieasDry-Intor Rain-Dry-Vol These events
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Figure 8. Framework of the relationship between runoff event classification and nitrate export characteristics. (a) The inter-event CQ relationship with median
event-scale nitrate concentrations and discha&gg, andQ,..). Gray lines show the inter-event CQ slope for the individual catchments in this study. Catchments

with higher N input (i.e., more agricultural land use) show a higher intercept than catchments with lower N input (i.e., more forest). (b) The event-specific CQ slope
for all catchments and their decreasing variability with higher event magn@jdg. Event-specific CQ slopes for low-magnitude events tended to be more positive

for catchments with low N input and more negative for catchments with high N input. (c) Concept of potential underlying mechanisms in regard to catchment wetne
enhancing hydrological connectivity and biogeochemically controlled nitrate source availability in catchments of overall low vs. high N input (i.e., forest vs. agricultt

land use).

exported lowest nitrate concentrations and loads and showed highly variable event-specific CQ slopes. We ¢
explain these relatively low nitrate loadings by a decreased hydrological connectivity (i.e., a low fraction o
activated flow paths) with lower antecedent soil moisture and by a lower nitrate availability due to higher bio
geochemical removal and biological uptake in summer and autumn, compared to winter and spring. As a res
from decreased hydrological connectivity, only nitrate sources in close proximity to the stream network and fro
sources connected via deeper groundwater flow paths are connected to the stream network (Mugilif%t al.,
Stieglitz et al.,2003 J. Yang, Heidbuchel, et ak018. These flow paths during the dry period are generally
characterized by longer transit times and thus enable more nitrate uptake and removal via denitrification (Ebeli
et al.,202% Ehrhardt et al.2019 Kumar et al. 2020 Nguyen et al.2021). As a result from increased biological
activity with higher temperatures, nitrate uptake and removal increases, especially in streams and in the ripar
zones (Baird et al1995 Lutz et al.,2020 Rode, Angelstein et al2016, which can lead to reduced nitrate
availability compared to colder seasons. While certainly both nitrate availability and hydrological connectivity
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play a role for event-scale nitrate export, it is beyond the scope of this study to fully disentangle their individus
contributions.

Seasonal differences in discharge and concentrations shaped the inter-event CQ relationship that was posi|
across catchments, reflecting higher concentrations during high flow in winter and spring and lower concentr
tions during low-flow conditions in summer and autumn. At the event level, CQ slopes can reveal complementa
information on the underlying processes of nitrate mobilization and transport within seasons (God284 8t al.,
Musolff et al.,2021, Winter et al. 2021). We found large variability in event-specific CQ slopes during low-mag-
nitude events, which we explain by an increased relevance of different environmental factors such as (a) cat
ment characteristics and the spatial distribution and connectivity of N sources within a catchment, (b) riparic
and in-stream biogeochemical processes and (c) the spatial and temporal distribution of the inducing precipitat
event. In regard to catchment characteristics, we could show that the more forest-dominated catchments (\/
RB, SH, MD, Figurel) showed mainly positive event-specific CQ slopes during low-magnitude events, whereas
the more agriculturally dominated catchments (HS and HD) tended towards negative event-specific CQ slop
(Figure6b). The dilution patterns in the agricultural catchments can be explained by relatively high base-flow
concentrations (reflecting high N input from fertilization) and the spatial distribution of N sources within these
catchments. For example, Musolff et 2021) argued that due to large buffer strips (100 m) in the HS catchment,
there are no or only few nitrate sources in the riparian zones. Hence, events of low magnitude that activate o
proximate flow paths from this area could cause the observed dilution pattern. In the HD catchment, Wint
et al. 2021 found that a disproportionally large part of event runoff is generated in the upstream area that |
mainly covered by forests and thus exports lower nitrate concentrations. Runoff from this area can thus dilu
higher concentrations in base flow, which are largely generated by groundwater from the downstream agrict
tural areas. Hence, the preferential mobilization from certain areas of lower N availability, here riparian zones
upstream areas, can cause a dilution pattern in catchments with an overall high N input. In contrast, the domin
accretion pattern in the more forested catchments might be explained by a flushing of proximate shallow nitre
sources, likely from the upper soil layers of the riparian zones as also suggested by Musoffo2f)abi( the

WB catchment and a sub-catchment of RB. In regard to in-stream and near-stream processing, several stu
argued that biogeochemical processes such as nitrate uptake and denitrification in-stream or in the riparian zo
have a stronger relative impact on nitrate export during low-magnitude events (e.g., Marin@92@dpatar

et al.,2017. Hence, variability in these processes through, for example, varying instream temperature (Rod
Angelstein, et al.2016 or in the riparian zone partly due to stream water infiltration (Lutz é2G2Q Nogueira

et al.,2021) might be responsible for the observed higher variability between event-specific CQ slopes. Thi
is supported by a study from Heathwaite and Bier@821), who found that nutrient export dynamics during
low-magnitude events can be considerably influenced by diurnal cycling.

