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Abstract

Human activities have affected the quality of water resources globally, threatening both

ecosystem and human health. One major threat arises from excess nutrients, largely

stemming from agriculture and waste water, causing eutrophication in receiving surface

water bodies. For effective water quality management, knowledge of catchment function-

ing in terms of water and solute dynamics and the interplay of natural and anthropogenic

controls is crucial. Catchments are both the focus of management as well as integrators of

various interacting hydrological and biogeochemical processes. While most studies focus

on specific processes and individual catchments, overarching spatiotemporal patterns of

nutrient export from streams and their prevailing control mechanisms still need to be

better understood to tailor improved water quality management.

The aim of this thesis is to increase the understanding of spatiotemporal patterns of river-

ine nutrient export at catchment scale and to identify their dominant controls and under-

lying processes across a wide range of catchments on the basis of a newly assembled data

set. Study 1 targets at the spatial patterns and controls of mean riverine nitrate, phos-

phate and total organic carbon concentrations and export dynamics across 797 German

catchments. Study 2 explores spatiotemporal patterns of joint riverine nitrate concentra-

tion and discharge seasonality and controls across 290 German and French catchments.

Study 3 aims to enable future knowledge gains beyond this thesis by providing the novel

large-sample data set of water quality combined with data on water quantity, meteorology,

nutrient input and catchment attributes for 1386 German catchments.

To compile the consistent large-sample data set, water quality and quantity data from the

environmental authorities of the German federal states and France were processed along

with various spatial data sets characterizing the catchments. Data-driven analyses were

applied to determine catchment archetypes (i.e., to classify catchments) regarding their

nutrient export dynamics and identify similarities and differences across catchments. More

specifically, catchment responses were characterized from riverine nutrient concentrations

and discharge and subsequently linked to catchment characteristics using multivariate

methods. In Study 1, mean concentrations and concentration-discharge relationships were

determined to classify the catchments. Nutrient source heterogeneity was parameterized
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Abstract

from horizontal landscape patterns and vertical nitrate concentration profiles to evaluate

their impact on nutrient export dynamics. In Study 2, long-term trajectories of nitrate

concentration seasonality were classified, considering seasonally variable response times.

This classification allowed to evaluate if concentrations during high-flow season respond

faster to management changes as shallow nitrogen sources are affected first and predomi-

nantly activated during high flow.

The large-sample analysis of nutrient export dynamics across Germany (Study 1) iden-

tified regional patterns and nutrient-specific ranges with about 70% of the catchments

classified as the respective predominant class. Nitrate and total organic carbon concen-

trations mostly increased with increasing discharge, while phosphate was predominantly

diluted. The variability of both mean nitrate concentrations and export dynamics across

the catchments increased with the share of agriculture and was linked to the share of

sedimentary aquifers within the catchments. The results suggest that subsurface denitri-

fication can buffer high diffuse inputs, causing vertical concentration heterogeneity across

different flow paths. In agricultural lowland catchments with deep sedimentary aquifers,

predominant in northern Germany, this leads to low mean riverine nitrate concentra-

tions and strong enrichment patterns. For phosphate, anthropogenic sources dominated,

although cycling processes likely caused substantial variability, decoupling the instream

concentrations from the catchment source configuration. Phosphate export dynamics were

surprisingly strongly controlled by diffuse sources, suggesting that losses from legacy stores

in agricultural soils are more dominant than expected and need to be better considered

for sustainable phosphorus management. Riverine total organic carbon concentrations

were dominated by natural sources from riparian wetlands and by hydrologic controls.

Nitrate and discharge varied synchronously in the majority of the German and French

catchments (84%) with seasonal maxima during winter (Study 2). The trajectories of

nitrate seasonality on the contrary were more diverse, with a similar number of catchments

with low-flow and high-flow concentrations responding first to changes in nutrient inputs.

The lack of a consistent link between the different trajectories and controls suggests

complex underlying processes.

In synthesis, consistent spatial patterns of nitrate-discharge relationships and seasonal-

ity imply that nitrate export predominantly varies at a seasonal time scale. Although

nitrate export dynamics can exhibit significant long-term trends, their spatial variability

among catchments was larger and better explained by catchment characteristics, implying

persistence of spatial patterns and thus of underlying processes.

Overall, this thesis advanced the understanding of spatiotemporal patterns of nutrient

export dynamics and their dominant controls across a wide range of different catchments
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and enables further research by providing data products. Knowledge on regional similar-

ities and differences of catchment archetypes and controls can inform catchment models

of water and solute transport, provide context for ungauged basins and future catchment

trajectories and help to adapt water quality management.
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Zusammenfassung

Menschliches Handeln beeinträchtigt die Wasserqualität weltweit, was die Gesundheit

von Ökosystemen und Menschen bedroht. Eine wesentliche Gefahr entsteht durch Nähr-

stoffüberschüsse, die zum Großteil aus der Landwirtschaft und Abwässern stammen und

zur Eutrophierung von Oberflächengewässern führen können. Für eine wirksame Was-

serqualitätsbewirtschaftung sind Kenntnisse über die Funktionsweise von Einzugsgebie-

ten hinsichtlich der Dynamik von Wasser- und Stoffflüssen und des Zusammenspiels von

natürlichen und anthropogenen Einflussfaktoren entscheidend. Einzugsgebiete stehen im

Mittelpunkt der Bewirtschaftung und verbinden gleichzeitig eine Vielzahl interagieren-

der hydrologischer und biogeochemischer Prozesse. Viele Studien konzentrieren sich auf

spezifische Prozesse und einzelne Einzugsgebiete, allerdings müssen übergreifende raum-

zeitliche Muster des Nährstoffexports in Fließgewässern und die vorherrschenden Kon-

trollmechanismen besser verstanden werden, um die Bewirtschaftung der Wasserqualität

zu verbessern.

Ziel dieser Arbeit ist es, das Verständnis der raum-zeitlichen Muster des Nährstoffexports

in Flüssen auf Einzugsgebietsebene zu verbessern und die vorherrschenden Einflussfakto-

ren und zugrunde liegenden Prozesse über eine Vielzahl von Einzugsgebieten anhand eines

neu zusammengestellten Datensatzes zu identifizieren. Studie 1 befasst sich mit den räum-

lichen Mustern und Einflussfaktoren der mittleren Konzentrationen von Nitrat, Phosphat

und organischem Gesamtkohlenstoff in Flüssen sowie die Exportdynamik in 797 deut-

schen Einzugsgebieten. Studie 2 untersucht die raum-zeitlichen Muster der gemeinsamen

Saisonalität der Nitratkonzentration in Flüssen und des Abflusses in 290 deutschen und

französischen Einzugsgebieten. Studie 3 hat das Ziel, einen über diese Arbeit hinausge-

henden Wissenszuwachs zu ermöglichen, indem sie den neuen, groß angelegten Datensatz

zur Wasserqualität zusammen mit Daten zu Abfluss, Meteorologie, Nährstoffeintrag und

Einzugsgebietsmerkmalen für 1386 deutsche Einzugsgebiete bereitstellt.

Um einen konsistenten Datensatz mit vielen Einzugsgebieten zu erstellen, wurden Was-

serqualitäts- und -quantitätsdaten der Umweltbehörden der deutschen Bundesländer und

Frankreichs und verschiedene räumliche Datensätze zur Charakterisierung der Einzugs-

gebiete verarbeitet. Mittels datengestützter Analysen, wurden Einzugsgebietsarchetypen
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Zusammenfassung

bezüglich ihrer Nährstoffexportdynamik bestimmt (d. h. Einzugsgebiete klassifiziert) und

Ähnlichkeiten und Unterschiede zwischen den Einzugsgebieten ermittelt. Konkret wur-

de das Verhalten der Einzugsgebiete anhand von Nährstoffkonzentrationen im Fluss und

Abfluss charakterisiert und anschließend mit multivariaten Methoden mit den Einzugs-

gebietsmerkmalen verknüpft. In Studie 1 wurden die mittleren Konzentrationen und die

Beziehungen zwischen Konzentration und Abfluss bestimmt, um die Einzugsgebiete zu

klassifizieren. Die Heterogenität der Nährstoffquellen wurde anhand von horizontalen

Landschaftsmustern und vertikalen Nitratkonzentrationsprofilen parametrisiert, um de-

ren Einfluss auf die Nährstoffexportsdynamik zu ermitteln. In Studie 2 wurden Langzeit-

verläufe der Nitratsaisonalität unter Berücksichtigung saisonal variabler Reaktionszeiten

klassifiziert. Die Klassifizierung ermöglichte es zu beurteilen, ob die Konzentrationen bei

saisonal höheren Abflüssen schneller auf Änderungen der Bewirtschaftung reagieren, da

oberflächennahe Stickstoffquellen zuerst betroffen sind und überwiegend bei hohen Ab-

flüssen aktiviert werden.

Die groß angelegte Analyse der Nährstoffexportdynamik in Deutschland (Studie 1) ergab

regionale Muster und nährstofftypische Wertebereiche, wobei etwa 70% der Einzugsge-

biete in die jeweils vorherrschende Klasse eingestuft wurden. Die Konzentrationen von

Nitrat und organischem Gesamtkohlenstoff stiegen überwiegend mit zunehmendem Ab-

fluss, während Phosphat überwiegend verdünnt wurde. Die Variabilität der mittleren

Nitratkonzentrationen und Exportdynamik in den Einzugsgebieten nahm mit dem An-

teil der Landwirtschaft zu und war mit dem Anteil sedimentärer Grundwasserleiter im

Einzugsgebiet verknüpft. Die Ergebnisse deuten darauf hin, dass Nitratabbau hohe dif-

fuse Einträge abpuffern und zu einer Konzentrationsheterogenität im Untergrund über

verschiedene Fließwege führen kann. In landwirtschaftlichen Einzugsgebieten im Flach-

land mit tiefgründigen, sedimentären Grundwasserleitern, wie in Norddeutschland vor-

herrschend, führt dies zu niedrigen mittleren Nitratkonzentrationen in den Flüssen und

starken Anreicherungsmuster. Bei Phosphat dominierten anthropogene Quellen, obwohl

Umsatzprozesse wahrscheinlich eine erhebliche Variabilität verursachten und die Kon-

zentrationen im Fluss von der Quellenkonfiguration im Einzugsgebiet entkoppelten. Die

Phosphatexportdynamik wurde überraschend stark von diffusen Quellen bestimmt, was

darauf hindeutet, dass Verluste aus akkumulierten Einträgen in landwirtschaftliche Böden

dominanter sind als erwartet und daher für ein nachhaltiges Phosphor-Management besser

berücksichtigt werden müssen. Die Konzentrationen des organischen Gesamtkohlenstoffs

in den Flüssen wurden von natürlichen Quellen aus flussnahen Feuchtgebieten und hy-

drologischen Einflüssen bestimmt.

5
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Nitrat und Abfluss variierten in den deutschen und französischen Einzugsgebieten mehr-

heitlich synchron (84%) mit saisonalen Maxima im Winter (Studie 2). Die Langzeit-

verläufe der Nitratsaisonalität waren dagegen vielfältiger: Konzentrationen in den Jah-

reszeiten mit höheren und niedrigeren Abflüssen reagierten in einer ähnlichen Anzahl von

Einzugsgebieten zuerst auf Veränderungen der Nährstoffeinträge. Das Fehlen einer kon-

sistenten Verbindung zwischen den Langzeitverläufen und Einzugsgebietsmerkmalen lässt

auf komplexe zugrunde liegende Prozesse schließen.

In der Synthese deuten die konsistenten räumlichen Muster der Nitrat-Abfluss-Beziehungen

und -Saisonalität darauf hin, dass der Nitratexport überwiegend auf einer saisonalen Zeits-

kala variiert. Obwohl die Nitratexportdynamik signifikante langfristige Trends aufweisen

kann, war die räumliche Variabilität zwischen den Einzugsgebieten größer und besser

durch Einzugsgebietsmerkmale erklärbar, was auf eine Beständigkeit der räumlichen Mus-

ter und damit der zugrunde liegenden Prozesse hinweist.

Insgesamt erweitert diese Arbeit das Verständnis der raum-zeitlichen Muster der Nähr-

stoffexportdynamik und ihrer vorherrschenden Einflussfaktoren über viele verschiedene

Einzugsgebiete und ermöglicht weitere Forschungsarbeiten durch die bereitgestellten Da-

tenprodukte. Die Kenntnis regionaler Ähnlichkeiten und Unterschiede von Einzugsgebiet-

stypen und Einflussfaktoren kann Wasser- und Stofftransportmodelle unterrichten, Kon-

text für unbeobachtete Einzugsgebiete und zukünftige Entwicklungen liefern und helfen

die Bewirtschaftung der Wasserqualität zu verbessern.
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Chapter 1

Introduction

1.1 Water quality challenges in the Anthropocene

Human interventions with the major biogeochemical cycles have affected most of the

Earth’s ecosystems and drastically changed their functioning (Abbott et al., 2019; Vi-

tousek et al., 1997). In 1997, Vitousek et al. (1997) stated that ”Beyond any doubt,

humanity is a major biogeochemical force on Earth.”, which is a characteristic of the

Anthropocene with humans as a dominant driver on the global biogeochemical cycles

(Crutzen, 2002). Human activities such as land conversion, mining, fossil fuel burning,

agricultural practices, and various other changes in biogeochemical cycles have substantial

impacts on ecosystems, global climate and biodiversity (Vitousek et al., 1997). Among

the altered cycles are those of the macronutrients carbon, nitrogen (N) and phosphorus

(P) and the water cycle (Vitousek et al., 1997). The resulting impacts on water quality

pose a major challenge for water management.

Macronutrients are essential components for all living organisms. Generally, they trans-

form between organic and inorganic forms during assimilation and mineralization pro-

cesses. N and P are therefore applied as organic or mineral fertilizers to increase agricul-

tural food production in the face of a growing world population. With the discovery of the

Haber-Bosch process in the beginning of the 20th century, synthetic N fixation from the

air for fertilizer production became possible. Synthetic N fixation increased rapidly along

with population growth, but at an even higher rate, especially since the 1950s (Galloway

and Cowling, 2002; Galloway et al., 2004). Through the cultivation of N fixing crops

such as legumes and the burning of fossil fuels, humans generate additional reactive N

(as opposed to nonreactive N2, Galloway et al., 2004). Since 1965, N fixation by humans

for food and energy production exceeds the natural fixation by the terrestrial ecosystems

(Galloway and Cowling, 2002). By 1990, N fixation had increased about tenfold compared

7



1.1. Water quality challenges in the Anthropocene

to 1860 with inorganic fertilizers accounting for the largest share (Galloway et al., 2003).

Similarly, global P fertilizer applications have drastically increased in the 20th century

(fourfold from 1961 to 2015) and are expected to further increase, although accessible P

resources are limited (Bindraban et al., 2020). In Europe, peak fertilization was reached

during the 1980s, but fertilization levels remain high (Schoumans et al., 2015). Moreover,

about half of the applied nutrients are not taken up by cultivated crops and even more

(about 80-90%) are not eventually consumed by humans, which implies overfertilization

(Cordell et al., 2009; Galloway and Cowling, 2002; Smil, 2000). Those nutrients are mostly

lost to the environment, either emitted to the atmosphere in the case of N, to ground- and

surface waters, or to long term stores in soils (Cordell et al., 2009; Galloway and Cowling,

2002). The largest part of anthropogenic N and P demand serves the food production,

although P is also used for industrial products such as detergents and thus enters the

domestic and industrial wastewater (Smil, 2000). During the 1970s, about 60-75% of P

inputs to streams originated from wastewater in populated catchments, but these inputs

have declined due to restrictions on P in detergents and improved wastewater treatment

(Smil, 2000).

Levels of reactive N and P in the environment therefore dramatically exceed the natural

planetary boundaries today (Rockström et al., 2009; Steffen et al., 2015). These bound-

aries define a ”safe operating space for humanity” (Rockström et al., 2009) and exceedance

is expected to continue in the future (Conijn et al., 2018). The impacts are far-reaching

for ecosystems, climate as well as for human life (Galloway et al., 2003). Nutrient pol-

lution threatens the health and resilience of ecosystems (Steffen et al., 2015) and are a

major reason for degraded water quality (Jenny et al., 2020; EEA et al., 2021). The excess

nutrients can cause severe eutrophication in streams, lakes and coastal ecosystems all over

the world, leading to toxic algal blooms, hypoxic ”dead zones” in lakes and marine envi-

ronments, and biodiversity loss, changes in ecosystem structure and functioning including

species compositions (Jenny et al., 2020; Le Moal et al., 2019; Diaz and Rosenberg, 2008;

Galloway et al., 2003; Smith, 2003; Peñuelas et al., 2013). Excess nitrogen can also cause

acidification and greenhouse gas emissions such as nitrous oxide (N2O) contributing to

global warming and reducing ozone (Galloway et al., 2003). Moreover, deteriorated wa-

ter quality is a risk for drinking water supplies and human health that comes with high

economical costs e. g. for drinking water treatment (Le Moal et al., 2019).

Although plants directly take up carbon dioxide (CO2) from the atmosphere for pho-

tosynthesis and no carbon fertilization is required, human activities strongly impact the

global carbon cycle in multiple ways (Vitousek et al., 1997; Rockström et al., 2009). Fossil

fuel combustion and land use changes, for example, to convert pristine into arable land,

8



1.2. Lack of success in improving water quality

are major contributors to greenhouse gas emissions (Vitousek et al., 1997). Furthermore,

agricultural activities modify the sources and transport of organic carbon (OC) in vari-

ous ways, affecting both the amount and composition of OC sources exported to streams

(Graeber et al., 2015; Stanley et al., 2012). OC is an energy source for heterotrophic

organisms and plays an important role for stream ecosystem structure and functioning in-

cluding species compositions, nutrient uptake, availability of light and toxins, and acidity

(Stanley et al., 2012). The ecological implications vary and are not yet fully understood

including effects of complex interactions with nutrients and light (Solomon et al., 2015).

Due to its modulating role, OC is relevant for water quality management (Stanley et al.,

2012) and it can also impair drinking water resources (Solomon et al., 2015).

Although nutrient pollution has been recognized as a threat to ecosystem health and re-

silience since decades, it still remains one of today’s major water management challenges

(EEA et al., 2021). Mitigation measures have not yielded the desired improvements in

water quality (EEA et al., 2018; Bouraoui and Grizzetti, 2011), which will be also further

addressed in the following section. Nutrient management must balance the potentially

conflicting interests of ecosystem health, climate change mitigation and water and food

security. All of which are part of the sustainable development goals and increasingly

under pressure as population growth continues and the demand for resources increases

(Langhans et al., 2022). Hence, effective integrated management efforts are needed to

overcome these challenges, especially as the adverse effects of deteriorated water quality

might continue or increase with future changes like global warming (Jenny et al., 2020;

Vörösmarty et al., 2010).

1.2 Lack of success in improving water quality

Several national and European regulations and directives address water quality challenges

resulting from excess nutrients. The first regulations, adopted in the 1970s (USA) and

1980s (e. g. Germany), focused on reducing point sources by restricting P amounts in

detergents and improving wastewater treatment (BGBI.1, 1980; EC, 1991a; Copeland,

2016). These were followed by regulations for diffuse pollution mainly targeting agricul-

tural N (EC, 1991b; Copeland, 2016). With the Water Framework Directive (WFD), the

perspective evolved towards a more ecologically oriented assessment of water quality and

towards sustainable and integrated catchment management (EC, 2000). The target was

to jointly address several water management objectives (EC, 2000; EEA et al., 2021).

With the European Green Deal (EC, 2019), the European Union set itself the goal to

9



1.2. Lack of success in improving water quality

become climate-neutral by 2050 and to achieve a sustainable economy, food sector and

environmental management. This includes biodiversity and ”zero-pollution” targets, i. e.

also protecting and preserving aquatic ecosystems (EEA et al., 2021).

Although regulations and mitigation measures have been put into place to curb nutrient

pollution, improvements in water quality are often small or even absent. In Europe, 60%

of the surface and 26% of the groundwater bodies do not achieve a good ecological or

chemical status, respectively (EEA et al., 2018). The status improved only little from

the first assessment of the WFD in 2009 to the second in 2015, with diffuse pollution

remaining one of the major causes of poor water quality (EEA et al., 2018). The situation

is especially pronounced in western and central European catchments, e. g. in Germany

only 8% of the surface water bodies achieve a good ecological status (EEA et al., 2018).

The lack of success in improving water quality can be partially explained by time lags

up to several decades between implemented measures and the catchment response in

water quality (Bouraoui and Grizzetti, 2011; Meals et al., 2010; Sharpley et al., 2013; Van

Meter et al., 2016). These time lags can be caused by long retention and transport times

of diffuse nutrient sources in soils, vadose zones, groundwater and stream networks as

well as the biological response to changes in concentrations (Ascott et al., 2017; Bouraoui

and Grizzetti, 2011; Meals et al., 2010; Sharpley et al., 2013; Van Meter et al., 2016).

The accumulation of nutrient inputs in catchments as legacy stores can be considered a

biogeochemical legacy in soils and a hydrological legacy in mobile form transported along

water flow paths (Van Meter et al., 2016, 2021). Nutrient legacies from past inputs pose

a long-term challenge for water quality management, because a slow release of nutrients

from such storage can potentially sustain high nutrient levels in streams. In addition

to average concentration levels, the nutrient export dynamics are also relevant for the

ecological conditions in aquatic ecosystems. For example, nutrient export dynamics can

affect the temporal variability of nutrients available for autotrophic and heterotrophic

assimilation, the overall pressure and reversibility of effects as well as loads transported

to downstream water bodies (Withers and Jarvie, 2008; Conley et al., 2009). Finally, a

sound understanding of catchment functioning in terms of nutrient concentrations, export

dynamics, and their response time scales to changes in the management are crucial to

improving water quality management.
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1.3. Catchments integrate hydrology and biogeochemistry

1.3 Catchments integrate hydrology and

biogeochemistry

Catchments are both complex systems and the landscape element of main interest in hy-

drology (Sivapalan, 2006; Wagener et al., 2007). At the catchment scale, water quality

managers implement and evaluate measures as processes determine the ecological condi-

tions and exported nutrient loads transported to downstream water bodies (Bouraoui and

Grizzetti, 2011). Therefore, knowledge of controls is needed at this catchment scale, par-

ticularly regarding interactions between the natural and anthropogenic controls. Although

biogeochemical and hydrological processes are intensely studied at small scales, there is

still a lack of knowledge on how to upscale or transfer the gained process understanding

to larger scales of catchments or landscapes (e. g., Pinay et al., 2015).

The complexity of a catchment is the result of the interacting biogeochemical and hy-

drological processes at different spatial and temporal scales. Catchments integrate these

processes and heterogeneities into water quality and quantity responses at the catchment

outlet (e. g., Sivapalan, 2006; Wagener et al., 2007). Inversely, learning from (i. e. analyz-

ing) the integrated catchment response can reveal catchment functioning in a ”pattern-to-

process” approach (Sivapalan, 2006). For example, relationships between concentration

and discharge (C-Q relationships) can be used to characterize systems with transport- or

supply-limited solute export (Basu et al., 2010; Zarnetske et al., 2018). Variability of river-

ine concentrations with discharge (Q) generally results from interactions of source and dis-

charge generating zones and potential reactions along the flow paths (Musolff et al., 2017;

Seibert et al., 2009). Increasing concentrations with discharge indicate that additional

sources get activated (i. e. causing enrichment patterns), while decreasing concentrations

emerge without additional sources as discharge increases (i. e., dilution patterns; Godsey

et al., 2009; Thompson et al., 2011). Such data-driven approaches in catchment hydrology

can be used to gain knowledge on underlying processes from observed response patterns

at the catchment outlet. In this sense, data-driven top-down approaches contribute to our

understanding of riverine nutrient export dynamics resulting from the interplay of sources,

mobilization and retention processes. Anthropogenic activities interact with natural con-

trols and can affect this interplay determining the land-to-stream transfer of solutes in

various ways. Examples of this are the modification of source areas and nutrient loads

added to the catchment (e. g. Stanley et al., 2012), the modification of hydrological path-

ways and travel times due to artificial drainage and altered stream morphology (Van der

Velde et al., 2010; Stanley et al., 2012; Withers and Jarvie, 2008), and the modification

of erosion risk (Withers and Jarvie, 2008; Schoumans et al., 2014). These controls inter-
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1.4. Large-sample hydrology to identify dominant processes

act with climatic, topographical, pedological and lithological controls (e. g. Musolff et al.,

2015; Minaudo et al., 2019; Moatar et al., 2017).

As reactive processes vary in space and time, locations and times with comparatively

high reaction rates are referred to as hot spots and hot moments (McClain et al., 2003).

Although this concept is often connected to relatively local and short-term perspectives,

it can be adapted to different scales including the catchment scale by identifying domi-

nant controls, e. g. wetland coverage (McClain et al., 2003). The hierarchy of processes

that determine the overall catchment functioning varies among catchments and may also

vary at different time scales within a catchment, e. g. seasonally or on long-term (Dupas,

Minaudo, Gruau, Ruiz and Gascuel-Odoux, 2018; Ehrhardt et al., 2019; Winter et al.,

2021). Because data-driven investigations generally allow to derive hypotheses on inte-

grated processes underlying the patterns represented in the data, great value lies in a

large spatial and temporal coverage. Long-term time series of concentrations, even at

low sampling frequency, for example, can inform about trends in catchment functioning

in response to changes in regulations and nutrient management (Burt et al., 2011; How-

den et al., 2010). They thus allow to investigate general long-term changes in catchment

functioning and can additionally set the context for sites with shorter monitoring periods

(Burt et al., 2011).

To understand relevant processes and their dynamics at larger scales of whole catchments

or landscapes, dominant controls of the hydrological and biogeochemical processes and

their interactions need to be identified. This should include both natural and anthro-

pogenic controls to identify potential control mechanisms for water quality management.

1.4 Large-sample hydrology to identify dominant

processes

Large-sample hydrology investigates similarities and differences among numerous catch-

ments, allowing to derive hypotheses on dominant controls and underlying processes

(Gupta et al., 2014; Addor et al., 2020). In this way, it can increase the knowledge

on catchment functioning across various environmental and anthropogenic conditions and

spatiotemporal scales and thus contribute to overcome water quality problems. Large-

sample hydrology opens opportunities to move forward beyond the single catchment to

identify general hydrological principles (Gupta et al., 2014). In this context, to ”bal-

ance depth with breadth” means to move beyond the understanding of small scale and

detailed processes in intensively studied catchments to overarching perspectives across
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1.4. Large-sample hydrology to identify dominant processes

a broad variety of catchments (Gupta et al., 2014). The variability of response patterns

across catchments can be linked to catchment characteristics to identify dominant controls.

Large-sample hydrology follows the idea of comparative hydrology by drawing inferences

from the similarities and differences of a significant number of catchments (Addor et al.,

2020).

The broader perspective of large-sample hydrology can particularly support understand-

ing overarching trends and inform catchment management beyond the single catchment

scale (Kingston et al., 2020). The characterization of similar and different catchment func-

tioning can be used to classify catchments based on archetypal behavior. Such schemes

could become quantitative frameworks for catchment typologies which support moving

towards a more unified hydrological theory, i. e. a more holistic understanding of hy-

drological processes (Sivapalan, 2006). Further, knowledge on dominant controls and

underlying processes from spatial variability can improve predictions in ungauged basins

as well as of future trajectories following a trading-space-for-time concept (Singh et al.,

2011; Peel and Blöschl, 2011; Wagener et al., 2007). The trading-space-for-time concept

transfers the process understanding derived from spatial variability to temporal variabil-

ity, e. g. accounting for changing controls such as the climate (Singh et al., 2011; Peel and

Blöschl, 2011). Therefore, similarly to temporal coverage, spatial coverage can be of high

value to understand general hydrological principles (Gupta et al., 2014). More generally,

the knowledge transfer in space and time includes the exploration of proxies or other

predictors to make use of their larger availability and value, which Blöschl et al. (2019)

identified as part of the unresolved problems in hydrology. However, more understanding

is required to assess and exploit the potential of the spatial and temporal transferability

(Blöschl et al., 2019).

One of the major challenges for large-sample hydrologic studies is still the limited avail-

ability and accessibility of consistent data sets (Kingston et al., 2020). This is especially

true for water quality and even more so for combined data of water quality, water quantity

and catchment characteristics. Although large-sample data sets have become increasingly

available, these do usually either not include water quality data (such as the CAMELS

data sets with the first one presented for the USA, Addor et al. (2017)) or focus on water

quality disregarding water quantity and catchment attributes (e. g. Virro et al., 2021).

Therefore, efforts are needed to increase the availability of consistent catchment hydro-

logical data sets including water quality and to ultimately inform hydrological theories.
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Chapter 2

Research goals and design

Following the introductory chapter, this Chapter 2 defines the research goals and design,

including a summary of the approaches of each study of this thesis and linkages between

the studies. Chapter 3 summarizes the key findings from the individual studies. The

studies are synthesized in Chapter 4 and implications and further research questions are

identified. Subsequently, the single studies are included together with indications of own

contributions, followed by a list of publications.

2.1 Research goals

The overall aim of this thesis was to increase the understanding of spatiotemporal pat-

terns of nutrient export dynamics and underlying dominant processes across a large range

of catchments at different temporal scales. More specifically, the overarching research

questions were:

R. 1 Can catchments be classified in terms of archetypes of riverine nutrient export dy-

namics?

R. 2 What are the dominant controls and underlying processes?

For the latter, interactions between natural and anthropogenic controls should be consid-

ered. This knowledge is crucial for practitioners to improve water quality management and

for water quality modelers to potentially reduce the complexity of water quality models.

To address the research questions, the thesis was designed to present a comprehensive

analysis of nutrient export dynamics and their dominant controls, for which a novel data

set of water quality, quantity and catchment characteristics covering a large number and

variety of catchments was assembled. Thus, the objectives were to:
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2.2. Research design

O. 1 Assemble and provide a consistent, comprehensive data set of riverine water quality,

quantity and catchment attributes for Germany and consistently extend it to French

catchments with available long-term water quality data.

O. 2 Determine catchment archetypes regarding nitrate (NO3
– ), phosphate (PO4

3– ) and

total organic carbon (TOC) concentration levels and export dynamics (spatial pat-

terns) using quantitative classification frameworks and identify dominant controls

by linking response patterns to catchment characteristics.

O. 3 Determine catchment archetypes regarding average NO3
– and discharge seasonal-

ity and the long-term trajectories of NO3
– seasonality (spatiotemporal patterns)

using quantitative classification frameworks and identify controls from linkages to

catchment characteristics.

The conducted studies are based on the following principles:

P. 1 Nutrient export dynamics are linked to catchment characteristics.

P. 2 Concentration variability reflects past and present inputs, variable flow paths and

retention.

P. 3 Large-sample hydrology allows to assess generalities as well as differences in catch-

ment functioning.

2.2 Research design

The overall research design of this thesis is shown in Figure 1. Within the framework of

this thesis, a comprehensive data set of water quality, quantity and catchment characteris-

tics was assembled for 1386 German catchments, addressing Objective 1. All studies used

parts of this German data set, while its entirety was presented in Study 3. The catchment

characteristics were also derived for 486 French catchments with long-term concentration

data available, which were combined with the German data set in Study 2. The goal and

approach of each study and the links to the other studies are explained in the following.

Study 1 aimed at classifying German catchments based on recent data (starting in year

2000) in terms of their mean nitrate-N (NO3
– -N), phosphate-P (PO4

3– -P) and TOC

concentrations and export dynamics, revealing spatial patterns and archetypes, and iden-

tifying dominant controls. It is therefore tailored to address Objective 2. Prior to the in-

vestigation, the data of water quality, quantity and catchment characteristics for Germany
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2.2. Research design

Figure 1: Overview of the study design of this thesis: the overarching research goals, the studies
and their respective linkages to data sets used.

were assembled, processed and quality checked addressing Objective 1. The classification

of export dynamics based on data-driven analyses in terms of C-Q relationships. Slope b

of the linear regression between concentration and discharge in logarithmic space distin-

guishes the export patterns enrichment (b > 0), neutral (b ≈ 0) and dilution (b < 0). The

concentration variability relative to discharge is quantified by the ratio of the variation

coefficients (CVC/CVQ), characterizing the export regimes as chemostatic (CVC/CVQ <

0.5) or as chemodynamic (CVC/CVQ > 0.5). Dominant controls were identified by link-

ing water quality metrics to a comprehensive set of catchment characteristics with partial

least square regression and random forest regression models. The characteristics included

the topography, land cover, nutrient sources, lithology, top soil texture and chemistry

and hydroclimate. The main hypothesis was that the degree of spatial heterogeneity of

diffuse nutrient sources dominantly controls the variability of export dynamics among

catchments. To test this hypothesis, a parameterization of the heterogeneity of nutrient

sources within the catchment was developed for both the horizontal and the vertical di-
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2.2. Research design

rection and the derived indices included as descriptors. In this study, the novel data set

of water quality, quantity and catchment attributes for Germany was analyzed for the

first time to provide a comprehensive picture of prevailing export dynamics in Germany.

The compiled data set and findings about the dominant controls of NO3
– export (see

Chapter 3) serve as a basis for the other studies.

Study 2 aimed at classifying long-term average NO3
– and discharge seasonality and their

trajectories across French and German catchments, disclosing spatiotemporal patterns of

NO3
– export dynamics and identifying dominant controls. This study thus addresses Ob-

jective 3 and also Objective 1 as it extended the assembled data set. Daily flow-normalized

NO3
– -N concentrations were reconstructed using Weighted Regressions on Time, Dis-

charge, and Season (WRTDS) from long-term NO3
– -N and discharge time series to fill

data gaps and to focus the analysis on long-term trends independent of interannual cli-

mate variability (Hirsch et al., 2015). To classify trajectories of C-Q seasonality, a novel

hysteresis approach based on time series of concentrations separated for low- and high-

flow seasons was proposed. The hysteresis determines catchments with seasonally variable

response times with either preceding high-flow or low-flow concentrations. Study 2 subse-

quently linked the calculated metrics to catchment characteristics using rank correlations,

Wilcoxon and Kruskal-Wallis tests and a random forest classification model. Within the

study, three selected catchments are discussed more closely for dominant controls. Two

main hypotheses were tested. Firstly, catchments with a long-term average NO3
– max-

imum during winter high-flow season would predominate. Secondly, catchments with

high-flow concentrations responding first to external input changes compared to low-flow

concentrations would dominate. This based on the assumption that shallow N sources

are affected first by diffuse input changes to soils and activated during high flow.

Study 2 used a smaller number of catchments (n=290) due to the required long-term data,

but covers a larger variety of landscapes and hydroclimate by expanding the study area

of Study 1. It also adds the long-term evolution of export dynamics to the investigation

presented in Study 1. The metrics used in Study 1 and 2 to characterize export dynamics

are shown to be interrelated (refer to Methods, Study 2).

Study 3 aimed at providing a comprehensive, freely available data set of water quality

and quantity, meteorological and nutrient input forcing data and catchment attributes

to facilitate further large-sample water quality investigations at a national scale and be-

yond. This addresses Objective 1. In this Study 3, the newly assembled data for 1386

German catchments were combined, extended and jointly presented in a structured way.
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2.2. Research design

Both preprocessed observed and reconstructed long-term (WRTDS model output) data

of the species of the macronutrients N, P and OC were presented for the stations ful-

filling the selection criteria (e. g. regarding the data availability). Data were generally

aggregated to annual time scales and thus homogenized; while for the catchments with a

data availability high enough to run WRTDS models monthly aggregated data were addi-

tionally provided. Thus, Study 3 combined and complemented the data sets analyzed in

Studies 1 and 2 by presenting and providing data from more stations, more water quality

compounds, and more ancillary data in a comprehensive data set for Germany. Study 3

increases the accessibility of the assembled data set to facilitate further research.

