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Abstract 

Water management strategies have become crucial in order to preserve or restore the health of 
water bodies under the constantly increasing anthropic pressure. The key for effective water 
management strategies lies in a reliable diagnosis of the environmental impairment and a 
consequent robust assessment of possible mitigation strategies. Understanding the export 
dynamics of potentially polluting solutes has become a crucial task for scientists. Research in 
this field is particularly demanding because solute export dynamics are shaped by the 
interplay of different factors such as biogeochemical cycles, water and energy fluxes, and 
water transport across various compartments of the land surface. The general lack of solutes 
input makes the investigations even more challenging. 
This study investigates the export dynamics of different solutes across different scales with 
the goal of understanding (1) the general export behavior of different substances across 
catchments, (2) the relationship between the input and the export dynamics of different 
solutes and (3) how agricultural practices affect the diffusion of polluting compounds in water 
resources. 
 
In the first part of the study, long-term solute concentrations and discharge data of 11 Swiss 
rivers are analysed. Given the variety of catchments included in the database, from pristine 
forested to predominantly agricultural ones, signatures of either anthropic activities or natural 
catchment characteristics (e.g., bedrock composition) in the stream water quality are 
investigated. Solutes are also classified based on the long-term pattern of the concentration-
discharge (C-Q) relations, which determine the solute export behaviour. Anthropic pressure 
impacts the magnitude, seasonality and also the long-term behaviour of certain substances 
(nitrate, phosphorous and total nitrogen). Signatures of the bedrock composition or of 
catchment steepness are sometimes detectable, but, in general, the influence of catchment 
natural characteristics is not easy to discern, also due to the limited sample of catchments. 
 
In the second part of the study the concentration-discharge database is enlarged including 
records from 585 rivers around the world. This newly assembled database provides a 
generalizable perspective of the solute export behaviour at the catchment scale. Results of 
data analysis lead to the hypothesis that solute export behaviour might be shaped by the 
timing of the solute input in the catchment and/or by the vertical distribution of the solute 
sources in the catchment compartments. This hypothesis is tested running synthetic 
experiments with a tracer-aided distributed hydrological model. The results reveal that the 
depth of solute generation is likely the most important control on the C-Q relation for a 
number of solutes. This study highlights the uncertainty around the definition of nutrients 
(nitrogen, phosphorous) behavior compared to geogenic solutes, which consistently dilute 
(e.g., their concentration decreases with increasing discharge) across a wide range of 
catchments. 
 
In the last part the focus is on the dynamics of nitrate, which is the main nutrient component 
of fertilizers and responsible for water quality issues like eutrophication. The nitrogen cycle is 
particularly complex because it interacts with the carbon cycle, vegetation dynamics, soil 
hydrology, and energy exchanges at the soil-atmosphere interface. Long-term datasets have 
limited capability to capture short-term dynamics determining the nitrate export. Therefore, a 
mechanistic model capable of integrating all these aspects is applied to simulate the nitrogen 
dynamics across 9 managed Alpine grasslands. Nitrate losses in the environment are assessed 
under different fertilization scenarios. The fraction of nitrate, that eventually impacts water 
quality is found to be relatively small. However, it varies considerably across sites depending 
on the grassland efficiency in uptaking nitrate. Nitrogen use efficiency is not only limited by 
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the length of the growing season, but hydrological fluxes also play a major role on nitrogen 
availability for grasslands. This heterogeneity in grassland response should be considered 
while setting guidelines for management practices. 
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Sommario 

La gestione delle risorse idriche • fondamentale per preservare o ristabilire il buono stato dei 
corpi idrici sotto la crescente pressione antropica a cui questi vanno incontro. La chiave per il 
successo delle strategie di gestione delle risorse idriche sta sia in una diagnosi affidabile 
dellÕinquinamento ambientale che nella conseguente valutazione di possibili robuste strategie 
di mitigazione dei rischi ambientali. Comprendere la dinamica di produzione e trasporto di 
soluti potenzialmente inquinanti • quindi diventato un compito cruciale per gli scienziati. La 
ricerca in questo settore • particolarmente impegnativa perchŽ le dinamiche dei soluti sono 
determinate dallÕinterazione di svariati fattori come i cicli biogeochimici, flussi di acqua ed 
energia, e il trasporto da parte dellÕacqua attraverso i vari comparti della superficie terrestre. 
Inoltre, la generale mancanza di dati sugli input di soluti rende lo studio ancora pi• 
impegnativo. 
Questa tesi analizza la dinamica di trasporto di vari soluti attraverso diverse scale spaziali con 
lÕobiettivo di capire (1) il comportamento generale dellÕoutput di diversi soluti in diversi 
bacini idrologici, (2) la relazione tra la dinamica di input e di output di diversi soluti e (3) 
come le pratiche agricole influenzano la produzione di composti inquinanti come il nitrato. 
 
Nella prima parte dello studio vengono analizzati i dati di concentrazione dei soluti e di 
portata sul lungo periodo in 11 fiumi svizzeri. La diversitˆ di bacini inclusa nel database, che 
comprende foreste incontaminate e bacini prevalentemente agricoli, offre lÕopportunitˆ di 
analizzare lÕeventuale presenza di tracce indicative o delle attivitˆ antropiche o delle 
caratteristiche naturali dei bacini (per esempio la composizione chimica del sottosuolo) nei 
dati di qualitˆ dellÕacqua. I soluti vengono classificati anche in base alla relazione 
concentrazione-portata (C-Q), calcolata sul lungo periodo, la quale definisce il 
comportamento dellÕoutput del soluto. La pressione antropica ha un impatto sullÕordine di 
grandezza, sulla stagionalitˆ e anche sul comportamento a lungo termine di determinate 
sostanze (nitrati, fosforo ed azoto totale). Sono talvolta rintracciabili impatti della 
composizione del sottosuolo o della pendenza dei versanti nel bacino, ma, in generale, le 
caratteristiche naturali del bacino non sono facilmente discernibili, anche a causa del numero 
limitato di bacini analizzati. 
 
Nella seconda parte dello studio il database delle relazioni concentrazione-portata viene 
espanso includendo dati da 585 fiumi sparsi in varie parti del mondo. Il nuovo database 
fornisce una prospettiva generalizzabile del comportamento dei soluti nei fiumi. LÕanalisi di 
questi dati ha portato alla formulazione dellÕipotesi che lÕoutput dei soluti possa essere 
determinato dal timing dellÕinput del soluto e dalla distribuzione verticale della produzione 
dei soluti nei vari comparti del bacino idrografico. Questa ipotesi viene testata eseguendo 
esperimenti numerici con un modello idrologico distribuito che • in grado di tener conto dei 
traccianti. I risultati hanno rivelato che la profonditˆ delle zone di generazione del soluto • il 
controllo principale sulla relazione concentrazione-portata per vari soluti. LÕanalisi inoltre 
evidenzia lÕincertezza intorno alla definizione del comportamento dei nutrienti (azoto, 
fosforo) rispetto ai soluti geogenici, i quali coerentemente diluiscono (cio• la loro 
concentrazione diminuisce allÕaumentare della portata) per la maggior parte dei bacini 
idrografici. 
 
NellÕultima parte ci si • concentrati sulla dinamica del nitrato, un nutriente, nonchŽ 
componente principale dei fertilizzanti, responsabile dei problemi di qualitˆ dellÕacqua come 
lÕeutrofizzazione. Il ciclo dellÕazoto • particolarmente complesso perchŽ interagisce con il 
ciclo del carbonio, con la dinamica della vegetazione, lÕidrologia del suolo, e gli scambi 
energetici allÕinterfaccia tra suolo e atmosfera. I dati analizzati precedentemente sul lungo 
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periodo hanno una limitata capacitˆ di catturare dinamiche a breve termine che determinano la 
produzione di nitrato. Pertanto, si • applicato un modello meccanicistico capace di integrare 
tutti questi aspetti sopra descritti per simulare la dinamica dellÕazoto in nove siti di pascoli 
alpini. Si sono cos“ quantificati i valori di nitrato dispersi nellÕambiente sotto diversi scenari di 
fertilizzazione. La frazione di nitrato che viene trasportata via dellÕacqua • risultata essere 
relativamente (rispetto al ciclo complessivo dellÕazoto) piccola. Tuttavia, essa varia 
notevolmente da un sito all'altro a seconda dell'efficienza dei pascoli nell'assorbire i nitrati. 
L'efficienza dell'utilizzo dell'azoto non • influenzata solo dalla durata della stagione di 
crescita, ma anche dai flussi idrologici che giocano un ruolo importante sulla disponibilitˆ di 
azoto per la vegetazione. Questa eterogeneitˆ nella risposta dei pascoli dovrebbe essere presa 
in considerazione nella definizione delle linee guida per le pratiche di gestione che 
minimizzino possibili criticitˆ sulla qualitˆ delle acque. 
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Chapter 1 
Introduction 
1.1! MOTIVATION  

LÕacqua che tocchi deÕfiumi • lÕultima di quella che and˜ e la prima di quella che viene.  
Cos“ il tempo presente.   

The river water you touch is the last of the one that went and the first of the one that comes. 
So is the present time. 

Leonardo Da Vinci, Aforismi 

 
Meeting the Millennium Development Goal of ending hunger is one of the big challenges of 
our century, especially with a view of implementing sustainable food production (Godfray et 
al., 2010). This challenge becomes even harsher under the future projections forecasting a 
population growth from 7.7 billion in 2019 to 10.9 billion by the end of the century (UN, 
2019). Big concern has risen on the availability of natural resources for agriculture, the key 
activity sustaining food production. Despite the expansion of agriculture continues at the 
expenses of forested lands, shortness of agricultural land is expected to emerge, since there 
are few opportunities left for further expanding agricultural areas (FAO, 2017). As a 
consequence, the need for higher yields has led to the massive application of synthetic 
fertilizers in agriculture. A dramatic intensification of fertilizer use has been observed in the 
last decades, from a total of about 15 Mton yr-1 in 1960s to 100 Mton yr-1 in 2015 globally. 
Nowadays around 50% of the population is fed by products fertilized by means of synthetic 
nitrogen (Erisman et al., 2008) and future projections foresee even more intensive agricultural 
practices, especially in Latin America and South Asia regions (Figure 1-1a). Such 
intensification is expected to result in more widespread environmental impairments, among 
which the increase of nitrogen losses in the environment (Figure 1-1b) has broad and far-
reaching impacts. In this respect, being agriculture the biggest threat to water quality ( EPA 
2000; Všršsmarty et al., 2010), water resources are at risk.  
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The effects of the increased anthropic pressure on water quality are already clearly visible in 
hundreds of water bodies across the world and in many ecosystems they have proven to 
persist over decades. Research in the field has indeed demonstrated that assiduous fertilizer 
loadings leave a persisting legacy in the environment, which might even neutralize possible 
remediation strategies (Van Meter and Basu, 2015). A prime and widely investigated example 
is the Lake Eire in the Great Lakes Region, where the International Joint Commission (2014) 
attributes about the 44% of its eutrophication to agriculture practices in the drainage basin of 
the lake. Despite millions of dollars have been spent since 2001 for conservation measures, 
still restoration has not been reached (Van Meter et al.,, 2018).  
In the same way as intensive agriculture, also industrial sewage, mining, acid deposition and 
wastewater treatment plants represent some of the sources of water resources impairment 
(Meybeck, 2004) in the Anthropocene (Crutzen, 2006). 
In this frame of increasing anthropic pressure on the environment, the development of 
effective water pollution management strategies has become crucial for supplying the 
necessary water quantity, while preserving the water quality (Ait -Kadi, 2016). The success of 
management strategies lies on robust impact assessment and reliable predictions. Accurate 
diagnoses, in turns, require solid, extensive and comprehensive databases describing the 
system processes. Data availability is often the limiting factor in water quality assessments, 
especially when performed on large scales. Pollutant sources, subsurface solute reactions and 
solute residence time in the catchment are just some of the controls on the solute export 
dynamics, which are extremely challenging or impossible to monitor. Numerical models have 
therefore become promising and necessary tools for enhancing the understanding of pollutants 
fate in catchments. They can support both the diagnostic and prognostic process and provide 
the right answers if applied for the right reasons (Kirchner 2006; Fatichi et al., 2016b). 

Figure 1-1. a. Fertilizer use from 1962 to 2050 across world macro-regions. b. Annual 
nitrogen losses in 2000 and 2050 across world macro-regions. Source: Sutton and Bleeker 
2013. 
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The topic of solute transport dynamics is particularly complex because of the intrinsic 
dependence of solutes behavior and transport from the environment in which it takes place. 
Solutes interact with water fluxes and with soil, they undergo solute-specific transformations 
and some of them are essential for vegetation dynamics and therefore strongly relate to the 
plant life cycle. Consequently, models representing solute transport at the catchment scale 
need to potentially take into consideration all of these complexities. 
 
In order to face these challenges, research needs to improve in a number of areas, among 
which three are particularly important for the subject of this thesis:  

(1)!the lack of solute input data at the catchment scale. 
(2)!the need for interdisciplinary approach across ecohydrology and biogeochemistry. 
(3)!the need for adequate modelling tools, which can account for the complexity of 

processes while being able to issue predictions spatially distributed at the catchment 
scale. 

 
1.1.1 Quantification of the solutes input 

One of the main factors hampering research in the field of solute export dynamics is the lack 
of information about the sources of solutes in the catchments. The identification of the sources 
of different solutes and the quantification of the contribution of each source to the catchment 
output is anything but trivial. Each solute can be introduced in the catchment through multiple 
processes and different solutes generally are originated from differing sources including 
atmospheric deposition, bedrock weathering, and anthropogenic addition. Each input process 
is also characterized by its own space and time scale. Nitrogen of anthropic origin, for 
example, is mainly produced by fossil-fuel combustion and for agricultural fertilization 
(Figure 1-1b). The former enters the catchments through dry and wet deposition, while the 
latter through direct application in agricultural areas. The combination of nitrogen regional-
scale deposition, field-scale non-point sources (e.g., synthetic fertilizers) and point sources 
(e.g., wastewater treatment plants) challenges scientists and decision makers in the 
quantification of the actual nitrogen load in the system. Inputs vary not only in space, but also 
in time. For example, nitrogen sources can evolve as a consequence of land use changes, 
technology advancement (e.g., new fertilization technique) and different animal diets (Goyette 
et al., 2016).  
Despite most of the effort dedicated to solute input estimation has been devoted to potentially 
polluting compounds such as nitrogen and phosphorous, standard methods still do not exist 
for the assessment (Howarth et al., 2002; Glibert, 2017). Different approaches are used in 
literature for both sources identification and loading estimation. Many studies base their 
estimates on inventories of point and non-point sources in catchments (e.g., Van Drecht et al., 
2003; Ribbe et al., 2008). However, inventories are often accomplished by local 
environmental agencies, which generally focus on specific study areas or polluted sites. 
Inventories hardly ever exhaustively monitor all the solute sources in large areas like the 
entire drainage area of catchments. The introduction of some hypotheses is therefore required 
in order to make available local inventories suitable for extended basin scale domains. For 
example a common practice consists in assigning a certain load to similar area units 
(Sonzogni et al., 1978). Besides inventories, other studies adopted a regression approach with 
multivariate equations in order to correlate observed in-stream concentrations with possible 
sources (David et al., 2010; Jacobson et al., 2011). More complex approaches rely on models 
such as SPARROW (Smith et al., 1997; Alexander et al., 2000; Schwarz et al., 2006; 
Alexander et al., 2008), NEWS (Van Drecht et al., 2003; Boyer et al., 2004; Green et al., 
2004; Siebert, 2005; Van Drecht et al., 2005), SPNM (Williams, 1980), NANI and NAPI 
(Howarth et al., 1996). Given some information such as land cover, point sources, crop type, 
atmospheric deposition, these models compute the yields of certain solutes (nitrogen, 
phosphorus, silica, carbon) providing also the source apportionment. Each model adopts a 
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specific combination of empirical, mechanistic and statistical approaches aiming at the 
estimation of solute loading on the surface water system. Different modelling approaches 
provide different outputs and the uncertainty associated with modelled sources attributions 
cannot be assessed due to the lack of observations (McCrackin et al., 2013). Other more 
recent studies, instead, track in-stream N isotopes (i.e., 15N) back to the possible sources, 
identified by specific isotopical compositions (Kendall 1995; Peterson et al., 2001; Voss et al., 
2006; Michener and Lajtha 2007; Wankel et al., 2007; Kelley et al., 2013; Divers et al., 2014). 
Besides the obstacle of missing sources data hampering the validation of results, in this 
method uncertainty is added by the overlapping ranges of isotope values for different sources. 
 
Surface water carries not only nutrients, but also geogenic solutes, such as silicon, calcium, 
potassium, and magnesium, which are generated through the chemical process of rock 
weathering. This process dissolves primary minerals leaching out cations (White, 2008), 
which influence water chemistry but generally do not lead directly to pollution phenomena 
like eutrophication. Chemical weathering has been widely investigated and today the main 
thermodynamic and kinetic mechanisms driving this process are known (e.g., Johnson  al., 
1992; Wolery, 1992; Oelkers, 2001; Brantley, 2008), although their quantification in  
heterogeneous catchment conditions remain challenging.  
The components of salt, i.e., sodium and chloride are also abundantly present in surface water. 
These elements generally reach catchments through deposition, but in anthropic environments 
large quantities of salt can also be spread during winter to the purpose of deicing roads. High 
quantities of salt have been observed to have remarkable consequences on the overall balance 
of sodium and chloride in surface waters, with potential impacts on the water ecosystem 
(Zobrist and Reichert 2006; Novotny et al., 2008). 
 
Despite the research efforts devoted to the solute sources identification and to the 
quantification of their contributions, this problem remains an open research question and a 
comprehensive understanding of how the heterogeneity in sources influence the solute 
concentration at the outlet is still not available. 
 
1.1.2 Towards an interdisciplinary approach 

The general lack of solute input data has encouraged research in the field of solute transport at 
the catchment scale to rely on data of solute outputs from long-term water quality monitoring 
programs. They consist of time series of solute concentrations at given measuring stations that 
are recorded over the years, generally at regular frequencies of 14-days or monthly intervals. 
Governments collect these data to monitor the health state of surface water resources, 
generally under prescription of national or supranational directives. Numerous studies have 
investigated in-stream concentrations in relation to discharge, developing the concept of 
concentration-discharge relations (C-Q relations). Starting from Johnson et al., 1969 to arrive 
to several more recent studies (e.g., Godsey et al., 2009; Duncan et al., 2017a; 2017b; Moatar 
et al., 2017; Winnick et al., 2017; Diamond and Cohen 2018; Rose e al., 2018) remarkable 
effort has been devoted to dissecting the integrated information at the outlet carried by the C-
Q relation. An emerging postulate is that C-Q relations represent the integrated information 
about the solute history in the catchment (Chorover et al., 2017). They are indeed the result of 
the combination of different solute sources, interactions with and within the catchment 
compartments, and transport through variable flow pathways. Possible drivers of the observed 
export dynamics have been investigated among specific solute properties and catchment 
characteristics (e.g., Musolff et al., 2015; Baronas et al., 2017; Moatar et al., 2017; Wymore et 
al., 2017). 
 
The scope is to identify generalizations on the solute behavior in the C-Q space with some 
emerging patterns, such as the prevalent diluting behavior (i.e., decreasing concentration with 
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increasing discharge) of geogenic solutes (Godsey et al., 2009; Thompson et al., 2011; Kim et 
al., 2017; Musolff et al., 2017). However, despite the remarkable research effort, a full 
explanation of export dynamics for nutrients is still difficult to unravel due to contrasting 
observations across different catchments (Butturini et al., 2008; Aguilera and Melack, 2018). 
The reasons are several and the main possible explanations are listed here.  
First, nutrients are generally sourced by anthropic activities, which highly differ across 
catchments. Even within the same catchment, anthropogenic inputs are generally 
heterogeneous in space, thus favoring variability in the export process from the sources to the 
river network. Second, nutrients undergo a multitude of element-specific transformations in 
the different compartment of the catchments. In this respect the catchment characteristics play 
a major role. For example, nitrate often leaches to groundwater where it undergoes 
denitrification favored by anoxic conditions. In this case catchment-specific soil 
characteristics influence the amount of leaching and the groundwater dynamics play a role in 
the denitrification process. Phosphorous, instead, is more likely to bind to soil particles and to 
be transported as a consequence of soil erosion. In this case shallow transport pathways are 
crucial for the phosphorous behavior at the outlet. Third, nutrients are fundamental for plants 
and their dynamics are bounded to the carbon cycle and vegetation growth.  
 
Although terrestrial and aquatic compartments and hydrological and soil biogeochemical 
studies of nutrient dynamics have generally developed independently of each other, they are 
related and biogeochemistry serves as coupling ring between the two worlds (Grimm et al., 
2003). A perspective integrating energy and water exchanges at the land-surface, vegetation 
dynamics, biogeochemical processes and hydrological processes is therefore needed (Gregory 
et al., 1991). In other words, the question of solute transport dynamics should be tackled 
overcoming the single disciplinesÕ perspective in favor of a viewpoint considering ecosystems 
as a whole. 
In such an interdisciplinary framework model development is extremely important. However,  
as Silberstein (2006) argues, Òenvironmental management will not come with improved 
models in the absence of improved data collectionÓ. Indeed, experimental research has 
adapted to the need for interdisciplinary information, establishing long-term ecosystem 
observatories. The first interdisciplinary experimental site dates back to 1955, when the first 
ecosystem observatory was established in Hubbard Brook catchment (Likens et al., 1977) in 
the USA. Here, investigations aimed to the understanding of ecological, hydrological, and 
biogeochemical interactions regulating forest nutrient budgets (Likens et al., 1977). Research 
in the Hubbard Brook contributed to important discoveries, such as of the phenomenon of 
Òacid rainÓ (e.g., Likens and Bormann 1972), thus highlighting the relevance of well-
monitored long-term observatories for environmental issues which goes beyond hydrology 
(Tetzlaff et al., 2017). In the 1960s also in Europe the first long-term observatory was 
established in the Plynlimon catchment in Wales. The Plynlimon study was originally 
designed to investigate changes in water quantity arising from land-use change, but since 
1980s hydrochemical studies are also conducted ( Neal, 1997; Kirby et al., 1991).  
In the years, more and more instrumented infrastructures have been established around the 
world. Some virtuous examples of recently established observatories are the Danish 
Hydrological Observatory and Exploratorium (HOBE1) in the Skjern catchment (Jensen and 
Illangasekare 2011; Jensen and Refsgaard 2018), the Hydrological Open Air Laboratory 
(HOAL2) in Patzenkirchen in Austria, the Critical Zone Observatory in the Alzette River 
basin in Luxembourg3 and the Upper Alento River Catchment (UARC) observatory in Italy 
(Romano et al., 2018). 

                                                
1 http://www.hobecenter.dk/index.php/component/joomgallery/agricultural-site 
2 https://hoal.hydrology.at/advancing-the-understanding-of-water-processesin-the-landscape 
3 https://www.list.lu/en/institute/rd-infrastructures/environmental-research-and-technology/observatory-for-
climate-and-environment/ 



6 

 
The growing number of available data and the increasing observatories installations provided 
the opportunity to extrapolate knowledge from the single observatories and transfer it to larger 
spatial scales. To this purpose, networks of long-term observatories have been established, 
which aggregate observatories either at the national or international level. Nowadays there are 
several networks of running monitoring systems around the world. In 1980s the US National 
Science Foundation created the Long-Term Ecological Research (LTER) program with the 
mission of creating Òwell-designed and well-documented long-term observations, experiments 
and archives of samples and specimensÓ (Hobbie et al., 2003). If originally the LTER network 
included 26 sites in the USA (Knapp et al., 2012), nowadays it counts about 900 sites around 
the world (Haase et al., 2018).  
From 2007 the US national network of Critical Zone Observatories (CZO) network was set 
up, connecting 10 long-term experimental sites across the US spanning a range of climatic, 
ecologic, geologic and physiographic environments, from California to Puerto Rico (White et 
al., 2015). In Europe the Soil Transformations in European Catchments project (SoilTrEC, 
https://soiltrec.eu, last access August 2020) also established four new CZOs and retrieved data 
from other Observatories with the goal of quantifying the impacts of environmental changes 
on key soil functions. The Chinese Ecosystem Research Network (CERN, Fu et al., 2010) was 
established in 1988 and includes 40 field sites covering almost all the typical ecosystems in 
China. Another example of national network is the TERrestrial ENvironmental Observatories 
(TERENO, Bogena et al., 2018) project in Germany, which started in 2006. In Australia, the 
Terrestrial Ecosystem Research Network (TERN, Cleverly et al., 2019) provides data at three 
different scales (continental with remote sensing data, ecosystem monitoring at the plot scale 
and detailed data on ecosystem processes) across multiple sites since about 10 years. Since 
summer 2019 also the National Ecological Observatory Network (NEON) entered initial 
operations (https://www.neonscience.org/, last access August 2020). The NEON project was 
conceived in 1999 and planned in the years until the approval of its funding in 2011 by the 
National Scientific Foundation (NSF). From 2011 until today 81 field sites have been built 
across the USA as well as the information infrastructure needed to gather data from field 
sampling.  
These platforms allow the extraction of knowledge from detailed on-site investigations and 
the generalization of new discoveries across larger and heterogeneous scales, thus answering 
to the need of tackling global challenges such as climate change, food security or biodiversity 
loss (Cleverly et al., 2019). The crucial point of these integration platforms is the 
harmonization of data, which is one of the cornerstones of knowledge advancement. 
 
The availability of interdisciplinary data fostered by the integration of different observatories 
helps advancing knowledge in the field of solute transport. However, the new available 
information needs to be integrated with adequate modelling tools in order to disentangle also 
non-observable processes, thus gaining more information. 
 

1.1.3 Modelling tools 

Since the 1970s a branch of hydrology has moved its focus from mass-balance at catchment 
scale to studying the components of the terrestrial water cycle, which might have a controlling 
influence on the cycling of solutes, contaminants, and nutrients (Botter et al., 2010; 
McDonnell 2017). The main concept to understand such influence is the water travel time 
(TT), i.e. the time required to rainwater to reach the stream (Kirchner et al., 2001). This 
quantity is more properly represented by a distribution of TTs (i.e., travel time distribution 
TTD), which has been defined as Òthe link between hydrology and water quality at the 
catchment scaleÓ (Hrachowitz et al., 2016). Isotopic and environmental tracers data have 
revealed themselves valuable candidates for assessing TTD of catchments ( Beven 2001; 
Kirchner 2006; Soulsby et al., 2009; Kirchner et al., 2010; McDonnell et al., 2010). Different 
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tracer-aided models have been developed in the last decades, spanning from the simplest 
lumped conceptual models assuming an a priori time-invariant TTD (McGuire et al., 2005; 
Tetzlaff et al., 2008), to the lumped models introducing time-variant TTDs theory (Botter et 
al., 2010; 2011; Rinaldo et al., 2011; van der Velde et al., 2012; Benettin et al., 2013; 
Harman, 2015), until the distributed physically based fully-coupled hydrological and tracer 
transport models (Ala-Aho et al., 2017; Danesh-Yazdi et al., 2018; Remondi et al., 2018). 
Differently from lumped models, the distributed models explicitly represent the spatial 
distribution of solute fluxes, so that the TTD is computed a posteriori. Both lumped and 
spatially distributed models, instead, require assumptions on the mixing, which is generally 
assumed to be perfect. In reality, depending on the time that the water spends in each 
compartment of the catchment, the mixing of the water itself with antecedent water and of the 
carried solutes does change, hence resulting in different signatures once become discharge.  
While chloride and conservative tracers (i.e., water isotopes) have been shown to provide 
reliable assessment of water pathways across the catchment (e.g., Benettin et al., 2013; 
Remondi et al., 2018; Soulsby et al., 2011), non-conservative solutes encode signature of 
solutes reactions during the time spent in the catchment (Benettin et al., 2020). The non-
conservative solute reactions are generally described introducing conceptual relations on top 
of the conservative transport. An example is provided by Van der Velde et al., (2010), who 
apply a coupled hydrological and solute transport model comparing chloride as non-reactive 
and nitrate as reactive solute with the goal of quantifying the overall nitrate retention or 
removal along the nitrate pathway to the outlet. The non-conservative components of these 
models, built as add-ons to the coupled hydrological and conservative transport models, have 
limited predictive power due to the simplification of the biogeochemical reactions. However, 
they explicitely relate the export dynamics to hydrological processes in a more constrained 
way than the simple data-based approach of the C-Q relations. 

In parallel to the development of hydrological models towards non-conservative solute 
transport, also water quality models have impressively developed. Wellen et al., (2015) count 
more than 250 studies applying water quality models to make predictions on discharge and at 
least one nutrient or sediment concentration. The most investigated substances are nitrate, 
sediments, total phosphorous and total nitrogen. Five models only comprise more than 80% of 
the sampled literature. These models are the Soil-Water Assessment Tool (SWAT, Neitsch et 
al., 2009), the Integrated Catchment model (INCA, Wade et al., 2002a; 2002b), the 
Agricultural Nonpoint Source Pollution Model/Annual Agricultural Nonpoint Source 
Pollution Model (AGNPS/AnnAGNPS, Bingner et al., 2018), the Hydrological Simulation 
Program-Fortran (HSPF, Bicknell et al., 1997) and the Hydrologiska ByrŒns 
Vattenbalansavdelning (HBV, Andersson et al., 2005). These models explicitely represent the 
dynamics of different nutrients pools, genrally through calibrated reaction rates parameters, 
but adopt a process-based approach for geochemistry but they are characterized by a rather 
simplistic representations of the hydrology in the systems. They generally compute the 
hydrological fluxes with empirical or conceptual methods adopting, e.g., the Hydrological 
Response Unit (HRU) or dividing the domain in sub-basins, which are then modelled as 
lumped units. Very often in these models there is no interaction between nutrient cycles, thus 
opening questions about their suitability for evaluating best management practices at the field 
scale (Wellen et al., 2015). While these modeling tools have provided useful results in 
mesoscale analyses, an interdisciplinary approach integrating robust formulations of 
hydrological transport and biogeochemical processes is most likely the way towards satisfying 
representations of both hydrological and water quality fluxes (Hrachowitz et al., 2016).  

In the recent years different specialized models have been integrated in a single study, thus 
attempting to model the ecosystem including hydrological and biogeochemical processes as a 
whole. Examples are ARMOSA (Perego et al., 2013), combining the hydrological model 
SWAP (Van Dam, 2000), the crop dynamic model STAMINA (Ferrara et al., 2010; Richter et 
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al., 2010) and the soil carbon and nitrogen cycle model SOILN (Bergstršm et al., 1991). Also 
SIM-STO (PŸtz et al., 2018) was developed from the merging of SIMWASER (Stenizer, 
1988) and STOTRASIM (Feichtinger, 1998), respectively focusing on water fluxes and 
nitrogen dynamics. RT-Flux-PIHM (Bao et al., 2017) combines a reactive transport (RT) 
model, land-surface processes (Noah LSM model, Chen et al., 2001; Shi et al., 2013) and the 
hydrological model PIHM (Shi et al., 2013).  

Despite these attempts, the challenge is still open, as integrating interdisciplinary ecosystem 
models in combination with long-term multi variable observatories open a promising avenue 
on the question of understanding, modeling and predicting non-conservative solute dynamics. 
 

1.2! OBJECTIVES AND RESEARCH QUESTIONS 

The thesis was developed as part of the Project: ÒDecision Analytic Framework to explore the 
water-eNegy-food Nexus (DAFNE4) in complex transboundary water resources systems of 
fast developing countriesÓ, funded by the Horizon 2020 programme WATER 2015 of the 
European Union (GA no. 690268). Among the aims of the DAFNE Project was the 
development of a coupled hydrologic and solute transport model, which is spatially explicit, 
process-oriented and can be efficiently used to investigate agricultural and industrial 
developments leading to water quality impacts. This study is preliminary to the finalization of 
the model development and to the application to the case studies of DAFNE projects, which 
are the Zambezi River Basin in Central-South Africa and the Omo-Turkana Basin in North-
East Africa. 
The broad objective of this thesis is thus providing a better understanding of the solute export 
dynamics with the purpose of identifying the most effective and efficient approach for 
spatially explicit basin modelling of solute transport dynamics. The problem is thus tackled 
from different perspectives, spanning from the analysis of long-term patterns of 
concentrations and discharge data in rivers to a detailed plot scale mechanistic representation 
of nutrient cycles. A special focus is dedicated to nitrate (NO3), the main component of 
agricultural fertilizers, which is often responsible for surface and groundwater impairment. 
The thesis tackles all the main challenges related to the solute export dynamics mentioned 
above. Thus, the study explores both data-driven and modelling approaches going toward a 
framework, which fully integrates hydrology, biogeochemistry and carbon cycling.  
Specifically, this study answers the following research questions: 
 

(1)!To which extent the signature of catchment characteristics and of anthropic 
activities are detectable in long-term water quality data? 
Literature suggests that concentration measurements related to discharge data (C-Q 
relations) at the outlet of catchments represent the integrated information about the 
sources, pathways, and transformation of the solute from the source to the outlet. 
Long-term concentration-discharge patterns at the outlet of 11 Swiss catchments are 
investigated aiming at discerning the signature of anthropogenic forcing and/or 
catchment characteristics. Possible solute behaviors generalizations are explored. 
 

(2)!How do the solute input dynamics influence the solute export dynamics? 
The C-Q relation analysis of (1) is extended to a unique database including 585 
stations across 9 countries. Besides providing a robust generalization of the solute 
behaviors, observations provide hints on possible underlying drivers. A coupled 
hydrological and solute transport model is applied to test the influence of variability of 
solute input in space and time on the solute export dynamics. 
 

                                                
4 http://dafne-project.eu/ 
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(3)!Can mechanistic ecosystem models predict the export of potentially polluting 
nutrients and provide guidelines for legislators? 
In view of understanding the importance of modelling the complexity of the 
interactions among the different processes (hydrologic, biogeochemical, vegetation 
dynamics,..), the mechanistic ecosystem model T&C-BG ( Fatichi et al., 2019) is 
applied to nine managed grassland sites along an elevation gradient across the 
European Alps. The dynamics of the Alpine sites are modelled and confirmed against 
multiple variables. The nitrate load leached in the groundwater and the grassland 
yields are assessed under different fertilization regimes to provide management 
guidelines.   
 

1.3! THESIS STRUCTURE 

The thesis is organized in five chapters. The first chapter outlined the overall motivation of 
investigating solute export dynamics, introduced the scientific background and presented the 
main objectives and specific research questions. 
 
Chapter 2 presents the analysis of long-term concentration and discharge data across 11 Swiss 
rivers and investigates possible signature of catchment characteristics and/or anthropic 
activities in the observed patterns. Long-term trends, C-Q relations and their variability in 
space and time are investigated.  
 
Chapter 3 extends the analysis of concentration and discharge data to 585 stations around the 
world with the goal of generalizing the export dynamics of different solutes across space. 
Through synthetic experiments with a fully coupled hydrological-solute transport model the 
relation between the solute input dynamics and the solute behavior at the outlet is explored. 
The ultimate goal is testing possible drivers of the observed behaviors using the model as tool 
for ad hoc virtual experiments. 
 
Chapter 4 focuses on the dynamics of nitrate with a mechanistic approach. The modelling 
approach describes the nutrient dynamics explicitly representing the interactions with 
hydrological fluxes, carbon cycle, and energy exchanges at the land-atmosphere interface. 
Different fertilization regimes are tested across nine managed grassland sites. The effects of 
each management policy are discussed in the framework of European and national 
regulations.  
 
Chapter 5 closes the thesis with a summary of the scientific content of the study highlighting 
its contribution to the advancement of the state-of-the-art. The main challenges introduced in 
Chapter 1 are recalled and discussed in light of the results of the study and  
possible outlooks for future work are presented. 
 
Three Appendixes complement the thesis with supplementary material. 
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Chapter 2 
Anthropogenic and catchment characteristic signatures 
in the water quality of Swiss rivers: a quantitative 
assessment 

Abstract 

The hydrological and biogeochemical response of rivers carries information about solute 
sources, pathways, and transformations in the catchment. We investigate long-term water 
quality data of eleven Swiss catchments with the objective to discern the influence of major 
catchment characteristics and anthropic activities on delivery of solutes in stream water. 
Magnitude, trends, and seasonality of water quality samplings of different solutes are 
evaluated and compared across catchments. Subsequently, the empirical dependence between 
concentration and discharge is used to classify the solute behaviors.  
While the anthropogenic impacts are clearly detectable in the concentration of certain solutes 
(i.e., Na+, Cl-, NO3, DRP), the influence of single catchment characteristics as geology (e.g., 
on Ca2+ and H4SiO4), topography (e.g., on DOC, TOC and TP), and size (e.g., on DOC and 
TOC) is only sometimes visible, also because of the limited sample size and the spatial 
heterogeneity within catchments. Solute variability in time is generally smaller than discharge 
variability and the most significant trends in time are due to temporal variations of 
anthropogenic rather than natural forcing. The majority of solutes shows dilution with 
increasing discharge, especially geogenic species, while sediment-bonded solutes (e.g. Total 
Phosphorous and Organic Carbon species) show higher concentrations with increasing 
discharge. Both natural and anthropogenic factors affect the biogeochemical response of 
streams and, while the majority of solutes show identifiable behaviors in individual 
catchments, only a minority of behaviors can be generalized across the 11 catchments that 
exhibit different natural, climatic, and anthropogenic features.5  

                                                
1Botter, M., Burlando, P., Fatichi, S. (2019). Anthropogenic and catchment characteristic 
signatures in the water quality of Swiss rivers: a quantitative assessment. Hydrology and 
Earth System Science, 23, 1885Ð2019. https://doi.org/10.5194/hess-23-1885-2019 
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2.1! INTRODUCTION 

Hydrological and biogeochemical responses of catchments are essential for understanding the 
dynamics and fate of solutes within the catchment, as material transported with water carries 
information about water sources, residence time, and biogeochemical transformations (Abbott 
et al., 2016). A quantitative description of water quality trends can also shed light on the 
consequences of anthropogenic changes in the catchment as well as on the possibilities for 
preventive or remedial actions (Turner and Rabalais, 2003). Concerning changes in watershed 
land use or management practices, for example, the United States Geological Survey (USGS) 
established the Hydrologic Benchmark Network (HBN) (Leopold, 1962), a long-term 
monitoring system of dissolved concentrations in 59 differently impacted sites across the 
United States with the goal of quantifying the human influence on the ecosystems (Beisecker 
and Leifeste, 1975). Water quality monitoring and assessment are also crucial for stream and 
catchment restoration, which has been widely practiced in the USA and Europe for several 
decades and still represent an important challenge of river basin management. However, the 
system responses to restoration often contradicts a priori expectations, and the lack of 
adequate monitoring and assessment of basin functioning before the application of restoration 
measures is considered to be one of the main reasons for this discrepancy (Hamilton, 2011).  
 
The relationship between observed in-stream solute concentrations and discharge has been 
explored in various catchments and with different methods in the last decades (Calmels et al., 
2011; Evans and Davies, 1998; Hall, 1970, 1971; N. M. Johnson et al., 1969; Langbein and 
Dawdy, 1964; White and Blum, 1995). One emerging postulate is that concentration (C)-
discharge (Q) relations represent the quantitative expression of the interaction between 
catchment geomorphology, land use, hydrological processes and the solute releases, thus 
reflecting in lumped form the complex mixing process taking place along flow paths of 
variable lengths and residence time (Chorover et al., 2017). Therefore, C-Q relations have 
been studied with reference to hydrological variables, e.g., hydrologic connectivity and 
residence time (Baronas et al., 2017; Duncan et al., 2017a; Gwenzi et al., 2017; Herndon et 
al., 2015; Torres et al., 2017), biological processes (Duncan et al., 2017a), catchment 
characteristics, e.g., catchment topography, land use, catchment size, and lithological 
properties (Diamond and Cohen, 2018; Hunsaker and Johnson, 2017; Moatar et al., 2017; 
Musolff et al., 2015; Torres et al., 2017; Wymore et al., 2017), as well as anthropic activities 
(Basu et al., 2010; Musolff et al., 2015; Thompson et al., 2011; Torres et al., 2017).  
 
In a log(C)-log(Q) space, C-Q relations have been observed to be usually linear (Godsey et 
al., 2009), so that the empirical relations can be well approximated by a power-law, C = a#Qb, 
where a and b are fitt ing parameters (Basu et al., 2010; Godsey et al., 2009; Moatar et al., 
2017; Moquet et al., 2016; Musolff et al., 2017; Thompson et al., 2011). A very common 
metric, relevant also for this study, is based on the value of the b exponent, the slope of the 
regression in the log(C)-log(Q) plot, because it is related to the concept of ÒchemostasisÓ 
(Godsey et al., 2009) or Òbiogeochemical stationarityÓ (Basu et al., 2010). A catchment shows 
ÒchemostaticÓ behavior when despite a sensible variation in discharge, solute concentrations 
show a negligible variability, i.e., b! 0. Conversely, positive slopes (i.e., increasing 
concentrations with increasing discharge) would support an enrichment behavior when the 
solute amount grows with discharge and negative slopes (i.e., decreasing concentrations with 
increasing discharge) support a dilution behavior with solute mass that does not increase 
proportionally to the growing discharge. A solute is typically defined transport-limited if  it is 
characterized by enrichment, while it is called source-limited in case it dilutes (Duncan et al., 
2017a).  
 
The exact mechanisms leading to C-Q relations are, to a large extent, an open question, but 
these relations are anyway providing insights on solute and/or catchment behavior (Godsey et 
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al., 2009; Moatar et al., 2017). The concept of chemostasis emerged in studies that explored 
the C-Q power-law with the aim of demonstrating the similarities in the export behavior of 
nutrients (Basu et al., 2010; 2011) and geogenic solutes (Godsey et al., 2009) across a range 
of catchments (Musolff et al., 2015). These studies were mostly carried out in agricultural 
catchments, where a Òlegacy storageÓ was supposed to exist due to antecedent intensive 
fertilization practices (Basu et al., 2010; 2011; Hamilton, 2011; Sharpley et al., 2013; Van 
Meter et al.,  2016;2017; Kimberly et al., 2015). This storage of nutrients might have long-
memory effects and it was considered to buffer the variability of concentrations in streams, 
leading to the emergence of biogeochemical stationarity (Basu et al., 2011). However, 
biogeochemical stationarity has been questioned outside of agriculturally impacted 
catchments (Thompson et al., 2011) and a unifying theory explaining catchment-specific C-Q 
behavior is not available yet, considering that solutes can show different behaviors in relation 
to landscape heterogeneity (Herndon et al., 2015) and to the spatial and temporal scales of 
measurement (Gwenzi et al., 2017). Therefore, approaching the study of solute export and C-
Q relations requires the separate analysis of several solutes in as many catchments as possible 
with the aim to find, at least, some general behavior that can be characteristic of a given 
region or solute. The recent literature is moving toward this direction (Herndon et al., 2015; 
Wymore et al., 2017) with the aim to sort out the relative influence of climatic forcing, solute 
properties, and catchment characteristics on solute behavior in search for generalizations 
across different catchments. 
 
This study contributes to this line of research investigating a unique dataset of long-term 
water quality data in eleven catchments in Switzerland, where multiple solutes were observed 
at the bi-weekly scale for multiple decades with limited gaps. We perform the analysis 
focusing mainly on the temporal domain and by quantifying magnitude, temporal trends, and 
seasonality of the in-stream concentrations with the goal of highlighting the long-term 
behavior differences across the eleven catchments and investigating the drivers of such 
differences. Specifically, we focus on the following research objectives: (i) investigating to 
which extent the solute concentrations are influenced by anthropic activities; (ii)  exploring the 
dependence of solute concentrations on catchment characteristics; (iii)  generalizing, if  
possible, the behaviors of selected solutes across different catchments by means of the slope 
in the C-Q relations.   
 