By separating runoff event classes iimtensity-andvolume-dominategrecipitation, we could show that the
impact of the temporal distribution of precipitation can explain another part of the variability in mobilization
patterns during low-magnitude eventgtensity-dominateévents Rain-Dry-In) showed higher event-specific

CQ slopes compared t@lume-dominate@vents Rain-Dry-Vo) in half of the catchments. Those catchments
comprise forested or mixed land use and showed overall positive event-specific CQ slopesRairbbity-Int
andRain-Dry-Volevents (Figure& and7). Both event classes are rain-induced with dry antecedent conditions.
During Rain-Dry-Intevents however, runoff is generated by a shorter and rather intense rainfall, whereas durir
Rain-Dry-Volevents, the duration of rainfall is typically longer with a lower ratio of the maximum precipitation
rate compared to the total precipitation volume (Tarasova 8020Q. As argued further above, nitrate mobilized
during low-magnitude events in those forested catchments may mainly stem from shallow and proximate N sou
es (Musolff et al.2027). One possible explanation for the difference in event-specific CQ slopes might be that
relatively short but intensive runoff events preferentially activate proximate and shallow flow paths and mobiliz
those shallow N sources. This mobilization then causes an increase in nitrate concentrations that is reflec
by the positive event-specific CQ slope. Longelume-dominate@vents might create a higher, yet delayed
hydrological connectivity with more distant sources than those near-stream N source zones, which is reflect
in a decreasing event-specific CQ slope. As such, CQ slopes #ahimge-dominatedvents approximate more
chemostatic patterns and show a higher similarity with higher-magnitude runoff events under wet antecede
conditions (see Sectighl.2.
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4.1.2. High-Magnitude Runoff Events

In contrast to low-magnitude events in summer and autumn, runoff events in winter and spring were mai
ly snow-influenced $now or rain-induced (<5% snowmelt) and generatediddyme-dominategrecipitation

under wet antecedent conditiof®afn-Wet-Val Figures2 and3). These two event classes were found to be the
largest runoff events in regard to median discha@gJ and caused the highest nitrate concentrations and
loads (Figuregl and5). Approximately three quarters of all event-driven loads were exported dammgand
Rain-Wet-Volevents, which is in agreement with other studies that reported exceptionally high nitrate expor
during large rain-on-snow events (Crossman eR8tl§ Koenig et al. 2017 Sebestyen et al2009 Seybold

et al.,2019. These results underline the important rolSwedwandRain-Wet-Vokvent classes for nitrate export

and show that missing information on the winter period, which is often the case (e.g., Bla&20&FaCarey

et al.,2014 Knapp et al.2020 Wollheim et al. 2017, can lead to a lack of information about the most relevant
events for the export of nitrate loads.

In temperate climates, rain-on-snow events often form the largest runoff events of the year due to the cumulat
effect of rainfall and additional input from snowmelt (Casson e2@l4 Pellerin et al.2019. Nevertheless, we
identified Rain-Wet-Volevents (not influenced by snowmelt) that caused comparable or even@jigherspe-

cially in the Selke catchment (Figured—51). Those events transported comparably high nitrate loads (Hgure

fell on the same or a very similar inter-event CQ slope (Fifuend showed similar event-specific CQ slopes
(Figure6) as theSnowevents. This indicates that both event classeswandRain-Wet-Valactivate the same or

very similar N sources within a catchment, despite their differences in the meltwater fraction.