The approaches and motivation of all three studies are in line with the idea of large-sample

hydrology to infer similarities and differences from a large sample of catchments. Study 1

and 2 both characterized spatial and temporal patterns of riverine nutrient dynamics,

classified the catchments and used statistical and machine learning techniques to identify

links between catchment responses and descriptors. Study 3 provided the data set and

a comprehensive overview for future large-sample water quality and quantity studies to

further advance our understanding of spatial and temporal water quality patterns and

dominant controls at catchment scale.
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Chapter 3

Key findings and conclusions

3.1 Study 1: Nutrient levels and export dynamics

across German catchments

Title: Archetypes and Controls of Riverine Nutrient Export Across German Catchments

The comprehensive analysis of average concentrations and C-Q relationships across Ger-

many revealed archetypal ranges of export dynamics for the macro-nutrients NO3
– , PO4

3– ,

and TOC and underlying dominant controls (Figure 2). While enrichment patterns pre-

vailed for NO3
– and TOC, dilution patterns predominated for PO4

3– . For each compound

about 70% of the catchments were classified into the respective predominant pattern. The

analysis revealed spatial differences in prevailing mean concentration levels and export dy-

namics, which could be partially explained by catchment characteristics and their spatial

organization.

Mean NO3
– concentrations were positively correlated to the fraction of agricultural ar-

eas in the catchments. However, agricultural catchments could also exhibit relatively low

mean NO3
– concentrations combined with a relatively high variability (Figure 2a, Figure 6

in Study 1). These catchments were mostly located in lowland areas with deep sedimen-

tary aquifers and higher vertical concentration heterogeneity representing the potential

vertical NO3
– heterogeneity between soils and groundwater as catchment average. This

finding does not support the generality of the hypothesis from previous studies that agri-

cultural catchments are subject to source homogenization resulting in chemostatic export

(Basu et al., 2010; Thompson et al., 2011). Even though overall chemostatic catchments

prevailed, the fraction of chemodynamic export increased with agricultural area (Figure

6b and c in Study 1) accounting for 34% of the catchments with at least 50% agricul-
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3.1. Study 1: Nutrient levels and export dynamics across German catchments

Figure 2: Summary of archetypal ranges of export dynamics of the macronutrients NO3
– ,

PO4
3– , TOC and their dominant controls.

tural areas compared to 17% of the catchments with smaller share of agriculture. Study 1

suggests that anthropogenic inputs from agricultural areas can be buffered by natural sub-

surface attenuation (removal by denitrification), which is in line with high denitrification

potential in deep sedimentary aquifers with long travel times and anaerobic conditions

especially in northern Germany (Knoll et al., 2020; Kunkel et al., 2004; Wendland et al.,

2008). In consequence, low mean NO3
– concentrations and pronounced enrichment pat-

terns under high inputs could inversely indicate effective subsurface denitrification.

Mean PO4
3– concentrations were linked to point sources in line with previous literature

(e. g., Minaudo et al., 2019; Westphal et al., 2019). However, the inter-catchment variabil-

ity of export patterns could rather be explained by the degree of diffuse sources, which was

linked to enrichment patterns (Figure 2b). This was surprising, as most studies discuss

a dominant impact of point sources causing contrasting seasonal PO4
3– and discharge

cycles, i. e. dilution patterns (e. g., Bowes et al., 2015; Minaudo et al., 2019; Moatar

et al., 2017). Since nevertheless dilution patterns prevailed for PO4
3– , Study 1 suggests

that both point source dilution and diffuse source mobilization are relevant and both ex-

port mechanisms interact with variable hierarchies. Catchments with dominant PO4
3–

mobilization (11%, enrichment patterns) in northwestern and southeastern Germany co-

incided with areas of high diffuse inputs (Häußermann et al., 2019) with potentially high

P legacies and risk of P loss from P saturated soils to the streams (Fischer et al., 2017;

Sharpley et al., 2013). This mechanism is likely not exclusive to those regions in Germany

(Fischer et al., 2017), but seems to be more dominant here than dilution mechanisms. A

relatively low degree of explained variability for mean PO4
3– concentrations and export

patterns among catchments (between 34 and 47%) suggests that processes were not fully

represented by aggregated catchment characteristics. For example, controls at different
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3.1. Study 1: Nutrient levels and export dynamics across German catchments

spatial and temporal scales may cause additional, unexplained variability of the PO4
3–

response at the catchment outlet. P cycling including in-stream retention, transformation

and remobilization is known to strongly vary in space and time and to be able to reshape

P concentration dynamics (Jarvie et al., 2012). This reshaping decouples the instream

P concentration from the catchment’s source configuration and land-to-stream transfer

hampering predictions at the catchment outlet. This suggests that small-scale controls

significantly interact with the anthropogenic source controls at catchment scale.

Mean TOC concentrations were dominantly controlled by the topography, suggesting

that natural, terrestrial sources dominate instream TOC across large scales. Higher mean

TOC concentrations emerged in lowland areas with higher probability of accumulation

of organic matter in riparian wetlands and potential export, which is in line with pre-

vious studies from small boreal headwater catchments (e. g. Bishop et al., 2004; Laudon

et al., 2004) and recent large-sample analyses in small forested, mountainous German

catchments (Musolff et al., 2018) and various catchments across the US (Zarnetske et al.,

2018). The dominance of enrichment patterns (68%) together with the predictive power of

the topographic wetness index (as a proxy for riparian wetlands) for mean TOC concentra-

tions suggest horizontal heterogeneity of sources within the catchments and regions in the

study area and vertical heterogeneity in near-stream sources to control export dynamics.

However, the inter-catchment variability of the export metrics could not be well explained

by topography, land cover nor climate. Adding hydrological catchment characteristics to

the analysis for a subset of catchments revealed the flashiness, discharge seasonality and

base flow index as better predictors with more equilibrated discharge patterns linking

to more dynamic TOC export (Figure 2c). Additionally, TOC concentrations were more

closely linked to discharge (higher R2 in C-Q relationships) in lowland catchments with

more equilibrated discharge and higher base flow indices. Moreover, antecedent condi-

tions, especially soil temperature and moisture, are known to control OC production and

thus potential export during hot moments (Wen et al., 2020; Winterdahl et al., 2011).

Together, this might indicate that more flashy hydrologic conditions could cause more

variable antecedent conditions and thus create larger scatter in C-Q relationships and

lower slope b values in the catchments.

Overall, NO3
– and PO4

3– catchment responses were dominantly controlled by anthro-

pogenic inputs and buffered or reshaped by natural controls, while TOC was dominated

by natural topographic controls. The gained knowledge on regional similarities and dif-

ferences and underlying processes can support water quality modeling and management.
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3.2 Study 2: Long-term trajectories of

nitrate-discharge seasonality

Title: Long-Term Nitrate Trajectories Vary by Season in Western European Catchments

The analysis of long-term trajectories of NO3
– -Q seasonality in 290 French and Ger-

man catchments revealed commonalities and differences in the catchment responses and

linkages to catchment characteristics. NO3
– and discharge varied synchronously in the

majority of the catchments (84%) with seasonal maxima during winter. The trajectories

of NO3
– seasonality on the contrary were more diverse, with a similar number of catch-

ments with low-flow and high-flow concentrations responding first to changes in nutrient

inputs. The spatial, inter-catchment variability in seasonal NO3
– dynamics was found to

be larger than the temporal, intra-catchment variability, while the spatial patterns were

also more closely linked to catchment characteristics than the spatiotemporal patterns.

For long-term average NO3
– and discharge seasonality, three distinct catchment archetypes

were identified. The archetype with synchronous variations of NO3
– and discharge and

their maxima in winter occurred most frequently, entailing a predominant enrichment

archetype. This is in line with existing literature (e. g. Moatar et al., 2017; Musolff et al.,

2015) and confirms our first hypothesis. The other two archetypes were characterized

by asynchronous seasonal NO3
– and discharge variations with either large seasonal varia-

tions in NO3
– and a clear dilution patterns or relatively little seasonal variations and high

mean NO3
– concentrations. The three archetypes were clearly spatially organized and

distinguishable by topographical and hydroclimatic controls (Figure 3a). Strong dilution

was observed in mountainous catchments in southern Germany and France likely result-

ing from the spatial disconnection between main discharge generating zones upstream and

main agricultural source zones downstream. Weaker dilution or rather chemostatic export

and high concentration levels in the Armorican Massif suggest large N legacies (Dupas

et al., 2020) and potentially bottom-loaded NO3
– profiles with higher concentrations in

deeper groundwater discharging during low flow (Martin et al., 2004), although other

mechanisms such as bypassing of denitrifying riparian zones during low flows are possible

(Fovet et al., 2018).

For long-term trajectories of seasonal NO3
– concentrations, the number of catchments

with high-flow and with low-flow concentrations responding first to long-term changes

was similar (about 30% each, Figure 3b). Thus, our second hypothesis of predominantly

preceding high-flow concentrations was not confirmed. Although it was shown that high-
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Figure 3: Catchment classification of French and German catchments regarding the average
NO3

– -Q seasonality (left) and the trajectories of NO3
– seasonality (right). Q -

discharge, n. s. - not significant.

flow concentrations may respond first in catchments where diffuse sources dominate and

that low-flow concentrations may respond first in catchments with strong point source

influence, this consistency was not found across the whole set of catchments. The reason

could be complexity and interactions in controls and underlying processes. Interestingly, in

20% of the catchments, a reversal in NO3
– seasonality between low- and high-flow seasons

was found, so ecological conditions probably changed drastically in the last decades.

Although, the majority of catchments showed significant hysteresis patterns (59%) and

trends in NO3
– seasonality regarding low-flow and high-flow seasons (76%), the spatial

variability of NO3
– seasonality among catchments was larger than the temporal variabil-

ity within the catchments. Thus, the concept of spatial persistence, previously discussed

for seasonal concentration variability (Abbott et al., 2018; Dupas et al., 2019), was ex-

tended to long-term trajectories of NO3
– seasonality in Study 2. At the same time, spatial

variability was better explained by catchment characteristics.

Overall, Study 2 characterized archetypes of average NO3
– and Q seasonality and their

long-term trajectories and linkages to controls, with average seasonality being explained

well by catchment characteristics in contrast to their temporal variability. For the latter,

complex interacting controls were discussed. Study 2 thus increased the understanding

of regional similarities and differences and underlying processes of seasonal NO3
– and

discharge dynamics across a wide range of catchments.
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3.3 Study 3: Large-sample data set of water quality

for Germany

Title: Water quality, discharge and catchment attributes for large-sample studies in Ger-

many - QUADICA

The presented data set is the first large-sample data set of riverine water quality combined

with water quantity, meteorological and nutrient forcing data, and catchment attributes

for Germany. The data set covers 1386 German and transboundary catchments across a

wide range of landscapes, hydroclimatic and anthropogenic conditions. QUADICA (water

QUAlity, DIscharge and Catchment Attributes for large-sample studies in Germany) thus

facilitates large-sample hydrological studies, for example, to identify spatiotemporal pat-

terns of water quality dynamics and dominant controls and to infer underlying processes

or to calibrate and validate models of water and solute transport.

The data set contains time series of macronutrient concentrations (species of N, P and

OC), discharge, precipitation, potential evapotranspiration and mean air temperature and

diffuse N input in form of N surplus, atmospheric deposition and fixation at catchment

level and catchment attributes. Generally, the time series were aggregated to an annual

time scale. Additionally, for 140 stations with high data availability, i. e. long-term water

quality data of at least 20 years and daily discharge data, time series of concentrations,

flow-normalized concentrations, and mean fluxes derived from WRTDS were aggregated

to a monthly time scale. The catchment attributes characterize the topography, hydrocli-

mate, land cover, population density, lithology and hydrogeology, textural and chemical

soil properties and nutrient sources.

An overview of the spatial and temporal coverage of the data set is given in Figure 4.

Out of the total 1386 stations, 324 stations have a co-located discharge station and 140

stations have a high data availability for at least one of the water quality compounds.

The distribution and density of the stations varies regionally due to data availability and

robustness of the catchment delineation from topography. The compounds TOC, PO4
3– ,

NO3
– have the highest number of stations and highest data densities in most recent years

(data set covers until 2015). The earliest time series (disregarding one isolated value in

1900) started in 1954 for NO3
– and mineral N, in 1965 for P species and in the 1970s for

OC, although median start was in the 1990s. The stations have median time series lengths

between 15 and 21 years and median number of samples between 139 and 165. The forcing

data extends from 1950 to 2015 for diffuse N inputs and to 2018 for meteorological data.
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Figure 4: Overview of the data set: the 1386 stations and catchments (left) and station den-
sity with data per year and compound (right). Q - discharge, WRTDS - Weighted
Regressions on Time, Discharge, and Season (Hirsch et al., 2015).

Altogether, this comprehensive, homogenized data set of water quality combined with

water quantity, driving forces and catchment attributes opens up several further research

opportunities for data-driven and modeling large-sample assessments of water quality.

Study 3 also calls for the compilation and provision of similar data sets and open data

and science policies.
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Chapter 4

Synthesis and outlook

The aim of this thesis was to advance the understanding of spatiotemporal patterns of

nutrient export at catchment scale and dominant controls to infer underlying processes.

The controls should include natural and anthropogenic ones to identify the human impact

on nutrient export. To this end, archetypal response patterns were characterized and

catchments classified using data-driven quantitative frameworks and principles of large-

sample hydrology (Gupta et al., 2014). Subsequently, linking catchment characteristics

to the response patterns revealed dominant controls and allowed to discuss underlying

processes.

4.1 Archetypes of riverine nutrient export

Spatial patterns and archetypal ranges of nutrient export dynamics were identified for the

three macronutrients NO3
– , PO4

3– , TOC across a wide range of catchments in Germany

(Study 1). Continuous compound-specific ranges of export patterns (slope b, Figure 2)

were found, from which about 70% of the catchments classified into the dominant class

of export patterns: enrichment for NO3
– and TOC and dilution for PO4

3– . Regionally,

enrichment patterns prevailed in north-western and partially also north-eastern Germany

for all the macronutrients (Figure 5). In south-eastern Germany, NO3
– dilution patterns

contrasted to PO4
3– and TOC enrichment patterns, while patterns were generally more

variable in central Germany.

In general, PO4
3– export was more chemodynamic (majority CVC/CVQ > 0.5) than NO3

–

and TOC export, although the range in slope b values was similar for the three nutri-

ents. This indicates a higher variability of PO4
3– concentrations unrelated to discharge.

The link between PO4
3– export patterns (slope b) and regimes (CVC/CVQ) was there-

fore not as clear as for the other nutrients. Instead, PO4
3– export patterns were linked to
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4.1. Archetypes of riverine nutrient export

mean PO4
3– concentrations, as catchments with dilution patterns had significantly higher

mean concentrations than the ones with enrichment patterns. For NO3
– , catchments with

chemodynamic export linked to strong enrichment patterns and had lower mean concen-

trations than the chemostatic group. The highest mean NO3
– concentrations were found

in eastern Germany, where more neutral but less consistent export patterns emerged. For

TOC, the highest mean concentrations occurred in northern German lowlands coinciding

with dominant enrichment patterns.

Consistent regional patterns were determined for average NO3
– and discharge seasonality

from investigations of long-term time series with a smaller catchment density but across a

larger spatial extent as French catchments were added to the German data set (Study 2).

This implies that NO3
– export dynamics are predominantly determined by the seasonal

rather than the pure event time scale. A synthesis of both classifications for NO3
– export

dynamics is shown in Figure 5. The link between the ratio of seasonal concentrations in

relation to discharge during low- and high-flow seasons and the regression slope b be-

tween concentration and discharge in logarithmic space was demonstrated and discussed

in Study 2. A simple linear regression between the two metrics yields a coefficient of deter-

mination of R2=0.79 for the overlapping German catchments (n=120). Differences in the

two metrics can result from, for example, existing long-term trends and different analysis

periods, discharge variability apart from average seasonal variations and ambivalent C-Q

relationships (Minaudo et al., 2019). Generally, the dominance of enrichment patterns

and synchronous seasonal variability of NO3
– and discharge agree with existing literature

(e. g. Moatar et al., 2017; Musolff et al., 2015), as does the dominant seasonal time scale

in NO3
– -Q variability (Minaudo et al., 2019).

The good agreement between the two classifications of NO3
– dynamics from Study 1

and 2 is also consistent with the finding that spatial variability is larger than temporal

variability (Study 2) indicating that differences between the catchments are larger than the

changes of general functioning over two or more decades in most catchments. When spatial

variability prevails, persistence in general spatial patterns resulting in good agreement of

water quality metrics can be expected even if the covered time periods differ.

However, this does not imply that there are no significant temporal changes in NO3
–

export dynamics, which the majority of significant trends in the logarithmic seasonal

ratio between low-flow and high-flow concentrations (74%) and hysteresis patterns (59%)

clearly demonstrated (Study 2). Both types of hysteresis were observed equally often

(about 30% each) with a dominance of preceding high-flow concentrations in northwestern

and -eastern France and southeastern Germany (Figure 3). This trajectory archetype

often showed declining seasonal concentration ratios, although overall increasing ratios
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4.1. Archetypes of riverine nutrient export

Figure 5: Synthesis of catchment archetypes: NO3
– export patterns from Study 1 (n=441 all

catchments) and average seasonality archetype from Study 2 (n=290) with elevation
(left), PO4

3– export patterns (n=391) with N surplus [kg ha−1 y−1] (top right), and
TOC export patterns (n=407) with topographic wetness index (TWI) aggregated to
a 2 km grid (bottom right).

(45% of the catchments) were more often. Additionally, about 20% of the catchments

experienced a reversal in NO3
– seasonality between low- and high-flow concentrations,

indicating fundamental long-term changes in inter-annual export dynamics.

The results suggest that NO3
– trajectories are rather variable, which is generally in line

with the large-sample analyses by Ehrhardt et al. (2021) who found that peak response

times to input changes varied strongly with a median response time of five and maximum

of 34 years among a subset of the same study catchments. Thus, both Ehrhardt et al.

(2021) and Study 2 confirmed that long-term NO3
– trajectories are variable in western

European catchments although input trajectories have been more similar in time follow-

ing the European regulations. The existing regional similarities suggest a linkage to the

spatial patterns of controls.
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4.2. Dominant controls and underlying processes

4.2 Dominant controls and underlying processes

4.2.1 Nitrate

Findings from this thesis showed that mean NO3
– concentrations and export dynam-

ics are dominantly controlled by the interplay between diffuse inputs from agriculture

and vertical concentration heterogeneity potentially resulting from natural attenuation

(removal by denitrification). Inputs define an upper limit for concentration levels, but

mean concentrations in catchments with intense agriculture can still be substantially

lower often combined with pronounced chemodynamic enrichment patterns. This catch-

ment archetype was predominant in lowlands with deep sedimentary aquifers in northern

Germany with high vertical concentration heterogeneity. This heterogeneity was argued

to result from high inputs to soils and high subsurface denitrification in such areas (Knoll

et al., 2020; Kunkel et al., 2004; Wendland et al., 2008) sustaining low concentrations in

flow paths with long travel times. In lowlands, longer travel times in the stream network

and denitrification in riparian wetlands interacting with the carbon cycle could also lower

NO3
– concentrations especially in summer. Additionally, the vertical heterogeneity could

be related to dilution with pre-industrial water with low NO3
– concentrations in large

aquifers. In contrast, horizontal source heterogeneity in terms of distance to the stream

was not a dominant control.

Across larger scales, topography and related hydroclimatic variability were identified as

dominant controls of discharge seasonality and thus archetypes of NO3
– -Q seasonality

(Study 2). Even though climatic variables were not a primary control of export dynamics

across Germany (Study 1), this is consistent with the topographic controls identified and

because the descriptors are interlinked.

Prevalent enrichment patterns and synchronous seasonality of NO3
– and discharge indi-

cate that additional sources are dominantly activated with increasing hydrological con-

nectivity. This agrees with shallow sources of top-loaded profiles being mainly mobilized

by younger water during high flow (Seibert et al., 2009). Artificial drainage could amplify

the heterogeneity effect by facilitating the discharge of young water during high flows and

the bypassing of potential retention zones (Musolff et al., 2015; Van der Velde et al., 2010;

Van Meter and Basu, 2017). Additionally, seasonal variations in biogeochemical processes

could reinforce the enrichment pattern, e. g. increased riparian and in-stream retention

processes such as nutrient uptake or denitrification during summer low flows with longer

travel times and higher temperatures (Lutz et al., 2020; Nogueira et al., 2021). The

archetype of asynchronous seasonality and NO3
– dilution with low mean NO3

– concen-
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tration in mountainous catchments (Q maximum in spring or summer) likely results from

high specific discharge and spatial separation between main discharge generating zones at

high elevations and downstream source areas. The archetype of asynchronous seasonality

and only light dilution with high mean NO3
– concentration in northwestern France (NO3

–

maximum in summer) could be caused by bottom-loaded concentration profiles. This is

in agreement with the identified dominant control of vertical concentration heterogeneity

on NO3
– export dynamics across Germany.

The hysteresis approach, based on seasonally variable response times, allowed testing for

dominant long-term changes in concentration heterogeneity in the catchment affecting

trajectories of NO3
– export dynamics. This approach is based on the understanding

that different water ages contribute to discharge with varying intensities during different

seasons (Benettin et al., 2017; Yang et al., 2018). Fundamental changes in concentration

heterogeneity could be linked to the migration of concentration fronts along flow paths and

thus aging water (Dupas et al., 2016; Ehrhardt et al., 2019). Such significant long-term

changes in catchment functioning have been described for meso-scale catchments (Dupas

et al., 2016; Ehrhardt et al., 2019; Winter et al., 2021), but the expected trajectories with

high-flow concentrations preceding low-flow concentrations only emerged in 30% of the

catchments. This suggests that downward migrating concentration fronts, which funda-

mentally alter subsurface source distributions and are associated with delayed responses in

low-flow nitrate concentrations and dominant hydrological legacies, are not predominant

across the investigated landscapes. This is consistent with the non-dominant hydrological

legacies discussed by Ehrhardt et al. (2021) for the study area. For the long-term tra-

jectories of export dynamics, no consistent relationship to controls was found, although

regional patterns and significant trends were observed. This suggests that controls are

complex and that different settings and interactions of constant and time-variant controls

can potentially lead to similar long-term trajectories.

Comparing the hysteresis classes from Study 2 to N retention (i. e. ”missing N” retained

in legacies or denitrified and not exported to streams) patterns (overlap n=232, Ehrhardt

et al., 2021) shows that retention was significantly smaller (i. e. exported N higher, p< 0.01

Kruskal-Wallis and Wilcoxon test for pairwise comparisons) for the class of catchments

with preceding high-flow NO3
– concentrations compared to the other classes. Their me-

dian retention was significantly lower (67%, n=73) than the median retention for catch-

ments with preceding low-flow concentrations (73%, n=68). Differences in the values were

more pronounced for lower values: 25% of the catchments with preceding high-flow con-

centrations had retention below 50%, whereas only 4% of the catchments with preceding

low-flow concentrations were below 50% and their lower quartile was at 69%. This could
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mean that the overall N export relates to the seasonal response times and thus different

trajectories: In catchments with higher N export, processes related to relatively faster

response times in high-flow concentrations seem to be more dominant. As both metrics

characterize the integrated catchment response, different mechanisms (e. g. biogeochem-

ical and hydrological legacies and denitrification) and their interplay could affect both

metrics in different ways. Ehrhardt et al. (2021) found that higher N export (i. e. lower

retention) was linked to hydrologic and subsurface properties favoring lower denitrifica-

tion and shorter travel times of the water, which could enhance the N export especially

of shallow sources with younger water fractions dominating during high flow. It could

also enhance the potential of migrating N concentration fronts and impact the relative

seasonal response times.

Although chemostatic catchments prevailed and linked to higher mean NO3
– concentra-

tions, this thesis showed that high long-term N inputs do not necessarily lead to chemo-

static NO3
– export from agricultural catchments, as had been hypothesized earlier (Basu

et al., 2010; Thompson et al., 2011). Pronounced and more frequent chemodynamic en-

richment patterns in catchments with intense agriculture as well as prevailing positive

trends in seasonal NO3
– ratios with predominant synchronous NO3

– -Q seasonality (i. e.,

prevailing increase in export dynamics) do not support the generality of this hypothesis

of chemostasis.

One can conclude that natural attenuation (resulting from the joint effect of reaction

rates and travel times) is able to buffer high diffuse anthropogenic N inputs in some areas

and their interplay determine the variability of mean NO3
– concentrations and export

dynamics via vertical concentration heterogeneity. However, current retention capacities

can decrease if finite bioavailable electron donors in the subsurface are continuously de-

pleted by excess NO3
– inputs (Wilde et al., 2017; Merz et al., 2009). If this natural buffer

is irreversibly used up, the pressure of anthropogenic diffuse N sources on water quality

may increase in the future in those areas. Horizontal source heterogeneity regarding the

distance to stream was not controlling export dynamics in Study 1 but the general catch-

ment structure with a spatial separation of main discharge generating and source zones

caused asynchronous NO3
– and discharge seasonality on average in Study 2.

Altogether, the thesis showed that across large scales, anthropogenic activities strongly

affect the N cycle including especially the N transfer from land to stream. NO3
– export

is dominantly controlled by diffuse anthropogenic N inputs and subsurface properties

favoring natural attenuation and thus vertical concentration heterogeneity and spatial

separation of discharge generation and sources, all associated with different topography.
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4.2.2 Phosphate

For PO4
3– , both point and diffuse sources were relevant controls. Mean PO4

3– concentra-

tions were linked to point sources and dilution patterns, which were predominant and are

also typical for point sources (Bowes et al., 2015; Moatar et al., 2017). However, diffuse

sources, which were related to the fewer enrichment patterns, better explained the variabil-

ity in export patterns. The enrichment was dominant in areas with high P soil saturation

in agricultural soils (Fischer et al., 2017) suggesting P losses from accumulated P sources

(P legacies, Sharpley et al., 2013). P accumulation in soils is a result of continuous excess

diffuse P inputs especially from manure and low P use efficiencies (Sharpley et al., 2013).

Although mean PO4
3– concentrations were lower in the catchments with enrichment pat-

terns, exported loads can be high during high flows and impact downstream water bodies.

The rather weak link between export patterns and regimes implies that hydrology-driven

dynamics are altered by highly reactive biogeochemical processes, e. g. strongly variable

P cycling processes including retention, transformation and remobilization (Jarvie et al.,

2012; Musolff et al., 2015). Remobilization of dissolved P from riverbed or lake sediments

or wetland soils when redox conditions change can also mimic point sources and create

dilution patterns (Dupas, Tittel, Jordan, Musolff and Rode, 2018; Smolders et al., 2017).

Altogether, the anthropogenic impact on mean PO4
3– concentrations and export dynam-

ics is dominant, although riverine concentration dynamics are reshaped by natural highly

variable biogeochemical processes. However, these biogeochemical transformation pro-

cesses can still be induced or altered by human activities as higher P loads circulate in

the environment. For example, eutrophication can result in oxygen depletion, changed

redox conditions and remobilization of P from sediments.

4.2.3 Total organic carbon

Topography was found to dominantly control mean TOC concentrations across Germany,

as it regulates the humidity that favors the accumulation of organic matter, such as

in riparian wetlands (Clark et al., 2010). TOC export was dominated by mobilization

processes likely from these near-stream sources as enrichment patterns were also most

pronounced in lowland areas. The export was also generally more hydrology-driven in

lowland areas. Hydrological characteristics also partly explained the variability in export

patterns among catchments with more equilibrated discharge patterns linking to stronger

enrichment patterns. Within riparian zones, which are hot spots for biogeochemical pro-

cesses, interactions with other nutrients can occur, e. g. during denitrification where NO3
–

is reduced and OC is the electron donor.
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Together, this suggests that more variable hydrology, entailing variable antecedent con-

ditions and lower or less constant TOC sources, create higher variability in TOC export

in terms of more ambivalent C-Q relationships. On the other hand, well-connected near-

stream sources are mobilized increasingly with increasing discharge, indicating a control

of vertical and horizontal source heterogeneity across catchments and regions. TOC ex-

port is dominated by natural controls determining the occurrence of terrestrial sources

and hydrological variability, although humans alter the landscapes relevant for OC, such

as wetlands, as well as transport pathways and processes with diverse impacts (Stanley

et al., 2012).

4.3 Implications

This thesis improved the understanding of spatiotemporal patterns of nutrient export,

their dominant controls and underlying dominant processes, which can support practi-

tioners and water quality modelers. The findings can assist water quality managers to

adapt monitoring and management strategies and define priorities. The identified differ-

ences and similarities and dominant controls of water quality patterns across large scales

provide context for other catchments and changing conditions. This context provides re-

gional guidance, e. g. for ungauged basins, and can facilitate temporal transfer using the

concept of ”trading-space-for-time” (Peel and Blöschl, 2011). Strong NO3
– enrichment

patterns under high inputs could indicate natural attenuation based on the dominant

control of vertical concentration heterogeneity on export dynamics and its link to sub-

surface properties favoring conditions for denitrification. Subsequently, trends in export

dynamics could also indicate shifts in catchment functioning regarding nutrient retention,

which could result from decreasing subsurface reactivity if electron donors get exhausted

(Wilde et al., 2017; Merz et al., 2009). The analysis of long-term trajectories showed that

spatial variability in NO3
– export dynamics was larger than the decadal intra-catchment

variability (Study 2). Thus, management strategies and regulations need to consider the

prevalent regional differences. PO4
3– enrichment patterns were linked to diffuse sources

in areas with high probabilities of soil P saturation (Fischer et al., 2017; Sharpley et al.,

2013). This highlighted the importance of managing and regulating diffuse P sources

besides the point sources. These P accumulations in soils (biogeochemical legacies) po-

tentially cause long-term P losses to the streams (Van Meter et al., 2021), especially from

near-stream or well-connected areas such as by artificial drainage and preferential flow

paths (Osterholz et al., 2020). P legacies in agricultural areas are likely more widespread

than in the catchments with emergent enrichment patterns, but could be masked by more
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dominant dilution patterns. Fischer et al. (2017) estimated that more than 76% of agri-

cultural soils in Germany are close to P saturation. Although mean NO3
– and PO4

3–

concentrations of the catchments with chemodynamic enrichment patterns were relatively

low, these sites can still be hot spots of exported loads. Both N and P legacies may cause

large export time scales up to several decades and impair water quality over the long term

(Van Meter et al., 2021; Meals et al., 2010).

For management measures, this implies that nutrient inputs should be further reduced to

avoid continuous build-up of nutrient legacies, the risk of depleting buffer capacities and

continuous deterioration of aquatic ecosystems. To reduce legacies and losses, nutrient use

efficiencies should be increased e. g. using more effective fertilizing strategies to improve

plant uptake and recycling nutrients stored in soils (Bindraban et al., 2020; Dupas et al.,

2020). Buffer strips or riparian wetlands can create additional retention zones removing

NO3
– via denitrification (Sabater et al., 2003) and trapping P, although there are risks

to consider such as the potential remobilization of P under changing redox conditions

(Gu et al., 2017) and release of greenhouse gases (Galloway et al., 2003). Improved,

sustainable nutrient management is also specifically relevant for P as a limited resource

(Bindraban et al., 2020). TOC concentrations were controlled by riparian wetlands. These

can be restored to modify ecosystem structure and functions including nutrient uptake

and thus potentially improve the water quality, although effects are diverse and not yet

fully understood (Stanley et al., 2012).

Water quality modelers can benefit from the identified dominant controls to inform mod-

els to better represent relevant processes shaping large-scale spatiotemporal patterns of

nutrient export, to reduce model complexity or to adapt strategies to regionalize parame-

ters. This could be by adapting easily available proxies, such as the topographic and land

use characteristics. The assembled data set can be used to calibrate and validate models

based on concentrations and loads as well as the different export metrics and to verify the

model structure. Modeling can further extend the knowledge of catchment functioning

and explore management strategies.

This thesis has made an important contribution to the understanding of general catch-

ment functioning including similarities and differences, by presenting a broad
”
pattern-

to-process“ analysis in line with large-sample hydrology (Sivapalan, 2006). Identifying

general patterns and relationships within the complexity of catchments can help unite

process understanding at different scales and thus advance the understanding of hydro-

logical functions at the catchment scale (Sivapalan, 2006; Wagener et al., 2007). This

concept is based on the understanding of catchments as self-organizing systems result-

ing from principles of landscape genesis (Sivapalan, 2006; Wagener et al., 2007). The
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large-sample analysis of this thesis revealed spatiotemporal patterns of nutrient export

dynamics, identified dominant controls and underlying processes. It increased the under-

standing of mechanisms of nutrient export and how human controls interact with natural

controls across a wide range of catchments. Overall, this thesis showed that human inter-

ference with the biogeochemical cycles has a large impact on the land-to-stream transfer

and riverine concentration dynamics of the nutrients.

Reducing nutrient losses to the environment to decrease widespread adverse effects of

human activities is crucial to protect aquatic ecosystem and human health. Joint efforts

of researchers, practitioners and stakeholders are needed to define and implement best

management practices, mediate between conflicting interests and move in a ”safe operating

space for humanity” (Rockström et al., 2009), especially in the face of a changing world

and future challenges.

4.4 Outlook

Follow-up studies could further verify the hypotheses derived from the large sample anal-

yses and help to quantify and disentangle the underlying processes. To understand catch-

ment buffering capacities for nutrient inputs, estimates of large-scale, regional denitrifi-

cation potential are needed, including potential long-term changes and limits. Similarly,

more research on the quantification of N and P soil accumulation and saturation across

larger scales is needed. In combination with these estimates, the potential of C-Q rela-

tionships to serve as diagnostic tools or proxies for such shifts in catchment functioning

could be evaluated. The importance of the different retention mechanisms at catchment

scale need to be further disentangled between the legacies and removal by denitrification,

but also among the different compartments, namely soils, vadose zone, groundwater, ri-

parian zones and stream network. Moreover, nutrient interactions causing temporal or

permanent removal and their impact on responses at the catchment outlet need to be

further investigated, especially in riparian zones and in stream networks. The role of tile

drains on nutrient export dynamics across larger scales also still remains speculative at

the moment (Musolff et al., 2015; Osterholz et al., 2020).

Disentangling the different controls on C-Q trajectories could help to better understand

their interacting impact on the different trajectories of low- and high-flow concentrations.

More detailed analyses in fewer catchments of different archetypes with higher data avail-

ability including point source input time series might forward the understanding. Time

series of point source inputs would also allow estimating source apportionment and re-
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fining priorities for management. To further investigate long-term trends in catchment

functioning, trajectories of PO4
3– and TOC in addition to NO3

– export dynamics, nu-

trient ratios and interactions should also be considered. Subsequently, the link between

nutrient dynamics on ecological responses needs to be investigated, including algae growth

(chlorophyll-a), biodiversity, and the ecological status as a target of the European water

quality management according to the WFD (EC, 2000). Here, water quality modeling

studies can help to transfer the gained knowledge into water quality predictions including

climate and management scenarios.

The proposed approaches including the parameterization of source heterogeneity and

hysteresis for seasonality trajectories can be further explored to investigate catchment

functioning. They would benefit from comparison to other frameworks and further ap-

plications to better understand sensitivities and dependencies. The hysteresis framework

informs about catchment response time scales and their seasonal differences reflecting the

input history, retention and release processes. It thus allows to discuss different ecological

implications as low-flow season is usually more sensitive to eutrophication (Minaudo et al.,

2020; Withers and Jarvie, 2008), high flows are more relevant for loads exported to down-

stream water bodies (Bouraoui and Grizzetti, 2011) and changes in inter-annual export

dynamics could imply changes in ecosystem functioning (Penuelas et al., 2020). To char-

acterize long-term changes in catchment functioning, the hysteresis integrates transitional

states, including when trends are not monotonic and seasonal response times vary. This

transition could include, for example, a temporarily chemostatic (”pseudo-chemostatic”)

export regime, as described by Ehrhardt et al. (2019). Further applications could, for

example, include other water quality compounds and catchments with high data avail-

ability.

