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I 

Abstract  

Mountains store and release water at different timepoints in the year, but due to climate change the 

seasonal water storage-release pattern is expected to be changed, particularly the discharge in sum-

mer is assumed to decrease, which, nonetheless, may have severe consequences for the water supply 

in lower lying regions. In hydrological research a series of tracers has been used in order to identify the 

origin of streamwater and thus, particularly to gain an understanding of the contribution of ground-

water to the stream discharge, while, however, the question of how groundwater storages can mod-

erate the discharge pattern, altered by climate change, in the summer months is still part of research 

and has rarely been investigated in-depth at springs. So, the key objective of the Master thesis is to 

investigate how hydrochemical as well as isotopic tracers can be related to differences in storage and 

discharge of springs in the Vallon de Nant catchment during the summer recession period from June 

until October 2022. In order to gain an understanding of the storage-discharge pattern at the springs, 

the research process was divided into water quality and water quantity analysis. In the water quantity 

part, the spatial as well as temporal variation of the discharge, determined by salt dilution measure-

ments during seven sampling campaigns, as well as the recession constants are presented, and in the 

water quality analysis the ion concentration as well as the isotopic composition of the collected water 

samples are spatially as well as temporally discussed; additionally, the ions are put into context with 

the measured discharge and finally, proportion of rain as well as snow is isotopically determined for 

each sampling station. The investigations have showed that a low depletion of heavy isotopes, giving 

indication of a high proportion of rain, as well as high electrical conductivity values, highlighting a long 

residence time of water in the subsurface, and low discharge rates indicate a shallow water flowing 

path; additionally, warm temperatures and a comparably high concentration of calcium and nitrate, 

but a low sodium concentration are characteristic for a shallow water storage-discharge pattern, which 

is also expressed in low recession constants. Overall, it can be concluded that at most of the monitored 

springs the results of the water quality and of the water quantity analysis are coherent and suggest 

the same storage-discharge pattern, but there are also cases where the identified tracers do not accu-

rately correspond to the results of the recession analysis due to reasons such as influences of an arti-

ficial water catchment or in case of a tributary, due to several different contributing water origins, in 

which cases more specific and profound research is essential. 
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1 Introduction 

Mountains contribute to about 32% of the global discharge, which is the reason why they are situated 

as the “water towers” for lower lying regions (Cochand et al., 2019; Viviroli et al., 2007, Meybeck et 

al., 2001). Due to seasonal air temperature variations, mountains store and release water at different 

timepoints in the year. So, water is stored in winter in form of snow or ice and then released under 

warmer conditions in spring and early summer by snowmelt, providing water to the warmer and drier 

lowland (Cochand et al., 2019). However, Mächler et al. (2021) mention that current observations in-

dicate that this storage-release pattern is changing in the context of climate change due to increasing 

temperature and increasingly early snow melt, the rising position of the snow line as well as the shrink-

ing of glaciers. They highlight that a severe consequence of such alterations might be a drastically re-

duced streamwater discharge in summer as well as in autumn. So, there is rising importance consider-

ing the role of groundwater’s storage-release characteristics in catchments whose discharge is strongly 

influenced by snowmelt (Cochand et al., 2019). But according to Cochand et al. (2019), it is still quite 

unclear how groundwater storages can buffer by climate change induced alterations in discharge as 

well as storage behavior, since hydrological processes are often under-investigated in Alpine catch-

ments particularly of headwaters, as explained by Mächler et al. (2021). Aside from the open question 

of how groundwater storage in Alpine regions could alleviate the consequences of droughts, there is 

still no clear understanding of how different Alpine catchments respond to earlier snowmelt due to 

climate change (Mächler et al., 2021; Cochand et al., 2019). 

Müller et al. (2022) emphasize that both the streamflow regime and the seasonal water supply are 

altered in glaciated catchments owing to climate change. But Müller et al. (2022) highlight that though 

climate change induced alterations in the cryosphere are already well investigated, the impact of 

groundwater on the hydrological dynamics of the catchment have not been considered enough in the 

past, motivating their hydrological research in Alpine glaciated catchments. But according to Müller et 

al. (2022), the field has been changing lately and the impact of groundwater on hydrological processes 

at the catchment scale as well as in depth consideration of how hydrological dynamics are influenced 

by specific landforms has been more present in research in order to gain an understanding of how 

groundwater is stored and thus contributes to the baseflow. Furthermore, they emphasize that with-

out investigating the subsurface of hydrological processes one cannot make any conclusions about 

how water is stored and released to the streamflow and thus, they strongly highlight the importance 

of devoting the necessary attention to the analysis of groundwater. 