2.2! STUDY SITES 

Observations used in this study are obtained from the Swiss National River and Survey 
Program (NADUF6), which represents the Swiss long-term surface water quality monitoring 
program. This database includes in total 26 monitoring stations located in different 
catchments. To ensure representativity and robustness of the analysis we focus only on those 
stations with at least 10 consecutive years of water quality measurements. This restricts the 
database to eleven catchments, the corresponding locations of which are shown in Figure 2-1. 
The resulting case studies include 5 main catchments (Thur - AN, Aare - BR, Rhine Ð WM, 
Rhone Ð PO and Inn - SA), 3 sub-catchments (Rhone Ð PO, Rhine Ð RE and Rhine Ð DI) and 
2 small headwater catchments (Erlenbach and LŸmpenenbach).  

                                                
6 https://www.bafu.admin.ch/bafu/en/home/topics/water/state/water--monitoring-networks/national-surface-
water-quality-monitoring-programme--nawa-/national-river-monitoring-and-survey-programme--naduf-.html 
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Figure 2-1. Map of NADUF monitoring stations and description of the study area. The upper 

panel represents the studied catchments. (a) Swiss Plateau (blue) and the Alpine 
catchments (yellow); (b) the catchments spanning both regions, hybrid catchments 
(light blue). The bottom panel describes the study sites in terms of (c) macro-
geological classes, (d) land cover, and (e) anthropic pressure. 

 
Measurements have a temporal resolution of 14 days, which is similar to the resolution of 
other studies that analyzed long-term water quality data. In literature, the temporal resolution 
of water quality observations ranges namely from weekly (Duncan et al., 2017a; 2017b; 
Moatar et al., 2017; Wymore et al., 2017) to 14-days (Hunsaker and Johnson, 2017) to 
monthly (Basu et al., 2010; Moatar et al., 2017; Mora et al., 2017; Musolff et al., 2015; 
Thompson et al., 2011) or even coarser resolution (Godsey et al., 2009). In fact, only, very 
rarely higher-frequency databases are collected and thus analyzed (e.g., Neal et al., 2013, 
2012; von Freyberg et al., 2017).  
 
Stream water is analyzed only twice per month, but is collected continuously thus providing 
samples that represent a flow-proportional integral of the preceding 14 days. River water is 
lifted continuously by a submersible pump into a closed overflow container (25 L) in the 
station, at a flow rate of 25-75 L min-1. From the container, samples are transferred in 1 mL 
portions to sampling bottles. The frequency for the transfer of 1 mL samples is proportional to 
the discharge monitored continuously by the gauging device in the same station. The 
discharge-proportional sampling device is designed to collect 1-3 L of sample per bottle in 
each period. The sampling mechanism also allows the simultaneous collection of up to four 
integrated samples. 
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A 14-days sampling frequency is not sufficient for an evaluation of short-term 
biogeochemical and transport processes, which might involve solute transformation (e.g., 
biological processes, in-stream chemical reactions). These are simply accounted for in a 
lumped form in the flow-proportional average concentrations collected in a two-week 
interval. Conversely, the dataset is especially suitable for the investigation of long-term 
trends, due to the length of the time series, which spans from 11 to 42 years (Table 2-1). Data 
are collected following ISO/EN conform methods for water analysis and subsequently 
validated by means of an extensive quality control as described in (Zobrist et al., 2018). In 
addition, we inspected the data to take into account possible errors deriving from fixed 
detection limits, e.g., deleting the values below the detection thresholds (See Paragraph A-1).  
 
The concentrations reported in the database concern the following solute types: (i) geogenic 
solutes, originating mainly form rocks weathering, such as calcium (Ca2+), magnesium 
(Mg2+), sodium (Na+), silicic acid (H4SiO4) and potassium (K+); (ii) deposition derived 
solutes, as chloride (Cl-); (iii) nitrogen species (nitrate (NO3) and total nitrogen (TN)); (iv) 
phosphorus species (dissolved reactive phosphorus (DRP) and total phosphorus (TP)); and (v) 
organic carbon species (dissolved organic carbon (DOC) and total organic carbon (TOC)). 
The time series of these concentrations are used in the analyses carried out in this study. 
Furthermore, the dataset includes also the average discharge, computed as the mean value 
over the period between two water quality analyses, as well as other parameters such as water 
temperature, hardness (Ca2+ + Mg2+), alkalinity (H+) and pH. 
 
The selected catchments cover most of the Swiss territory. This is characterized by 
dissimilarities in terms of morphology, land use, and anthropic pressure, the latter being 
intended as activities (e.g. fertilization of agricultural lands, domestic and industrial waste 
water treatments, industrial sewage disposal into water), which are expected to have an impact 
on the river biogeochemistry and to alter the natural background concentrations and their 
seasonality. Figure 2-1 shows the catchments analyzed in this study as identified by the ID 
reported in Table 2-1. Catchments are divided into three categories depending on the 
morphological zone where they are mainly located: the Swiss Plateau, a lowland region in the 
north, the mountainous Alpine area in the centre and south, and a third category that includes 
catchments spanning both morphologic zones. The choice of this classification criterion is 
discussed in the Section 3.1. Geology also differs from one region to another (Figure 2-1c). 
The bedrock of northern Switzerland, the Jura region, is mainly composed of calcareous 
rocks, while in the Alpine area crystalline silicic rocks are dominant (Figure 2-1c). The Swiss 
Plateau region is instead characterized by the ÔMolasseÕ sedimentary rocks (Figure 2-1c), 
consisting in conglomerates and sandstones of variable composition (e.g. detrital quartz, 
feldspars, calcite, dolomite and gypsum) (Kilchmann et al., 2004). The relative chemical 
weathering of carbonate rock and of gypsum are respectively 12 and 40 times higher than the 
weathering rate of granite or gneiss (Meybeck, 1987), thus suggesting that it is a good proxy 
to consider the Swiss Plateau area as characterized mainly by a calcareous bedrock (e.g., 
Zobrist et al., 2018). As the maps in Figure 2-1d and 1e show, the prevalent land use in the 
Swiss Plateau area is agriculture, while the Alpine area is mainly covered by forests and 
grasslands. Table 2-1 specifies if the share of agricultural land is cultivated either intensively, 
i.e. with significant fertilizer applications, or extensively, e.g. as alpine grasslands, bush land 
and parks, which are mostly unfertilized (Juerg Zobrist et al., 2018). The main urban centres 
are concentrated in the northern Switzerland, together with most of the industrial activities, 
which represent potential point sources of pollution. The agricultural activities, especially 
intensive agriculture, residential and industrial areas are referred in this study as Òanthropic 
pressureÓ, indicating that the sources of solutes originated from these activities are other than 
natural. Given the much higher presence of these anthropogenic factors in the northern 
Switzerland, the anthropic pressure follows a south-north gradient, although patches of 
anthropic pressure are found also within the alpine valleys. 
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2.3! METHODS 

2.3.1!Magnitude, seasonality and trends 

The magnitude of a solute is evaluated through basic statistics (i.e., median, 25th and 75th 
percentiles, minimum and maximum values). These are computed for each solute in each 
catchment, with the goal of highlighting differences across catchments, which are the result of 
catchment heterogeneities and natural and anthropogenic factors affecting the quantity of a 
given solute. 
 
The seasonality of discharge and of solute concentrations is analyzed and cross-compared to 
highlight differences and similarities of controls that are related to the climatic seasonality and 
seasonality of man-induced impacts. For this analysis, catchments are subdivided in the three 
above mentioned categories: Swiss Plateau, Alpine, and hybrid catchments (Figure 2-1). The 
Swiss Plateau and Alpine catchments have substantially different hydrological regimes 
(Figure A-1, upper and bottom panels), and represent the main classes of the clusterization 
proposed by (Weingartner and Aschwanden, 1992). Some of the selected catchments with 
large draining area include both typologies and are therefore defined as Òhybrid catchmentsÓ. 
They are characterised by a seasonality, which is intermediate between the two end-members 
(Figure A-1, central panel) because the timing of the peak is similar to the one of Alpine 
catchments, but the magnitude is less pronounced as in the Swiss Plateau catchments. For this 
reason, they have to be treated separately from the other two classes. The hybrid catchments 
have the highest percentage of lake surface area in their domains (Table 2-1), although non-
negligible lake fractions are also found in the two other categories. Large lakes represent a 
discontinuity in the river network, reducing the fraction of catchment area directly (without 
major water mixing effects) contributing to the observed discharge and solute dynamics.  The 
presence of large lakes contributes to the dampening of the hydro-chemical signal, but its 
exact quantification is not straightforward. Aware of the confounding role of large lakes, we 
apply this classification in order to test if the seasonality of solutes is related to the seasonality 
of discharge. With such an analysis we aim at isolating the effect of the discharge seasonality 
versus the seasonality of solute concentrations. More specifically, whenever a solute shows a 
seasonality different from the one imposed by climate, we investigate the potential reasons for 
such a difference, being it either related to specific catchment characteristics or to anthropic 
activities. 
 
The comparison between the seasonality of solute and discharge is made through an Òindex of 
variabilityÓ defined as the ratio between the mean monthly deviations from the mean of solute 
concentration and discharge respectively, where the ÒdeviationÓ is determined as the average 
difference between the monthly means and the annual average value, resulting in the 
following equation: 
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where i represents the month of the year, from 1 to 12, and n is the number of the catchments 
belonging to the specific catchment class for which the index of variability is computed. In 
other words, an index of variability larger the one suggests that the seasonality of the solute is 
more pronounced than that of discharge, and vice-versa for an index of variability smaller 
than one. 
 
Finally, we evaluated the occurrence of trends in the long-term concentration time series at 
monthly and annual scale using the monthly average concentration of each solute in each 
catchment and each year for the entire period. The statistical significance of trends was tested 
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with the Mann-Kendall test modified to account for the effect of autocorrelation (Hamed et 
al., 1998; Kendall, 1948; Mann, 1945), fixing a significance level of 0.05. Trends are 
investigated and compared across catchments, in order to understand if they are consistent 
across Switzerland, thus suggesting the presence of clear drivers underlying the trend, or if 
they are just occurring in a sub-set of catchments. The time series span different periods of 
time, so the results might be impacted by the natural variability of discharge over the different 
years. This might be a potential issue, but we observed that in case of the presence of a trend 
in discharge (e.g. in the CH catchment, not shown), the patterns of concentrations do not show 
any different behavior compared to those observed in other catchments, which our analysis 
attributes to other external forcing (e.g., anthropic activities). 
 

2.3.2!Concentration-Discharge relations 

The empirical relation between solute concentration and discharge C = a#Qb was explored 
separately for each solute and for each catchment with the objective of investigating solute 
behaviors across catchments and whether this behavior can be generalized. The two variables 
are expected to exhibit in a log-log scale a linear relation, expressed by mean of the two 
regression parameters a, the intercept with the same dimensions of the concentration, and b, 
the dimensionless exponent representing the slope of the interpolating line. We focus our 
attention on the latter, which determines the behavior of the solute. The StudentÕs t test was 
applied to verify the statistical significance of having a b exponent different from zero. The 
level of significance "  was set at 0.05. When the p value was lower than " , the slope 
identifying the log-linear C-Q relation was considered significant and quantified by b, 
otherwise the slope was considered indistinguishable from zero, thus suggesting no evidence 
of a dependence of concentration on discharge. 
 
In each catchment, the time series of discharge were divided into two subsets using the 
median daily discharge q50 to separate flow below the median (low-flows) and flows above 
the median (high-flows). Hourly discharge time series were available from the Swiss Federal 
Office for the Environment (FOEN) at the same river sections and for the same period of the 
time series of water quality provided by the NADUF monitoring program. The median daily 
discharge was computed from the hourly series, which were aggregated to obtain daily 
resolution. 
 
Determining the C-Q relations separately for high and low-flows allows a finer classification 
of the solute behavior into different categories (Moatar et al., 2017), than considering only the 
dependence on the entire range of discharge. The three main behaviors Ð Òenrichment or 
removalÓ (i.e., positive slope), ÒchemostaticÓ (i.e., near-zero slope) and ÒdilutionÓ (i.e., 
negative slope) Ð can indeed be the result of mechanisms controlling the runoff formation and 
the transport mechanism. Accordingly, we have in total 9 different combinations 
characterizing the C-Q relation across high and low flow regimes, which allow assigning 
distinct behaviors to a given solute. 
 
For solutes that showed long-term trends over the monitoring period, we also investigated the 
evolution of the b exponent in time. In this case, the concentration and discharge time series 
were divided into decades and the C-Q relations over all discharge values were computed 
separately for each decade. The behavioral classification is performed on a single b (i.e., not 
divided into low- and high-flow b), since, differently from the previous analysis of C-Q 
relations, the focus is on the detection of long-term trends in solute behavior rather than on the 
understanding of the processes leading to differences between high and low flows. 
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2.4! RESULTS 

2.4.1!Magnitude 

Among the geogenic solutes, Ca2+ is the most abundant, most likely due to the composition of 
the bedrock present in most of the catchments (calcite, dolomite and anhydrite/gypsum 
Rodr’guez-Murillo  et al., 2015). In absolute terms, geogenic solutes and Cl- have the highest 
concentrations ($10-50 mg/L), while phosphorus species concentrations ($0.01-0.1 mg/L) are 
on average one to two order of magnitude less abundant than nitrogen species ($0.5-1.5 
mg/L) and organic carbon ($1.5-5 mg/L). 
 
Some solutes are constituents of other species, like in the case of nutrients NO3 of TN and 
DRP of TP. NO3 is often introduced in catchments as inorganic fertilizer, as DRP, which 
represents a readily available nutrient for crops. We computed the ratio between the solute 
and its component for the two couples (NO3/TN, DRP/TP) and observed their pattern across 
the catchments (Figure 2-2). We take as reference values the ratios in ER catchment, since, 
due to limited anthropogenic pressure, it represents the background concentrations of 
nutrients (Zobrist, 2010). Variations compared to ER values might provide an indication of 
the ratio of nutrients coming from anthropic activities. NO3 is the major constituent of TN, 
since it is about 85% of TN, while DRP contributes much less to TP, being only its 35%. Both 
have a decreasing pattern with decreasing catchment anthropogenic disturbances, although in 
DRP/TP this pattern is more evident. DRP/TP spans from a maximum of 65% in WM to a 
minimum of 22% in ER, while NO3/TN has a maximum of 93% in AN and it is 63% in ER. 
 

 
Figure 2-2. Ratios of DRPÚTP (red) and NO3ÚTN (green) across catchments computed on the 

period 2005Ð2015. Both patterns show a decreasing trend from more to less 
anthropogenically affected catchments (left to right of x axes). This pattern is more 
evident for phosphorous. Background colors refer to the catchment classification 
explained in Sect. 3.1. 

 
Effects of catchment characteristics and human activities on the observed stream solute 
concentrations can be seen for certain solutes as shown by Figure 2-3, where each box shows 
the measured concentrations in the 11 catchments and the last box on the right refers to all the 
catchments grouped together. The catchments, expressed by the corresponding acronym (see 
Table 2-1), are ordered, from left to right, from the most impacted by human activity - i.e., 
higher percentage of catchment area used for intensive agriculture - to the least impacted, 
which is almost equivalent to considering a south-to-north gradient. The most evident effect 
of catchment characteristics refers to the presence of Ca2+ and H4SiO4 in the stream water 
(Figure 2-3a). Despite the lower solubility of silicic rocks compared to the calcareous rocks, 
H4SiO4 concentrations in the southern Alpine catchments of Inn (SA), Rhine (DI) and Rhone 
(PO) are significantly higher than the median value across catchments. The impact of human 
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activities, instead, is more evident in Na+ and Cl- concentrations. These are showing, 
basically, the same pattern across catchments (Figure 2-3b), indicating that they are most 
likely influenced by the same driver, which is the spreading of salt on roads during winter 
months for deicing purposes. We consider the spreading of deicing salt an anthropic activity 
related to the presence of inhabitants in a catchment. DOC and TOC concentrations are very 
high in LŸmpenenbach (LU) and Erlenbach (ER) catchments (Figure 2-3c), which are the 
smallest catchments with the highest average yearly precipitation rate and very low anthropic 
presence. Thur (AN) and Aare (BR) catchments also show DOC and TOC concentrations 
higher than the average, but in these catchments the presence of wastewater treatment plants 
can influence TOC concentrations. Finally, nutrients, such as nitrogen species and phosphorus 
species, which are connected with anthropic activities (fertilization, wastewater treatment 
plants) show a relatively clear decreasing median concentrations from the most to the least 
impacted catchment (Figure 2-3d). Indeed, regressing median solute concentration with the 
percentage of intensive agricultural land and the inhabitants density (Table A-1a), gives a 
statistically significant dependence for some nutrients (i.e., NO3, TN, DRP). Because the 
catchments that are mostly impacted by agricultural activities are mainly located in the Swiss 
Plateau, a significant positive correlation between nutrients and the percentage of Swiss 
Plateau area of the catchment exists; conversely, we observe a significant negative correlation 
with the percentage of the Alpine area. One should note, however, that the correlation is 
performed on 11 catchments only, so that lack of significance should be interpreted with care. 
Indeed, if we extend the correlation analysis to the b exponent derived from the C-Q relations 
analysis Ð thus implicitly accounting for the complex interactions between catchment 
geomorphology, land use, hydrological processes and solute releases Ð with the same 
catchment characteristics (e.g., Moatar et al., 2017) the correlation becomes weaker and, 
basically, not significant for any solute (Table A-1b and Table A-1c). 
 

 
Figure 2-3. Box plot of measured concentrations across catchments. The grey box on the right 

of each subplot refers to the concentrations computed from all the observations of 
all the catchments. The black horizontal dashed line represents the median of all 
the measurements across all the catchments. (a) shows the effect of bedrock 
geological composition on Ca2+ and H4SiO4 concentrations. (b) shows the pattern 
of Na+ and Cl% concentrations across catchments. (c) shows the DOC and TOC 
concentrations. (d) shows the decreasing trend of the nutrients' median 
concentrations. The catchments are ordered by increasing percentage of land used 
for intensive agriculture, as shown in the bottom table, and the background colors 
refer to the catchment classes: Swiss Plateau (blue), hybrid (light blue), and Alpine 
(yellow) catchments. 
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2.4.2!Seasonality 

Different climates and catchment topographies determine various hydrological responses, as 
we can observe in Figure A-1 from the analysis of discharge seasonality across the eleven 
catchments, expressed through the monthly average streamflow normalized by its long-term 
average. We present the results with the catchments divided in 3 groups as previously 
explained. The partition into these classes helps in highlighting the effects of topography, 
climatic gradient and somehow also the impact of anthropic activities since it follows a 
similar south to north gradient. The seasonality of streamflow in Swiss Plateau catchments is 
determined by a combination of precipitation and snowmelt.  The peak flow is typically 
observed in spring and is not much higher than the average in the other months. Alpine 
catchments, instead, show stronger seasonality induced by snow and ice-melt in spring and 
summer, which generates higher streamflows than in the other months. Hybrid catchments 
exhibit flow peaks in June-August similarly to the Alpine ones, but the deviation from the 
average value is less pronounced. 
 
The deviations of discharge and concentration are compared using the index of variability 
(Section 3.1) for each morphological class of catchments (Figure 2-4). Only few solutes show 
a value of the index higher than 1. This indicates that seasonality of solute concentrations is 
generally lower or much lower than the seasonality of streamflow. This is especially true for 
the Alpine catchments, where the marked seasonality of streamflow seems to dominate the 
variability of concentrations. For TP this index is higher than one in Alpine catchments, and 
also the highest compared to the other two typologies. In Swiss Plateau and hybrid 
catchments, instead, only solutes impacted by human activity (Na+, Cl-, nitrogen species and 
DRP) show a ratio close or even higher than 1. 

 
Figure 2-4. Bar plot of the index of variability. Each bar represents the average monthly 

variability in concentration relative to discharge variability per catchment class. 
The colors of the bars differentiate catchment morphologies: blue for Swiss 
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Plateau, aqua-green for hybrid, and yellow for Alpine catchments. A-C represent 
the observable patterns of the index of variability across three classes. Type A is 
the result of the different seasonality of discharge dominating response. Type B 
refers to those solutes with an index of variability much lower in the hybrid 
catchments rather than in the others. Type C represents solutes with the index of 
variability lower in Alpine catchments than in the other classes. 

  
DOC and TOC concentrations are characterized by low indexes of variability, especially in 
the hybrid catchments. The patterns of the index of variability across different morphologies 
can be classified into three categories, represented by the symbols A, B and C in Figure 2-4. 
The monotonic line in A type refers to those solutes, the variability index of which changes 
across morphologies solely as a result of the seasonality of streamflow (Ca2+, Na2+, K+ and Cl-

). Type B solute (Mg2+, TP, DOC and TOC) response shows a higher variability index in 
Alpine catchments compared to types A and C, thus indicating that, among the factors 
controlling the seasonality of biogeochemical response, there are factors that are specific to 
the Alpine environment, which are discussed in Section 5.2. The type C pattern, instead, 
refers to solutes related to fertilization (NO3, TN and DRP) and to H4SiO4, which is a product 
of weathering and only minimally involved in biological processes. These solutes are 
characterized by a much lower variability index in Alpine catchments than in hybrid and 
Swiss Plateau catchments. Difference in their regime are further discussed in Section 4.  
The analyzed solutes show different intra-annual dynamics.  For instance, despite the quite 
pronounced streamflow seasonality of the Rhine River at Rekingen (hybrid catchment used as 
a representative example), solute concentration patterns show different seasonal cycles 
(Figure A-2). Ca2+, Mg2+, Na+, K+, Cl-, NO3 and TN concentrations peak in February-March 
and have lower values during spring-summer period, showing a pattern opposite to that of 
streamflow. H4SiO4, instead, has a shifted seasonality compared to the other solutes, peaking 
in December-January. Phosphorus species together with organic carbon species do not show 
any consistent seasonality over the year. 
 

2.4.3!Trends 

Long-term trends in the concentration time series are investigated with respect to the seasonal 
cycle for each year separately (Figure A-2). One catchment (Rhine-Rekingen) is taken as an 
example for illustration purposes but generality of trend results is discussed in the following.  
 
Focusing on the long-term horizon, different dynamics can be observed across various 
solutes. Some of them show visible trends: for instance Cl- has increased from 1970s to 2015, 
while phosphorus species have decreased considerably. Some solutes have different trends 
across different catchments. A generalization of long-term patterns is shown in Figure 2-5 for 
the three main detected behaviors. The upper panel represents the occurrence of an evident 
trend, either increasing (as in the example of Cl-) or decreasing (e.g., TP). Na+, Cl-, DRP and 
TP belong to this category. While Na+, Cl- have increased in time, DRP and TP have 
decreased in the monitoring period, as the monthly trends in Table A-1a show (see Figure 2-6 
for DRP only). 
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Figure 2-5. Three example long-term patterns of solute concentrations. (a) represents a clear 

increasing trend, (b) a non-monotonic trend (firstly increasing and then 
decreasing), and (c) shows the absence of any trend. The patterns are shown for 
the station of Aare Ð Brugg as an example case. 

 

 
Figure 2-6. Observed DRP concentrations in three catchments characterized by different 

classes (i.e., Thur, AN; Rhine, WM; and Rhone, PO).  The blue line represents the 
mean until 1986, whereas the red line represents the mean after 1986 and until the 
end of the monitoring period. After the introduction of the phosphate ban in 1986, 
the DRP concentrations have shown an evident decrease. 

 
The middle panel shows a non-monotonic trend. This is typical of Mg2+, which first increased 
in most catchments (1970s-1990s) and then decreased (1990s-2015). K+, TN and TOC also 
show this type of trend in most catchments. Finally, the lower panel of Figure 2-5 shows a 
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number of solutes (Ca2+, H4SiO4, NO3 and DOC) that do not exhibit any long-term trend, 
although analysis on a monthly base revealed some significant trends (Table A-1c). 
 
Table 2-2. Results of the C-Q relations analysis. The symbol Ò+Ó, Ò-Ò, and Ò=2 refer to the    

possible behavior combinations described in Fig. 7, while the numbers indicate how 
many catchments exhibit a specific behavior for each solute. The solutes are 
classified as reported in the first column.  

 
2.4.4!C-Q relations 

Concentration-discharge relations were computed for all the solutes across all the catchments 
as summarized in Error! Reference source not found.. For each solute, we computed the 
number of catchments showing a given specific behavior, which we denoted with the 
combination of the symbols Ò+Ó (i.e. enrichment/removal), Ò-Ò (i.e. dilution) and Ò=Ó (i.e. 
chemostatic behavior) for discharge above and below the median. 
Geogenic solutes are mostly characterized by dilution. The only exception is H4SiO4, which 
shows 6 different behaviors across the 11 catchments, making impossible to identify the most 
representative behavior for this solute. This is the case also of other species (nitrogen species, 
TP and organic carbon species), which show at least three different behaviors across 
catchments. Silicium is mainly generated through rock weathering, but it is also involved in 
biological processes, which might influence its behavior across catchments.  
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Figure 2-7. Solute behavior classification in the log!(C)Ðlog!(Q) space. The definitions are 

derived from the classification of Moatar et al. (2017), which is based on the value 
of b, the slope of the regression line in the log!(C)Ðlog!(Q) space. The discharge 
time series is divided into low-flow and high-flow events based on q50, the 
median daily discharge. Red areas represent hydrological dilution behavior, yellow 
areas represent biogeochemical removal for low flows, and green areas represent 
hydrological export behavior. The grey horizontal line crossing the axes origin 
represents the near-zero slope area, i.e., it is representative of biogeochemical 
stationarity. The colorless solutes outside these areas do not show any dominant 
behavior. The dimension of circles represents the percentage of catchments in 
which the dominant behavior is observed (from 60!%to 100!%).The Cl- solute is 
also clearly characterized by dilution and our results are in agreement with other 
studies (Hoagland et al., 2017; Hunsaker & Johnson, 2017; Thompson et al., 
2011). 

 
Overall, dilution is dominant for all solutes in both low- and high-flow conditions, as it occurs 
respectively in 65% and 57% of the catchments. Therefore, even in low-flow conditions, the 
solute transport is mainly source limited across catchments. Only sediment-related solutes 
(i.e., TP, TOC), show a marked transport limited behavior. The label Òsediment-related 
solutesÓ comes from the fact that phosphorus and organic carbon are bonded to soil particles 
and, when soil is eroded, carbon- and phosphorus-rich soil particles are mobilized by flowing 
water. In such conditions, soil erosion becomes one of the main contributor to the phosphorus 
and organic carbon load into the rivers. We investigated also C-Q relations for suspended 
sediment concentrations and they show increasing slope across all the catchments, indicating, 
as expected, higher erosion rates in presence of high flow conditions. Only 29% of the 
catchment-solute combinations have different behaviors between low- and high-flow 
conditions and therefore the C-Q relations are represented by bended lines, having different 
slopes between low- and high-flow conditions.  
 
NO3 and DOC represent a conspicuous component of TN and TOC respectively, but NO3 
shows almost the same behaviors of TN, in spite of a different distribution across catchments, 
while DOC and TOC behave differently. Phosphorus species also show different behaviors, 
consistently with the fact that DRP represents only a small fraction of TP. 
Since in the trend analysis we identified four species (Na+, Cl-, DRP and TP) that are 
characterized by remarkable long-term trends, we investigated if such a significant change in 
magnitude has an effect on the C-Q relation analyzing the temporal changes of the b 
exponent. The changes in the value of b across all catchments with record length longer than 
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30 years during different decades is shown in the left panel of Figure 2-8, whereas the right 
panel of Figure 2-8 shows an example of variation of the TP C-Q relations across decades for 
the human-impacted catchment of Aare Ð BR and the Alpine catchment of Rhone - PO. 
Although the observed concentrations of all four solutes - Na+, Cl-, DRP and TP - are 
characterized by the presence of evident trends in time, the behaviors in the C-Q relation 
differ. Na+ and Cl- have a constant b exponent across decades, while phosphorous species 
show increasing b, which, in some catchments, leads to a switch from a behavior of dilution to 
one of enrichment. 
 

 
Figure 2-8. Analysis of temporal variations of the b exponent.  (aÐd) represent the values of 

the b exponent of the CÐQ empirical relation (C=aQb) 
of (a) Na+, (b) Cl%, (c) DRP, and (d) TP across four decades from 1974 to 2013 Ð 
(i) 1974Ð1983, (ii) 1984Ð1993, (iii) 1994Ð2003, and (iv) 2004Ð2013 Ð across all 
the catchments with monitoring period longer than 30 years. The dashed red line 
represents the zero threshold (i.e., biogeochemical stationarity). (eÐh) represents 
two examples of how the CÐQ relations vary across the decades (e) 1974Ð
1983, (f) 1984Ð1993, (g) 1994Ð2003, and (h) 2004Ð2013. The CÐQ relations refer 
to the catchments BR (Swiss Plateau, in blue) and PO (Alpine, in yellow) for the 
total phosphorus. 

 
 

2.5! DISCUSSION 

2.5.1!Influences of human activities on solute concentrations 

The cause-effect relation between the observed in-stream concentrations and the anthropic 
activities is sometimes evident in the concentration magnitude, seasonality, and long-term 
trends. Phosphorus and nitrogen are the main nutrients applied for agricultural fertilization 
and, a decreasing pattern of their magnitude from mostly intensive agricultural catchments to 
forested catchments is observed (Figure 2-3d). Indeed, taking the concentrations of NO3 and 
DRP registered at ER as reference background of natural concentrations (Zobrist, 2010) 
corresponding to 0.20 mg/L of NO3, 0.38 mg/L of TN, 0.002 mg/L of DRP and 0.02 mg/L of 
TP, the concentrations in all the other catchments are significantly higher. For example, the 
most impacted AN catchment recorded median concentrations of 2.50 mg/L of NO3, 3.03 
mg/L of TN, 0.06 mg/L of DRP and 0.15 mg/L of TP. Following the stoichiometric 
composition of plants, nitrogen species concentrations are one order of magnitude higher than 
phosphorus species concentrations (Figure 2-3d). Nitrogen is the main nutrient required for 
crop growth (Addiscott, 2005; Bothe, 2007; Galloway et al., 2004; Zhang, 2017) and indeed 
NO3 is one of the main components of fertilizers applied in agriculture. NO3 represents a large 
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fraction of TN (Figure 2-2). The variability of the ratio between average NO3 and TN 
concentrations across the different catchments, is comparable with that estimated by Zobrist 
& Reichert (2006), who observed a variation from 55% in Alpine rivers to 90% for rivers in 
the Swiss Plateau. Both NO3 to TN and DRP to TP ratios show a decreasing trend from more 
to less anthropic-impacted catchments, the range of variability being, however, higher for 
phosphorus species (from about 0.6 in Thur river to about 0.2 in Inn River). The DRP/TP 
ratios across catchments can be explained as the result of the cumulative effect of two main 
factors: the lower DRP input due to less intensive agricultural activity in the Alpine zone and 
the higher share of phosphorus sourced by suspended sediments contributing to TP in Alpine 
catchments due to generally higher erosion rates.  
 
Anthropic activities affect also the seasonality of certain solutes. In Figure 2-4, we assigned 
the pattern ÒCÓ to those solutes (i.e., H4SiO4, NO3, TN and DRP) characterized by a much 
lower index of variability in Alpine catchments than in hybrid and Swiss Plateau catchments. 
For those solute concentrations, variability in Swiss Plateau and hybrid catchments are 
comparable or higher than streamflow variability, while in Alpine catchments streamflow 
seasonality is much stronger than solute seasonality. A non-negligible fraction of these solutes 
is introduced through agricultural practices or by means of other human activities. Their input 
is characterized by its own seasonality, which influences the solute dynamics and makes it 
comparable or larger than the discharge seasonality, a behavior non-observable for most 
geogenic solutes (Figure 2-4). An additional evidence supporting this result is represented by 
the patterns of the average monthly discharge and solute load (computed as the product 
between concentration and discharge) normalized by the respective average value. This 
representation is made for Ca2+, originated by rocks weathering, and NO3, mainly of anthropic 
origin (Figures A-3a and A-3b). The plot, inspired by the analysis of Hari and Zobrist (2003), 
shows how the seasonality of Ca2+ load follows well the seasonality of discharge across all 
catchments, while NO3 load has its own seasonality in the catchments with the largest 
agriculture extent, especially in the first part of the year. Indeed, in the case of NO3, there is 
no correspondence between the seasonality of discharge and load (e.g. the time of maximum 
discharge does not coincide with the time of maximum or minimum load), thus suggesting 
that the input is characterized by an independent seasonality.  
 
Anthropic activities do not only influence the average solute concentrations and the 
seasonality, but also the long-term dynamics. Na+ and Cl- show clear positive trend in time 
(Table A-1a), largely because of the increasing application of deicing salt (NaCl) (Gianini et 
al., 2012; Novotny et al., 2008; Zobrist and Reichert, 2006). A clue of the cause-effect 
relation between deicing salt application and increased Na+ and Cl- concentrations in stream 
water comes from stoichiometry. The molar ratio between Na+ and Cl- in salt is 1:1, therefore, 
the closer to 1 is the ratio computed on observed in-stream concentrations, the more likely 
deicing salt may be the driver. Figure A-4 shows the boxplot of the Na:Cl molar ratio across 
catchments and it is clear that catchments with higher population density show values closer 
to one. However, the Erlenbach (ER) and LŸmpenenbach (LU) catchments, which do not 
show any increasing long-term trend neither in Na+ nor in Cl- concentrations, show Na:Cl 
values higher than one, consistently with catchments with the low population density (i.e., 
Rhone (PO), Rhine (DI) and Inn (SA)). In this respect, MŸller and GŠchter (2012) analyzed 
the phenomenon of increasing Cl- concentrations in Lake Geneva basing their analysis on the 
NADUF data at the Rhine-Diepoldsau (DI) station. The concentrations detected by the water 
quality monitoring station are much lower than the amount of the input of salt declared by the 
cantonal authorities and the increasing trend characterizes the whole year and not only the 
winter months. These two factors suggest that an accumulation effect with a long-memory in 
the system might exist. The salt could be stored somewhere in the soil or in the groundwater 
and could be progressively delivered to the streams over years. However, this is difficult to 
assert conclusively since the salt input is uncertain. Indeed, estimating the input of salt used 
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for deicing purposes is not trivial, due to the lack of reliable data (MŸller and GŠchter, 2012). 
Official sources (EAWAG, 2011) state that improved technologies have enabled a sensible 
decrease of the specific amount of spread salt (from 40 g/m2 in 1960s to 10-15 g/m2 of today), 
but the total amount of salt still shows increasing trend, likely because it is spread more often 
and on wider surfaces. The recent study of Zobrist et al., (2018) uses as a proxy for salt 
consumption the salt production by Swiss salt refineries, and claims an increase from 360 Gg 
NaCl year-1 in the 1980s to 560 Gg NaCl year-1 to the present, thus supporting the observed 
positive trend. 
 
A positive cause-effect relation between anthropic activity and solute concentration in terms 
of trend is also shown for phosphorus species, which decreased consistently since 1986 
(Figure 2-6), when the phosphate ban in laundry detergents was introduced in Switzerland 
(Jakob et al., 2002; Prasuhn and Sieber, 2005; Rodr’guez-Murillo et al., 2015; Zobrist, 2010; 
Zobrist and Reichert, 2006). 
A non-monotonic trend emerged from the analysis of long-term data for Mg2+, K+, TN and 
TOC (Figure 2-5). Considering for example Mg2+, Zobrist, (2010) focuses the trend analysis 
over the period 1975-1996 on Alpine catchments and observes a similar non-monotonic 
increasing-decreasing pattern. Zobrist (2010) attributes this pattern to an increase of water 
temperature, which is evident for the Rhine and Rhone rivers. For Rhine and Rhone rivers, 
our results support the conclusion of Zobrist (2010) because at the decreasing-increasing trend 
of Mg2+ corresponds a reverse increasing-decreasing trend in Ca2+. This is consistent with the 
temperature dependence in calcite solubility. However, in the Thur catchment (AN and HA 
catchments) which is mainly agricultural, the non-monotonic trend of Mg2+, does not 
correspond to a trend in Ca2+.  Since Mg2+ can cumulate through fertilizer applications and 
carbonates weathering (i.e., Mg2+ production) can be affected by N-fertilizers and manure 
application (Brunet et al., 2011; Hamilton et al., Robertson, 2007), we hypothesize that 
fertilizers might also have an impact on the Mg2+ long-term dynamic. In this respect, the 
analysis of monthly trends of Mg2+ (Table A-1b) shows a more evident increasing trend for 
agricultural than for non-agricultural catchments. For K+ the difference across the gradient of 
agricultural pressure is not as remarkable as for Mg2+. Monthly trends of TN and DOC 
revealed increasing tendency in the first months of the year (January-April) and decreasing 
ones in the last part of the year (August-December), thus suggesting that they are induced 
either by streamflow trends (Birsan et al., 2005) or by biogeochemical processes, which have 
a pronounced seasonality related to temperature and moisture controls rather than to human 
activities. 
 
In summary, the anthropogenic signature is clearly detectable in the water quality of 
catchments with an important fraction of intensive agriculture and relatively high population 
density, especially in the magnitude of concentrations of nutrients (i.e., nitrogen and 
phosphorous species), in the increasing long-term trends of Na+ and Cl- and, a positive 
outcome of environmental regulations, in the decreasing long-term trends of phosphorous 
species. Moreover, the seasonality of nutrients differs considerably from the seasonality of 
naturally originated solutes (e.g., geogenic solutes). 
 

2.5.2!Influence of catchment characteristics on magnitude and trends of solute 
concentrations 

A statistically robust link between catchment characteristics and river biogeochemical 
signatures is not straightforward, because the spatial heterogeneity in river catchments and the 
limited sample size, make the search for cause-effect relations between catchment 
characteristics and in-stream concentrations challenging. However, catchment characteristics 
play a role for certain solutes and we found evidence of their impact especially in the 
magnitude and seasonality of solute concentrations. First, the geological composition of the 
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bedrock influences the weathering products, increasing Ca2+ concentrations in mostly 
calcareous catchments (northern Switzerland) and of H4SiO4 in silicic catchments (Alpine 
catchments in central and southern Switzerland). The catchments DI, PO and SA, which are 
entirely located in the Alpine area (Table 2-1) and mainly lay on crystalline bedrock (Figure 
2-1c), have higher concentration of silicic acid (Figure 2-3a) along with a lower concentration 
of Ca2+ in comparison to the other catchments, being the AN in the Swiss Plateau area (Table 
2-1) an exception, which is characterized by a concentration of silicic acid that is comparable 
to that of Alpine catchments. The influence of lithology was identified before in literature, 
with, for instance, high Ca2+ concentrations in one of the tributaries of the Amazon River 
attributed to the presence of carbonate-richer lithology in the corresponding catchment 
(Baronas et al., 2017; Rue et al., 2017; Torres et al., 2017). 
 
In the seasonality analysis, the classification of catchments into classes helps highlighting the 
impact of the topography on the solute variability. In the Alpine catchments, discharge 
seasonality generally dominates the seasonality of solute concentrations, except for TP, which 
is related to the presence of suspended sediments in the streamflow caused by higher erosion 
rates (Haggard and Sharpley, 2007). Indeed, suspended sediment concentrations, coming from 
erosion, are much higher in Alpine catchments, excluding the two small headwater 
catchments LU and ER, than in the others (Figure A-5). Furthermore, erosion represents a 
source also for DOC and TOC (Schlesinger and Melack, 1981). TP, DOC and TOC together 
with Mg2+ have been classified as solutes belonging to ÒBÓ class (Figure 2-4), i.e. their 
concentration patterns show higher variability in Alpine catchments than across other classes. 
The driver of Mg2+ variability is, however, less clear than for the others. The higher 
variability of its concentrations in Alpine catchments in comparison to other catchments 
might be due to the presence of glaciers. Rhone, Rhine and Inn rivers include considerable 
glaciated areas in their catchments and this might have an effect on magnesium concentration 
in stream water. The chemistry of glacier water is generally characterized by low water-rock 
contact times because the volume of water and the flow rate are high so that the time water 
molecules interact with sediments is relatively short (Wimpenny et al., 2010). Therefore, 
water sourced by glacier melt can have a dilution effect in terms of Mg2+ and this explains 
why Mg2+ concentrations are significantly higher during low-flow periods than during high-
flow periods. This is also consistent with the observations of other studies, e.g. (Ward et al., 
1999; Wimpenny et al., 2010; 2011). Weathering processes in Alpine environments are also 
studied using isotope data (e.g. Pogge von Strandmann et al., 2008; Tipper et al., 2012). These 
results underlay the uncertainty on the processes determining weathering products as Mg2+. 
Besides the contribution of glacier-sourced water to streamflow and biological processes 
affecting Mg2+ concentrations (Wimpenny et al., 2011), dissolution of bedrock non-
proportional to its composition (Kober et al., 2007), which is likely to take place in presence 
of carbonate-poor glacial sediments (McGillen and Fairchild, 2005), might also play a role. 
Carbonate rocks might dissolve with preferential release of Mg2+, which therefore contributes 
strongly to solute fluxes in rivers. This phenomenon has been observed also in the Swiss Alps 
(Haut Glacier dÕArolla), where carbonate contents of sediments are of the order of 1% (Brown 
et al., 1996; Fairchild et al., 1999), but their contribution to solute fluxes is much higher 
(McGillen and Fairchild, 2005).  
 
Catchment size or precipitation might also influence river solute concentrations. This is 
evident from the behavior of the LŸmpenenbach (LU) and Erlenbach (ER) catchments, which 
are three orders of magnitude smaller than the other catchments considered in the study and 
show median concentrations lower than those of the other catchments. This is true for all 
solutes, except DOC and TOC, the concentrations of which are the highest in Erlenbach (ER) 
and LŸmpenenbach (LU) rivers. These catchments are situated in Alptal valley, which is 
characterized by more humid climate (double annual precipitation), compared to other 
catchments. Recently, von Freyberg et al., (2018) analyzed isotope data of 22 catchments 
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across Switzerland, including LU and ER, computed the young water fraction (i.e., the 
proportion of catchment outflow younger than approximately 2-3 months) across 22 Swiss 
catchments and tested its correlation with a wide range of landscape and hydro-climatic 
indices. They inferred that hydrological transport in LU and ER is dominated by fast runoff 
flow paths, given the humid conditions and low storage capacity when compared to other 
catchments. DOC exports have typically been associated with near-surface hydrologic flow 
paths (Boyer et al., 1997; Tunaley et al., 2016; Zimmer and McGlynn, 2018), thus offering a 
possible explanation for the higher concentration of DOC and TOC in these catchments. 
 
In summary, the comparison among catchments highlighted differences in magnitude of 
silicic acid and calcium, likely due to the different underling lithology. Steeper morphologies 
show higher sediment transport in surface water, which is consistent with the observation of 
pronounced seasonality of sediment-binding solutes (i.e., TOC and TP) in the Alpine 
catchments. The headwater catchments ER and LU, which are smaller and wetter than the 
other case studies, show a peculiar behavior with enhanced DOC and TOC concentrations, 
likely as a consequence of humid conditions, near surface and/or surface flow, and low 
storage capacity. 
 

2.5.3!Consistency of solute behaviors across catchments. 