To address the open questions, the assembled large-sample data set can be used. Never-

theless, further freely available data would be useful. This includes similar large-sample

data sets of water quality extending for other regions, but also additional data, partic-

ularly on long-term soil nutrient content, groundwater quality, and ecological data. In

addition, time series of anthropogenic drivers would be useful, in particular of land and

water management at national or larger scales, of point source loads and of P-surplus

on agricultural land, as well as improved estimates of e. g. atmospheric deposition or N-

surplus. Large-sample studies across a larger extent with higher climate variability could

generally increase the opportunities to apply the ”trading-space-for-time” concept for cli-

mate change scenarios. Moving to cross-continental, global scale analysis of water quality

dynamics covering more variable hydroclimatic conditions (including arid areas), land-

scapes and anthropogenic settings could further advance our understanding of differences
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and similarities and dominant controls of catchment responses. This thesis and especially

Study 3 therefore calls for open science and data policies to increase data accessibility and

consistency and open up further opportunities for water quality research and management.
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BGBI.1 (1980), ‘Verordnung über Höchstmengen für Phosphate in Wasch-und Reini-

gungsmitteln vom 4.6.1980: PHöchstMengV; 1980’.
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Andréassian, V. (2014), ‘Large-sample hydrology: a need to balance depth with

breadth’, Hydrol. Earth Syst. Sci. 18(2), 463–477.

URL: https://www.hydrol-earth-syst-sci.net/18/463/2014/
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1. Introduction
Elevated nutrient inputs from human sources such as fertilizers and wastewater put aquatic ecosystems 
under pressure. The health and functioning of stream ecosystems and the eutrophication risk are strongly 
linked to nutrient concentrations (Conley et al., 2009; Galloway et al., 2003; Vitousek et al., 1997), while 

Abstract Elevated nutrient inputs challenge the health and functioning of aquatic ecosystems. To 
improve riverine water quality management, it is necessary to understand the underlying biogeochemical 
and physical processes, anthropogenic drivers and their interactions at catchment scale. We hypothesize 
that the spatial heterogeneity of nutrient sources dominantly controls the variability of in-stream 
concentration dynamics among catchments. We investigated controls of mean nitrate (NO3

−), phosphate 
(PO4

3−), and total organic carbon (TOC) concentrations and concentration-discharge (C-Q) relationships 
in 787 German catchments of a newly assembled data base, covering a wide range of physiographic and 
anthropogenic settings. We linked water quality metrics to catchment characteristics using partial least 
squares regressions and random forests. We found archetypal C-Q patterns with enrichment dominating 
NO3

− and TOC, and dilution dominating PO4
3− export. Both the mean NO3

− concentrations and their 
variance among sites increased with agricultural land use. We argue that subsurface denitrification can 
buffer high nitrogen inputs and cause a decline in concentration with depth, resulting in chemodynamic, 
strongly positive C-Q patterns. Mean PO4

3− concentrations were related to point sources, though the low 
predictive power suggests effects of unaccounted in-stream processes. In contrast, high diffuse agricultural 
inputs explained observed positive PO4

3− C-Q patterns. TOC levels were positively linked to the abundance 
of riparian wetlands, while hydrological descriptors were important for explaining TOC dynamics. 
Our study shows a strong modulation of anthropogenic inputs by natural controls for NO3

− and PO4
3− 

concentrations and dynamics, while for TOC only natural controls dominate observed patterns across 
Germany.

Plain Language Summary Phosphorus, nitrogen, and organic carbon are key elements of 
plants and all living organisms. Humans are altering the nutrient cycles especially, to improve agricultural 
productivity and through domestic and industrial wastewater. Excess nutrients in surface waters have 
harmed many aquatic ecosystems by causing toxic algal blooms and a loss of biodiversity. Low nutrient 
concentrations and habitat variability are similarly important to those ecosystems, but human interference 
with natural drivers is not yet fully understood. To better understand and disentangle natural or human 
controls, we investigated nutrient concentrations and their variability across German catchments with 
varying landscapes and anthropogenic conditions. The human impact is clearly visible for mean nitrate 
concentrations, while the (natural) subsurface properties mainly controlled the variability of riverine 
nitrate. In the past, phosphate inputs were usually linked to wastewater, yet we found the control of 
agricultural activities on concentration dynamics to be unexpectedly high. Organic carbon was mainly 
associated with natural sources related to riparian wetlands where interactions with other nutrients are 
possible. This understanding of dominant controls is important in order to adapt management strategies 
to ensure healthy aquatic ecosystems.
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their temporal variability can additionally affect the pressure and reversibility of effects (Withers & Jarv-
ie, 2008) and primary production via for example stoichiometric shifts (Conley et al., 2009). Moreover, the 
dynamics of nutrient concentrations in concert with discharge variability control nutrient loads exported 
from catchments to downstream water bodies and cause eutrophication in many receiving rivers, lakes, and 
estuaries around the globe (e.g., Bricker et al., 1999; EEA, 2018; Jenny et al., 2020).

Several national and European regulations have been adopted to reduce water quality problems with a 
major focus on the macronutrients nitrogen (N) and phosphorous (P). Initially, the regulations in Europe 
and the USA focused on reducing nutrient inputs related to point sources (BGBI.1, 1980; Copeland, 2016; 
EEC, 1991a), but later additionally addressed nonpoint-source pollution (Copeland, 2016; EEC, 1991b, 2000). 
In Europe, the Water Framework Directive (WFD, EEC, 2000) set water quality aims and guidelines includ-
ing the reduction of diffuse N and P pollution and the demand for a river basin and ecology-oriented per-
spective for water quality management. Still, many surface water bodies worldwide lack a good ecological 
status, with diffuse agricultural sources being one of the main pressures (Damania et al., 2019; EEA, 2018; 
EPA, 2017). Even though regulations do not focus on regulating the macronutrient organic carbon (Stanley 
et al., 2012), it affects aquatic ecosystem structure and functioning (for example via energy input and bioge-
ochemical interactions) and can impair drinking water resources (Solomon et al., 2015).

Measures to improve water quality are usually implemented and evaluated at catchment scale (Bouraoui & 
Grizzetti, 2011). Catchments are complex systems with various biogeochemical and hydrological processes 
interacting at different spatial and temporal scales (Bouwman et al., 2013; Clark et al., 2010) and finally 
integrating into water quantity and quality responses at the catchment outlet (Bouraoui & Grizzetti, 2011). 
A considerable amount of nutrients can be retained or transformed in different compartments, such as soils, 
groundwater, riparian zones, and streams, altogether considered as successive filters which alter specific 
loads transported downstream (Bouwman et al., 2013). The importance of processes on transported loads 
generally depends on the interplay between transport and reaction time scales (Musolff et al., 2017; Oldham 
et al., 2013). Hierarchies and interactions among processes and different scales as well as differences among 
catchments are still not properly understood, and upscaling of small-scale processes to the catchment scale 
remains a challenging task (Bol et al., 2018; Pinay et al., 2015). The integrated signal of concentration (C), 
discharge (Q) and their relationship observed at the catchment outlet can be used to characterize catchment 
functioning, to reveal generalities and differences among solutes and catchments and thereby to interpret 
underlying processes (Sivapalan, 2006).

Mean concentrations indicate the general levels of nutrient stress, while concentration-discharge (C-Q) 
relationships classify solute export dynamics in terms of export regimes and patterns (Musolff et al., 2015). 
A chemostatic regime can be defined as low C variability compared to high Q variability, while a chemo-
dynamic regime refers to a high C to Q variability using e.g. the coefficients of variation (CV) (Thompson 
et al., 2011). Export patterns characterize the direction and strength of influence of Q on C. Enrichment 
patterns describe increasing C with increasing Q, while dilution describes decreasing C with increasing Q, 
which prevail in supply limited systems. When comparing C-Q relationships among different solutes and 
catchments, generalities and key controls of solute export can be identified (Minaudo et al., 2019; Musolff 
et al., 2015; Zarnetske et al., 2018). C-Q relationships have been widely applied at different temporal scales, 
that is at event, inter- and intra-annual scales (Dupas et al., 2016; Minaudo et al., 2019; Rose et al., 2018; 
Westphal et  al.,  2019), and spatial scales, i.e. from hillslopes and headwaters (e.g. Bishop et  al.,  2004; 
Herndon et al., 2015; Hunsaker & Johnson, 2017) to numerous, large and nested catchments (e.g. Basu 
et al., 2010; Evans et al., 2014; Moatar et al., 2020).

To understand riverine nutrient export dynamics, we require process understanding of the major compo-
nents of catchment scale transport—input, mobilization and retention. Mean nitrate (NO3) concentrations 
in general increase with higher shares of agricultural land (e.g., Evans et al., 2014; Hansen et al., 2018; Mi-
naudo et al., 2019; Musolff et al., 2015). However, elevated N inputs can be counteracted by removal, for ex-
ample via denitrification under anoxic conditions and sufficient availability of electron donors, as observed 
in wetlands (Hansen et al., 2018), riparian zones (Pinay et al., 2015; Sabater et al., 2003) and groundwater 
(Rivett et al., 2008). Elevated phosphate (PO4

3−) concentrations have been mainly related to point sources 
(Minaudo et al., 2019; Westphal et al., 2019), though with significant point source reductions diffuse P emis-
sions from agricultural soils become increasingly relevant (Bol et al., 2018; Le Moal et al., 2019; Schoumans 
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et al., 2014). P retention and delivery to streams are closely linked to sorption in soils influenced by abiotic 
factors such as pH and redox conditions (Withers & Jarvie, 2008). Riparian wetlands are usually considered 
as sinks for agricultural P, but can also act as a source during rewetting after warm periods or under anoxic 
conditions (Dupas, Gruau, et al., 2015; Gu et al., 2017). For organic carbon, sources are linked to zones of 
organic matter accumulation, where biomass production exceeds removal via decomposition, such as in 
wetlands and peatlands (Clark et al., 2010). Riparian zones are important source areas for dissolved organic 
carbon (DOC) (Clark et al., 2010; Laudon et al., 2011; Musolff et al., 2018), which are usually hydrologically 
connected to the stream, whereas more distant DOC source areas might not intersect discharge generating 
zones (Bishop et al., 2004). Riparian zones are thus potential hot spots of biogeochemical processes, such as 
denitrification, DOC production and consumption and both P trapping and release, which are often linked 
to redox conditions and hence to water table dynamics. After the delivery to the stream, in-stream processes 
such as redox reactions and uptake can further remove, retain, transform or remobilize the nutrients before 
they reach the catchment outlet (Battin et al., 2008; Gomez-Velez et al., 2015).

Generally, the interplay between the solute source areas and hydrological connectivity has been found to 
be the major control of solute export dynamics (e.g., Herndon et  al.,  2015; Musolff et  al.,  2017; Seibert 
et al., 2009; Thompson et al., 2011; Tunaley et al., 2017). If solute source areas are uniformly distributed in 
a catchment, a chemostatic regime is established, as is typical for geogenic solutes (Thompson et al., 2011). 
Previous studies have found evidence that NO3 often exhibits a chemostatic export regime in agricultural 
catchments (e.g., Basu et al., 2010, 2011; Dupas et al., 2016). This chemostatic regime is attributed to the 
built-up legacy of high N inputs in the past, causing spatial homogenization of sources (Basu et al., 2010; 
Thompson et al., 2011), which suggests a significant anthropogenic impact on NO3 export dynamics. Simi-
larly, excess P inputs have led to P legacies in soils and sediments (Jarvie et al., 2013; Schoumans et al., 2015; 
Sharpley et al., 2013). Legacy effects may hamper mitigation measures designed to reduce exported nutrient 
loads by dampening concentration responses and creating time lags up to several decades (Bouraoui & 
Grizzetti, 2011; Howden et al., 2010; Meals et al., 2010; Van Meter & Basu, 2015). In contrast, chemody-
namic regimes are related to heterogeneously distributed source areas and variable discharge generating 
zones (Musolff et al., 2017; Zhi et al., 2019). Source heterogeneity can be linked, for example, to distinct 
production zones and the resulting vertical soil distribution profiles (Seibert et al., 2009), to vegetation and 
soil organic matter patterns (as shown for DOC by Herndon et al., 2015), and to heterogeneous land use 
patterns connected to inputs such as fertilizers (Musolff et al., 2017). Chemodynamic exports can also re-
sult from reactions along different flow paths. Flow paths with longer travel times, dominating during low 
flow conditions, are affected more than shorter ones. Thus removal along flow paths leads to depleted low-
flow concentrations and thus enrichment patterns (Musolff et al., 2017) while production or accumulation 
processes lead to dilution patterns (Ameli et al., 2017; Musolff et al., 2017). Moreover, transient processes 
can cause temporal variations in source zones, for example long-term input changes from fertilizer applica-
tions (Ehrhardt et al., 2019) or temporally variable dissolution of accumulated phosphorus (Gu et al., 2017). 
However, spatial variability in export patterns of different archetypal catchments (catchments with differ-
ent functioning) can collapse into a chemostatic downstream signal if concentrations vary asynchronously 
(Abbott et al., 2018). In summary, chemodynamic regimes signal variable combinations of discharge gen-
erating zones with different solute source strengths, travel times and reactivity along the flow paths within 
a catchment.

The anthropogenic impact on nutrient cycles and their effects on nutrient levels in streams (e.g., Gruber & 
Galloway, 2008; Hansen et al., 2018; Howden et al., 2010) as well as on nutrient export regimes have been 
discussed in several studies. However, to draw general and transferable conclusions a large sample size is 
required (Gupta et al., 2014). So far, only few studies consider a large number of catchments and different 
solutes (e.g., Basu et al., 2010; Moatar et al., 2017; Zarnetske et al., 2018). It thus remains uncertain how 
general and wide-spread the anthropogenic impact and resulting homogeneity or heterogeneity of sources 
is over a wide range of landscapes compared to natural controls, heterogeneity and reactivity (Ehrhardt 
et al., 2019; Van Meter & Basu, 2017). Therefore, we seek to understand (1) what drives nutrient concentra-
tion levels and dynamics across a large variety of catchments, and (2) how do anthropogenic impacts such 
as nutrient inputs interact with natural factors such as the hydroclimate, topography, and subsurface condi-
tions. Our exploratory analysis is guided by the hypothesis that the differences of nutrient export dynamics 
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among catchments are dominantly controlled by the degree of spatial heterogeneity of diffuse sources, as 
opposed to geologic, climatic or topographic controls or the mere input load of nutrients to the catchment.

To this end, we analyze a newly assembled Germany-wide water quantity and quality data base (Muso-
lff, 2020; Musolff et al., 2020). We use mean C and C-Q relationships of NO3-N, PO4-P and total organic 
carbon (TOC) to classify riverine nutrient dynamics in 787 independent catchments covering a wide range 
of ecoregions and large gradients in physical and hydroclimatic properties. We then disentangle the predic-
tive role of anthropogenic and natural catchment properties to infer dominant controls and to hypothesize 
about the underlying processes by linking the descriptors to C-Q export metrics. Potential predictors include 
topography, land cover, geology, and hydroclimate, as well as diffuse and point sources and proxies for spa-
tial source heterogeneity. Knowledge on dominant controls of nutrient export can serve to improve nutrient 
export models aiming at the catchment scale and to better tailor water quality management.

2. Materials and Methods
2.1. Water Quality and Quantity Data Set

Water quality data from river stations across Germany were gathered from the German federal state envi-
ronmental authorities (Musolff, 2020; Musolff et al., 2020). The authorities regularly monitor the surface 
water quality in the context of the WFD (EEC, 2000), taking grab samples with a biweekly to seasonal fre-
quency. Here, we focused on the three major nutrients: Nitrate-N concentrations as the dominant form of 
dissolved N (NO3

−-N), the biologically available dissolved orthophosphate phosphorus (PO4
3−-P) and TOC 

concentrations. For brevity we use NO3-N, PO4-P without charges in the text. We used TOC instead of DOC 
because of better data availability and a strong correlation with a regression slope of about 0.87 between 
mean DOC and TOC concentrations (see Figure S1), and DOC representing about 81.3 (±7.9) % of TOC on 
average. Daily mean discharge time series at the water quality locations were partly provided together with 
the quality data (Musolff, 2020; Musolff et al., 2020).

Out of the initial pool of 6,000 sites of the newly assembled Germany-wide data base, water quality time 
series were selected based on the following criteria concerning the quality and availability of concentration 
and spatial data:

 1)  Data availability of at least three years in the target period from 2000 to 2015. This time period excludes 
major changes in the 1990s when major improvements of wastewater treatment were put into place 
(Westphal et al., 2019)

 2)  Minimum of 70 concentration samples after outlier removal. As the large number of sites demanded a 
cost-effective method, only extreme outliers likely to be typographical errors were removed (following 
Oelsner et al., 2017). We defined outliers as concentrations greater than mean C + 4*standard deviation 
in logarithmic space (confidence level >99.99% assuming lognormal distribution of concentrations) for 
all elements and as PO4-P concentrations >100 mg l−1, and TOC concentrations >1,000 mg l−1 in terms 
of absolute values

 3)  Seasonal coverage of the concentration data, that is the samples from all possible three consecutive 
months constitute at least 10% of the samples on average. This includes stations with data systemati-
cally missing in one month

 4)  Left-censored data of the concentration time series (values below the detection limit) must be less than 
50% of the samples

 5)  Catchment area must be delineable from topography, that is we excluded stations with major devia-
tions between location of real river network and topography-based basin area. The catchments were 
delineated based on flow accumulation derived from a digital elevation model (EEA, 2013) of 25 m 
resolution resampled to 100 m and the river network from the CCM River and Catchment Database 
(version 2.1, De Jager & Vogt, 2007), with some manual adaptations of river segments which drastically 
improve the match between catchments and the real river network
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 6)  Independence of catchments, which was defined as nested catchments sharing less than 20% of their 
catchment area with any upstream station

 7)  Station must not be directly located at the outlet of a reservoir or lake (about 5 km), because the water 
quality in the vicinity of a lake or reservoir is expected to be mainly a result of lake dynamics, thus likely 
masking the effect of catchment processes

 8)  Data availability of catchment characteristics. This leads to the criterion that a minimum of 70% of the 
catchment area must fall within the borders of Germany, as some of the geodata were limited to Germa-
ny, such as N-surplus and point sources (see Section 2.3)

Applying the above criteria resulted in a set of 787 catchments with 759 NO3-N, 695 PO4-P, and 722 TOC 
time series. At 278 sites out of those catchments, observed discharge data were available. Altogether, the 
analyzed data base consists of a total of 110,603 concentration samples for combinations of dates and loca-
tions with an average between 135 (TOC) and 142 (NO3-N) samples per site (from 2000 to 2015).

2.2. Metrics of Water Quality Dynamics

We used arithmetic mean concentrations and metrics of the C-Q relationships to characterize the nutri-
ent concentration levels and dynamics in the different catchments. Before calculating basic statistics at 
each station, that is mean concentrations and the standard deviation, we replaced the concentration values 
falling below the detection limit (left-censored data) with half of the detection limit (see e.g., Hunsaker & 
Johnson, 2017; Underwood et al., 2017).

The relationship between concentration (C) and discharge (Q) can be described as: 
        log log logC a b Q  with ε as a normal-distributed error term (Vogel et al., 2005). As described 

by Godsey et al. (2009), we fit the model without an error term (equals power law relationship C = aQb) 
to estimate the parameter slope b for each station, separately. Slope b characterizes the export pattern of a 
constituent such that b > 0 indicates an enrichment pattern, b < 0 a dilution pattern, while b ≈ 0 describes 
a non-significant, neutral C-Q pattern (Musolff et al., 2017). Thompson et al. (2011) note that the power 
law C-Q model and metrics as R2 and f-statistics become uninformative when b approaches zero. The sepa-
ration of the three export pattern classes is therefore based on the significant difference of the slope b from 
zero (t-test, 95% confidence level). We consider this approach as an alternative to a classification based on 
fixed ranges of slope b (M. Botter et al.,  2020; Herndon et al., 2015; Zimmer et al., 2019). We excluded left 
censored values (below the detection limit) from the regression analysis and limited the censored fraction 
to 20% assuming that otherwise parts of the C-Q relationship could be underrepresented.

We aggregated low-frequency data over different seasons and hydroclimatic conditions to obtain general 
C-Q relationships. Generally, ambivalent C-Q relationships can cause dispersion in regression estimates 
toward increased chemostatic export (Burns et al., 2019; Minaudo et al., 2019). Several studies have there-
fore applied models deviating from a simple power-law C-Q relationship (Minaudo et  al.,  2019; Moatar 
et al., 2017; Underwood et al., 2017). In several catchments, segmented models yielded better performanc-
es than the simple power-law (Diamond & Cohen, 2018; Marinos et al., 2020). However, the direction of 
segmented C-Q relationships rarely changed, for example from upward to downward (Moatar et al., 2017), 
which suggests that the general behavior of slope b can be preserved in a simple power law approach. To 
further test if a single power law was justified for our case domain, we compared the simple (power law) 
model to segmented regression models in log space using the Akaike information criterion (Akaike, 1974) 
as presented by Marinos et al. (2020). A single power law was superior in about 75% of the study catch-
ments (Table S1), that is an increase in model complexity was not justified. In the other 25% of the study 
catchments, we noticed on average an increase in the R2 by 10%. Based on these results and for the sake of 
consistency across the study catchments, we selected the parsimonious single power law model for further 
investigations.

Additionally, we used the ratio of the coefficients of variation of concentration and discharge CVC/CVQ to 
characterize export regimes (Thompson et al., 2011). The export regime is considered as chemostatic for 
small CVC/CVQ (<0.5) and as chemodynamic for high CVC/CVQ (Musolff et al., 2015).
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The combination of both statistics (slope b and CVC/CVQ) leads to six distinct C-Q export classes (Figure S2) 
characterizing the distinct combinations of chemostatic and chemodynamic regimes within the different 
export patterns. This distinction is especially important for non-significant C-Q relationships (b ≈ 0), which 
can still demonstrate a chemodynamic export with C variability (CVC/CVQ ≥ 0.5) related to other factors 
than Q. Such dynamics can result from highly reactive export such as fast turnover in the streams (Musolff 
et al., 2015). Differences in mean concentrations between the export patterns and regimes were tested for 
significance (α = 0.05) using a Kruskal-Wallis rank sum test. In case of significant differences between the 
C-Q patterns, the Wilcoxon rank sum test was used for pairwise comparisons to identify the difference in 
patterns.

2.3. Catchment Characteristics

The 278 C-Q catchments with available discharge data cover 43.7% of Germany, while the 787 C catch-
ments cover 65.6%. Catchment sizes vary from 1.9 to 77,099.2 km2 (4.4–23,162.7 km2 for C-Q catchments), 
with 50% of the catchments smaller than 97.1 km2 (<235.6 km2) and 95% < 1,257.4 km2 (<2,540.0 km2). 
The catchments intersect all ten hydrogeological regions in Germany (BGR & SGD, 2015) and span a 
wide range of topographical, hydroclimatic, lithological and soil properties with varying anthropogenic 
presence. A summary of catchment characteristics is given in Table 1 and represented distributions of 
selected characteristics (matching mean conditions in Germany) are shown in Figure 1. The catchment 
characteristics are provided in a data repository (Ebeling, 2021a). The selection of catchment character-
istics was inspired by several previous studies (e.g., G. Botter et al., 2013; Dupas, Delmas, et al., 2015; 
Moatar et al., 2017; Musolff et al., 2018, 2015; Onderka et al., 2012) and limited by data availability over 
the large scale.

In addition to climatic characteristics available for all catchments, hydrological characteristics were cal-
culated for a smaller subset of catchments where daily discharge measurements were available (n = 186). 
The hydrological variables included mean discharge, mean specific discharge, runoff coefficient, seasonal 
ratio, base-flow index (BFI, WMO, 2008) and flashiness index based on flow percentiles following Jordan 
et al. (2005) (for details see Tables S2 and S9–S911).

To test our main hypothesis over a wide range of catchments, we parameterized source heterogeneity from 
landscape characteristics. Inspired by Musolff et al. (2017), who found “structured heterogeneity”—defined 
as nonlinear correlation between source concentration and travel time—to dominantly shape C-Q relation-
ships, we aim at connecting discharge generating zones (implicitly related to travel times and water ages) 
with source distributions. Thereby, we focused on parameterizing the prevailing structured heterogeneity 
in each catchment as opposed to random variability and considered both horizontal and a vertical parame-
terization component as visualized in the supporting information (Figure S3).

For the horizontal component of source heterogeneity of diffuse NO3-N and PO4-P sources, we assumed 
horizontal flow distances from the solute source to the stream network to link to flow paths and thus travel 
times. Horizontal source heterogeneity is considered as a temporally invariant catchment characteristic and 
does not account for seasonal or short term variability of nutrient availability within the source but rather 
represents the catchment setup with regards to spatial land use arrangement. Agricultural diffuse nutri-
ent source areas were defined as seasonal, perennial cropland and grassland estimated based on a highly 
resolved land use map of 2015 (Pflugmacher et al., 2018). We computed horizontal flow distances along 
the topographic flow direction toward the stream using the ESRI ArcGIS (version 10.6). The stream grid 
was derived from the EU-wide EU-Hydro river network (EEA, 2016b). Based on the flow distance grid, we 
resampled the land cover map with a 30 m resolution to 100 m using the majority method. For each catch-
ment, we then estimated the mean agricultural source area distance to nearest stream (sdist_mean) and the 
fraction of agricultural source area within classes of flow distances of 400 m each. Subsequently, we fitted a 
linear regression to the class values of the histogram weighted by the corresponding class frequencies with-
in the catchment. When the slope of this regression is positive (het_h > 0), source areas tend to be located 
further from the stream, whereas when it is negative (het_h < 0), sources tend to be closer and sources are 
homogeneously distributed when het_h = 0 (Figure S3). As the EU-Hydro river network partly deviates 
from delineated catchments and contains different degrees of details, 78 C and 38 C-Q catchments (mostly 
small ones) resulted in implausible distance distributions. Therefore, het_h was assigned as missing value 
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Category Variable Unit Description and method Data source

Topography area km2 Catchment area
dem_mean mamsl Mean elevation of catchment, from DEM (digital elevation model) 

rescaled from 25 to 100 m resolution using average
EEA, 2013

slope_mean ° Mean topographic slope of catchment, from DEM EEA, 2013
twi_mean – Mean topographic wetness index (TWI, Beven & Kirkby, 1979) EEA, 2013
twi_90p – 90th percentile of the TWI as a proxy for riparian wetlands (following 

Musolff et al., 2018)
EEA, 2013

drain_dens km−1 Average drainage density of the catchment. Gridded drainage density 
is provided as the length of surface waters (rivers and lakes) per 
area from a 75 km2 circular area around each cell center

BMU, 2000

Land cover f_urban – Fraction of artificial land cover EEA, 2016a
f_agric – Fraction of agricultural land cover EEA, 2016a
f_forest – Fraction of forested land cover EEA, 2016a
f_wetland – Fraction of wetland cover EEA, 2016a
f_water – Fraction of surface water cover EEA, 2016a
p_dens inhabitants km−2 Mean population density CIESIN, 2017

Nutrient sources N_surp_00 kg N ha−1 y−1 Mean nitrogen surplus per catchment during sampling period (2000–
2015) including N surplus on agricultural land and atmospheric 
deposition on non-agricultural areas

Bach et al., 2016; 
Häußermann et al., 2019

N_surp_80 kg N ha−1 y−1 Mean N surplus per catchment before and during sampling period 
(1980–2015) to consider historic (legacy) inputs

Bach et al., 2016; 
Häußermann et al., 2019

N_WW kg N ha−1 y−1 Sum of N input from point sources including waste water treatment 
plants (WWTP) > 2000 person equivalents from the database of the 
European Environment Agency covering areas beyond Germany 
and data collected from 13 federal German states covering smaller 
WWTP within Germany

Büttner, 2020a, 2020b

P_WW kg P ha−1 y−1 Sum of P input from WWTP analogous to N_WW Büttner, 2020a, 2020b
het_h – Slope of relative frequency of source areas in classes of flow distances 

to stream as a proxy for horizontal source heterogeneity (see in text 
Section 2.3)

Source areas based on 
Pflugmacher et al., 2018

sdist_mean m Mean lateral flow distance of source areas to stream (see in text 
Section 2.3)

Source areas based on 
Pflugmacher et al., 2018

het_v – Mean ratio between potential seepage and groundwater NO3-N 
concentrations as proxy for vertical concentration heterogeneity 
(see in text Section 2.3)

Knoll et al., 2020

Lithology and soils f_calc – Fraction of calcareous rocks BGR & UNESCO (eds.), 2014
f_calc_sed – Fraction of calcareous rocks and sediments BGR & UNESCO (eds.), 2014
f_magma – Fraction of magmatic rocks BGR & UNESCO (eds.), 2014
f_metam – Fraction of metamorphic rocks BGR & UNESCO (eds.), 2014
f_sedim – Fraction of sedimentary aquifer BGR & UNESCO (eds.), 2014
f_silic – Fraction of siliciclastic rocks BGR & UNESCO (eds.), 2014
f_sili_sed – Fraction of siliciclastic rocks and sediments BGR & UNESCO (eds.), 2014
dtb cm Median depth to bedrock in the catchment Shangguan et al., 2017
f_gwsoils – Fraction of water-impacted soils in the catchment (from soil map 

1:250,000), including stagnosols, semi-terrestrial, semi-subhydric, 
subhydric and moor soils

BGR, 2018

Table 1 
Catchment Descriptors Used in the Analysis, Associated Methods and Data Sources
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in catchments without intersection with any river segment or a maximum flow distance to stream ≥15 km. 
We do not expect that results are generally influenced by this limitation as the remaining catchments still 
represent well the parameter space. However, these missing values lower the sample size, the related var-
iables (het_h and sdist_mean) did not rank among the dominant predictors, nor did they improve model 
performances; het_h and sdist_mean were therefore excluded from the main analysis (Section 3.3). Results 
corresponding to the smaller subset including het_h and sdist_mean are presented in the supporting infor-
mation (Tables S4 and S5).

Similar to the horizontal source heterogeneity, we parameterized the vertical concentration heteroge-
neity as concentration gradients over depth. We again assume a link between flow paths over depth and 
travel times. For each catchment, we calculated the mean of the ratio between the potential seepage 
NO3 concentrations and groundwater NO3 concentrations (Figure S3). This ratio resembles the param-
eter Cratio of soil versus groundwater concentrations used in Zhi et al. (2019). We used the groundwater 
NO3 and potential seepage concentrations across Germany presented by Knoll et al. (2020). They esti-
mated groundwater NO3 concentrations with a resolution of 1 km using a random forest model trained 
on observed groundwater concentrations (averages over the years 2009–2018) and spatial predictors. 
Mean groundwater NO3 concentrations from Knoll et al. (2020) correlated positively with mean river-
ine NO3 concentrations in our study (r = 0.73) and with average low-flow NO3 concentrations (r = 0.63 
for all observations with daily Q below the 10th percentile). The potential seepage NO3 concentrations 
(Knoll et al., 2020) were calculated as a ratio of N surplus (Bach et al., 2016; Häußermann et al., 2019) 
and the seepage rate (BGR, 2003). We note that this approach does not estimate the actual but a po-
tential seepage concentration, as we do not consider denitrification and lateral NO3 fluxes in the un-
saturated zone. This implies that het_v integrates removal processes across both the unsaturated and 
the saturated zone. Due to data availability, vertical heterogeneity parameterization was calculated for 
NO3 only.
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Table 1 
Continued

Category Variable Unit Description and method Data source

f_sand – Mean fraction of sand in soil horizons of the top 100 cm FAO/IIASA/ISRIC/ISSCAS/
JRC, 2012f_silt – Mean fraction of silt in soil horizons of the top 100 cm

f_clay – Mean fraction of clay in soil horizons of the top 100 cm
water_root mm Mean available water content in the root zone from pedo-transfer 

functions
Livneh et al., 2015; 

Samaniego et al., 2010; 
Zink et al., 2017

theta_S – Mean porosity in catchment from pedo-transfer functions Livneh et al., 2015; 
Samaniego et al., 2010; 
Zink et al., 2017

soil_N g kg−1 Mean top soil N in catchment Ballabio et al., 2019
soil_P mg kg−1 Mean top soil P in catchment Ballabio et al., 2019
soil_CN – Mean top soil C/N (Carbon/Nitrogen) ratio in catchment Ballabio et al., 2019

Climate P_mm mm Mean annual precipitation (period 1986–2015 used for all climatic 
variables)

Cornes et al., 2018

P_SIsw – Seasonality of precipitation as the ratio between mean summer (Jun-
Aug) and winter (Dec-Feb) precipitation

Cornes et al., 2018

P_lambda – Mean precipitation frequency λ as used by G. Botter et al., 2013 Cornes et al., 2018
PET_mm mm Mean potential evapotranspiration Cornes et al., 2018
AI – Aridity index as AI = PET_mm/P_mm Cornes et al., 2018
T_mean °C Mean annual air temperature Cornes et al., 2018

Study 1

61



Water Resources Research

2.4. Linking Water Quality Metrics to Descriptors

Rank-based correlations provide a first indication of existing links between the individual catchment de-
scriptors and the response metrics (Figure S5). Yet, due to inter-correlations among several descriptors (Fig-
ure S4), suitable multivariable statistical approaches are required for a proper interpretation of linkages and 
hierarchies.

We applied Partial Least Squares Regressions (PLSR, Wold et al., 2001) in combination with the Variable 
Influence of Projection (VIP, Wold et al., 2001) and Random Forests (RF, Breiman, 2001) to identify controls 
for differences in mean concentrations, export patterns and regimes of NO3-N, PO4-P and TOC among the 
studied catchments. Both PLSR and RF can handle co-linear descriptors as given here and provide variable 
importance measures to rank descriptors and interpret dominant controls. Still, ambiguity in certain predic-
tors can limit clear linking of the identified dominant controls to drivers and processes. Both models have 
been applied in water quality studies, for example PLSR for investigating solute export and their predictors 
(Musolff et al., 2015; Onderka et al., 2012; Wallin et al., 2015) and RF for estimating the spatial distribu-
tions of groundwater NO3 concentrations (Knoll et al., 2019; Ouedraogo et al., 2019; Rodriguez-Galiano 
et al., 2014) and artificial drainage systems (Møller et al., 2018). While PLSR is based on linear relation-
ships, RF is a non-linear method. Here, we combine the two approaches as a model ensemble to address the 
uncertainty of data-driven analyses and thus to increase the robustness and interpretability of the results 
(Schmidt et al., 2020).

One PLSR and one RF model per response variable were set up using the catchment characteristics as de-
scriptors (Table 1, excluding sdist_mean and het_h). In addition, models including either sdist_mean and 
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Figure 1. The study area with stations of concentration (C) and additional discharge (C-Q) data and corresponding catchments overlaying elevation (a) and 
distributions of selected catchment characteristics represented by the C catchments (b). TWI, topographic wetness index; P_mm, precipitation; PET_mm, 
potential evapotranspiration; AI, aridity index; P_SIsw, precipitation seasonality; P_lambda, precipitation frequency. Refer to Table 1 for detailed explanations of 
the parameters. Vertical dashed lines mark corresponding average values for Germany.
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het_h or hydrological descriptors were run for a smaller number of catchments (due to missing values, Ta-
bles S4 and S5). Nutrient-specific point sources were considered only for the corresponding nutrient (i.e., ei-
ther NO3-N or PO4-P). Since for diffuse sources, only N surplus but no P surplus data were available, the for-
mer was used as a descriptor for all nutrients because of expected correlations to P surplus (Dupas, Delmas, 
et al., 2015; Minaudo et al., 2019). N surplus was thus considered as a proxy for agricultural, diffuse P inputs 
together with the topsoil P content, which also correlate positively (r = 0.52 for N_surp_80, Figure S4). All 
data were standardized to unit variance and zero mean to give the variables the same prior importance and 
enhance the model stability (Wold et al., 2001). Yeo-Johnson transformations did not change results. Fur-
thermore, we used simple and multiple linear regressions for selected descriptors as parsimonious models 
to complement the complex PLSR and RF models.

To assess the model performances and to tune the number of components in PLSR, we conducted a three 
times repeated 10-fold cross-validation (Table S3). The variable importance in RF was assessed based on the 
mean increase of accuracy based on “out-of-bag” (OOB) samples. The analysis was conducted in R (version 
3.5.0, Team, 2019) with the caret package (version 6.0–84, Kuhn et al., 2019) and partial dependence plots 
created with the pdp package (version 0.7.0., Greenwell, 2017).

For our analyses, we assume stationary general catchment functioning over the analyzed time period 
(2000–2015). Even if this may not be true in all cases, integrating over this relatively short period should be 
acceptable and not corrupt the generally observed relationships.