Similar to Stieglitz et al.Z003, we argue that high-magnitude events during winter and spring can activate all
relevant nitrate sources within a catchment, including distant sources (Bowea®tland shallow and young-

er N sources (Fovet et a018 Musolff et al.,2017 2015 J. Yang, Heidbiichel, et ak018. During winter

and spring, discharge and antecedent soil moisture are generally higher, which leads to more active flow pa
compared to summer and autumn (Stieglitz et28103 J. Yang, Heidblichel, et aRp18. At the same time,
lower temperatures cause a reduced N demand of ecosystems that can result in a higher nitrate source availal
(Baird et al.,1995 Rode, Angelstein, et aR016. Together, the flow path activation in a highly saturated catch-
ment and a relatively high nitrate availability can explain the high nitrate concentrations and loads observed in t
studied catchments (Figurésnd5). Moreover, they can explain the low variability in event specific-CQ slopes
(Figure6), because if all flow paths are activated and sufficient nitrate sources are available, no changes in nitre
mobilization through bypassing, activation of additional N sources or source depletion can occur.

Remarkably, the event-specific CQ slopes during high-magnitude events did not show any signs of dilution (Fi
ure6). Other studies have reported such dilution pattern during precipitation events across the whole year incl
ing high-magnitude events, which might indicate source depletion (Kincaid202(0 ,Vaughan et al2017) or

high base flow concentrations from deeper groundwater that are diluted by water with lower concentration fro
newly activated zones (Fovet et &018 Rose et al.2018. Here, we consistently reported slightly positive CQ
slopes (roughly 0.1-0.3) that reflect a milder increase of concentrations compared to that of discharge, indic
ing increasingly chemostatic export patterns with increasing event runoff. This is further supported by the fa
that the event-specific coefficient of variation of concentrations is much smaller than that of discharge (Musol
et al.,2015 with a median ratio of 0.28 for high-magnitude eve@@g.{> 1 mm hr!). These patterns provide
strong evidence for a transport rather than a source limitation of nitrate in all six catchments (Ba201€},al.,
even in the forest dominated catchments, which is alarming in terms of water quality. In the agricultural catcl
ments (HS and HD), fertilization is likely the main nitrate source. In the mixed land use catchments (SH and ML
and the more forested catchments (WB and RB) smaller patches of agriculture and the overall high atmosphe
N deposition in the Harz Mountains (Kuhr et 2014 Winter et al. 202]) are likely to be the dominant nitrate
sources. In addition, long transit times and chemostatic export patterns in the agricultural lowland catchment F
indicate substantial N legacies belowground, which might keep nitrate concentrations at a high level indeper
ent from the event size (Winter et &021). On the contrary, shorter transit times in the upper Harz Mountain
catchments likely prevent such accumulation of long-term legacies (Ehrhardt2€t18l.Nguyen et al.2021,

Winter et al., 2021 J. Yang, Heidblichel, et a018. Still, our results suggest that even without such long-term
legacies, younger nitrate sources that get connected to the stream network during high-magnitude events [
vide sufficient supply to maintain chemostatic export patterns. Additionally, Ohte 208) @nd Sebestyen

et al. 009 showed that atmospheric N stored in the snowpack can considerably contribute to nitrate expo
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during snow-influenced events in a forested catchment. However, the strikingly similar nitrate export patterr
during SnowandRain-Wet-Volevents with comparable event size hint at similar nitrate sources for both event
classes and thus not at the melting snowpack as a key source.

4.2. Long-Term Trends of Event Characteristics and Their Implications for Nutrient Export Patterns

We analyzed nitrate export patterns for a 5-yr period of high-frequency nitrate concentration data (2013-201"
which is not sufficient to estimate any long-term trends. However, in this study, we bring together a short-ter
high-frequency analysis with long-term runoff event characterization and classification from daily data, whicl
allowed us to detect long-term trends in runoff event characteristics and to discuss their possible impact on nitr
export patterns.

We found a decrease of soil moisture in summer, which aligned along a decrease of wet compared to dry eve
This is in agreement with increasing summer temperatures over Europe (Briffa2608l.|PCC, 2013 and

other studies that report a decreasing contribution of summer precipitation (2248dand an increased risk

for summer droughts in large parts of Europe (Hari e@RQ Pal et al.,2004. Here, we found that runoff
events generated during dry catchment conditions are associated with a lower event magnitude (i.e., lower ev
runoff) proportionally lower nitrate concentrations and loads and a higher variability in event-specific CQ slopes
compared to wet conditions. Therefore, possibly drier antecedent conditions resulting from increasing futul
temperatures (IPCQ018 Pal et al.,2004 might lead to a decrease in nitrate export in summer periods but
also to a higher variability in concentrations, due to more variable and partly higher event-specific CQ slope
However, also nitrate availability is likely to be affected by changing climatic conditions with nitrate uptake anc
removal rates, but also mineralization, either increasing with increasing temperatures or decreasing becaust
soils drying out (Hartmann et a013 Mosley,2015. N that is not exported nor taken up during dry seasons is
accumulated in the catchment and can be mineralized and flushed with rewetting in autumn 2@b3|dyirst

runoff events after especially dry summer periods were often reported to cause disproportionally high nitrate €
port peaks, which can cause severe water quality deteriorations and further increase the inter-annual variability
nitrate concentrations (Jarvie et 28003 Morecroft et al. 2000 Mosley,2015 Oborne et al.1980. In summary,

we see evidence for an increased variability of nitrate concentrations and export dynamics with increasingly d
conditions in summer and autumn.