This study showed that concentration-discharge relations reveal nearly chemostatic behavior 
for most of the considered solutes across catchments, i.e. analyzed solute concentrations vary 
a few order of magnitude less than discharge (Figure A-6). This outcome agrees with other 
studies (e.g., Diamond and Cohen, 2018; Godsey et al., 2009; Kim et al., 2017; McIntosh et 
al., 2017). We found that the in-stream biogeochemical signal is highly dampened, coherently 
with other studies (Kirchner et al., 2000; Kirchner and Neal, 2013), but different behaviors of 
solutes could be nonetheless detected in the log(C)-log(Q) space, thus allowing a partition 
into four categories, as suggested by Moatar et al., (2017). A representation of such 
partitioning is offered in Figure 2-7, where the space between the negative-slope line and the 
near-horizontal line represents the dilution behavior, and the space delimited by the positive-
slope line and the near-horizontal line represents the enrichment or removal behavior. In fact 
for low-flow conditions (i.e. q<q50) this is typically associated with biogeochemical processes 
of solute removal (e.g., nitrification), while for high-flow conditions (i.e. q>q50) it is generally 
associated with the capacity of the flow to entrain particles containing the solute. Such a 
description provides a different point of view of C-Q relations compared to the existing 
literature since the subdivision between low- and high-flow conditions allows a more detailed 
investigation of the processes potentially determining the observed solute behaviors. 
However, the 14-days frequency sampling does not allow a direct detection of short-scale 
processes and especially fast flood-waves. This limitation could contribute to the low 
percentage, only 29%, of cases in which a solute switches the behavior between low-flow and 
high-flow conditions. Additional uncertainty is due to the choice of the median daily 
discharge as breaking point for the curves. However, in a recent study, Diamond and Cohen 
(2018) tested various breaking points for the C-Q relations of different solutes with most of 
the breaking points centered on approximately the median flow supporting our choice. In 
search for generalizations, we assigned a solute to each specific class if the same behavior 
was observed in at least 60% of the analyzed catchments. Geogenic solutes are grouped in a 
single circle since almost all of them show a dilution behavior. Only H4SiO4 does not show a 
clear signal, probably because, although to a minor extent, it is involved in complex dynamics 
related to biological processes (Tuba–a and Heckman, 2015), which can affect  its behavior. 
The diluting behavior of geogenic solutes is a quite well consolidated fact in the literature 
(Baronas et al., 2017; Diamond and Cohen, 2018; Godsey et al., 2009; Hunsaker and Johnson, 
2017; Kim et al., 2017; Moatar et al., 2017; Thompson et al., 2011; Winnick et al., 2017; 
Wymore et al., 2017) and this study contributes to this body of knowledge confirming this 
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behavior. Residence time is a fundamental hydrological variable for weathering products, 
since it is related to the weathering rates and therefore to the resulting solute concentration 
(Maher, 2010). Catchments that show chemostatic behavior (e.g., BR for Ca2+ or WM for 
H4SiO4) likely have average water residence times that exceed the time required to reach 
chemical equilibrium, while a dilution behavior is expected when residence times are 
generally shorter than required to approach chemical equilibrium (Maher, 2011). Our results 
suggest that the concentrations of geogenic solutes across the catchments are far from the 
equilibrium, which is likely due to relatively fast hydrological response of Alpine and sub-
alpine catchments also associated with substantial precipitation amounts. However, very 
likely the residence time and the flow pathways are highly heterogeneous in Alpine 
catchments with water from different sources having different biogeochemical characteristics 
(Baronas et al., 2017; Torres et al., 2017). Therefore, flow paths with sufficiently long 
residence time for reaching chemical equilibration must exist but they do not leave a major 
signature on the examined geogenic solutes. In conclusion, there is a quite high confidence in 
claiming that geogenic solutes are characterized by a dilution behavior. 
 
NO3 relations with discharge are less clear (Aguilera and Melack, 2018; Butturini et al., 2008; 
Diamond and Cohen, 2018; Hunsaker and Johnson, 2017), but this study highlighted a 
dilution behavior also for NO3 in the majority of catchments for both low-flow and high-flow 
conditions. This result partially agrees with the observations of Wymore et al., (2017), who 
claimed that NO3 shows variable responses to increasing discharge. In fact, we observed that 
while dilution is evident in 80% of the catchments for low-flow conditions, this percentage 
drops to 63% for high-flow conditions. Although NO3 is one of the main components of TN 
(Figure 2-2), TN does not show the same behavior. For low-flows, TN is also characterized 
by dilution, but for high-flows TN shows chemostatic behavior in about 70% of catchments. 
The behavior of phosphorus and its compounds is neither clear. For low-flows, DRP behaves 
chemostatically in about 40% of catchments, but dilutes in about 60% of catchments. TP 
behavior could not be classified due to its variability across catchments for low-flows, 
whereas, for high-flows, it clearly shows hydrological export in 90% of catchments, because 
of increased suspended sediments concentration. In-stream sediments can be, however, both 
source and sink for phosphorus (Haggard and Sharpley, 2007), as high suspended sediment 
concentrations in rivers favor the sorption of phosphorus to particles thus lowering DRP 
concentrations (Zobrist, 2010). For high-flow conditions, we observed various DRP behaviors 
across catchments (about 45% of dilution, 45% chemostatic and 10% enrichment), so that a 
clear classification is not possible. The weak correlation between DRP and suspended 
sediments concentration suggests that the sorption of phosphorus to particles is not the only 
and most influencing factor of DRP dynamic.  
TOC is the only solute characterized by enrichment in both low-flow and high-flow 
conditions. DOC was proved by a set of studies to exhibit an enrichment behavior (e.g., Boyer 
et al., 1996; 1997; Butturini et al., 2008; Hornberger et al., 1994; McGlynn and McDonnell, 
2003; Perdrial et al., 2014; Wymore et al., 2017), but our results are in this respect highly 
uncertain for low-flows and suggest a chemostatic behavior for high-flows. Wymore et al., 
(2017), for instance, analyzed the biogeochemical response in the Luquillo catchment in 
Puerto Rico and detected an enrichment behavior. This catchment is mainly covered by the 
tropical forest and characterized by very wet conditions ($ 4500 mm/yr or rainfall). This is the 
likely reason leading to higher DOC concentration with increasing streamflow. The 
underlying mechanism could be that of a larger share of streamflow coming in wet conditions 
from shallower soil pathways (von Freyberg et al., 2018), which are generally organic-richer 
than the deeper horizons hosting lower DOC quantities (Evans et al., 2005). Our study seems 
to confirm this hypothesis, as the wettest catchments analyzed in this study (Erlenbach (ER) 
and LŸmpenenbach (LU)) show enrichment of DOC at least for low-flow conditions. These 
are likely mainly dominated by sub-surface flow, thus confirming the impact of soil wetness 
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in the unsaturated zone on DOC behavior for undisturbed catchments characterized by wet 
conditions.  
 
The results of this study also showed that the variability of solute magnitude in the long-term 
can play a role in the definition of the solute behavior. Na+ and Cl- show dilution during the 
entire monitoring period, despite the increasing concentrations through time (Figure 2-8). 
However, DRP and TP switch from highly negative b exponent of the C-Q power-law relation 
to even positive b (Figure 2-8), after the time when the measures to reduce the phosphate 
input were introduced (Figure 2-6). Such measures (Zobrist and Reichert, 2006) lead to a 
conspicuous decrease of DRP concentration and partially also of TP. Therefore, the fraction 
of DRP in TP decreased in time (Figure A-7) and the other TP components became more 
important than DRP in the definition of TP behavior. Among these, the component carried 
with sediments might be responsible for the switch, which took place in all the analyzed 
catchments, from dilution to enrichment across the last four decades. DRP also shows 
increasing trend of the b exponent of the C-Q relations across decades, but only in two 
catchments (AN, WM) the behavior switches from dilution to enrichment. This means that 
when DRP inputs were higher, the transport was not source limited, while decreasing the 
input forced DRP to have a more chemostatic behavior, probably because the input became so 
low that the phosphorus transport is controlled by a legacy of phosphorus stored in the soil, 
which was accumulated during the years of undisciplined agricultural practices (Powers et al., 
2016; Sharpley et al., 2013; Van Meter et al., 2016). 
 

2.6! CONCLUSION 

The long-term water quality data analysis of this study was designed for understanding the 
signature of catchment characteristics and the influence of anthropic activities on solutes 
concentrations observed in Swiss rivers. The analysis of magnitude, seasonality, and temporal 
trends revealed clear cause-effect relation between human activities and certain solute 
concentrations (i.e., Na+, Cl-, NO3, DRP). Indeed, changes in the anthropic forcing (e.g., 
phosphate ban or increased deicing salt) overwhelm the natural climatic variability and are 
clearly reflected by changes in magnitude of solutes like DRP, TP, Na+, Cl-.  The seasonality 
of anthropogenic-related solutes (i.e., NO3, TN, DRP and TP) in the catchments in the Swiss 
Plateau more impacted by human activities is clearly altered compared to the seasonality of 
Alpine catchments.  
The detection of the signature of catchment characteristics is less straightforward and can be 
only captured in a quantitative but not statistically significant way due to the spatial 
heterogeneity of catchment characteristics and the relatively small sample size (11 
catchments). Although the solute export is the result of multiple complex processes, 
catchment topography, geology and size are expected to have a role in determining solute 
concentrations, especially of weathering solutes, whose concentrations are influenced by the 
bedrock composition, and sediment-binding substances (i.e., TP, TOC and DOC) which have 
an enrichment behavior in catchments characterized by steeper morphologies and higher 
erosion rates. While we see evidence for a role of catchment characteristics, these influences 
are relatively minor in our analysis. 
The analysis of the empirical C-Q power-laws was used to investigate and possibly obtain a 
generalizable classification of solute behaviors. Repeating the analysis for low-flow and high-
flow conditions provides a more detailed description of solute behaviors, in comparison to 
most of the previous literature. The variability of solute concentration is generally much 
smaller than that of streamflow, which, in first instance, would support a chemostatic 
behavior. However, the overall dominant behavior across solutes and catchments is dilution. 
For many solutes, this result is consistent with other studies (i.e., geogenic solutes and Cl-). 
Sediment-binding substances (TP, DOC and TOC) show, however, an enrichment during 
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high-flow events, while for other solutes it is not possible to define a clear behavior (e.g., 
DRP). 
Finally, we observed that anthropic activities affect not only the magnitude of concentrations 
of solutes in rivers, but also their seasonality and long-term dynamics. Remarkable variation 
in long-term dynamics, moreover, might also determine changes of solutes behavior in time, 
as we demonstrated for DRP and TP. This time-varying perspective of solute behaviors 
represents a novelty in literature and gives a clear quantitative evidence that anthropic 
activities might influence also the C-Q relations. Together with the small sample size, one of 
the main limitations of the study is the coarse temporal resolution of the water quality data 
that prevents the direct analysis of (solute) fast response times associated with flood 
dynamics. Luckily, the advancement of technologies in high-resolution concentration 
measurements research (von Freyberg et al., 2017) will alleviate this limitation in the future. 
Despite the above limitations, the above results reinforce and extend the current knowledge 
on the biogeochemical responses of rivers, demonstrating that long-term observations allow 
identifying various aspects of anthropic activities on the solute inputs to rivers.  
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Chapter 3 
Depth of solute generation is a dominant control on 
concentration-discharge relations 

Abstract 

Solutes in rivers often come from multiple sources, notably precipitation (above) and 
generation from the subsurface (below). The question of which source is more influential in 
shaping the dynamics of solute concentration cannot be easily addressed due to the general 
lack of input data. An analysis of solute concentrations and their dependence on discharge 
across 585 catchments in 9 countries leads us to hypothesize that both the timing and the 
vertical distribution of the solute generation are important drivers of solute export dynamics at 
the catchment scale. We test this hypothesis running synthetic experiments with a tracer-aided 
distributed hydrological model. The results reveal that the depth of solute generation is the 
most important control of the concentration-discharge (C-Q) relation for a number of solutes. 
Such relation shows that C-Q patterns of solute export vary from dilution (Ca2+, Mg2+, K+, 
Na+, Cl-) to weakly enriching (DOC). The timing of the input imposes a signature on temporal 
dynamics, most evident for nutrients, and adds uncertainty in the exponent of the C-Q 
relation.7 
  

                                                
7 Botter, M., Li, L., Hartmann, J., Burlando, P., and Fatichi, S. (2020). Depth of solute 
generation is a dominant control on concentration-discharge relations. Water Resources 
Research. doi: 10.1029/2019WR026695 
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3.1! INTRODUCTION 

Understanding how concentrations of different elements change in rivers is an open question 
for catchment hydrology, which has direct implications on water resources protection and 
management. In this respect, long-term water quality monitoring programs have been 
essential in collecting data of stream discharge and solute concentrations of major ions (Ca2+, 
Mg2+, Na+, Cl-, K+), nutrients (nitrate NO3-N and Dissolved Reactive Phosphorus DRP-P, 
called for brevity only NO3 and DRP in the following) and Dissolved Organic Carbon DOC-
C, called DOC. In the last decade several studies investigated solute export in different 
catchments to identify commonalities based on concentration magnitude and temporal 
dynamics (e.g., Basu et al., 2010; Diamond and Cohen, 2018; Dupas et al., 2019; Kirchner 
and Neal, 2013). Most of these studies focused on regional contexts where climatic and 
morphologic variability is limited. The variability of solute concentrations in space and time 
has been studied almost exclusively in relation to the variability of the hydrological fluxes 
(e.g., Godsey, et al., 2019; Herndon et al., 2015; Moatar et al., 2017; Wen et al., 2020), and 
hardly ever as an independent variable, which means investigating the order of magnitude of 
the concentration of each solute and its variability across different rivers. 
 
Solute concentration magnitude is typically linked to discharge (Herndon et al., 2015) through 
a widely applied relation, which is the concentration-discharge (C-Q) relation. This is a 
fundamental descriptor of the spatiotemporal interaction between hydrological, geochemical 
and biogeochemical processes in the catchment (Godsey et al., 2009; Herndon et al., 2015; 
Jawitz and Mitchell, 2011). The empirical C-Q relation C = aQb approximates a linear 
function in the log(C)-log(Q) space with the value of the b-exponent, i.e. the slope of the 
linear regression of the C-Q relation in log-log space. This b-exponent provides insights on 
solute behavior in a given catchment. When the solute concentration is largely independent 
from discharge magnitude, i.e. b! 0, the behavior is called chemostatic. If  the concentration 
increases with increasing discharge (i.e., b>0), the solute shows an enriching behavior. If  the 
concentration decreases with increasing discharge (i.e., b<0), it shows a diluting behavior 
(Godsey et al., 2009). Recent studies have explored possible drivers of the C-Q relations, 
including hydroclimatic forcing (Aguilera and Melack, 2018; Blaen et al., 2017; Bouchez et 
al., 2017; Duncan et al., 2017a; Godsey et al., 2019; Ibarra et al., 2016; Musolff et al., 2017) 
and catchment characteristics such as land cover, catchment size and lithology (Bouchez et 
al., 2017; Diamond and Cohen, 2018; Fields and Dethier, 2019; Ford et al., 2017; Hoagland et 
al., 2017; Minaudo et al., 2019). The tendency is toward identifying generalizations on the 
solute behavior in the C-Q space with some emerging pattern, such as the prevalent diluting 
behavior of geogenic solutes (Botter et al., 2019; Godsey et al., 2009; Kim et al., 2017; 
Musolff et al., 2017; Thompson et al., 2011). However, observed behaviors of several other 
solutes, such as NO3, DRP, DOC, are not easily amenable to generalizations due to 
contrasting observations across different catchments (Aguilera and Melack, 2018; Botter et 
al., 2019; Butturini et al., 2008), even though some attempts of generalization exist (Creed et 
al., 2015). These studies are often hampered by the limited sample of analyzed catchments 
and by the limited heterogeneity in climate. 
 
Furthermore, solutes observed in rivers originate from various sources including atmospheric 
deposition, bedrock weathering, and anthropogenic addition. For example, nutrients or other 
anthropogenic generated solutes can originate from either point sources (e.g., wastewater 
treatment plants) or non-point sources (e.g., agricultural fertilization). Additionally, once in 
the catchment, solutes also undergo different transformations such as removal through 
biogeochemical processes (e.g., denitrification) or sorption to soil particles. These processes, 
together with the diversity of possible input sources enhance the spatial heterogeneity of 
solutes (Basu et al., 2010; Musolff et al., 2015). 
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While annual estimates of fertilizer input in a catchment or a region is sometimes available, 
the spatially explicit and time-varying description of solute sources is typically insufficient for 
modeling applications (Costa et al., 2017; Ilampooranan et al., 2019). Consequently, recent 
studies investigated the spatiotemporal variabilities of solute inputs and their impact on 
surface water quality (Bšhlke, 2002; Chanat and Yang, 2018; Garnier et al., 2018; Kennedy et 
al., 2018; McCrackin et al., 2017; McInerney et al., 2018; Zimmer et al., 2019). In some cases 
inverse modeling approaches for solute input estimation are suggested (Goyette et al., 2019; 
Luscz et al., 2017; Miller et al., 2017). 
 
Within the catchment, the physical and chemical contrasts between the shallow soil layer and 
the deep groundwater layer can impart geochemical signature on solute export patterns. 
Physically, shallow soils at the top 1-2 meters of the subsurface often have much higher 
porosity and orders of magnitude higher permeability compared to the deeper, less weathered 
bedrocks (Heidari et al., 2017; Welch and Allen, 2014). This entails that infiltrated water 
often primarily flows through the very thin veneer of shallow soils with water ages mostly 
less than a few months old (Jasechko et al., 2016). In contrast, aquifers store much older water 
with ages from tens of years to millennia (Jasechko et al., 2017). Chemically, shallow soils 
are weathered materials that are often depleted in geogenic solutes such as Ca2+and Mg2+ 
(Brantley et al., 2013; Jin et al., 2010); they are however enriched with organic materials from 
vegetation litter and microbial turnover (Billings et al., 2018; Lehmann and Kleber, 2015; Li, 
2019). In contrast, deeper subsurface often harbor unweathered rocks that can release 
geogenic solutes but with low content of organic materials (Jobb‡gy & Jackson, 2000). 
Different experimental studies highlighted the link between the vertical distribution of the 
solute in the soil layers and the solute export at the catchment outlet (Bishop et al., 2004; 
Bšhlke, 2002; Jobb‡gy and Jackson, 2001; Tardy et al., 2004), but only few recent studies 
attempted to explain it mechanistically through models (Musolff et al., 2017; Seibert et al., 
2009; Zhi et al., 2019; Wen et al., 2020) linking hydrological and biogeochemical processes. 
 
Here, we address some of the above-mentioned limitations comparing solute concentrations at 
the outlet of 585 catchments around the world obtained as a combination of multiple datasets. 
We compute the coefficient of variation of the concentrations across stations in space 
(CVspace) and for each station in time (CVtime) as metrics to investigate the spatiotemporal 
variability of the concentration of each solute in absolute terms and in comparison with the 
others. We also compute the solute behavior, expressed through the b-exponents of the C-Q 
relation and compare these exponents across catchments and among solutes. Based on clues 
provided by the data analysis, we hypothesize that the solute input dynamics play a crucial 
role for the solute behavior and we test this hypothesis by means of synthetic experiments 
using a tracer-aided fully distributed hydrological model (Remondi et al., 2018; 2019). 
Specifically, we test two hypotheses: (1) the temporal dynamics of solute production 
determine solute behavior: continuous solute formation or injection lead to chemostatic 
behavior whereas sporadic solute formation or injections result in diluting or enriching 
behavior; (2) the depth of solute generation rather than the temporal dynamic is more 
influential in shaping solute behavior. The use of modeling tools and synthetic experiments to 
analyze the role of the solute input on solute dynamics is critical, because of the consistent 
lack of solute input data. In summary, the objective is to unveil the role of the solute input 
timing and vertical distribution on the temporal variability of the solute exported from the 
catchment and its relation with discharge (i.e., C-Q relation) by combining extensive water 
quality datasets and numerical modeling.  
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3.2! DATA AND METHODS 

3.2.1!Observations 

We assembled a quasi-global water quality dataset retrieving publicly available and published 
data worldwide. We looked for a combination of in-stream concentration data of major ions 
(Ca2+, Mg2+, K+, Na+, Cl-), nutrients (NO3, DRP), and DOC with discharge measurements, 
collected at the same gauge station. The data are from 585 stations in 9 different countries 
(Canada, United States, Brazil, Spain, Switzerland, Germany, Sweden, Cameroon and 
Australia), the detailed information of which is reported in Table B-1, while further 
information about the data sources are available in Section B-1. The stations are reported in 
Figure 3-1, classified by the area-weighted mean annual discharge into hydrologically dry 
catchments (i.e., Q & 200 mm/yr), intermediate catchments (i.e., 200 < Q & 500 mm/yr) and 
wet catchments (i.e., Q> 500 mm/yr).  
Most of the water quality databases included discharge data co-located and synchronized with 
the concentration data. For Sweden and the region of Queensland in Australia, instantaneous 
concentration and hourly discharge data recorded in two different databases were combined.  
 

 
Figure 3-1. Location of the water quality and discharge measurement stations representing the 

basin outlet.  Data from 585 stations in Canada, United States, Spain, Switzerland, 
Germany, Sweden, Cameroon, Australia (Queensland and Victoria) are shown. 
The stations are classified based on the mean annual discharge normalized by the 
catchment area, whenever available (549 stations). Light blue, blue, and dark blue 
stations are characterized by mean annual discharge < 200 mm/yr, between 200 ~ 
500 mm/yr, and > 500 mm/yr, respectively. White dots refer to stations that could 
not be classified due to the lack of either catchment area or mean annual discharge 
data. 

 
To guarantee robustness to the results, we selected stations with at least 20 couples of 
concentration-discharge observations for each analyzed solute. This is an arbitrary and 
pragmatic choice in order to maintain in the database as much station-solute combinations as 
possible but also preserving a certain representativeness of variability. Such a choice is 
consistent with other studies on C-Q relations (e.g., Gwenzi et al., 2017). We use data 
regardless of the frequency of acquisition, sampling continuity in time, or length of the 
monitoring period, maximizing the available information (Table B-1). Although we are aware 
that some C-Q relations change in time (M. Botter et al., 2019; Dupas et al., 2016), these 
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changes are expected to exert a minor role in comparison to across stations and across solutes 
variability. The assumption of temporal stationarity is consistent with the purposes of the 
study, which aims at characterizing general patterns in the long-term solute magnitude, 
variability, and C-Q relations. Consequently, for each station, the number of observations 
differs across solutes.  
 

3.2.2!Data analysis 

We explore the magnitude of the observed in-stream concentrations for seven solutes 
including calcium (Ca2+), magnesium (Mg2+), potassium (K+), sodium (Na+), chloride (Cl-), 
nitrate (NO3), dissolved organic carbon (DOC) and dissolved reactive phosphorus (DRP) by 
means of the basic statistics (i.e., median, 75th and 25th percentiles). These solutes have 
different dominant sourcing processes, so that it is worth adopting definitions (albeit 
simplified) to cluster them in categories. We will refer to solutes mainly originating from 
weathering (Ca2+, Mg2+ and K+) as weathering products, and to those solutes mostly linked to 
anthropogenic sources, such as road salt spreading and fertilizers (Rose et al., 2018), as 
exogenous solutes (Na+, Cl-, NO3, DRP). DOC is treated separately and not included in the 
two categories.  
The magnitude analysis allows comparing catchments, which are clustered in three classes 
following their area-weighted mean annual discharge. This clearly generate significantly 
different discharge means across classes (two sample t-test, (Cressie and Whitford, 1986).We 
summarize the variability of the magnitude of the concentrations in space and in time with the 
indexes CVtime and CVspace respectively, defined as follows: 
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Where CVall stations is the vector of temporal CVs of concentration for all stations, while Paall 

stations is the mean concentration of each solute for each catchment. CVtime represents the 
central estimate of the temporal variability of concentration in individual catchments, whereas 
CVspace reflects cross-catchment concentration variations. Given the lack of specific 
knowledge of anthropogenic activities occurring in a given catchment, we also subdivide the 
catchments into disturbed and undisturbed catchments, based only on the mean concentration 
of NO3. The mean value of NO3 should be correlated with nutrients introduced in catchments 
as inorganic fertilizers, even though some denitrification occur during subsurface retention 
and transport and it can be different across catchments (Basu et al., 2010; Musolff et al., 
2015). We considered catchments with a mean nitrate concentration above 1 mg nitrate/L 
(i.e., 0.2259 mg NO3-N /L) as disturbed, since 1 mg nitrate/L is a background concentration 
value rarely exceeded in natural conditions (Madison and Brunett, 1984; Zobrist, 2010). 
 
Subsequently, we compute the C-Q linear regression in a log(C)-log(Q) scale and classify the 
solute behaviors on the basis of the b-exponent. Given the large sample of analyzed stations, 
we are interested in assessing the magnitude and variability of the b-exponent and comparing 
it across different solutes and across catchments aggregating them in major classes 
corresponding to wetness conditions. We also take into consideration two alternative 
classifications, based on catchment area (three groups: area & 1000 km2, between 1000 and 
10000 km2, and area >10000 km2) and nitrate concentration, as a proxy of anthropogenic 
influence representing mostly undisturbed, impacted, and highly impacted catchments (three 
groups: NO3 & 0.23 mg/L, 0.23 < NO3 & 2.3 mg/L, and NO3 >2.3 mg/L). The ensemble of the 
impacted and highly impacted catchments are summarized in the class of disturbed 
catchments in terms of CV analysis as defined above. Differently from the previous analysis, 
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which includes all data, we pre-processed data deleting outliers, defined as those with values 
that are more than three standard deviations away from the median. This data filtering is 
needed since linear regression is very sensitive to outliers. We also apply a StudentÕs t test on 
the statistical significance of having the b-exponent different from zero setting the 
significance threshold "  at 0.05. We compare our results with results obtained with other 
definitions of chemostatic behavior, i.e., defined imposing a threshold on the absolute value of 
the b-exponent below which the behavior is defined chemostatic. We assume thresholds of 0.1 
and 0.2 as these thresholds have been often used in literature (Godsey et al., 2009; Herndon et 
al., 2015; Zhi et al., 2019). 
 

3.2.3!Numerical experiments 

3.2.3.1 The WATET model 

We designed numerical experiments to test if the timing and the vertical distribution of the 
solute input are important determinants of the solute behavior in the C-Q space. We used the 
WATET (Water Age and Tracer Efficient Tracking) model, which couples a spatially fully-
distributed hydrological model and a module that simulates conservative solute transport. The 
model was introduced with a full description by Remondi et al., (2018). Briefly, the 
hydrological component of WATET runs at 5-min time steps and keeps track of the water 
mass balance in each cell of the gridded domain accounting for main hydrological processes 
such as precipitation, evapotranspiration, infiltration, recharge to the aquifer, lateral flow from 
soil and groundwater, overland and channel flow. Lateral transfer of soil water, overland and 
channel flow are simulated using the kinematic wave approximation (Ciarapica and Todini, 
2002), so that the stream water can come from surface runoff, lateral flow from the shallow 
soil profile, and groundwater flow from an aquifer storage (Figure 3-2). The groundwater 
flow is represented with a non-linear reservoir (Benettin et al., 2015) for each cell, meaning 
that the drainage of water from one cell groundwater storage to the adjacent cell follows a 
power function that is assumed to be the same for each cell of the catchment. 
The module of transport tracks the solute concentrations in each storage compartment, i.e., 
soil, aquifer, surface, and channel (for each cell) of the domain assuming that the solute is 
advected with the water and that water is well-mixed in each cell, therefore neglecting 
dispersion and considering the solute as conservative. In this numerical experiment, the solute 
input is injected through precipitation or directly in the soil or groundwater storage and is 
distributed uniformly in space. 
For the numerical experiments, we used meteorological forcing for the year 2008 and land-
use, soil, aquifer, and topographic features of the Hafren catchment (3.6 km2) in mid Wales 
(UK), which is part of the Plynlimon experimental catchment managed by the Center for 
Ecology and Hydrology (CEH). The catchment has mildly heterogeneous soil type and 
vegetation cover (SI in Remondi et al., 2018). The domain was discretized using a digital 
terrain model with 24.4 m x 24.4 m resolution, each cell is characterized by the own land 
cover and soil properties. Hourly precipitation input in each cell was the result of the spatial 
interpolation of the measurements at two stations located in the proximity of the catchment 
(Carreg Wen and Tanllwyth). Potential evapotranspiration was also provided to each cell as 
input and was computed as function of vegetation cover and meteorological forcing (Remondi 
et al., 2018). Since 1980s a considerable number of studies have been investigating the 
Plynlimon catchment (Brandt et al., 2004; Kirby et al., 1991; Kirby et al., 1997), with 
particular attention devoted to stream water chemistry (Durand et al., 1994; Kirchner et al., 
2010; Knapp et al., 2019; Neal et al., 2003; Neal and Kirchner, 2000). This catchment was 
also used to develop and test the WATET model. Remondi et al., (2018) report details of 
meteorological inputs, parametrization, and validation results. 
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Figure 3-2. Conceptualization of the lateral fluxes in the numerical model.  In each cell of the 

simulated domain the water and solute fluxes can move laterally from each 
compartment (i.e., surface, soil, and groundwater storage) to one or more 
neighboring hillslope or channel cells; water can also move vertically among 
compartments. 

 
3.2.3.2 Numerical experiments Ð vertical distribution of solute generation 

To evaluate the influence of the timing and vertical distribution of the solute input on water 
chemistry, we kept the model setup unchanged and we forced the model with different solute 
input time series, given at different depths and with different frequencies. Since WATET does 
not solve explicitly hydrological dynamics in multiple soil layers, the vertical differentiation 
is obtained by injecting input in different model compartments (soil and aquifer) and using 
soil moisture thresholds for the activation of transport as a proxy of vertical processes. Under 
wetter conditions, the shallow paths in the soils are more likely to be activated. A similar 
consideration could be made for spatial activation of distant paths within a cell. Specifically, 
we provide a fixed quantity of solute input conserving the total mass of solute over the year, 
corresponding to the observed mass of chloride in precipitation measured at Carreg Wen 
meteorological station in the Plynlimon catchment over 2008. 
A conceptual scheme of the numerical experiments is illustrated in Figure 3-3. The vertical 
distribution of solute input is produced injecting the input in different compartments (Figure 
3-3a): (i) on the surface through deposition, (ii) 100% in the soil compartment, (iii) 70% of 
the input in the soil compartment and 30% in the aquifer and (iv) 70% in the aquifer and 30% 
in the soil. This group of experiments aims at representing a range of sourcing of solutes from 
deposition in the surface, to nutrient leaching due to soil organic matter turnover in shallow 
soils up to weathering of primary minerals that can happen at variable depths in the soil 
profile. We also include the case where the solute is mobilized (both on the horizontal and 
vertical directions) only when a soil moisture threshold (the same for vertical and horizontal) 
is exceeded (Figure 3-3b). Below this threshold, the hydrological flux leaving the soil cell 
carries a null concentration of solute in both directions. Such a case aims at representing a 
mechanism similar to transport of a solute present in the topsoil layer only, meaning that the 
horizontal and vertical solute transport capacity are impeded until a fixed threshold of soil 
moisture is reached. Given the saturated water content of 0.61 used in the simulations 
(Remondi et al., 2018) and aiming at the activation of solute export only in particularly wet 
conditions, we fix soil moisture thresholds of 0.50, 0.56 and 0.60 to mimic such a mechanism.  
Additionally, we ran a series of experiments where solute is added by deposition but we 
included solute degradation dynamics in the groundwater (Figure 3-3c), expressed with a first 
order kinetic. The concentration change was computed with the degradation law C(t) = Cini * 
exp(-Kdeg *t), where Cini is the concentration at the beginning of the time step, t is time and 
Kdeg is the degradation constant that defines the rate of solute removal. We ran the 
experiments setting the Kdeg values at 10-3 and 10-4 h-1. This simple kinetic is widely used to 
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represent processes such as denitrification or solute degradation (Costa et al., 2017; Husic et 
al., 2019; van der Velde et al., 2010). This experiment is representative of the dynamics of 
those solutes such as nitrate, which is deposited on the surface (i.e., fertilization) and can 
undergo degradation once they leach into the groundwater compartment. In these experiments 
where the impacts of the soil moisture activation thresholds, and of the solute degradation, 
was tested the solute was injected only through deposition. 
 

 
Figure 3-3. Conceptualization of the numerical experiments concerning the spatial distribution 

of the solute input. (a) Vertical distribution of the solute generation. Simulations 
were run injecting all the solute in the surface through deposition (I), generating all 
the solute in the soil layer (II), generating 70% of the total solute in the soil layer 
and 30% in the groundwater storage (III) and generating 70% of the total solute 
input in the groundwater storage and 30% in the soil layer (IV). (b) Soil moisture 
activation threshold. The solute was injected on the surface through deposition; 
solute export from the soil (in both vertical and horizontal directions) was 
activated only above a fixed threshold of soil moisture: 0.50 (I), 0.56 (II) and 0.60 
(III). (c) Solute degradation in the groundwater. The solute was injected through 
deposition. Once in the groundwater, it undergoes degradation accordingly to a 
first order kinetic with different degradation constants: Kdeg = 10-3 1/h (I) and Kdeg 
= 10-4 1/h (II). The total mass of the injected/geo-generated input is preserved 
across all experiments. For each experiment, the impact of the timing of the input 
was tested by running 10 simulations with different solute input frequencies.  

 

3.2.4!Numerical experiments Ð timing of solute input 

To test the impact of the timing of the input, we run for each set of experiments 10 
simulations, each one characterized by a different number of input applications, spanning 
from a single application, where all the input amount is given at once, to a simulation that 
gives inputs of solute every day (Figure 3-4). While certain combinations of temporal 
frequency and experiment might not be realistic, for instance sporadic injections applied 
mostly in the groundwater, we simulate all the input frequencies for all the experiment sets for 
sake of completeness. It does not imply that all frequency of injection are equally realistic at 
all depths. The goal is to compare the variance induced by the different numbers of 
application in the different cases. In case of input entering the catchment per deposition, the 
maximum number of injections corresponds to 227, the number of rainy days (i.e., days with 
at least 1 mm of precipitation). In case of input generation in the soil or aquifer, the maximum 
number of injections corresponds to 366 (days in the year 2008). Except for the cases where 
the solute is applied in any (rainy) day, the choice of the days of application is arbitrary, 
therefore we replicate each experiment 10 times consisting of multiple stochastic simulations, 
selecting the days of the applications randomly (Figure 3-4). In this way, we address the 
uncertainty associated with the period of application. We removed the impact of the initial 
conditions running each simulation characterized by a different input for a spin-up period of 
20 years.  
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Figure 3-4. Conceptualization of experiment runs that test the impacts of input timing. Each 

experiment was replicated 10 times, each one with a different random selection of 
the days of the year when the solute was injected. 

 
3.2.5!Surface-Groundwater concentration ratio  

We summarize the results of different experimental setups in terms of b-exponent and Csw/Cgw 
ratio, a ratio that has been found to be crucial in determining C-Q relationships (Zhi et al., 
2019). Here Csw is the mean solute concentration in the soil water compartment and Cgw is the 
mean solute concentration of the groundwater compartment. Both variables are averaged in 
space (i.e., across the domain) and in time (i.e., across the simulation period corresponding to 
the year 2008). The Csw/Cgw ratio represents a measure of the homogeneity of the vertical 
distribution of the solute. That is, a Csw/Cgw ratio closer to 1 means a more homogeneous 
vertical distribution of the solute concentration. Values lower than 1 mean higher 
concentration in the groundwater than in the soil water, while values higher than 1 imply 
higher concentrations in the shallow soil layers than in the groundwater. 
 

3.3! RESULTS 

3.3.1!Space-time variability of observed solute concentrations  

The boxplots in Figure 3-5a synthesize the observed mean concentration of each solute across 
the catchments grouped per mean annual discharge in mm yr-1. The concentrations of 
different solutes span different orders of magnitudes, with the exogenous Na+ and Cl- and the 
geogenic Ca2+ exhibiting particularly high concentrations and variability, with concentrations 
almost one order of magnitude higher than the geogenic solutes Mg2+ and K+. DOC 
concentration is on average one order of magnitude higher than NO3 and two orders of 
magnitude higher than DRP. The classification in classes of discharge highlights the expected 
tendency to obtain lower concentrations, i.e. higher dilution, with higher average specific 
discharge for all solutes except for the nutrients NO3, DRP and partially K+ that exhibit higher 
concentrations in intermediate wetness catchments rather than dry or wet catchments. The t-
test confirms that data in class 2 of NO3 have a significantly different mean than in the other 
classes (Table B-2a). When classified by catchment size mean concentrations are typically 
increasing with catchment area except for NO3 and DRP and partially DOC (Figure B-1). 
However, catchment area represents a quite weak control on mean concentrations, as 
supported by the few statistically different means (Table B-2b). The classification of 
catchments based on the mean concentration of NO3 (Figure B-2), one of the main component 
of inorganic fertilizers, shows higher values of concentrations for a number of solutes in the 
catchments with higher NO3. Except for DOC, the value NO3 is a quite strong control in 
separating average solute concentrations (Table B-2c). 
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Figure 3-5. Results of data analysis. a) Boxplot of the mean observed concentrations across 

the catchments subdivided by mean annual discharge normalized by the catchment 
area (Q), i.e. light blue for Q & 200 mm/yr (232 catchments), blue for 200 < Q & 
500 mm/yr (197 catchments), dark blue for Q > 500 mm/yr (105 catchments). b) 
Boxplot of the b-exponent of the C-Q relation of each solute in each catchment 
group. Even though K+ is mostly a geogenic solute similar to Ca2+ and Mg2+, 
here it is represented together with the nutrients for reasons of scale. 

 
The geogenic solutes mostly show diluting behavior, i.e., negative b-exponent of the C-Q 
relation, with the 25th and 75th percentiles of b included between -0.37 and -0.008 (Figure 3-
5b). Na+ and Cl- also exhibit diluting behavior, but spanning a wider range of negative b-
values, being -0.24 the median and reaching the lowest value of -0.93. The nutrients NO3 and 
DRP span both positive and negative b-values, while DOC shows a slightly positive b with 
limited variability across catchments. Generally, the exogenous solutes exhibit larger b-
spreads than geogenic solutes and DOC, and show a slight tendency of decreasing b-exponent 
with increasing discharge. The behaviors of Ca2+, Mg2+ and K+ are consistently diluting 
regardless of the different hydrological regimes. On the basis of these results, we summarize 
the behaviors of solutes in four main groups. The geogenic solutes (Ca2+, Mg2+ and K+) show 
a consistent diluting behavior, solutes associated with salt (Na+ and Cl-) show a pronounced 
diluting behavior but with strong differences across catchments, meaning that the b-exponent 
assumes negative and highly variable values. The C-Q patterns of nutrients NO3 and DRP 
vary from strong dilution to strong enrichment, whereas DOC shows smaller variability with a 
weak enriching behavior  
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Figure 3-6. Modelling results.  a) Conceptual scheme to support the interpretation of the 

results in b) and c) with CVtime expressing the variability of the concentrations in 
time in a given catchment.A relatively continuous input over time is expected to 
reduce CVtime, while sporadic input might increase the CVtime. CVspace represents 
the spatial heterogeneity across catchments, so that similarities across catchments 
are lowering CVspace and vice versa for strong differences across catchments. 
Above the 1:1 line, cross-catchment variation is larger than within-catchment 
variation, while below the 1:1 line the opposite is true. We associate the value of 
the b-exponent to the depth of solute production. Solutes that are produced deep in 
the soil or in the bedrock are expected to exhibit negative b-values, while solutes 
produced in the shallower soil layers are expected to exhibit positive b-exponents. 
b) CVtime and CVspace relation for each solute, including all stations in the 
database.The 1:1, 1:2 and 1:4 lines are represented by the dotted, dashed and 
dashed-dotted line respectively, to guide the comparison of CVspace and CVtime.c) 
Colored dots represent the CVtime and b-exponent relations for observed solutes in 
all stations in the database.The white, grey and black markers represent the CVtime 
and b-exponent relation from the numerical experiments, they are reported for both 
undisturbed and disturbed catchment plots. The light blue areas highlight the 
clusters identified in the observations. In b) and c) The left plots refer to 
undisturbed catchments (defined as catchments with mean nitrate concentration 
lower than 1 mg/L) and the right plots refer to disturbed catchments (defined as 
catchments with mean nitrate concentration higher than 1 mg/L). The uncertainty 
bars span between the 25th and the 75th percentile. 

 
A conceptual scheme is illustrated in Figure 3-6a to guide the interpretation of the 
CVtime/CVspace and CVtime /b-exponent relations (see also Musolff et al., 2015). The results 
show that for both undisturbed (left) and disturbed catchments (right), almost all points fall 
above the 1:1 line, indicating higher CVspace than CVtime (Figure 3-6b). This is the case 
although the difference is more pronounced in disturbed catchments where the spatial 
heterogeneity is enhanced. The higher CVspace of disturbed catchment is not justified by 
higher discharge variability (Figure B-3). 
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 In disturbed catchments, as expected, exogenous solutes exhibit higher CVtime compared to 
Ca2+, Mg2+, K+ and DOC. In undisturbed catchments, nutrients (NO3 and DRP) and DOC still 
have higher CVtime than geogenic solutes and salt solutes.  
In the b-exponent versus CVtime figure, two clusters emerge especially in the undisturbed 
catchments (Figure 3-6c). One group comprises the geogenic solutes (Ca2+, Mg2+, K+) and the 
salt solutes (Na+, Cl-) with relatively low temporal variability (CVtime) and pronounced 
dilution behavior (negative b) remarkably similar across solutes in undisturbed catchments. 
The other group includes nutrients (NO3 and DRP) and DOC with larger and highly variable 
CVtime and nearly zero or slightly positive b-exponents. For disturbed catchments, the 
difference between these two clusters is less pronounced because Na+ and Cl- b-exponents are 
lower, temporal variability is larger, while CVtime of DOC and NO3 is reduced.  
 

3.3.2!Chemostatic behavior: how often?  

Some C-Q relation studies consider b-exponents non significantly different from zero when 
their absolute value is lower than a fixed threshold, e.g., equal to 0.1 (Herndon et al., 2015) or 
even to 0.2 (Zhi et al., 2019). In Table B-3, we compared the percentage of b-exponents 
computed from the observations significantly different from zero applying both a statistical 
test (the StudentÕs t test based on an "  = 0.05 significance level) or the arbitrary (but 
commonly used) thresholds of 0.1 and 0.2. Applying a threshold for b of 0.1 and 0.2 generates 
respectively on average 42.6% and 67.1% of cases for all solutes indistinguishable from 0 
(chemostatic behavior), while applying the statistical test shows that only 4.5% of the 
station/solute combinations have indeed a chemostatic behavior. This indicates that most of 
solute/stations are not geochemical stationary and the use of fixed thresholds might 
overemphasized this behavior. This difference is especially pronounced for the geogenic 
species, for which data from observations fail the chemostatic test and rather show a 
consistent diluting behavior.  
 

3.3.3!Numerical experiments  

The results of numerical experiments span an even larger range of b-exponent in comparison 
to observations. The b-exponents in the numerical experiments can reach as low as -0.5 
whereas the observations rarely exceed -0.35. Concurrently, the results of the experiments 
span a smaller range of CVtime (i.e., from 0.13 to 0.38) compared to the observations in both 
undisturbed and disturbed catchments, the median values of which range from 0.25 for Ca2+ 
(disturbed catchments) to 0.75 of DRP (disturbed catchments) and 0.75 of NO3 (undisturbed 
catchments). Regardless of these differences, the pattern of the results of the numerical 
experiments in the CVtime/b-exponent space suggests that the numerical experiments are 
covering a large range of possible conditions observed in nature.  
Results of the numerical experiments with different injection frequencies at randomly selected 
days of the year represent the effect of timing (and seasonality) of the input, while cases with 
different vertical distribution of the input, soil moisture activation thresholds, and degradation 
dynamics represent impacts of vertical distribution (Figure 3-7).  
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Figure 3-7. Results of numerical experiments. Boxplots of the ratio between the mean solute 

concentration in the soil water and the mean solute concentration in the 
groundwater and boxplots of the b-exponent. Boxes in the left with red median 
line refer to red axis (Csw/Cgw), while boxes in the right with blue median line 
refer to blue axis (b-exponent). For the red axis, the dashed horizontal red line is 
set at 1 and represents the reference homogeneous vertical distribution of the 
solute. The scale of the y-axes is logarithmic. For the blue axis, the dashed 
horizontal blue line is set at 0, which represents the biogeochemical stationarity 
line, below which the behavior leans toward dilution and above which the behavior 
leans toward enrichment. In both cases, each boxplot refers to a different 
experimental setup and includes all simulations with different frequencies of solute 
injection at randomly selected days. The experiments ÒDepositionÓ, ÒSoilÓ, Ò70% 
soil 30% GWÓ and Ò30% soil 70% GWÓ (white boxes) refer to the different 
compartments where the solute input is injected. The ÒActivation thresholdÓ 
experiments (grey boxes) consist in setting thresholds on soil moisture below 
which the solute cannot be mobilized. The selected thresholds are 0.50, 0.56 and 
0.60. The ÒDegradationÓ experiments (black boxes) are characterized by 
deposition input and by the non-conservative behavior of the solute, i.e. the solute 
undergoes degradation while residing in the groundwater.  