3. Results
3.1. Classification of C-Q Metrics and Mean Concentrations

Basic statistics of the catchments' mean concentrations and C-Q metrics are given in Table 2. Overall, the 
averages of mean concentrations over the studied catchments were 4.06 mg l−1 NO3-N, 0.12 mg l−1 PO4-P, 
and 5.88 mg l−1 TOC. The average coefficient of variation of concentration CVC varied between 0.38 for 
NO3-N, 0.41 for TOC, and 0.68 for PO4-P. In general, C-Q metrics covered all types of patterns and regimes, 
with mean slope b > 0 and mean CVC/CVQ < 0.5 for NO3-N and TOC and mean slopes b < 0 and mean 
CVC/CVQ > 0.5 for PO4-P, while standard deviations of b were larger than absolute mean b for all nutrients. 
The C-Q power-law regressions showed similar model performances for the three nutrients with mean 
R2 = 0.27 ± 0.24 for NO3-N slightly higher than PO4-P (R2 = 0.21 ± 0.19) and TOC (R2 = 0.19 ± 0.20).

For NO3-N export, the majority of catchments showed a chemostatic regime (74%, n = 200) and an enrich-
ment pattern (69%, n = 188), while 45% combined both (Figures 2a and 2b). Highest mean concentrations 
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Concentration C-Q relationships

n 
C-catchments 

with <50% 
censored data Mean [mg l−1] Median [mg l−1] CVC

n C-Q-
catchments 
with <50% 

(<20%) 
censored 

data CVC/CVQ b

NO3-N 759 4.06 ± 2.69 
(3.71 ± 3.14)

3.86 ± 2.74 (3.4 ± 3.2) 0.38 ± 0.27 
(0.29 ± 0.27)

275 (274) 0.47 ± 0.43 
(0.33 ± 0.34)

0.26 ± 0.35 
(0.16 ± 0.36)

PO4-P 695 0.12 ± 0.12 
(0.08 ± 0.11)

0.10 ± 0.10 
(0.07 ± 0.09)

0.68 ± 0.33 
(0.60 ± 0.28)

261 (236) 0.70 ± 0.42 
(0.58 ± 0.31)

−0.22 ± 0.27 
(−0.25 ± 0.35)

TOC 722 5.88 ± 2.96 
(4.96 ± 3.35)

5.33 ± 2.81 
(4.45 ± 3.19)

0.41 ± 0.16 
(0.38 ± 0.17)

256 (255) 0.49 ± 0.33 
(0.40 ± 0.23)

0.18 ± 0.22 
(0.14 ± 0.23)

Note. Given are the sample size n and the mean ± standard deviation of the mean and median concentrations, the coefficients of variation of concentration CVC 
and the metrics of C-Q relationships (i.e. CVC/CVQ, slope b). Values in brackets refer to median ± interquartile range.

Table 2 
Summary Statistics of the Calculated Metrics of Concentration (C) and Concentration-Discharge (C-Q) Relationships
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were observed for chemostatic regimes, while mean concentrations of the group with chemodynamic re-
gimes were significantly lower (Kruskal-Wallis, p < 0.001). The mean concentrations between the different 
C-Q patterns did not differ significantly.

For PO4-P export, the majority of catchments exhibited a chemodynamic regime (67%, n  =  156) and a 
dilution pattern (68%, n = 160), while the combination of both can be found for 42% of all catchments 
(Figures 2c and 2d). Independent of the C-Q pattern, mean concentrations were significantly lower in the 
chemodynamic compared to the chemostatic regime (Kruskal-Wallis, p < 0.001). Among the C-Q patterns, 
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Figure 2. C-Q classification schemes composed of CVC/CVQ for export regimes and slope b for export patterns for NO3-N (a), PO4-P (c) and TOC (e), scheme 
adapted from Musolff et al. (2015). Colors and shape indicate the class of C-Q patterns, horizontal dashed lines approximate these class divisions, while the 
vertical dashed line divides the two classes of C-Q regimes with CVC/CVQ < 0.5 for chemostatic and CVC/CVQ > 0.5 for chemodynamic regimes. The solid lines 
indicate the theoretical boundaries between slope b and CVC/CVQ for CVQ = 0.6 (after Musolff et al., 2015). Percentages indicate the portion of catchments 
assigned to the corresponding C-Q class. Mean concentrations of NO3-N (b), PO4-P (d) and TOC (f) are shown as boxplots for each class. n, number of 
observations in this class.
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mean concentrations were significantly higher for dilution patterns compared to neutral patterns (Wilcox-
on, p = 0.002) and to enrichment patterns (Wilcoxon, p < 0.001). Catchments with enrichment patterns 
showed the lowest mean concentrations, though they were not significantly different from catchments with 
neutral C-Q patterns (Wilcoxon, p = 0.057).

For TOC, chemostatic export (70%, n = 178) and enrichment patterns (68%, n = 173) prevailed, with 44% 
of the catchments combining both (Figures 2e and 2f). Overall, the chemostatic regime showed signifi-
cantly higher mean TOC concentrations than the chemodynamic regimes (Kruskal-Wallis, p = 0.014). The 
mean concentrations between the C-Q patterns also differed significantly (Kruskal-Wallis, p = 0.007). The 
catchments with enrichment patterns had significantly higher mean concentrations than those exhibiting 
neutral C-Q patterns (Wilcoxon, p = 0.011), which was mainly apparent within the chemostatic regime 
(Figure 2f).

3.2. Spatial Patterns of Concentrations and Export Dynamics

The spatial organization of mean concentrations and export patterns of each nutrient are shown in Fig-
ure 3. Regional clusters of the export patterns can be observed for all nutrients. NO3-N showed the strong-
est enrichment patterns in northern Germany and some dilution patterns in southern and southwestern 
Germany. The highest mean NO3-N concentrations were found in the eastern part of Germany. For PO4-P, 
dilution and neutral patterns prevailed in central, northeastern and southwestern Germany whereas the 
few enrichment patterns clustered in the northwest and southeast of Germany. Highest mean PO4-P con-
centrations were found in central Germany, though a general spatial organization was not obvious for this 
metric. TOC also showed strong enrichment patterns in northern Germany, especially in the northwest, but 
also in the south of Germany, whereas the small number of dilution patterns seemed to cluster more in the 
west. The highest mean TOC concentrations were found in the lowlands in northern, esp. northwestern 
Germany, coinciding with the enrichment patterns.
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Figure 3. Spatial patterns of C-Q slope b and mean concentrations across Germany (a) for NO3-N with average N surplus from 2000 to 2015 on county level 
(Bach et al., 2016; Häußermann et al., 2019), (b) PO4-P with population density, and (c) TOC with the elevation as base map. Point size represents mean 
concentrations, scaled to the respective range across the study catchments with minimum, mean and maximum shown in the legend.
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3.3. Linking Water Quality Metrics to Catchment Characteristics

The variability in the C-Q metrics could be partly explained by the catchment characteristics, albeit not for 
all investigated nutrients and metrics (Table 3 and Figure S6). The average model performances from cross 
validation R2

CrossVal varied between 15.0% (PLSR for CVC/CVQ of TOC) and 69.2% (RF for mean NO3-N). 
The R2

CrossVal were consistently higher for the RF models (on average 5.9%), however, the variance between 
the folds is high. The standard deviations of R2

CrossVal differed largely between models; they were lowest for 
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Res-ponse Mean concentration b CVC/CVQ

NO3-N n = 759 n = 274 n = 275
PLSR RF PLSR RF PLSR RF

R2
CrossVal = 0.64 R2

CrossVal = 0.69 R2
CrossVal = 0.57 R2

CrossVal = 0.64 R2
CrossVal = 0.60 R2

CrossVal = 0.65
R2

train = 0.66 R2
OOB = 0.68 R2

train = 0.57 R2
OOB = 0.59 R2

train = 0.58 R2
OOB = 0.56

Variable VIP Sign Variable Imp Variable VIP Sign Variable Imp Variable VIP Sign Variable Imp
f_forest 1.93 − f_forest 20.3 het_v 1.66 + slope_mean 11.5 het_v 1.70 + het_v 10.2
f_agric 1.88 + P_mm 17.4 twi_mean 1.55 + twi_mean 11.2 f_sedim 1.58 + twi_mean 9.3

soil_CN 1.82 − P_SIsw 16.2 dtb 1.48 + dem_mean 9.0 dtb 1.42 + slope_mean 9.3
het_v 1.40 − f_sedim 15.8 f_sedim 1.48 + soil_N 8.1 f_silt 1.40 − dem_mean 7.4
f_sand 1.38 + het_v 14.4 twi_90p 1.47 + PET_mm 7.7 twi_mean 1.37 + f_sedim 6.9
f_clay 1.32 + f_agric 13.9 dem_mean 1.46 − P_mm 7.3 f_sand 1.36 + soil_N 6.6

PO4-P n = 695 n = 236 n = 261
PLSR RF PLSR RF PLSR RF

R2
CrossVal = 0.34 R2

CrossVal = 0.40 R2
CrossVal = 0.43 R2

CrossVal = 0.47 R2
CrossVal = 0.16 R2

CrossVal = 0.21
R2

train = 0.32 R2
OOB = 0.30 R2

train = 0.52 R2
OOB = 0.48 R2

train = 0.15 R2
OOB = 0.09

Variable VIP Sign Variable Imp Variable VIP Sign Variable Imp Variable VIP Sign Variable Imp
P_WW 2.04 + P_WW 23.1 N_surp_00 1.82 + f_sedim 15.0 f_sedim 1.79 + T_mean 6.8
f_artif 1.71 + dem_mean 9.2 N_surp_80 1.73 + N_surp_00 13.1 f_sand 1.58 + thetaS 5.8

soil_CN 1.67 − f_silt 8.9 f_sedim 1.61 + N_surp_80 12.7 het_v 1.55 + twi_mean 5.6
pdens 1.60 + PET_mm 8.2 twi_90p 1.36 + P_lambda 9.3 dtb 1.54 + WaterRoots 5.5

PET_mm 1.53 + f_silic 7.4 soil_P 1.35 + twi_90p 9.2 f_silt 1.51 − dem_mean 5.2
f_sand 1.53 − dtb 7.3 P_mm 1.35 + P_SIsw 8.6 f_water 1.44 + slope_mean 4.7

TOC n = 722 n = 255 n = 256
PLSR RF PLSR RF PLSR RF

R2
CrossVal = 0.61 R2

CrossVal = 0.68 R2
CrossVal = 0.19 R2

CrossVal = 0.28 R2
CrossVal = 0.15 R2

CrossVal = 0.21
R2

train = 0.62 R2
OOB = 0.65 R2

train = 0.26 R2
OOB = 0.26 R2

train = 0.23 R2
OOB = 0.11

Variable VIP Sign Variable Imp Variable VIP Sign Variable Imp Variable VIP Sign Variable Imp
twi_90p 1.71 + dem_mean 14.2 N_surp_00 1.55 + f_sedim 11.8 f_sedim 1.43 + drain_dens 8.9

twi_mean 1.71 + slope_mean 13.1 N_surp_80 1.46 + N_surp_00 10.9 f_silic 1.36 − f_calc 8.5
f_sedim 1.57 + twi_mean 13.1 f_sedim 1.43 + N_surp_80 8.6 soil_N 1.34 − f_silt 7.7

slope_mean 1.46 − twi_90p 12.0 f_silic 1.37 − dem_mean 8.3 f_calc 1.33 + P_SIsw 7.1
dem_mean 1.37 − PET_mm 11.0 het_v 1.27 − f_silt 8.0 T_mean 1.33 + soil_P 5.8

dtb 1.36 + f_sedim 9.9 AI 1.18 − P_mm 7.8 f_gwsoils 1.31 − P_mm 5.6

Note. Only the six highest ranked variables are shown; the complete results are given in Tables S6–S8 in the supporting information. CrossVal, cross-validation; 
OOB, out-of-bag samples; LSR, partial least squares regressions; RF, random forests; VIP, variable influence on projection of PLSR; Imp, variable importance 
in RF models.

Table 3 
Ranked Drivers and Model Performances of PLSR With VIP and RF for the Three Nutrients and Metrics
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mean NO3-N and mean TOC concentrations (7.3%–9.6%) and highest for slope b of TOC in RF (19.0%). The 
model performances of the final trained models, R2

train for PLSR and R2
OOB for RF (from out-of-bag samples), 

generally reached similar levels compared to the cross-validation.

All three NO3-N metrics could be predicted with a reasonably good cross-validated performance, R2
CrossVal > 

0.5 with the highest value being R2
CrossVal = 0.69 for mean NO3-N concentrations with RF. Performance was 

substantially lower for PO4-P: Models for slope b of PO4-P only reached R2
CrossVal > 0.4 and mean concentra-

tions R2
CrossVal > 0.3, whereas the models CVC/CVQ only reached R2

CrossVal < 0.3. For TOC, mean concentra-
tions were well explained with R2

CrossVal > 0.5, whereas the C-Q metrics CVC/CVQ and slope b only reached 
R2

CrossVal < 0.3. The descriptors with the highest ranks are given in Table 3 (Tables S5–S7 for complete re-
sults), however, the interpretation of variable importance is limited for models with low overall explained 
variability.

For mean NO3-N concentrations, both PLSR and RF models rank the fractions of forest highest, directly 
followed by agricultural land cover and top soil C/N ratio in PLSR. In the PLSR model, there is a prominent 
difference in variable importance to the next descriptors, which are the vertical concentration heterogenei-
ty, fractions of sand and clay (all three with a positive direction of influence) and the fraction of sedimentary 
aquifer. The RF model marks a step in variable importance after the first rank (f_forest), which is followed 
by mean annual and seasonality of precipitation, fraction of sedimentary aquifer, vertical heterogeneity 
and fraction of agriculture on rank 6. For explaining the NO3-N dynamics (b and CVC/CVQ), the descriptor 
vertical heterogeneity has the highest importance (first rank in three of the four models). The PLSR model 
coefficients indicate a positive link, meaning that the slope b tends to be higher in areas with high vertical 
contrast between potential seepage and groundwater NO3-N concentrations. Only the RF model for slope 
b of NO3-N ranks the topographic descriptors (slope_mean, twi_mean, dem_mean) highest, which also 
appear highly ranked in the other models for NO3-N export dynamics following het_v. The variables depth 
to bedrock and fraction of sedimentary aquifer also obtain high importance values.

For mean PO4-P concentrations, the P load from point sources stands out with the highest variable impor-
tance in both models, a large step to the second ranked variables and a positive coefficient in PLSR. Slope 
b of the C-Q relationship is best explained by mean N surplus and the fraction of sedimentary aquifers, 
all with a positive relationship. After a step in variable importance, these three variables are followed by 
the 90th percentile of the TWI, the P content in the topsoil and the frequency, amount and seasonality of 
precipitation.

Mean TOC concentrations are best explained by the TWI (90th percentile and mean) based on PLSR and 
by mean elevation and topographic slope based on RF. The other respective topographic variables also turn 
out highly ranked in the models together with the fraction of sedimentary aquifers, potential evapotranspi-
ration and depth to bedrock. The TOC dynamics of the complete set of study catchments were only poorly 
explained by the available predictors with a maximum R2

CrossVal = 0.28 (RF for slope b). However, hydro-
logical parameters (Table S11) substantially increased the variance explained by the PLSR and RF models 
between 11% and 37% (with R2

CrossVal = 0.44 for slope b in RF and R2
CrossVal = 0.58 for CVC/CVQ in PLSR) for 

the smaller subset of catchments (n = 184). Especially the flashiness index, seasonal ratio of discharge and 
BFI ranked high, with a positive direction of influence.

3.4. Relationships Among the Nutrient Export Metrics

All metrics correlated positively for NO3-N and PO4-P. This correlation was strongest for CVC/CVQ (r = 0.55) 
and lowest for slope b (r = 0.19, Figure 4). Over the whole range of catchments, the lowest mean NO3-N and 
PO4-P were linked to the highest f_forest (Figure 5a).

For NO3-N and TOC, mean TOC correlated positively with the NO3-N export metrics (CVC/CVQ r = 0.58 
and slope b r = 0.52); this correlation was also apparent for the respective TOC export metrics but was 
less pronounced. The mean TOC and the slope of NO3-N also both correlated to the twi_90p (r = 0.76 and 
0.53 respectively, Figures 5b and S5). Catchments with a high twi_90p tended to have high mean TOC and 
low mean NO3-N concentrations (Figure 5c), whereas high NO3-N concentrations were mostly observed in 
catchments with lower twi_90p and lower mean TOC concentrations.
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For PO4-P and TOC, slope b of PO4-P correlated positively and mean PO4-P concentration negatively with all 
TOC metrics, with the correlation coefficient between the slopes b being the highest (r = 0.41). C-Q slopes 
b of PO4-P were related to high twi_90p (r = 0.46, Figures 5d and S5), which was also a slight tendency for 
TOC (r = 0.28).

4. Discussion
We first discuss the observed export dynamics and their controls for each nutrient individually, followed by 
a section on nutrient interactions, a synthesis and an implication section.

4.1. Nutrient-Specific Export and Controls

4.1.1. NO3-N: Natural Attenuation Buffers Input and Controls Export Regimes

The variability in mean NO3-N concentrations among the studied catchments was linked to the land use, as 
the fractions of forest and of agriculture both ranked high in the PLSR and RF models and relate to low and 
high diffuse N sources, respectively. This agrees with findings of previous studies (e.g., Evans et al., 2014; 
Hansen et al., 2018; Minaudo et al., 2019; Musolff et al., 2015). The fraction of either forest or agriculture 
alone could respectively explain 32% or 29% of this variability in a simple linear regression case, while in 
the PLSR and RF the total variability explained by all descriptors was between 64% and 70%. The correlation 
with N surplus was lower (r = 0.39 N_surp_80, Figure S5) even though it is strongly related to agricultural 
land (r = 0.71, Figure S4). This is related to a few catchments that have exceptionally high N surplus but 
moderate mean NO3-N concentrations.

However, the relationship between the fraction of agriculture and the mean NO3-N concentration is highly 
heteroscedastic as shown in Figure 6a. We found that deviations from a positive linear relationship between 
the proxies for N input and N output are related to soil and aquifer properties, as e.g. f_sedim ranked high in 
the PLSR and RF (Tables 3 and S6). This could indicate buffering of inputs by natural attenuation (removal 
by denitrification) in the unsaturated and saturated zones. Adding the fraction of sedimentary aquifer as a 
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Figure 4. Spearman rank correlation matrix between metrics of the export regimes. Crosses mark non-significant 
correlations (significance level of 0.05).
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secondary factor to the linear model with forest (or agriculture) fractions increased the explained variability 
by 20%–52% (or 49%) respectively. Previous studies have shown that sedimentary aquifers often exhibit a 
high denitrification potential (Hannappel et al., 2018; Knoll et al., 2020; Kunkel et al., 2004). Unconsoli-
dated aquifers are usually deep, low-land aquifers linked to long travel times (Merz et al., 2009; Wendland 
et al., 2008) with anaerobic conditions and organic carbon or pyrite deposits providing electron donors for 
denitrification, especially in the lowlands of northern Germany (Kunkel et al., 2004; Wendland et al., 2008). 
Both long residence times and favorable conditions for denitrification increase the potential for NO3 remov-
al along the flow path (Rivett et al., 2008). This link is supported by het_v (ranked 4th and 5th) represent-
ing the vertical NO3 concentration contrast. This contrast likely results from denitrification under anaero-
bic subsurface conditions (Knoll et al., 2020) and correlates positively with f_sedim (r = 0.68, Figures S4, 
and 6d). Denitrification in riparian wetlands, which are more abundant in lowlands, could additionally 
buffer NO3-N inputs and create a link to the carbon cycle (see also Section 4.2.) (Pinay et al., 2015; Sabater 
et al., 2003). Apart from effective N removal by denitrification, the decrease in concentration could also be 
linked to the large groundwater storages of deep, sedimentary aquifers causing high dilution by old (pre-in-
dustrial) water fractions low in NO3-N concentrations and the resultant contrast in vertical concentrations. 
In such cases, the system would not be equilibrated in terms of its N balance within the investigated time 
frame (Ehrhardt et al., 2019). Additionally, in-stream retention could also be higher in areas with low slopes 
due to longer residence times in the river network.

Godsey et  al.  (2019) showed a general hydroclimatic modification of average concentrations of geogen-
ic solutes. Here, we find a similar pattern with the annual mean and seasonality of precipitation which 
ranked high in the RF model. Climatic characteristics like the lowest mean annual precipitation, a relatively 
high ratio between summer to winter precipitation (P_SIsw), and the highest aridity are found in eastern  
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Figure 5. Interaction between metrics of different nutrients: (a) mean PO4-P against mean NO3-N concentrations, (b) mean TOC against b NO3-N, (c) mean 
TOC against mean NO3-N concentrations, and (d) slope of PO4-P against TOC.
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Germany which coincides with highest mean NO3-N. This suggests an imprint of regional hydro-climate on 
a lower dilution potential in eastern German catchments.

Altogether, this clearly indicates that the anthropogenic N-input from diffuse sources is a first order control 
for mean riverine NO3-N concentrations, while natural attenuation is able to buffer the high inputs (espe-
cially in lowlands with deep aquifers), whereas hydroclimatic conditions seem to play a subordinate role.

We found significantly higher mean NO3-N concentrations for the class of catchments with low concentra-
tion variability, that is chemostatic regimes (CVC/CVQ < 0.5, Figure 2b). This finding agrees with those of 
Thompson et al. (2011), who found significantly lower CVC/CVQ for the group of catchments with higher 
NO3-N export and hypothesized that such behavior was due to the homogenization of sources in highly 
managed catchments. However, in our study, we found that part of the intensively managed catchments 
exhibited surprisingly low mean NO3-N concentrations combined with high concentration variability (Fig-
ure 6a). For our data set, these agricultural catchments with very high concentration variability led to a 
tendency of catchments with higher fraction of agriculture linking to higher slope b and CVC/CVQ (Fig-
ures 6b and 6c), although overall chemostatic export prevailed for the majority of the study catchments. 
More specifically, around 34% of the agriculturally dominated catchments (f_agric ≥ 0.5) exhibited che-
modynamic export regimes, out of which 89% were combined with enrichment patterns, compared to 17% 
of chemodynamic catchments for less agricultural catchments (f_agric < 0.5). Our study therefore does 
not support the generality of the hypothesis that highly managed, agricultural catchments are necessarily 
subject to homogenization of sources and thus to chemostatic export regimes (Basu et al., 2010; Thompson 
et al., 2011). Thus, we recognize that there are agricultural catchments in our study that exhibit chemostatic 
export, but high fractions of agriculture did not necessarily induce chemostasis and neutral C-Q patterns. 
The agricultural chemodynamic catchments widely coincided with catchments where a high abundance of 
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Figure 6. Relationship between the fraction of agriculture as a proxy for diffuse source strength of N and (a) mean NO3-N concentrations in combination 
with aquifer type (f_sedim) and NO3-N export patterns, (b) slope b of NO3-N as binned boxplots, (c) CVC/CVQ as binned boxplots, and (d) the link between the 
fraction of sediments and vertical concentration heterogeneity. In panel (a) the colors indicate the slope b of the C-Q relationship, small gray dots belong to 
catchments without slope b due to missing Q data. The shape indicates whether the sedimentary aquifer type dominates. For (b), (c), and (d) the boxplot width 
is defined by sample size. Blue line with gray shading in (b) and (c) indicate a LOESS regression with confidence interval (confidence level 0.95).
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sedimentary aquifers and strong vertical concentration heterogeneity prevailed, as also evident in PLSR and 
RF models (Table 3, Figure 6a and 6d).

The variability in the export dynamics, that is regimes (CVC/CVQ) and patterns (slope b), between the stud-
ied catchments was positively linked to the descriptor het_v representing the average vertical NO3-N het-
erogeneity from soils to groundwater within each catchment. This means that the larger the concentration 
gradient is over depth within the catchments subsurface, the more chemodynamic and enriching the NO3-N 
export. This concentration gradient can be a result of subsurface reactivity such as denitrification in ground-
water. In contrast, the variables of horizontal source heterogeneity het_h and sdist_mean did not explain 
differences in concentration dynamics among the catchments. Accordingly, our results from this data-driv-
en approach confirm findings from previous modeling studies: Zhi et al. (2019) found vertical concentra-
tion gradients in combination with end-member mixing, and Musolff et al. (2017) found the concentration 
gradient over travel times (a more general, indirect measure of solute source heterogeneity) to control C-Q 
patterns. The linkage between vertical concentration heterogeneity and export patterns is plausible consid-
ering that agricultural and atmospheric N inputs enter the subsurface from the top. A top-loaded profile in 
combination with the dominance of young water contribution to discharge from upper soil layers during 
high flows and the dominance of old water fractions at base flow conditions (exponential saturated hydrau-
lic conductivity profile) causes a positive C-Q slope. This interpretation coincides with the concept of jux-
taposition of discharge generation and concentration profiles by Seibert et al. (2009) and with the scenario 
of higher concentrations linked to shorter travel times described by Musolff et al. (2017). Additionally, tile 
drainages can enhance the effect of concentration heterogeneity by increasing the younger water fraction 
during high-flows and by avoiding potential retention zones (Musolff et al., 2015; Van der Velde et al., 2010; 
Van Meter & Basu, 2017). As geoinformation on drainages over the large study region is not available, we 
cannot prove the role of this additional flow path in this study.

We found that both the diffuse input and the reactivity (the combined effect of reaction rates and resi-
dence times) resulting in NO3-N attenuation along the flow paths might determine the strength of vertical 
concentration heterogeneity. Consequently, chemodynamic export with enrichment patterns could indi-
cate natural attenuation and effective denitrification under high inputs. In turn, chemostasis could be an 
indication of missing reactivity in the catchment in concert with large legacy N pools (Basu et al., 2010). 
Chemodynamic export may also occur when vertical concentration contrasts emerge in large groundwater 
bodies not yet in temporal equilibrium (as stated above). However, concentration gradients will only be 
maintained over a longer term if subsurface attenuation occurs or input changes. The relationship between 
input, attenuation and export patterns (Figure 6) also indicates that catchments with relatively low mean 
NO3-N concentrations but high inputs and steep positive C-Q patterns might still be “hot spots” in terms of 
exported loads, eutrophication risk, and large N legacies. Here, the natural attenuation might buffer inputs 
in terms of mean riverine and groundwater concentrations but not necessarily the exported loads during 
high flows when concentrations are considerably higher.

4.1.2. PO4-P: Unexpected Strong Control of Diffuse Sources on Export Patterns

Mean PO4-P concentrations were positively linked to direct anthropogenic input from point sources, al-
though the overall explained variance in the PLSR and RF models was surprisingly low (R2

CrossVal = 0.34 and 
0.40). Previous studies have also demonstrated the strong control of point sources on average riverine total 
P concentrations (Minaudo et al., 2019; Westphal et al., 2019; Withers & Jarvie, 2008), with their contribu-
tions remaining high even after significant reductions of inputs from point sources (Behrendt et al., 1999; 
Westphal et al., 2019). However, even in a densely populated catchments (about 460 inhabitants km−2), 
contributions of point sources to total P can be similar to diffuse sources, for example about 60% at load peak 
and 40% with modern wastewater treatment (Westphal et al., 2019).

In general, PO4-P is subject to P cycling including retention, transformation and remobilization process-
es in the stream (Jarvie et al., 2012; Smolders et al., 2017; Withers & Jarvie, 2008), all of which may vary 
strongly in space and time (Withers & Jarvie, 2008). In-stream retention capacities were estimated to 36% 
of the P loads (Westphal et al., 2019) and even up to 50% of PO4-P and 60% of total P in other catchments 
(Withers & Jarvie, 2008). P cycling thus affects both the timing and the load of exported P and potentially re-
shapes direct inputs and delivery from land-stream transfer at catchment scale (Casquin et al., 2020; Jarvie 
et al., 2012). This could explain why mean PO4-P concentrations are linked to the inputs but are hardly 
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predictable by average catchment characteristics which do not adequately represent controls of in-stream 
processes. Other reasons for the low predictability could be uncertainties related to (1) the point source data 
which do not account for potential temporal variations in the loading and small rural point sources (e.g., 
from farmyards or septic tanks, Withers & Jarvie, 2008), or (2) the sampling frequency of C which poten-
tially misses moments of peak concentrations and leads to an underestimation of mean PO4-P, as shown by 
Hunsaker and Johnson (2017).

For PO4-P export dynamics, dilution patterns prevailed in two thirds of the catchments, a finding which 
agrees with previous studies on association with point-source dilution (Bowes et  al.,  2015; Moatar 
et al., 2017) or biogeochemical processes releasing PO4-P during summer low-flows and thus mimicking 
point sources in riparian zones (Dupas et al., 2018) and riverbed sediments (Smolders et al., 2017). In 11% 
of the catchments, we found enrichment patterns of PO4-P which have also been observed in other cases, 
for example through mobilization of diffuse sources from agricultural areas (Bieroza & Heathwaite, 2015; 
Rose et al., 2018) and from a nutrient-rich O-horizon in a forested catchment (Hunsaker & Johnson, 2017) 
during storm events.

N surplus and the fraction of sedimentary aquifers turned out to be the dominant predictive variables for 
slope b of PO4-Q relationships and were positively linked to it, even with prevailing dilution patterns (Fig-
ure 7a, Table 3). Both variables together explain 42% of the variability in slope b, and individually 27% and 
26% respectively based on a linear model. This constitutes a large part of the explained variability of all 
descriptors (R2

CrossVal spans 0.43–0.47). Especially in northwestern and southeastern Germany, catchments 
with high N surplus tended to show enrichment patterns for PO4-P (Figure 3). High P applications (especial-
ly from manure) and low P use efficiencies led to widespread P accumulation (legacy) on agricultural soils, 
increasing the risk of P losses (Osterholz et al., 2020; Schoumans et al., 2015; Sharpley et al., 2013). Areas 
with prevailing enrichment patterns coincide with regions of intense manure applications from livestock 
farms (Häußermann et al., 2019) and high degrees of P saturation (Fischer et al., 2017), which could be the 
reason for the enhanced PO4-P land-to-stream transfer. This is reflected in the PLSR model as the topsoil 
P content (soil_P) positively linked to slope b and ranks order 5. Furthermore, Fischer et al. (2017) found 
widespread (>76%) high risks of dissolved P loss from German agricultural soils, so that the process of dif-
fuse P mobilization is likely to occur in more than 11% of the catchments but might be less pronounced in 
catchments where dilution prevails. P saturation in the topsoil can be considered as source heterogeneity 
with a top-loaded profile. The high ranks of f_sedim and twi_90p in the PLSR, explaining slope b of PO4-P, 
could indicate the additional influence of tile drains in wet lowland soils. Tile drains and preferential flow 
paths were shown to enhance the land-to-stream transfer of P and cause positive C-Q patterns by increasing 
the connectivity of soil P sources and bypassing of potential sinks in the soil matrix (Gentry et al., 2007; 
Osterholz et al., 2020).
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Figure 7. Partial dependence plots for RF model for slope b of PO4-P showing the interaction between (a) N surplus (N_surp_00) and (b) P loads from point 
sources (P_WW) with mean annual precipitation (P_mm). Colors indicate the range of predicted b values with mean values for the other descriptors, which 
differ for (a) and (b) due to different sensitivities. White areas are outside the covered parameter space (without extrapolation). RF, random forests.
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Climatic controls were also ranked high in the PLSR and RF models, for example mean annual precipitation 
(P_mm) showed a positive impact on slope b of PO4-P (Figure 7, Table 3). The PLSR and RF models includ-
ing additional hydrological descriptors indicate that a lower seasonal Q ratio (i.e. low summer Q compared 
to winter) relate to lower slope b and takes over the rank of P_mm in these models (Table S7). This suggests 
that the impact of P_mm relates to a stronger dilution of low-flow concentrations during the summer and 
thus less pronounced PO4-P dilution export patterns.

Although point sources (P_WW) were not part of the highly ranked predictors, the correlations of slope b 
with mean PO4-P concentrations (r = −0.39, see Figure 5), together with the fact that point sources also 
partly explain mean PO4-P concentrations, suggest some influence of point sources on slope b. This is re-
flected in the partial dependence plots showing the higher impact of N surplus on slope b compared to point 
sources and climatic drivers (Figure 7). The impact of point sources is only visible for low P loads (<15 kg 
ha−1 y−1), suggesting possible threshold behavior. The lack of an expected clear relationship between point 
sources and slope b fits to the above interpretation that in-stream P cycling can significantly reshape P 
concentration dynamics (Casquin et al., 2020; Jarvie et al., 2012). The still prevailing dilution patterns of 
PO4-P could thus be related to biogeochemically induced P release (see above, Dupas et al., 2018; Smolders 
et al., 2017) besides the climatic controls.

4.1.3. TOC: Flat Topography Strengthens Sources and Hydrology-Driven Export

Topography related characteristics appeared to dominantly control mean TOC, for example twi_90p and 
twi_mean alone already explain 52% of the variability in a linear model (Figure 8a). This topography control 
agrees with previous results by Zarnetske et al. (2018), who found the topographic slope and the share of 
wetlands followed by mean annual precipitation to best predict DOC concentration levels across the con-
tiguous USA. Musolff et al. (2018) also reported the twi_90p as a good predictor for median DOC concen-
trations in small mountainous, mainly forested German catchments. The twi_90p can also be interpreted 
as a proxy for the extent of riparian, well-connected wetlands (Musolff et al., 2018), source areas of organic 
matter and thus TOC (Bishop et al., 2004; Laudon et al., 2004). Mean TOC concentrations across the studied 
catchments were not connected to wastewater point sources, suggesting that on a larger spatial extent, ter-
restrial sources overwhelm potential point source inputs. This is in line with findings of Gücker et al. (2006) 
on TOC inputs from modern wastewater treatment plants, indicating no consistent effect on downstream 
TOC concentrations.

Most catchments across Germany classified as enrichment patterns and chemostatic regimes for TOC, 
which align along the findings of previous studies on dominance of enrichment patterns and transport-lim-
ited export for DOC and TOC (Moatar et  al.,  2017; Musolff et  al.,  2018; Zarnetske et  al.,  2018). Zarnet-
ske et  al.  (2018) found hydrologically well-connected wetlands to control these patterns, while Musolff 
et al. (2018) found high twi_90p, soluble reactive phosphorus, pH and aridity index to relate to high DOC 
variability. The near stream, well-connected wetlands can be interpreted as horizontal source heterogeneity 
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Figure 8. Observed mean TOC concentrations against twi_90p with colors according to slope b of TOC (a), observed slope b of TOC against seasonality 
of discharge (Q_seasR, see Table S2) with colors representing the twi_90p (b), and partial dependence plot of slope b TOC from RF model for the variables 
seasonality and flashiness of discharge (Q_seasR, Q_flash) (c). Note that gray dots in (a) belong to catchments without Q data. RF, random forests.
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and could cause the observed enrichment patterns. However, the fraction of wetland, the twi_90p and the 
climatic characteristics, together with the other characteristics used, could not satisfactorily explain the 
variability in the export metrics observed across German catchments. In Moatar et al. (2017), DOC-Q slopes 
correlated with various hydrological variables and, in Musolff et al. (2015), the variability in TOC dynamics 
were well explained by the BFI (+), artificial drainages (−) and topographic slope (+). In agreement, the 
subset analysis with hydrological descriptors (Table S11) showed that catchments with more equilibrat-
ed discharge patterns (i.e., less flashy, similar summer and winter Q with Q_seasR close to 1, and higher 
base flow) tend to mobilize TOC more dynamically with Q but also show a higher variability in the export 
patterns (Figures 8b and 8c). Antecedent conditions (especially riparian soil temperatures and moisture) 
are known to control DOC production and therefore could shape the export patterns in combination with 
temporally variable hydrological connectivity (Wen et al., 2020; Winterdahl et al., 2011). Variable anteced-
ent conditions can cause variable source heterogeneity, resulting in export variability in time and space. 
The identified hydrological controls (flashiness, seasonality, and BFI) quantify the temporal variability of 
hydrological conditions and thus might implicitly represent the variability of antecedent conditions within 
a catchment.