So, it is key for understanding hydrological as well as ecological dynamics to investigate the sources of 

the streamwater and thus analyze the main contributors such as snowmelt, rain and baseflow (Mächler 

et al., 2021). But performing studies in Alpine regions is demanding since the environment is highly 

diverse and the nature can differ dramatically according to increasing elevation or with a changed ex-

position (Cochand et al., 2019). Nevertheless, since many hydrological processes are hard to investi-

gate because they happen below the surface, Mächler et al. (2021) explain that tracers can be used as 

a tool to determine the different origins of the streamwater and, therefore, define the proportion of 

snowmelt, soil water or groundwater in the stream. 

Investigating the storage-release rates of aquifer’s headwaters in Alpine catchments, which have so 

far poorly been studied, and assessing how they contribute to streamflow during the summer and fall 

is of high research significance, also under consideration that, according to Mächler et al. (2021), high 

elevation areas are expected to be specifically affected by climate change. 
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1.1 State of Research 

There is a remarkable variation in amount of discharge over the course of a year in Alpine regions 

(Cochand et al. 2019). Hayashi (2020) writes that a short high-flow period during spring as a conse-

quence of snowmelt can be defined, while its length heavily depends on the amount of snow mass as 

well as on the timing of snowmelt. After this high-flow period, there is a relatively long low-flow period, 

the recession period, mainly maintained by groundwater discharge of headwaters (Hayashi, 2020). 

Michelon et al. (2023) explain the annual discharge variation in more details by defining several 

streamflow periods such as baseflow (B), early melt (E), melt (M) and seasonal recession (R) period for 

the Avançon de Nant in the Vallon de Nant catchment over the study period 2016 to 2018 (see Figure 

1). They elaborate that the baseflow period usually lasts from the end of September to mid-March or 

to the beginning of April. Characteristic for this baseflow period is that the streamflow weakly declines 

over time, but it does not exclude discharge peaks, which happen due to strong precipitation events 

or short-term temperature increases (Michelon et al., 2023). The early melt period occurs before the 

main melt period, which can also be situated, according to Frisbee et al. (2011), as snowmelt freshet. 

Michelon et al. (2023) explain that in the main melt period a strong rise of the streamflow is measura-

ble, while an early melt period may not be observed in years where the temperature rises fast. Frisbee 

et al. (2011) mention that in addition to the snowmelt, groundwater also significantly contributes to 

the stream discharge during the snowmelt freshet, particularly in their study, which was performed in 

the Rocky Mountains of Colorado, groundwater has a proportion of the stream discharge in the range 

of 14% up to 44% during the snowmelt freshet, which lasts in their study period from April until July. 

Finally, in the seasonal recession period, streamflow is dominated by groundwater contribution and 

additionally, evaporation increases during that period (Michelon et al., 2023).  

 

Figure 1: Streamflow Periods. Baseflow Period (B), Early Melt Period (E), Melt Period (M) and Seasonal Recession Period (R) 

of the Avançon de Nant in the Vallon de Nant catchment are illustrated over the research period 2016 until 2018 as well as 

the water temperature at several springs (reprinted by Michelon et al., 2023). 

Mächler et al. (2021) mention in their paper that the measuring of a change in discharge (dq/dt) at the 

mainstream’s outlet can be applied as an indicator for stream network contraction or expansion. Such 

analysis of change in discharge over time is widely applied in the hydrological research field in order 

to define hydrological characteristics, specifically the amount of storage and rate of release, of a catch-

ment (Jachens et al., 2020). If dq/dt is negative during a recession period, stored water heavily con-

tributes to the streamflow, which then predominantly consists of the baseflow (Mächler et al., 2021). 

Recession can, according to Tallaksen (1995), be particularly observed in time periods without 
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precipitation. Conversely, Mächler et al. (2021) used positive values of dq/dt as a proxy for network 

expansion, for example after a rainfall or snow melt event. However, recession has a long history (Brut-

saert and Lopez, 1998; Zecharias and Brutsaert, 1988) and with time passing the methods evolved and 

the application field extended, but recession analysis is, nevertheless, still rarely applied to springs.  