 
The three sets of experiments exhibit clearly different responses. The generation of solute at 
different depths leads to different vertical distribution of solutes in the model compartments, 
which we summarize by means of the Csw/Cgw ratio. Injections per deposition or solute 
generation in the soil do not lead to a strong vertical stratification (Csw/Cgw! 1), whereas 
deeper solute generation leads to low Csw/Cgw ratio, which tends toward zero in the case 
where 70% of the solute is generated in the groundwater (Figure 3-7, red axis). Values of the 
Csw/Cgw ratio higher than 1 are obtained when the solute is injected through deposition, but it 
is mobilized only in particularly wet conditions (ÒActive thresholdÓ set of experiments in 
Figure 3-7, red axis). The higher the threshold on the soil moisture for solute mobilization, the 
higher the resulting Csw/Cgw ratio. The case with residence time-dependent depletion of the 
solute in the groundwater also exhibits Csw/Cgw ratio large than 1, higher with increasing 
degradation rate. The timing of the input adds variability to the observed Csw/Cgw ratios, 
especially evident in the Òactivation thresholdÓ experiments. 
 
The b-exponent decreases with increasing depth of solute generation, spanning between 
biogeochemical stationarity, in case of input through deposition, to strong dilution (i.e., b-
exponent = -0.5) when the solute is mainly generated in the groundwater compartment. The 
timing of the input adds uncertainty to the definition of solute behavior, resulting in higher 
variance of the b-exponent. This variance decreases with increasing depth because of the 
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slower aquifer response. Imposing a soil moisture activation threshold for solute export 
generates an enriching behavior, which becomes stronger with the threshold approaching 
saturation, i.e., with solute that is mobilized only during the wettest conditions. For this set of 
experiments, the variance due to the timing of the input application is higher than for the other 
two cases.  
 
Although a first order degradation kinetic is a simplification of the real processes that are 
removing solutes from the catchment, the numerical experiments show that reactive properties 
can play a role on the solute behavior. The results show that degradation changes behavior 
from chemostatic to enrichment with increasing degradation rates. Given the same residence 
times dictated by the hydrological processes, which are identical in all simulations, a larger 
degradation constant is removing more solute from the groundwater resulting in low 
concentration during low-flows and thus positive b-exponents.  
 

 
Figure 3-8. Relation between the modeled ratio Csw/Cgw and the b-exponent for the various 

experimental setups explained in Figure 3-3. The horizontal dashed line represents 
the biogeochemical stationarity line (b=0), while the vertical dashed line is the 
Csw/Cgw =1, i.e. the absence of vertical stratification in the solute concentration. 
The bars span the 25th and the 75th percentile. 

 
Combining the Csw/Cgw ratio with the b-exponent, a clear pattern emerges synthesizing the 
different numerical experiments (Figure 3-8). When the solute is mainly generated deep in the 
groundwater, i.e. the Csw/Cgw ratio is close to zero due to the high concentration in the 
groundwater, resulting in strong diluting behavior with b-exponent values up to -0.5 (an 
extreme case based on observed b-exponents). When the solute is injected through deposition, 
if the solute is mobilized independently from the wetness condition and it does no undergo 
depletion in the groundwater, there is no evident vertical stratification in the catchments (i.e., 
Csw/Cgw! 1) and the behavior is nearly chemostatic (i.e., b! 0). In contrast, when the solute is 
injected through deposition and the concentration in the groundwater is depleted by 
degradation, the Csw/Cgw ratio is higher than 1 and the export dynamics exhibit enriching 
behavior. The enrichment is even more pronounced and the Csw/Cgw ratio assumes higher 
values (i.e., up to 4) when the solute mobilization is activated only in wet conditions, e.g., 
when surficial paths are likely to be activated. High threshold means that solutes remain high 
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in the shallow zones without being flushed out until very wet conditions occur, therefore 
maintaining high Csw/Cgw ratios.  
 

3.4! DISCUSSION 

3.4.1!Clues from observations on temporal and spatial variability.  

The mean concentrations across catchments classified with area-weighted discharge are 
expected to decrease with increasing mean annual discharge, i.e. the solute should be more 
diluted when the water availability is more per unit area if solute input does not change 
systematically with wetness. This is somehow intuitive and indeed observed for most solutes, 
but K+, NO3 and DRP do not follow this pattern, exhibiting higher concentrations under 
intermediate wetness conditions. This might be due to the exogenous anthropic forcing, which 
changes the natural cycling of these solutes and increases variability. Nutrients are also 
prevalently located in the shallow soil and are correlated with biological activity. A certain 
level of wetness is needed to generate biomass and nutrient leaching and also to connect 
enough nutrient sources to the stream network. However, when wetness increases further, 
lower concentrations may prevail as a result of nutrient depletion.  
The comparison of observations in undisturbed and disturbed catchments based on the mean 
concentration of NO3 (Figure B-2) indicate that the anthropic forcing increases both spatial 
variability and time variability of each solute, especially the exogenous ones (Figure 3-6b). 
Nutrients mostly originate from soil biogeochemical reactions in undisturbed catchment 
(Cleveland et al., 2013; Fatichi et al., 2019; Schlesinger and Bernhardt, 2013) and from large 
but sporadic fertilization events in disturbed catchments. Nutrient b-exponents are 
characterized by strong uncertainty spanning from strongly diluting to strongly enriching, as 
similarly shown in other studies (Aguilera and Melack, 2018; Botter et al., 2019; Butturini et 
al., 2008; Hunsaker and Johnson, 2017). The sporadic input application is likely the driver of 
the high CVtime and of its high variability for the exogenous solutes (Figure 3-6a). This differs 
from DOC, the sources of which are mostly related to primary productivity and associated 
reactions of litter and soil organic matter decomposition and therefore it is produced in a 
relatively continuous way with notable exceptions (as too dry or frozen soils). As a result, the 
b-exponents of DOC are expected to be more associated to the vertical or spatial distribution 
and less affected by input timing. In disturbed catchments, DOC exhibits CVtime comparable 
to geogenic solutes (Figure 3-6b), indicating low temporal variability. Its b-exponents 
however are similar to nutrients (Figure 3-6c), as they reflect the higher organic carbon 
content in shallow soils, in a way similar to NO3 and DRP (Figure 3-6c). 
Regardless of the criteria of catchment classification, the C-Q relation reveals very consistent 
diluting behavior for the geogenic solutes. This agrees with some literature (e.g., Botter et al., 
2019; Diamond and Cohen, 2018; Moatar et al., 2017; Thompson et al., 2011; Winnick et al., 
2017; Wymore et al., 2017) but contrasts the idea of a pervasive geochemical stationarity 
(Godsey et al., 2009; Herndon et al., 2015; Zhi et al., 2019). This is likely related to the use of 
fixed thresholds on the b-exponent rather than statistical tests, as illustrated by our analysis, or 
generally to the challenge of classifying behavior for b-exponent values close to zero 
(Thompson et al., 2011). Despite the high variability of mean concentrations for Na+ and Cl-, 
they also show a highly diluting behavior. Geogenic solutes are mostly generated through 
chemical weathering, which is a continuous process, while Na+ and Cl- are generated through 
weathering, but they may enter the catchments also through deposition and through external 
sourcing, such as in the case of the spread of deicing salt during winter. For geogenic solutes, 
including Na+ and Cl-, the relation between CVtime and the b-exponent in Figure 3-6c shows a 
cluster of solutes in undisturbed catchments, consistently with the findings of Jawitz and 
Mitchell (2011), who provide an analytical representation of the relation between temporal 
CV and the b-exponent. This observation, together with the evidence of high CVspace to CVtime 
ratio in both undisturbed and disturbed catchments for geogenic solutes, suggests that the 
timing of the input is not the main driver of the geogenic solutes export dynamics. This is 



48 

consistent with the fact that unweathered rocks tend to be more abundant at depth compared 
to shallow soils with more weathered material and less Ca2+ and Mg2+. In addition, slow flow 
at depth prolongs water-rock contact time and elevates concentrations to higher levels. Deeper 
subsurfaces are also less sensitive to temporal variability in surface weather. Instead, they are 
more likely to be shaped by lithological difference that can span from carbonates to shales to 
siliclastic rocks across the 585 sites. All factors contribute to an increase CVspace and to 
downplay the role of temporal variability versus the one of vertical variability.  
The larger inter-catchment variability (i.e., higher CVspace to CVtime ratio) of nutrients, 
especially in disturbed catchments, could be related to geological substrates differences 
affecting nutrient transport and/or homogenizing role of biological activities or fertilization 
(Figure 3-6a), even though interpretations are speculative based on concentration data alone. 
The smaller b-exponent suggests that the depth of solute generation is important as discussed 
later (Figure 3-6c). This supports the recent findings of Zhi et al., (2019), which highlighted 
the important role of contrasts between soil water and groundwater as the main driver of the 
C-Q relation. They show that a much higher concentration in the soil water than in 
groundwater translates into an enriching behavior, whereas higher concentrations in 
groundwater lead to a diluting behavior. A similar concept but connected to riparian areas was 
reported by Seibert et al.,(2009) who provided an analytical formulation connecting the 
hydrochemical vertical profile in the riparian zone to the observed stream solute loads. 
Musolff et al.,(2017) also combined data analysis and modelling experiments and showed that 
the spatial heterogeneity structure of solute sources and solute losses along flow paths is the 
main driver of C-Q relations. 
Overall, observations suggest that both the timing of input and the vertical distribution of 
solute source can affect the solute behavior with the latter prominent for geogenic solutes. A 
broader generalization and quantification of these two key-players is provided by the 
numerical experiments with the tracer-aided model. 
 

3.4.2!Interpretation through numerical experiments Ð b-exponents and Csw/Cgw ratios  

Results of the numerical experiments show decreasing b-exponent with increasing depth of 
solute generation. According to data reported in Jobb‡gy and Jackson (2001), Na+ and Cl- 
concentrations are higher at depth than K+, Ca2+ and Mg2+, due to the higher solubility of Na+ 
and Cl-, which favors their leaching. Observations show a moderately diluting behavior of 
Ca2+, Mg2+ and K+ and a highly diluting behavior of Na+ and Cl- . A highly diluting behavior 
is consistent with the results of the modeling experiments in which the solutes are injected at 
depth (Figure 3-7). Na+ and Cl-  dilution is more evident in disturbed catchments where 
concentrations are higher, most likely due to the spreading of deicing salt on the surface 
(Sansalone and Glenn, 2002), and where their dynamics are linked to the snow melting 
process, which can both favor water percolation in depth and also activate shallow flowpaths 
deprived of solutes. The b-exponents from the numerical simulations spans the range from 0.2 
to -0.5, which encompass the observed b-exponents. Deeper solute generation leads to more 
dilution behavior (more negative b values). This is because, when solutes are mostly 
generated deeper in the soil and transported in groundwater (e.g., Ca2+, Mg2+, K+), the stream 
water has relatively constant supply of solutes from the aquifer but negligible contribution 
from shallow soil and surface water such that these sources dilute the more enriched 
groundwater. The Csw/Cgw ratio supports this explanation, since deeper solute generation leads 
to lower concentration ratio. 
 
The activation thresholds in the numerical experiments conceptually represent the conditions 
under which export occur from otherwise inactive layers. At high thresholds, the solute was 
mobilized only when soil water content approached saturation. In reality, this can be seen as 
the shallowest soil layers that contribute only under very wet conditions. Low to high 
thresholds therefore conceptually represents increasing hydrological connectivity. Pronounced 
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enriching behavior occurred only at high threshold conditions (Figure 3-7). In this case, the 
solute accumulated in shallow soil layers until solute export is activated under close-to-
saturation conditions. The accumulated solutes are exported in both horizontal and vertical 
directions when the soil approaches saturation. In such saturated conditions, the horizontal 
export capacity is more efficient than the vertical one. The joined effect of these features leads 
to the observed enriching behavior. This is also the case with the highest Csw/Cgw ratio.  
 
Observations suggest that enriching behavior occurs often for NO3, DRP and, moderately, 
also for DOC. Literature supports the hypothesis that enriching behavior for NO3 and DOC is 
due to the increased hydrological connectivity to zones of enriched organic carbon under very 
wet conditions (Herndon et al., 2015; Laudon et al., 2011; Outram et al., 2016; Zarnetske et 
al., 2018; Zhi et al., 2019). The results from the numerical experiments suggest that the 
increased hydrological connectivity is likely to happen because of the activation of surficial 
water paths. In the case of DRP, the explanation can be different, as DRP dynamics are 
related to suspended sediments, so that the triggering factor in case of wet conditions might be 
soil erosion and solid transport rather than increased hydrological connectivity (Thompson et 
al., 2011).  
 
An enrichment behavior, although of smaller magnitude, is also detected when a degradation 
kinetic is introduced in the groundwater compartment. When the solute is injected through 
deposition, we observe biogeochemical stationarity (Figure 3-5b); however, assuming a 
degradation kinetic in the groundwater leads to solute depletion at low-flow (with generally 
longer residence time), which corresponds to a Csw/Cgw ratio higher than 1 (Figure 3-7, blue 
axis). This effect is increasing with increasing degradation rate (Figure 3-8). The same results 
were obtained by Musolff et al.,(2017). These mechanisms are not mutually exclusive: 
activation of surficial paths during wet periods and degradation of solute in groundwater can 
both contribute to the observed positive b slopes. This can be the case of NO3, which often 
exhibits a mixed behavior. Nitrates can accumulate in the shallow soil layers in agricultural 
catchments and export under wet conditions; they can also percolate into the groundwater, 
where they undergo denitrification before reaching the channel through slow groundwater 
release (Abbott et al., 2018; Benettin, et al., 2020; Dupas et al., 2016). The results here remark 
and provide numerical support to the importance of vertical distribution of solutes (Bishop et 
al., 2004; Koven et al., 2013) and solute transport activation in specific areas or depths shown 
before (Basu et al., 2010; Zhi et al., 2019; Musolff et al., 2015; Seibert et al., 2009; Wen et al., 
2020).  
 
The CVtime of the synthetic experiments does not span the range of CVtime from observations, 
even when considering different temporal aggregations of the simulation outputs (Figure B-
4). This can be due to the use of the Hafren catchment for the numerical experiments that 
experience a wet climate throughout the year and relatively low spatial heterogeneity in soil 
and vegetation properties (Brandt et al., 2004; Kirby et al., 1991) compared to the variety of 
climatic and land-cover conditions encompassed by the observations. Regardless of this 
limitation, we identified some correspondences between our experiments and the clusters in 
the CVtime/b-exponent relation. The input frequency affects CVtime and adds some variability 
in the C-Q relation. However, its effects on b-exponent are not as significant as the vertical 
distribution of the input. The  increase in variability of the C-Q relation without a consistent 
change of the b-exponent was also detected numerically by Musolff et al.,(2017) modifying 
the velocity of the immobile-mobile mass exchange. Independently from the modeling setup, 
the Csw/Cgw ratio emerges as the dominant control on the solute export behavior (Figure 3-8) 
in strong agreement with the recent study of Zhi et al., 2019. The fact that b values from 
numerical experiments cover a much larger range than data, especially for low b values, may 
indicate that some assumptions in the numerical experiments may not necessarily represent 
natural catchments, as natural systems rarely have Csw/Cgw ratio lower than 0.4 (Figure 3-8).  
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3.4.3!Limits of interpretation  

In order to properly evaluate the results, it is important to highlight the limitations of the study 
and especially of the numerical experiments. The hydrological model includes a number of 
simplifications, such as the non-linear representation of the groundwater reservoir with 
spatially homogeneous parameters, the well-mixing condition within each storage 
compartment or the fully advective transport that neglects any form of solute dispersion. Most 
importantly, we compared the data obtained from 585 catchments with the results of synthetic 
numerical experiments in a single catchment. Modelling results are influenced by the specific 
climatic forcing and topographic and land-use characteristics of the Hafren catchment. This 
limitation emerges, for example, in the results of CVtime and of the b-exponent. The CVtime 
from the numerical experiments spans a small range of values compared to observations, 
because they represent only one of all possible climatic conditions and catchment 
characteristics embedded in the quasi-global datasets. Other model simplifications can also 
influence the values of b-exponents, CV-time, and Csw/Cgw ratios, such the lack of 
representation of certain processes as stream solute retention and removal, or concurrent 
combination of different solute sources. The simplifications can be problematic if the model is 
used for prediction without calibration. In this work, however, the model has a diagnostic role 
and it serves the purpose of unravelling the mechanisms and identify key controls of patterns 
arising from observations. In fact, the agreement between modeling results, the interpretation 
of the observed patterns, and conclusions of previous studies using more complex models or 
other data, does reinforce the main conclusions from the numerical experiments. If the 
simulations were run under more diverse conditions (e.g., multiple catchments), we do expect 
the overall patterns to be similar to results shown here, although the exact numbers may vary 
considerably (e.g., Fig. 8).  
 

3.5! SUMMARY  

The observations from 585 sites generally indicate a higher degree of inter-catchment spatial 
variability than within-catchment temporal variability. The concentrations of geogenic solutes 
(Ca2+, Mg2+, Na+) generally decrease from semiarid to humid climatic conditions, and respond 
negatively to increasing discharge (dilution behavior). In contrast, the concentrations of 
anthropogenic (exogenic solutes), including NO3 and DRP, correlate more to the level of 
human disturbance rather than climate conditions. They also tend to be insensitive 
(chemostatic) or respond positively (enriching behavior) to increasing discharge.  
Numerical experiments using a simplified solute generation and transport model complement 
the observations by discerning the impacts of different mechanisms. Results show that the 
vertical distribution of solute generation and activation thresholds of solute export are more 
influential in shaping the solute behavior (C-Q relation) than the timing of solute input. The 
depth at which the solute is supplied or generated plays the major role in defining the b-
exponent for highly diluting (Na+, Cl-), weakly diluting (Ca2+, Mg2+, K+) and enriching 
solutes (e.g., DOC). Sporadic input applications increase temporal variability and add 
uncertainty on the solute behavior especially for NO3 and DRP, the response of which 
remains the most difficult to constrain. This study offers a more generalizable view on C-Q 
relation than currently available.  
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Chapter 4 
Impacts of fertilization on grassland productivity and 
water quality across the European Alps: insights from a 
mechanistic approach 

Abstract 

Alpine grasslands sustain local economy providing fodder for livestock. Intensive fertilization 
is common to enhance their yields, thus creating negative externalities on water quality that 
are difficult to evaluate without reliable estimates of nutrient fluxes. We apply a 1-D 
mechanistic ecosystem model, seamlessly integrating land-surface energy balance, soil 
hydrology, vegetation dynamics, and soil biogeochemistry aiming at assessing the grassland 
response to fertilization. We simulate the major water, carbon, nutrient, and energy fluxes of 
nine grassland plots across the broad European Alpine region. We provide an unprecedent 
interdisciplinary model evaluation confirming its performance against observed variables 
from different datasets. Subsequently, we apply the model to test the influence of fertilization 
practices on grassland yields and nitrate (NO3) losses through leaching.  
Despite the generally low NO3 concentration in groundwater recharge, the variability across 
sites is remarkable, mostly, but not exclusively, dictated by elevation. In high-Alpine sites 
short growing seasons lead to less efficient nitrogen (N) uptake for biomass production. This 
combined with lower evapotranspiration rates results in higher amounts of drainage and NO3 

leaching to groundwater.  
The local soil hydrology has a crucial role in driving the NO3 use efficiency. The commonly 
applied fixed-threshold limit on fertilizer N input is suboptimal. We suggest that major 
hydrological and soil property differences across sites should be considered in the delineation 
of best practices or regulations for management. Using distributed maps informed with key 
soil and climatic attributes or systematically implementing integrated ecosystem models as 
shown here can contribute to achieving more sustainable practices.8 
 
 
 
  

                                                
8 Botter, M., Zeeman, M., Burlando, P., Fatichi, S. (2020). Impacts of fertilization on grassland productivity and 
water quality: insights from a mechanistic approach. Biogeosciences Discussion. 
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4.1! INTRODUCTION 

Alpine grasslands are a vital resource for the European economy. They provide a variety of 
ecosystem services such as maintaining biodiversity, protecting soil, and offering recreational 
functions (Sala and Paruelo, 1997; Schirpke et al., 2017). Above all, they sustain economy 
providing fodder for livestock. To this purpose high yields are desired, as they correspond to 
increasing income for farmers, hence large amounts of fertilizers are applied every year. One 
of the most important components of fertilizers is nitrogen. On the one hand nitrogen plays a 
crucial role as a nutrient contributing to the grasslandsÕ growth. On the other hand, the surplus 
of nitrogen, mostly as NO3, is dispersed in the environment, either through surface runoff or 
as leachate to groundwater. Well-known water quality issues, such as eutrophication, result 
directly from intensive management of grasslands (e.g., Heathwaite, 1995; Peukert et al., 
2014). In order to tackle the problem, the European Union (EU) approved the Nitrate 
Directive 91/676/EEC (EEC, 1991), which imposes limits on the yearly load of fertilizers and 
restricts the fertilization season. In this frame, the EU countries should pursue grassland 
management strategies designed with the intention of maximizing the grassland yields without 
damaging the environment. The task is particularly daunting given the spatial heterogeneity 
across the wide Alpine grassland areas. Elevation is often a major constrain for the 
management in Alpine environment, being low-elevation sites generally more prone than 
high-elevation sites to intensive management, for both climatological and pragmatic reasons. 
Since the EU Nitrate Directive has been in effect, many studies attempted to quantify the NO3 
fluxes with various methods (e. g., Kronvang et al., 2009; Groenendijk et al., 2014). However, 
according to a questionnaire submitted to grassland experts across EU countries, Norway and 
Switzerland (Velthof et al., 2014), Ònon-academicÓ quantification of NO3 fluxes is still mainly 
based on expert estimates or on prescribed values. Rarely models are applied. When they are, 
the most common approach is the simple empirical feed balance method, where grassland 
yields are estimated using statistical data on feed availability for ruminants and their feed 
requirements. The nutrients balance is consequently estimated applying values derived from 
literature or direct measurements in sampled grass.  
 
More complex modelling approaches for the quantification of nitrate losses from agricultural 
activity are emerging. Some European Projects have been promoted with the goal of assessing 
the state-of-the-art modelling tools in view of a harmonized assessment procedure across 
Europe. For example, the EUROHARP Project (Kronvang et al., 2009) compares available 
distributed models applied in different European countries. The analyzed models span from 
conceptual models such as NLES_CAT (Simmelsgaard and Djurhuus, 1998) and MONERIS 
(Behrendt et al., 2003) to more complex and process-oriented models like SWAT and NL-
CAT, born from the integration of ANIMO (Groenendijk et al., 2005), SWAP (Kroes & Dam, 
2003), SWQN (Smit et al., 2009) and SWQL (Siderius et al., 2009). Another example is the 
GENESIS Project (Groenendijk et al., 2014), which compares 1-D mechanistic models 
integrating hydrology, vegetation dynamics, and soil biogeochemistry. The performance of 
some models such as ARMOSA (Perego et al., 2013), CoupModel (P.-E. Jansson, 2012) and 
EPIC (Sohier et al., 2009; Williams et al., 1984) are compared to simulated nitrate leaching 
rates from lysimeters. What emerges from these studies is that mechanistic models are 
currently not used for the purpose of supporting management because they are thought to be 
difficult to operate, require a large amount of input data, and require complex 
parameterization (see also discussions in Fatichi et al., 2019). However, when the above 
limitations are overcome, mechanistic models could provide insights on biomass and nutrients 
budget quantification that would be too difficult to obtain otherwise. They can constrain the 
description of soil biogeochemical processes by means of mass and stoichiometric constraints 
better than empirical approaches providing a larger predictive power (Manzoni et al., 2016; 
Moorhead et al., 1996; Wieder et al., 2013). 
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The NO3 leaching depends on the overall N cycle, which results from the interplay of various 
processes. Hence, mechanistic models reproducing the whole N cycle require a tight 
integration with models or modules dealing with land-surface exchanges of energy and water, 
vegetation dynamics, soil hydrological and biogeochemical processes and hydrological 
transport, in other words what are called ecosystem or terrestrial biosphere models (Fatichi et 
al., 2016a).  
 
Different ecosystem models have been developed, but they rarely integrate all the above 
mentioned modules, or treat those with a similar level of complexity. For example, models 
that were born as tools for the estimation of the greenhouse gases emissions tend to simplify 
the soil hydrology using bucket-type approaches. Some examples of this kind of models are 
CERES-EGC (Gabrielle and Kengni, 1996; Gabrielle et al., 1995; HŽnault et al., 2005), 
DAYCENT ( Parton et al., 1998; 2015; Del Grosso et al., 2000; 2002), STICS (Brisson et al., 
1998; 2002; 2003) and DNDC (Li et al., 2000; 2012), although efforts have recently been 
made to enhance the hydrological module of the latter (Smith et al., 2020). In other models, 
the soil hydrology module is represented with much higher detail than the soil 
biogeochemistry module, as is the case for HYDRUS-1D/2D/3D (Phogat et al., 2013; Tafteh 
and Sepaskhah, 2012) or DAISY (Hansen, 1990; 2002). More recently, ecosystem models 
were built combining different models, each highly specialized in a specific compartment of 
the ecosystem. The result leads to fully-integrated models such as ARMOSA (Perego et al., 
2013), which is the combination of the hydrological model SWAP (Van Dam, 2000), 
STAMINA (Ferrara et al., 2010; Richter et al., 2010) for simulating the crops dynamics, and 
SOILN (Bergstršm et al., 1991) to represent the soil carbon and nitrogen cycles. The model 
SIM-STO (PŸtz et al., 2018) was also created from the merging of SIMWASER (Stenitzer, 
1988) and STOTRASIM (Feichtinger, 1998), respectively focused on water fluxes and 
nitrogen dynamics. RT-Flux-PIHM (Bao et al., 2017) combines a reactive transport (RT) 
model, a land-surface model (Noah LSM, Chen et al., 2001; Shi et al., 2013) and the 
hydrological model PIHM (Shi et al., 2013). These models are usually performing well when 
applied with targeted applications. In most of the cases they are validated only against the 
data concerning one specific module that is the most important to solve the problem at hands. 
Hardly ever the models are concurrently confirmed against vegetation and soil water 
dynamics, energy and biogeochemical fluxes.  
Here, we push the envelope of integrated models by applying the mechanistic ecosystem 
model T&C-BG, which simulates the interactions among vegetation dynamics, soil 
biogeochemistry, and hydrological fluxes. T&C-BG was recently developed (Fatichi et al., 
2019) as a single fully integrated model and therefore does not require many of the pragmatic 
simplifications necessary to externally couple different models. We evaluate the model 
capabilities by applying a ÒcommonÓ (non-site specific) parametrization to nine managed 
grassland sites across the broad alpine region, derived from previous plot-scale studies 
(Fatichi et al., 2014; Fatichi and Pappas, 2017). First, we confirm the model against 
hydrological, energy, vegetation, and soil biogeochemical observations according to the 
available data. Then, we run numerical experiments to estimate the grass yields and the losses 
of NO3 under different fertilization regimes and compare results across the sites. Specifically, 
we investigate and answer the following questions: 

(1)!Is a mechanistic ecosystem model provided with a ÒcommonÓ parameterization for 
Alpine managed grasslands able to reliably represent the ecosystem dynamics across 9 
sites? 

(2)!How do grass productivity and leaching of NO3 change in response to different 
fertilization scenarios across the broad Alpine region? 

(3)!Can mechanistic models provide guidelines for fertilization regulation? 
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Answering these questions, beyond allowing the assessment of a state-of-the-art ecosystem 
model in reproducing multiple aspects of ecosystem functioning, also provides quantitative 
information that can be used to enhance best grassland management practices.  
 

4.2! STUDY SITES AND METHODS 

4.2.1!Study sites and instrumentation 

The study sites are located in European Alps and cover an altitude gradient ranging between 
393 m a.s.l and 2160 m a.s.l. We used grassland sites in the Alpine region for which at least 
eddy covariance flux tower observations were available. For a subset of sites, additional 
observations about leaf area index, soil moisture, grass productivity and water and nitrogen 
leaching were also available. Specifically, the sites of Torgnon (TOR) and Monte Bondone 
(MB) in Italy, Oensingen (OEN), Chamau (CHA) and FrŸebŸel (FRU) in Switzerland, Stubai 
(STU) in Austria and Fendt (FEN), Rottenbuch (ROT) and Graswang (GRA) in Germany 
were used. The mean annual precipitation (MAP) across sites ranges between 850 mm and 
1627 mm while mean annual temperature varies between 2.9 and 9.5 ¡C following the 
elevation gradient (Table 1). All these sites are permanent grasslands ecosystems, mainly used 
for fodder production (Ammann et al., 2007; Hammerle et al., 2008; Vescovo and Gianelle, 
2008; Kiese et al., 2018).  Apart from the site TOR, which is unmanaged, the other grassland 
sites are managed with regular fertilizer applications and harvested with grass cuts at standard 
height (0.07 m).  
 

 
Figure 4-1. Location of the study sites. The 9 sites are situated across the European Alps in 

Italy (TOR, MB), Switzerland (CHA, OEN, FRU), Austria (STU) and Germany 
(FEN, ROT, GRA). 
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Table 4-1. Site characteristics. The following main sites characteristics are reported: elevation, 
latitude, longitude, period for which measurements are available, Mean Annual 
Precipitation (MAP), mean air temperature (mean Ta), number of grass cuts per 
year and main references to original studies referring to the study sites. The values 
of MAP and mean Ta are computed from the available time series. 

 

Site Elevation 
(m a.s.l.) Latitude Longitude Data 

availability  
MAP 
(mm) 

Mean 
Ta (¡C) 

# cuts  
year-1 References 

CHA 393 47¡12Õ 8¡24Õ 2006 - 2014 1Õ134 9.49 6 

Gilgen & 
Buchmann, 

2009; Zeeman 
et al., 2010 

OEN 450 47¡17Õ 7¡44Õ 2002 - 2008 1Õ222 9.28 3 
Ammann et al., 

2007; 2009 

FEN 600 47¡57Õ 11¡06Õ 2012 - 2016 850 7.88 5 
Kiese et al., 

2018 

ROT 770 47¡70Õ 10¡98Õ 2012 - 2016 955 7.49 5 
Kiese et al., 

2018 

GRA 864 47¡57Õ 11¡03Õ 2012 - 2016 1Õ114 5.37 2 
Kiese et al., 

2018 

STU 970 47¡12Õ 11¡32Õ 2002 - 2012 856 6.81 3 

Hammerle et al., 
2008; Wohlfahrt 

et al., 2008a, 
2008b, 2010 

FRU 982 47¡60Õ 8¡32Õ 2005 - 2014 1Õ627 7.64 4 

Gilgen & 
Buchmann, 

2009; Zeeman 
et al., 2010  

MB 1550 46¡00Õ 11¡02Õ 2003 - 2013 1Õ268 5.21 1 

Gilmanov et al., 
2007; Vescovo 

& Gianelle, 
2008; Gianelle 

et al., 2009; 
Marcolla et al., 

2011 

TOR 2160 45¡50Õ 7¡34Õ 2008 - 2015 870 2.95 0 

Migliavacca et 
al., 2011; 

Galvagno et al., 
2013 

Filippa et al., 
2015 

 
Each site is equipped with a flux tower providing time series of micrometeorological 
variables, as well as energy (e.g., net radiation, latent heat, sensible heat) and carbon dioxide 
fluxes by means of the Eddy Covariance (EC) method (Aubinet et al., 2012). The flux tower 
data for all the sites but the German ones are retrieved from the FLUXNET-2015 database 
(Pastorello et al., 2020). German sites (FEN, ROT, GRA) belong to the Pre-Alpine 
Observatory of the TERENO network (Zacharias et al., 2011; PŸtz et al., 2016; Kiese et al., 
2018) where lysimeters are also installed in proximity of the flux-tower site (Fu et al., 2017, 
2019; Zeeman et al., 2017; 2019). 
For the stations FEN, ROT and GRA annual totals of lysimeter evapotranspiration (ET) and 
water leaching are retrieved for the years 2012-2014 from Fu et al., (2017, 2019). The same 
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study provides annual DOC-C and nitrate-N (N-NO3) concentrations in the groundwater 
recharge. The ScaleX campaign of 2015 (Wolf et al., 2017; Zeeman et al., 2019) provided 
additional data concerning harvested biomass and its carbon and N content. 
 

4.2.2!T&C-BG model 

We simulate the grassland ecosystem dynamics in each site with the fully-coupled terrestrial 
biosphere/ecosystem model T&C-BG, introduced by Fatichi et al.,(2019), who provided a 
complete model description. T&C-BG combines a well-tested ecohydrological model (T&C, 
e.g., Fatichi et al., 2012a, 2012b; Fatichi et al., 2014, 2015; Manoli et al., 2018; 
Mastrotheodoros et al., 2020) with a soil biogeochemistry module, which represents soil 
carbon and nutrient dynamics as well as plant mineral nutrition and bilateral feedbacks 
between nutrient availability, plant growth and soil mineralization processes. The T&C-BG 
model inputs include hourly flux-tower observations of microclimate (e.g., precipitation, air 
temperature, wind speed, relative humidity, shortwave radiation) and resolves the principal 
land-surface energy exchanges (e.g., net radiation, sensible and latent heat) which are 
interconnected with the main hydrological processes, such as evaporation and transpiration, 
infiltration, runoff, saturated and unsaturated zone water dynamics, groundwater recharge, as 
well as snow and ice hydrology dynamics. The soil hydrology module solves the 1-D 
RichardÕs equation in the vertical direction and uses a heat diffusion solution to compute the 
soil temperature profile. A soil-freezing module has been also recently introduced (Yu et al., 
2020). The vegetation module computes photosynthesis, respiration, vegetation phenology, 
carbon and nutrient budget including allocation to different plant compartments and tissue 
turnover. 
The management of vegetation such as grass cuts and fertilization can be prescribed as part of 
model inputs. The soil biogeochemistry module accounts for the carbon and nutrient budgets 
of litter and soil organic matter. Mineral nitrogen (N), phosphorous (P), and potassium (K) 
budgets and the nutrient leakage are also simulated. This study is particularly focused on NO3. 
Nitrate pool in the soil depends on the net immobilization/mineralization fluxes, nitrogen 
uptake, nitrogen leaching, and nitrification/denitrification fluxes, with the latter that are 
simulated with empirical functions of the amount of NO3 and environmental conditions 
(detailed description in Fatichi et al., 2019). NO3 transport process is not solved in the soil 
column, but leaching is assumed to occur at the bottom of the soil column and it is 
proportional to the water leakage and bulk NO3 concentration in soil water (Fatichi et al., 
2019). 
The model can be run in a distributed topographically complex domain (e.g., Mastrotheodoros 
et al., 2019, 2020) but here it is employed in its plot-scale version, which simply solves 1-D 
vertical exchanges.  In summary, based solely on meteorological inputs, soil and vegetation 
parameters, T&C-BG simulate prognostically all the other variables, from energy, carbon, and 
water fluxes, to vegetation biomass, up to soil nutrient mineralization and leaching. All these 
processes interact with each other.  
 

4.2.3!Model parametrization 

The model allows the simulation of different vegetation types, but in this case only grass is 
included. In order to keep results general enough and maximize future model transferability 
across grassland sites, we adopt a common parametrization for all of the nine sites with few 
exceptions justified by elevation dependent parameters such as threshold temperature for leaf 
onset. Vegetation parameter selection was based on previous experience with European 
grasslands (Fatichi and Pappas, 2017; Fatichi et al., 2014), soil biogeochemistry parameters 
are currently fixed for all sites in absence of more specific information (see discussion in 
Fatichi et al., 2019). The site-specific soil content of clay, sand, and organic matter in each 
site is provided as input parameter to the model, which internally computes the hydraulic soil 
parameters by means of pedo-transfer functions (Saxton and Rawls 2006). To make results 
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comparable, across all the sites we assume a soil depth equal to 1.4 m, corresponding to the 
depth of lysimeters, which is discretized into 16 soil layers of increasing depth from the 
surface to the bedrock. The biogeochemistry active zone is fixed at 25 cm depth and the grass 
roots are assumed to be exponentially distributed with a maximum rooting depth of also 25 
cm. We do not simulate the groundwater dynamics, but we compute the groundwater recharge 
as the water leaching at 1.40 m depth. The selected parameters are detailed in Table C-1.  
In each site we force the model with the local meteorological conditions, while atmospheric 
CO2 concentrations are assumed to follow the observed historical global trend (Keeling et al., 
2009). Nutrients depositions in absence of local specific information for each site are set using 
global maps of recently observed values for nitrogen and phosphorus (Galloway et al., 2004; 
Mahowald et al., 2008; Vet et al., 2014). 
 
We confirm the model performance against an ensemble of diverse variables. First, we 
compare simulated and observed net radiation, latent heat, sensible heat, and Gross Primary 
Production (GPP) using flux towers data. Second, we test the hydrological module comparing 
the effective soil saturation (e.g., normalized soil moisture) from the model and from local 
measurements. Third, we confirm the vegetation module comparing the simulated biomass 
and/or Leaf Area Index (LAI) dynamics with data retrieved from literature wherever available 
(Ammann et al., 2007; 2009; Hammerle et al., 2008; Gilgen and Buchmann, 2009; Zeeman et 
al., 2010; Chang et al., 2013; Finger et al., 2013; Filippa et al., 2015; Prechsl et al., 2015). 
Finally, we compare biogeochemical fluxes in terms of harvested nitrogen and carbon, and 
leaching of NO3 and DOC. The confirmation of the soil biogeochemistry module is possible 
only for the sites FEN, ROT and GRA, equipped with lysimeters, even though difference in 
scale, soil properties, and timing of management between flux-tower footprint and lysimeters 
(Oberholzer et al., 2017; Mauder et al., 2018) should be accounted in the comparison.  
 
Detailed manure input data for all the case studies were not available. To bypass this problem, 
whenever we did not have information about fertilization (i.e., in all sites except in the 
German ones), in the reference simulations we assume that the cut grass is left on the ground, 
thus guaranteeing a nutrient application, similarly to fertilization, and a nutrient budget 
without major losses. While such a scenarios is unrealistic it allows to keep nutrient budgets 
in a dynamic equilibrium, without having to assume specific fertilization rates.   
In FEN, ROT and GRA, the sites where both the flux tower and the lysimeters are co-located, 
grassland is managed slightly differently above the lysimeters and below the flux-tower. To 
validate model results we run multiple simulations, each fed with the corresponding 
management either of flux-tower or lysimeter plots.  
Since the current initial conditions of the carbon and nutrients pools in the soil are unknown, 
as common in modeling studies, we spin-up carbon and nutrient pools running only the soil-
biogeochemistry module for 1000 years using average climatic conditions with prescribed 
litter inputs taken from preliminary simulations with the soil-biogeochemistry module 
inactive. Then we used the spun-up carbon and nutrient pools as initial conditions for the 
hourly-scale fully coupled simulation over the period for which hourly observations are 
available. This last operation is repeated two times which allows reaching a dynamic 
equilibrium.   

4.2.4!Numerical fertilization experiments 

We set up numerical experiments to test the response of the study sites to different manure 
application regimes. First, we classify the sites based on elevation ranges and management: 
pre-Alpine/Intensive sites located at elevations lower than 800 m a.s.l. and intensively 
managed (CHA, OEN, FEN, ROT), Alpine/Extensive for sites with an altitude between 800 
and 1000 m a.s.l. (GRA, STU, FRU) and high-Alpine/Extensive sites above 1000 m a.s.l. 
extensively managed, which include the two grasslands MB and TOR. It is common practice 
among farmers to fertilize at the beginning of the growing season and after each cut. The 
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number of cuts and manure applications along the year decreases with elevation. Although the 
time intervals between cuts can be similar, the length and intensity of the winter dormant 
period ultimately determines growing season length and, in turn, the number of cuts, the 
volume of locally needed organic fertilizer and the opportunity to bring that out into the field. 
We aligned the management strategy of our numerical experiments to these notions and used 
a classification of the sites into three groups. In our simulations manure is applied 6, 4, and 2 
times and the grass is cut 5, 3 and 1 times, respectively, in pre-Alpine, Alpine and high-
Alpine sites. Grass is cut at a height of 0.07 m, following common practice. Referring to 
literature (Ammann et al., 2007, 2012; Merbold et al., 2014; Fu et al., 2017) we identified a 
broad range of possible N yearly loads applied in grasslands. For pre-Alpine sites this range 
spans between 50 kg ha-1 yr-1 (i.e., extensive management) and 500 kg ha-1 yr-1 (highly 
intensive management). This upper limit intentionally exceeds the actual management 
practices and allows us to analyze what can happen if fertilization loads are increased. We 
computed the corresponding single application amount of manure based on C:N of manure 
ratio equal to 8.9, which is reported for the sites of FEN, ROT and GRA (Fu et al., 2017), and 
is also similar to values suggested in literature (Nyamangara et al., 1999; Sommerfeldt et al., 
1988) or slightly lower (Kumar et al., 2010; Zhu, 2007). The input of P and K is assumed to 
be proportional to the N input based on assigned N:P and N:K values guaranteeing non P- or 
K-limited conditions to the system. The specific manure amount computed for pre-Alpine 
sites is applied at the corresponding lower frequencies determined for Alpine and high-Alpine 
sites. The resulting annual loads in all the scenarios are reported in Table 4-2. For each 
fertilization scenario, in each site, we spin-up the system running the soil-biogeochemistry 
module for 1000 years under average climatic conditions and the specific management 
scenario. Thus, the initial conditions of each simulation correspond to the final state of the 
spin-up simulation run for each specific site and management scenario.  
 
Table 4-2. Numerical experiments. The sites are divided into pre-Alpine, Alpine and high-

Alpine sites based on the elevation in which they are situated. For each class the 
number of cuts and manure applications as well as the yearly N-load injected in the 
different modelling experiments is reported. The specific manure application is the 
same for ech class, but the total amount varies across classes as the number of 
yearly applications is different. Some of the results are presented as a function of 
the percentage of max N input, reported in the table for each experimental setup. 

 
Pre-Alpine/Intensive Alpine/Extensive High-Alpine/Extensive 

  

CHA, OEN, FEN, 
ROT GRA, STU, FRU MB, TOR 

  

5 cuts, 6 fertilizations 3 cuts, 4 
fertilizations 

1 cut, 2 fertilizations 
  

Yearly N load 
(kg ha-1 yr-1) 

Yearly N load  
(kg ha-1 yr-1) 

Yearly N load  
(kg ha-1 yr-1) 

Specific manure 
application 

(kg ha-1 yr-1) 

% of max 
N input 

50 33 17 74 10% 
100 67 33 148 20% 
175 117 58 260 35% 
250 167 83 371 50% 
350 233 117 519 70% 
500 333 167 742 100% 

 
 
In the result analysis, we focus our attention on the resulting N contribution to grass 
productivity and in the N lost as leaching at the bottom of the soil profile. The former 



60 

represents one of the positive gain from agriculture as economic activity and the latter a 
negative externality into the environment, as most NO3-leaching will ultimately reach the 
groundwater storage and the rivers. We evaluate the different management strategies bringing 
together the two indicators in an index computed as the ratio of harvested-N to N-NO3 
leachate. The higher the value of the index the most favorable is the management strategy for 
both farmers and environment. Thus, we interpret this index as a proxy of the efficiency of the 
grassland in profiting from the N added in fertilization. We also analyze potential relations 
between such efficiency index and site-specific characteristics, such as the elevation and the 
percentage of precipitation that becomes groundwater recharge. 
 

4.3! RESULTS 

4.3.1!Model confirmation 

The performance of the model in representing the energy and carbon fluxes measured from 
the flux towers is good across all the sites. The R2 values of the model/observations 
comparison are reported in Table 4-3 and further goodness of fit metrics are reported in Table 
C-2. The seasonality of the energy fluxes is well represented across all the study sites, as 
illustrated by the pattern of latent heat shown in Figure 4-2. 
 