However, even with hydrological descriptors, part of the variability in TOC export dynamics between the 
studied catchments remains unexplained. This may be linked to other drivers of TOC export besides Q, 
such as the temperature (Musolff et al., 2018; Winterdahl et al., 2014). However, the influence of mean 
air temperature on the C-Q relationships cannot be found in our study catchments. We observed that dis-
charge strongly controls the TOC concentrations (high R2 in the C-Q relationships) only in study catch-
ments with flatter topography: for TOC-Q relationships with R2 ≥ 0.5, the topographic slope was <2.1° and 
twi_90p > 12.2, whereas the catchments with lower R2 had a higher mean topographic slope = 4.3° and 
lower mean twi_90p = 11.7.

4.2. N-P-OC: Do Riparian Wetlands Control Observed Nutrient Interactions?

Riparian wetlands are potential hot spots of biogeochemical processes due to high hydrologic connectivity to 
the streams and variable redox conditions during dry and wet cycles with changing water tables (Burt, 2005; 
McClain et al., 2003). The twi_90p, a proxy for the extent of riparian wetlands (Musolff et al., 2018), was 
found to be an important predictor for several of the export metrics (mean TOC concentrations and slope b 
of NO3-N and PO4-P) and could be linked to some covariance (Figure 5).

Mean NO3-N and PO4-P showed a positive, heteroscedastic relationship with the lowest values of both 
nutrients in the most forested, pristine catchments (Figure 5a). A negative relationship would be expect-
ed in catchments with high twi_90p if reductive mobilization prevailed (Dupas, Gruau, et al., 2015; Gu 
et al., 2017), however, even catchments without point source influence exhibited a positive relationship. We 
argue that the anthropogenic impact (in terms of N and P inputs) dominates in the studied catchments and 
that potential biogeochemical interactions between NO3-N and PO4-P do not control the spatial variability 
of mean concentrations among catchments.

The catchments with the highest twi_90p mostly exhibited relatively high mean TOC and low mean NO3-N 
concentrations (Figure 5c). This relationship could be linked to denitrification under anoxic conditions, 
that is, the redox reaction with DOC as the electron donor and NO3 as acceptor, as has been observed and 
discussed in several previous studies (e.g., Cabezas et al., 2013; Taylor & Townsend, 2010). Thus, riparian 
wetland denitrification could be part of the high natural NO3-N attenuation in lowlands (see Section 4.1.1.) 
and intensify positive NO3-Q relationships due to reduced summer low-flow concentrations. However, as 
the twi_90p is also correlated to het_v (r = 0.75), which was the dominant control of slope b of NO3-N, the 
additional contribution of this interaction within riparian wetland cannot be fully disentangled here.

The positive link between slope b of PO4-P and TOC with the twi_90p (Figure 5d) suggests that both nu-
trients could be mobilized in riparian wetlands, however with a high variability. The mobilization could be 
linked to iron dissolution under reducing conditions, e.g. due to decreasing NO3 concentrations as redox 
buffers, as discussed for example by Cabezas et al. (2013).
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4.3. Archetypal Ranges of Nutrient Export

Over the wide range of investigated catchments, we found solute-specific ranges of export metrics (Fig-
ures 2 and 9). The classification of the export dynamics revealed that about 70% of the catchments group 
into the respective dominant class for each nutrient. This solute-specific prevalence of one pattern or regime 
has also been reported previously, for example by Minaudo et al. (2019), Moatar et al. (2017) and Zarnetske 
et al. (2018). The consistency of export type of a specific nutrient might be surprising, considering the mul-
titude of processes affecting nutrient cycling, mobilization, transport, and retention. The properties such as 
the solubility of each constituent have a major control over processes that lead to mobilization, transport 
and reactivity, and thus define the archetypal range of export dynamics. The variability within these ranges 
can be partly linked to catchment characteristics such as the source strength and its spatial arrangement as 
shown and addressed by PLSR and RF (see Section 3.3).

The dominant controls of the spatial variability of export dynamics and prevailing characteristics for specif-
ic areas within the solute-specific ranges (discussed in the preceding sections) are synthesized in Figure 9. 
For NO3-N, we found a strong interaction between anthropogenic and natural controls: while agricultural 
inputs define a baseline for mean NO3-N concentrations, natural attenuation creates deviations lowering 
the mean NO3-N. This attenuation likely increases vertical concentration heterogeneity, and is thus reflect-
ed in chemodynamic enrichment patterns. For PO4-P, anthropogenic footprints from point sources (shaping 
mean PO4-P) and diffuse sources (shaping positive C-Q slopes) seem to interact with more natural controls 
of P cycling, reshaping the in-stream concentration dynamics and creating a wide range of variability. For 
TOC, interaction between anthropogenic and natural controls was not apparent, as the topography strongly 
controlled mean TOC and as the spatial variability of export dynamics was partly explained by hydrological 
variability.

In summary, we found the hypothesis that diffuse source heterogeneity widely controls export dynamics to 
be partially confirmed for analyzed nutrients in the study catchments. For NO3-N, export dynamics were 
widely controlled by vertical concentration heterogeneity which might be a result of subsurface reactivity 
as the dominant process (Section 4.1.1). Strong enrichment patterns occurred in areas with high concentra-
tion heterogeneity, whereas, chemostatic export prevailed with concentration homogeneity. For PO4-P, the 
strength of diffuse sources was dominant, suggesting that heterogeneity in P soil status between top soil and 
deeper subsurface layers drives export patterns. The generally positive TOC-Q relationships could be linked 
to heterogeneously distributed, near stream sources, however, the extent of riparian wetlands could not ex-
plain the variability among the catchments. The hydrology might control variations in source strength and 
heterogeneity causing temporal variability in the C-Q relationships. For both PO4-P and TOC, directly hy-
drologically connected areas are prerequisite for translating vertical source heterogeneity to chemodynamic 
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Figure 9. Archetypal ranges of solute-specific export patterns and regimes with arrows along the main axis of variability explained by the identified dominant 
characteristics (labels at the end) for (a) NO3-N, (b) PO4-P, and (c) TOC. The ellipses surround the archetypal ranges including most of the catchments. BFI, 
base-flow index.
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export due to their strong sorption tendency. This connectivity can be more pronounced in drained, lowland 
areas (preferential flow paths) or in locations close to the stream such as riparian zones.

4.4. Implications

Our countrywide analysis of nutrient export dynamics revealed regions of dominant chemostatic and che-
modynamic export regimes within Germany (Figure 3), which were partly explained by regionally varying 
catchment characteristics. Our findings can thus provide orientation for water quality managers about what 
range of nutrient responses can be expected under specific settings. It could also support decision making 
for targeted monitoring programmes, as more dynamic systems require higher measurement frequencies 
to capture their C-Q variability (Moatar et al., 2020). Observed catchment responses can be used to adapt 
a targeted management: if chemostatic NO3-N export is observed, low subsurface denitrification capacity 
might be the reason and, in consequence, efforts to reduce inputs might be crucial to protect the water 
quality. In a catchment with apparent effective attenuation and chemodynamic NO3-N export, the exported 
loads might still be high and the retention capacity by denitrification might decrease over time, possibly 
leading to an increase in concentrations in the future. If a system was temporally not in equilibrium (input/
output balance), it might exhibit long recovery times. Controlling the inputs thus seems vital in all cases. We 
found that diffuse sources of PO4-P can play a large role for P export in German agricultural settings, which 
demonstrates the need to focus on them in P management besides point sources. The diffuse source mo-
bilization could result in high exported loads, affecting downstream water bodies. Water quality modelers 
can benefit from the identified dominant controls informing the models to better represent the large-scale 
observed patterns of different C-Q dynamics.

As some of the identified controls (especially the anthropogenic ones) have developed over time, the 
catchment responses may also follow long term trajectories of water quality. For PO4-P, reductions in 
point sources and increasing P legacies in agricultural soils might have led to the visibility of enrich-
ment patterns by shifting the dominance of processes. NO3-N could follow trajectories from more che-
modynamic to more chemostatic export if subsurface reactivity decreased over time (Wilde et al., 2017). 
With rising temperatures and heavier storm events due to climate change (EEA, 2019), biogeochemi-
cal interactions linked to temperatures and redox conditions might change. For example, TOC exports 
might increase with prolonged production times and more variable hydrological connectivity, poten-
tially also enhanced by lower NO3 redox buffers when depositions and concentrations decrease (Clark 
et al., 2010).

To further elucidate drivers of nutrient concentrations (including the unexplained variability at catchment 
scale), the newly assembled data base can be yet explored in terms of nutrient interactions and temporal 
patterns and their controls. To advance the understanding of the generality of our findings, investigations 
could be pushed to an even larger, cross-continental scale by adding other national data bases—allowing 
for greater diversity in hydro-climatic conditions. To complement this national-scale study, studies of se-
lected mesoscale catchments from regions with different observed archetypes using high-frequency data or 
modeling strategies could further test our derived hypothesis and clarify more of the unexplained variability 
(Kirchner et al., 2004). Experiments are needed to better characterize and quantify regional denitrification 
patterns, for example by isotope or trace gas methods.

5. Conclusions
To infer drivers of nutrient export over a wide range of catchments, we analyzed surface water quality and 
quantity data from a newly assembled, Germany-wide data base. We linked metrics of NO3-N, PO4-P, and 
TOC concentrations and C-Q relationships of 787 independent catchments to catchment characteristics us-
ing multivariate statistical methods. We found that enrichment patterns and chemostatic regimes prevailed 
for NO3-N and TOC export, whereas dilution and chemodynamic export prevailed for PO4-P.

For NO3-N, we found that subsurface natural attenuation likely buffers anthropogenic diffuse inputs in 
some catchments reducing mean NO3-N concentrations and causes vertical concentration heterogeneity 
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which controls export dynamics. This heterogeneity was largest in lowland areas with deep sedimentary aq-
uifers. Accordingly, enrichment patterns in agricultural areas could indicate effective subsurface reactivity.

Anthropogenic diffuse and point sources were found relevant for PO4-P concentrations even if the spatial 
variability in responses was hardly predictable by catchment characteristics. Mean PO4-P were only weakly 
linked to point sources, while the variability in PO4-P dynamics was better explained by diffuse agricultural 
sources and associated P saturation in the top soils. Probably, natural P cycling significantly reshapes in-
stream PO4-P concentrations, which decouples them from the catchments' source configuration and land-
stream transfer processes and thus hampers predictions at catchment scale.

Natural topographic settings dominantly controlled TOC concentrations: mean TOC were strongly linked 
to the abundance of riparian wetlands as source areas. Hydrological descriptors (especially relatively higher 
summer low-flow discharges and lower flashiness) increased the explained variability of export metrics; 
however the unexplained part remained high.

Our main hypothesis that diffuse source heterogeneity controls the spatial variability of export patterns was 
supported for NO3-N in terms of concentration heterogeneity over depth and for PO4-P in terms of topsoil P 
saturation as a top-loaded profile. For TOC, the hypothesis is only indirectly confirmed by the prevalence of 
enrichment patterns possibly evolving from near stream and thus heterogeneously distributed source areas.

Altogether, we found that NO3-N and PO4-P concentrations and dynamics are dominated by anthropogenic 
inputs, but natural controls significantly buffer or reshape the responses observed at the catchment outlet. 
For TOC, natural controls dominated.

Our results improve the understanding of controls of nutrient export dynamics and their regional differ-
ences. Thus, they can support water quality modeling and management. Further research on large scale 
subsurface reactivity to test our hypothesis and on temporal changes in export dynamics would deepen our 
understanding of dominant processes at catchment scale.
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Text S1. 

Several co-linearities exist among the catchment characteristics quantified for all variables by 
Spearman rank correlations (Figure S4). The land cover classes fraction of agriculture and 

forest were strongly negatively correlated as opposing land use classes. Agricultural land 
fraction also correlated negatively with the topographic slope, water available in the root 
zone, the C/N ratio and N content in the topsoil and positively with N surplus and soil P 
content. The topographic variables were strongly correlated among themselves such that 

higher slopes prevailed in higher elevations and linked to lower TWI. Topography variables 
also correlated with descriptors of climate and hydrology (e.g., higher topographic slopes 
related to higher precipitation amount and frequency, specific discharge, runoff coefficient 

and discharge variability but lower aridity index), lithology (e.g., higher slopes related to lower 
fractions of sedimentary aquifers and lower depth to bedrock), soil chemistry (e.g., higher 

slopes related to higher N in the topsoil but less P) and source heterogeneity (e.g., higher 
slopes related to lower mean source distances to stream and lower vertical concentration 
contrasts). This means that flat lowland catchments tend to have more agriculture and diffuse 
sources, more sedimentary aquifers with deeper bedrock, more riparian wetlands and more 

vertical concentration contrasts but lesser precipitation and lesser discharge. 
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Figure S1. Scatterplot of mean DOC versus TOC concentrations with linear regression 
equation and coefficient of determination for independent C catchments (n=281).   

 

Figure S2. C-Q classification scheme as combinations of export regimes according to CVC/CVQ 
(blue) and export patterns according to slope b of C-Q relationships (orange). The solid lines 
indicate the theoretical boundaries between slope b and CVC/CVQ for CVQ =0.6 [after Musolff et 

al., 2015].   
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Figure S3. Conceptualized parameterization of horizontal source heterogeneity het_h 

(saturation of red area represents the fraction of source areas within each distance class) and 

vertical concentration heterogeneity het_v (yellow – top-loaded concentration profile, blue – 
bottom-loaded) for a simplified catchment. The example shows a catchment with more 
source areas close to the stream (the 0-400m distance class contains 100% of source area and 
the 800-1200m class only 25%). Red fractions in the histograms mark the frequencies of 
agricultural source area within the distance class. For simplicity, only three flow-distance 

classes are shown although more classes are used for the real catchments. The slope of the 
regression of the relative frequency histogram determines het_h, i.e. het_h < 0 represents 
systems with sources relatively close to the stream, het_h = 0 means that the sources are 
homogeneously distributed, and when het_h > 0, the sources are relatively far from the 

stream. For vertical heterogeneity: When het_v < 1 it represents a bottom-loaded, het_v = 1 

homogeneous, and het_v > 1 represents a top-loaded concentration profile.   
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Figure S4. Spearman correlation coefficients among descriptors including horizontal source 
heterogeneity. Not significant coefficients (confidence level 95%) are shown in blank. 

Figure S5. Spearman correlation coefficients between metrics and descriptors including 

horizontal source heterogeneity. Not significant coefficients (confidence level 95%) are shown 
in blank.   
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Figure S6. PLSR and RF model performances as mean R2 of the cross-validation with error 
bars indicating the standard deviations among the 30 cross-validation folds (a) and of the final 
trained models, which was calculated from out-of-bag samples for RF models (b). 
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 NO3-N PO4-P TOC 

Number of C-Q stations 274 236 255 

Mean R2 ± standard deviation (median 
R2 ± interquartile range) of simple 

logC-logQ regression 
0.27 ± 0.24 (0.22 ±0.41) 0.21 ±0.19 (0.15 ±0.30) 0.19 ±0.20 (0.13 ±0.26) 

Number (fraction) of C-Q stations with 

superior segmented model 
71 (25.9%) 52 (22.0%) 68 (26.7%) 

Average R2 improvement of 

segmented model 
8.0% 10.6% 10.5% 

Table S1. Comparison Between Simple Power-Law and Segmented Power-Law Models for C-Q 
Relationships Using the Akaike Information Criterion (AIC). The more Complex Model was 

Considered Superior if the Difference in AIC Between the Simple and Segmented Model was 
>2. 

 
Category Variable Unit Description and method Data source 

Hydrology Q_mean m³ s-1 Mean discharge  
 Q_spec mm Mean annual specific discharge  
 CVQ - Coefficient of variation of discharge based on daily 

discharge values. Note: only used in correlation 
analysis, not used in regression models, because it is 
obviously linked to CVC/CVQ 

 

 RC - Runoff coefficient as ratio of specific Q and mean 
annual precipitation 

 

 Q_seasR - Seasonality index of Q as ratio between summer (May-
Oct) and winter median discharge (Nov-Apr) 

 

 BFI - Base flow index using the lfstat package (version 0.9.4) 
in R 

WMO [2008] 

 Q_flash km-1 Flashiness index of Q as the ratio between 5% 
percentile (low-flow) and 95% percentile of Q (high-
flow fraction) time series, i.e. the smaller the index, the 
more flashy the discharge. This index uses percentiles 
inspired by the Jordan et al. [2005] 

 

Table S2. Hydrological Descriptors Used in the Analysis, Associated Methods and Data 
Sources. 

 
Model Tuning 

 Selection Function Description Tune parameter Tune grid 

PLSR tolerance, chooses the most complex 
model that improves mean RMSE 

from cross validation >2%  

Number of components ncomp 1:15 

RF - Number of variables 
selected randomly at 

each split 
Number of trees 

Mtry 
 
 

ntree 

11 
 
 

500 

Table S3. Parameters and Tuning Settings Used to Train the Models by the Caret Package. 
Note that for RF we Selected mtry Based on an Exemplary Tuning which Showed Similar 
Performances for Similar Values. 
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1. Introduction
Many of the Earth's great biogeochemical cycles and nearly all of its ecosystems have been intensely influ-
enced by human activities (Abbott et al., 2019; Vitousek et al., 1997). Some of the most dramatic changes 
have been associated with global nutrient cycles, with human inputs of reactive nitrogen (N) and phosphorus 

Abstract Human alteration of nutrient cycles has caused persistent and widespread degradation 
of water quality around the globe. In many regions, including Western Europe, elevated nitrate (NO3

−) 
concentration in surface waters contributes to eutrophication and noncompliance with environmental 
legislation. Discharge, NO3

− concentrations and the vulnerability of the aquatic ecosystems to 
eutrophication often exhibit a distinct seasonality. Understanding spatial patterns and long-term trends 
in this seasonality is crucial to improve water quality management. Here, we hypothesized that NO3

− 
concentrations during high-flow periods would respond faster to changes in nutrient inputs than low-flow 
concentrations because of greater connectivity of shallow diffuse NO3

− sources with the river network. To 
test this hypothesis, we compiled long-term NO3

− and discharge time series from 290 Western European 
catchments. To characterize the long-term trajectories of seasonal NO3

− concentration, we propose a novel 
hysteresis approach comparing low- and high-flow NO3

− concentration in the context of multi-decadal 
N input changes. We found synchronous winter maxima of NO3

− and discharge in 84% of the study 
catchments. However, contrary to our hypothesis, there were surprisingly diverse long-term trajectories 
of seasonal NO3

− concentration. Both clockwise (faster high-flow NO3
− response) and counterclockwise 

hysteresis (faster low-flow NO3
− response) occurred in similar proportions, potentially due to a high 

complexity in the underlying processes. Spatial variability of seasonality in NO3
− concentration across 

the catchments was more pronounced and better predictable than its long-term variability. This work 
demonstrates the value of seasonal and inter-annual hydrochemical analysis and provides new tools for 
water quality monitoring and management.

Plain Language Summary Nitrogen is an essential element of all living organisms and 
has thus often been used excessively as fertilizer to secure food production. However, surface waters can 
suffer from elevated nutrients inputs, causing toxic algal blooms and impairing drinking water quality, 
especially during summer low flows. To manage water quality, it is crucial to understand these seasonal 
variations of nitrogen and discharge and the underlying processes. We used data from 290 catchments in 
France and Germany to characterize average seasonality patterns and their long-term evolution across 
the variety of landscapes and human influences. This allowed classifying catchment behavior and linking 
them to controls. As expected, both nitrogen and discharge peak during winter in most catchments 
(84%). However, there are well explainable deviations, for example, in mountainous regions. The long-
term evolution of seasonality was more diverse than expected suggesting a complex interplay of various 
processes with the long input history from fertilization and wastewater being part of the controls. We 
found that the differences among catchments were greater than the long-term changes of seasonality 
within most catchments. By identifying catchment typologies, our study increases the understanding of 
nitrate seasonality patterns across a large extent and thus supports ecological water quality management.
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(P) exceeding natural sources (Steffen et al., 2015). This global nutrient overload has triggered widespread 
eutrophication, causing toxic cyanobacterial blooms and expansive hypoxic “dead zones” in freshwater and 
coastal areas and impairing drinking water resources (Diaz & Rosenberg, 2008; Le Moal et al., 2019).

Diffuse agricultural sources are the dominant source of N (e.g., excessive fertilizer application and cultiva-
tion of N-fixing crops), but mitigation measures, such as reducing N input, often do not immediately lead to 
improved riverine water quality (Bouraoui & Grizzetti, 2011). Time lags between changes in N inputs and 
riverine N concentration can range from immediate to several decades due to legacy storage (e.g., Bouraoui 
& Grizzetti, 2011; Dupas et al., 2020; Ehrhardt et al., 2020; Meals et al., 2010). Factors that contribute to these 
time lags include fixation and long transit times in soils (Kumar et al., 2020; Sebilo et al., 2013; Van Meter 
et al., 2016), in vadose zone (Ascott et al., 2017) and in groundwater (Kolbe et al., 2016; Wang et al., 2016) 
affecting water quality trajectories of catchments (i.e., the long-term evolution of the catchment's response 
under changing external forcing) (Hamilton, 2012; Van Meter & Basu, 2015, 2017).

The nutrient-triggered eutrophication in freshwater resources shows a strongly seasonal behavior because 
its controlling factors light, temperature, and nutrient concentrations fluctuate intra-annually. As aquatic 
ecological communities are sensitive to those nutrient fluctuations, understanding these seasonal dynam-
ics is necessary to assess and reduce the impact of nutrient pollution. Understanding the factors creating 
seasonal patterns of riverine N concentrations, discharge and thus flux and their trends could improve our 
ability to predict response times, long-term pollution trajectories, and priority locations for management 
interventions (Frei et al., 2020). This calls for large sample approaches to identify catchment typologies (i.e., 
archetypes) in seasonal water quantity and quality dynamics (e.g., Gupta et al., 2014; Newcomer et al., 2021) 
and to couple the seasonal time-scale with the long-term trajectories.

Patterns of seasonal N concentration variability are controlled by various interacting physical, climatic, bio-
logical, and anthropogenic factors, which vary among catchments. First, the relative contributions of point 
and diffuse sources can affect concentration seasonality (Van Meter et al., 2020). Point source dominance 
often leads to highest concentrations during low flow, while diffuse N sources are often exported with high-
er discharges (Abbott, Moatar, et al., 2018; Van Meter et al., 2020). Second, hydrological connectivity can 
variably activate heterogeneously distributed solute sources within the catchment as discharge fluctuates 
at seasonal or event scales (Aubert et al., 2013; Dupas et al., 2016; Seibert et al., 2009). For example, the 
vertical distribution of solutes in the subsurface can control the concentration-discharge (C-Q) relationship 
(Botter et al., 2020; Ebeling et al., 2021; Zhi & Li, 2020) at event, seasonal, and inter-annual scales (Minau-
do et al., 2019; Moatar et al., 2017; Musolff et al., 2015; Zarnetske et al., 2018). Third, seasonal variations 
in hydroclimatic drivers and biogeochemical controls such as riparian or in-stream retention processes 
can create seasonal variations of riverine N concentrations (Casquin et al., 2020; Kumar et al., 2020; Lutz 
et al., 2020). For example, during summer low-flow conditions, biological N uptake and removal processes 
in the benthic and hyporheic zones can more strongly influence water column chemistry because residence 
times and temperature are higher (Moatar et al., 2017; Wollheim et al., 2017). Conversely, during high-flow 
periods, the larger flux of nutrients and the disturbance of aquatic nutrient uptake via scouring and sedi-
mentation can result in minimal biological influence on stream chemistry (Blaszczak et al., 2019; Raymond 
et al., 2016). Among other things, this makes high-flow conditions the most important to nutrient flux, but 
summer low-flow conditions the most sensitive to eutrophication (e.g., Minaudo et al., 2020; Withers & 
Jarvie, 2008).

The seasonal variability of N concentrations can be characterized in terms of annual amplitude and timing 
of the minimum and maximum concentrations. Applied to multi-annual concentration time series this 
allows identification of long-term controls of seasonality, including strength and type of nutrient loading, 
which can change through time (Howden et al., 2010; Westphal et al., 2020). For example, decreases in 
point and diffuse source strength are expected to have greater influence on low-flow and high-flow con-
centrations, respectively (Abbott, Moatar, et al., 2018). More generally, decreases in point sources may have 
an immediate effect while diffuse sources are likely to show time lags as described above (Abbott, Moatar, 
et al., 2018; Westphal et al., 2020). This delayed response can differ between seasons (Ehrhardt et al., 2019; 
Van Meter & Basu, 2017) according to changes in hydrological connectivity and transit time, with a larger 
contribution from younger water during high flow periods (Benettin et al., 2017; Yang et al., 2018). Accord-
ingly, Dupas et al. (2016), Ehrhardt et al. (2019) and Winter et al. (2020) demonstrated how changes in N 
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input loading to a catchment can alter long-term N export dynamics, seasonal amplitudes, and even reverse 
the seasonal timing, in some cases. In other cases, the timing of N seasonality was largely constant even 
under various concentration trends, potentially due to invariant vertical distributions of the nutrient source 
zones (Abbott, Moatar, et al., 2018; Dupas et al., 2018). Finally, changes in N seasonality can also be caused 
by changes in in-stream processes related to other factors, including P concentration (Bowes et al., 2011; 
Minaudo et al., 2015). As the inter-annual trajectories of low- and high-flow concentrations integrate the 
input history, retention and release processes at catchment scale, they can be a valuable characteristic and 
indicator of how catchments respond to changes in nutrient inputs.

Despite a growing body of work on N seasonality, the spatial variability of N concentration seasonality 
and its long-term trend are still poorly understood across catchments. In this context, we investigated spa-
tio-temporal patterns of nitrate (NO3

−) seasonality in 290 catchments from two unique datasets of long time 
series across France and Germany. These catchments cover a wide range of ecohydrological and land use 
conditions, allowing robust quantification of seasonality and trend parameters on decadal timescales. We 
hypothesized that in these Western European landscapes where NO3

− sources are primarily diffuse, most 
catchments would show (a) a NO3

− maximum during the winter high-flow season and (b) a faster response 
of high-flow NO3

− concentrations to changes in loading compared to low flow because of shallower N 
sources being affected first and being activated during high flow. To test the hypotheses, we propose a hys-
teresis approach for long-term trends of NO3

− seasonality using available low frequency data. We classified 
the catchments based on their long-term average NO3

− and discharge seasonality as well as long-term tra-
jectories of NO3

− seasonality and assessed links between these metrics and potential controls such as mean 
precipitation and fraction of agricultural land use. This large sample approach allowed us to determine 
archetypes of spatiotemporal NO3

− export patterns at continental scale and evaluate underlying processes.

2. Methods
2.1. Databases

We used long-term riverine NO3
−-N (NO3-N, hereafter) concentration data and daily discharge (Q) data 

from stations in Germany and France to analyze spatiotemporal patterns of NO3-N seasonality linking to 
export dynamics. From the original databases for Germany (Musolff, 2020; Musolff et al., 2020) and France 
(http://naiades.eaufrance.fr/; http://hydro.eaufrance.fr/; Dupas et al., 2019; Ehrhardt et al. (2021); Minau-
do et al., 2019; Moatar et al., 2017) we selected stations based on the following criteria: (a) time series of 
NO3-N covering at least 20 years, (b) with at least 150 NO3-N samples, (c) a maximum sampling gap of 20% 
of the time series, (d) seasonal coverage, that is at least 10% of the data in each season (all possible quar-
terly divisions by months), and (e) available corresponding gauge with daily Q data. Discontinuous Q time 
series at 36 German stations were filled through the support of simulations from the grid-based distributed 
mesoscale hydrological model mHM (Kumar et  al.,  2013; Samaniego et  al.,  2010). Model results with a 
regression coefficient (R2) greater than 0.6 with the observed Q were accepted. Next, we used a piece-wise 
linear regression to reduce bias in modeled Q data, used for gap-filling, following Ehrhardt et al. (2020). The 
criteria resulted in a set of 290 catchments (165 in France, 125 in Germany) with a median of 336 NO3-N 
samples per station and 114,479 in total, which cover various temperate ecoregions, topographic, climatic 
and land cover settings (Figures 1 and S2). The median time series length was 32 years and the maximum 
length 46 years starting in 1969. The majority of time series started around 1980 and ended in 2014 or 2015.

We reconstructed daily concentrations (C) and flow-normalized concentrations (CFN) using Weighted Re-
gression on Time, Discharge and Season (WRTDS, Hirsch et al., 2010) as implemented in the R package 
EGRET (version 3.0.2, Hirsch & De Cicco, 2015). Flow-normalization estimates are calculated by averaging 
C estimates from all observed Q values of the specific day of the year throughout the time series. To focus on 
concentration trends independent of inter-annual discharge variations we use CFN for our analysis. For data 
gaps of observed NO3-N larger than two years, corresponding daily CFN estimates were excluded due to high 
uncertainties, following Hirsch and De Cicco (2015). Observed and interpolated time series of the Wupper 
catchment are shown in Figures 2a–2c as an example.
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2.2. Low- and High-Flow Seasons and Average Nitrate Seasonality

We determined the high-flow (HF) and low-flow (LF) seasons for each catchment by calculating the long-
term average discharge for three consecutive months and defined the HF and LF seasons as the three wet-
test and driest months, respectively. Based on the timing of HF we classified the catchments into winter 
maximum (winMax, center of three wettest months within November–March) and spring or early summer 

Figure 1. Map of the study area with (a) stations, catchments and elevation (EEA, 2013), (b) specific discharge and precipitation seasonality P_SI (Table  S1, 
Cornes et al., 2018), (c) mean NO3-N concentrations and land cover classes (CLC, 2006), (d) three selected catchments with mean NO3-N, land cover, and N 
surplus time series. N surplus is the diffuse N input from agriculture, atmospheric deposition, and biological fixation in excess of N uptake by plants (for details 
refer to Ehrhardt et al. (2020) and Ebeling & Dupas, 2021, Table S1). In panel (d) boxplots represent annual N surplus averages of all catchments, gray lines 
represent mean values over all French and German study catchments, red lines represent single catchment time series.
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Figure 2. Conceptual framework of hysteresis between annual low-flow (CLF) and high-flow (CHF) concentrations. Upper box: Time series of the Wupper 
catchment for (a) observed daily discharge and weekly to monthly NO3-N concentrations, (b) observed and daily WRTDS-interpolated NO3-N concentrations, 
and (c) daily flow-normalized NO3-N concentrations with annual averages during low-flow (CLF) and high-flow (CHF) periods. Lower box: Synthetic (d) time 
series of annual CLF and CHF, and the seasonal logarithmic ratio log(CHF/CLF), and (e) corresponding long-term hysteresis loops. The three distinct examples of 
long-term C-Q trajectories represent from left to right synchronous responses of CLF and CHF, asynchronous responses with CHF preceding and asynchronous 
responses with CLF preceding. The trajectories with a seasonally varying response times follow a hysteresis loop, while seasonally synchronous responses show 
no hysteretic behavior. Note that Figure 3 shows trajectories from three study catchments, including the Wupper catchment (as panels a–c), and Figure S1 
presents more examples of possible trajectories.
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maximum (sprMax, April–July; metric seasQmax, see Table 1). The LF season was calculated but not used 
for an additional classification of average Q seasonality. Similarly, we determined the average seasonal con-
centration pattern at each station. We calculated the maximum monthly averages of CFN to classify the 
catchments into the ones with their intra-annual maximum during winter (winMax, November–March) 
and summer (sumMax, April–October; metric seasCmax, see Table 1). The combination of both classifica-
tions yields the long-term average C-Q seasonality.

2.3. Hysteresis in Multi-Annual Time Series of Low- and High-Flow Concentrations

We calculated mean CFN during LF (CLF) and HF (CHF) periods (see Section 3.2) for each hydrological year 
(November–October) and catchment from the WRTDS-interpolated daily CFN time series (Section 2.1, see 
Figure 2c as example). We only calculated these values with at least 80% daily data coverage over the cor-
responding time period. As a metric of the strength of C-Q seasonality within each year, we calculated the 
annual seasonal ratio in logarithmic form log(CHF/CLF). Example trajectories of CLF, CHF and log(CHF/CLF) 
are shown in Figure 2d.

To identify and characterize the seasonally asynchronous (i.e., phase/time shift between peaks) responses to 
changes in inputs, we plotted the time series of annual mean CLF and CHF against each other and applied a 
hysteresis approach (Figure 2e). Accordingly, the hysteresis captures decadal trajectories of the seasonality 
represented by time series of annual average low- and high-flow concentrations. Systematic changes in the 
trajectories are considered to be linked to changes in point and diffuse source inputs with mainly increasing 
inputs before 1990s and decreases mainly after 1990s (Figure 1d) in response to European regulations as 
drivers (EEC, 1991a, 1991b). If CHF (y-axis) responds faster than CLF (x-axis) hysteresis becomes clockwise 
(CW), while if CLF responds faster than CHF hysteresis will be counter-clockwise (CC). If CHF and CLF re-
spond simultaneously, no significant hysteresis loop is observed (n.s.). We used a hysteresis method based 
on the derivative of the X variable (dX)CLF (Krueger et al., 2009; Minaudo et al., 2019). Its advantage for 
long-term water quality trajectories is that it also works for incomplete hysteresis loops. Incomplete loops 
are common for example, if (a) sampled time series are too short to cover the complete loop or (b) catch-
ments do not return to their original state due to continued differences in the pressures or changes in their 
functioning. To this end, we fit the following nonlinear model using the R package minpack.lm (version 
1.2–1).

C t d mC t c
C t

t
LFHF

LF
d

d
         (1)

Metric Meaning Calculation Unit

seasQmax Timing of Q seasonal maximum of long-term three months average 
(high-flow period)

Period of QHF Classes: winMax, sprMax

rQseas Long-term average of relative Q seasonal amplitude (QHF – QLF)/mean(Q) -
CFN Flow-normalized (FN) concentrations CFN from WRTDS mg NO3-N l−1

seasCmax Timing of NO3-N seasonal maximum of long-term months average Period of maximum monthly NO3-N CFN Classes: winMax, sumMax
CHF, CLF Mean flow-normalized concentrations during HF and LF periods, 

calculated annually
CHF = mean(CFN(HF))
CLF = mean(CFN(LF))

mg NO3-N l−1

log(CHF/CLF) Logarithmic seasonal ratio, calculated annually log(CHF/CLF) -
rCseas Mean relative NO3-N seasonal amplitude between HF and LF seasons mean(abs(CHF – CLF))/mean(CFN) -
c Hysteresis between CLF and CHF See Equation 1, Classes:

c < 0 CC,
c > 0 CW,
c ≈ 0 n.s.

Table 1 
Metrics Used to Characterize Patterns of Q and NO3-N Seasonality
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where t represents the time in years, d is the intercept, m is the slope between CHF’ and CLF’, and c is the 
hysteresis coefficient describing the direction and width of the hysteresis (c < 0 corresponds to a CC, c > 0 to 
CW, and c ≈ 0 to a non-significant hysteresis based on a confidence level of 95%). Prior to fitting, we linearly 
scaled CLF and CHF to vary between 0 and 1 (CLF’ and CHF’) to make the hysteresis coefficient c of different 
catchments comparable independent of differences in concentration (Lloyd et al., 2016).

Variations in seasonal response times cause trends in concentration seasonality and export dynamics, that 
is here log(CHF/CLF) (Figure 2a). Therefore, we use the Mann-Kendall test (R package Kendall, version 2.2) 
and Sen's slope (Sen, 1968) (R package trend, version 1.1.2) to detect and quantify monotonic trends in 
the logarithmic seasonal ratio. Missing annual values at 40 stations were filled by linear interpolation (on 
average 4.25 interpolated values, maximum eight), for example caused by large gaps in NO3

−N samples 
(see Section 2.1).The ratio CHF/CLF is linked to the slope b of the logC-logQ regression and is thus another 
metric of C-Q relationships. The slope b is a widely used metric to characterize solute and particulate export 
dynamics in terms of C-Q relationships (Godsey et al., 2009).

bC aQ (2)

   log logC a b Q  (3)

with a being the intercept and b the slope of the logC-logQ regression. If we assume a mean Q for HF (QHF) 
and another for LF (QLF) periods, the quotient becomes constant and b dependent on the logarithmic sea-
sonal CFN ratio.