Müller et al. (2022) explain that when analyzing the recession curve, that illustrates the decline in dis-

charge after the snowmelt process, as well as when determining the recession constants, which indi-

cate the storage-release rate of an aquifer’s compartment, storage contributors to the baseflow can 

be defined. In addition, they explain that analyzing the recession constants gives an understanding of 

the recession timescales. However, Müller et al. (2022) show in their study that factors such as slope, 

aquifer flowpath and sediment structure have an impact on the storage-discharge relationship of a 

catchment and thus, need to be considered when determining the recession constant of a specific 

landform or an aquifer’s compartment. Müller et al. (2022) performed their study at the base of the 

Otemma glacier (Switzerland) and determined the recession constants for several geomorphological 

landforms such as for the talus, steep lateral moraines or an outwash plain. They found in their study 

that specifically flat aquifers have recession constants that indicate water release in a time span of 

more than weeks. As a further matter, bedrocks with large slopes lose more water and thus, flat aqui-

fers can store more water. In addition, Müller et al. (2022) conclude based on their study that surface-

near landforms rarely have recession constants longer than a few days due to factors such as steep 

slopes but also due to their high hydraulic conductivity.  

So, in order to assess storage-discharge characteristics of headwaters in Alpine catchments, investiga-

tion should focus on the period after the snowmelt and thus, in the recession period, when the meas-

ured discharge predominantly consists of groundwater release. Tracers such as stable isotopes, ion 

concentration as well as electrical conductivity or the temperature are widely applied in the hydrolog-

ical research field in order to understand hydrological dynamics of a catchment (Kiewiet et al., 2019). 

Kiewiet et al. (2019) explain that the analysis of how chemical tracers of groundwater vary in a catch-

ment allows, for instance, figuring out which specific contributing areas of a catchment influence 

streamflow, since it is known that topography or geomorphological characteristics of a landscape in-

fluence how water is stored and released. So, in the following paragraphs some studies, which applied 

theses tracers in order to understand such storage-release relationships in a high-elevation catchment, 

are elaborated. 

Mächler et al. (2021) determined the source of streamwater (glacier, snow or soil) of the Vallon de 

Nant catchment (Switzerland) inter alia by the electrical conductivity, the temperature as well as the 

isotopic composition of water. The electrical conductivity, for instance, differentiates between snow-

melt and groundwater, since the latter is richer in solutes due to more exchange with the bedrock and 

soil than the former (Mächler et al., 2021). However, water temperature is not a very precise tracer 

for making conclusions about the sources of the stream, since the water temperature can vary rapidly 

due to changed exposition (Mächler et al., 2021; Constantz, 1998). Nevertheless, Mächler et al. (2021) 

highlight that the temperature can give indication whether there is an inflow from subsurface water. 

Besides, they mention that stable isotopes of water can be used to identify precipitation inputs and 

flow paths. 

In addition, different groundwater types as well as individual areas of a catchment that have an impact 

on the streamflow are determined by groundwater chemistry, as the research project of Kiewiet et al. 

(2019) shows. They derived the chemical composition of groundwater from analysing water samples 

of the baseflow. Bedrock and soil characteristics, biological processes and contact time with the soil 

heavily influence the hydrochemical characteristics of groundwater and consequently of the stream. 
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So, groundwater has an important impact on the chemical composition of the stream, since it trans-

ports solutes, which are accumulated while the water flows below the surface (Kiewiet et al., 2019). 

Beria et al. (2018) explain that a series of different research projects used stable isotopes as tracers in 

order to determine the origins of groundwater recharge, in particular to define the proportion of snow 

and of rain in groundwater. They highlight that the concept behind this tracer is that snow and snow-

melt are isotopically more depleted than rain since the cloud condensation temperature, which corre-

lates with the air temperature, is lower in the formation of snow than it is in case of rain. So, according 

to Beria et al. (2018), these studies come to the same result, namely that snowmelt contributes in high 

elevation catchments to a larger extent to groundwater recharge than rain does, which can be ob-

served in recharge areas all over the world such as, for instance, in the United States, in Chile, in the 

Himalayas as well as in Italy. Based on such isotopic analysis Beria et al. (2018) therefore conclude that 

snowmelt during spring is particularly responsible for the groundwater recharge in temperate areas 

and in the context of global warming the proportion of rain is expected to increase in contrast to the 

proportion of snow. 