In addition to the increasingly dry summer conditions, we found a decrease in the contribution and number
snow-influenced eventsStow as well as a decrease in the proportion of meltwater during winter and spring.
These events exported highest nitrate loads; hence from the perspective of hydrological transport, a decreas
high nitrate export peaks could be expected, which was also reported by Sebesty2d(9 &br@ mountainous
forested catchment. However, winter precipitation is predicted to substantially increase in most of Europe (Ste
et al.,2010. The resulting larger rain-induced events could potentially counterbalance the decreased number
Snowevents and trigger similarly high event runoff and nitrate export, as observed in the SH, MD, and HD catcl
ments (Figure$d-51%). As such, the timing of nitrate export peaks would not be restricted to the melting period
but to the entire high flow season in winter and early spring, given sufficient nitrate supply. Additionally, severa
studies predict that an earlier start of snowmelt due to increasing temperatures causes a time shift of discharge
nitrate export peaks towards earlier in the year (C24Q IPCC,2014 Sebestyen et aR009. In summary, we

do not see clear evidence for a change in nitrate loading during high-magnitude winter and spring events but
do see evidence for a change in the timing of nitrate export peaks.

4.3. How Representative Are the Obtained Results for These and Other Catchments?

The classification of runoff events from long-term time series in this study allowed for a consistent characteriz:
tion of typical hydro-meteorological and catchment-state conditions, their seasonality, and temporal changes (i.
trends) in their configuration beyond the limited time period of available high-frequency nitrate measurement
To our knowledge, this placement of short-term nitrate export dynamics into a larger context of long-term runo
event characteristics has never been conducted before. Runoff event classes from the shorter and more re
high-frequency period (with available nitrate concentration data) deviated from the long-term average runo
event classes mainly in their proportiorRain-Dryevents (which mainly increased in summer) and in their pro-

portion of snow-influenced events (which mainly decreased in spring). These deviations can help us underste
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possible trajectories of runoff event characteristics and their impact on nitrate export in the future. Additionally
these long-term runoff event characteristics allow us to embed the observed catchments into a larger grour
catchments with very similar runoff event characteristics, classified by Tarasova2&2§). The six studied
catchments match well with the clusters that characterize runoff events in the Central Uplands of Germal
(including the Harz Mountains where this study is located) and in the Alpine Foreland (Tarasov20gtal.,
Over a time period from 1979 to 2002, the majority of runoff events in these clusterRaueBry events,

while approximately 15%-25% were snow-influenced ev&new and the number of events characterized by
volume-dominatedainfall prevailed oveintensity-dominatedainfall (Tarasova et al2020. This is well in line

with our results that include more recent years (until 2018) and show Ra@84Dry events, 18%—25%now
events, and more events characterizeddbyme-dominatedainfall thanintensity-dominatedainfall. Based on

this, we argue that our observed runoff event classes are representative for many upland areas and forelanc
higher mountain ranges in a temperate climate.

To get a representative picture of nitrate export during those runoff events, one needs to consider that exg
also depends on additional factors, such as the amount and distribution of N sources within a catchment, wh
are strongly driven by land use patterns (Dupas e2@19 Musolff et al.,2017) as well as biogeochemical
processing. By analyzing the impact of these representative runoff event characteristics on nitrate export acr
different hydro-climatic conditions and in six catchments that span a significant range of different land use type
and other characteristics (Taldlg we are confident that the presented results are generally transferable to othe
upland areas and mountain forelands in a temperate climate. However, the analysis of long-term runoff ewve
characteristics in combination with concentration data of five years only, does not allow inference on long-ter
trajectories of nitrate transport. We cannot easily assume a biogeochemical stationarity at decadal or longer ti
scales. However, there is evidence of this stationarity in catchments with high N loadings and thus ubiquitol
and strong N sources that reflect in chemostatic export patterns (Bas2@1@l.,;This may be the case in our
catchments but may not be transferable to catchments with limited N availability or a different N input history.