 
 

HF

LF

HF

LF

log
dlog
dlog

log

C
C C

b
Q Q

Q

 
 
  
 
 
 

 (4)

If the ratio of QHF/QLF equals Euler's number (∼2.718), b becomes equal to log(CHF/CLF). Generally speak-
ing, b behaves proportional to the logarithmic seasonal CFN ratio normalized by the logarithmic seasonal 
ratio of discharge log(QHF/QLF). Though of course, slope b would be more scattered when considering the 
actual inter-annual Q variability instead of the long-term mean.

Additionally, we assessed and compared both the spatial variability and the long-term temporal variabil-
ity of NO3-N seasonality. The spatial variability was determined for each year as the standard deviation 
of annual log(CHF/CLF) across all stations. The temporal variability was calculated for each station as the 
standard deviation of annual log(CHF/CLF) over the complete time series including the long-term trends in 
the seasonality trajectories.

2.4. Linking Metrics and Catchment Characteristics

We tested for relationships between the two classifications of long-term average C-Q seasonality and its 
trajectory (hysteresis) and catchment descriptors to examine our hypothesis about dominant controls. For 
the descriptors we used the data sets published and described in Ebeling et al. (2021), Ebeling (2021) and 
extended to include French catchments in Ebeling and Dupas (2021). The descriptors characterize the hy-
droclimatic settings, topography, land cover, soil properties, geology, and point and diffuse N sources of the 
study catchments (Figure S2, Table S1).

The analyzed metrics are partly categorical and partly continuous (Table 1). To test for significant differenc-
es among the different classes of long-term average C-Q seasonality and hysteresis trajectories, we used the 
non-parametric Wilcoxon test for comparing two classes and otherwise the Kruskal-Wallis test. A random 
forest (RF) classification model was trained for the two significant hysteresis classes (CC and CW) to inves-
tigate the joint predictive power of the descriptors while accounting for collinearities (see Figure S3). We 
used three times repeated tenfold cross-validation to estimate the mean model performance. Subsequently, 
permutation allows quantifying variable importance and thus identifying the dominant descriptors from 
the trained RF model. We used the importance permutation by Altmann et al. (2010) to identify significant 
descriptors from a first RF model using all descriptors (significance level 5%; Table S1), which then served 
to train a second RF model. We used the R package mlr3 (version 0.9.0, Lang et al., 2019) to train the RF 
model and ranger (version 0.12.1, Wright & Ziegler, 2017) for permutation variable importance. Spearman 
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rank correlations served to identify relevant descriptors for the continuous metrics of average Q seasonality 
(rQseas) and NO3-N seasonality (mean log(CHF/CLF)).

3. Results
3.1. Spatial Patterns of Long-Term Average Discharge and Nitrate Seasonality

The highest specific Q was observed in mountainous catchments (e.g., the Alps) with values up to 1,670 mm 
y−1 (median 340 mm y−1 among the study catchments) while lowest specific Q was 63 mm y−1. The relative 
seasonal Q amplitude (rQseas) was highest in northwestern France (max 2.50) and lowest mostly in south-
eastern Germany (min 0.11) with a median of 1.18 (see Figure S4). A summary of calculated metrics across 
the study catchments is presented in Table 2.

Across the catchments, we found a dominance of winter maxima in Q (90.3%) and in flow-normalized 
NO3-N concentrations (91.0%) (Figure 3) with occurrence of both in 83.8% of the catchments. The 9.7% 
of catchments with spring and early summer maxima of Q (sprMax) were apparent in mountainous areas 
(Figure 3a). The 9.0% of catchments with summer maxima of NO3-N (sumMax) were observed mainly in 
northwestern and southern France (Figure 3a). In southern France, these summer NO3-N maxima coincid-
ed with Q minima, while NO3-N minima coincided with the Q maxima in spring. Catchments with spring 
maxima of Q in southeastern Germany have lowest Q during autumn or winter, which coincided with max-
ima in NO3-N. Figure S5 shows these synchronous and asynchronous long-term average seasonal C and Q 
variations of the four combined C-Q seasonality classes.

Catchments with the largest positive average seasonal ratios (log(CHF/CLF)) were found in western France, 
northern Germany and northeastern France (Figure  3a). On the other hand, catchments with average 
log(CHF/CLF) < 0 were observed mainly in southern Germany, southern and western France. The spatial 
variability of the NO3-N seasonality among the catchments (standard deviations of log(CHF/CLF) over all 
stations for each year) ranged from 0.42 to 0.64 with a median of 0.47 and an interquartile range of 0.04.

3.2. Long-Term Trajectories of Nitrate Seasonality

We examplarily visualized the seasonal NO3-N trajectories of three representative catchments namely the 
Wupper as an urban and the Leine and the Rance as agricultural rural catchments (Figures 1d and 3c). The 
Wupper catchment (605.9 km2) has the highest fraction of artificial surfaces (31%), population density, and 
load by point sources and ranks under the top three for the fraction of point source loads from the total 
N input loads (86%) among the studied catchments. The HF season was determined for winter (Decem-
ber–February), LF for summer (May–July). The CLF were higher than the CHF in the beginning, but with 
CLF decreased from 1994 until CLF < CHF from 1998, indicating a switch in the seasonal timing. The peak 

Specific 
Q

Rel. seasonal 
Q amplitude 

rQseas

Mean 
NO3-N 

CFN

Mean 
NO3-N 

CLF

Mean 
NO3-N 

CHF

Rel. seasonal NO3-N 
amplitude rCseas

Mean 
log (CHF/

CLF)

mm y−1 - mg N l−1 mg N l−1 mg N l−1 - -

Median   340 1.18 3.23 2.51 3.92 0.37 0.33
IQR   254 0.55 2.95 2.46 3.68 0.45 0.53
n MK trend + 2   92       124

− 32 151 95
n.s. 256 47 71

Note. Q—discharge, FN—flow normalized, LF—low flow, HF—high flow. The Q values used for these statistics was the 
same time period used for the WRTDS model, that is the overlapping period of NO3-N and Q time series.

Table 2 
Summary Statistics of Calculated Metrics of All Catchments (n = 290) From Observations and the WRTDS Models: 
Median and Interquartile Range (IQR) and the Number of Catchments (n) With Positive (+), Negative (−) or Non-
Significant (n.s.) Monotonic Mann-Kendall (MK) Trend
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in CLF is two years before the peak in CHF, which creates a counterclockwise hysteresis. Accordingly, the 
seasonal ratio log(CHF/CLF) follows a positive trend from a seasonal dilution (log(CHF/CLF) < 0) to enrich-
ment (log(CHF/CLF) > 0) pattern. On the other hand, the two catchments with clockwise hysteresis, Leine 
(317.4 km2) and Rance (142.6 km2), are selected from catchments with high agricultural impact (65%–90%), 
strong change in diffuse agricultural N input from before to after 1990 (Figure 1d, and small urban areas 
(2.6%–6.8%) as well as low fraction of point sources from total N input (below 10%)). The HF season in both 
catchments is in winter (Leine: January–March; Rance: December–February) and LF season in summer to 
fall (Leine: August–October; Rance: July–September). In the Leine catchment, CHF peaks in 1997 four years 

Figure 3. Spatial patterns of (a) average Q and NO3-N seasonality, color—month with maximum long-term averages of flow normalized concentrations (CFN), 
shape—timing of maximum average Q (seasQmax), size—absolute average seasonal ratio in log space log(CHF/CLF), and (b) classes of hysteresis between 
CLF and CHF trajectories, color—hysteresis class, and (c) seasonal NO3-N concentration trajectories during low-flow (CLF) and high-flow (CHF) periods and 
the corresponding hysteresis patterns of the three catchments Leine, Range and Wupper, black dots mark the peak concentrations. CC—counterclockwise 
hysteresis, CW—clockwise hysteresis, Time in years, concentrations in mg NO3-N l−1.
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before CLF. In the Rance, CHF peaks in 2004 also four years before CLF with CLF being slightly higher than 
CHF. Both catchments have a negative trend in the seasonal ratio log(CHF/CLF), which for the Leine means 
a trend from enrichment to a more neutral export pattern and a decrease in seasonal amplitude and for the 
Rance from neutral to dilution with an increase in the absolute seasonal amplitude between CLF and CHF.

Although the input trajectories of N surplus are relatively synchronous among the catchments (including 
the three example catchments) following the EU and national legislation (Figure 1d), the seasonal NO3-N 
trajectories observed in the streams differ more prominently among the catchments (Figure S6). Exceptions 
to this generally synchronous variation in N surplus can be found in East German catchments with a drastic 
drop in 1990 after the German reunification, including the upper Leine catchment.

For all study catchments, counterclockwise and clockwise hysteresis occurred both in similar proportions 
(n = 87 CC, n = 85 CW, about 30% each), while the nonsignificant hysteresis class occurred slightly more 
often (n = 116 n.s., 40%). The fitted hysteresis models had a median performance of R2 = 0.84 and a R2 > 0.6 
in 73.8% of the catchments. A spatial organization of the hysteresis patterns was apparent with clusters 
being more pronounced in France (Figure 3b): counterclockwise hysteresis dominated in central, south-
ern and southwestern France and northern Germany, whereas clockwise hysteresis dominated in Brittany 
and northeastern France including the Seine catchment and southeastern Germany. In the majority of the 
catchments (80.3%, n = 233) the timing of seasonal CFN maxima and minima remained constant through-
out the time series, whereas in 19.7% (n = 57) it switched between HF and LF periods (e.g., in the Wupper 
catchment, Figure 3c). The majority of the switching catchments (54%, n = 32) changed once from a sea-
sonality with CLF > CHF to CLF < CHF with the median switch in the year 1991. Most of these catchments had 
counterclockwise hysteresis patterns (63%, n = 20). Some of those catchments (32%, n = 18) changed the 
seasonal timing of concentration maxima more than once.

The CLF-CHF-hysteresis patterns were connected to long-term trends in the annual seasonal ratios log(CHF/
CLF) (significance level 5%, Figure S6): 60.9% of the counterclockwise catchments had a positive trend in 
log(CHF/CLF) and 49.4% of clockwise catchments had a negative trend in log(CHF/CLF). The nonsignificant 
hysteresis was mostly linked to a significant increase in the seasonal ratio (43.0%). The different trajectories 
imply a long-term temporal variability in the NO3-N seasonality. The temporal variability of log(CHF/CLF) at 
each station varied between 0.01 and 0.54 with a median of 0.09 and an interquartile range of 0.09.

3.3. Linking Seasonality Metrics and Catchment Characteristics

First, we linked the classifications of long-term average C-Q seasonality and the long-term trajectories to 
each other: The dominant class with NO3-N and Q winter maxima had similar proportions of all three hys-
teresis classes (25.9% for CW, 32.1% for CC and 42.0% for n.s.). The two asynchronous NO3-N and Q classes 
with Q winter and NO3-N summer maxima or Q spring/summer and NO3-N winter maxima both had high-
er proportions of clockwise hysteresis (63.2% and 47.6% respectively) compared to counterclockwise (10.5% 
and 14.3%) hysteresis. On the other hand, the asynchronous C-Q seasonality class in southern France with 
Q spring/summer and NO3-N summer maxima (LF period) had mostly counterclockwise (57.1%) and no 
clockwise (0%) hysteresis.

The timing of Q seasonality linked to elevation (Figure 4a) and related hydroclimatic descriptors, that is 
catchments with Q spring/summer maxima had significantly higher mean elevations, precipitation and 
specific discharge and lower mean temperatures. The relative Q amplitude (rQseas) also correlated with the 
hydroclimatic drivers, especially the summer to winter precipitation P_SIsw (r = −0.63, Spearman rank, 
Figure S3) and mean temperature (r = 0.63).

The combined timing of NO3-N and Q seasonal maxima (Figure 4a) linked to more characteristics in addi-
tion to the controls of only Q seasonality. Compared to catchments with maximum NO3-N concentrations in 
summer, catchments with winter maxima of NO3-N tended to be more abundant in catchments with higher 
ratios of summer to winter precipitation (P_SIsw) and discharge (Q_seasR, not shown) and lower Q season-
ality (rQseas), although the class of concurrent NO3-N and Q winter maxima contained many catchments 
with equilibrated summer to winter precipitation (P_SIsw∼1) and smaller precipitation seasonality (P_SI, 
not shown). Summer maxima in NO3-N emerged in catchments with consistently lower summer to winter 
precipitation (P_SIsw < 1, with only one exception) and lower depths to bedrock (dtb). We also found a link 
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of average NO3-N concentration to long-term average C-Q seasonality: The mean CFN was lowest for the 
classes with Q spring/summer maxima and highest for Q winter maxima with NO3-N summer maxima (es-
pecially in the Armorican Massif). The major class of concurrent NO3-N and Q winter maxima has medium 
mean CFN values but also a high range. . As expected from the methods, the classes were clearly linked to the 

Figure 4. Controls of (a) long-term average NO3-N and Q seasonality and (b) hysteresis classes (n.s. nonsignificant, CC counterclockwise and CW clockwise 
hysteresis). In panel (a), the classes of maximum NO3-N concentrations are shown separately for each class of the timing of maximum Q (high flow) to 
distinguish the controls of the different identified combinations of C and Q seasonality. Number of samples (n) per group is given in the first subplot. The p 
values from Kruskal-Wallis tests for nonparametric comparisons of means for multiple groups and the significance levels from Wilcoxon rank sum tests for the 
pairwise comparison between CC and CW hysteresis are written above the boxplots (ns - p > 0.05, * - p ≤ 0.05, ** - p ≤ 0.01). For details on the variables refer to 
the text, Tables 1 and S1.
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strength of the NO3-N-Q seasonality, quantified by the mean seasonal ratio log(CHF/CLF), with the class of 
concurrent NO3-N and Q winter maxima showing mostly positive and the other classes negative values. The 
mean ratio log(CHF/CLF) was correlated to topographical and hydroclimatic descriptors (slo.mean r = −0.45, 
twi.mean r = 0.43, AI r = 0.41, specific Q r = −0.39) and land use (f_agric r = 0.39). Note that the descriptors 
also correlate with each other (Figure S3).

The RF model for the two significant hysteresis classes reached only a mean accuracy of 0.69 ± 0.12 from 
cross-validation (compared to 0.5 for random guess). The descriptor relative Q seasonality (rQseas) ranked 
highest in the feature importance, followed by evapotranspiration (PET_mm), mean CFN, precipitation sea-
sonality (P_SI), ratio of summer to winter discharge (Q_seasR) and fraction of sand (f_sand), although 
they showed overall relatively low variable importances (Figure  S7). Expected links to descriptors of N 
loading were not found dominant: although N surplus descriptors were significant in the RF model, they 
only ranked 8th or lower. As shown in Figure 4b, the clockwise hysteresis was mostly noticed in catchments 
with higher Q and precipitation seasonality (rQseas and P_SI), and mean CFN and lower evapotranspiration 
(PET_mm), fraction of sand (f_sand), and temporal variability in NO3-N seasonality (standard deviation of 
log(CHF/CLF)). The clockwise catchments covered a large variability in the fraction of agriculture, N surplus, 
the difference in N surplus before and after 1990 (dNsurp71_91), the fraction of point source loads (N_WW_
frac) and artificial surfaces (f_artif). The nonsignificant hysteresis class contained more catchments with 
higher fractions of point source loads, albeit with a large variability of values.

4. Discussion
4.1. Spatial Patterns and Controls of Long-Term Average Nitrate and Discharge Seasonality

The long-term average NO3-N seasonality was linked to average seasonality of Q in combination with cli-
mate, topography and geology. Accordingly, we established distinct archetypal patterns across the large 
range of catchments and provide possible links to the underlying catchment characteristics. The different 
timing of Q seasonality (seasQmax) across the catchments was controlled by topography and related hydro-
climatic variables. This agrees with Kuentz et al. (2017), who found climate was the main driver for several 
flow characteristics at the European scale, and Gnann et al. (2020), who found catchment aridity to control 
the timing and magnitude of Q seasonality relative to climate seasonality. The dominance of Q winter maxi-
ma (90.3%) and summer low flow (Figure S5) suggests that the seasonal cycle of evapotranspiration strongly 
affects the Q cycle in the study region. Precipitation seasonality (P_SIsw) with relatively high winter precip-
itation (as prevalent in France) can add to this pattern, especially in northwestern France with the lowest 
ratios of summer to winter precipitation (P_SIsw) and relatively low annual evapotranspiration and aridity. 
In that region, the opposing seasonal precipitation and evapotranspiration cycles in a moist climate lead 
to strong seasonal Q patterns (rQseas) and short hydrological transport times (Gnann et al., 2020; Kumar 
et al., 2020), which might also be enhanced by shallow aquifers with shallow depths to bedrock (dtb). The 
Q maximum is shifted to spring or summer in fewer catchments (9.7%), where winter precipitation is likely 
retained as snow-pack and discharged with higher temperatures during thawing period. Here, this effect 
seems to exceed the evapotranspiration control. The spatial patterns of high-flow seasonality (Figures 3a 
and S4) largely agree with the flood timing reported across the study region, especially the geographical 
differences between the mountainous, snow-impacted catchments (in the Alps and Pyrenees) and others 
(Berghuijs et al., 2019; Blöschl et al., 2017).

In combination with the NO3-N seasonality, we found three archetypal patterns of long-term average C-Q 
seasonality with different controls and underlying processes:

1.  Both NO3-N and Q have a winter maximum (83.8% of the catchments) and vary mostly synchronously 
(Figures 3a and S5), which indicates prevalent enrichment patterns (transport limitation) and NO3-N 
mobilization processes at a seasonal scale (Minaudo et  al.,  2019). This supports our first hypothesis 
that overall synchronous NO3-N and Q seasonality dominate. The dominance of NO3-N and Q winter 
maxima and C-Q enrichment patterns agrees with previous research on temperate catchments (Ebeling 
et al., 2021; Minaudo et al., 2015; Moatar et al., 2017; Musolff et al., 2015; Zhi & Li, 2020). Moreover, 
the spatial patterns of the strength of nitrate-discharge seasonality, represented by the average seasonal 
ratio log(CHF/CLF), are also in line with a previous study of Germany-wide C-Q relationships showing 
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strong enrichment patterns in northern Germany and less pronounced enrichment or neutral patterns 
in central-eastern Germany (Ebeling et al., 2021). This supports that the seasonal ratio is comparable to 
the widely used slope b for inter-annual C-Q relationships (see Equation 4). This is plausible as seasonal 
NO3-N variations exceed storm-event induced variations, when considering rather large catchments are 
usually monitored at low (typically monthly) frequency (Minaudo et al., 2019). Furthermore, our analy-
sis showed the dominant control of topography, climate and land use in shaping the spatial variability of 
the seasonal ratio, with a tendency of higher ratios in agricultural lowland catchments. With dominant 
diffuse N sources, a mechanism leading to this synchronous archetype can be variable discharge gener-
ating zones, where shallow N sources are activated by younger water dominating during HF and lack 
of connectivity of sources along with longer reaction times (potentially higher removal) for longer flow 
paths dominates during LF (Benettin et al., 2020; Musolff et al., 2016; Yang et al., 2018; Zhi & Li, 2020). 
This interpretation is supported by Ebeling et al.  (2021), who additionally found a dominant control 
of the vertical concentration gradient on the NO3-N export dynamics in German catchments. Reduced 
riparian or instream NO3-N removal during winter following the seasonal biogeochemical cycle (Lutz 
et al., 2020) could also enhance the pattern of synchronous C and Q seasonality.

2.  The NO3-N maximum coinciding with the Q minimum and vice versa (9.7% of the catchments, Fig-
ures 3a and S5) occurred in mountainous catchments, where asynchronous dilution patterns of C-Q 
dominate. Spring and summer discharge from mountains stemming from snow melt and summer pre-
cipitation could dilute N sources. In these archetypal catchments, mean NO3-N concentrations are low 
(Figures 1c and 4a) due to relatively low N input in combination with strong dilution by high specific 
discharge (Figure 1b). The dominant dilution pattern agrees with C-Q relationships observed previously 
in mountainous, snow-dominated German meso-scale catchments (Ebeling et al., 2021). The dilution of 
N sources is lowest during LF season, that is late summer in southern France and autumn or winter in 
southern Germany. The dilution pattern of this archetype likely results from the spatial separation of dis-
charge generating zones upstream and dominant agricultural sources downstream, potentially masking 
other export dynamics in the downstream areas.

3.  NO3-N maxima are reached during summer LF and minima mostly during autumn before the winter HF 
period (6.6% of the catchments, Figures 3a and S5). This type of NO3-N seasonality with relatively weak 
dilution patterns, high mean concentrations and small relative seasonal differences between LF and HF 
concentration seems to be specific to the Armorican Massif and has been described for several catch-
ments in this region previously (Abbott, Moatar, et al., 2018; Guillemot et al., 2021; Martin et al., 2004). 
The strong Q seasonality in that region and fast hydrological responses (e.g., high flashiness and CVQ) 
are not reflected in the NO3-N seasonality, indicating a rather chemostatic export regime (low concentra-
tion relative to high Q variability) for this archetype. Reasons for this pattern include large legacy stores 
(Dupas et al., 2020) and bottom-loaded profiles with NO3

−-rich groundwater which is diluted during HF 
(Martin et al., 2006) in combination with potential bypassing of the riparian zones where removal by 
denitrification can be high during LF (Fovet et al., 2018). However, riparian zones can also act as NO3

− 
sources during LF (Duncan et al., 2015), offering a nonexclusive alternative mechanism for this pattern. 
Van Meter et al. (2020) found that NO3

−-rich groundwater can lead to an out-of-phase or aseasonal NO3
− 

pattern. In case of bottom-loaded profiles, we would expect the catchments to have developed the reverse 
seasonality over time, as described in for example Ehrhardt et al. (2019), which was indeed observed for 
some catchments (see Figure S6, crossing the 1:1 line). Alternatively, multiple contributing aquifers with 
variable response times and sources could be horizontally distributed differently with a longitudinal gra-
dient, with a dominance of nonagricultural wetland soils upstream and agricultural areas downstream. 
With the upstream discharge diluting downstream sources during HF, this process resembles archetype 
2. Another contributing mechanism to this pattern could be the seasonal variation of N inputs as fertiliz-
er is primarily applied in spring or of retention in the soils.

4.2. Long-Term Trajectories of Nitrate Seasonality Integrate Complex Controls

We observed both long-term trajectory types equally often, with annual CLF (counterclockwise hysteresis) 
or CHF (clockwise hysteresis) changing first. Our hypothesis of dominant clockwise hysteresis for NO3

− is 
therefore not supported by the studied catchments. Surprisingly, 20% of the catchments even switched their 
seasonal timing at least once during the observation period, which imposes substantial changes to aquatic 
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ecosystems over time. As described in the introduction, this could create shifts in nutrient availability and 
limitation during sensitive time periods for aquatic organisms and ecosystems (Minaudo et al., 2015).

The CHF and CLF are influenced by various controls that may lead to the observed long-term trajectories and 
hysteresis patterns. For example, in the densely populated Wupper catchment, changes in point sources 
could have affected CLF more and earlier than CHF, as discussed by Abbott, Moatar, et al. (2018). Reduc-
tions in inputs from point sources usually have a more immediate effect on riverine concentrations and 
have typically been achieved more easily and earlier than reductions in diffuse-source inputs in Western 
Europe (Le Moal et al., 2019; Westphal et al., 2020). The example catchments Leine and Rance (Figure 3c) 
are agriculturally managed with few point sources only and show the expected stronger delay in low-flow 
concentrations (clockwise hysteresis). This suggests that our hypothesis of changes in diffuse sources being 
reflected first in changes in CHF may be supported for these two catchments but cannot be verified across 
the entire set of catchments.

Despite the large sample size and rich ancillary data on catchment characteristics, we did not detect fun-
damental or general controls on hysteresis patterns. Over the whole range of study catchments, the source 
descriptors (i.e., land cover, N surplus, point sources, population density) did not show consistent relation-
ships with hysteresis. Small differences between the hysteresis classes were apparent in catchment prop-
erties describing the hydroclimate and soil data, though they had a relatively low explanatory power. This 
suggests overall complex controls on the long-term hysteresis patterns over the large extent of the study, 
with several interacting controls potentially determining the observed trajectories that will be addressed in 
the following.

The complexity in controls of responses across a wider range of catchments is in line with recent research 
on the diversity of nutrient retention capacity in various surface and subsurface catchment components 
(Frei et al., 2020; Kolbe et al., 2019). In particular, the high hydrochemical complexity of the subsurface in 
combination with relatively sparse subsurface data availability makes regional to continental predictions 
exceedingly uncertain (Aquilina et al., 2018; Jawitz et al., 2020; Marçais et al., 2018). Moreover, the subsur-
face reactivity can experience long-term changes if availability of electron donors and thus denitrification 
potential decreases (Bouwman et al., 2013). Because soil, vadose, and aquifer hydrology and biogeochem-
istry directly influence both hydrological time lags and active nutrient retention, better characterization of 
subsurface parameters should be a major research priority (Condon et al., 2020; Li et al., 2021).

The diversity of human activities can also obscure the linkage between catchment characteristics and nutri-
ent dynamics. Catchments with anthropogenic impact often have both point and diffuse N sources, creating 
complex and time-variant interactions that are not captured by the catchment attributes taken into account 
here. For example, in diffuse-source-dominated catchments, smaller point sources could still have changed 
more than diffuse sources and vice versa, hampering predictability of hysteresis by catchment descriptors 
representing more the source strengths. Point sources could mask changes caused by diffuse source changes 
especially in larger, more populated catchments (Dupas et al., 2017).

Another unaccounted factor could be long-term changes in in-stream nutrient uptake processes. For ex-
ample, an increasing CLF while CHF is already decreasing could result from reduced uptake rates during 
summer. Reduced algal biomass production could be caused by reductions in phosphorus and increasing 
limitations (Bowes et al., 2011; Minaudo et al., 2015). For example, in the Frome catchment, changes in in-
stream processes were even considered to dominantly control changes in NO3

− seasonal amplitude because 
concurrent seasonal changes of NO3

− in groundwater boreholes were not observed (Bowes et al., 2011). 
Additionally, NO3

− could be released to the stream by decomposition of biomass in winter and further affect 
seasonality (Bowes et al., 2011).

The tendency of clockwise catchments to have higher precipitation seasonality (P_SI, Figure 4b) and low 
evapotranspiration (PET_mm) could relate to their occurance in the Alps and the Armorican Massif (Fig-
ure 3b). Conversely, the high relative Q seasonality (rQseas) was common for catchments in northeastern 
France and the Armorican Massif. This might indicate that pronounced hydroclimatic variability in rela-
tively wet catchments enhances HF concentrations to react faster, whereas high PET_mm links to dominant 
counterclockwise hysteresis in central and southern France, although this does not seem to be an overall 
dominant control as predictive power remained low.
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Interestingly, we found distinct hysteresis patterns in the regions with asynchronous archetypal patterns of 
long-term average C-Q seasonality (16.2% of the catchments). For example, in southern France, the strong 
seasonal dilution pattern was mostly combined with counterclockwise hysteresis, whereas in the Alps and 
in the Armorican Massif, clockwise hysteresis dominated (Figure 3b). Dilution of downstream sources from 
upstream discharge generation in mountainous catchments could generally cause a stronger trend in less 
diluted low-flow concentration when sources change. However, these diluting effects interact with other 
mechanisms at downstream locations, for example mobilization processes. Possibly, in southern France, 
the upstream signal dominates, while in the Alps with smaller relative seasonal Q variations, downstream 
signals could dominate the overall trajectories, and leading to faster high-flow concentration responses. For 
the Armorican Massif, high-flow concentration responding first to changes in dominant diffuse N-input 
could cause the clockwise hysteresis patterns. This is supported by generally higher deep and lower shal-
low groundwater concentrations causing dilution patterns which could result from long-term N-inputs and 
large legacy stores (Dupas et al., 2020). On the other hand, within the dominant archetype of synchronous 
average C-Q seasonality, the heterogeneity in trajectories and controls was high and no dominant general 
pattern and control was detectable in this study (as discussed above).

In essence, the seasonality trajectory and its corresponding hysteresis integrate all the above mentioned 
processes. The missing dominance emphasizes that over the study domain multiple controls are relevant 
and hierarchies vary. Many settings can lead to the same response pattern and seasonality trajectory.

4.3. Spatial Variability Larger and Better Predictable Than Long-Term Temporal Variability of 
Nitrate Seasonality

Spatial variability of seasonality among the catchments is larger than the long-term temporal variability 
of most catchments, even when including significant trends in the logarithmic seasonal ratio. Although 
the number of significant long-term trends in the seasonal ratio log(CHF/CLF) (76%) and hysteresis patterns 
(59%) reveal distinct changes in NO3

− seasonality on multi-decadal time scales in the majority of catch-
ments, inter-catchment variability across the study area largely exceeded the temporal variability within 
a catchment. Dupas et al.  (2019) and Abbott, Gruau, et al.  (2018) also report examples of higher spatial 
than temporal variability, resulting in spatial persistence, that is stable spatial patterns among catchments 
through time. These two studies, based on shorter periods of six (Dupas et al., 2019) and 12 years (Abbott, 
Gruau, et al., 2018), include mainly seasonal variations. Our finding thus extends the spatial persistence 
concept for NO3

− seasonality to decadal trajectories across a wide range of Western European catchments.

At the same time, we can better explain the spatial variability of long-term average seasonality and C-Q 
dynamics among the catchments (Section 4.1). In contrast, the differences in trajectories resulting from 
different response times of low-flow and high-flow concentrations were only poorly predictable from the 
available data, and only small differences in catchment characteristics were apparent between the hysteresis 
classes (Section 4.2). This could be due to the fact that trajectories are affected by multiple controls with 
asynchronous source changes and seasonally variable responses, possibly masking each other. Further in-
vestigation may include temporarily variable catchment descriptors, such as long-term data on point source 
inputs, and time series of ecological in-stream metrics such as chlorophyll-a.

5. Conclusions
We characterized average long-term NO3

−-Q seasonalities and their trajectories from long-term time series 
in 290 French and German catchments covering a large variety in hydroclimate, topography, lithology and 
anthropogenic pressures. We implemented a novel hysteresis approach using low- and high-flow NO3-N 
concentration trajectories. Our main findings are:

•  We observed a widespread dominance of concurrent maxima of Q and NO3-N in winter (84%), support-
ing our hypothesis. Deviations from this archetype of long-term average C-Q seasonality were linked 
to topography and hydroclimatic seasonality, and to source heterogeneity or lithology especially in the 
Armorican Massif

•  Surprisingly, counterclockwise and clockwise hysteresis patterns of low-flow and high-flow NO3-N con-
centrations occurred equally often, thus we had to reject our hypothesis about dominant occurrence of 
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faster response during high flow. We exemplarily showed that indeed counterclockwise hysteresis can 
be found in point source dominated and clockwise hysteresis in agricultural catchments. However, the 
lack of a consistent pattern in the French and German catchments suggests a high level of complexity 
and potential interactions in the controls over the wide range of catchments. These controls need to be 
further disentangled in a set of catchments with better known input time series. We point out that scarce 
data especially on point source loads (including their temporal evolution) is limiting the understand-
ing of catchment functioning across a large sample. Therefore monitoring efforts and data use policies 
should be improved

•  Overall, we found that spatial variability of long-term average C-Q seasonality between the catchments 
was larger and easier to predict than its long-term temporal evolution at a single station

Our large sample study has several implications for water quality management. The dominant spatial vari-
ability indicates that (a) uniform regulations may not be appropriate but need to take the spatial variability 
into account and should target the management regionally, and (b) short-term monitoring can already be 
useful to characterize the overall system functioning. The distinction between low- and high-flow trajecto-
ries can guide ecological assessment and water quality management considering that aquatic ecosystems 
are more prone to eutrophication during low flow, while exported loads are more susceptible to changes in 
high flows.
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Figure S1. Conceptual framework of hysteresis between CLF and CHF extended from 
three (cases 1, 2 and 6 shown in main manuscript Figure 2) to eight synthetic time series 
of distinct C-Q trajectories: (a) time series of CLF and CHF, and the seasonal logarithmic 
ratio log(CHF/CLF), (b) corresponding hysteresis loops. 
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Figure S2. Density distributions of catchment characteristics covered by study 
catchments (n=290). For details on the descriptor variables see Table S1.   

 

Study 2

121



 

 

4 

 

 

Figure S3. Spearman rank correlation matrix for seasonality metrics and catchment 
descriptors of the study catchments (n=290). Numbers indicate significant correlation 
coefficients and blank fields indicate non-significant correlations (significance level of 
0.05). For descriptions of variables refer to Table S1.  
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Figure S4. Spatial patterns of timing of Q maximum (colors), the corresponding Q 
seasonality class (shape) and relative Q seasonality rQseas (size).   

 

 

Figure S5. Normalized long-term average NO3-N CFN (top) and Q (bottom) seasonality 
(as monthly averages divided by long-term mean). Upper labels in each subplot refer to 
the class of NO3-N seasonal timing of the maximum and below for the class of seasonal 
timing Q (with sumMax: Apr-Oct; winMax: Nov-Mar; sprMax: Apr-Jul), colors long-term 
mean CFN (top) and mean relative Q seasonal amplitude rQseas (bottom).   
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Figure S6. Hysteresis between NO3-N CLF and CHF (a) and boxplots of sen slopes of 
monotonic trends of logarithmic seasonal ratio log(CHF/CLF) (b) for study catchments by 
classes of long-term average C-Q seasonality with winMax of both NO3-N and Q 
(bottom) and all other classes (top) and hysteresis (columns). Point colors in (a) indicate 
the corresponding water year. Line colors in (a) indicate the monotonic trend class of the 
seasonal ratio trajectories, which corresponds to the color of the hysteresis class in (b) 
with the same prevalent trend (yellow - no trend, red - positive trend, green - negative 
trend).   
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Figure S7. Feature importances from permutation of random forest classification model 
for CC and CW hysteresis (number of trees num.trees=500, mtry=6). For details on 
variables refer to Table 1 and S1. 

 
 
 
 
 
 

Table S1. Catchment Characteristics, Associated Methods and Data Sources. For the 
Complete Data Set of Characteristics Refer to the Repository at Ebeling and Dupas 
(2021).   

Category Variable Unit Description and method Data source 

General area km² Catchment area  

Topography dem_mean mamsl Mean elevation of catchment, from DEM rescaled from 25 to 
100 m resolution using average 

EEA (2013) 

 slope_mean ° Mean topographic slope of catchment, from DEM EEA (2013) 

 twi_mean - Mean topographic wetness index (TWI, Beven & Kirkby, 
1979) 

EEA (2013) 

 twi_90p - 90th percentile of the TWI as a proxy for riparian wetlands 

(following Musolff et al., 2018)  

EEA (2013) 

Land cover f_artif - Fraction of artificial land cover (Class 1 Level 1 CORINE) EEA (2016) 

 f_agric - Fraction of agricultural land cover (Class 2 Level 1 CORINE) EEA (2016) 

 f_forest - Fraction of forested land cover (Class 3 Level 1 CORINE) EEA (2016) 

 f_wetl - Fraction of wetland cover (Class 4 Level 1 CORINE) EEA (2016) 

 f_water - Fraction of surface water cover ( Lass 5 Level 1 CORINE) EEA (2016) 

 p_dens inhabitants Mean population density CIESIN (2017) 
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km-² 

Nutrient 
sources 

N_surp_71 kg N ha-1 y-1 Mean nitrogen (N) surplus per catchment from 1971 to 1990 
(including the N surplus on agricultural land and atmospheric 

N deposition and biological N fixation on non-agricultural 

areas). For details on the N input data refer to Ehrhardt et al. 
(2020) and Ebeling and Dupas (2021). 

Bach et al. (2006); Bach 
and Frede (1998); 

Bartnicky and Benedictow 

(2017); Bartnicky and 
Fagerli (2006); Behrendt 

et al. (1999); Cleveland et 

al. (1999); Häußermann et 
al. (2019); Poisvert et al. 

(2017); Van Meter et al. 