The analysis of how the streamflow chemistry varies with altered discharge rates supports the under-

standing of the catchment’s storage-discharge characteristics. Knapp et al. (2020) investigated concen-

tration-discharge (cQ) relationships in the Erlenbach catchment (Switzerland) by means of streamflow 

chemistry. In particular, they analysed ion concentrations in the stream and set it into relation with 

the streamwater discharge in order to collect information of the water flowing path but also to gain 

an understanding of dilution or mobilization processes as well as of other chemical reactions that hap-

pen in the catchment. They explain that changes in discharge are mirrored by solute concentration and 

thus, such concentration-discharge relationships allow to understand how water and solute are stored 

or released in a catchment. Dilution behavior of a solute is, noticed by Knapp et al. (2020), when its 

concentration becomes lower with increasing flow and mobilization behavior, when the solute con-

centration becomes higher with increasing flow. As a further matter, they highlight that there is also a 

process where no change in the ion concentration can be observed with an altered discharge; this 

concentration-discharge behavior is then called chemostasis. 

Based on these studies, it can be seen that such tracers are widely used to determine the origins of 

streamwater (Mächler et al., 2021; Kiewiet et al., 2019), to gain an understanding of storage-discharge 

characteristics by, for instance, analyzing storage-discharge relationships (Knapp et al., 2020) or to de-

termine the origins of groundwater recharge (Beria et al., 2018). However, these studies have a strong 

focus on applying tracers on either streamwater or its baseflow, but hardly any analysis specifically of 

groundwater is performed. So, the goal of my research is to particularly apply tracers to groundwater 

and small alpine streams in order to determine storage-discharge characteristics at springs.  

1.2 Research Objectives 

Based on the identified research gaps, I defined the core objective of my Master thesis, namely to 

investigate how the storage-discharge characteristics of different springs and a tributary in the Vallon 

de Nant vary over the time period from July until October. My research particularly used hydrochemi-

cal and isotopic approaches as well as salt dilution measurements in order to investigate the following 

overarching research question and subsequent subquestions:  

How can hydrochemical and isotopic tracers be related to differences in storage and discharge of 

headwaters in the Vallon de Nant over the summer recession period? 

To answer the main research question, the research process was divided into two parts, water quantity 

and water quality analysis and thus, a series of subquestions was defined for each part. The results of 
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the subquestions concerning the water quantity analysis are elaborated in chapter 4.2 and those con-

cerning the water quality analysis in chapter 4.3.  

Water Quantity Analysis 

i) When does the summer recession period start and end in the Vallon de Nant in 2022? 

In order to define the summer recession period, the discharge recorded at the outlet of the Avançon 

de Nant was analyzed and ultimately, based on the discharge analysis of the mainstream, the summer 

recession period for the Vallon de Nant catchment was defined. 

ii) How much does the amount of water flowing in these springs and the tributary change 

over the recession period? 

In order to reply to this subquestion, salt discharge measurement was performed in the field at differ-

ent springs and a tributary over the whole research period. The idea behind this investigation was to 

identify any temporal and spatial variations over the defined recession period and between the springs. 

iii) How is the mainstream’s discharge pattern mimicked by the springs’ and the tributary’s 

discharge over the recession period? 

By comparing the springs’ as well as the tributary’s discharge to the mainstream’s overall discharge as 

well as to its baseflow, an understanding of how the springs are connected to the mainstream is gained.  

iv) What are the recession timescales at the springs as well as at the tributary? 

The recession timescales were determined at the springs and at the tributary by means of the calcula-

tion of the recession constants and thus, give an understanding of the storage-release relationship of 

the springs and the tributary over the recession period. 

v) What is the spatial and temporal variation of the pH value, the electrical conductivity as 

well as of the temperature at the springs, the tributary and at some stations along the 

mainstream in the Vallon de Nant over the summer recession period? 

The values of these variables were determined in the field and they were measured twice per sampling 

campaign, once in the morning and once in the afternoon in order to investigate whether there exist 

any diurnal variations.  

vi) What is the spatial and temporal variation of some anion and cation concentrations of 

water samples collected at the springs, the tributary and at some stations along the 

mainstream in the Vallon de Nant over the summer recession period? 