Nonetheless, by including an extended set of hydro-meteorological variables that goes beyond the limited
of event characteristics used in previous studies, we could disentangle a large part of the variability in nitra
export patterns and create results that are better transferable to other catchments and time periods, assuminc
catchment functioning for nitrate cycling and retention remains similar. A hydrological classification can thus
be seen as one prerequisite for creating transferrable results to better compare the partly contradicting res
between different studies (e.g., Knapp et2020 Koenig et al. 2017 Rose et al.2018 Vaughan et al.2017,

Winter et al.,2021) and to create a more coherent picture of the hydrological processes that shape nitrate exp
dynamics.

5. Conclusions

In this study, we conducted a rigorous assessment of the impact of runoff event characteristics and their clas
on high-frequency nitrate export across multiple years, hydro-climatic conditions, and across six contrastir
mesoscale catchments. We used long-term runoff event characteristics to embed the relationship between e
runoff and nitrate export into a larger hydrological description of events and catchments. This new framewol
allowed us to identify potential long-term trends in nitrate export and their implications under a changing climate
We found that nitrate export differed substantially between runoff events with different characteristics, and stror
drivers being event magnitude and a pronounced seasonality. With our findings, we argue that the variability a
timing of nitrate export is likely to change with a changing frequency of event types that is driven by future globe
warming that is, projected changes in temperatures and other hydro-meteorological conditions.

Lowest nitrate concentrations and loads were transported during low-magnitude rain-induced events with d
antecedent soil moistur®&in-Dry-IntandRain-Dry-Vo), which occurred mainly during summer and autumn.
These lower nitrate loadings, compared to high-flow seasons, can be explained by a small fraction of acti
flow paths, longer transit times, and a lower nitrate availability through higher uptake and denitrification rate
during the vegetation period. Additionally, we found an increasing variability of event-specific CQ slopes with
decreasing event size. We explain this high variability by an increased relevance of different environmental fa
tors for nitrate export dynamics, such as the spatial distribution of nitrate sources and their connectivity to tt
streams, as well as the spatial and temporal distribution of precipitationqfiuene-or intensity-dominatedand
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biogeochemical processes in-stream and in the riparian zone. Consequently, more frequent dry spells will like
lead to more variable and less predictable water quality in rivers and streams.

In contrast, highest nitrate concentrations and loads were exported during high-magnitude snowmelt-induc
(Snow or volume-dominatedain-induced events under wet antecedent conditiBam{Wet-Vdl, which oc-
curred mainly during winter and spring. Nitrate mobilization, represented by event-specific CQ slopes, wa
surprisingly homogeneous among high-magnitude events across all catchments and land-use types, showir
relatively small increase of nitrate concentrations compared to discharge (approximately chemostatic condition
We explain this by the activation of all relevant flow paths within a catchment that facilitate the land-to-strean
connection of all relevant N sources and by higher, not limiting, nitrate availability during the dormant season:
As classes for high-magnitude events, thaSismywandRain-Wet-Val showed a very similar nitrate export be-
havior, we suggest that not the meltwater fraction, but instead other common characteristics such as event s
catchment saturation, and nitrate availability are the main drivers of nitrate export during high-magnitude runo
events. No dilution patterns (negative event-specific CQ slope) were observed for those events; hence, even
est-dominated catchments showed no sign of N source depletion, which could be a warning sign for future wa
quality trends. Increasing temperatures might cause a change in the timing of large nitrate export peaks witl
the high flow season, but we could not find evidence for a change in the amount of nitrate export in regard
hydrological transport, because declining snowfall (and consequently snow-influenced events) could potential
be compensated for by increasing winter rainfall.