(2017) 

 N_surp_80 kg N ha-1 y-1 Mean N surplus per catchment from 1980 to 2015 See N_surp_80 

 N_surp_91 kg N ha-1 y-1 Mean N surplus per catchment from 1991 to 2015 See N_surp_80 

 N_surp_00 kg N ha-1 y-1 Mean N surplus per catchment from 2000 to 2015 See N_surp_80 

 dN_surp kg N ha-1 y-1 Change in mean N surplus between the periods 1971-1990 and 

1991-2015, i.e. dN_surp = N_surp_71 – N_surp_91 

See N_surp_80 

 N_WW t N km-2 y-1 Mean N input from point sources (from EU-DWE data base) Vigiak et al. (2019); 
Vigiak et al. (2020) 

 N_WW_fra

c 

- Fraction of point source loads from total N input loads 

N_WW_frac = N_WW*10  / (N_WW*10 + N_surp_80) 

 

     

Lithology 

and soils 

f_consol - Fraction of consolidated rocks (Lithology Level 5) BGR & UNESCO (eds.) 

(2014) 

 f_part_cons
ol 

- Fraction of partly consolidated rocks (Lithology Level 5) BGR & UNESCO (eds.) 
(2014) 

 f_unconsol - Fraction of unconsolidated rocks (Lithology Level 5) BGR & UNESCO (eds.) 
(2014) 

 dtb cm Median depth to bedrock in the catchment Shangguan et al. (2017) 

 f_sand 

f_silt 

f_clay 

- Mean fraction of sand in soil horizons of the top 100 cm 

Mean fraction of silt in soil horizons of the top 100 cm 

Mean fraction of clay in soil horizons of the top 100 cm 

FAO/IIASA/ISRIC/ISSC
AS/JRC (2012) 

 soil_N g kg-1 Mean top soil N in catchment Ballabio et al. (2019) 

 soil_CN - Mean top soil C/N ratio in catchment Ballabio et al. (2019) 

Hydrology Q_mean m³ s-1 Mean discharge (from 1986, if available) For Germany: Musolff 

(2020); Musolff et al. 

(2020); for France 
http://hydro.eaufrance.fr/ 

 Q_median m³ s-1 Median discharge  See Q_mean 

 Q_spec mm Mean annual specific discharge  See Q_mean 

 Q_CV - Coefficient of variation of time series of daily Q  See Q_mean 

 Q_medSum m³ s-1 Median discharge in summer months See Q_mean 

 Q_medWin m³ s-1 Median discharge in winter months See Q_mean 

 Q_seasR - Seasonality index of Q, as ratio between 

Q_medSum/Q_medWin 

See Q_mean 

 BFI - Base flow index calculated according to WMO [2008] with 
lfstat package (version 0.9.4) in R 

See Q_mean 

 Q_flash - Flashiness index of Q as the ratio between 5% percentile and 

95% percentile of Q time series  

See Q_mean 

Climate P_mm mm Mean annual precipitation (period 1986-2015 used for all 

climatic variables) 

Cornes et al. (2018) 

 P_SIsw - Seasonality of precipitation as the ratio between mean summer 
(Jun-Aug) and winter (Dec-Feb) precipitation 

Cornes et al. (2018) 

 P_SI - Seasonality index of precipitation as the mean difference 

between monthly P averages and year average 

Cornes et al. (2018) 

 P_lambda - Mean precipitation frequency λ as used by Botter et al. (2013) Cornes et al. (2018) 

 PET_mm mm Mean potential evapotranspiration Cornes et al. (2018) 

 AI - Aridity index as AI=PET_mm/P_mm Cornes et al. (2018) 

 T_mean °C Mean annual temperature Cornes et al. (2018) 
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Abstract. Environmental data are the key to defining and addressing water quality and quantity challenges at
the catchment scale. Here, we present the first large-sample water quality data set for 1386 German catchments
covering a large range of hydroclimatic, topographic, geologic, land use, and anthropogenic settings. QUAD-
ICA (water QUAlity, DIscharge and Catchment Attributes for large-sample studies in Germany) combines water
quality with water quantity data, meteorological and nutrient forcing data, and catchment attributes. The data
set comprises time series of riverine macronutrient concentrations (species of nitrogen, phosphorus, and organic
carbon) and diffuse nitrogen forcing data (nitrogen surplus, atmospheric deposition, and fixation) at the catch-
ment scale. Time series are generally aggregated to an annual basis; however, for 140 stations with long-term
water quality and quantity data (more than 20 years), we additionally present monthly median discharge and nu-
trient concentrations, flow-normalized concentrations, and corresponding mean fluxes as outputs from Weighted
Regressions on Time, Discharge, and Season (WRTDS). The catchment attributes include catchment nutrient
inputs from point and diffuse sources and characteristics from topography, climate, land cover, lithology, and
soils. This comprehensive, freely available data collection with a large spatial and temporal coverage can facili-
tate large-sample data-driven water quality assessments at the catchment scale as well as mechanistic modeling
studies. QUADICA is available at https://doi.org/10.4211/hs.0ec5f43e43c349ff818a8d57699c0fe1 (Ebeling et
al., 2022b) and https://doi.org/10.4211/hs.88254bd930d1466c85992a7dea6947a4 (Ebeling et al., 2022a).

1 Introduction

Understanding hydrological and biogeochemical processes
at various spatiotemporal scales is a major goal in catch-
ment hydrology and is particularly relevant for robust pre-
dictions of water quantity and quality as well as adequate
catchment management. Analyzing observations of the spa-
tial and temporal dynamics of water quantity and quality at
the catchment scale can give insights into relevant processes
using a “pattern to process” approach (Sivapalan, 2006). Es-

pecially large-sample studies covering a wide range of catch-
ments can advance our knowledge on patterns across scales,
catchment similarity, and dominant processes, beyond a sin-
gle catchment or local behavior (Addor et al., 2020; Kingston
et al., 2020). Such studies allow for generalizable theories
and applications by “balancing depth with breadth” and fa-
cilitate classifications, regionalization, and a better under-
standing of uncertainty in model predictions (Gupta et al.,
2014). Thus, environmental data are the key for process un-
derstanding and hypothesis testing (Li et al., 2021). The col-
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lection and availability of water quantity and quality data
are steadily increasing with technological advances (Rode et
al., 2016), but particularly harmonized and quality-controlled
large-sample data sets of water quality and quantity along
with catchment attributes are needed. These enable the iden-
tification and characterization of water quality and quantity
response patterns and relationships with potential controls,
facilitate hypothesis testing, and, thus, advance our under-
standing of the complex coupled hydrological and biogeo-
chemical systems across larger samples and domains (Li et
al., 2021).

In recent years, the application of large-sample studies
has been advancing fast for (surface) water quantity studies
investigating dominant processes and drivers of water flow
characteristics. Gupta et al. (2014) provided an overview of
such studies, with the first of them being published in the
1990s. These publications have been followed by a recent
surge in studies documenting and analyzing large-sample hy-
drologic data sets, such as Newman et al. (2015), Kuentz et
al. (2017), Do et al. (2017), Gnann et al. (2020), Tarasova et
al. (2020), and Merz et al. (2020). These studies have iden-
tified catchment typologies, archetypal behavior, and under-
lying controls, such as discharge variability across Europe
(Kuentz et al., 2017), catchments with similar runoff event
types (Tarasova et al., 2020), or how catchment discharge at-
tenuates and shifts climate seasonality (Gnann et al., 2020).

In contrast, large-sample studies for water quality are
less common. Nevertheless, some recent large-sample wa-
ter quality studies have provided a basis for enhancing our
understanding of catchment functioning in terms of the mo-
bilization, transport, and environmental fate of solutes and
particulates as well as the generality of these functions. For
example, Monteith et al. (2007) linked widespread positive
trends in dissolved organic carbon (DOC) concentrations ob-
served in Europe and North America with decreasing atmo-
spheric sulfur and chloride deposition. Godsey et al. (2009,
2019) provided wide evidence that weathering-derived so-
lutes are mostly exported chemostatically with low concen-
tration variance. Basu et al. (2010) derived the hypothesis
of chemostatic nutrient export resulting from homogenized
sources due to the legacy of high inputs. More recently, Zar-
netske et al. (2018) and Ebeling et al. (2021a) both provided
evidence of widespread transport-limited DOC export from
small to large catchments. However, several questions re-
garding general patterns, catchment similarities and typolo-
gies, and the underlying controls of the aforementioned fac-
tors remain open – for example, questions concerning the ex-
tent and recovery of nutrient legacy for both nitrogen (N) and
phosphorous (P) (Chen et al., 2018), the extent of macronu-
trient interactions in differing landscape and anthropogenic
settings as well as throughout the river network (Wollheim et
al., 2018), and the impact of climate change on water quality
trajectories in various catchments (Kaushal et al., 2018).

At the moment, large-sample studies are still hampered
by limited availability (e.g., the number of stations, number

of samples, and covered regions) and accessibility of spa-
tially and temporally harmonized large-sample data collec-
tions (e.g., Addor et al., 2020), despite recent efforts to make
consistent large-sample data sets of catchment hydrology for
both water quantity and water quality in streams publicly
available (e.g., Virro et al., 2021). Prominent examples of
large-sample hydrological data sets including catchment at-
tributes are the Catchment Attributes and MEteorology for
Large-sample Studies (CAMELS) data sets, available for the
USA (Addor et al., 2017), Chile (Alvarez-Garreton et al.,
2018), Brazil (Chagas et al., 2020), Great Britain (Coxon
et al., 2020), and Australia (Fowler et al., 2021). More re-
cently, the multinational LArge-SaMple DAta for Hydrol-
ogy and Environmental Sciences (LamaH; Klingler et al.,
2021) initiative has provided hydrometeorological time se-
ries at an hourly resolution along with catchment attributes.
For stream water quality, currently available large-sample
data sets focus on water quality time series only but lack
additional data. Recently, two global databases of surface
water quality were published that combine data from sev-
eral existing databases in homogenized and quality-checked
form: the Surface Water Chemistry database (SWatCh; Rot-
teveel and Sterling, 2022), with a focus on variables rel-
evant to acidification, and the Global River Water Qual-
ity Archive (GRQA; Virro et al., 2021), with a focus on
macronutrients. Both include the global databases Global
Freshwater Quality Database (GEMStat; UNEP, 2018) and
the GLObal RIver CHemistry database (GLORICH; Hart-
mann et al., 2014) as well as the European Waterbase (EEA,
2020) database, although the spatiotemporal coverage of the
data varies strongly. These are important recent advances to-
wards open science in water quality research. However, to the
authors’ knowledge, there is currently no combined, ready-
to-use data set of metrics of water quality, quantity, catch-
ment attributes, and forcing data (such as meteorological and
nutrient inputs), which would allow for the investigation of
water quality dynamics and their controls. Moreover, large-
sample and cross-regional studies are especially challeng-
ing in countries like Germany, where data responsibility is
scattered between federal states and data are often not freely
available nor homogenized between water quantity and qual-
ity stations. Nevertheless, a few Germany-wide water quality
studies on groundwater (Knoll et al., 2020) and surface water
(Ebeling et al., 2021a) have recently been carried out.

The key objective here is to provide a spatially and tempo-
rally consistent comprehensive data set of joint water quality
and quantity data, catchment attributes, and nutrient inputs
for German catchments that is ready to use and freely avail-
able, supporting the open science philosophy and FAIR (find-
ability, accessibility, interoperability, and reuse) data princi-
ples. In this “Water QUAlity, DIscharge and Catchment At-
tributes for large-sample studies in Germany” (QUADICA)
data set, we have complemented available data sets of catch-
ment attributes with new data on water quality and water
quantity. These data include delineated catchment bound-
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aries, catchment responses in terms of macronutrient con-
centrations (species of N; P; and organic carbon, OC) and
discharge (Q), forcing data in terms of meteorological and
diffuse nitrogen inputs, and average catchment attributes. We
distinguish stations with a high data availability, which al-
lows further estimation of daily concentrations and fluxes
using a regression approach, and stations with lower avail-
ability, for which aggregated observed concentrations are
reported. For water quality (Sect. 3.1) and water quantity
(Sect. 3.2), we provide the following:

1. time series of annual medians of observed macronutri-
ent concentrations (dissolved and total forms of N, P,
and OC) and of observed discharge,

2. time series of monthly and annual medians of esti-
mated daily macronutrient concentrations and flow-
normalized concentrations as well as mean nutrient
fluxes and medians of observed discharge for stations
with high data availability,

3. monthly medians and the monthly 25th and 75th per-
centiles of observed concentrations and discharge over
the whole time series.

Additionally, we provide time series of driving forces
(Sect. 3.3 and 3.4) and catchment attributes (Sect. 4):

4. time series of observed monthly meteorological forcing
variables as catchment averages (Sect. 3.3),

5. time series of estimated annual net diffuse nitrogen in-
puts to the catchments (Sect. 3.4),

6. average catchment attributes, i.e., topography, land
cover, nutrient sources, lithology and soils, and hydro-
climate (Sect. 4).

We envision that the QUADICA data set will directly enable
large-sample assessments of mean concentrations and fluxes;
their variability in terms of long-term trends, seasonality, and
relationships to discharge; and their relationships to catch-
ment attributes. We believe that the data set will allow a better
understanding of catchment functioning and water manage-
ment beyond regional scales and stimulate provisioning and
analysis of further water quality data at national to continen-
tal scales.

2 Catchment selection and delineation

The station selection and catchment delineation have been
presented in a previous study (Ebeling et al., 2021a) and data
repository (Ebeling, 2021) and are now included in the new
QUADICA data set. All data sets use the same unique iden-
tifier (OBJECTID) for the stations and corresponding catch-
ments. The station selection is based on riverine water quality
data assembled from the German federal state environmental
authorities, who are responsible for the routine monitoring

of water quality in Germany (Musolff et al., 2020; Musolff,
2020) and take grab samples at approximately monthly inter-
vals.

The following preprocessing steps were applied for each
station and compound separately: we removed duplicate,
negative, and zero values and applied an outlier test for each
time series (removing values above mean concentration and
4 times the standard deviation in logarithmic space, i.e., con-
fidence level> 99.99% for lognormally distributed data). Fi-
nally, 1386 stations met the criteria concerning water quality
data and catchment delineation (Fig. 1) as described in the
following: in the first step, water quality data cover at least
3 years, include a minimum of 70 samples from 2000 to 2015
after preprocessing, and cover all seasons, i.e., seasonal cov-
erage of at least 10 % of the samples in each quarter consid-
ering all possible combinations of 3 consecutive months (cri-
teria one to three as described in Ebeling et al., 2021a). These
criteria should ensure that a representative amount of data is
available. Stations fulfilling these water quality data criteria
for nitrate (NO3-N) or phosphate (PO4-P) were preselected
(i.e., 1692 stations). Other variables (e.g., total phosphorus,
TP; total nitrogen, TN; and DOC) were not used in this initial
step of station selection.

In the second step, we delineated the catchment area from
topography for these preselected stations and verified them as
described here. The topographic catchment boundaries were
delineated based on a 100 m flow accumulation grid derived
from a digital elevation model (DEM; resampled from 25 to
100 m using the average; EEA, 2013) using spatial analysis
tools and a D8 flow direction type. The river network from
the Rivers and Catchments of Europe – Catchment Charac-
terisation Model (De Jager and Vogt, 2007) was used to burn
by 10 m into the DEM before deriving the flow accumulation.
The stations were snapped or manually moved towards the
representative flow accumulation stream to define the catch-
ment outlets (pour points). The resulting topography-based
catchment polygons were quality-controlled manually by a
comparison to the real river network. In case of major devia-
tions, a few manual adaptations of the burned river segments
were done if they substantially improved the overlap with-
out hindering neighboring catchment delineations. In case of
insufficient spatial overlap that could not be improved, sta-
tions were discarded from the selection. This resulted in a
final set of 1386 catchments. The DEM, flow direction, and
flow accumulation raster used as well as the modified station
locations and the river network are also provided in the data
repository for further use.

The varying density of stations across Germany (Fig. 1a)
has two main reasons: firstly, the provision of raw data var-
ied with respect to the number of stations, number of sam-
ples per compound and station, and time series length among
the federal states; secondly, the topographic delineation of
catchment boundaries was more successful where the topog-
raphy is more pronounced, giving less delineable catchments
in northern Germany. The delineated catchment boundaries
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are provided with the data set and enable the user to develop
further geoinformation routines (e.g., to extract characteris-
tics from other geographic data sets).

3 Time series

For the 1386 delineated catchments, riverine concentration
time series of nitrate (NO3-N), mineral nitrogen (Nmin), to-
tal nitrogen (TN), phosphate (PO4-P), total phosphorus (TP),
dissolved organic carbon (DOC), and total organic carbon
(TOC) are provided (Table 1). They are supplemented by
time series of discharge (where available) and forcing vari-
ables (meteorological drivers and diffuse N input). Due to
limited data availability, not all variables can be provided for
all stations.

3.1 Water quality time series

3.1.1 Annual median concentrations

Annual medians of concentration data are presented for time
series of the 1386 stations fulfilling the water quality crite-
ria (as done for the catchment selection criteria described
in Sect. 2). To calculate summary statistics, we substituted
concentration values below the detection limit (left-censored
data) with half the detection limit.

The resulting data density distributions over time and the
number of years covered by each variable show the highest
data availability for TOC, PO4-P, and NO3-N in more recent
years (Fig. 2). An overview of the time series statistics for
each variable is given in Table 2, and time series are shown in
Appendix A (Fig. A1). For NO3-N concentrations, the num-
ber of stations with available data is 1339, and the median
number of samples per station is 157. The earliest time series
starts in 1954, but the median start across stations is in 1994.
The median time series length is 19 years, and the maximum
time series length is 61 years. For PO4-P concentrations, the
number of stations with available data is 1330, and the me-
dian number of samples per station is 152. The earliest time
series starts in 1965, but the median start across stations is
in 1993. The median time series length is 20 years, and the
maximum time series length is 48 years. For TOC concentra-
tions, the number of stations with available data is 1296, and
the median number of samples per station is 139. The earliest
time series starts in 1979, but the median start across stations
is in 1999. The median time series length is 15 years, and the
maximum time series length is 36 years. For all water qual-
ity variables, the median of the first year of the time series is
in the 1990s, and the median number of samples per station
and year is 12, indicating that grab samples were taken on a
monthly basis on average. Note that the number of samples
underlying the median values can differ between the different
nutrient species so that the fraction of TN present as NO3-N
or TP present as PO4-P may show inconsistencies for single
stations (e.g., values above one).

3.1.2 Monthly median concentrations and mean fluxes
for stations with high data availability

For the subset of stations with high data availability, a
Weighted Regressions on Time, Discharge, and Season
(WRTDS; Hirsch et al., 2010) analysis was applied using the
“EGRET” R package (version 3.0.2; Hirsch and De Cicco,
2015). We refer to these stations as “WRTDS stations” for
short. WRTDS represents long-term trends, seasonal compo-
nents, and discharge-related variability in the water quality
variables (Hirsch et al., 2010). The criteria for a WRTDS ap-
plication were checked for each station and compound sep-
arately using the preprocessed data, as described in Sect. 2.
The criteria were a time series of at least 20 years length, at
least 150 samples of water quality, no data gaps larger than
20 % of the total time series length, and a complete time se-
ries of daily discharge (see also Sect. 3.2.2). The number of
WRTDS stations varies between 44 for TN and 126 for PO4-
P (Table 3), and the fraction of stations with high data avail-
ability varies between 4.9 % for TOC and 11.7 % for TP.

For WRTDS stations, we provide the monthly and annual
median estimated water quality and observed quantity data
in addition to the annual observed data (see above). More
specifically, we provide monthly and annual median concen-
tration and flow-normalized concentration as well as mean
flux estimates from the WRTDS model output and median
observed discharge (see Sect. 3.2.2) if data are available for
at least 80 % of the respective time frame. The medianR2 be-
tween WRTDS-modeled and observed concentrations varies
between 0.44 for DOC and TOC and 0.75 for TN (Table 3);
overall, 69.3 % of the catchment and compound combina-
tions have a medianR2 of at least 0.5. The median bias varies
between −1.4 % for PO4-P (negative values indicate overes-
timation) and 0.2 % for NO3-N (positive values indicate un-
derestimation); overall, 51 % of the catchments have a bias
below 1 %, and 95 % of the catchments have a bias below
5 %. An overview of the availability of WRTDS stations and
model performance is given in Table 3 and shown in Fig. A2,
their locations are shown in Fig. 1a, and their performance is
provided in the data repository.

3.1.3 Monthly median concentrations over the time
series

Next to annual and monthly time series, we provide long-
term monthly medians over the complete time series of each
station, enabling assessments of average seasonal variabil-
ity. We also include the 25th and 75th percentiles to reflect
the long-term variability in a given month. The provided data
frame in QUADICA indicates the number of samples avail-
able for the corresponding month across the years, based on
which representativeness can be assessed and quality criteria
can be defined.
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Figure 1. Map of (a) water quality stations, catchments, and elevation (EEA, 2013) and (b) map of land cover (EEA, 2016a). The colors
in panel (a) distinguish between stations with (green) and without (yellow) discharge (Q) data and stations with high data availability
of concentration and discharge (purple, WRTDS stations; for details, see Sect. 3.1). WRTDS refers to Weighted Regressions on Time,
Discharge, and Season.

Figure 2. Heat map of (a) the number of stations with available annual medians over time and per variable and (b) the number of years
covered by each station.Qgrab refers to the median discharge (Q) from grab sample dates, andQdaily refers to medianQ from daily discharge
(see Sect. 3.2.1 for details). For visualization purposes, in panel (a), station counts from 1954 are shown, omitting one concentration and a
few Qdaily records before 1954; in panel (b), counts up to 67 years are shown, omitting three longer Qdaily records.
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Table 1. Provided time series data as well as their basis (observed or estimated), aggregation type, temporal resolution, and source of original
data, which was used to calculate the aggregated data provided here.

Variable Section Data basis Temporal (Spatial)
aggregation

Temporal
resolution

Source

Concentration of
NO3-N, Nmin,
TN, PO4-P, TP,
DOC, and TOC

3.1 Observed Median Annual Musolff et al. (2020);
Musolff (2020)

Estimated
daily using
WRTDS

Median Monthly Musolff et al. (2020);
Musolff (2020)

Observed Long-term median Monthly Musolff et al. (2020);
Musolff (2020)

Discharge 3.2 Observed Median Annual Musolff et al. (2020);
Musolff (2020)

Observed Median Monthly Musolff et al. (2020);
Musolff (2020)

Observed Long-term median Monthly Musolff et al. (2020);
Musolff (2020)

Precipitation 3.3 Observed gridded Sum (Average) Monthly E-OBS v18.0e,
Cornes et al. (2018)

Potential evapo-
transpiration

3.3 Estimated Sum (Average) Monthly E-OBS v18.0e,
Cornes et al. (2018)

Mean air temper-
ature

3.3 Observed gridded Average (Average) Monthly E-OBS v18.0e,
Cornes et al. (2018)

Diffuse N input as
total

3.4 Estimated (Average) Annual See Sect. 3.4

Diffuse N input
from agricultural
areas

3.4 Estimated (Average) Annual See Sect. 3.4

The abbreviations used in the table are as follows: nitrate (NO3-N); mineral nitrogen (Nmin); total nitrogen (TN); phosphate (PO4-P); total phosphorus (TP);
dissolved organic carbon (DOC); total organic carbon (TOC); and Weighted Regressions on Time, Discharge, and Season.

3.2 Water quantity time series

For about 43 % of the water quality stations (n= 590), in-
formation on discharge is available (Fig. 1a) and is provided
harmonized with the water quality data (i.e., at the annual
and monthly resolution). The discharge information is a col-
lection of data provided by the federal states along with the
concentration data, either as daily discharge time series or
for the times of grab sampling of water quality. Additionally,
we integrated daily discharge data from 53 stations avail-
able from the Global Runoff Data Center (GRDC) to in-
crease the number of stations with available discharge time
series. We matched GRDC gauging stations to the existing
water quality stations using a search radius of 500 m. For
each match, we checked the consistency of river names and
visually confirmed the locations. The corresponding GRDC
station numbers are indicated in the metadata of the water

quality and quantity data set (Musolff, 2020). For the orig-
inal daily discharge data, the reader may refer to the reg-
ularly published and accessible data at the GRDC portal
(https://portal.grdc.bafg.de, last access: 8 August 2022).

3.2.1 Annual median discharge

Annual median discharge is aggregated from available ob-
served discharge data. For 324 water quality stations, a co-
located Q station with a continuous daily Q record is avail-
able. However, the time series may include data gaps, and the
time series of discharge and concentration data do not over-
lap at all for nine of the co-located discharge stations. For
an additional 266 stations, Q data were only available at the
time that the grab samples were taken. This resulted in a set
of 581 stations for which Q data were available on the sam-
pling dates of concentration data. We extracted annual me-
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Table 2. The number of stations with available data for the water quality compounds and discharge during grab sampling dates, the earliest
and median start year of time series, the maximum and median time series length and covered years (i.e., years with available data), the
median number of samples per stations and per station and year, and the number of outliers removed.

Variable NO3-N Nmin TN PO4-P TP DOC TOC Qgrab Qdaily
Unit mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 m3 s−1 m3 s−1

Number of stations 1339 1149 514 1330 1046 744 1296 581 324

Earliest start 1954∗ 1954 1984 1965 1965∗ 1976 1979 1965∗ 1893

Median start year 1994 1993 1999 1994 1993 1993 1999 1993 1975

Median time series
length per station
(years covered)

19 (16) 21 (16) 15 (13) 20 (16) 21 (17) 20 (15) 15 (13) 19 (16) 38 (38)

Maximum time
series length per
station (years
covered)

61∗ (61) 61 (61) 31 (27) 48 (43) 49∗ (49) 39 (39) 36 (33) 49∗ (49) 123 (123)

Total number of
samples (including
outliers)

309 965 235 015 92 876 297 591 258 059 139 440 239 282 156 388 > 4× 106

Median number of
samples per station

157 153 149 152 165 164 139 170 13 388

Median number of
samples per station
and year

12 12 12 12 12 12 12 13 365

Number of outliers 59 52 45 68 326 257 795 – –

Maximum fraction
of outliers per sta-
tion (%)

1.7 1.7 1.7 1.7 2.5 3.1 3.6 – –

∗ Omitting one sample from 1900. The abbreviations used in the table are as follows: nitrate (NO3-N), mineral nitrogen (Nmin), total nitrogen (TN), phosphate
(PO4-P), total phosphorus (TP), dissolved organic carbon (DOC), total organic carbon (TOC), the median discharge (Q) from grab sample dates (Qgrab), and the
median Q from daily discharge (Qdaily).

Table 3. The number of stations with high data availability (WRTDS stations) for each compound and the median coefficient of determination
for WRTDS models.

Variable Total NO3-N Nmin TN PO4-P TP DOC TOC
Unit mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1

Number of WRTDS stations 140 125 97 44 126 122 61 64
Median R2 0.61 0.63 0.71 0.75 0.69 0.53 0.44 0.44
Median bias (%) −0.3 0.2 0.1 0.1 −1.4 −0.9 −0.6 −0.6

The abbreviations used in the table are as follows: nitrate (NO3-N); mineral nitrogen (Nmin); total nitrogen (TN); phosphate (PO4-P); total phosphorus
(TP); dissolved organic carbon (DOC); total organic carbon (TOC); and Weighted Regressions on Time, Discharge, and Season (WRTDS).

dian discharge from both continuous daily data (Qdaily) and
dates when the water quality sample was taken (Qgrab, with
a median of 13 values per year; Table 2) for the water quality
stations. The density distribution of stations with available
annual discharge over time is shown in Fig. 2a. Similar to
the concentration data, the data availability is higher in more
recent years, with a maximum of 449 stations in 2010. The
number of years covered is, however, higher compared with

water quality data for several stations (Fig. 2b). For stations
with available daily discharge data, both annual median val-
ues of the daily data and the data from grab sample days were
compared (Fig. A3). Our results suggest that annual median
values from grab sample dates can be considered to be robust
estimates of annual median discharge as they have a negli-
gible bias (bias =−0.5%) and low scatter around the 1 : 1
line (R2 > 0.99). The time series are shown in Appendix A
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(Fig. A1). The data set additionally provides the number of
samples used to calculate the medians as a measure of ro-
bustness.

3.2.2 Monthly median discharge

Monthly median discharge is provided for WRTDS stations.
To fill gaps in the daily discharge time series of the 45 sta-
tions required for WRTDS models (see Sect. 3.1.2), we used
simulated discharge from the mesoscale hydrological model
(mHM) (Kumar et al., 2013; Samaniego et al., 2010; Zink et
al., 2017) if the regression coefficient (R2) between observed
and simulated discharge for the station was greater than 0.6.
Subsequently, modeled discharge was bias-corrected with
piecewise linear regressions and used for gap filling (Ebeling
et al., 2021b; Ehrhardt et al., 2021a). If modeled discharge
was not available, small gaps (up to 7 days) were interpolated
with fixed-interval smoothing using the “baytrends” R pack-
age (Murphy et al., 2019). Note that the gap-filled discharge
time series are used for the WRTDS models only. This in-
cludes the monthly and annual discharge data provided with
the WRTDS data tables (as described in Sect. 3.1.2).

3.2.3 Monthly median discharge over the time series

As for the water quality metrics (see Sect. 3.1.3), we provide
long-term monthly median discharge and the 25th and 75th
percentile over the whole time series, if available, for the sta-
tion representing average discharge seasonality. The number
of samples used for the calculation of medians is indicated as
a measure of accuracy.

3.3 Meteorological time series

Meteorological time series are provided as spatial catchment
averages at a monthly resolution. We used the daily gridded
product of climate variables (precipitation and maximum,
minimum, and average air temperature) from the “European
Climate Assessment & Dataset” (ECA&D) project (E-OBS,
v18.0e; Cornes et al., 2018). The advantage of a European
data set is the coverage of transnational catchments, such as
the Elbe or the Rhine. The data sets are available at a spa-
tial resolution of 0.1◦ over the period from 1950 to 2018.
The interpolation approach employed to create the gridded
fields uses a stochastic technique based on Gaussian ran-
dom field and involves several ground-based observation net-
works distributed across Europe (see Cornes et al., 2018, for
more details). The daily fields of potential evapotranspira-
tion are derived based on the method from Hargreaves and
Samani (1985) at the same spatial resolution (0.1◦) using
the daily (maximum, minimum, and average) air temperature
data sets. We then calculated the spatial averages of daily cli-
mate variables (precipitation, air temperature, and potential
evapotranspiration) for all water quality stations, considering
the corresponding (upstream) catchment area. Monthly esti-

mates of total precipitation and potential evapotranspiration
as well as average air temperatures were subsequently calcu-
lated for each study basin.

3.4 Time series of net N input from diffuse sources

For the period from 1950 to 2015, we provide time se-
ries of catchment-scale N surplus (i.e., the net diffuse N
input), which is the sum of N inputs minus the sum of
N outputs from harvesting. At the catchment scale, the
N surplus is the sum of N surplus from agricultural ar-
eas (Nagri; kg yr−1 ha−1) and nonagricultural areas (Nnonagri;
kg yr−1 ha−1) normalized to the catchment area. For trans-
boundary catchments with area outside of Germany, N sur-
plus is normalized to the German part only. For nonagricul-
tural areas, the N surplus is composed of atmospheric N de-
position and biological N fixation. For agricultural areas, the
N surplus includes additional N inputs (i.e., mineral fertilizer
and manure applications) and N outputs from harvesting.

For agricultural land, the N surplus data stem from two
data sets: one at the state level provided for the period from
1950 to 1998 (Behrendt et al., 2003, which builds on Bach
and Frede, 1998, and Behrendt et al., 2000) and one at the
county level provided for the period from 1995 to 2015
(Häußermann et al., 2019). To create a consistent long-term
data set (1950–2015), we harmonized the county- and state-
level data sets based on the overlapping years (1995–1998)
and downscaled the state-level data to the county level for
the period from 1950 to 1994. Specifically, we bias-corrected
the state-level data of Behrendt et al. (2003) using propor-
tions, as they commonly underestimated the values provided
by Häußermann et al. (2019) for the period from 1995 to
1998. To downscale the bias-corrected state-level N surplus
(1950–1994) to the county level, we used a linear regression
between the county and state totals for the period from 1995
to 2015 (data from Häußermann et al., 2019). As data for
city states (Berlin, Bremen, and Hamburg) are not provided
in the state-level data set, we used the average value from
1995 to 1998 for the period from 1950 to 1994 under the as-
sumption that the error is acceptable considering the small
agricultural areas. The N surplus data comprise values for 5
of the 11 agricultural land classes in the CORINE (Coordina-
tion of Information on the Environment) Land Cover (CLC)
inventory (EEA, 2016a): nonirrigated arable land, vineyards,
fruit trees and berry plantations, pastures, and complex culti-
vation patterns. The data include N inputs from applications
of fertilizers in mineral and organic forms, from seeds and
planting material (county-level data only), from N deposi-
tion, and from biological N fixation as well as N outputs from
harvested crops. To upscale agricultural N surplus from the
county level to the catchment level, we used the fraction of
agricultural area provided by CLC and a scaling factor. As
CLC overestimates agricultural areas compared with the cen-
sus data at the county level (Bach et al., 2006), we scaled the
agricultural areas from CLC in each county by the mean ratio
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between the agricultural area from census data (Häußermann
et al., 2019) and the CLC maps (years 2000, 2006, and 2012;
median ratio of 1.24 across counties).

For nonagricultural land (CLC forest, water bodies, wet-
lands, and grassland classes) and the remaining agricultural
land CLC classes not covered by the N surplus data described
above (e.g., permanently irrigated land), we used the atmo-
spheric N deposition data from the Meteorological Synthe-
sizing Centre – West (MSC-W) of the European Monitoring
and Evaluation Programme (EMEP; Simpson et al., 2012).
The EMEP database uses a chemical transport model to gen-
erate a consistent gridded field of Europe-wide wet and dry
as well as oxidized and reduced atmospheric N deposition
(Simpson et al., 2012). The model assimilates varying levels
of observational information on different atmospheric chem-
icals (e.g., Bartnicki and Benedictow, 2017; Bartnicki and
Fagerli, 2006). The data were available for the period from
1980 to 1995 with 5-year time steps, which we linearly inter-
polated to obtain an annual time series, and with annual time
steps for the period from 1995 to 2015. For the data before
1980, we assumed constant values from 1980 due to miss-
ing information. Deposition on urban sealed surfaces was
neglected, as we assume that this component is collected by
the sewer system and transported to the wastewater treatment
plants. Thus, we assume it is not a diffuse N source but part of
the point sources (Sect. 4.3). In contrast, deposition on urban
grassland, like public parks, was considered. To account for
the overestimated area of the five agricultural CLC classes
in the agricultural N surplus data (see above), we added the
corresponding missing fraction proportionally to the remain-
ing land cover classes. We estimated terrestrial biological N
fixation by plants for nonagricultural, vegetated areas using
land-use-specific rates provided by Cleveland et al. (1999)
and Van Meter et al. (2017).

The catchment-scale N surplus time series were calcu-
lated by intersecting the two N surplus components (Nagri
and Nnonagri) with the respective land use and catchment
area components. As the N surplus data were only avail-
able within Germany, data from transboundary catchments
(e.g., the main stretch of the Elbe or Rhine rivers) need
to be used cautiously, with higher uncertainty for catch-
ments with a higher fraction of the catchment area outside
of Germany (Sect. 4.3). Figure 3 shows the resulting N in-
put time series of all catchments. The majority of N input
stems from agriculture, with a median of 64 % of the total
catchment N surplus stemming from Nagri across all catch-
ments (averages between 1950 and 2015). The agricultural
N surplus (Nagri) and its fraction per catchment were high-
est during the 1980s, with a median across catchments of
52 kg ha−1 yr−1 and 76 % (average between 1980 and 1989),
respectively. The highest mean agricultural N surplus and an-
nual fraction across all catchments were reached in 1988,
with respective values of 60.7 kg ha−1 yr−1 and 74 %, al-
though these values were already above 50 kg ha−1 yr−1 and
70 % from 1976 to 1989. For the total N surplus, the mean

annual values across catchments were above 70 kg ha−1 yr−1

during the same period (1976–1989), although values were
above 50 kg ha−1 yr−1 from 1969, and the maximum of
76.7 kg ha−1 yr−1 occurred in 1980.