Water samples were collected in the field in duplicate and then the ion concentration was determined 

by means of ion chromatography in the lab. 

vii) What is the spatial and temporal variation of heavy isotope compositions of water sam-

ples collected at the springs, the tributary and at some stations along the mainstream in 

the Vallon de Nant over the summer recession period? 

Similarly, to subquestion vi), water samples were collected in the field in duplicate and their isotopic 

composition was determined by means of an isotope and gas concentration analyzer in the lab. 

Finally, the results of the water quantity and water quality analysis were synthesized in order to answer 

the main research question.  
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2 Study Site and Time 

An overview of the study site including information about the geographic location, the geological con-

ditions and in particular about the hydrological background is given in this section. In addition, my 

study case interest is highlighted and a general overview of the meteorological conditions in Switzer-

land over the year 2022 and some climate projections for Switzerland in the context of climate change 

are given. The meteorological conditions of the Vallon de Nant during the course of the study are part 

of the data analysis and thus, they are elaborated in details in chapter 4.1. Finally, the measurement 

stations in the Vallon de Nant are defined. 

2.1 Vallon de Nant 

Research for this Master project was performed in the Vallon de Nant headwater catchment, which 

lies in the Vaudois Alps in the south-western part of Switzerland (see red point in Figure 2). The Vallon 

de Nant catchment has an area of 13.4 km2, is oriented from south to north and its mainstream is 

called Avançon de Nant (Michelon et al., 2023). The lowest point of the catchment is at 1200 meters 

above sea level (m.a.s.l.), which corresponds to the gauging station at the outlet of the Avançon de 

Nant, 46.25301°N, 7.10954°E (WGS84), and its highest point is defined at 3051 m.a.s.l., which matches 

the height of Le Grand Muveran (Michelon et al., 2023; Mächler et al., 2021).  

 

Figure 2: Map of Switzerland with the Vallon the Nant (red point). The Vallon de Nant catchment is located in the Vaudois 
Alps in the south-western part of Switzerland (reprinted from Michelon et al.,2023). 

Geology 

Thornton et al. (2018) mention that the Vallon de Nant is situated in the north-western part of the 

Nappe de Morcles and it particularly has its origin in the inverse zone of the Nappe de Morcles. There 

are limestone layers below the valley floor from the Lower Cretaceous, which are again situated on 

flysch, a soft rock, which inter alia contains marls, sandstone and shales (Michelon et al., 2023). A more 

in-depth discussion about the Vallon de Nant can be found in the paper “A 3D geological model of a 

structurally complex Alpine region as a basis for interdisciplinary research” of Thornton et al. (2018). 

Hydrology 

Figure 3 shows a map of the Vallon de Nant catchment illustrating different hydrological units. It can 

be observed that the hydrological unit on the western part of the catchment is primarily determined 

by hillslopes. In this pasture-dominated area the soils are of large depths and have high water storage 

capacities (Michelon et al., 2021a). The northwards exposition of the Vallon de Nant makes it possible, 
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according to Michelon et al. (2021a), that the small Glacier des Martinets, which is situated on the 

south side of the valley but in the northern shadow of the Dent de Morcles, can exist at a quite low 

elevation level. However, its contribution to the streamflow of the catchment must be limited accord-

ing to Michelon et al. (2023), since the glacier is small, has a strong northwards exposition and since it 

is heavily shielded with debris, but its exact contribution has not been studied yet (Mächler et al., 

2021). Michelon et al. (2021a) highlight that there are steep rock faces on the east side of the valley, 

where in case of rainfall the water drains fast since the soils are quite shallow. Furthermore, they add 

that there are immense scree cones in the talus region, on the bottom of the rock faces. Nevertheless, 

they explain that the bottom of the Vallon de Nant consists primarily of fine alluvial deposits, where 

large water storage capacities can be observed and the riparian area consists of rough alluvial deposits 

which indicate high hydraulic conductivity and thus, the riparian area allows, according to Thornton et 

al. (2018), to store water. 

Investigating in detail the presence of the springs, Michelon et al. (2023) could observe a connection 

between low slopes and the occurrence of springs. Therefore, they highlight that most springs are 

located on the west side of the catchment, in the hillslope unit as well as on the right side of the main-

stream. Similarly, tributaries do not exist at locations where the slopes are steep and where hydraulic 

conductivity is high, which is the case in the north-western part of the Vallon de Nant (Michelon et al., 

2023). 