Runoff event characteristics in this study are generic and hence comparable between catchments. Therefore
argue that they are also representative for other upland or foreland areas in temperate climates. Covering a re
of different catchment characteristics, for example, dominantly forested vs. mainly agricultural land cover, a
lowed us to analyze various catchment configurations and the respective event-driven nitrate export patterns :
thus to represent a range of possible generic relationships between runoff event types and nitrate export. The
tential of a hydrological event classification to create transferable results should be further exploited by analyzil
event-driven nitrate export across even wider ranges of catchment characteristics and climatic conditions and
applying this approach to event-driven export of other solutes and particulates. Establishing robust relationshi
between runoff event characteristics and water quality dynamics, and relating them to long-term trends in runc
event characteristics, as introduced here, would be an informative tool for understanding possible directions
future changes in water quality.
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Supplementary figures and tables are available as Supplementary Information. The raw discharge data car
freely obtained from the State Office of Flood Protection and Water Quality of Saxony-Anhalt (LHW) under
https://gld-sa.dhi-wasy.de/GLD-Portallhe raw meteorological data sets can be freely obtained from Germanys
National Meteorological Service (Deutscher Wetterddienst, DWD) uinities://opendata.dwd.de/climate_en-
vironment/CDC/grids_germany/daily/regnighily precipitation) antittps://opendata.dwd.de/climate_environ-
ment/CDC/grids_germany/hourly/radolan/reproc/2017_@Badlrly precipitation). Gridded products based on
Zink et al. 017 are available frorhttps://www.ufz.de/index.php?en=411@Raw nitrate concentration data are
archived in the TERENO database and are available upon request through the TEREN@aRartai€no.net/

ddp). All runoff event characteristics from the long-term and from the high-frequency data are available unde
http://www.hydroshare.org/resource/8409b4a5d40541b684d4bdafcOb16b43
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Introduction

This supporting information provides figures that show all daily long-term data thas used
to identify and classify runoff events (Figures S1 to S6) and a detailed description of the
procedure of high-frequency data correction and quality checks (Text S1 and Figurés S9).
Furthermore, it provides information on the duration of runoff events per event classyféag
S10; information on the methodology to estimate annual nitrate loads (Text S2); an effect
plot for the linear regression model including event classes for the SH catchment (Figdg
a figure showing the differences in event-specific nitrate concentrations and discharge
between event classes under dry antecedent conditions (Figure S12) and a taith «values
and significance levels for monotonic long-term trends in runoff event charactecst{Table
S1).
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Warme Bode (WB)

Figure S1 Daily long-term data from the WB catchment, used to identify, characterize and
classify runoff events. a) Average daily temperature (Temp), b) precipitation (PP), c) snow
water equivalent (SWE), d) soil moisture (SM) and e) specific discharge (Q). Temp, PP and Q
were provided by public sources (see data availability statement in the maincée}i whereas

SM and SWE were simulated using the hydrological Mesoscale Model (mHM; Kumar et al.,
2013; Samaniego et al., 2010; Zink et al., 2017)
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Rappbode (RB)

Figure S2 Daily long-term data from the RB catchment, used to identify, characterize and
classify runoff events. a) Average daily temperature (Temp), b) precipitation (PP), c) snow
water equivalent (SWE), d) soil moisture (SM) and e) specific discharge (Q). Temp, PP and Q
were provided by public sources (see data availability statement in the maincée}i whereas

SM and SWE were simulated using the hydrological Mesoscale Model (mHM).
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Hassel HS

Figure S3 Daily long-term data from the HS catchment, used to identify, characterize and
classify runoff events. a) Average daily temperature (Temp), b) precipitation (PP), ¢) show
water equivalent (SWE), d) soil moisture (SM) and e) specific discharge (Q). Temp, PP and Q
were provided by public sources (see data availability statement in the maincée}i whereas

SM and SWE were simulated using the hydrological Mesoscale Model (mHM).
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Silberhiitte (SH)

Figure S4 Daily long-term data from the SH catchment, used to identify, characterize and
classify runoff events. a) Average daily temperature (Temp), b) precipitation (PP), c) snow
water equivalent (SWE), d) soil moisture (SM) and e) specific discharge (Q). Temp, PP and Q
were provided by public sources (see data availability statement in the maincée}i whereas

SM and SWE were simulated using the hydrological Mesoscale Model (mHM).
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Meisdorf (MD)

Figure Sh Daily long-term data from the MD catchment, used to identify, characterize and
classify runoff events. a) Average daily temperature (Temp), b) precipitation (PP), c) snow
water equivalent (SWE), d) soil moisture (SM) and e) specific discharge (Q). Temp, PP and Q
were provided by public sources (see data availability statement in the maincée}i whereas

SM and SWE were simulated using the hydrological Mesoscale Model (mHM).
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Hausneindorf (HD)

Figure S6 Daily long-term data from the HD catchment, used to identify, characterize and
classify runoff events. a) Average daily temperature (Temp), b) precipitation (PP), c) snow
water equivalent (SWE), d) soil moisture (SM) and e) specific discharge (Q). Temp, PP and Q
were provided by public sources (see data availability statement in the maincée}i whereas

SM and SWE were simulated using the hydrological Mesoscale Model (mHM).
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Text S1.