4 Catchment attributes

The provided catchment attributes characterize the catch-
ments in terms of topography, land cover, nutrient sources,
lithology and soils, and hydroclimate. The attributes were
chosen with a focus on macronutrient sources and trans-
port in line with the data set. Figure 4 shows the spatial
distribution of a set of selected catchment attributes. All
attributes, their variable names, original data sources, and
methods are listed in Appendix B (Table B1) and the data
repository (Ebeling et al., 2022a). This repository of catch-
ment attributes is a composite of attributes from two existing
repositories (Ebeling and Dupas, 2021; Ebeling, 2021).

4.1 Location and topography

Catchment size was calculated from the delineated catch-
ment boundaries described in Sect. 2. Catchment size ranges
from 0.9 to 123 012 km2, with a median of 171.2 km2 , a 25th
percentile of 53.6, and a 75th percentile of 634.4 km2. Addi-
tionally, the fraction of the catchment area lying within Ger-
man borders was calculated (f_AreaGer). Mean and median
catchment elevation and topographic slope were extracted
from the DEM with a 100 m resolution (see also Sect. 2;
EEA, 2013). A 100 m grid of the topographic wetness in-
dex (TWI) was calculated from the DEM by relating the up-
stream area (from flow accumulation) to the local slope at
each grid cell, following Beven and Kirkby (1979). For each
catchment, we extracted mean, median, and 90th percentile
TWI values. The 90th percentile has been shown to be a
proxy for the abundance of riparian wetlands in a catchment
(Musolff et al., 2018). Drainage density, defined as the length
of surface waters per area, closely relates to topography.
Drainage density was calculated and provided in two ways:
as the catchment average of the gridded drainage density (cell
size 0.012◦) provided in the Hydrologischer Atlas Deutsch-
land (BMU, 2000) and as the river length from EU-Hydro
River Network Database (EEA, 2019) within the catchment
divided by its area. For the latter, the level of detail was too
coarse to yield plausible values for all catchments, which is
why values are missing for 27 of the smaller catchments.
However, the EU-Hydro River Network Database provides
further stream attributes such as the Strahler order.

4.2 Land cover and population density

The fractions of land cover classes were calculated from the
level 1 classification of the CLC data set for 2012 (artificial,
agricultural, forested land, wetland, and surface water cover)
(EEA, 2016a). For a finer distinction within these overall

https://doi.org/10.5194/essd-14-3715-2022 Earth Syst. Sci. Data, 14, 3715–3741, 2022

Study 3

139



3724 P. Ebeling et al.: QUADICA

Figure 3. Time series of annual N surplus for all catchments for the different N surplus components: N surplus for nonagricultural areas (a),
N surplus for agricultural areas (b), and total N surplus for both nonagricultural and agricultural areas (c). Box plots represent the distribution
of the annual N surplus as averages of the German catchment area across all catchments showing summary statistics (median, quartiles, and
quartiles ±1.5 times the interquartile range) and individual points outside these ranges. The black lines represent the mean annual values for
each N surplus component across the catchments.

classes, fractions of land cover classes were additionally cal-
culated from level 2 data. Note that there can be an over-
estimation of agricultural areas from these CLC land cover
classes when compared with census data as described by
Bach et al. (2006) and considered for N surplus time series
(Sect. 3.4). Nevertheless, we expect that the relative distri-
bution of agricultural fractions among the catchments is well
captured. The mean catchment population density was cal-
culated from the Gridded Population of the World data set
(CIESIN, 2017) for 2010.

4.3 Nutrient sources

The input from point sources is calculated as the sum of the
N and P load from wastewater treatment plants (WWTPs)
with more than 2000 population equivalents (PEs) from the
database of the European Environment Agency (EEA, 2017)
and data collected from 13 German federal states cover-
ing smaller WWTPs (PE < 2000) within Germany (Büttner,
2020). One PE is defined as the organic biodegradable load
having a 5-day biochemical oxygen demand (BOD5) of 60 g
of oxygen per day (EC, 1991a). As a second data source,
we calculated catchment averages of the European domestic
waste emissions database (Vigiak et al., 2019, 2020) for N, P,
and BOD5 inputs from point sources. The average N, P, and
BOD5 input per person was estimated using the point source
input divided by the number of inhabitants according to the
population density. The advantage of these European data is
the consistency for an extended transnational data set – for
example, it is available for German and French catchments
(Ebeling and Dupas, 2021).

The net N input from diffuse sources was determined as
temporal averages of diffuse N surplus time series (Sect. 3.4)
for different periods, representing the main sampling pe-
riod with historic inputs (1980–2015) and the current period
(2000–2015). We also calculated averages for the periods be-
fore (1971–1990) and after (1991–2015) the EU 91/676/EEC
Nitrates Directive (EC, 1991b) as well as the difference be-
tween them, which was used as a characteristic of net in-
put change. Note that the N surplus data used only cover
Germany, but catchments can be transnational. The uncer-
tainty increases for larger areas outside of Germany, for
which f_AreaGer can be used as a measure. To estimate
source apportionment between point and diffuse N sources,
we calculated the fraction of catchment point source N loads
(N_WW_frac) from total catchment N input as the sum of
catchment point source N loads from domestic waste emis-
sions (N_T_YKM2) and N surplus (here using Nsurp80_15
for the period from 1980 to 2015) on average:

N_WW_frac = N_T_YKM2/(N_T_YKM2+Nsurp80_15).

We defined horizontal and vertical source heterogeneity in
catchments to quantify the spatial distribution of diffuse nu-
trient sources with a focus on NO3-N (Ebeling et al., 2021a).
The horizontal source heterogeneity describes the distribu-
tion of agricultural land use in a catchment in relation to the
stream network. We used the horizontal flow distance of the
100 m DEM (EEA, 2013; Sect. 2) to the EU-Hydro River
Network Database (EEA, 2019) and a highly resolved land
use map of 2015 provided by Pflugmacher et al. (2018). We
divided the grid into classes of flow distance to stream with
400 m steps. Subsequently, we fitted a linear regression to
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Figure 4. Maps of selected catchment attributes. Each dot represents one station, and the color represents the attribute of the corresponding
catchment. Colors are according to the quartiles of the data distribution of each attribute. The attributes shown are as follows: dem.mean –
average elevation [m], twi.90p – 90th percentile of the topographic wetness index [–], P_mm – mean annual precipitation [mm yr−1], AI –
aridity index [–], T_mean – mean air temperature [◦C], specQobs – specific annual discharge [mm yr−1], f_sedim – fraction of sedimentary
aquifer [–], f_sand – fraction of sandy soils [–], pdens – population density [inhabitants km−2], het_v – vertical concentration heterogeneity
[–], Nsurp80_15 – mean N surplus from 1980 to 2015 [kg N ha−1 yr−1], and soilP.mean – phosphorus content in topsoil [mg kg−1]. For
more details on the attributes, the reader is referred to the text in Sect. 4 and Table B1.

the share of agricultural source areas in each of the distance
classes and the mean distance of the range of each distance
class (i.e., 200 m for the class 0–400 m) weighted by the
abundance of that specific class. The slope of the resulting
linear model het_h characterizes if agricultural source areas
tend to be located close to the stream network (het_h < 0),
equally distributed (het_h = 0), or located far away from the
stream network (het_h > 0). For more details, the reader is
referred to Ebeling et al. (2021a). The vertical source het-
erogeneity het_v is the ratio of the shallow to deep NO3-N

concentrations. Shallow NO3-N concentrations are estimated
on a 1 km grid by Knoll et al. (2020) using a 10-year av-
erage of N surplus and average groundwater recharge. This
can be seen as a potential leachate concentration, as denitri-
fication in the soil’s root zone and horizontal transport are
not accounted for. The deep NO3-N concentrations are esti-
mated on the same grid using a random forest model that is
trained on observed concentrations in groundwater (Knoll et
al., 2020). The ratio of both was averaged across the catch-
ment to yield het_v reported here. A ratio of 1 describes a
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catchment that has a vertical homogeneity in NO3-N concen-
trations, whereas a ratio above 1 describes stronger vertical
concentration gradients.

4.4 Lithology and hydrogeology

To characterize the lithological and the hydrogeological set-
tings of the catchments, we used the International Hydroge-
ological Map of Europe 1 : 1 500 000 (BGR and UNESCO,
2014). For the lithological settings, we derived the fraction
of area covered by calcareous rocks, calcareous rocks and
sediments, magmatic rocks, metamorphic rocks, siliciclastic
rocks, siliciclastic rocks and sediments, and sediments (based
on level 4 lithology data). Additionally, we determined the
fractions of the more aggregated lithological classes (from
level 5 lithology), i.e., consolidated, partly consolidated, and
unconsolidated rocks. Furthermore, we quantified the areal
fraction of aquifer type in the catchment, differentiating be-
tween porous aquifers, fissured hard-rock aquifers (including
karst), and locally aquiferous or non-aquiferous rocks. Fi-
nally, we extracted the catchment median estimate of depth to
bedrock from the global map from Shangguan et al. (2017).

4.5 Soil properties

We calculated the fraction of the catchment covered
with hydromorphic soils (Stagnosols, semiterrestrial, semi-
subhydric, subhydric, and peat soils) from the German soil
map (1 : 250000; BGR, 2018). As this data source only cov-
ers Germany, data might not be reliable for transboundary
catchments (see also Sect. 4.3). We also calculated the aver-
age fraction of sand, silt, and clay averaged across the soil
horizons of the top 1 m based on the Harmonized World
Soil Database (HWSD; v1.2) available as a 30 arcsec raster
database (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012). We first
estimated vertically weighted soil textural properties from
the original HWSD data provided for two soil layers (upper
30 and 30–100 cm). Next, we calculated the areal averages
of respective properties considering the boundary (polygon)
of each study catchment.

We estimated the porosity of soil profiles (thetaS) based on
the pedotransfer function of Zacharias and Wessolek (2007)
and the root zone plant-available water content (WaterRoots),
which reflects the difference in water content between the
field capacity and permanent wilting point. The field capac-
ity is calculated based on a flux-based estimation approach
proposed by Twarakavi et al. (2009) corresponding to a min-
imum drainage flux of 1 mm d−1. The estimate of the perma-
nent wilting point is derived using the van Genuchten (1980)
model of the matric potential at −1500 kPa and the cor-
responding model parameters calculated from pedotransfer
functions of Zacharias and Wessolek (2007). Similar to soil
textural properties, for each of these soil hydraulic parame-
ters (porosity, field capacity, and permanent wilting point),
we calculated areal averages of the vertically weighted es-

timates for the upper 1 m of the soil profile for each study
catchment. More details on this method of using pedotrans-
fer functions and subsequent aggregations can be found in
Livneh et al. (2015). Furthermore, we estimated average
catchment soil chemistry of the topsoil (first 20 cm) for the
year 2009 from the European soil chemistry map, which is
based on the LUCAS (Land Use and Cover Area frame Sur-
vey) database (Ballabio et al., 2019). For this, we calculated
the mean C /N ratio, nitrogen content, and phosphorus con-
tent from the maps for each catchment.

4.6 Hydroclimatic characteristics

Long-term average hydroclimatic characteristics were de-
rived from the meteorological (Sect. 3.3) and discharge time
series. All climatic characteristics were calculated for a pe-
riod of 30 years from 1986 to 2015 based on the E-OBS data
set from the ECA&D project (v18.0e; Cornes et al., 2018).
First, we provide mean annual precipitation, mean annual po-
tential evapotranspiration, mean annual air temperature, and
the aridity index as the ratio between potential evapotran-
spiration and precipitation. The variability in precipitation
is further characterized by the mean precipitation frequency
and depth (Botter et al., 2013) as well as by two season-
ality indices, i.e., the ratio between summer (June–August)
and winter (December–February) precipitation (P_SIsw) and
the average difference between average daily precipitation
within each month and within a year (P_SI).

The hydrologic properties were characterized from sta-
tions with observed daily discharge data (Sect. 3.2) for dif-
ferent time periods according to the available data and study
purposes of the original data sets. For current properties,
daily discharge data from November 1999 (hydrological year
2000) were used for calculations (309 stations). Addition-
ally, the hydrologic characteristics calculated from daily dis-
charge data starting in 1986 are provided (319 stations),
which are possibly more relevant for studies with a long-
term perspective. If there were only data before 1986, we
used the available time period (four stations). The actual
starting and ending dates of the time series finally used for
calculations are provided to inform the user of the exact
time periods (StartQobs and EndQobs or Q_StartDate and
Q_EndDate, respectively, refer to Table B1). Provided aver-
age characteristics include mean, median, median summer
(May–October), median winter (November–April), and spe-
cific discharge. For the variability in discharge, we provide
the coefficient of variation, the base flow index (according
to WMO, 2008), and the flashiness index based on flow per-
centiles (ratio of the 5th to the 95th percentile) as well as
discharge seasonality in terms of the ratio between summer
and winter median discharge and the runoff coefficient (dis-
charging fraction of precipitation).
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5 Limitations

The presented data set has several limitations. More than half
of the stations do not a have co-located gauging station and
the ones that do are not homogeneously distributed across
Germany. Existing concentration time series would benefit
from available discharge data, as this allows the characteri-
zation of concentration-discharge relationships as well as the
estimation of daily concentration, flow-normalized concen-
tration and flux data for stations with high data availabil-
ity using the WRTDS method. Generally, modeled discharge
from hydrological models such as mHM (Sect. 3.2.2) or esti-
mated discharge using other (mechanistic or statistical mod-
eling) techniques could serve to extend the data set of joint
water quality and water quantity and overcome missing sta-
tion matches or data gaps. Other limitations are linked to
data policies by federal state authorities, which sometimes
do not permit publication of raw quality and quantity data.
However, we aimed to make a virtue of necessity by provid-
ing aggregated data and further ready-to-use metrics of water
quality and quantity (e.g., annual median concentrations and
monthly median concentrations over the whole time series).
Attributes derived from exclusively national data sets, such
as N surplus, underlie higher uncertainties in transboundary
catchments, as data outside Germany are either not available
or not consistent. Additionally, there is uncertainty in the at-
tributes, stemming from the inherent uncertainties in the data
sets and the catchment boundaries. However, the provided
description and references of the methods and the underly-
ing data sources should enable users to evaluate the relia-
bility of each descriptor in the data set and exclude stations
from the analyses if necessary. This also leaves room for fur-
ther improvements and extensions when new data and knowl-
edge become available. Besides a higher number of water
quality stations, longer time series and more co-located dis-
charge data, it would be especially interesting to add time
series of nutrient inputs from point sources and from diffuse
P sources, as well as information on tile drainage locations
to the catchment attributes. For a better linkage of chemical
water quality with ecological research questions, biological
water quality variables such as chlorophyll-a concentrations
would be highly valuable as well.

6 Data availability

The QUADICA data set presented here is freely avail-
able from two online repositories. The water quality
and water quantity data described in this paper as well
as the time series of meteorological and diffuse ni-
trogen input can be accessed at https://doi.org/10.4211/hs.
0ec5f43e43c349ff818a8d57699c0fe1 (Ebeling et al., 2022b).
The catchment data, including the catchment attributes,
boundaries, and stations, have been published at https:
//doi.org/10.4211/hs.88254bd930d1466c85992a7dea6947a4
(Ebeling et al., 2022a). Due to license agreements,

the raw concentration and raw discharge data pro-
vided by the German federal states cannot made pub-
lic, but they have been deposited in an institutional
repository (Musolff et al., 2020). The metadata of the
data and stations, however, are available from https:
//doi.org/10.4211/hs.a42addcbd59a466a9aa56472dfef8721
(Musolff, 2020).

7 Conclusions

In this study, we provide a comprehensive homogenized data
set with a large spatial and temporal coverage of both wa-
ter quality and quantity observations along with catchment
attributes. Specifically, the data set includes time series of
water quality, co-located discharge, hydroclimatic data, and
diffuse nitrogen inputs as well as catchment boundaries and
more than 100 catchment attributes for 1386 German catch-
ments. The presented QUADICA (water QUAlity, DIscharge
and Catchment Attributes for large-sample studies in Ger-
many) data set offers the opportunity to identify spatial and
temporal patterns of water quality along with water quantity.
This allows one to formulate and test hypotheses on under-
lying processes by linking observed responses to the driving
forces and catchment attributes. QUADICA also opens up
opportunities to calibrate and validate water and solute trans-
port models at the single- and multiple-catchment scales as
well as at the national scale. Consequently, the data set has
the potential to advance our understanding of water quality
processes across scales. More specifically, the data can be
used to examine various spatiotemporal water quality pat-
terns such as average concentrations, trends, and average sea-
sonality. For stations with high data availability, analyses can
be extended to trajectories of seasonality, flow-normalized
concentrations, and mass fluxes. The patterns can be investi-
gated for the three different macronutrients, nitrogen, phos-
phorus, and organic carbon; their species; and for nutrient
ratios. In addition, interactions between the nutrients and
their spatiotemporal patterns can be assessed. In the con-
text of comparative large-sample hydrology (e.g., Gupta et
al., 2014), the spatiotemporal water quality patterns can be
linked to catchment attributes to identify underlying pro-
cesses. This can, for example, support quantification of the
impact of human disturbances on nutrient cycles and their
interactions with natural controls. Some studies have re-
cently investigated spatiotemporal patterns and underlying
controls in large-sample approaches using parts of the pro-
vided data set. For example, Ebeling et al. (2021a) assessed
average nutrient concentrations and export dynamics, Ebel-
ing et al. (2021b) evaluated long-term trajectories of nitrate
seasonality, Ehrhardt et al. (2021b) quantified nitrogen lega-
cies using nitrogen input and export time series, and Yang
et al. (2021) modeled the impact of phosphorus inputs on
stream network algae growth. These assessments and the de-
rived hypotheses can be further explored and extended with
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the provided data to increase our knowledge on catchment
functioning.

Furthermore, the provided data can be merged with other
water quality and quantity data sets – for example, to enable
assessments across transnational scales and an even larger
variability in catchment attributes. Here, we hope to stimu-
late other researchers or environmental authorities to provide
similar data sets of joint water quality and quantity data to
make the wealth of spatiotemporal water quality data avail-
able, including long-term data that have been collected dur-
ing research projects and regular monitoring activities, such
as for the 2000/60/EC EU Water Framework Directive (EC,
2000). Therefore, we call for joint efforts to further increase
opportunities for catchment-scale water quality assessments
and modeling activities on regional, transnational, and even
continental scales.

Earth Syst. Sci. Data, 14, 3715–3741, 2022 https://doi.org/10.5194/essd-14-3715-2022

Study 3

144



P. Ebeling et al.: QUADICA 3729

Appendix A

Figure A1. Time series of annual median concentrations and discharge observed at the 1386 water quality stations during grab sampling, as
shown in Table 1 and Fig. 1 and described in Sect. 3.1. Note that, for visualization purposes, values before 1954 and values > 40 mg L−1 for
N species (i.e., five NO3-N, seven Nmin, and zero TN values) are not shown.
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Figure A2. Distribution of the performance of WRTDS models by compound based on the coefficient of determination R2 (a) and bias (b).
Boxes highlight the median and quartiles of each distribution, and points display the performance values of single catchments. Note that, for
visualization purposes, one bias value > 0.4 is not shown for TOC.

Figure A3. Comparison of annual medians from continuous daily discharge (Qdaily) and discharge at the dates grab samples were taken
(Qgrab). Colors represent different catchments.
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Appendix B

Table B1. Catchment attributes, associated methods, and original data sources used for calculating the attributes (Ebeling et al., 2022a). This
collection of catchment attributes is merged and adapted from existing repositories (Ebeling, 2021; Ebeling and Dupas, 2021) and the related
publications (Ebeling et al., 2021a, b). For more details, the reader is referred to Sect. 4.

Category Variable Unit Description and method Data source

General OBJECTID – Unique identifier

Station – Station name

Area_km2 km2 Catchment area

f_AreaGer – Fraction of catchment area within Ger-
many

Topography dem.mean m a.m.s.l. Mean elevation of catchment, from the
DEM rescaled from a 25 to 100 m reso-
lution using the average

EEA (2013)

dem.median m a.m.s.l. Median elevation of catchment, from
the DEM rescaled from a 25 to 100 m res-
olution using the average

EEA (2013)

slo.mean ◦ Mean topographic slope of catchment,
from the DEM (100 m resolution)

EEA (2013)

slo.median ◦ Median topographic slope of catchment,
from the DEM (100 m resolution)

EEA (2013)

twi.mean – Mean topographic wetness index (TWI;
Beven and Kirkby, 1979)

EEA (2013)

twi.med – Median topographic wetness index (TWI;
Beven and Kirkby, 1979)

EEA (2013)

twi.90p – The 90th percentile of the TWI as a proxy
for riparian wetlands (following Musolff
et al., 2018)

EEA (2013)

ddhad km−1 Average drainage density of the catch-
ment. Gridded drainage density is pro-
vided as the length of surface waters
(rivers and lakes) per area from a 75 km2

circular area centered around each cell.

BMU (2000)

DrainDens km−1 Average drainage density of the catch-
ment, calculated from the EU-Hydro
River Network Database and intersection
with catchment polygons (contains sev-
eral implausible values, and values are of-
ten overly small due to the coarser resolu-
tion of the river network)

EEA (2019)

Land cover f_artif – Fraction of artificial land cover EEA (2016a)

f_agric – Fraction of agricultural land cover EEA (2016a)

f_forest – Fraction of forested land cover EEA (2016a)

f_wetl – Fraction of wetland cover EEA (2016a)

f_water – Fraction of surface water cover EEA (2016a)

f_urban – Fraction of class 11, level 2 of the
CORINE Land Cover data set

EEA (2016a)

f_industry – Fraction of class 12, level 2 of the
CORINE Land Cover data set

EEA (2016a)
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Table B1. Continued.

Category Variable Unit Description and method Data source

f_mine – Fraction of class 13, level 2 of the
CORINE Land Cover data set

EEA (2016a)

f_urban_veg – Fraction of class 14, level 2 of the
CORINE Land Cover data set

EEA (2016a)

f_arable – Fraction of class 21, level 2 of the
CORINE Land Cover data set

EEA (2016a)

f_agri_perm – Fraction of class 22, level 2 of the
CORINE Land Cover data set

EEA (2016a)

f_pastures – Fraction of class 23, level 2 of the
CORINE Land Cover data set

EEA (2016a)

f_agri_hetero – Fraction of class 24, level 2 of the
CORINE Land Cover data set

EEA (2016a)

f_fores – Fraction of class 31, level 2 of the
CORINE Land Cover data set

EEA (2016a)

f_scrub – Fraction of class 32, level 2 of the
CORINE Land Cover data set

EEA (2016a)

f_open – Fraction of class 33, level 2 of the
CORINE Land Cover data set

EEA (2016a)

pdens inhabitants km−2 Mean population density CIESIN (2017)

Nutrient
sources

Nsurp00_15 kg N ha−1 yr−1 Mean nitrogen (N) surplus per catchment
during the sampling period (2000–2015)
including the N surplus from agricultural
land and atmospheric N deposition as well
as biological N fixation from nonagricul-
tural areas. Details on the N surplus data
are given in Sect. 3.4.

Bach et al. (2006);
Bach and Frede (1998);
Bartnicki and Benedic-
tow (2017); Bartnicki and
Fagerli (2006); Behrendt et
al. (1999); Cleveland
et al. (1999); Häußermann
et al. (2019); Van Meter et
al. (2017)

Nsurp91_15 kg N ha−1 yr−1 Mean N surplus per catchment from 1991
to 2015 (after the 91/676/EEC Nitrates
Directive was introduced)

See Nsurp00_15

Nsurp80_15 kg N ha−1 yr−1 Mean N surplus per catchment from 1980
to 2015 (main sampling period)

See Nsurp00_15

Nsurp71_90 kg N ha−1 yr−1 Mean N surplus per catchment from 1971
to 1990 (historic (legacy) inputs)

See Nsurp00_15

dNsurp71_91 kg N ha−1 yr−1 Change in mean N surplus between
the periods from 1971 to 1990 and from
1991 to 2015, i.e.,
dNsurp71_91 = Nsurp71_90 –
Nsurp91_15

See Nsurp00_15

N_WW kg N ha−1 yr−1 Sum of N input from point sources
including wastewater treatment plants
(WWTPs) > 2000 person equivalents
from the database of the European Envi-
ronment Agency covering areas beyond
Germany and data collected from 13
federal German states covering smaller
WWTPs within Germany

Büttner (2020)
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Table B1. Continued.

Category Variable Unit Description and method Data source

P_WW kg P ha−1 yr−1 Sum of P input from WWTPs analogous
to N_WW

Büttner (2020)

N_T_YKM2 t N km−2 yr−1 Mean N input from point sources sum-
ming all N emission values provided
in the EU domestic waste emissions
database

Vigiak et al. (2019, 2020)

P_T_YKM2 t P km−2 yr−1 Mean P input from point sources sum-
ming all P emission values provided in the
EU domestic waste emissions database

Vigiak et al. (2019, 2020)

BOD_T_YKM2 t O km−2 yr−1 Mean 5-day biochemical oxygen demand
(BOD) input from point sources summing
all BOD emission values provided in the
EU domestic waste emissions database

Vigiak et al. (2019, 2020)

N_T_YEW t N inhabitant−1 yr−1Calculated N input per person (from
EU domestic waste emissions database):
N_T_YEW = N_T_YKM2/nEW
·Area_km2

Vigiak et al. (2019, 2020)

P_T_YEW t P inhabitant−1 yr−1 Calculated P input per person (from EU
domestic waste emissions database):
P_T_YEW = P_T_YKM2/nEW
·Area_km2

Vigiak et al. (2019, 2020)

nEW – Calculated number of inhabitants: nEW=
pdens ·Area_km2

CIESIN (2017)

n_UWWTP – Number of point sources from the Euro-
pean WWTP database

EEA (2017)

N_WW_frac – Fraction of point source loads from
total N input loads: N_ WW_frac
= N_T_YKM2 / (N_T_YKM2 +
Nsurp80_15)

f_sarea – Fraction of source area in the catchment.
Source areas were defined as seasonal
and perennial cropland and grassland land
cover classes using a highly resolved land
use map (Pflugmacher et al., 2018)

Source areas based on
Pflugmacher et al. (2018)

het_h m−1 Slope of relative frequency of source ar-
eas in classes of flow distances to stream
as a proxy for horizontal source hetero-
geneity. For details, the reader is referred
to Ebeling et al. (2021a)

Source areas based on
Pflugmacher et al. (2018)

R2_het_h – Coefficient of determination of horizontal
source heterogeneity het_h

sdist_mean m Mean lateral flow distance of source ar-
eas to stream. For details, the reader is re-
ferred to Ebeling et al. (2021a)

Source areas based on
Pflugmacher et al. (2018)

het_v – Mean ratio between potential seepage
and groundwater NO3-N concentrations
as proxy for vertical concentration hetero-
geneity. For details, the reader is referred
to Ebeling et al. (2021a)

Knoll et al. (2020)
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Table B1. Continued.

Category Variable Unit Description and method Data source

Lithology and
soils

f_calc – Fraction of calcareous rocks (lithology
level 4)

BGR and UNESCO (2014)

f_calc_sed – Fraction of calcareous rocks and sedi-
ments (lithology level 4, coarse and fine
sediments aggregated)

BGR and UNESCO (2014)

f_magma – Fraction of magmatic rocks (lithology
level 4)

BGR and UNESCO (2014)

f_metam – Fraction of metamorphic rocks (lithology
level 4)

BGR and UNESCO (2014)

f_sedim – Fraction of sedimentary aquifer (lithology
level 4, coarse and fine sediments aggre-
gated)

BGR and UNESCO (2014)

f_silic – Fraction of siliciclastic rocks (lithology
level 4)

BGR and UNESCO (2014)

f_sili_sed – Fraction of siliciclastic rocks and sedi-
ments (lithology level 4, coarse and fine
sediments aggregated)

BGR and UNESCO (2014)

f_consol – Fraction of consolidated rocks (lithology
Level 5)

BGR and UNESCO (2014)

f_part_consol – Fraction of partly consolidated rocks
(lithology level 5)

BGR and UNESCO (2014)

f_unconsol – Fraction of unconsolidated rocks (lithol-
ogy level 5)

BGR and UNESCO (2014)

f_porous – Fraction of porous aquifer (code 1 and 2
of aquifer type)

BGR and UNESCO (2014)

f_porous1 – Fraction of porous aquifer (code 1 of
aquifer type)

BGR and UNESCO (2014)

f_porous2 – Fraction of porous aquifer (code 2 of
aquifer type)

BGR and UNESCO (2014)

f_fissured – Fraction of fissured aquifer (code 3 and 4
of aquifer type)

BGR and UNESCO (2014)

f_fiss1 – Fraction of fissured aquifer (code 3 of
aquifer type)

BGR and UNESCO (2014)

f_fiss2 – Fraction of fissured aquifer (code 4 of
aquifer type)

BGR and UNESCO (2014)

f_hard – Fraction of locally aquiferous and non-
aquiferous aquifer (code 5 and 6 of
aquifer type)

BGR and UNESCO (2014)

f_hard1 – Fraction of locally aquiferous rocks (code
5 of aquifer type)

BGR and UNESCO (2014)

f_hard2 – Fraction of non-aquiferous rocks (code 6
of aquifer type)

BGR and UNESCO (2014)

f_inwater – Fraction of inland water (code 200 of
aquifer type)

BGR and UNESCO (2014)

f_ice – Fraction of snow or ice field (code 300 of
aquifer type)

BGR and UNESCO (2014)
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Table B1. Continued.

Category Variable Unit Description and method Data source

dtb.median cm Median depth to bedrock in the catchment Shangguan et al. (2017)

f_gwsoils – Fraction of water-impacted soils in the
catchment (from 1 : 250000 soil map), in-
cluding Stagnosols, semiterrestrial, semi-
subhydric, subhydric, and moor soils

BGR (2018)

f_sand
f_silt
f_clay

– Mean fraction of sand in soil horizons of
the top 100 cm
Mean fraction of silt in soil horizons of
the top 100 cm
Mean fraction of clay in soil horizons of
the top 100 cm

FAO/IIASA/ISRIC/
ISSCAS/JRC (2012)

f_clay_agri – Mean fraction of clay in soil horizons of
the top 100 cm for agricultural land use
(class 2, level 1 CORINE; see f_clay and
f_agric)

FAO/IIASA/ISRIC/
ISSCAS/JRC (2012); EEA
(2016a)

WaterRoots mm Mean available water content in the root
zone from pedotransfer functions

Livneh et al. (2015);
Samaniego et al. (2010);
Zink et al. (2017)

thetaS – Mean porosity in catchment from pedo-
transfer functions

Livneh et al. (2015);
Samaniego et al. (2010);
Zink et al. (2017)

soilN.mean g kg−1 Mean topsoil N in catchment Ballabio et al. (2019)

soilP.mean mg kg−1 Mean topsoil P in catchment Ballabio et al. (2019)

soilCN.mean – Mean topsoil C /N ratio in catchment Ballabio et al. (2019)

Hydrology StartQobs YYYY-MM-DD Starting date ofQ time series used for cal-
culating hydrological indices (1999-11-
01 or start of time series)

EndQobs YYYY-MM-DD End date of Q time series used for calcu-
lating hydrological indices

meanQobs m3 s−1 Mean discharge (period from StartQobs to
EndQobs)

Musolff (2020); Musolff et
al. (2020)

medQobs m3 s−1 Median discharge (period from StartQobs
to EndQobs)

Musolff (2020); Musolff et
al. (2020)

specQobs mm yr−1 Mean annual specific discharge (period
from StartQobs to EndQobs)

Musolff (2020); Musolff et
al. (2020)

CVQobs – Coefficient of variation of time series
of daily Q (period from StartQobs to
EndQobs)

Musolff (2020); Musolff et
al. (2020)

medSuQobs m3 s−1 Median summer discharge (months
May–October; period from StartQobs to
EndQobs)

Musolff (2020); Musolff et
al. (2020)

medWiQobs m3 s−1 Median winter discharge (months
November–April; period from StartQobs
to EndQobs)

Musolff (2020); Musolff et
al. (2020)

seasRQobs – Seasonality index ofQ, as a ratio between
median summer and median winter Q (pe-
riod from StartQobs to EndQobs)

Musolff (2020); Musolff et
al. (2020)
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Table B1. Continued.

Category Variable Unit Description and method Data source

BFIQobs – Base flow index calculated according to
WMO (2008) with the “lfstat” pack-
age (version 0.9.4) in R (period from
StartQobs to EndQobs)

Musolff (2020); Musolff et
al. (2020)

flashQobs – Flashiness index of Q as the ratio be-
tween the 5th percentile and the 95th per-
centile of the Q time series (period from
StartQobs to EndQobs)

Musolff (2020); Musolff et
al. (2020)

RCQobs – Runoff coefficient (fraction of mean an-
nual precipitation discharging as specific
discharge, specQobs/P_mm) (period from
StartQobs to EndQobs)

Musolff (2020); Musolff et
al. (2020)

Q_StartDate YYYY-MM-DD Starting date ofQ time series used for cal-
culating hydrological indices (from 1986,
if possible, and using at least 3 years of
data; in few cases, only earlier data were
available)

Q_EndDate YYYY-MM-DD End date of Q time series used for calcu-
lating hydrological indices (as available)

Q_mean m3 s−1 Mean discharge (data for the period Q_
StartDate–Q_EndDate)

Musolff (2020); Musolff et
al. (2020)

Q_median m3 s−1 Median discharge (data for the period Q_
StartDate–Q_ EndDate)

Musolff (2020); Musolff et
al. (2020)

Q_spec mm yr−1 Mean annual specific discharge (data for
the period Q_ StartDate–Q_EndDate)

Musolff (2020); Musolff et
al. (2020)

Q_CVQ – Coefficient of variation of time series of
dailyQ (data for the period Q_StartDate–
Q_EndDate)

Musolff (2020); Musolff et
al. (2020)

Q_medSum m3 s−1 Median summer discharge (months May–
October; data for the period Q_StartDate–
Q_EndDate)

Musolff (2020); Musolff et
al. (2020)

Q_medWin m3 s−1 Median winter discharge (months
November–April; data for the period
Q_StartDate–Q_EndDate)

Musolff (2020); Musolff et
al. (2020)

Q_Sum2Win – Seasonality index of Q, as a ratio be-
tween median summer and median win-
ter Q (data for the period Q_StartDate–
Q_EndDate)

Musolff (2020); Musolff et
al. (2020)

BFI – Base flow index calculated according to
WMO (2008) with the lfstat package (ver-
sion 0.9.4) in R (data for the period Q_
StartDate–Q_EndDate)

Musolff (2020); Musolff et
al. (2020)

flashi – Flashiness index ofQ as the ratio between
the 5th percentile and the 95th percentile
of the Q time series (data for the period
Q_ StartDate–Q_EndDate)

Musolff (2020); Musolff et
al. (2020)

Climate P_mm mm yr−1 Mean annual precipitation (period 1986–
2015)

Cornes et al. (2018)
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Table B1. Continued.

Category Variable Unit Description and method Data source

P_SIsw – Seasonality of precipitation as the ra-
tio between mean summer (June–August)
and winter (December–February) precipi-
tation (period 1986–2015)

Cornes et al. (2018)

P_SI – Seasonality index of precipitation as the
mean difference between monthly aver-
ages of daily precipitation and the an-
nual average of daily precipitation (period
1986–2015)

Cornes et al. (2018)

P_lambda d−1 Mean precipitation frequency λ as used
by Botter et al. (2013) with rain days for
precipitation above 1 mm (period 1986–
2015)

Cornes et al. (2018)

P_alpha mm d−1 Mean precipitation depth as used by Bot-
ter et al. (2013) with rain days for precip-
itation above 1 mm (period 1986–2015)

PET_mm mm yr−1 Mean annual potential evapotranspiration
(period 1986–2015)

Cornes et al. (2018)

AI – Aridity index: AI=PET_mm/P_mm (pe-
riod 1986–2015)

Cornes et al. (2018)

T_mean ◦C Mean annual air temperature (period
1986–2015)

Cornes et al. (2018)
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