Table 4-3. Coefficient of determination (R2) of the simulated vs observed energy and carbon 

fluxes from flux towers data. 
 

 
Net 

radiation  
Sensible heat   Latent heat  GPP  

CHA 0.98 0.63 0.86 0.78 

OEN 0.98 0.66 0.82 0.69 

FEN 0.97 0.51 0.79 0.66 

ROT 0.74 0.48 0.76 0.63 

GRA 0.74 0.39 0.70 0.59 

STU 0.95 0.53 0.85 0.83 

FRU 0.96 0.72 0.87 0.85 

MB 0.93 0.75 0.88 0.79 

TOR 0.94 0.69 0.87 0.72 

     



61 

 

 
Figure 4-2. Observed versus simulated seasonal daily latent heat fluxes. We compare the 

observed (black points) and simulated (red crosses) seasonal pattern of latent heat 
computing the average value for every day of the year (DoY) considering all the 
years for which observations are available. We also apply a moving average with a 
centered window of 30 days (continuous lines). In the upper left corner of each 
subplot a scatter plot comparison of the hourly values of observed and simulated 
latent heat is shown. In red is plotted the 1:1 line. 

 
We show the comparison between the observed and the simulated effective saturation of the 
soil (Figure 4-3) to test the hydrological dynamics. The intra-annual pattern is generally well 
captured by the model. The average coefficient of determination R2 equals 0.49 and the 
average RMSE is 0.10. Results highlight the pedo-climatic differences across the Alpine 
region. Some sites tend to reach field capacity quite easily (e.g., FEN, ROT and GRA), in 
other sites effective saturation is often below 50% (CHA, OEN, STU and FRU). The high-
Alpine sites TOR and MB fall in this second case, but with pronounced peaks of saturation 
when snow melt occurs. 
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Figure 4-3. Observed vs simulated daily effective saturation. We compare the observed 

(black) and measured (red) pattern of the effective saturation across all the sites. In 
CHA, STU, FRU, TOR soil water content is measured at 5 cm depth, in OEN and 
MB at 10 cm depth and in FEN, ROT and GRA at 12 cm depth. The goodness of 
fit metrics Room Mean Square Error (RMSE) and coefficient of determination 
(R2) are reported for each station in each subplot. 

 

A summary of the simulated site-specific variables in terms of water, energy and carbon 
fluxes is shown in Table 4-4. The total net radiation does not vary consistently with elevation. 
As a result of temperature constraints, latent heat decreases with increasing elevation, leading 
to lower ET in high-Alpine sites, as the higher values of the Bowen ratio for the high-Alpine 
sites indicates. Phenology is also affected by elevation, the average day of the year when the 
simulated growing season starts (taken as the mean day when the biomass is higher than the 
biomass threshold at cut height) increases with increasing elevation. It spans from mid-March 
in the pre-Alpine site CHA to mid-May in the high-Alpine sites of MB and TOR. 
Consequently, the mean yearly GPP is higher where the growing season starts earlier. For 
instance, the resulting mean annual GPP in CHA is more than the double compared to TOR. 
However, the average GPP of the month July only, intended as a proxy for the GPP in the 
maximum growth period, does not differ much across the sites, and lower values are rather 
indicative of water limitations, testifying similar levels of productivity in the peak of the 
summer regardless of the site elevation.  
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Table 4-4. Simulated energy, water and carbon fluxes at each site. The mean annual 
evapotranspiration (ET), mean annual net radiation (Rn), mean annual Bowen 
ration (Bo), mean annual gross primary production (GPP), mean gross primary 
production of July (July GPP) and the mean day of the year in which the growing 
seaso starts (Start growing season) are reported. 

 

 ET 
 (mm yr-1) 

Rn  
(W m-2) 

Bo  
(/) 

GPP  
(gC m-2 yr -1) 

July GPP 
(gC m-2 month-1) 

Start growing 
season 
 (DoY) 

CHA 606 67.7 0.35 2177 362 76 

OEN 581 74.8 0.47 1856 271 75 

FEN 621 69.1 0.30 1752 309 88 

ROT 617 72.1 0.26 1702 310 97 

GRA 497 60.4 0.40 1422 284 113 

STU 503 53.1 0.33 1574 353 99 

FRU 517 59.6 0.36 1701 361 106 

MB 433 61.9 0.62 1326 222 174 

TOR 394 68.6 0.72 946 317 160 
 
The model confirmation against grass biomass dynamics clearly shows that snow presence on 
the ground limits the growing season at higher altitudes (Figure 4-4). The model responds to 
the inter-annual variability of the snow cover. In years with large snow accumulation, the 
growing season starts later compared to years with a less persistent snow pack. For instance, 
the years 2011 and 2013 in TOR are characterized by lower and higher than average snow 
depth respectively. The following growing seasons is respectively anticipated and delayed in 
both simulations and observations.  
In CHA, FRU and OEN the total simulated harvested biomass falls within, or is very close to, 
the range reported by observational studies. Considering the large variability in published 
biomass estimates across sites and even within the same site, it is difficult to conclude if such 
differences are a model shortcoming or simply dictated by observation uncertainty. In OEN 
the LAI dynamics are also well captured. The simulated biomass and LAI patterns in FEN, 
ROT and GRA fit the more detailed field data for 2015 (Figure C-1). Also, the LAI in STU is 
simulated well, and the length of growing season and the range of variability of available 
observations are matched. However, there are discrepancies on the exact dynamics of grass 
cuts in several sites, most pronounced at STU. These are expected as grass cuts are prescribed 
at regular intervals in the model, while they may occur irregularly in reality (for instance 
dictated by specific weather events) and they might also vary from year to year. The 
simulation in TOR matches quite well the magnitude of the grass biomass and the beginning 
of the growing season, but overestimates its length by approximately one month, which 
explains the major discrepancy between simulated and observed LAI and leaf-biomass.  
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Figure 4-4. Observed versus simulated leaf-biomass and LAI. (a) The simulated mean yearly 

harvested biomass in CHA, FRU and OEN are compared with published values. 
For CHA data are extracted from Gilgen & Buchmann (2009), Zeeman et 
al.,(2010) and Prechsl et al.,(2015). For FRU we compare with data from Gilgen & 
Buchmann (2009) and Zeeman et al., (2010). For the site OEN we compare 
simulated values with data reported by Ammann et al., (2009). (b) LAI in OEN is 
compared with observations from Chang et al., (2013). (c)(d)(e) Biomass data for 
the sites in Germany FEN, ROT and GRA were provided by the ScaleX campaign 
2015 (Zeeman et al., 2019). (f) LAI data in STU were digitalized from Wohlfahrt 
et al., 2008b (g) biomass data in TOR, observations were provided by the 
Environmental Protection Agency of Aosta Valley (Filippa et al., 2015). In all the 
subplots, we compare the simulated either biomass or LAI (black line) with 
observations (black dots), simulated snow depth (grey line) is also shown. 

 
Simulations of the lysimeter data in FEN, ROT and GRA provide the opportunity to test the 
soil biogeochemical dynamics and especially nutrient leaching as well as biomass 
productivity. The harvested dry matter and, consequently, also harvested nitrogen are 
considerably underestimated by the model compared to the lysimeters data. The simulated 
mean annual leaching of DOC in the years 2012-2014 shows values of the same magnitude of 
observations across all the three sites. The model estimates accurately N-NO3 leaching in 
ROT and GRA, while it underestimates this in FEN, where observations vary more than other 
sites. 
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Figure 4-5. Observed versus simulated harvested dry matter, harvested nitrogen, leaching of 

DOC and NO3. Simulated annual totals (empty triangles) are compared with 
annual totals (full triangles) reported by Fu et al., (2017, 2019) in FEN (blue), 
ROT (green) and GRA (red). The uncertainty bars represent the 25th and 75th 
percentile of observations. 

 
4.3.2!Numerical fertilization experiments 

The simulated NO3 concentrations in the leaching flux span two orders of magnitude ranging 
between 0.07 and 12 mg L-1 (Figure 4-6a), compared to an environmental limit of 50 mg L-1 
in Europe (EEC, 1998). In this case we prefer comparing NO3 rather than NO3-N 
concentrations to the widely known threshold of 50 mgNO3 L-1 imposed by the European 
Directive. The high-Alpine site TOR exhibits the highest NO3 concentration, increasing 
almost monotonically with increasing nitrogen input (Figure 4-6a). The other high-Alpine site 
MB shows concentrations comparable to the other sites but with higher interannual 
variability. Except for TOR, in the range of N inputs between 30% and 50% of the maximum 
fertilization, the NO3 concentration in leaching does not increase monotonically with the input 
(Figure 4-6a). 
 
The variability of NO3 leaching concentration is remarkable not only across sites belonging to 
different elevation classes, but also within the same elevation range. The largest variability 
among sites of similar elevation is in the N input range of 30 to 50% of the maximum N 
fertilization. For example, the difference in NO3 leaching concentration between STU and 
FRU at 50% of maximum fertilization is comparable to the difference between the leaching 
obtained in STU increasing the N-load from 50 to 100%. The same observation applies to the 
pre-Alpine sites of FEN and OEN. 
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Figure 4-6. Results of the fertilization experiments.  (a) NO3 concentration in groundwater 

recharge as a function of different nitrogen fertilization scenarios (percentage of 
the maximum) in each site. (b) Harvested N in each site as function of different 
nitrogen fertilization scenarios. (c) Harvested N vs N leaching in each site. Moving 
counterclockwise follows the increase in N input. As a reference the biggest 
marker indicates N input of 100%. The dotted lines represent the estimate of 
maximum NO3 losses assumed by EU regulations or nearby countries. They 
correspond to the values 17 and 51 kgN ha-1 yr-1, i.e., 10% and 30% of the 
maximum allowed input 170 kgN ha-1 yr-1. (d) N fertilization efficiency index 
computed as the ratio between the harvested N and N concentration in 
groundwater recharge as a function of nitrogen input. In all the subplots the colors 
represent the elevation class, i.e., pre-Alpine (red), Alpine (blue) and high-Alpine 
(yellow) sites. The colored area around the markers and lines represent the 25th and 
75th percentile of the internannual variability of the simulated variables. The 
vertical dashed bars represent the limit of 170 kgN ha-1 yr-1 imposed by the EU 
Nitrate Directive in each of the three classes. 

 
Harvested N as a function of the nitrogen fertilization in the high-Alpine sites MB and TOR 
differs remarkably from the other sites (Figure 4-6b). At these high-Alpine sites, the 
harvested-N does not considerably increase with increasing N inputs, as grass productivity is 
likely constrained by other factors than N. For the other sites, a clear increase of harvested N 
emerges for N fertilization spanning from 10% to about 40% of the maximum. For values 
higher than 40%, there is not much gain in simulated harvested N (and thus biomass) 
regardless of the increased nutrient availability. 
When results are summarized in the harvested N versus N leaching space, this difference is 
more pronounced (Figure 4-6c). Patterns of pre-Alpine and Alpine sites partly overlap, but 
occupy a distinct space away from high-Alpine sites. High-Alpine sites show a limited range 
of variability of harvested N compared to the range of leaching NO3. Beyond a certain 
threshold of N input also the other pre-Alpine and Alpine sites show limited increase in 
harvested N. Also note that for lower N-input the NO3 leaching is to be relatively stable while 
harvested N and thus grass biomass increase. The N contributing to grass growth is one order 
of magnitude higher than the leaching N in the high-Alpine sites. In comparison, for pre-
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Alpine and Alpine sites it is two orders of magnitude higher testifying a closer N-cycle 
despite more intensive fertilization.  
 
When the harvested N and the N concentration in groundwater recharge are combined in a 
ratio, we obtain an index, which depicts the efficiency of the fertilization practice (Figure 4-
6d). Ideally, this index should be maximized to obtain a win-win situation which optimizes 
grass yield and minimizes water quality issue. When plotting the index as a function of the 
percentage fertilization, the pre-Alpine and Alpine sites exhibit a range where the index is 
maximum. This range is in between 20% and 60%. Specifically, CHA, OEN, FEN GRA and 
FRU exhibit the highest value at 20% of the fertilization input (67-100 kg N ha-1 yr-1), ROT at 
35% of the maximum load (175 kg N ha-1 yr-1) and STU at 50% of the maximum load (167 kg 
N ha-1 yr-1). The high-Alpine sites do not exhibit any optimum, but only a monotonically 
decreasing line, as N fertilization does not stimulate growth but rather increase NO3 leaching. 
 

 
 
Figure 4-7. Ratio between harvested N and N leaching concentration as a function of site 

characteristics.  (A) Harvested N/ N leaching concentration as a function of 
elevation in each site. (B) Harvested N/ N leaching concentration as a function of 
the percentage of yearly water recharge to groundwater over the yearly 
precipitation. In both plots the whiskers span the 25th and 75th percentile of the 
interannual variability.  

 
As a matter of fact, correlating the efficiency index with the elevation (R = -0.66 p =0.05) of 
each site shows a predominant decreasing trend with increasing elevation (Figure 4-7a). 
However, there are exceptions such as OEN, GRA and FRU showing low index despite 
relatively low elevation. The correlation of the index with the fraction of precipitation, which 
is lost through groundwater recharge, provides an even better descriptor (R = -0.75 p =0.02) 
of the fertilization efficiency. We also correlate the index to the soil hydraulic conductivity 
(Figure C-2) but the correlation is not significant (R=-0.28 p=0.47). Low water recharge 
fractions are associated with higher value of the N-efficiency index (CHA, FEN, ROT, STU) 
while sites characterized by higher groundwater recharge have a low index (OEN, GRA, 
FRU, MB, TOR), highlighting a dominant hydrological control beyond soil-element 
biogeochemistry. In the sites OEN, FRU, MB and TOR the high groundwater recharge also 
corresponds to high soil hydraulic conductivity (Ks), while in GRA Ks is relatively small 
(Figure C-2). On the contrary, in STU the groundwater recharge fraction is relatively small 
and the N-efficiency index is high despite a high hydraulic conductivity (Figure C-2). 
 

4.4! DISCUSSION 

4.4.1!Fully-integrated mechanistic ecosystem modelling: successes and limitations 

While many ecosystem modeling applications have been discussed in literature, including 
detailed ecohydrological (e.g., Ivanov et al., 2008; Tague et al., 2013; Millar et al., 2017) and 
soil biogeochemistry applications (e.g., Parton et al., 1998; Kraus et al., 2014; Robertson et 
al., 2019), rarely, if ever, a single integrated model has been tested across different 
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compartments and disciplines in concurrently reproducing surface energy budget, 
hydrological dynamics, vegetation productivity, and nitrogen budget. Here, we raise the bar to 
challenge T&C-BG, in reproducing these processes across nine grassland sites in the broad 
Alpine region. Furthermore, to ensure future model transferability and avoid local tuning, we 
also use the same vegetation and soil biogeochemistry parameters across all sites, with few 
exceptions where an elevation or latitudinal dependence of a parameter should be preserved. 
Despite such an ÒaverageÓ parameterization, the model responds surprisingly well to the 
challenge as energy and carbon fluxes, soil hydrology, vegetation dynamics, and NO3 and 
DOC leaching fluxes are all with realistic magnitude and similar to observations with few 
notable exceptions discussed below. Also feedback between compartments are realistic in the 
model, as it is the case of growing season length varying depending on the date of complete 
snow cover disappearance or the limitations in grass growth and thus LAI at low nitrogen 
availability. Overall, simulations suggest that a correct representation of phenology and thus 
length of the growing season is a fundamental aspect of model performance as peak of the 
season GPP is much more similar across sites than annual GPP values (Table 4-4).  
 
Despite such a positive outcome, there are a number of uncertainties in both the observations 
and model simulation that are relevant to highlight. It is well-known that flux towers do not 
close the energy budget (e.g., Foken, 1998, 2008; Wilson et al., 2002; Widmoser and 
Wohlfahrt, 2008a; Mauder et al., 2020). The model generally overestimates the sensible heat 
compared to observations, thus suggesting that the missing energy is most likely attributable 
to sensible heat as supported by other studies (Liu et al., 2011; Mauder et al., 2006; Wohlfahrt 
et al., 2010) and justifies the lower R2 for sensible heat compared to the other fluxes. 
Observations of soil water content depend on the specific soil hydraulic properties and 
microtopography in the location where the sensor is installed and are also often subject to 
temporal drifts. The model represents a vertically explicit but spatially implicit average soil 
moisture over the tower footprint. For this reason, even though we normalize soil moisture 
using effective saturation, the comparison should be seen more in qualitative terms rather than 
attempting to reproduce exactly the observed soil moisture values. Most important, in terms of 
vegetation productivity, biomass data reported from different articles present a remarkable 
variability despite referring to the same study site. This might depend on differences in 
sampling protocol and instrumentation (Zeeman et al., 2019) as well as natural spatial 
variability. In light of these uncertainties we do not dwell in explaining model to data 
differences as far as the long-term magnitude of observed biomass is similar. The only 
exception is the very significant underestimation of the simulated biomass compared to 
lysimeters measurements. We attribute large portion of this inconsistency to the well-
documented lysimeter oasis/border effect, which generates crop yields and evapotranspiration 
fluxes 10-20% larger than larger-scale observations (Oberholzer et al., 2017). As the model 
captures well the pattern of biomass and carbon fluxes in the flux-tower locations, it would be 
difficult to justify why biomass productivity should be much different a few hundreds of 
meter apart in the lysimeters under similar management (Fu et al., 2017). The model does not 
properly represent the inter-annual variability of harvested carbon and N, for example not 
capturing the higher productivity of 2013, a particularly productive year due to the reduced 
snow cover (Zeeman et al., 2017). One explanation can be that we input to the model the 
same management strategy every year while local management vary from year to year. More 
generally, simulation results are affected by the spin-up process performed to initialize the 
carbon and nutrient pools in the system in absence of historical information. The induced 
stationarity might influence the soil organic carbon and nitrogen pools enrichment or 
depletion and generates discrepancies with observations. Other possible N losses in the 
environment such as ammonia volatilization or denitrification (N2) do not affect this 
discrepancies, being their average losses across the three sites in the order of 0.74 kgN ha-1 yr-

1 and 0.28 kgN ha-1 yr-1 respectively. 
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Simulated NO3 concentration in groundwater recharge in FEN is underestimated compared to 
the observed values from lysimeters. While this can be likely due to model shortcoming, the 
model uncertainty is not the only factor contributing to this incongruence as also the 
discrepancy of management between the model and reality might play a role. Moreover, the 
model does not take into account preferential flows, which might be particularly pronounced 
in the lysimeters, (Benettin et al., 2019; Groh et al., 2015; Schoen et al., 1999; Shajari et al., 
2019). Regardless of these existing differences, and keeping in mind that the exact value of 
the results is likely more uncertain that the comparison across scenarios/sites, we argue that 
results obtained with T&C-BG are more encouraging than discouraging and allowed us to 
explore the complex functioning of the overall ecosystem and to carry out virtual numerical 
experiments that can inform farmers and legislators.  
 

4.4.2!Simulated responses to fertilization and management implications 

A term of comparison for the simulated NO3 leaching concentrations is the limit of 50 
mgNO3/L imposed on groundwater nitrate concentrations by the European Drinking Water 
Directive (98/83/EC, EEC, 1998). Results from the numerical experiments show that NO3 
leaching concentrations are generally lower or much lower than this threshold, even under 
highly intensive management practices.  
 
The EU Nitrate Directive 91/676/EEC (EEC, 1991) imposes the maximum N fertilization rate 
for stable managed grasslands of 170 kgN ha-1yr-1. The Directive leaves room for flexibility to 
European countries, since they are allowed to introduce higher N fertilization loads if they 
demonstrate that grassland absorbs it efficiently. However, if the monitoring of surface and 
groundwater NO3 concentration reveal water quality issues, then EU can intervene with an 
infringement proceeding. As an example, Germany in 2017 re-adapted the national Fertilizer 
Ordinance of 2007 after an infringement proceeding by the EU (Kuhn, 2017). 
The threshold of 170 kgN ha-1yr-1 is computed on the basis of a NO3 input-output balance at 
the farm scale. In such a simple computation the NO3 losses in the environment are assumed 
to be 30% of the input (IPCC, 2000, 2006). These losses include both groundwater recharge 
and surface runoff. Although some countries have lowered this threshold to 10%, such as 
Ireland, or to 20%, such as Switzerland, there is evidence that the threshold is quite high 
compared to observed losses in grasslands (Eder et al., 2015). Our study confirms such a 
finding highlighting NO3 concentrations in the order of 0.1-12 mg L-1, although we only 
consider the NO3 losses with groundwater recharge and neglect those through surface runoff. 
The surface runoff contribution to NO3 losses is more likely to be higher in the high-Alpine 
sites, where the winter snowpack melting on a frozen soil favors surface runoff. However, 
there is evidence that NO3 losses through surface runoff are usually small compared to losses 
through groundwater recharge (Casson et al., 2008; Jackson et al., 1973). Despite the 
noticeable inter-site variability, the simulated losses of NO3 into groundwater are generally 
lower than 10% of the N-input, even under highly intensive fertilization scenarios (Figure 4-
6c).  

Among the N inputs explored in the analysis, the value which guarantees the maximization of 
the N-efficiency ratio is quite close or lower than the limit of 170 kgN ha-1 yr-1 in pre-Alpine 
and Alpine sites (Figure 4-6d). Thus, we confirm that such a limit is a reasonable upper 
threshold. However, an emerging aspect from the simulations is the large variability across 
sites in NO3 leaching and response to fertilization. While model uncertainties exist and we are 
unlikely to capture the exact magnitude of all N-fluxes at all sites, this variability is likely 
underestimated rather than overestimated by the model due to simplifying assumptions and 
commonality of parameters. The NO3 leaching and the grassland yields depend on the degree 
at which nitrogen is limiting productivity versus other environmental factors (e.g., 
temperature), on the capability of vegetation in uptaking nutrients, and on the hydrological 
characteristics of the sites. A soil favoring water drainage or a fast snowmelt at the end of the 
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winter generates larger amount of N leaching into groundwater. Most likely one factor does 
not exclude the other (Figure 4-7 and Figure C-2), but the combination of both soil properties 
and hydrological regime drives the correlation between N leaching concentration and 
groundwater recharge fraction. The N uptake efficiency of grassland depends more on the 
nutrient demand with a longer growing season (Zeeman et al., 2017) higher temperatures and 
lack of water stress favoring the N demand, even though the importance of the different 
aspects are difficult to disentangle (LŸ et al., 2014). Literature shows that also the richness of 
species composing the grassland might favor nutrient uptake (Niklaus et al., 2006; Spehn et 
al., 2005; Tilman et al., 1996), but this type of ecological feedback is not implemented in the 
model, which simply considers an Òaverage species compositionÓ as a representative 
grassland. In the simulations, the length of the growing season at OEN, GRA and FRU is 
comparable to the other pre-Alpine and Alpine sites (Table 4-4). However, simulated NO3 
leaching is higher and the produced biomass is lower. This is especially true at low N 
fertilization levels. This further remarks the important role of local hydrology (Fig 6a-c) on N-
cycle.  
 
As local hydrological and soil conditions (and potentially also different site biogeochemical 
history and species compositionÐ not considered here) modify the grass response to N 
fertilization, disparities among farmers might emerge simply as a function of location. 
Farmers owing a field in an area characterized by higher groundwater recharge might be 
disadvantaged because losses of NO3 to groundwater could be higher and yields limited for 
the same amount of N fertilization. On the contrary, farmers owing fields in hydrological 
favorable sites might be advantaged. Such disparities should be taken into account in two 
ways: first in delineating location specific fertilization limits and second in applying some sort 
of compensation for locations/regions that are disadvantaged. A good practice in this direction 
is the proof of ecological performance (PEP), introduced in Switzerland (Swiss Federal 
Council, 1998). Direct payments are transferred to farmers who join this program, which 
imposes a wealth of rules in order to preserve the environment. Among the requirements the 
computation of the farm NO3 balance needs to be also provided. 
 
On the basis of modeling results, regulations based on a fixed-threshold for the whole 
European grasslands could be largely suboptimal. Even if we might underestimate losses 
because of model uncertainties and because we do not consider surface runoff, resulting NO3 
losses are abundantly lower than 30% of the N-input. 
Overall, there is still leverage for enhancing N fertilization before reaching the threshold 
assumed by the EU Directive. However, we also showed that higher N-load do not necessarily 
correspond to higher yields, especially above certain thresholds. Therefore, even though NO3 
leaching is low, an effective increase of manure application might not be beneficial for grass 
yield and should be evaluated on the basis of the site-specific characteristics.  

We suggest as a possible alternative and better strategy the definition of thresholds on 
fertilizer input based on a distributed mapping of the landscape. In absence of more precise 
information, agricultural areas could be classified based on the crop NO3 use efficiency, soil 
type, and hydrological characteristics. For instance, Klammler et al., (2013) provide and 
interesting example of NO3 leaching mapping in a case study in Austria. Alternatively, 
mechanistic ecosystem models as used in this study could be employed to identify ranges of 
optimal fertilization levels for different sites, groups of sites, or even in a fully distributed 
manner. This process could be demanding in terms of resources as requires advanced 
expertise, sufficient data to constrain the models, and adequate modelling tools (Decrem et al., 
2007) . However, with increasing computational capabilities and data availability to constrain 
model parameters, it is likely that mechanistic modeling approaches might become more 
popular and an essential tool for fostering the mapping process and provide distributed 
information to refine environmental regulations. 
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4.5! CONCLUSION 

We simulated the dynamics of nine managed grassland sites across the broad European 
Alpine region. We applied the mechanistic model T&C-BG which fully integrates land-
surface mass and energy fluxes, soil hydrology, vegetation dynamics, and soil 
biogeochemistry. The model was confirmed to reproduce realistic magnitude and temporal 
dynamics of ecohydrological variables across multiple compartments in an effort of model 
evaluation that goes beyond many of the existing attempts to confirm ecosystem models. The 
model was subsequently used to quantify the impact of different N fertilization scenarios, 
with focus on grass productivity and NO3 concentration in groundwater recharge. Simulations 
reveal that although groundwater recharge concentrations are relatively small and well below 
environmental policy limits, there is high variability across grasslands, also for sites located at 
similar elevation. Such variability is mainly driven by local environmental controls on 
productivity that reflects in the grass capability to uptake nutrients and by the differences in 
the hydrological regime summarized as the fraction of precipitation that becomes recharge. 
We suggest that these factors should be taken into account by legislators while defining 
thresholds on fertilizer loads. Guidelines based on the site-specific rather than based on fixed 
thresholds across large regions would favor the maximization of grass yields while allowing 
preserving similar water quality targets. Fully-integrated mechanistic ecosystem models as 
employed here have a big potential as tools to construct these maps under current and future 
climate scenarios. 
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Chapter 5 
Concluding remarks 
5.1! MAJOR FINDINGS 

 
This work investigated the complex question of solutes export dynamics providing innovative 
insights on the solute concentration patterns in surface water (Chapter 2), on the relation 
between the solute input and the solute export dynamics (Chapter 3) and on the impact of 
agricultural management on the nutrients release in the environment (Chapter 4). 
 
Chapter 2 presented the investigation of solute export dynamics at the catchment scale based 
on long-term concentration and discharge data at the outlet of 11 Swiss catchments. Being the 
Swiss database associated to catchment characteristics, it allows the discernment of 
anthropogenic and/or natural catchment characteristic signatures in the observations. While 
the anthropogenic signature is distinctly visible in the observed patterns, it is not easy to 
disentangle the influence of catchments characteristics. Anthropic activities clearly affect not 
only the magnitude and seasonality of the concentration at the river outlet, but also the long-
term export dynamics of solutes related to human activities (NO3, TN, DRP and TP). The 
bedrock chemical composition together with the steepness of the catchment topography play a 
role on the concentration of weathering products and sediment-binding solutes respectively. 
The small number of catchments was a limiting factor in the analysis of spatial patterns and 
motivated the choice of expanding the database in the following step of the research. This 
approach aims at reducing the knowledge gap about the cause-efect relationships linking 
catchment characteristics, anthropic activities and solute dynamics across a broad range of 
catchment and climates. 
 
Accordingly, in Chapter 3 the C-Q relations analysis is extended to a newly assembled 
database including 585 stations around the world. On the one hand, some findings of Chapter 
2 concerning solute behaviors are confirmed thus suggesting a more robust generalization 
perspective. On the other hand, this Chapter highlights the discrepancy of nutrients behaviors 
across catchments. 
Consequently, the relative importance of the timing of solute input and the vertical 
distribution of solute sources are tested as possible drivers of the C-Q relation. An explicit 
link between these two possible dominant controls and the C-Q relations is provided by the 
numerical experiments with the fully coupled hydrological tracer-aided model WATET. The 
depth of the solute generation is identified as dominant control on the C-Q relation. The 
deeper in the subsurface the solute is sourced, the more diluting is its export behavior. Solutes 
more abundant in the shallow rather than in the deep subsurface are instead more likely to 
exhibit an enriching behavior at the catchment outlet. 
 
The study in Chapter 3 sheds therefore a new light on factors shaping the C-Q relation of 
nutrients, but the lack of input data as well as the simple model structure hampers the 
formulation of a proper predictive framework for non-conservative solutes. Being the 
behavior of nutrients, especially of nitrate, still difficult to unravel, in Chapter 4 the spatially 
distributed scale is abandoned in favor of a more detailed plot scale mechanistic 
representation of nutrient dynamics. 
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In Chapter 4, the nitrogen cycle is investigated by means of the mechanistic ecosystem model 
Thetis&Chloris-Biogeochemistry (T&C-BG), which integrates nitrogen budget with carbon 
cycle, energy and water fluxes. The model is applied to mimic the dynamics of nine managed 
grassland sites across the European Alps, with the specific aim of focusing on agricultural 
practice as one of the major controls of nutrients and water interactions. The mechanistic 
model is thoroughly and successfully confirmed against multiple variables representing 
hydrology, vegetation dynamics, energy and carbon fluxes and soil biogeochemistry. The 
model is consequently fed with different fertilization regimes and nitrogen is tracked in the 
system. Despite the percentage of nitrogen that is dispersed in the environment as nitrate 
leaching is a small portion of the fertilizer inputs, the nitrogen losses across sites are quite 
variable. Specifically, higher losses of nitrogen in the environment are determined by shorter 
growing seasons, generally constrained by the site elevation. However, results show that the 
hydrological regime is an important control of nutrient losses. Such inter-sites variability 
should be considered in the definition of management guidelines. 
 

5.2! FROM DATA-BASED DIAGNOSIS TO MODEL-BASED 
PREDICTIONS Ð NOVELTIES AND LIMITATIONS  

As highlighted in Chapter 1 the open challenges concerning the study of solute export 
dynamics are multiple and this study addresses some of them tackling the topic from different 
perspectives. From Chapter 2 to Chapter 4 an increasingly complex approach has been 
adopted to address specific aspects of solute dynamics that can lead to the formulation of 
predictive models. Chapter 2 presents a data-based diagnostic perspective. Chapter 3 
integrates the data-based diagnoses with a simple modelling framework to provide 
explanations of the underlying processes. Chapter 4 makes uses of complex mechanistic 
model for prediction. The three data and modelling investigations allowed the identification of 
clear mechanisms as well as some limitations to understanding. A critical appraisal is 
discussed in the following. 
 
In Chapter 2 the Swiss NADUF database provides the rare opportunity to relate observed 
long-term patterns in concentration and discharge data to specific catchment characteristics.  
In order to yield robust conclusions only stations with 15 years of 14-days measurements 
were selected. The time horizon in the order of decades is long enough to record changes in 
the anthropic forcings (e.g., reduction of nutrients input after the introduction of specific 
regulations), which is opposed to the substantially constant natural characteristics of 
cacthments on such time scales. This contrast allows the investigation of different aspects of 
solute concentrations (magnitude, seasonality, trends) highlighting the influence of the two 
controls. The long time horizon guarantees a large number of samples in each station, which 
allows also the investigation of C-Q relations dividing into low-flows and high-flows, thus 
providing a more detailed description of the export dynamics (Moatar et al., 2017), and to 
introduce a time-varying perspective of C-Q relations across decades which represents an 
element of novelty in literature. 
If on one hand the large number of samples in each station allows the robust assessment of the 
influence of rather anthropic or natural catchment characteristics, on the other hand, the 
number of analyzed catchments was reduced excluding shorter than 15-years data records, 
thus hampering a proper spatial analysis. 
Nevertheless, the data analysis allowed to find out that in catchments with higher 
urbanization, the anthropogenic signature is clearly detected on the long-term concentration 
and C-Q patterns of a specific class of solutes (NO3, DRP, TN and TP). In contrast, in natural 
catchments the natural variability of solute concentrations prevails. 
The coarse sampling time resolution typical of long-term monitoring programs remains, 
however, a limiting factor in the investigation of underlying processes (Bieroza et al., 2014; 
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Cassidy and Jordan, 2011; Dupas et al., 2016). Recent studies relying on high-resolution 
concentration data reveal the potential of integrating the coarse scale long-term information 
with observations of solute behavior at shorter time scales, during intensive observation 
periods like storm events ( Oeurng, et al., 2010; Bende-Michl et al., 2013; Knapp et al., 2020) 
or diurnal cycling (Halliday et al., 2012; Wade et al., 2012).  
 
Searching for generalization of results obtained from the analysis of Swiss data, Chapter 3 
uses an extended database that consists of a collection of 585 stations around the world. This 
data assemblage effort represents a unique database in the landscape of concentration-
discharge studies and allows a novel robust generalization of mechanisms of solute export 
dynamics. The variability and challenge in characterizing nutrient behavior emerges clearly, 
especially in relation to the well-defined and consistent diluting behavior of geogenic solutes 
(e.g., Thompson et al., 2011; Musolff et al., 2015; Rose et al., 2018), thus highlighting the 
need for further investigations and the limits of low-resolution data in capturing the 
complexity of nutrient dynamics. 
Based on evidence of the data analysis, this study also overcomes the intrinsic limitation of C-
Q analysis in determining the underlying processes, by means of model-based experiments, 
aimed to provide plausible explanation of the C-Q observed dynamics. Each specific solute 
export behavior is explained through modelling experiments with the fully coupled 
hydrological and solute transport model WATET (Remondi et al., 2019). In particular, the 
numerical experiments focus on the role of the solute source in shaping C-Q, with the aim of 
providing a systematic explanation, which supports the existing literature ( Musolff et al., 
2017; Zhi et al., 2019).  
The modelling experiments help dissecting the information encapsulated in the C-Q relations, 
thus providing particularly valuable knowledge in the context of missing solute input data. As 
a concrete example, the export behavior of nitrate could be referred to higher concentration in 
the shallow layer rather than in the deep subsurface. The extent at which such a vertical 
distribution is due to high denitrification rates in groundwater rather than to nitrate pools in 
shallow soil exported by high horizontal hydrological connectivity (also confirmed by Basu et 
al., 2010; Herndon et al., 2015; Musolff et al., 2015; Outram et al., 2016; Zarnetske et al., 
2018) varies from site to site.  
Aiming at describing the general export dynamics at the catchment-scale, synthetic 
experiments are run hypothesizing uniform horizontal distribution in space. Such a hypothesis 
might be simplistic in a predictive framework but is suitable for the explanatory purpose of 
the study. Despite the simulations are performed on a single catchment, the Plynlimon in 
Wales, behaviors resulting from the C-Q analysis of synthetic experiment are similar to those 
of observed C-Q relations, meaning that the several general export behaviors observed in 
nature are captured by the set of modelling experiments. The successfull comparison of 
modelling results with observations represents a step forward compared to the purely 
synthetic experiments available in literature. 
It is worth noticing how such a simple modelling framework requires a remarkable larger 
number of data compared to the data-based approach of Chapter 2. The preliminary validation 
of the fully-distributed tracer-aided hydrological model, besides climatological input, 
hydrological and catchment characteristic (e.g., soil parameters, land cover) data, demands 
also tracer concentration timeseries in precipitation and discharge, possibly at high temporal 
resolution.  
 
Chapter 3 has highlighted the challenge of characterizing the behavior of nutrients due to its 
high variability across different catchments and identifies the higher nutrient concentration in 
the shallow subsurface compared to the deep subsurface as the main driver of the nutrients 
export behavior. Chapter 4 digs with a process-oriented perspective into the variability of 
nitrogen, focusing on its dynamics in the shallow soil layer. Nitrate deserves attention, since it 
is the nutrient main component of fertilizers, which respectively contributes to the plant 
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growth and to the environmental impairment. Aiming at ascribing the variability of nitrogen 
behavior to specific processes characterizing the nitrogen cycle, the latter is explicitly 
described through an exhaustive mechanistic approach.  
The applied model T&C-BG is a forefront example of integration of soil-vegetation-
atmosphere energy and carbon exchanges, soil hydrological and biogeochemical fluxes and 
vegetation dynamics in a single model. As highlighted in Chapter 1, while the integration of 
different models specialized on a single aspect of ecosystems is becoming a common practice 
in literature, the integration of different specialized modules in a single ecosystem model 
represents a promising novelty. 
Mechanistic models constrain the description of soil biogeochemical processes better than 
conceptual approaches and provide a larger predictive power than empirical models 
(Moorhead et al., 1996; Wieder et al., 2013; Manzoni et al., 2016). The performed 
unprecedented thorough multi-variable validation has proved the model capability of 
representing the overall ecosystem dynamics, incorporating also feedback among the 
compartments. The variability of the nitrate behavior across sites subjected to the same 
fertilization regimes is confirmed. Specifically, the process-oriented description allows the 
identification of two main influencing factors of such variability. First, the efficiency of the 
grassland in uptaking nitrogen for its own growth and, second, the hydrological fluxes 
governing the nitrate leaching to groundwater. These dominant factors for nitrate dynamics 
are shown to be site-specific and affected by high inter- and intra-annual variability, thus 
explaining the non-convergence of the long-term C-Q relation dynamics to a single behavior. 
This analysis highlights how the gain of knowledge supplied by the fully-integrated 
mechanistic approach has a big potential in practical application like the delineation of best 
practices or regulations for management.  
Compared to the framework in Chapter 3, the more detailed and process-oriented approach of 
T&C-BG comes at the cost of a reduced spatial resolution, being the dynamics of managed 
grassland simulated at the plot scale. Indeed, the mechanistic approach implies a large 
parametrization and further research is required to provide more robust parametrizations, 
especially at distributed spatial scales (Fatichi et al., 2019).  
Model complexity means also high computational costs. In this case, the 1-D version of the 
model is applied, computationally not expensive and suitable for the demonstration purpose of 
this study. In real-case applications for water quality assessment, spatially-distributed 
simulations are generally required. Being current applications of fully-integrated ecosystem 
modelling at early stages, there is still leverage for improvement and this study simply 
represent a first very promising evaluation of mechanistic approaches.  
 
 

5.3! LERNT LESSONS AND OUTLOOKS FOR FUTURE RESEARCH 

The results of this study shed new light on the capability of modelling and understanding the 
processes leading to observed export dynamics of different solutes, but also open several 
opportunities for new research directions. This would ultimately lead to an exhaustive 
description of the solute export dynamics accounting for complexity of processes while being 
able to issue predictions spatially distributed at the catchment scale. 
 
The critical appraisal of the research results has highlighted how a more complex and process-
constrained approach to the solute export dynamics allows predictions of the solute dynamics 
on a spatial scale, which is highly influenced by the data availability and computational 
capacity. Indeed, the amount of required data remarkably increases with increasing 
complexity, thus posing the problem in a perspective of compromise among predictive power, 
spatial scale and data availability. Further research effort should be addressed to solving this 
compromise. 
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Aiming at identifying the most effective approach for spatially explicitely modelling the 
complex solute transport dynamics, this research suggests two different possible approaches. 
First, the coupled data-modelling framework in Chapter 3, also enforced from the results of 
the data analysis in Chapter 2. It represents an example of improved understanding of 
underlying processes of the solute export dynamics based on long-term observations and 
synthetic experiments with a relatively simple fully distributed tracer-aided model. Second, 
the complex representation of the nitrate cycling with the mechanistic ecosystem model T&C-
BG in Chapter 4, which represents an example of process-oriented model capable of making 
predictions. In this case the spatial representation is limited at the plot scale mainly by data 
availability and computational capacity. 
Future research should continue to investigate both of these research directions, on one side 
trying to add further complexity to the processes representation in solute transport models 
born as adds-on to fully-distributed tracer-aided models and, on the other hand, trying to 
expand the 1-D mechanistic predictions to a 2- or 3-D scale. 
While the technological advancement in the last years already provides high-resolution water 
quality data in surface water, which might immediately be used to add complexity to the 
spatially distributed solute transport models, fully-integrated mechanistic ecosystem models 
are still limited by the data availability for their validation, especially if distributed in space. 
 
High-resolution concentration data at the outlet are promising for complementing the 
information carried by the low time resolution C-Q relations as many recent studies highlight 
(e.g., Bende-Michl e al., 2013; Schwientek et al., 2013; von Freyberg et al., 2017; Rode et al., 
2016; Knapp et al., 2020). The knowledge acquired from these new data can better constrain 
coupled hydrological and non-conservative solute transport models allowing the description 
of short-term processes, which contribute to the observed solutes export dynamics.  
One big advantage of the high-resolution data is that measurements are performed directly 
with at-site instrumentation accessible online, thus avoiding the manual grab sampling 
procedure and its related practical issues. Experience with low-resolution data from long-term 
monitoring programs (Chapter 2 and partially Chapter 3) teaches that the length of time series 
is crucial in order to provide robust information. Although missing data in historical time 
series should be minimized, they often occur due to difficulties related to the practical 
sampling and analysis procedure (Destouni et al., 2017). Another reason behind the 
inconsistency of long-term low-resolution data are the disjoint observations of solute 
concentrations and flow data, dramatically affect the usability of data. This happens because 
long-term water quality programs are often run independently from the hydrological 
monitoring programs at the national scale, as the experience of database collection reported in 
Chapter 3 teaches. Water resources management policies as well as research in the field 
would benefit of a more coherent data collection approach, being such data important for the 
evaluation of water quality issues as already highlighted by this and multiple previous studies 
(e.g., Burt et al., 2010; Schaffelke et al., 2012; Wilcock et al., 2013). 
 
The second outlook for future research concerns the extension to a spatially distributed scale 
of mechanistic ecosystem models like T&C-BG, thus overcoming the data limitation and 
computational issues.  
In the case of T&C-BG, thinking of a stepwise approach from 1-D to 3-D scale which limits 
the data requirements and the computational effort, a compromise approach can be found. A 
predictive framework can be built coupling the current 1-D version of T&C-BG with a 
simplified fully distributed hydrological and solute transport model like WATET. The 
underlying logic is to inform the simple distributed transport model with the results from the 
mechanistic ecosystem model. The simulation domain can be divided into Òbiogeochemical 
response unitsÓ, i.e., areas with similar land-cover and soil characteristics, following the 
analogy of Hydrologic Response Units (HRUs). While hydrology can be simulated on the 
entire domain, biogeochemical fluxes can be estimated running the 1-D version of T&C-BG 
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in each sub-domain, thus limiting the data requirements. The simulated amount of nutrients in 
the soil compartments and leaching to groundwater could represent the input to the distributed 
transport model for the entire Òbiogeochemical response unitÓ. Some assumptions are required 
to extend the lumped output from the ecosystem model to the spatially distributed scale of 
WATET, thus introducing some additional uncertainty. The added value relies on the 
mechanistic assessment of the nutrient input available in the system to be transported to the 
catchment outlet and thus on the possibility to construct a number of virtual experiments, 
without oversimplifying assumptions on the inputs. 
Another way forward could be to run the 3-D version of T&C-BG, for example at the 
catchment scale. The 3-D modelling is computationally very expensive (Mastrotheodoros et 
al., 2020) and, depending on the spatial scale of the simulation, the typically available 
computational capability might not be enough and, anyhow, they limit the possibility to run 
multiple experiments. Moreover, limitations on data availability on large spatial scales might 
add further uncertainty to the modelling results. 
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Appendix A 
Supporting Information Chapter 2 

A.1! THE IMPACT OF DETECTION THRESHOLDS ON RESULTS 

The NADUF data are collected following the ISO/EN methods for water analysis. 
Uncertainties in the data may rise due to the detection limits of the instruments or analysis 
methods. The specifics of the data collection methods including also the detection limits are 
reported at the following link: 
https://www.bafu.admin.ch/dam/bafu/en/dokumente/hydrologie/fachinfo-daten/naduf-
methoden-chemische analysen-eawag-
2018.pdf.download.pdf/Methoden_NADUF_2018_E.pdf. The differences in concentration 
magnitude across catchments are higher than the sensitivity of the instruments and therefore 
are significant. 
 