High-frequency data correction and quality control

Continuous high-frequency nitrate concentration data were measured at 15 min intervals

using TriOS ProPS-UV sensors. Data for the three Selke sub-catchments (SH, MD, HD) were
previously published by Rode et al. (2016), Yang et al. (20i8})er et al. (2021) and Musolff

et al. (2021). A detailed description of the data preparation procedure can be found in Bbde

al. 2016) sensor performance was high with an R? between 0.80 and 0.91 for the regression of
grab samples and sensor-derived concentrations (Fig&8.

Figure S7 Nitrate concentration data, measured at a temporal resolution of 15 min for the
three Selke sub-catchments Silberhiitte, Meisdorf and Hausneindorf, depicted as las.
Grab samples, analyzed in the laboratory are depicted as orange dots. The coefficient of
determination (R2) given for each sub-catchment represents the agreement betweeh-hig
frequency data and grab samples.

Data for the Warme Bode (WB) catchment were previously published by Kong et al.
(2019) and Musolff et al. (2021). Sensor data for the catchments WB, RB and HS was prepared
in 6 steps for this study:

1) NO-N concentration were restricted to a realistic range ofAZ100 mgy/L.

2) Outliers were detected and removed applying the Grubbs test (Grubbs, 1950) to a
moving window of 100 values, using log-transformed concentration data.

3) A manual correction was applied to remove visual sensor failure, for example before
and after sensor maintenance or to remove constant values over several days.

4) A moving average was applied over a 5-hour window to smooth the data.

5) Gap filling was applied for gaps < 2 hours using cubic spline interpolatianifar to
Vaughan et al., 2017).



6) The resulting data was calibrated against lab measured grab samples using the
average sensor values one hour before and after grab sampling.

After this procedure, sensor performance was high with a R? between 0.85 and 0.90 for
corrected sensor data vs. grab samples (Fig&®.

Figure S8 Original and corrected nitrate concentration data, measured at a temporal
resolution of 15 min for the three catchments HS, RB and WB, depicted as grelirdse
respectively. Grab samples analyzed in the laboratory are depicted as orange dots. The
coefficient of determination (R?) given for each catchment represents the agreement betw

high-frequency data and grab samples.
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Figure SQ Specific discharge data [mm/h] for the HS catchment, measured between 2013 and
2014 at the same point as nitrate concentration (delineating a catchment area of 42.Q kmz
UFZ in S9a) and discharge data measured by the LHW at an upstream gaugingnsteio
delineates a catchment area of 28.8 km? and that is available over a longer figred. a)

Both discharge times series over the common period of time 202®14). b) Fit of both area-
specific discharge data sets, with the red line depicting the 1:1 line repreing a perfect fit.

Figure S1Q Duration of runoff events in days for all catchments over the long-term time
period (1955 - 2018), divided by event classes. Transparent dots show the duration of single
events and the colors indicate the event classes. Red dots indicate the averagd dueation

for each event class.



Text S2.

Annual load estimations

Discharge data (Q) over the period of available nitrate concentration data (C) between 2013
and 2017 does not have any gaps and could thus be used for load calculations without further
gap filling. In contrast, nitrate concentration data contained data gaps from sensor
maintenance and outlier correction, etc. (see text S1). Therefore, for annual loéichations

(not event driven loads), we filled all data gaps in C using the lineareggjon between In(Q)

and In(C), restricted to positive C values below the 98th percentile of measured C Wéth

this approach, total loads for the period from 2013 to 2017 were: 297.14 t for WB catchment
77.02 t for RB, 274.09 t for HS, 312.02 t for SH, 463.61 t for MD and 685.45 t for HDntatchme

Figure S11 Effect plot for the SH catchment for the linear regression model that includes
event classes. Only four out of five event classes are included in the model, becaugemal
Rain-Wet-Inevent was classified for this catchment and this event class was theeefor
excluded. The effect plot shows that uncertainty bands fainDryevents largely overlap,

same as uncertainty bands f@nowandRain-Wet-Vatvents. For this catchment, the modle
clearly improved with the addition of event classes (in terms of AlCc), which can be explained
by the difference betweeiRainDry events andRain-Wet-Vahnd Snowevents.
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Figure S12 Differences in event characteristics for the Rain-Dry event clasBasnDry-Int