 
 

Figure A-1. Discharge seasonality. Each point represents the monthly average discharge 
normalized by the average discharge over the monitoring period, while the red 
dashed line is the average normalized discharge over the entire monitoring 
period. Blue upper box: Swiss Plateau catchments. Light blue middle box: 
hybrid catchments. Yellow bottom box: Alpine catchments. The hydrological 
regimes are clustered according to the main categories reported by Weingartner 
& Aschwanden (1992). 
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Figure A-2. Long-term solutes trends. Each line represents the monthly average concentration 

of each solute. The color bar indicates the years of the monitoring period, from 
the first year (blue) to the last year (red). The presented figure refers to the Rhine 
catchment at the monitoring section of Rekingen. 
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Figure A-3. Monthly average of discharge (black) and solute load (blue) normalized by the 
average of the entire monitoring period. The red horizontal line represents the 
reference value 1 (i.e., mean). The subpanel (a) refers to Calcium and subpanel (b) 
to Nitrate. Calcium is originated by rock weathering and it mostly follows the 
seasonality of discharge. Nitrate, instead, is strongly related to the anthropic 
activities and in the most impacted catchments (i.e. Thur, Aare Ð Brugg) the load 
has a seasonality, which is different from the seasonality of discharge. 

 
 
 

 
 

Figure A-4. Molar Na:Cl ratio across catchments. Catchments with higher inhabitant density 
(AN, BR, RE, WM, HA, CH) show molar ratio between Na+ and Cl- close to 1, 
while catchments with lower human presence (PO, DI, SA) show higher values. 
LŸmpenenbach and Erlenbach catchments show very high molar Na:Cl ratio, as 
the number of their inhabitants is 0 and deicing salt is not used. 
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Figure A-5. Suspended solids concentrations across the catchments. The boxplot shows the 
suspended solid concentrations across the eleven catchments, ordered from the 
Swiss Plateau (blue background), to the hybrid (light blue background) and 
Alpine (yellow background) catchments. The Alpine catchments show much 
higher concentrations and variability. 

 
 

 
 

Figure A-6. Examples of C-Q relations. The patterns of the linear C-Q relation of some 
solutes (Mg2+, H4SiO4 , NO3 and TOC) are plotted in a log-log space. Orange 
points and line refer to the Swiss Plateau catchment Thur (AN), while green ones 
refer to the Alpine catchment Inn (SA). The variability of concentrations for all 
the solutes across all the catchments is a few orders of magnitude less than the 
variability of discharge. 
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Figure A-7. Ratios of DRP/TP in time across four different catchments. The red dashed line 
represents the average value of the DRP/TP ratio computed on the entire 
monitoring period. All the selected catchments show significant decrease of 
DRP/TP ratio in time. 

 
Table A-1. SpearmanÕs correlation coefficient between (a) the median concentrations of each 

solute, (b) the b exponent for low-flows and (c) the b exponent for high-flows 
across the catchments with some catchment characteristics listed in the first 
column. The green cells represent the significant correlations, i.e., the correlations 
characterized by a p value lower than the significance threshold "  fixed at 0.05. 

 

 

(a)! Median solute concentration 
 Ca2+ Mg2+ Na+ H4SiO4 K + Cl- NO3 TN DRP TP DOC TOC 

Catchment area  0.36 -0.03 0.37 0.38 -0.38 0.18 0.27 0.33 0.18 0.04 0.54 0.51 

Average altitude -0.64 -0.55 -0.67 -0.73 -0.08 -0.63 -0.78 -0.75 -0.75 -0.54 -0.32 -0.41 

Mean annual 
precipitation -0.05 0.00 -0.01 -0.02 0.15 0.11 0.12 0.05 0.15 0.17 -0.34 -0.35 

Mean annual 
discharge -0.69 -0.54 -0.65 -0.72 -0.28 -0.57 -0.66 -0.67 -0.58 -0.51 -0.33 -0.43 

Lake area 0.45 -0.13 0.09 0.19 -0.24 0.02 0.09 0.12 -0.02 -0.19 0.42 0.30 
% of Swiss 
Plateau area 0.83 0.63 0.83 0.85 0.25 0.73 0.91 0.91 0.80 0.63 0.42 0.51 

% of Alpine area -0.75 -0.44 -0.70 -0.77 0.03 -0.63 -0.83 -0.83 -0.74 -0.57 -0.22 -0.35 

% of intensive 
agricultural area 0.88 0.38 0.78 0.87 -0.15 0.68 0.85 0.87 0.78 0.58 0.54 0.63 

% of extensive 
agricultural area -0.81 -0.35 -0.58 -0.68 -0.18 -0.52 -0.63 -0.64 -0.52 -0.41 -0.49 -0.52 

Inhabitants 
density 0.77 0.40 0.70 0.72 0.05 0.57 0.67 0.69 0.56 0.40 0.55 0.57 
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(b)! b exponent inf 
 Ca2+ Mg2+ Na+ H4SiO4 K + Cl- NO3 TN DRP TP DOC TOC 

Catchment area  0.51 0.54 -0.14 0.17 -0.09 -0.21 -0.28 -0.17 -0.20 -0.14 -0.22 0.15 

Average altitude -0.72 -0.63 -0.24 -0.40 -0.16 -0.46 -0.49 -0.43 -0.26 0.24 -0.25 0.33 
Mean annual 
precipitation 0.01 -0.10 0.04 0.15 0.16 0.42 0.58 0.44 0.58 0.48 0.34 0.07 

Mean annual 
discharge -0.57 -0.40 0.14 -0.27 0.45 0.24 0.27 0.23 0.41 0.62 0.33 0.49 

Lake area 0.55 0.58 0.08 0.18 -0.04 -0.08 -0.40 -0.25 -0.28 -0.25 -0.28 -0.11 
% of Swiss 
Plateau area 0.68 0.49 -0.03 0.49 -0.18 0.09 0.10 0.06 0.18 -0.19 0.22 -0.16 

% of Alpine area -0.56 -0.32 0.17 -0.32 0.25 -0.08 -0.05 -0.02 -0.11 0.34 0.02 0.38 

% of intensive 
agricultural area 0.76 0.48 -0.05 0.51 -0.19 0.14 0.13 0.07 0.18 -0.28 0.05 -0.28 

% of extensive 
agricultural area -0.75 -0.48 0.08 -0.52 0.44 0.12 0.10 0.13 0.24 0.44 0.45 0.45 

Inhabitants 
density 0.70 0.53 -0.13 0.48 -0.38 -0.13 -0.07 -0.20 -0.19 -0.37 -0.17 -0.18 

(c) b exponent sup 
 Ca2+ Mg2+ Na+ H4SiO4 K + Cl- NO3 TN DRP TP DOC TOC 

Catchment area  0.78 0.59 0.21 0.13 -0.12 -0.40 -0.17 0.16 -0.35 0.09 0.03 0.50 

Average altitude -0.69 -0.77 -0.28 -0.53 -0.75 -0.40 -0.53 -0.18 -0.28 0.30 -0.29 -0.04 
Mean annual 
precipitation -0.14 0.01 -0.53 0.10 0.40 0.24 0.37 0.06 0.35 -0.41 0.30 -0.35 

Mean annual 
discharge -0.62 -0.63 -0.65 -0.43 -0.25 0.01 -0.06 0.03 0.05 -0.18 -0.02 -0.38 

Lake area 0.67 0.56 0.49 0.01 -0.15 -0.28 -0.38 0.03 -0.53 -0.19 -0.05 0.28 
% of Swiss 
Plateau area 0.72 0.74 0.41 0.48 0.47 0.15 0.38 0.47 0.23 -0.02 0.70 0.30 

% of Alpine area -0.59 -0.62 -0.21 -0.35 -0.46 -0.11 -0.31 0.04 -0.13 0.22 -0.22 -0.02 

% of intensive 
agricultural area 0.79 0.75 0.27 0.47 0.42 0.00 0.24 0.36 0.13 -0.09 0.59 0.29 

% of extensive 
agricultural area -0.76 -0.76 -0.45 -0.53 -0.20 0.19 0.09 0.21 0.24 -0.02 0.02 -0.53 

Inhabitants 
density 0.77 0.73 0.33 0.40 0.11 -0.28 -0.07 0.21 -0.18 0.03 0.41 0.56 
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a) 
 

 
 
b) 

 

Table A-2. Monthly trend analysis: results of Mann- Kendall test on a monthly basis. 
The significant trends are highlighted with the grey boxes and the sign +/- refers 
respectively to positive or negative trends, while the dark-to-light blue refers to the 
gradient of intensive agriculture in the basins (Table 1). Tables a) refer to solutes that 
showed clear increasing or decreasing trend in the long-term trend analysis. Tables b) 
refer to solutes that showed a non-monotonic trend, while Tables c) include solutes 
that did not show any clear trend in the long-term. 
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Appendix B 
Supporting Information Chapter 3 
B.1 DATA SOURCES 
 
Data for Switzerland were retrieved from the Swiss National River Monitoring and Survey 
Program (NADUF, https://www.bafu.admin.ch/bafu/en/home/topics/water/state/water--
monitoring-networks/national-surface-water-quality-monitoring-programme--nawa-/national-
river-monitoring-and-survey-programme--naduf-.html, last access November 2018). 
The Swedish water quality database, collected by Institute for Water and Environment (SLU, 
http://info1.ma.slu.se/db.html, last access January 2019), is containing a large number of 
stations, but it lacks discharge data in most stations. We matched the water quality database 
with the hydrological database owned by the Swedish Meteorological and Hydrological 
Institute (SMHI, https://www.smhi.se/klimatdata/hydrologi/vattenwebb, last access January 
2019), but only a small number of stations overlapped.  
We downloaded the data for USA from the Water Quality Portal (WQP, 
https://www.waterqualitydata.us/, last access November 2018) sponsored by the United States 
Geological Survey (USGS), the Environmental Protection Agency (EPA), and the National 
Water Quality Monitoring Council (NWQMC).  
We collected the data of the Australian catchments in the region of Queensland from the 
Water Monitoring Information Portal (WMIP, https://water-
monitoring.information.qld.gov.au, last access February 2019) of Queensland Government.  
All the other data (Victoria in Australia, Brazil, Canada, Germany, Spain and Cameroon) are 
included in the GLORICH database. For documentation and further information on this 
database the reader can refer to the original publications (Hartmann et al., 2014; Hartmann et 
al., 2019. 
!
!
!
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Figure B-1. Mean observed concentrations and b-exponent of C-Q relations classified by 
catchment size. a) Boxplot of the mean observed concentrations across the 
catchments classified by catchment size (A), i.e. light blue for A & 1Õ000 Km2 
(176 catchments), blue for 1Õ000 < A & 10Õ000 Km2 (201 catchments), dark blue 
for A > 10Õ000 Km2 (172 catchments). b) Boxplot of the b-exponent of the C-Q 
relation of each solute in each catchment grouped by the same catchment area 
classes consistently with the upper panel. 

 

 
Figure B-2. Mean observed concentrations and b-exponent of C-Q relations classified by 

mean NO3 concentration.a) Boxplot of the mean observed concentrations across 
the catchments classified by mean NO3 concentration (the threshold values refer 
to N-NO3), i.e. light blue for NO3 & 0.23 mg/L (91 catchments), blue for 0.23 < 
NO3 & 2.3 mg/L (242 catchments), dark blue for NO3 > 2.3 mg/L (172 
catchments). Values of NO3 lower than 0.23 mg/L typically correspond to natural 
catchments (Madison and Brunett, 1984; Zobrist, 2010). The threshold of 2.3 
mg/L is the NO3 concentration in most countries in drinking water (WHO, 2011) 
and values of NO3 above the threshold indicate an impact of anthropogenic 
activities in the catchments. b) Boxplot of the b-exponent of the C-Q relation of 
each solute in each catchment group as defined in the upper panel. 

 

 
Figure B-3. Mean annual discharge of undisturbed (light blue) and disturbed (blue) 

catchments. 
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Figure B-4. CV-time of the simulations divided by type of numerical experimental  (see Main 

Text). The black dot represents the median CV-time of the results aggregated at 
the hourly scale, the white dot the median CV-time of the results aggregated at 
the daily scale and the star the median CV-time of the results aggregated at the 
monthly scale. The uncertainty bars span between the 25th and the 75th percentile 
computed with stochastic simulations randomizing the time of input injection. 

!
Table B-1. Catchments description. The information is retrieved from the databases 

mentioned in session S1. 

ID  Station name Lat Lon 
Area 
(km2) 

MAD 
(mm yr-

1) 

MAP 
(mm 
yr -1) 

Mean concentration (mg/L) 

Ca2+ Mg2+ K+ Na+ Cl- NO3 DOC DRP 

CH_1 Thur-Andelfingen 47.60 8.68 1696 880 1429 67.43 13.43 2.60 11.00 15.49 2.65 2.86 0.09 

CH_2 Sitter-Appenzel 47.33 9.41 74 1462 1914 56.73 4.41 1.00 2.34 2.86 0.68 2.12 0.01 

CH_3 Aare-Bern, Schšnau 46.93 7.45 2945 1300 1528 49.77 4.86 0.89 2.21 2.49 0.68 1.26 0.01 

CH_4 Aare-Brugg 47.48 8.19 11726 847 1352 61.81 6.85 1.86 6.42 9.24 1.70 2.52 0.05 

CH_5 Rhone-Chancy 46.15 5.97 10323 1042 1335 48.02 6.27 1.59 5.73 8.16 0.60 1.48 0.03 

CH_6 Erlenbach-Alpthal 47.04 8.71 1 1672 2182 41.83 2.72 0.80 2.29 0.50 0.25 5.30 0.00 

CH_7 Murg-Frauenfeld 47.57 8.89 212 605 1197 77.14 22.17 4.46 17.05 25.81 4.12 2.97 0.03 

CH_8 Limmat-Gebenstorf 47.49 8.24 2415 1301 1697 46.70 6.58 1.53 6.17 7.51 1.19 1.98 0.06 

CH_9 Glatt-Rheinsfelden 47.57 8.48 416 628 1156 71.42 16.09 4.96 23.59 35.00 4.59 3.65 0.30 

CH_10 Sanne-GŸmmenen 46.94 7.24 1880 884 1442 70.87 7.33 1.66 5.49 7.51 1.56 2.14 0.01 

CH_11 Aare-Hagneck 47.06 7.18 5104 1106 1506 57.08 5.90 1.33 4.15 5.52 1.18 1.60 0.01 

CH_12 Rhein-Laufenburg 47.56 8.05 34050 1003 1368 53.18 7.11 1.55 5.93 9.47 1.24 2.26 0.06 

CH_13 Kleine Emme-Littau 47.07 8.28 477 1005 1603 58.44 5.22 1.59 4.18 4.76 1.43 2.90 0.03 

CH_14 LŸmpenach-Alptal 47.05 8.70 1 2242 2127 51.82 2.32 0.82 2.00 0.90 0.21 3.43 0.00 

CH_15 Inn-Martina 46.89 10.47 1945 863 1043 36.89 8.76 0.62 1.40 1.07 0.28 0.82 0.01 

CH_16 Reuss-Mllingen 47.42 8.27 3382 1295 1619 43.99 4.29 1.25 3.84 3.94 0.82 2.09 0.04 

CH_17 Birs-MŸnchenstein 47.52 7.62 911 543 1251 85.99 4.36 2.07 6.86 10.66 2.74 2.13 0.05 

CH_18 Rhone-Porte Du-Scex 46.35 6.89 5244 1101 1372 42.17 5.70 1.52 6.43 9.09 0.59 0.94 0.01 

CH_19 Rhein-Rekingen 47.57 8.33 14718 947 1262 50.78 9.36 1.62 6.27 8.34 1.22 1.98 0.03 

CH_20 Ticino-Riazzino 46.16 8.91 1611 1415 1717 36.49 5.73 1.85 2.64 2.95 0.78 0.91 0.01 

CH_21 Inn-S-Chanf 46.62 10.00 618 1036 1063 36.38 7.58 0.86 2.17 1.90 0.35 0.97 0.01 

CH_22 Rhein-Diepoldsau 47.38 9.64 6119 1319 1319 44.98 8.40 0.95 3.04 3.19 0.56 1.00 0.01 

CH_23 Sense-Thšrishaus 46.89 7.35 352 779 1433 72.36 8.38 1.61 5.03 5.59 1.61 2.63 0.00 

CH_24 Vogelbach-Alpthal 47.08 8.72 2 1817 2046 38.05 1.90 0.51 1.48 0.36 0.23 3.67 0.00 

CH_25 Rhein-Weil 47.60 7.59 36472 914 1353 54.41 7.62 1.80 9.18 12.31 1.51 2.13 0.04 

SW_1 Edsforsens 60.07 13.53 8594 467 NA 2.63 0.58 0.44 1.12 1.00 0.07 NA 0.00 

SW_2 Hšgsmšlla 55.78 13.08 1185 298 NA 77.48 5.93 5.36 17.70 28.27 2.97 NA 0.04 

SW_3 Kringlan 59.69 14.79 295 379 NA 3.91 0.94 0.54 2.66 3.25 0.07 NA 0.00 

SW_4 Liffedarve 57.48 18.20 96 168 NA 107.59 9.33 3.34 9.12 15.80 1.69 NA 0.05 

SW_5 Ostvik 64.90 21.07 150 330 NA 5.93 1.59 1.42 3.81 3.20 0.08 NA 0.01 

SW_6 Torrbšle 63.70 19.60 2859 371 NA 3.05 1.01 0.65 1.52 0.94 0.06 NA 0.01 

SW_7 
HelgeŒn, Nedstršms 
Hammarsjšn 

55.94 14.22 NA NA NA 17.88 5.26 3.59 35.84 67.13 0.78 NA 0.01 

SW_8 HelgeŒn, Vid Torsebro 56.10 14.12 NA NA NA 10.77 2.01 1.80 7.73 12.23 0.68 NA 0.01 

SW_9 
HelgeŒn, Utlopp Ur 
Osbysjšn 

56.35 14.01 NA NA NA 6.53 1.59 1.40 6.68 10.81 0.28 NA 0.01 

SW_10 Mšckelns Utlopp 56.67 14.12 NA NA NA 5.93 1.48 1.33 5.92 9.91 0.17 NA 0.01 
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SW_11 
VramsŒn Fšre Utflšde I 
HelgeŒn 

55.93 14.18 NA NA NA 47.92 2.78 2.61 10.60 18.00 2.36 NA 0.03 

SW_12 
VinnšŒn, Fšre Inlopp I 
Araslšvssjšn 

56.05 14.10 NA NA NA 71.70 3.68 3.24 12.20 20.05 3.61 NA 0.11 

SW_13 
BivaršdsŒn, Fšre 
Utlopp I HelgeŒn 

56.15 14.16 NA NA NA 10.96 2.12 2.21 8.74 12.98 0.66 NA 0.01 

SW_14 
AlmaŒn, Fšre Utflšde I 
HelgeŒn 

56.17 14.10 NA NA NA 19.63 2.81 2.31 9.97 15.66 1.45 NA 0.02 

SW_15 
Voxnan, 
Sunnerstaholm 

61.32 16.39 NA NA NA 3.31 0.81 0.53 1.63 1.68 0.07 NA 0.00 

SW_16 Voxnan, Vallhaga 61.36 15.73 NA NA NA 3.02 0.62 0.41 1.36 0.99 0.04 NA 0.00 

SW_17 Ljusnan, Hšljebro 61.24 17.01 NA NA NA 3.95 0.82 0.53 1.43 1.19 0.07 NA 0.00 

SW_18 Bergviks Kraftverk 61.26 16.83 NA NA NA 3.94 0.82 0.52 1.39 1.15 0.07 NA 0.00 

SW_19 Ljusna, Landafors 61.27 16.62 NA NA NA 3.84 0.83 0.49 1.35 1.18 0.06 NA 0.00 

SW_20 
Ljusnan, Dšnje 
Kraftverk 

61.40 16.40 NA NA NA 3.98 0.80 0.49 1.26 0.98 0.05 NA 0.00 

SW_21 Ljusnan, Ljusdal 61.83 16.07 NA NA NA 4.00 0.77 0.45 1.12 0.77 0.04 NA 0.00 

SW_22 Ljusnan, Laforsen 61.94 15.50 NA NA NA 3.76 0.80 0.40 0.99 0.99 0.04 NA 0.00 

SW_23 Ljusnan, Ljusnedal 62.53 12.61 NA NA NA 10.04 1.09 0.69 0.94 1.12 0.07 NA 0.00 

SW_24 RšnneŒn Vattendrag 56.26 12.85 NA NA NA 24.37 5.93 3.60 34.45 48.47 1.41 NA 0.02 

USA_1 
Rio Grande At Otowi 
Bridge, Nm 

35.87 -106.14 14300 35 452 44.87 7.77 3.14 23.41 7.22 0.20 3.74 0.04 

USA_2 
Rio Grande Floodway 
Near Bernardo, Nm 

34.42 -106.80 19230 15 414 53.72 8.54 4.47 39.66 18.52 0.61 NA 0.34 

USA_3 
Rio Puerco Near 
Bernardo, Nm 

34.41 -106.85 7350 1.8 293 181.37 41.15 8.34 274.41 111.53 0.54 6.40 0.02 

USA_4 
Rio Grande Floodway 
At San Acacia, Nm 

34.26 -106.89 26770 9.9 368 57.34 10.17 4.70 53.18 28.66 0.59 4.30 0.18 

USA_5 

Rio Grande 
Conveyance Channel 
At San Marcial, Nm 

33.69 -106.99 NA NA 366 89.53 16.55 5.90 113.06 62.65 0.40 6.01 0.13 

USA_6 
Rio Grande Floodway 
At San Marcial, Nm 

33.68 -107.00 27700 8.0 366 81.06 14.94 5.09 82.33 49.47 0.40 4.98 0.17 

USA_7 
Pecos River Near 
Acme, Nm 

33.57 -104.37 11380 5.0 373 435.19 92.92 4.65 352.13 514.90 0.27 NA 0.01 

USA_8 
Pecos River Near 
Artesia, Nm 32.84 -104.32 15300 NA 356 512.71 157.48 10.92 963.80 1546.54 0.54 6.40 0.04 

USA_9 
Pecos River Near 
Malaga, Nm 

32.21 -104.02 19190 2.8 373 479.33 170.66 21.47 943.26 1552.19 1.32 5.05 0.03 

USA_10 
Pecos River At Red 
Bluff, Nm 

32.08 -104.04 19540 2.5 373 480.95 210.78 81.33 2574.81 4210.23 0.59 8.74 0.02 

USA_11 
Eagle River At 
Gypsum, Co 

39.65 -106.95 842 NA 590 86.87 17.50 2.61 49.38 68.84 0.37 2.65 0.03 

USA_12 
Roaring Fork River At 
Glenwood Springs, Co. 

39.54 -107.33 1453 304 686 67.44 11.65 1.65 20.96 25.11 0.14 1.70 0.01 

USA_13 
Colorado River Near 
Cameo, Co. 

39.24 -108.27 7986 166 617 64.95 16.17 3.55 100.07 138.21 0.52 2.68 0.01 

USA_14 
Gunnison River Near 
Grand Junction, Co. 

38.98 -108.45 7923 109 521 122.22 44.88 4.28 89.14 13.72 1.50 3.68 0.01 

USA_15 

Colorado River Near 
Colorado-Utah State 
Line 

39.13 -109.03 17849 118 554 85.41 26.52 3.39 81.19 77.35 0.52 3.27 0.02 

USA_16 
Dolores River Near 
Cisco, Ut 

38.80 -109.20 4580 51 518 111.68 43.26 19.68 396.10 587.08 3.51 7.42 0.03 

USA_17 
Colorado River Near 
Cisco, Ut 

38.81 -109.29 24100 102 242 107.10 41.56 5.57 144.80 132.29 2.05 4.56 0.02 

USA_18 
Colorado Rv Blw 
Hoover Dam, Az-Nv 

36.02 -114.74 171700 28 NA 85.93 27.61 4.58 95.78 81.81 0.44 3.50 0.01 

USA_19 
Colorado River Below 
Parker Dam, Az-Ca 

34.30 -114.14 182700 22 NA 78.29 28.59 4.70 95.00 85.77 0.32 NA 0.01 

USA_20 
Colorado River Above 
Imperial Dam, Az-Ca 

32.88 -114.47 188500 18 NA 89.55 31.88 5.37 133.83 118.96 0.17 3.43 0.01 

USA_21 
Gila River At Kelvin, 
Az. 

33.10 -110.98 18011 9.4 450 141.78 30.28 7.66 149.41 211.66 0.37 4.75 0.06 

USA_22 

Colorado River At Nib, 
Above Morelos Dam, 
Az 

32.72 -114.72 246700 5.6 NA 98.60 34.85 5.49 159.04 176.46 0.32 2.94 0.02 

USA_23 
Sagehen C Nr Truckee 
Ca 

39.43 -120.24 11 390 964 10.56 3.68 1.65 4.66 0.31 0.03 1.78 0.01 

USA_24 
Santa Ana R Bl Prado 
Dam Ca 

33.88 -117.65 2258 34 503 81.92 21.19 9.79 93.55 103.11 4.42 6.98 1.25 

USA_25 

Sacramento R Ab Bend 
Bridge Nr Red Bluff 
Ca 

40.29 -122.19 8900 457 NA 10.49 5.01 1.12 6.64 3.02 0.13 1.54 0.02 

USA_26 
Sacramento R A 
Freeport Ca 

38.46 -121.50 NA NA 927 11.95 6.29 1.22 9.23 5.99 0.18 2.12 0.03 

USA_27 
Russian R Nr 
Guerneville Ca 

38.51 -122.93 1340 563 1152 23.49 13.22 1.48 10.06 7.38 0.21 2.97 0.08 

USA_28 Eel R A Scotia Ca 40.49 -124.10 3110 799 1561 26.89 8.00 1.20 6.98 4.97 0.12 3.49 0.02 
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USA_29 
Clark Fork At Turah 
Bridge Nr Bonner MT 

46.83 -113.81 3641 115 551 34.82 8.89 2.39 8.04 3.42 0.04 2.33 0.01 

USA_30 
Yakima River At 
Kiona, Wa 

46.25 -119.48 5615 219 759 22.96 8.39 2.61 14.26 5.56 0.74 2.85 0.06 

USA_31 
Snake River At King 
Hill Id  

43.00 -115.20 35800 101 NA 45.44 19.09 4.45 29.91 24.54 1.02 1.77 0.04 

USA_32 
Boise River Nr Parma 
Id 

43.78 -116.97 3906 136 584 36.65 9.90 4.14 45.61 14.93 1.74 2.36 0.23 

USA_33 
Fanno Creek At 
Durham, Or 

45.40 -122.75 32 471 1069 21.24 7.42 2.04 9.42 10.88 0.62 4.58 0.06 

USA_34 
Talkeetna R Nr 
Talkeetna Ak 

62.35 -150.02 2006 691 889 16.02 1.93 1.05 6.99 10.44 0.30 1.23 0.01 

USA_35 
Yukon R At Pilot 
Station Ak 

61.93 -162.88 321000 246 406 32.71 7.61 1.24 2.71 0.94 0.12 6.48 0.01 

USA_36 
Green River At 
Munfordville, Ky 37.27 -85.89 4333 563 1270 42.52 8.20 1.55 19.79 70.23 0.67 NA 0.02 

USA_37 
Ohio River At Dam 53 
Near Grand Chain, Il 

37.20 -89.04 526027 NA NA 34.26 8.85 2.27 12.04 18.47 1.14 2.99 0.04 

USA_38 
Popple River Near 
Fence, Wi 

45.76 -88.46 360 268 757 18.97 9.72 0.76 1.64 1.67 0.14 16.30 0.01 

USA_39 
Maumee River At 
Waterville OH 

41.50 -83.71 16395 284 884 59.90 18.76 4.37 23.04 38.67 3.97 7.03 0.06 

USA_40 
Sandusky River Near 
Fremont OH 

41.31 -83.16 3240 303 930 77.78 26.04 4.11 20.01 40.53 2.62 6.58 0.04 

USA_41 
Cuyahoga River At 
Independence OH 

41.40 -81.63 1831 441 993 60.15 13.84 4.75 76.00 117.52 2.60 7.66 0.08 

USA_42 

Red River Of The 
North At Grand Forks, 
Nd 

47.93 -97.03 77959 38 NA 60.92 32.39 6.70 25.00 15.50 0.78 10.12 0.16 

USA_43 
Grant River At Burton, 
Wi 

42.72 -90.82 697 NA 854 62.62 47.09 15.33 130.19 32.03 0.95 17.87 0.19 

USA_44 
Pheasant Branch At 
Middleton, Wi 

43.10 -89.51 47 106 845 75.50 34.50 3.18 9.01 20.07 3.47 NA 0.13 

USA_45 
Iowa River At 
Wapello, IA 

41.18 -91.18 32375 223 808 58.10 20.09 3.18 15.75 27.96 5.31 5.14 0.12 

USA_46 
Skunk River At 
Augusta, IA 

40.75 -91.28 11168 220 851 59.20 20.35 3.75 12.58 20.54 4.60 4.92 0.11 

USA_47 
Kankakee River At 
Momence, Il 

41.16 -87.67 5941 322 927 81.83 24.83 2.37 11.74 25.29 1.91 5.04 0.02 

USA_48 
Iroquois River Near 
Chebanse, Il 

41.01 -87.82 5416 298 892 75.59 27.04 2.22 13.72 31.37 6.52 4.84 0.05 

USA_49 
Des Plaines River At 
Riverside, Il 

41.82 -87.82 1632 328 808 68.83 29.27 6.93 103.62 182.25 4.70 7.53 0.71 

USA_50 
Illinois River At 
Marseilles, Il 

41.33 -88.72 21391 451 NA 67.00 24.57 4.31 49.33 74.51 4.26 6.01 0.28 

USA_51 
Spoon River At Seville, 
Il  

40.49 -90.34 4237 240 876 73.42 34.88 2.82 21.19 31.11 4.74 NA 0.06 

USA_52 
Illinois River At Valley 
City, Il 

39.70 -90.65 69264 303 NA 64.25 27.13 3.78 38.01 62.77 3.95 5.18 0.19 

USA_53 
Bighorn River At 
Kane, Wy 

44.76 -108.18 40823 47 376 79.97 25.86 3.81 88.76 14.56 0.32 3.80 0.01 

USA_54 
Powder River Near 
Locate MT 

46.43 -105.31 33825 15 372 127.81 55.13 7.92 229.76 78.69 0.44 6.67 0.01 

USA_55 
Yellowstone River 
Near Sidney MT 

47.68 -104.16 178966 62 425 53.43 21.66 3.67 63.78 10.99 0.25 3.52 0.01 

USA_56 
Belle Fourche R Near 
Sturgis,Sd 44.51 -103.14 15017 18 NA 222.56 111.25 13.89 171.27 26.07 2.76 4.65 0.03 

USA_57 
Missouri R At 
Pierre,Sd 

44.37 -100.37 630663 31 NA 56.94 22.20 4.75 68.70 10.28 0.11 6.89 0.02 

USA_58 
White R Near 
Oacoma,Sd 

43.75 -99.56 25680 21 432 38.18 5.24 6.87 95.45 12.63 0.65 17.02 0.13 

USA_59 
Missouri R At 
Yankton,Sd 

42.87 -97.39 723902 32 NA 57.46 20.70 5.27 60.46 10.07 0.17 3.47 0.01 

USA_60 
Big Sioux R At 
Akron,Ia 

42.84 -96.56 20407 60 602 91.25 38.33 7.41 46.77 48.97 4.46 7.21 0.28 

USA_61 
Missouri River At 
Sioux City, IA 

42.49 -96.41 814811 33 671 61.31 23.07 5.54 65.29 12.03 0.47 5.59 0.04 

USA_62 
Missouri River At 
Omaha, NE 

41.26 -95.92 836049 35 NA 68.27 26.71 6.12 60.70 15.20 1.58 4.45 0.05 

USA_63 
Platte River At 
Louisville, Nebr. 

41.02 -96.16 221107 29 NA 56.65 14.57 9.52 58.71 54.63 1.36 4.90 0.20 

USA_64 
Nishnabotna River 
Above Hamburg, IA 

40.60 -95.65 7268 167 762 65.75 19.80 4.30 12.87 14.50 5.21 3.37 0.13 

USA_65 
Missouri River At St. 
Joseph, MO 

39.75 -94.86 1104631 35 NA 63.84 22.16 6.24 57.34 18.56 1.55 6.63 0.09 

USA_66 
Republican R At Clay 
Center, Ks 

39.36 -97.13 63564 13 813 85.31 16.85 11.31 64.93 60.21 0.75 7.30 0.14 

USA_67 
Smoky Hill R At 
Enterprise, Ks 

38.91 -97.12 49883 27 610 106.41 23.12 10.38 240.26 332.11 0.76 7.85 0.10 

USA_68 
Big Blue River At 
Barneston, Nebr. 

40.04 -96.59 11518 65 701 57.96 13.03 9.00 41.43 33.20 2.08 5.96 0.43 
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USA_69 
Black Vermillion R Nr 
Frankfort, Ks 

39.68 -96.44 1062 140 851 68.32 15.53 3.99 25.43 9.79 0.88 6.32 0.11 

USA_70 
Kansas R At Wamego, 
Ks 

39.20 -96.31 143175 31 864 71.54 15.77 8.84 72.78 96.06 0.80 NA 0.22 

USA_71 
Delaware R Nr 
Muscotah, Ks 

39.52 -95.53 1116 203 914 79.04 18.42 4.65 29.12 18.60 0.57 5.65 0.08 

USA_72 
Kansas R At 
Lecompton, Ks 

39.05 -95.39 151411 41 940 76.01 16.26 8.39 63.36 81.30 0.65 NA 0.14 

USA_73 
Kansas R At Desoto, 
Ks 

38.98 -94.96 154767 42 NA 68.38 15.99 7.58 64.42 76.93 0.67 5.23 0.15 

USA_74 
Mississippi River At 
Thebes, IL 

37.22 -89.46 1847181 103 NA 51.65 19.01 4.18 25.92 23.20 2.49 5.31 0.10 

USA_75 
Halfmoon Creek Near 
Malta, Co 

39.17 -106.39 61 425 876 8.87 3.33 0.62 1.29 0.45 0.14 1.12 0.01 

USA_76 

Fountain Cr Blw 
Janitell Rd Blw Colo. 
Springs, Co 

38.80 -104.80 1070 110 NA 46.49 14.20 6.34 61.35 42.51 2.14 11.52 0.56 

USA_77 
Fountain Creek At 
Pueblo, Co. 

38.29 -104.60 2396 39 356 116.59 46.07 6.78 158.03 59.58 7.77 9.35 0.38 

USA_78 
Arkansas R Nr 
Coolidge, Ks 

38.03 -102.01 65812 2.7 NA 331.78 157.75 10.93 479.11 139.53 1.50 NA 0.02 

USA_79 
L Arkansas R At Hwy 
50 Nr Halstead, Ks 

38.03 -97.54 1966 87 787 76.17 12.36 7.93 74.88 139.67 0.81 7.89 0.30 

USA_80 
L Arkansas R Nr 
Sedgwick, Ks 

37.88 -97.42 3209 93 805 63.80 11.69 7.13 46.81 67.82 1.10 7.00 0.42 

USA_81 
Arkansas R At 
Arkansas City, Ks 

37.04 -97.04 113216 15 NA 88.37 23.36 7.15 248.08 342.00 1.42 7.58 0.46 

USA_82 
Arkansas River At 
Ralston, OK 

36.50 -96.73 140398 34 470 82.23 22.19 6.23 254.17 366.04 0.91 6.66 0.21 

USA_83 
Cimarron River At 
Perkins, OK 

35.96 -97.03 46237 26 513 151.83 50.35 13.58 1455.07 2393.58 0.87 9.56 0.24 

USA_84 
Arkansas River At 
Tulsa, OK 

36.14 -96.01 192851 35 NA 67.65 18.83 6.92 309.19 479.34 0.55 6.55 0.09 

USA_85 
Caney River Near 
Ramona, OK 

36.51 -95.84 5014 219 940 58.46 9.66 4.10 52.69 108.64 0.53 NA 0.07 

USA_86 
Canadian Rv Nr 
Amarillo, TX 

35.47 -101.88 50362 4.2 NA 87.81 34.25 7.88 333.18 397.02 4.04 NA 0.04 

USA_87 
Canadian River At 
Bridgeport, OK 

35.54 -98.32 63968 4.9 495 119.99 33.17 6.15 115.12 131.53 0.64 NA 0.05 

USA_88 
Canadian River At 
Calvin, OK 

34.98 -96.24 71010 22 559 79.79 32.33 5.69 145.59 251.95 0.45 7.85 0.07 

USA_89 
Beaver River At 
Beaver, OK 

36.82 -100.52 20684 2.5 483 170.76 86.15 10.13 488.75 785.52 0.47 8.66 0.03 

USA_90 
North Canadian River 
Near Harrah, OK 

35.50 -97.19 35677 12 560 75.93 26.94 9.08 154.34 226.77 3.50 6.01 1.22 

USA_91 
North Canadian River 
Near Wetumka, OK 

35.27 -96.21 37682 20 546 211.54 55.00 9.41 605.28 1047.99 1.61 12.63 0.33 

USA_92 
Deep Fork Near Beggs, 
OK 

35.67 -96.07 5190 158 998 63.00 27.65 5.57 119.54 278.35 0.56 9.98 0.04 

USA_93 
Canadian River Near 
Whitefield, OK 

35.26 -95.24 122462 43 612 126.88 36.62 5.39 273.80 834.19 0.73 8.66 0.03 

USA_94 
North Fork Red River 
Near Headrick, OK 

34.64 -99.10 11810 24 655 273.67 84.80 9.84 1258.70 2019.97 0.54 6.14 0.04 

USA_95 
Red River Near 
Gainesville, TX 

33.73 -97.16 79585 35 622 175.98 52.08 7.77 538.53 878.41 0.55 6.26 0.04 

USA_96 
Washita River Near 
Dickson, OK 34.23 -96.98 18575 82 765 99.96 38.75 4.66 55.16 67.13 0.59 7.63 0.04 

USA_97 
Red River At Index, 
AR 

33.55 -94.04 124320 91 NA 67.78 19.92 4.55 112.67 171.29 0.14 11.87 0.02 

USA_98 
Mississippi R Nr St. 
Francisville, La 

30.76 -91.40 2914516 NA NA 38.83 11.86 3.17 18.55 21.05 1.35 3.82 0.07 

USA_99 
Connecticut River At 
Thompsonville, Ct 

41.99 -72.61 25019 617 1161 11.19 1.70 1.31 8.69 13.00 0.33 3.60 0.02 

USA_100 
Hudson River At 
Waterford Ny 

42.79 -73.67 11955 NA 1074 14.41 2.89 0.72 6.45 10.35 0.42 4.14 0.01 

USA_101 
Mohawk River At 
Cohoes Ny 

42.79 -73.71 8935 590 1095 32.30 5.67 1.37 12.69 21.68 0.61 3.81 0.02 

USA_102 
Delaware River At 
Trenton NJ 

40.22 -74.78 17560 610 1118 14.90 5.00 1.40 7.83 10.57 0.80 2.80 0.04 

USA_103 
Schuylkill River At 
Philadelphia, PA 

39.97 -75.19 4903 517 1168 33.53 13.62 3.44 19.24 19.14 2.00 4.13 0.20 

USA_104 
Choptank River Near 
Greensboro, Md 

39.00 -75.79 293 427 1143 10.31 3.01 2.48 7.11 11.91 1.11 6.05 0.03 

USA_105 
Susquehanna River At 
Danville, PA 

40.96 -76.62 29060 479 973 28.75 9.56 1.71 9.86 10.08 0.63 4.21 0.01 

USA_106 
Susquehanna River At 
Harrisburg, PA 

40.25 -76.89 62419 492 1003 25.11 7.34 1.65 8.81 11.27 0.87 3.79 0.01 

USA_107 
Susquehanna River At 
Conowingo, Md 

39.66 -76.17 70189 520 1107 22.35 6.24 1.81 9.66 15.61 1.17 2.82 0.01 

USA_108 
Patuxent River Near 
Bowie, Md 

38.96 -76.69 901 388 1138 18.15 4.38 4.19 26.34 42.68 1.50 4.53 0.05 
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USA_109 
Conococheague Creek 
At Fairview, Md 

39.72 -77.82 1279 458 1003 45.55 9.81 2.48 6.95 10.97 3.16 2.78 0.08 

USA_110 

Potomac River At 
Chain Bridge, At 
Washington, Dc 

38.93 -77.12 NA NA NA 32.69 7.97 2.48 11.33 15.93 1.10 3.53 0.03 

USA_111 

Rappahannock River 
Near Fredericksburg, 
Va 

38.31 -77.53 4131 363 1080 6.06 2.11 1.87 3.56 4.55 0.48 4.22 0.02 

USA_112 
Pamunkey River Near 
Hanover, Va 

37.77 -77.33 2792 314 1072 5.66 2.31 2.14 5.42 4.49 0.26 6.09 0.02 

USA_113 
Mattaponi River Near 
Beulahville, Va 

37.88 -77.17 1559 321 1069 2.74 1.41 1.47 3.36 4.49 0.15 6.99 0.01 

USA_114 
James River At 
Cartersville, Va 

37.67 -78.09 16193 388 1085 17.85 3.80 1.93 8.23 9.54 0.29 3.63 0.04 

USA_115 
Appomattox River At 
Matoaca, Va 

37.23 -77.48 3476 324 1176 5.88 2.59 2.11 4.69 4.15 0.17 6.09 0.01 

USA_116 

Kissimmee River At S-
65e Near Okeechobee, 
Fl 

27.23 -80.96 7330 216 1328 12.38 3.03 1.72 10.41 17.45 0.11 18.31 0.06 

USA_117 
Peace River At Arcadia 
Fl 

27.22 -81.88 3445 270 1374 30.05 10.92 2.36 15.00 17.31 0.38 16.57 2.24 

USA_118 
Chattahoochee River 
Near Norcross, Ga 

34.00 -84.20 NA NA 1585 2.58 0.97 1.52 2.47 2.18 0.30 1.41 0.01 

USA_119 
Peachtree Creek At 
Atlanta, Ga 

33.82 -84.41 225 524 1351 9.08 1.72 2.93 4.97 6.17 0.55 5.15 0.05 

USA_120 
Chattahoochee River 
Near Whitesburg, Ga 

33.48 -84.90 NA NA NA 7.55 2.00 3.29 11.46 11.24 1.78 2.81 0.03 

USA_121 
Flint River At Newton, 
Ga 

31.31 -84.34 NA NA 1471 13.23 1.07 1.39 6.14 5.32 0.41 6.79 0.04 

USA_122 
Apalachicola River At 
Chattahoochee Fla 

30.70 -84.86 44548 429 1270 11.83 1.15 1.33 5.16 4.11 0.20 4.69 0.03 

USA_123 
Apalachicola River Nr 
Sumatra,Fla. 

29.95 -85.02 49728 474 1346 14.95 1.77 1.64 6.24 5.47 0.46 4.89 0.01 

AUS_1 
Balonne River At St. 
Georg 

-28.06 148.56 75370 6.7 NA 9.27 3.95 4.92 17.15 16.22 0.40 NA 0.09 

AUS_2 
Culgoa River At 
Whyenbah 

-28.43 148.27 79330 67 NA 11.71 5.70 5.02 20.88 22.33 0.40 NA 0.10 

AUS_3 
Swan Creek At 
Swanfels 

-28.16 152.28 83 119 NA 34.71 24.28 1.70 29.80 52.89 0.21 NA 0.06 

AUS_4 
Condamine River At 
Warwick 

-28.21 152.05 1360 68 NA 22.45 13.05 2.69 27.28 53.45 0.35 NA 0.06 

AUS_5 
Emu Creek At Emu 
Vale 

-28.23 152.23 148 117 NA 35.75 28.27 1.73 38.91 99.55 0.27 NA 0.06 

AUS_6 
Dalrymple Creek At 
Allora 

-28.04 152.01 246 79 NA 35.21 35.48 2.34 29.09 47.28 0.36 NA 0.13 

AUS_7 
Spring Creek At 
Killarney 

-28.35 152.33 35 272 NA 7.79 5.77 1.64 11.92 19.45 0.31 NA 0.03 

AUS_8 
Condamine River At 
Tummaville 

-27.87 151.51 6475 35 NA 23.46 17.81 3.58 36.56 65.15 0.36 NA 0.12 

AUS_9 
Gowrie Creek At 
Cranley 

-27.52 151.94 47 199 NA 33.27 26.99 3.08 43.02 125.89 1.83 NA 0.04 

AUS_10 
Condamine River At 
Loudouns Bridge -27.23 151.19 12380 27 NA 27.60 21.58 6.23 48.30 94.55 0.86 NA 0.26 

AUS_11 
Kings Creek At Aides 
Bridge 

-27.93 151.86 516 48 NA 45.86 67.81 3.66 75.18 153.38 1.07 NA 0.15 

AUS_12 
Condamine River @ 
Brosnas Barn 

-28.33 152.31 92 190 NA 16.59 10.20 2.07 16.72 27.88 0.28 NA 0.05 

AUS_13 
Oakey Creek At 
Fairview 

-27.30 151.28 1970 23 NA 46.63 39.87 12.56 97.45 211.56 1.55 NA 0.14 

AUS_14 
Condamine River At 
Elbow Valley 

-28.37 152.14 325 116 NA 16.49 9.85 2.28 20.83 39.37 0.31 NA 0.05 

AUS_15 Barron River At Myola -16.80 145.61 1945 319 NA 4.55 3.91 1.72 9.97 13.02 0.11 NA 0.01 

AUS_16 
Freshwater Creek At 
Redlynch Estate 

-16.94 145.70 70 846 NA 1.85 1.29 0.83 5.80 7.57 0.13 NA 0.01 

AUS_17 
Black River At Bruce 
Highway 

-19.24 146.63 256 369 NA 10.61 3.68 1.44 16.77 17.83 0.14 NA 0.02 

AUS_18 
Bluewater Creek At 
Bluewater 

-19.18 146.55 86 661 NA 1.75 0.97 1.19 11.81 12.72 0.14 NA 0.01 

AUS_19 Weir River At Talwood -28.50 149.49 12070 12 NA 6.03 3.47 5.08 21.31 17.24 0.40 NA 0.04 

AUS_20 
Macintyre Brook At 
Inglewood 

-28.42 151.07 3430 26 NA 13.63 8.29 4.41 46.41 51.51 0.32 NA 0.01 

AUS_21 
Macintyre Brook At 
Booba Sands 

-28.57 150.85 4092 5.4 NA 12.51 7.57 4.70 52.01 58.69 0.28 NA 0.02 

AUS_22 
Brisbane River At 
Savages Crossing 

-27.44 152.67 10172 90 NA 22.91 15.77 2.96 39.18 74.67 0.22 NA 0.03 

AUS_23 
Brisbane River At 
Gregors Creek 

-26.99 152.41 3866 68 NA 49.04 31.77 2.74 72.81 163.51 0.17 NA 0.02 

AUS_24 
Emu Creek At Boat 
Mountain 

-26.98 152.29 915 43 NA 36.78 33.81 3.43 80.49 171.37 0.17 NA 0.02 

AUS_25 
Cooyar Creek At 
Taromeo Ck 

-26.74 152.14 963 39 NA 58.49 55.94 3.90 147.15 377.14 0.42 NA 0.01 
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AUS_26 
Bremer River At 
Walloon 

-27.60 152.69 622 103 NA 27.08 19.72 4.26 56.43 79.07 0.26 NA 0.21 

AUS_27 
Warrill Creek At 
Amberley 

-27.66 152.70 914 111 NA 32.29 20.75 4.39 58.13 109.67 0.31 NA 0.09 

AUS_28 
Purga Creek At 
Loamside 

-27.68 152.73 215 68 NA 61.41 60.11 7.39 392.51 718.33 0.48 NA 0.05 

AUS_29 
Tenthill Creek At 
Tenthill 

-27.63 152.22 447 58 NA 80.13 84.72 2.88 116.76 342.10 1.25 NA 0.04 

AUS_30 
Burdekin River At 
Sellheim 

-20.01 146.44 36260 126 NA 16.07 14.24 3.73 24.78 20.79 0.14 NA 0.02 

AUS_31 
Burdekin River At 
Clare 

-19.76 147.24 129876 65 NA 15.13 7.76 3.13 17.82 20.23 0.21 NA 0.01 

AUS_32 
Burdekin River At 
Mount Fullstop 

-19.21 145.50 17299 106 NA 20.35 24.98 4.62 27.42 21.14 0.14 NA 0.02 

AUS_33 
Native Companion 
Creek At Violet Grove -23.58 146.67 4065 14 NA 12.93 5.56 6.15 12.18 11.54 0.43 NA 0.02 

AUS_34 
Burnett River At 
Mount Lawless 

-25.54 151.65 29355 27 NA 37.72 32.15 4.41 80.50 194.88 0.28 NA 0.02 

AUS_35 
Burnett River At 
Figtree Creek 

-25.29 151.99 30673 34 NA 25.93 20.66 4.68 54.76 118.80 0.16 NA 0.02 

AUS_36 
Burnett River At 
Gayndah Flume 

-25.62 151.60 23311 29 NA 32.92 25.75 4.70 63.58 143.73 0.24 NA 0.02 

AUS_37 
Three Moon Creek At 
Abercorn 

-25.13 151.13 1539 36 NA 47.61 26.62 5.53 112.08 197.16 0.32 NA 0.05 

AUS_38 
Burnett River At 
Eidsvold 

-25.40 151.10 7117 33 NA 33.99 20.70 4.57 52.50 106.14 0.36 NA 0.02 

AUS_39 Burnett River At Yarrol -24.99 151.35 370 83 NA 46.93 25.42 2.18 42.81 112.29 0.30 NA 0.01 

AUS_40 
Barker Creek At 
Brooklands 

-26.74 151.82 249 73 NA 48.62 32.55 3.88 69.90 163.42 0.53 NA 0.09 

AUS_41 
Barambah Creek At 
Ban Ban 

-25.71 151.81 5553 46 NA 39.50 33.03 4.42 81.59 196.97 0.41 NA 0.03 

AUS_42 
Boonara Creek At 
Ettiewyn 

-25.90 151.84 1391 47 NA 57.65 34.51 4.24 87.23 202.96 0.35 NA 0.06 

AUS_43 
Barker Creek At 
Glenmore 

-26.47 152.06 1367 37 NA 57.61 55.84 13.47 177.92 389.67 0.28 NA 0.12 

AUS_44 
Stuart River At Weens 
Bridge 

-26.50 151.77 512 47 NA 73.42 78.58 6.84 194.90 513.87 1.13 NA 0.26 

AUS_45 
Auburn River At 
Dykehead 

-25.68 151.01 5330 20 NA 17.94 14.67 4.79 42.73 72.77 0.37 NA 0.02 

AUS_46 
Gregory River At Isis 
Highway 

-25.09 152.24 454 121 NA 8.39 10.36 4.67 81.58 135.02 0.21 NA 0.01 

AUS_47 
Gregory River At 
Leesons 

-25.15 152.39 635 158 NA 6.41 10.21 3.56 74.27 124.03 0.34 NA 0.01 

AUS_48 
Isis River At Bruce 
Highway 

-25.27 152.37 446 135 NA 15.55 22.97 3.16 159.55 267.83 0.37 NA 0.01 

AUS_49 
Calliope River At 
Castlehope 

-23.98 151.10 1288 129 NA 49.92 37.45 2.02 116.99 218.07 0.18 NA 0.02 

AUS_50 
Thomson River At 
Longreach 

-23.41 144.23 57587 20 NA 8.47 2.46 3.65 15.75 11.96 0.36 NA 0.07 

AUS_51 
Daintree River At 
Bairds 

-16.18 145.28 911 968 NA 1.82 1.39 1.15 8.03 10.96 0.12 NA 0.00 

AUS_52 
Fitzroy River At 
Riverslea 

-23.58 149.94 131385 40 NA 18.58 11.42 3.53 34.13 51.82 0.21 NA 0.07 

AUS_53 
Raglan Creek At Old 
Station 

-23.82 150.82 389 95 NA 72.14 49.38 1.48 101.17 255.26 0.26 NA 0.01 

AUS_54 
Fitzroy River At The 
Gap 

-23.09 150.11 135757 38 NA 14.64 12.31 3.54 23.34 35.15 0.33 NA 0.08 

AUS_55 
Theresa Creek At 
Gregory Highway 

-23.43 148.15 8485 30 NA 28.14 15.80 4.19 48.13 56.60 1.04 NA 0.04 

AUS_56 
Nogoa River At 
Craigmore 

-23.88 147.76 13876 33 NA 18.62 9.41 4.89 18.86 16.87 0.35 NA 0.09 

AUS_57 
Theresa Creek At 
Valeria 

-23.19 147.89 4421 30 NA 20.95 11.89 3.79 31.29 45.95 0.29 NA 0.07 

AUS_58 
Nogoa River At Duck 
Ponds 

-23.48 148.47 27130 25 NA 25.15 14.18 6.10 50.06 52.44 0.41 NA 0.06 

AUS_59 
Dawson River At 
Taroom 

-25.64 149.79 15846 26 NA 19.41 5.93 5.28 32.08 24.55 0.36 NA 0.05 

AUS_60 
Don River At Rannes 
Recorder 

-24.10 150.11 6794 39 NA 72.94 71.18 4.09 195.26 479.76 0.36 NA 0.16 

AUS_61 
Dawson River At 
Woodleigh 

-24.83 149.98 28503 19 NA 20.72 7.44 6.56 35.63 47.80 0.46 NA 0.10 

AUS_62 
Dawson River At 
Beckers 

-24.09 149.82 40500 22 NA 14.02 5.33 5.76 22.17 24.12 0.34 NA 0.10 

AUS_63 
Dawson River At 
Utopia Downs 

-25.74 149.33 6039 21 NA 18.80 6.66 4.19 34.77 27.36 0.41 NA 0.02 

AUS_64 
Callide Creek At 
Goovigen 

-24.11 150.29 4457 30 NA 24.11 13.04 4.93 40.13 63.11 0.45 NA 0.23 

AUS_65 
South Kariboe Creek 
At Pump Station 

-24.56 150.75 284 18 NA 86.37 55.13 3.30 90.23 196.40 0.53 NA 0.03 

AUS_66 Dee River At Wura -23.77 150.36 472 118 NA 86.60 81.76 1.79 72.85 95.71 0.35 NA 0.01 

AUS_67 
Prospect Creek At Red 
Hill  

-24.45 150.42 369 28 NA 86.68 59.50 4.09 157.06 286.37 0.41 NA 0.19 
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AUS_68 
Connors River At Pink 
Lagoon 

-22.34 148.95 8721 186 NA 21.24 11.46 1.65 31.34 57.47 0.28 NA 0.03 

AUS_69 
Funnel Creek At Main 
Road 

-21.78 148.93 1044 452 NA 23.98 12.34 1.55 31.81 63.94 0.18 NA 0.02 

AUS_70 
Comet River At Comet 
Weir 

-23.61 148.55 16457 46 NA 16.90 9.76 4.34 14.45 12.20 0.26 NA 0.16 

AUS_71 
Carnarvon Creek At 
Rewan 

-24.98 148.39 351 83 NA 28.23 20.70 2.64 19.07 11.49 0.12 NA 0.04 

AUS_72 
Haughton River At 
Powerline 

-19.63 147.11 1773 224 NA 12.66 5.69 2.38 17.81 21.55 0.14 NA 0.01 

AUS_73 
Barratta Creek At 
Northcote 

-19.69 147.17 753 211 NA 12.17 7.31 3.37 23.67 24.66 0.42 NA 0.04 

AUS_74 
Herbert River At 
Ingham 

-18.63 146.14 8581 462 NA 3.36 1.97 1.43 9.46 9.73 0.26 NA 0.01 

AUS_75 
Millstream At Archer 
Creek -17.65 145.34 308 570 NA 2.24 2.07 1.18 5.41 7.22 0.10 NA 0.00 

AUS_76 
North Johnstone River 
At Glen Allyn 

-17.38 145.65 165 1082 NA 2.11 1.81 0.88 4.80 7.58 0.15 NA 0.00 

AUS_77 
North Johnstone River 
At Tung Oil 

-17.55 145.93 925 1997 NA 2.36 1.69 0.88 4.79 5.80 0.16 NA 0.01 

AUS_78 
Kolan River At 
Springfield 

-24.75 151.59 551 139 NA 22.34 14.81 1.80 51.84 70.62 0.20 NA 0.01 

AUS_79 
Gin Gin Creek At 
Brushy Creek 

-24.97 151.89 531 121 NA 22.16 13.01 2.23 47.57 59.22 0.17 NA 0.02 

AUS_80 
Logan River At Round 
Mtn 

-28.07 152.93 1262 147 NA 28.43 18.87 2.28 46.44 86.80 0.27 NA 0.09 

AUS_81 
Running Ck At 
Dieckmans Bridge 

-28.25 152.89 128 322 NA 20.34 15.53 1.25 23.77 53.40 0.24 NA 0.06 

AUS_82 
Logan River At 
Yarrahappini 

-27.83 152.99 2416 130 NA 35.61 23.33 2.78 65.03 127.86 0.31 NA 0.08 

AUS_83 
Burnett Ck At 
Upstream Maroon Dam 

-28.22 152.61 82 182 NA 21.48 13.36 1.61 36.96 63.91 0.19 NA 0.02 

AUS_84 
Albert River At 
Lumeah Number 2 

-28.05 153.04 169 281 NA 25.92 16.45 1.70 28.15 44.62 0.33 NA 0.09 

AUS_85 
Albert River At 
Bromfleet 

-27.91 153.11 544 242 NA 25.92 16.67 1.89 31.52 59.13 0.21 NA 0.12 

AUS_86 
Petrie Creek At Warana 
Bridge 

-26.62 152.96 38 705 NA 15.05 12.22 4.12 28.22 43.26 0.56 NA 0.03 

AUS_87 
Mooloolah River At 
Mooloolah 

-26.76 152.98 39 647 NA 18.98 15.57 1.98 39.27 79.50 0.26 NA 0.04 

AUS_88 
North Maroochy River 
At Eumundi 

-26.49 152.96 38 602 NA 18.62 12.13 3.07 48.90 69.19 0.30 NA 0.04 

AUS_89 
Coochin Creek At 
Mawsons Road 

-26.88 153.00 55 697 NA 2.98 5.07 2.96 11.63 16.94 2.52 NA 0.01 

AUS_90 Mary River At Miva -25.95 152.50 4755 255 NA 21.39 21.23 2.08 47.52 91.44 0.25 NA 0.03 

AUS_91 
Glastonbury Creek At 
Glastonbury 

-26.22 152.52 113 161 NA 49.07 52.67 1.65 69.59 143.04 0.24 NA 0.02 

AUS_92 
Munna Creek At 
Marodian 

-25.90 152.35 1193 115 NA 32.75 23.45 2.64 93.56 142.99 0.22 NA 0.02 

AUS_93 
Mary River At 
Fishermans Pocket 

-26.17 152.60 3068 299 NA 18.15 16.76 2.06 39.70 74.64 0.42 NA 0.09 

AUS_94 
Tinana Creek At 
Tagigan Road 

-26.08 152.78 100 255 NA 6.64 10.86 2.09 55.66 100.30 0.29 NA 0.01 

AUS_95 
Wide Bay Creek At 
Kilkivan 

-26.08 152.22 322 64 NA 69.42 60.91 3.55 96.30 259.65 0.42 NA 0.04 

AUS_96 
Mary River At Home 
Park 

-25.77 152.53 6845 202 NA 15.93 17.14 2.34 42.72 74.73 0.33 NA 0.02 

AUS_97 
Amamoor Creek At 
Zachariah 

-26.37 152.62 133 246 NA 24.05 38.60 1.29 27.82 62.35 0.17 NA 0.02 

AUS_98 
Six Mile Creek At 
Cooran 

-26.33 152.81 186 429 NA 3.74 4.41 2.06 22.26 34.82 0.18 NA 0.00 

AUS_99 
Mary River At Bellbird 
Creek 

-26.63 152.70 486 338 NA 17.82 10.88 1.69 24.95 42.75 0.24 NA 0.01 

AUS_100 
Mary River At Moy 
Pocket 

-26.53 152.74 820 356 NA 15.41 9.99 1.69 23.18 39.77 0.25 NA 0.02 

AUS_101 
Tinana Creek At 
Bauple East 

-25.82 152.72 783 246 NA 4.52 7.75 1.56 48.88 87.10 0.15 NA 0.01 

AUS_102 
Mulgrave River At 
Peets Bridge 

-17.13 145.76 520 1514 NA 2.30 1.36 0.83 5.18 6.44 0.11 NA 0.01 

AUS_103 
Russell River At 
Bucklands 

-17.39 145.97 315 3447 NA 1.40 1.00 0.66 3.79 4.93 0.15 NA 0.00 

AUS_104 
Murray River At Upper 
Murray 

-18.11 145.81 156 1107 NA 2.02 0.82 1.54 7.39 7.82 0.15 NA 0.01 

AUS_105 
Caboolture River At 
Upper Caboolture 

-27.10 152.89 94 434 NA 26.77 23.78 1.57 47.14 77.94 0.18 NA 0.01 

AUS_106 
South Pine River At 
Drapers Crossing 

-27.35 152.92 156 346 NA 15.68 11.34 2.38 41.87 68.61 0.15 NA 0.01 

AUS_107 
Blacks Creek At 
Whitefords 

-21.32 148.84 509 447 NA 19.59 7.55 1.16 15.69 18.93 0.19 NA 0.02 

AUS_108 
Bohle River At Hervey 
Range Road 

-19.32 146.70 143 532 NA 10.52 4.29 7.34 48.70 48.31 2.48 NA 3.74 
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AUS_109 
Nerang River At 
Glenhurst 

-28.00 153.31 240 360 NA 6.92 4.69 1.94 16.80 27.07 0.18 NA 0.01 

AUS_110 
Coomera River At 
Army Camp 

-28.03 153.19 88 417 NA 20.60 16.01 2.28 32.39 75.97 0.56 NA 0.04 

AUS_111 Tully River At Euramo -17.99 145.94 1450 2111 NA 1.49 0.76 1.26 4.82 6.15 0.25 NA 0.00 

BR_1 
Rio Solimoes At 
Tabatinga 

-4.25 -69.93 883318 171 1949 19.39 2.20 1.26 9.11 7.68 NA 4.51 NA 

BR_2 
Rio Solimoes At 
Manacapuru 

-3.30 -60.60 2204042 1066 2301 10.23 1.40 0.95 3.64 4.56 NA 5.59 NA 

BR_3 
Madeira At Porto 
Velho 

-8.73 -63.92 981203 625 1606 9.07 2.59 1.44 2.60 0.91 NA 3.92 NA 

BR_4 
Madeira At Fazenda 
Vista Alegre 

-4.89 -60.02 1317755 946 1750 5.59 1.90 1.46 3.31 1.15 NA 4.24 NA 

BR_5 Rio Tapajos At Itaituba -4.28 -55.98 827304 1060 2291 3.22 0.77 0.76 1.31 0.79 NA 4.09 NA 

CAN_1 
Iskut River Below 
Johnson River 

56.73 -131.67 9495 1570 832 25.28 3.45 1.05 2.77 0.96 0.12 0.99 NA 

CAN_2 Skeena River At Usk 54.63 -128.41 42229 680 586 14.38 2.20 0.37 1.99 0.55 0.08 2.81 NA 

CAN_3 
Quinsam River Near 
The Mouth 

50.02 -125.30 311 1296 1780 3.36 3.60 2.38 0.16 8.02 NA 0.10 NA 

CAN_4 
Fraser River At 
Hansard 

54.07 -121.85 18041 526 841 23.43 4.33 0.44 1.18 0.56 0.10 3.30 NA 

CAN_5 
Fraser River At Red 
Pass 

52.98 -119.01 1699 353 701 17.81 5.84 0.22 0.69 0.49 0.06 0.94 NA 

CAN_6 
Salmon River At 
Highway 1 Bridge 

50.69 -119.33 1514 76 419 45.62 13.48 2.86 10.78 3.29 0.10 4.00 0.04 

CAN_7 
Thompson River At 
Spences Bridge 

50.42 -121.34 54846 252 595 13.55 2.39 0.83 2.82 1.56 0.09 2.30 0.00 

CAN_8 
Fraser River At 
Marguerite 

52.53 -122.44 114019 408 649 21.57 4.38 0.60 4.54 2.34 0.08 4.53 NA 

CAN_9 Fraser River At Hope 49.38 -121.45 216187 337 599 17.57 3.55 0.71 3.15 1.71 0.08 3.36 NA 

CAN_10 
Sumas River At 
International Boundary 

49.00 -122.23 168 755 1381 21.82 16.58 2.90 8.94 13.87 2.93 4.12 0.04 

CAN_11 
Beaver River Near East 
Park Gate 

51.38 -117.45 472 2061 979 20.29 5.91 0.31 1.30 0.97 0.16 0.78 NA 

CAN_12 
Columbia River At 
Birchbank 

49.17 -117.72 87301 754 779 18.98 3.99 0.55 1.37 0.82 0.09 1.33 NA 

CAN_13 
Kootenay River At 
Kootenay Crossing 

50.88 -116.04 511 549 662 44.32 10.53 0.36 1.13 0.41 0.10 0.70 NA 

CAN_14 
Kootenay River Near 
Fenwick Station 

49.52 -115.55 11899 409 679 36.30 10.60 0.55 6.58 6.36 0.12 1.67 0.01 

CAN_15 
Similkameen River At 
Princeton 

49.45 -120.50 1824 365 626 18.93 3.39 0.63 4.01 2.95 0.03 2.48 NA 

CAN_16 
Okanagan River At 
Oliver 

49.11 -119.57 7517 37 373 34.34 9.13 2.22 9.92 3.15 0.06 4.35 NA 

GER_1 
Hierscheider Bach, 
Eppelborn, Illtalstadion 

49.40 6.97 4 349 781 59.84 12.86 5.34 58.00 96.84 3.13 4.27 0.16 

GER_2 

Lannenbach, 
Mitlosheim, 
Mitlosheimerstr.-L157 

49.53 6.78 NA NA NA 74.26 12.08 5.89 70.74 140.90 3.46 4.30 0.18 

GER_3 
Alsbach, Dirmingen, 
Feuerwehr 

49.41 7.01 34 364 773 76.05 20.39 6.90 38.37 56.51 5.83 3.35 0.16 

GER_4 
Metzerbach, 
Oh.HetschermŸhle 

49.38 6.63 NA NA NA 175.71 36.87 25.63 843.33 1566.88 1.82 17.72 1.24 

GER_5 
Metzerbach, MŸndung  
Oh.Teich 

49.37 6.64 NA NA NA 79.00 21.71 5.80 23.32 41.88 5.20 6.62 0.29 

GER_6 
BrŸcke FŸrweiler-
Schwerdorf 

49.37 6.58 7 349 787 77.08 23.35 7.23 57.49 118.23 3.96 4.44 0.23 

GER_7 
FŸrweiler Bach, 
Uh.FŸrweiler 

49.37 6.58 5 349 788 51.92 7.68 4.63 59.40 90.24 1.71 2.32 0.06 

GER_8 
Weinbach, Oh. 
Rammelfangen 

49.32 6.64 NA NA NA 108.65 18.67 6.41 67.64 183.26 3.95 4.49 0.22 

GER_9 

Lannenbach, 
Niederlosheim Uh., 
Feldweg An Der B 268 
(MŸndung) 

49.50 6.78 28 296 827.3 68.36 10.34 5.62 66.29 112.05 3.06 3.96 0.17 

GER_10 
Weinbach, Ihn, Zum 
HatzenbŸsch 

49.32 6.61 NA NA NA 67.27 10.63 5.63 62.69 117.95 2.86 3.15 0.11 

GER_11 
Dorfbach, Bedersdorf 
Uh. 

49.30 6.63 NA NA NA 106.21 19.80 5.67 37.04 81.28 5.77 3.49 0.31 

GER_12 
Kerlinger Bach, 
Uh.Bedersdorf 

49.30 6.63 NA NA NA 41.27 8.26 1.48 4.96 6.22 0.82 1.85 0.03 

GER_13 
Ihner Bach, 
Leidingen,BrŸcke 

49.30 6.61 32 349 784 152.65 16.25 6.69 98.94 344.82 2.60 4.06 0.14 

GER_14 
Rohrbach, Brebach, 
Mdg. 

49.21 7.03 64 364 757 72.91 20.02 6.03 29.08 79.49 3.40 5.87 0.33 

GER_15 

Rohrbach, Rentrisch, 
Uh. AutobahnbrŸcke, 
Uh, KA 

49.26 7.08 43 364 754 55.93 7.58 3.51 35.64 51.17 1.47 1.89 0.02 

GER_16 
Rohrbach, St. Ingbert, 
Auf Der Spick 

49.28 7.13 23 364 753 50.43 7.90 5.35 79.24 120.04 1.73 2.24 0.09 

GER_17 Enz  At Pforzheim 48.89 8.71 1450 271 896 NA NA 3.98 19.89 32.62 3.71 3.39 0.43 
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GER_18 Fils At Plochingen 48.70 9.42 683 431 765 NA NA 5.48 47.21 61.79 7.58 4.61 0.34 

GER_19 
Murgkanal  At 
NiederbŸhl 

48.84 8.22 124 169 724 NA NA 2.76 10.74 11.09 1.29 4.56 0.39 

GER_20 Rhein At VogelgrŸn 48.02 7.57 37278 1004 1224 NA NA 3.20 38.60 68.90 1.65 2.97 0.11 

GER_21 Rhein At Weisweil 48.21 7.65 37455 1001 1221 NA NA 6.12 105.56 165.26 1.31 4.24 0.10 

GER_22 Rhein At Karlsruhe 49.01 8.29 50327 870 1115 NA NA 6.02 83.66 135.24 1.50 3.98 0.09 

GER_23 
Rhein At Mannheim, 
Rhein 

49.48 8.45 53975 825 1088 NA NA 6.27 85.23 137.10 1.60 3.67 0.13 

GER_24 
Neckar At Mannheim, 
L.U. ,Neckar 

49.49 8.46 13974 308 775 NA NA 5.96 45.18 114.49 6.37 4.03 0.41 

GER_25 
Neckar At Feudenheim, 
Mitte 

49.47 8.53 13950 308 775 NA NA 5.90 43.72 115.94 6.24 4.16 0.60 

GER_26 
Neckar At Rockenau 
R.U. 

49.43 9.00 12648 312 780 NA NA 5.86 47.02 121.33 6.60 3.80 0.35 

GER_27 
Neckar At 
Gundelsheim R.U. 

49.28 9.15 12316 314 781 NA NA 5.66 48.41 136.57 5.69 4.11 0.51 

GER_28 

Neckar, 
Kraftwerkskanal At 
Kochendorf, F.M. 

49.21 9.21 8478 315 812 NA NA 5.77 55.73 164.34 5.80 4.49 0.57 

GER_29 
Neckar At Besigheim 
L.U. 

49.00 9.14 5622 352 815 NA NA 6.22 42.53 62.54 6.63 4.36 0.48 

GER_30 
Neckar At 
Poppenweiler R.U. 

48.91 9.24 4987 366 830 NA NA 6.36 43.79 61.18 5.52 5.03 0.66 

GER_31 Neckar At Hofen R.U. 48.83 9.22 4261 371 851 NA NA 5.51 36.28 57.44 6.00 3.91 0.27 

GER_32 
Neckar At Deizisau, 
L.U. 

48.71 9.38 3987 385 860 NA NA 4.89 32.81 45.76 5.27 3.95 0.55 

GER_33 Neckar At Wendlingen 48.67 9.37 3073 381 888 NA NA 4.74 29.66 51.36 5.85 3.67 0.25 

GER_34 
Neckar At 
Kirchentellinsfurt 

48.53 9.13 2341 431 919 NA NA 5.09 31.25 46.62 5.50 3.72 0.17 

GER_35 Neckar At Rottweil 48.17 8.62 455 554 1012 NA NA 6.10 30.04 39.80 6.32 4.55 0.33 

GER_36 
Elbe, Boizenburg, Km 
559,0 

53.36 10.70 133477 170 617 93.40 14.73 7.70 58.56 124.86 3.50 6.07 0.07 

GER_37 
Elbe, Cumlosen, Km 
470 

53.03 11.64 122647 173 620 95.97 14.94 8.66 68.22 134.69 3.09 6.26 0.06 

GER_38 
Elbe, Dšmitz, Km 
505,0 

53.12 11.26 128727 170 617 91.96 12.08 7.59 50.46 97.48 2.18 6.72 0.04 

GER_39 

Elbe, Dommitzsch, 
Linkes Ufer, Km 172,6 
(Left Bank) 

51.64 12.89 55669 219 661 49.34 9.73 5.71 22.45 31.27 4.10 5.95 0.09 

GER_40 

Elbe, Dommitzsch, 
Rechtes Ufer, Km 
172,6 (Right Bank) 

51.64 12.89 55669 219 661 49.24 9.65 5.68 22.49 31.35 4.17 5.94 0.10 

GER_41 Havel, Toppel 52.84 12.04 22944 75 563 92.17 11.14 8.15 42.71 67.15 0.87 8.59 0.14 

GER_42 Elbe, Magdeburg 52.06 11.68 94745 202 638 95.05 15.71 7.30 68.62 146.04 4.00 5.36 0.07 

GER_43 
Elbe, Mulde, Dessau, 
Km 7,6 

51.85 12.26 7143 242 643 48.37 11.38 6.99 37.34 51.77 4.71 4.17 0.05 

GER_44 
Saale, Rosenburg, Km 
4,5 

51.93 11.89 23606 188 606 246.96 34.03 13.15 227.19 552.92 5.01 4.91 0.09 

GER_45 

Elbe, Schmilka, Linkes 
Ufer, Km 3,9 (Left 
Bank) 

50.89 14.23 51335 219 665 48.66 9.56 5.57 22.51 30.47 4.08 5.84 0.12 

GER_46 

Elbe, Schmilka, 
Rechtes Ufer, Km 3,9 
(Right Bank) 

50.89 14.23 51335 219 665 47.74 9.46 5.53 21.33 28.86 3.96 5.75 0.10 

GER_47 
Elbe, Schnackenburg, 
Km 474,5 

53.03 11.57 122657 173 620 88.43 14.64 8.24 67.88 142.60 3.52 5.58 0.07 

GER_48 
Schwarze Elster, 
Gorsdorf, Km 3,8 

51.80 12.86 5256 107 590 81.06 13.24 9.26 37.46 54.93 2.49 5.19 0.02 

GER_49 

Elbe, 
Wittenberg/Lutherstadt, 
Km 214,1 

51.85 12.64 61724 208 654 50.11 10.02 6.09 24.50 32.82 4.24 5.15 0.09 

GER_50 

Elbe, Zehren, Linkes 
Ufer, Km 89,7 (Left 
Bank) 

51.20 13.40 54067 223 664 51.14 9.96 5.66 22.52 32.13 4.33 5.55 0.10 

GER_51 

Elbe, Zehren, Rechtes 
Ufer, Km 89,7 (Right 
Bank) 

51.20 13.40 54067 223 664 48.48 9.52 5.75 22.90 30.85 4.20 5.79 0.10 

GER_52 Boffzen 51.75 9.38 15404 413 764 74.19 114.17 64.37 752.01 1418.24 4.29 5.67 0.18 

GER_53 Drakenburg 52.68 9.21 21929 400 768 80.27 80.51 44.05 493.73 937.41 4.78 5.40 0.13 

GER_54 Gerstungen 50.95 10.06 2944 396 711 107.08 263.04 167.14 1181.06 2534.65 4.28 8.46 0.17 

GER_55 Hajen 52.00 9.43 16082 418 766 78.63 109.24 60.69 705.07 1338.21 4.65 5.32 0.19 

GER_56 Heldra 51.12 10.19 4293 404 691 122.92 302.22 165.16 1709.34 3410.03 4.08 3.22 0.16 

GER_57 Hemelingen 53.05 8.87 39037 377 737 82.15 55.51 31.81 290.29 534.07 4.68 4.96 0.16 

GER_58 Hemeln 51.49 9.60 12506 385 749 75.43 117.47 66.55 696.08 1341.28 4.29 5.05 0.19 

GER_59 Hess.Oldendorf 52.16 9.25 17184 418 767 99.98 95.13 52.10 588.91 1134.02 4.46 4.81 0.13 

GER_60 Intschede 52.96 9.15 38444 378 737 82.88 68.59 38.84 407.58 824.11 5.37 7.12 0.26 

GER_61 Letzterheller 51.40 9.71 5478 378 699 127.74 296.07 169.32 1968.12 3893.73 3.99 3.95 0.27 
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GER_62 Petershagen 52.38 8.97 19607 409 771 86.64 89.30 56.91 540.65 1064.31 5.18 4.27 0.20 

GER_63 Porta 52.24 8.91 19096 411 772 83.36 84.92 53.95 490.36 969.76 5.14 4.49 0.20 

GER_64 Verden 52.92 9.22 16028 353 695 79.11 18.97 15.21 72.79 131.64 4.29 6.39 0.04 

GER_65 Wahnhausen 51.36 9.56 6831 395 789 39.36 11.65 4.86 28.88 48.94 4.08 3.24 0.20 

GER_66 Witzenhausen 51.34 9.85 5355 380 698 116.07 157.86 92.33 528.69 1139.96 3.41 2.04 0.15 

GER_67 
Rhein At Wkst 
SŸd/Bad Honnef 

50.63 7.21 140750 485 878 69.93 11.36 6.12 51.18 82.33 3.08 3.07 0.10 

GER_68 
Rhein At Wkst Rhein-
Nord Kleve-Bimmen 

51.86 6.06 159485 479 877 83.15 12.21 7.57 70.55 134.60 3.37 3.02 0.09 

GER_69 

Werse At W2 
Unterhalb KlŠranlage 
Handorf-Mariendorf 

52.01 7.69 697 327 813 109.29 7.14 16.81 52.07 67.33 9.00 6.61 0.57 

GER_70 

Ems At E1A Unterhalb 
KlŠranlage Rheine-
Nord 

52.30 7.41 3782 390 815 96.70 6.14 12.90 64.41 89.43 8.43 7.38 0.32 

GER_71 
Blies Niederlinxweiler, 
Uh KA 

49.44 7.14 109 351 765 25.10 10.75 4.65 16.07 25.49 3.00 4.39 0.17 

GER_72 
Prims, Nonnweiler, Oh 
Talsperre 

49.64 6.98 18 308 888 4.27 2.39 0.81 4.98 9.67 1.51 3.01 NA 

GER_73 
Altbach Nonnweiler, 
Oh Talsperre 

49.63 7.00 15 336 893 5.05 2.48 0.85 5.79 11.66 1.05 2.91 NA 

GER_74 

Losheimer Bach, 
†berlosheim, 
Fischerw., Eg. Mdg. 

49.48 6.86 114 307 807 15.76 6.18 3.29 8.34 14.57 3.06 3.33 0.24 

GER_75 
Prims, Primsweiler, Oh 
BrŸcke, Lebacherstr. 

49.41 6.85 475 311 810 16.08 6.33 3.15 11.02 19.42 2.77 3.22 0.14 

GER_76 
Theel, Knorscheid, 
Hasenbergstr. 

49.40 6.86 218 356 771 35.31 14.43 7.18 27.83 43.55 3.07 4.58 0.26 

GER_77 
Prims, Dillingen, 
BrŸckenstr., Mdg. 

49.34 6.72 740 327 795 23.40 8.82 5.18 27.26 38.87 2.88 4.00 0.17 

GER_78 Blies Neunkirchen 49.35 7.17 277 356 763 40.47 25.62 9.33 73.08 60.38 3.19 3.93 0.18 

GER_79 Saar, 2 GŸdingen 49.19 7.02 3789 350 750 63.43 19.71 5.53 28.15 48.31 2.82 4.27 0.17 

GER_80 
Saar, 5 Fremersdorf, 
BrŸcke (Rechts) 

49.41 6.64 6939 334 761 75.40 23.96 6.90 57.85 95.64 3.10 4.56 0.19 

GER_81 
Nahe, Nohfelden, Uh 
AutobahnbrŸcke 49.60 7.14 118 336 798 16.92 4.68 3.15 13.24 20.00 2.33 3.76 0.16 

GER_82 
Rossel, Geislautern, 
Stra§enbrŸcke 

49.23 6.83 243 349 767 124.32 50.38 17.34 523.44 697.24 2.23 7.48 0.62 

GER_83 
Saar, 4 Bous, 
Stra§enbrŸcke 

49.27 6.79 4598 351 752 69.92 22.98 7.38 68.09 111.93 2.90 4.61 0.20 

GER_84 
Prims, Nonnweiler, 
Talsperre, Auslauf 

49.61 6.97 41 316 880 4.67 2.41 0.82 4.94 8.99 1.39 2.46 0.01 

GER_85 
Nied, Niedaltdorf, 
Pegel 

49.34 6.59 1315 274 774 177.66 47.80 5.09 23.53 38.10 3.55 5.14 0.19 

GER_86 
Blies Ingweiler, 
Wšrschweilerstr. L212 

49.26 7.30 477 359 751 45.78 19.75 9.35 63.50 75.70 4.13 4.30 0.24 

GER_87 
Schwarzbach, Einšd, 
Webenheimerstr. 

49.26 7.32 1142 326 742 33.54 13.35 4.50 13.39 23.13 3.00 2.79 0.12 

GER_88 
Blies Reinheim, 
Stra§enbrŸcke 

49.13 7.18 1783 338 746 41.65 15.56 6.03 26.54 42.65 3.32 3.48 0.16 

GER_89 

Oster, Wiebelskirchen, 
L 287 
(MŸndungsmessstelle) 

49.37 7.19 113 357 767 25.67 9.41 4.55 15.61 23.52 3.74 3.70 0.26 

GER_90 

Blies St. Wendel-
Alsfassen, 
Kelsweilerstr. 