and RainDry-Vo), divided into the six studied catchments (WB, RB, HS, SH, MD, HD). Panel a)
shows nitrate concentrations at the start of a runoff eventf(oanel b) shows median nitrate
concentrations (Geq) and panel ¢) shows median discharge+{g) for each event. No

significant differences (p-value < 0.05) could be detected by means of the Krildlis rank

sum test(Kruskal & Wallis, 1952)xcept for the SH catchment (indicated by the orange stars),
where all variables (£ Gnes and Q.eq) Were significantly higher for the Rain-Dry-Vol events.
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Table S1.Tau values §) for monotonic long-term trends in runoff event characteristics and
the proportion and total number of event classes, calculated via the Mann-Kendall trend test
(Kendall, 1998; Mann, 1945)

Proportion of meltwater volume (Mo/Pvor)

Catchment WB RB HS SH MD HD
Winter -0.10 -0.13 * -0.08 -0.19 * -0.23 * -0.25 *
Spring -0.25 * -0.20 * -0.12 -0.17 -0.23 * -0.27 *
Summer - - - - - -
Autumn -0.04 0.06 -0.16 0.06 -0.06 -0.09
Proportion Snow Rainevents
Winter -0.03 -0.18 -0.15 -0.16 -0.20 * -0.07
Spring 0.5 * -0.23 * -0.16 -0.14 -0.18 * -0.10
Summer
Autumn -0.02 0.05 -0.20 -0.03 -0.11 -0.26
Number ofSnowevents
Winter 0.07 0.04 0.07 -0.01 -0.10 -0.08
Spring -0.26 * -0.22 * -0.19 -0.21 * -0.24 * -0.14
Summer
Autumn 0.00 0.05 -0.16 -0.03 -0.09 -0.26
Antecedent soil moisture (Sh)
Winter 0.05 0.08 -0.02 -0.09 -0.07 0.20
Spring -0.19 * -0.03 0.09 -0.13 -0.18 * -0.08
Summer -0.23 * -0.18 * -0.03 -0.14 -0.13 -0.06
Autumn -0.12 -0.09 0.05 -0.04 0.00 0.15
Proportion Rain-Wet/Rain-Dry events
Winter 0.15 0.04 0.05 -0.03 -0.06 0.13
Sping -0.10 -0.04 0.05 -0.13 -0.19 -0.16
Summer -0.29 * -0.04 -0.03 -0.22 * -0.23 * -0.16
Autumn -0.12 0.13 0.11 -0.05 0.03 0.23
Number of Rain-Wet events
Winter 0.04 0.08 0.07 -0.01 0.00 0.26
Spring 0.07 0.15 0.01 -0.06 -0.06 -0.19
Summer -0.31 * -0.03 -0.03 -0.26 * -0.24 * -0.15
Autumn -0.12 0.14 0.11 -0.05 0.04 0.23
Pmax/onI
Winter 0.10 0.14 0.15 0.15 0.19 * 0.07
Spring 0.12 0.27 * 0.00 0.00 0.00 0.00
Summer -0.05 022 * 0.14 0.20 * 0.18 * -0.02
Autumn -0.01 -0.12 0.03 -0.03 -0.11 0.10
Proportion Intensity-dominated/Volume-dominated
Winter -0.05 0.11 0.21 0.07 0.14 0.05
Spring -0.10 0.08 0.10 -0.01 -0.04 0.07
Summer -0.22 * 0.14 0.05 -0.07 0.06 -0.12
Autumn 0.07 -0.11 -0.06 -0.03 -0.07 0.04
Number of Intensity-dominated events
Winter -0.42 0.11 0.25 0.08 0.14 0.06
Spring 0.00 0.15 0.12 -0.03 0.01 0.01
Summer -0.21 * 0.15 0.00 -0.11 0.01 -0.12
Autumn 0.08 -0.44 0.09 -0.02 -0.01 0.09

Note. Positive or negative-values indicate a positive or negative trend, respectively. Values
printed in bold with an asterisks indicate a significant trend (p-value < 0.05), atiogyto the
Mann-Kendall tend test.
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Table S2 Runoff event characteristics for all 5872 events from daily long-term data (1855
2018) are available under
http://www.hydroshare.org/resource/8409b4a5d40541b684d4bdafcOb16b43.

Table S3 Runoff event characteristics for al88 events from hourly data including nitrate
concentration data (201322017) are available under
http://www.hydroshare.org/resource/8409b4a5d40541b684d4bdafcOb16b43.
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