49.47 7.16 45 352 768 19.43 8.56 3.34 9.37 15.72 2.70 3.66 0.13 

GER_91 Bist Bisten, Pegel 49.25 6.69 123 349 771 85.33 24.74 10.99 92.45 166.39 1.71 4.27 0.20 

GER_92 Saale, Bad Kšsen 51.73 11.43 5031 200 678 83.64 19.60 5.64 35.91 53.40 6.42 4.43 0.10 

GER_93 
Saale, Naumburg-
Grochlitz 

51.92 11.49 11444 218 637 141.85 36.77 13.58 104.86 198.46 5.98 3.86 0.10 

GER_94 Saale, Bad DŸrrenberg 51.17 12.34 12041 209 632 143.22 37.00 14.05 108.18 204.75 5.98 3.86 0.11 

GER_95 Saale, Meuschau 51.21 12.01 12158 208 631 146.01 37.54 14.67 119.25 222.39 6.16 4.00 0.11 

GER_96 Saale, Planena 51.25 11.58 12429 204 629 156.19 38.25 15.33 127.87 245.89 6.16 4.16 0.12 

GER_97 Saale, Halle-Trotha 51.30 11.57 17922 193 617 146.98 35.93 13.90 110.33 204.60 6.27 4.63 0.10 

GER_98 Saale, Wettin 51.35 11.48 18620 186 613 149.04 36.85 14.11 161.13 305.59 6.29 4.85 0.10 

GER_99 
Saale, Nienburg 
(Oberhalb Bode) 

51.50 11.46 20194 174 607 210.37 38.00 15.52 238.43 526.08 6.59 4.86 0.09 

GER_100 Wei§e Elster, Zeitz 51.32 12.85 2515 236 646 73.79 28.87 7.89 72.40 78.57 6.68 4.99 0.12 

GER_101 
Wei§e Elster, Halle-
Ammendorf 

51.25 11.59 5097 177 598 120.78 30.49 11.26 76.22 99.83 6.11 5.51 0.07 

GER_102 Unstrut, Freyburg 51.12 11.47 6329 234 605 208.33 56.84 22.55 182.23 361.75 5.55 3.23 0.11 

GER_103 
Bšse Sieben, 
Wormsleben 

51.30 11.37 110 38 551 228.30 59.02 22.62 121.56 207.61 10.54 4.63 0.26 

GER_104 Wei§e Elster, Ostrau 51.62 12.12 NA NA NA 66.57 26.73 7.31 77.32 85.96 5.57 4.50 0.12 

GER_105 
Unstrut, Memleben, 
Unterhalb Flutkanal 

51.16 11.29 5990 246 608 194.19 52.15 18.48 195.09 370.36 3.53 NA 0.13 

GER_106 Bode, Hadmersleben 52.02 11.20 2723 328 624 146.94 26.94 8.33 91.35 145.38 3.81 4.84 0.09 
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GER_107 Bode, Egeln-Nord 51.57 11.27 2852 317 619 126.73 22.88 7.83 78.84 121.36 3.33 3.92 0.09 

GER_108 Bode, Sta§furt-Wehr 51.51 11.33 3142 292 608 134.48 24.66 7.92 82.14 134.52 3.27 4.40 0.09 

GER_109 Bode, Neugattersleben 51.50 11.42 3229 284 605 538.51 32.61 14.63 372.15 1309.06 3.78 4.41 0.08 

GER_110 

Saale, Gro§ Rosenburg 
(An Der FŠhre Von 
Werkleitz) 

51.55 11.52 23606 188 606 238.55 36.26 14.36 240.25 564.12 5.39 5.20 0.09 

GER_111 Ohre, Satuelle 52.20 11.22 600 87 548 102.19 9.26 7.31 35.62 67.74 0.76 9.24 0.03 

GER_112 
Ohre, Unterhalb 
Wolmirstedt 

52.15 11.40 1074 82 542 126.64 15.61 10.14 43.26 80.12 2.43 8.53 0.06 

GER_113 Aland, Wanzer 52.60 11.37 1979 92 548 109.83 15.23 7.82 68.31 121.05 2.57 7.49 0.05 

GER_114 
Havel, Unterhalb 
Toppel 

52.51 12.39 22944 75 563 93.18 11.58 7.99 41.92 68.40 0.97 8.67 0.14 

GER_115 
Biese, Unterhalb 
Osterburg 

52.47 11.45 1117 107 553 97.43 11.11 5.84 30.44 55.55 2.04 8.07 0.06 

GER_116 
Hauptnuthe, 
Walternienburg 

51.58 11.57 544 53 524 117.67 11.77 7.69 21.60 47.14 2.28 4.35 0.03 

GER_117 Mulde, Zulauf Stausee 51.38 12.26 6335 266 660 44.01 11.21 6.36 30.98 37.74 5.31 4.20 0.08 

GER_118 Mulde, Ablauf Stausee 51.39 12.21 6708 255 652 43.67 11.21 6.23 29.82 36.08 5.13 4.17 0.06 

GER_119 Mulde, Priorau 51.44 12.17 7037 245 645 47.83 11.46 6.84 35.83 46.28 5.06 4.18 0.05 

GER_120 Mulde, Dessau 51.52 12.14 7143 242 643 49.16 11.45 6.75 35.64 46.14 4.99 4.19 0.05 

GER_121 
Schwarze Elster, 
Gorsdorf 

51.48 12.52 5256 107 590 83.55 13.53 8.39 34.37 49.68 2.63 5.23 0.02 

GER_122 
Eider Bei Schleuse 
Nordfeld, (Oberstrom) 

54.37 9.09 1675 447 820 62.51 8.54 7.83 40.93 72.82 2.06 19.75 0.10 

GER_123 

Treene Bei 
Friedrichstadt 
,Hauptschleuse 

54.38 9.09 824 480 838 72.04 6.26 6.88 23.40 44.82 2.95 12.00 0.05 

GER_124 
Bongsieler Kanal, 
SchlŸttsiel 

54.68 8.77 681 509 838 61.03 20.99 13.45 139.75 306.37 2.06 12.14 0.03 

GER_125 

Soholmer Au Bei 
SoholmbrŸck, Nahe 
Pegel 

54.70 9.02 511 494 841 55.20 4.90 8.76 20.24 36.52 2.19 9.74 0.02 

GER_126 
Trave Am Pegel 
Sehmsdorf 

53.81 10.42 721 312 721 85.85 6.72 5.30 61.15 110.30 4.25 8.54 0.08 

GER_127 
Trave, Str.-Br. In 
LŸbeck-Moisling 

53.85 10.64 926 295 716 90.39 8.11 5.39 65.34 120.08 3.69 8.31 0.08 

GER_128 Saale, Camburg-Stšben 51.42 11.41 3993 207 693 60.58 16.96 5.20 31.38 47.40 6.17 5.64 0.10 

GER_129 Wei§e Elster, Gera Uh 50.56 12.15 2224 251 653 67.76 34.23 7.75 73.66 94.69 5.68 6.13 0.23 

GER_130 Werra, Gerstungen 50.58 10.43 2944 396 711 105.57 258.80 189.94 1092.26 2360.02 4.04 6.17 0.17 

GER_131 Plei§e , Gš§nitz 50.54 12.26 306 181 596 88.81 34.21 9.41 36.99 72.88 6.70 7.29 0.81 

GER_132 Wipper, Hachelbich 51.21 10.58 518 212 693 247.62 343.64 209.22 666.52 2786.87 6.70 4.28 0.55 

GER_133 Werra, Meiningen 50.34 10.25 1153 454 707 59.44 10.07 4.02 14.91 23.76 3.37 2.55 0.13 

GER_134 Steinach, Mupperg 50.18 11.85 134 288 769 22.83 4.96 3.60 15.57 21.51 3.31 2.15 0.27 

GER_135 Ilm, Niedertrebra 51.42 11.34 876 200 634 149.30 29.11 5.84 23.90 42.05 6.43 12.24 0.18 

GER_136 Unstrut, Oldisleben 51.18 11.11 4145 228 607 211.55 58.80 22.90 141.25 288.90 5.67 3.18 0.15 

GER_137 Saale, Rudolstadt 50.43 11.20 2685 243 728 43.35 12.42 4.47 30.81 41.98 5.39 5.48 0.06 

GER_138 Unstrut, Strau§furt 51.98 10.60 2050 361 619 184.05 38.90 8.09 55.15 89.79 5.01 11.29 0.07 

GER_139 Unstrut, Wundersleben 51.86 11.21 2483 309 603 180.22 37.66 8.49 54.95 94.87 4.08 3.06 0.09 

GER_140 Rhein At Bimmen 51.86 6.06 159485 479 877 75.82 12.29 6.40 78.60 165.80 3.39 3.95 0.20 

GER_141 Rhein At Koblenz 50.35 7.59 109815 522 898 69.41 10.27 5.89 73.12 118.70 3.32 4.81 0.32 

SPA_1 Ebro En Miranda 42.69 -2.95 5447 751 816 67.57 9.46 1.98 28.97 40.21 1.74 NA 0.23 

SPA_2 Ebro En Castejon 42.18 -1.69 25001 747 799 87.38 14.02 3.48 67.02 95.40 2.61 NA 0.52 

SPA_3 Ega En Andosilla 42.37 -1.94 1294 676 779 144.70 21.89 3.74 168.75 242.43 3.35 NA 0.45 

SPA_4 Arga En Funes 42.31 -1.79 2753 649 973 94.86 14.45 7.25 149.69 236.49 3.26 NA 0.86 

SPA_5 Aragon En Caparroso 42.35 -1.64 5024 1805 931 61.33 11.77 1.51 27.34 27.67 1.79 NA 0.27 

SPA_6 Jalon En Huermeda 41.38 -1.59 7120 4 480 151.29 51.88 4.03 73.28 114.90 3.36 NA 0.88 

SPA_7 Ebro En Zaragoza 41.71 -0.95 40122 467 680 118.11 25.98 3.90 120.49 167.95 4.39 NA 0.51 

SPA_8 Martin En Hijar 41.17 -0.44 1416 NA 464 439.78 94.26 7.75 76.62 119.49 3.84 NA 0.53 

SPA_9 

Guadalope-Der. 
Acequia Vieja De 
Alca–iz 

40.94 -0.17 3075 NA 563 167.67 44.37 5.24 16.20 26.13 1.94 NA 0.66 

SPA_10 Cinca En Fraga 41.52 0.34 9658 193 682 89.39 25.39 2.64 103.37 124.77 2.02 NA 0.41 

SPA_11 Aragon En Jaca 42.58 -0.55 243 1816 1088 45.38 6.78 0.86 3.36 5.63 0.43 NA 0.10 

SPA_12 Valira En Seo 42.36 1.45 539 415 1230 31.47 2.83 1.23 6.04 8.66 0.78 NA 0.62 

SPA_13 Segre En Seo De Urgel 42.35 1.50 1216 327 1138 35.70 4.20 1.40 5.58 7.00 0.55 NA 0.26 

SPA_14 Segre En Lleida 41.61 0.63 11548 161 879 74.61 13.75 2.39 26.09 30.62 1.85 NA 0.92 

SPA_15 Segre En Seros 41.45 0.42 12928 144 838 81.95 16.92 2.70 31.07 34.99 2.05 NA 0.84 

SPA_16 Ebro En Tortosa 40.81 0.51 84210 277 659 104.97 23.29 3.44 81.74 116.97 2.36 NA 0.47 

SPA_17 Ebro En Mequinenza 41.36 0.27 57226 342 626 110.91 24.22 3.83 96.36 125.32 2.46 NA 0.27 

SPA_18 Guatizalema En Peralta 41.92 -0.12 769 58 634 68.90 19.86 3.02 23.45 27.73 1.74 NA 0.29 
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SPA_19 Alcanadre En Peralta 41.92 -0.12 357 50 563 55.35 12.10 1.30 21.22 23.28 1.54 NA 0.14 

SPA_20 Iregua En Islallana 42.32 -2.51 571 104 722 50.21 5.92 1.28 7.51 10.12 0.66 NA 0.19 

SPA_21 
Najerilla En 
Torremontalbo 

42.49 -2.68 1110 118 676 70.44 10.96 1.92 7.79 12.59 1.39 NA 0.41 

SPA_22 Jiloca En Calamocha 40.88 -1.32 1388 0.85 473 157.48 33.85 2.95 22.54 40.47 4.72 NA 0.59 

SPA_23 Tiron En Cuzcurrita 42.54 -2.96 707 400 679 173.42 23.17 3.51 116.81 46.02 3.63 NA 0.32 

SPA_24 Arba En Gallur 41.91 -1.27 2145 NA 576 113.54 52.20 4.35 240.08 303.45 9.01 NA 0.87 

SPA_25 Irati En Liedena 42.61 -1.27 1588 1894 1035 51.77 7.20 1.14 6.34 10.89 0.72 NA 0.20 

SPA_26 Arga En Echauri 42.79 -1.78 1730 766 1074 72.67 10.36 7.79 68.80 121.94 1.54 NA 1.39 

SPA_27 Ega En Estella 42.68 -2.06 610 802 806 106.68 11.65 1.44 26.54 41.84 3.06 NA 0.18 

SPA_28 Zadorra En Arce 42.67 -2.89 1383 700 884 87.62 10.76 3.77 21.56 34.66 4.94 NA 1.18 

SPA_29 Jal—n En Grisen 41.74 -1.14 9659 3.7 467 140.74 38.50 4.27 98.39 146.74 4.39 NA 0.45 

SPA_30 Nela En Trespaderne 42.80 -3.38 1058 727 916 56.65 7.20 1.53 17.59 27.97 1.55 NA 0.25 

SPA_31 Oca En O–a 42.72 -3.44 1045 719 699 140.53 20.36 3.15 62.68 91.90 3.93 NA 0.42 

SPA_32 Vero En Barbastro 42.00 0.15 368 57 618 121.36 42.30 4.30 111.22 148.22 1.21 NA 1.52 

SPA_33 Segre En Balaguer 41.79 0.81 7291 231 974 86.44 17.12 2.22 28.23 37.31 2.11 NA 0.47 

SPA_34 
Noguera Ribagorzana-
Der. Canal De Pi–ana 

41.87 0.57 1761 103 936 63.38 8.74 1.44 17.52 22.36 0.47 NA 0.15 

SPA_35 
Guadalope -Der. Ac.  
De La Villa 

41.13 0.00 3650 NA 545 170.59 52.30 5.65 27.24 36.46 1.07 NA 0.34 

SPA_36 Aragon En Yesa 42.61 -1.21 2202 2341 955 51.79 7.41 1.08 8.46 12.76 0.51 NA 0.09 

SPA_37 Ebro En Sastago 41.32 -0.35 48932 400 651 133.36 32.37 4.55 144.35 212.23 3.50 NA 0.55 

SPA_38 Segre En Pons 41.93 1.20 3328 284 1032 52.36 7.23 1.77 8.15 13.18 0.89 NA 0.35 

SPA_39 
Ebro En Mendavia 
(Der. C. Lodosa) 

42.41 -2.10 12438 541 758 78.97 11.27 2.95 58.11 78.33 2.37 NA 0.68 

SPA_40 Gallego En Anzanigo 42.40 -0.64 1404 585 923 45.22 8.43 6.31 8.33 13.29 0.85 NA 0.17 

SPA_41 Jalon En Ateca 41.32 -1.79 3626 6.2 490 120.97 47.20 5.14 74.49 127.79 2.46 NA 0.22 

SPA_42 Arga En Huarte 42.83 -1.58 175 944 1141 45.28 10.13 1.22 5.34 7.77 0.85 NA 0.20 

SPA_43 Ebro En Cereceda 42.76 -3.43 1940 778 812 57.69 8.27 1.48 6.04 12.06 1.05 NA 0.20 

SPA_44 Ebro En Pignatelli 42.02 -1.56 26157 714 787 91.37 16.08 3.83 78.61 115.55 2.70 NA 0.84 

SPA_45 Ebro En Asco 41.18 0.57 82476 283 662 104.78 22.28 3.41 81.10 117.46 2.28 NA 0.48 

SPA_46 Bayas En Miranda 42.68 -2.93 309 672 905 84.00 11.14 4.24 22.59 35.04 1.50 NA 0.88 

SPA_47 
Noguera Pallaresa En 
Camarasa 

41.90 0.89 2812 256 1033 41.22 4.29 1.08 7.93 11.72 0.41 NA 0.13 

SPA_48 Matarra–a En Nonaspe 41.21 0.24 1473 NA 535 73.75 33.11 3.51 14.04 27.05 2.07 NA 0.10 

SPA_49 Aragon En SangŸesa 42.53 -1.36 4255 2052 967 55.19 9.76 1.43 16.39 13.98 0.88 NA 0.15 

SPA_50 
Segre En Pla De San 
Tirs 

42.32 1.39 1855 347 1152 41.09 3.96 1.97 7.09 9.34 0.70 NA 0.78 

SPA_51 
Segre En Vilanova De 
La Barca 

41.69 0.72 8017 210 940 82.12 12.60 2.40 26.98 33.71 1.35 NA 0.39 

SPA_52 
Ebro En Conchas De 
Haro 

42.59 -2.83 7307 737 831 72.43 10.11 2.53 33.49 45.41 2.22 NA 0.71 

SPA_53 Ebro En Ribarroja 41.24 0.47 82077 284 662 99.49 22.66 3.28 77.99 99.98 2.16 NA 0.29 

SPA_54 Alhama En Alfaro 42.18 -1.75 1243 16 585 167.09 37.80 7.06 119.34 176.41 3.30 NA 0.45 

SPA_55 Huerva En Zaragoza 41.64 -0.88 1057 NA 422 142.29 30.68 6.16 115.03 153.96 2.94 NA 1.65 

SPA_56 Arga En Ororbia 42.81 -1.74 880 807 1077 63.20 10.96 11.81 63.42 92.44 1.89 NA 2.67 

SPA_57 Ega En Allo 42.59 -1.98 921 797 829 113.25 14.53 2.62 44.42 67.29 3.04 NA 0.73 

SPA_58 Najerilla En Anguiano 42.27 -2.76 563 131 727 34.42 6.07 0.91 3.22 3.56 0.45 NA 0.24 

SPA_59 Alhama En Fitero 42.05 -1.90 795 17 611 238.66 63.18 6.46 163.13 260.42 2.14 NA 0.24 

SPA_60 Ebro En Cherta 40.92 0.49 83965 278 660 101.15 20.54 3.37 76.65 114.29 2.15 NA 0.71 

VIC_1 
Acheron River @ 
Taggerty 

-37.31 145.71 632 48 1424 1.20 0.84 0.96 3.98 5.75 NA NA 0.01 

VIC_2 
Barr Creek @ Capels 
Flume 

-35.60 143.93 249 NA 404 172.19 275.18 11.22 1382.39 2060.70 NA 14.51 0.38 

VIC_3 
Barwon River @ 
Pollocksford 

-38.14 144.18 7339 111 704 33.05 62.27 6.21 298.96 570.21 NA NA 0.14 

VIC_4 
Bass River @ Glen 
Forbes South -38.46 145.51 239 153 1080 27.52 18.92 4.59 102.38 185.76 NA NA 0.03 

VIC_5 
Bemm River @ Princes 
Highway 

-37.60 148.90 731 160 955 2.51 1.97 1.13 9.34 14.14 NA NA 0.01 

VIC_6 
Brodribb River @ 
Sardine Creek 

-37.51 148.54 664 173 935 2.89 2.99 1.28 10.71 16.15 NA NA 0.01 

VIC_7 
Broken Creek At Rices 
Weir 

-35.96 144.96 3334 NA 539 7.11 4.98 6.05 18.83 21.41 NA 8.74 0.07 

VIC_8 
Broken River @ 
Goorambat  

-36.47 145.94 1941 171 890 5.70 3.94 2.87 18.90 22.61 NA NA 0.03 

VIC_9 
Buchan River @ 
Buchan 

-37.49 148.17 864 128 1050 9.63 3.43 1.15 7.16 9.72 NA NA 0.01 

VIC_10 Bunyip River @ Iona -38.13 145.68 726 105 1125 6.40 7.69 2.72 37.04 68.99 NA NA 0.04 

VIC_11 
Campaspe River @ 
Eppalock 

-36.84 144.53 2065 18 765 11.51 16.91 2.19 52.59 92.86 NA NA 0.01 
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VIC_12 
Campaspe River @ 
Redesdale 

-37.01 144.54 624 35 836 23.82 34.44 2.81 69.18 125.19 NA NA 0.03 

VIC_13 
Campaspe River @ 
Rochester 

-36.33 144.70 3370 11 689 20.82 29.08 3.25 102.48 212.55 NA 9.86 0.04 

VIC_14 
Cann River (West 
Branch) @ Weeragua 

-37.37 149.19 333 132 883 4.35 3.22 1.32 11.86 16.70 NA NA 0.01 

VIC_15 
Dandenong Creek @ 
Dandenong 

-37.99 145.21 273 0.1 932 20.96 16.33 4.74 86.16 151.34 NA NA 0.05 

VIC_16 
Emu Creek @ 
Clarkefield 

-37.46 144.74 95 54 865 26.96 49.81 3.42 129.19 310.00 NA NA 0.02 

VIC_17 
Gellibrand River @ 
Burrupa 

-38.70 143.25 1035 164 1156 5.87 5.64 2.14 35.47 61.98 NA NA 0.01 

VIC_18 
Genoa River @ The 
Gorge 

-37.41 149.52 840 133 915 6.32 4.79 1.47 16.37 27.55 NA NA 0.01 

VIC_19 
Glenelg River @ Big 
Cord -37.31 142.36 61 15 839 1.47 1.89 0.64 16.00 27.04 NA NA 0.01 

VIC_20 
Glenelg River @ 
Dartmoor 

-37.92 141.28 12023 51 695 72.00 65.88 4.66 354.68 696.59 NA NA 0.01 

VIC_21 
Glenelg River @ 
Sandford 

-37.62 141.42 9121 48 683 67.24 94.12 6.16 521.73 1022.05 NA NA 0.01 

VIC_22 
Goulburn River @ 
Dohertys 

-37.33 146.13 695 317 1534 1.73 1.89 0.97 3.43 2.80 NA NA 0.01 

VIC_23 
Goulburn River @ 
Eildon 

-37.29 145.82 130 46 1706 2.39 1.90 0.94 4.15 4.58 NA NA 0.00 

VIC_24 
Goulburn River @ 
Mccoy Bridge 

-36.17 145.11 16699 100 934 5.21 5.40 2.96 25.75 37.70 NA 6.90 0.02 

VIC_25 
Goulburn River @ 
Murchison 

-36.61 145.22 10745 124 1044 4.26 5.33 1.19 18.63 29.63 NA NA 0.01 

VIC_26 
Goulburn River @ 
Shepparton 

-36.38 145.39 16136 103 949 5.21 5.59 2.20 25.49 38.43 NA NA 0.01 

VIC_27 
Gunbower Creek @ 
Koondrook 

-35.65 144.12 917 NA 435 5.21 5.02 2.28 21.25 32.55 NA 5.32 0.01 

VIC_28 
Holland Creek @ 
Kelfeera 

-36.61 146.05 472 252 974 5.41 3.95 2.20 19.11 26.38 NA NA 0.01 

VIC_29 
Hopkins River @ 
Hopkins Falls 

-38.33 142.62 8414 85 666 77.49 132.09 8.30 535.39 1101.47 NA NA 0.06 

VIC_30 
Jim Crow Creek @ 
Yandoit 

-37.20 144.10 166 1.0 843 11.81 16.93 5.19 37.64 49.97 NA NA 0.01 

VIC_31 
Kiewa River @ 
Bandiana 

-36.13 146.95 1715 547 1142 2.60 1.40 1.00 3.65 2.66 NA 2.59 0.01 

VIC_32 
Kiewa River @ Kiewa 
(Main Stream) 

-36.25 147.02 1161 741 1227 2.95 1.25 0.89 3.37 2.39 NA NA 0.01 

VIC_33 
Kiewa River @ 
Mongans Bridge 

-36.59 147.10 585 985 1352 3.11 0.95 0.66 2.38 1.57 NA NA 0.01 

VIC_34 
Lang Lang River @ 
Hamiltons Bridge 

-38.24 145.63 NA NA NA 18.33 15.08 3.76 75.79 143.38 NA NA 0.04 

VIC_35 

Latrobe River @ Near 
Noojee (Us Ada R. 
Junct.) 

-37.88 145.89 64 51 1460 1.38 0.92 1.82 7.60 10.92 NA NA 0.01 

VIC_36 

Latrobe River @ 
Rosedale (Main 
Stream) 

-38.14 146.79 4142 141 1096 15.16 7.84 3.02 50.39 67.31 NA NA 0.01 

VIC_37 
Latrobe River @ 
Thoms Bridge 

-38.16 146.41 2658 172 1178 7.31 6.33 2.57 34.08 52.51 NA NA 0.02 

VIC_38 
Leigh River @ Mount 
Mercer 

-37.81 143.91 590 83 778 26.20 43.10 8.65 135.15 259.22 NA NA 0.53 

VIC_39 
Little Yarra River @ 
Yarra Junction 

-37.78 145.61 154 51 1381 2.67 1.43 1.74 9.28 13.45 NA NA 0.02 

VIC_40 
Loddon River @ 
Kerang 

-35.70 143.91 7768 0.16 564 15.08 18.41 3.24 90.38 167.71 NA 6.35 0.01 

VIC_41 
Loddon River @ 
Laanecoorie 

-36.81 143.91 4368 0.28 647 20.45 32.84 3.77 120.13 222.27 NA NA 0.01 

VIC_42 
Loddon River @ 
Newstead 

-37.10 144.05 1030 0.87 742 17.22 25.93 4.20 86.57 130.19 NA NA 0.15 

VIC_43 
Loddon River @ 
Serpentine Weir 

-36.42 143.95 NA NA NA 32.26 54.72 5.84 206.11 383.57 NA NA 0.01 

VIC_44 

Macalister River @ 
Lake Glenmaggie (Tail 
Gauge) 

-37.90 146.80 1906 450 1323 3.20 2.10 0.99 5.15 6.53 NA NA 0.01 

VIC_45 
Macalister River @ 
Licola 

-37.62 146.62 1236 640 1407 4.56 1.79 0.91 2.76 2.96 NA NA 0.01 

VIC_46 
Merri River @ 
Woodford 

-38.31 142.48 890 107 767 119.74 74.63 3.94 243.64 572.79 NA NA 0.03 

VIC_47 
Mitchell River @ 
Glenaladale 

-37.76 147.37 3909 636 1121 3.72 2.77 0.75 5.19 5.64 NA NA 0.01 

VIC_48 
Mitta Mitta River @ 
Colemans 

-36.53 147.45 3637 542 1131 5.75 4.27 1.38 4.02 3.17 0.17 NA 0.01 

VIC_49 
Mitta Mitta River @ 
Hinnomunjie 

-36.94 147.60 1516 639 1165 2.56 1.62 0.57 3.11 3.60 NA NA 0.01 

VIC_50 
Mitta Mitta River @ 
Tallandoon 

-36.40 147.23 4723 577 1135 2.83 2.02 0.93 3.43 2.70 NA 2.88 0.01 

VIC_51 Moe River @ Darnum -38.20 146.00 200 159 1056 7.32 6.80 3.20 43.76 69.27 NA NA 0.02 
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VIC_52 
Moorabool River @ 
Batesford 

-38.08 144.27 1102 27 759 27.07 45.30 3.21 182.32 339.72 NA NA 0.02 

VIC_53 
Moorabool River West 
Branch @ Lal Lal 

-37.64 144.04 87 21 937 15.58 17.15 1.57 30.55 66.37 NA NA 0.01 

VIC_54 

Mount Emu Creek @ 
Taroon (Ayrford Road 
Bridge) 

-38.30 142.88 2866 89 680 100.26 168.29 15.67 593.94 1333.86 NA NA 0.08 

VIC_55 
Moyne River @ 
Toolong 

-38.32 142.22 565 111 754 101.02 96.58 3.44 299.58 722.26 NA NA 0.02 

VIC_56 
Murray River @ Swan 
Hill  

-35.32 143.56 77064 173 787 6.34 6.45 2.25 27.98 45.35 NA 5.61 0.01 

VIC_57 
Murray River @ 
Torrumbarry 

-35.94 144.46 56005 238 896 3.97 3.28 1.93 11.86 15.04 NA 4.76 0.02 

VIC_58 

Murrindindi River @ 
Murrindindi Above 
Colwells 

-37.41 145.56 105 48 1484 1.14 0.78 0.96 4.93 7.27 NA NA 0.01 

VIC_59 
Ovens River @ 
Harrietville 

-36.88 147.06 127 995 1338 1.67 1.75 0.54 2.70 1.32 NA NA 0.01 

VIC_60 
Ovens River @ 
Peechelba 

-36.16 146.23 6254 800 1058 2.25 2.25 1.20 8.58 9.14 NA 3.16 0.01 

VIC_61 
Ovens River @ Rocky 
Point 

-36.53 146.66 2983 1295 1227 1.75 1.66 0.86 3.67 2.62 NA NA 0.01 

VIC_62 Ovens Rivers @ Bright -36.72 146.95 493 1105 1309 2.24 1.94 0.56 3.35 1.82 NA NA 0.01 

VIC_63 
Pirron Yallock Creek 
@ Pirron Yallock 

-38.35 143.41 174 154 934 33.49 30.60 4.05 143.02 259.86 NA NA 0.02 

VIC_64 
Snowy River @ 
Jarrahmond 

-37.66 148.36 13486 165 922 9.09 6.30 1.30 10.96 15.82 NA NA 0.01 

VIC_65 
Tambo River @ D/S Of 
Ramrod Creek 

-37.67 147.87 2696 111 879 13.75 8.69 1.49 17.48 29.29 NA NA 0.01 

VIC_66 
Tambo River @ Swifts 
Creek 

-37.26 147.72 905 161 914 23.31 12.07 1.32 21.04 38.86 NA NA 0.01 

VIC_67 Tarra River @ Yarram -38.53 146.67 224 19 965 7.91 6.37 1.78 22.52 39.17 NA NA 0.03 

VIC_68 
Tarwin River @ 
Meeniyan 

-38.58 145.99 1080 190 1068 16.04 13.41 2.82 53.02 103.23 NA NA 0.04 

VIC_69 
Thomson River @ 
Wandocka 

-38.01 146.88 1366 155 1401 3.07 2.84 1.09 8.14 10.29 NA NA 0.01 

VIC_70 
Wannon River @ 
Dunkeld 

-37.63 142.33 589 69 715 37.06 69.23 4.01 236.83 523.53 NA NA 0.01 

VIC_71 

Wimmera River @ 
Glenorchy Weir Tail 
Gauge 

-36.90 142.64 2004 4.2 633 20.65 41.84 4.26 216.93 391.12 NA NA 0.01 

VIC_72 
Wimmera River @ 
Horsham 

-36.64 142.97 NA NA NA 23.45 30.90 5.39 197.80 354.88 NA NA 0.01 

VIC_73 
Wonnangatta River @ 
Crooked River 

-37.40 147.08 1105 924 1297 2.76 1.63 0.74 3.26 2.53 NA NA 0.01 

VIC_74 
Yackandandah Creek 
@ Osbornes Flat 

-36.30 146.90 20 147 1049 4.20 2.54 1.61 9.92 8.75 NA NA 0.01 

VIC_75 
Yarra River @ 
Warrandyte 

-37.74 145.21 2358 43 1307 4.61 4.12 2.00 19.16 32.32 NA NA 0.03 

CAM_1 So'o At Pont So'o 3.31 11.48 1268 469 1744 1.53 0.69 0.95 1.29 0.50 0.10 17.67 NA 

CAM_2 Nyong At Mbalmayo 3.51 11.50 14381 367 1600 1.94 0.74 1.14 1.64 1.26 0.10 15.34 NA 

CAM_3 Awout At Messam 3.28 11.78 195 415 1676 1.78 0.64 0.91 1.10 0.50 0.12 25.15 NA 

CAM_4 Nyong At Olama 3.43 11.28 19204 396 1636 1.78 0.70 0.95 1.42 1.04 0.10 15.97 NA 

CAM_5 
Mengon At Nsimi 
(Outlet) 

3.16 11.83 NA NA NA 1.33 0.61 0.35 1.30 0.30 0.07 17.71 NA 

 

Table B-2. P-values of the two-sample t-test between two classes in which the sites are 
classified based on (a) discharge, (b) catchment area, and (c) mean NO3 
concentration. Colored cells are characterized by p-values lower than 0.05, 
meaning that the data in the two classes have significantly different mean. 

 
 a)! Classification based on discharge 
 Class 1 and 2 Class 1 and 3 Class 2 and 3 

Ca 0.314 0.000 0.001 
Mg 0.555 0.000 0.000 
Na 0.002 0.000 0.001 
Cl 0.395 0.000 0.001 
K 0.962 0.000 0.001 

NO3 0.000 0.961 0.000 
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DOC 0.045 0.000 0.000 
DRP 0.017 0.019 0.327 

!

 b)! Classification based on area 
 Class 1 and 2 Class 1 and 3 Class 2 and 3 

Ca 0.001 0.000 0.0317 
Mg 0.223 0.084 0.725 
Na 0.106 0.017 0.929 
Cl 0.109 0.000 0.042 
K 0.195 0.006 0.190 

NO3 0.004 0.054 0.297 
DOC 0.752 0.870 0.493 
DRP 0.377 0.909 0.190 

!

 c)! Classification based on NO3 
 Class 1 and 2 Class 1 and 3 Class 2 and 3 

Ca 0.000 0.000 0.034 
Mg 0.000 0.000 0.429 
Na 0.001 0.000 0.520 
Cl 0.001 0.001 0.962 
K 0.001 0.000 0.971 

NO3 0.000 0.000 0.000 
DOC 0.142 0.829 0.860 
DRP 0.000 0.000 0.861 

!

Table B-3. Percentage of b exponents significantly different from zero using the StudentÕs t 
test with level of significance " =0.05 and simply applying a threshold of 0.1 or of 
0.2, without using any statistical test. 

 Ca Mg K Na Cl NO3 DOC DRP 

Student's t test 99.6 100.0 99.8 100.0 99.7 99.6 66.1 98.9 

Threshold = 0.1 57.1 66.1 46.0 74.5 74.4 58.6 23.8 58.6 

Threshold = 0.2 21.0 30.4 29.2 53.0 50.6 36.2 7.5 35.1 

!
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Appendix C 
Supporting Information Chapter 4 

 
 

 
 

Figure C-1. Observed vs simulates Leaf Area Index (LAI) in FEN, ROT, GRA. Simulations 
(black line) are compare with observations (black dots) from the ScaleX 
campaign 2015 (Wolf et al., 2017; Matthias J. Zeeman et al., 2019). 
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Figure C-2. Ratio between harvested N and N leaching concentration as a function of soil 

saturated hydraulic conductivity (Ks). The whiskers span the 25th and 75th 
percentile of the interannual variability.  

 
 
Table C-1. Model parametrization in each site. 

 
  CHA OEN FEN ROT GRA STU FRU MB TOR 

Soil clay 
content 

[0-1] Pcla 0.244 0.20 0.30 0.29 0.52 0.11 0.22 0.22 0.10 

Soil sand 
content [0-1] Psan 0.254 0.60 0.27 0.26 0.09 0.42 0.29 0.29 0.45 

Soil 
organic 
matter 
content 

[0-1] Porg 0.085 0.11 0.04 0.04 0.06 0.10 0.12 0.10 0.10 

 
           

Plant 
type (2= 
Grass 
species) 

- aSE_L 2 2 2 2 2 2 2 2 2 

Root 
depth 95 
percentile 

mm ZR95_L 250 250 250 250 250 250 250 250 250 

 
           

Specific 
intercepti
on of 
rainfall 
for unit 
leaf area 

mm 
LAI -1 

Sp_LAI_
L_In 

0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

Leaf 
characteri
stc 
dimensio
n 

cm d_leaf_L 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Canopy 
nitrogen 
decay 
coefficien
t 

- KnitL 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

Linear 
coefficien
t of 
increasin
g specific 
leaf area 
with LAI 

m2 LAI 
gC-1 m2 
PFT m-2 
LAI -1 

mSl_L 0 0 0 0 0 0 0 0 0 

Intrinsec 
quantum 
efficiency 

umolCO
2. 

umolPho
tons-1 

FI_L 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 
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Empirical 
coefficien
t for the 
role of 
vapor 
pressure 
in the 
biochemi
cal model 
of 
photosynt
esis 

Pa Do_L 1000 1000 1000 1000 1000 1000 1000 1000 1000 

Empirical 
parametr 
connectin
g 
stomatal 
aperture 
and net 
assimilati
on 

- a1_L 6 6 6 6 6 6 6 6 6 

Minimu
m 
stomatal 
conducta
nce 

molCO2 
s-1 m2 go_L 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Photosyn
thesis 
pathway 
C3 or C4 

[3-4] CT_L 3 3 3 3 3 3 3 3 3 

Activatio
n energy 
in 
photosynt
hesis for 
Rubisco 
capacity 

kJ mol-1 DSE_L 0.650 0.650 0.650 0.650 0.650 0.650 0.650 0.650 0.650 

Activatio
n energy 

kJ mol-1 
K-1 

Ha_L 55 55 55 55 55 55 55 55 55 

Mesphyll 
conducta
nce 

ml CO2 
s-1 m-2 

gmes_L Inf Inf Inf Inf Inf Inf Inf Inf Inf 

Scaling 
factor 
between 
Jmax and 
Vmax 

umolEq 
umolCO

2
-1 

rjv_L 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 

Maximu
m 
Rubisco 
capacity 
at 25¡C 
leaf level 

umol 
CO2 m2 

s-1 
Vmax_L 70 65 57 50 47 50 68 75 60 

Water 
potential 
at the 
beginning 
of 
stomatal 
closure 

MPa 
Psi_sto_0

0_L -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 

Water 
potential 
at 50% of 
stomatal 
closure 

MPa Psi_sto_5
0_L 

-3 -3 -3 -3 -3 -3 -3 -3 -3 

Water 
potential 
at the 
beginning 
of leaf 

MPa PsiL00_L -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 



107 

hydraulic 
conductiv
ity 
decrease 
Water 
potential 
at 50% of 
leaf 
hydraulic 
conductiv
ity 

MPa PsiL50_L -4.0 -4.0 -4.0 -4.0 -4.0 -4.0 -4.0 -4.0 -4.0 

Water 
potential 
at 50% of 
xylem 
hydraulic 
conductiv
ity nd 
limit for 
water 
extraction 
from soil 

MPa PsiX50_L -4.5 -4.5 -4.5 -4.5 -4.5 -4.5 -4.5 -4.5 -4.5 

Waer 
potentia 
at 50% 
impairme
nt of 
growth 
and 
allocation 
control 

Mpa PsiG50_L -3 -3 -3 -3 -3 -3 -3 -3 -3 

Waer 
potentia 
at 99% 
impairme
nt of 
growth 
and 
allocation 
control 

Mpa PsiG99_L -4 -4 -4 -4 -4 -4 -4 -4 -4 

Paramete
r of 
maximu
m growth 
in perfect 
condition
s 

gC m-2 
day-1 gcoef_L 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 

 
           

Within 
canopy 
clumping 
factor 

- OM_L 1 1 1 1 1 1 1 1 1 

specific 
leaf area m2 gC-1 Sl_L 0.035 0.035 0.030 0.030 0.030 0.04 0.035 0.023 0.021 

Leaf 
carbon 
nitrogen 
ratio 

gC gN-1 Nl_L 19 19 19 19 19 19 19 19 19 

Maintena
nce 
respiratio
n rate at 
10¡ 

gC gN-1 
d-1 

r_L 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 

Growth 
respiratio
n 
coefficien
t 

- gR_L 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 
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Maximu
m leaf 
mortality 
factor for 
drougth 

d dd_max_
L(i)^( -1) 

45 45 45 45 45 45 45 45 45 

Factor of 
increasin
g 
mortality 
with cold 

d¡C 
dc_C_L(i)

^(-1) 
52.14

3 
52.14

3 
52.14

3 
52.14

3 
52.14

3 
52.14

3 
52.14

3 
52.14

3 
52.14

3 

Cold leaf 
sled ¡C Tcold_L -3 -2 -3 -3 -3 -2 -2 0 3 

Fine root 
turnover 
rate 

d 
drn_L(i)^(

-1) 450 450 450 450 450 450 450 450 450 

Critical 
leaf age d age_cr_L 180 180 180 180 180 180 180 180 120 

Mean 
temperatu
re for leaf 
onset 

- Bfac_lo_
L 

0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

Threshol
d 
temperatu
re for leaf 
onset 

¡C Tlo_L 0 0 1.5 1.5 0.5 -1.5 0 -3 0 

Days of 
maximu
m growth 

d dmg_L 20 20 20 20 20 20 20 20 20 

Minimu
m leaf 
area 
index for 
complete 
defoliatio
n 

m2 LAI 
m-2 PFT-

1 

LAI_min_
L 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Transloca
tion rate 
from 
carbohyd
rate 
reserve 

gC m-2 
d-1 Trr_L 1.8 1.8 1.8 2.5 1.8 1.8 1.8 1.8 3 

Maximu
m day of 
the year 
for leaf 
onset 

[1-365] mjDay_L 250 250 250 250 250 250 250 250 200 

Threshol
d for leaf 
onset: 
hours of 
light 

h 
LDay_mi

n_L 10.7 10.7 10.7 10.7 10.7 11.1 10.7 11.2 12.2 

Leaf to 
root 
biomass 
maximu
m ratio 

- LtR_L 0.35 0.35 0.6 0.6 0.6 0.5 0.35 0.35 0.5 

Paramete
r for 
allocation 
to carbon 
reserves 

[0-1] eps_ac_L 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

Threshol
d for 
senescenc
e: hours 
of light 

h 
LDay_cr_

L 10.7 10.7 10.7 10.7 10.7 10.7 10.7 11.2 14.2 

Dead leaf 
fall 
turnover 

d Klf_L(i)^(
-1) 

50 50 30 30 30 50 50 50 30 
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Foliage 
cover 
decay 
factor for 
throughfa
ll  

- Kct 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

nterceptio
n 
parameter 

mm-1 gcI 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

Iterceptio
n 
drainage 
rate 
coefficien
t 

mm KcI 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 

Specific 
intercepti
on snow 
for unit 
leaf area 

mm 
LAI -1 Sp_SN_In 5.9 5.9 5.9 5.9 5.9 5.9 5.9 5.9 5.9 

Specific 
leaf area 
of litter 

m2 litter 
kg-1 DM-

1 
Sllit 2 2 2 2 2 2 2 2 2 

 
           

Threshol
d 
temperatu
re snow 

¡C TminS -0.8 -0.8 -0.8 -0.8 -0.8 -0.8 -0.8 -0.8 -0.8 

Threshol
d 
temperatu
re snow 

¡C TmaxS 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 

Threshol
d 
intensity 
of snow 
to 
consider 
a new 
snowfall 

mm day-
1 

Th_Pr_sn
o 

8 8 8 8 8 8 8 8 8 

Specific 
maximu
m 
watercont
ent ice  

- 
Ice_wc_s

p 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Density 
threshold 
to 
transform 
snow into 
ice 

kg m-3 
ros_Ice_th

r 
500 500 500 500 500 500 500 500 500 

Ice 
albedo - Aice 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 

Water 
freezing 
layer 
progressi
on 
without 
snow-
layer 

mm h-1 dz_ice 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 

 
           

LAI of 
grass 
after cut 

LAI  LAI_cut 1.68 1.68 1.68 1.68 1.68 1.68 1.68 1.68 1.68 

Number 
of cuts 

- 
Number 
of cuts 

6 3 5 5 2 3 4 1 0 
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Grass 
LAI -
height 
relation 

- 
LAI -h 

relation 
h=LA
I/24 

h=LA
I/24 

h=LA
I/24 

h=LA
I/24 

h=LA
I/24 

h=LA
I/24 

h=LA
I/24 

h=LA
I/24 

h=LA
I/24 

 
           

Decay 
constant 
on a 
40¡C 
basis, 
metabolic 
surface 
litter 

day-1 k_met_sur 1/12.5 1/12.5 1/12.5 1/12.5 1/12.5 1/12.5 1/12.5 1/12.5 1/12.5 

Decay 
constant 
on a 
40¡C 
basis, 
structural 
surface 
litter 

day-1 k_str_sur 1/46 1/46 1/46 1/46 1/46 1/46 1/46 1/46 1/46 

Decay 
constant 
on a 
40¡C 
basis, 
metabolic 
subsurfac
e litter 

day-1 k_met_ssr 1/10 1/10 1/10 1/10 1/10 1/10 1/10 1/10 1/10 

Decay 
constant 
on a 
40¡C 
basis, 
structural 
subsurfac
e litter 

day-1 k_str_ss 1/37 1/37 1/37 1/37 1/37 1/37 1/37 1/37 1/37 

Critical 
ratio C:N 
bacteria 

- R_CN_ba
c 

5.2 5.2 5.2 5.2 5.2 5.2 5.2 5.2 5.2 

Critical 
ratio C:N 
fungi 

- 
R_CN_fu

n 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 

Critical 
ratio C:N 
mycorrhi
za 

- 
R_CN_m

yc 18 18 18 18 18 18 18 18 18 

Critical 
ratio C:N 
earthwor
ms 

- R_CN_ew 10 10 10 10 10 10 10 10 10 

Critical 
ratio C:P 
bacteria 

- R_CP_ba
c 

16 16 16 16 16 16 16 16 16 

Critical 
ratio C:P 
fungi 

- R_CP_fun 40 40 40 40 40 40 40 40 40 

Critical 
ratio C:P 
mycorrhi
za 

- 
R_CP_my

c 120 120 120 120 120 120 120 120 120 

Leaching 
coefficien
t C 

mm yr-1 lambda_C 
0.001

5 
0.001

5 
0.001

5 
0.001

5 
0.001

5 
0.001

5 
0.001

5 
0.001

5 
0.001

5 

Leaching 
coefficien
t N 

mm yr-1 lambda_N 0.001
5 

0.001
5 

0.001
5 

0.001
5 

0.001
5 

0.001
5 

0.001
5 

0.001
5 

0.001
5 
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Leaching 
coefficien
t P 

mm yr-1 lambda_P 0.000
1 

0.000
1 

0.000
1 

0.000
1 

0.000
1 

0.000
1 

0.000
1 

0.000
1 

0.000
1 

Leaching 
coefficien
t K 

mm yr-1 lambda_K 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

Fraction 
of 
organic 
leaching 

[0-1] f_org_lea 1 1 1 1 1 1 1 1 1 

Solubility 
coefficien
rs for 
leakage 
and 
passive 
uptake 
NH4 

- aNH4 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Solubility 
coefficien
rs for 
leakage 
and 
passive 
uptake 
NO3 

- aNO3 1 1 1 1 1 1 1 1 1 

Solubility 
coefficien
rs for 
leakage 
and 
passive 
uptake P 

- aP 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 

Solubility 
coefficien
rs for 
leakage 
and 
passive 
uptake K 

- aK 1 1 1 1 1 1 1 1 1 

Solubility 
coefficien
rs for 
leakage 
and 
passive 
uptake 
DOC 

- aDOC 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Solubility 
coefficien
rs for 
leakage 
and 
passive 
uptake 
DON 

. aDON 1 1 1 1 1 1 1 1 1 

Solubility 
coefficien
rs for 
leakage 
and 
passive 
uptake 
DOP 

- aDOP 1 1 1 1 1 1 1 1 1 

 
 
Table C-2. Mean bias error (MBR), Mean Absolute Error (MAE) and Root Mean Square 

Error (RMSE) of the simulated latent heat, sensible heat, net radiation, and GPP 
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compared to observations from flux towers. The values of the goodness of fit 
indexes is reported for each station. 

 

 
Latent heat Sensible heat Net radiation  GPP   

 

MBE  
(Wm-2) 

MAE  
(Wm-2) 

RMSE  
(Wm-2) 

MBE 
(Wm-2) 

MAE 
(Wm-2) 

RMSE  
(Wm-2) 

MBE 
(Wm-2) 

MAE 
(Wm-2) 

RMSE  
(Wm-2) 

MBE 
(gCm-2 
day-1) 

MAE 
(gCm-2 
day-1) 

RMSE  
(gCm-2 
day-1) 

CHA -8.53 21.0 35.2 6.29 14.90 25 -0.08 14.3 26.27 -1.30 2.7 4.90 

OEN -2.54 19.7 34.0 18.25 24.22 43 11.52 16.34 28.09 -0.21 2.28 4.73 

FEN 5.17 26.0 41.2 12.19 22.70 33 8.27 23.4 34.50 -0.50 1.9 3.78 

ROT 22.53 27.6 45.9 11.80 21.77 34 -18.75 53.61 88.19 0.01 1.69 3.49 

GRA 1.90 25.8 49.0 16.04 25.36 41 11.66 24.56 38.58 -0.29 1.52 3.28 

STU 3.54 16.1 34.3 12.20 20.51 34 5.50 29.05 41.63 -1.72 2.29 4.55 

FRU -7.94 19.5 32.8 7.49 17.77 28 -0.63 15.41 31.69 -0.49 1.75 3.51 

MB -5.39 14.5 27.6 10.07 18.25 37 13.44 26.07 46.74 -0.20 1.14 2.50 

TOR -1.99 15.2 26.3 15.95 24.55 35 8.04 24.07 43.58 -0.03 1.87 3.88 
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