 

Figure 3: Hydrological units in the Vallon de Nant Catchment. In the southern part there is the glacier, followed by the moraine 
unit. In the western part hillslopes and in the eastern part steep rock slopes can be located, followed by the talus and finally 
the riparian area (reprinted from Michelon et al., 2021b). 

When analysing the streamflow network, Mächler et al. (2021) explain that snow has a major impact 

on the streamflow of the Avançon de Nant and thus they define the streamflow regime as nivo-pluvial. 

They emphasize that the water flowing is low in winter but higher in spring as well as in early summer 

and usually has its highest rate in June. So, the consequence of this differing water flowing rate is that 

the length of the Avançon de Nant shows seasonal variations. Michelon et al. (2023) observed based 

on the Swiss digital elevation model that in early summer, in the melting period, the river has a length 

of about 6 km and in winter time, outside the melting period and thus, in the snow accumulation pe-

riod, its length is reduced by 2.95 km since the water begins flowing at a lower elevation. 
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To sum up, the snow melting and soil as well as groundwater drainages primarily have an impact on 

stream network (Mächler et al., 2021; Michelon et al., 2023). Mächler et al. (2021) highlight that the 

extent to which permafrost and the melt water of the glacier contribute to stream network remains to 

be seen. Additionally, they explain that the streams in the Vallon de Nant can be classified, based on 

the classification by Schaffner et al. (2013), into either low (<0.05 m3s-1) or medium (0.05 m3s-1 – 1 m3s-

1) discharge amount, corresponding to tributaries and to mainstreams respectively. When considering 

the mainstream at the outlet of the Avançon de Nant, a minimum mean daily discharge of about 0.0927 

m3s-1 in early February and a maximum mean daily discharge of about 2.2862 m3s-1 in early October 

can be measured in 2022. 

Case Study Interest  

Of particular appeal for the subject of the Master thesis is the fact that the Vallon de Nant is a region, 

which is minimally affected by human activities as it has been under protection since 1969 and is part 

of the Natural Reserve of the Muveran. Furthermore, the Vallon de Nant is a well accessible headwater 

catchment, which has been well studied, and therefore making it an experimental research catchment 

with greater potential for interdisciplinary exchange and data sharing. Additionally, it allows my re-

search project to both build on previous work and lay the foundation for future work. 

2.2 Meteorological Conditions in Switzerland 

The following summary of the meteorological conditions in Switzerland of 2022 are based on the Klima-

bulletin 2022 (MeteoSwiss, 2023). The year 2022 was the warmest year since temperature measure-

ments started in 1864. The mean annual temperature over all of Switzerland was 7.4°C, which is +1.6°C 

degrees over the MeteoSwiss norm period of 1991-2020. In some regions, especially in the western 

part of Switzerland and in the canton of Wallis, the temperature values were between 1.9°C and 2.1°C 

over the norm. Average country-wide precipitation was 70% to 90% of the norm although in some 

places the year 2022 was the driest year since the beginning of measurements in 1864. 

The temperature in winter 2022 and spring 2022 was mild, particularly in February, March and May 

respectively. In February, the temperature was 1.1°C and in May even 2.6°C over the norm 1991-2020. 

As a further matter, it was a very dry winter, especially on the south side of the Swiss Alps, which in 

general leads to a smaller snowpack storage in comparison to wet winters and thus consequences in a 

reduced discharge as well as groundwater recharge (MeteoSwiss, 2023; Doummar et al., 2018; Beria 

et al., 2018). The amount of precipitation measured in May and March was also small. Specifically, in 

the western part of Switzerland, May 2022 was the May with the smallest amount of precipitation 

since the beginning of measurements. The summer 2022 was the second warmest summer since the 

beginning of measurements in 1864 and showed three heat periods. It was the second hottest June, 

the fourth hottest July and the third warmest August since 1864. The mean temperature averaged over 

the whole country was 2.3°C over the norm, whereas the warmest summer since the beginning of 

measurements in 2003 showed a mean temperature that was 3°C over the norm period of 1991-2020. 

The amount of precipitation measured over the whole country in summer 2022 corresponds to 60% 

up to 80% of the norm. However, in the western part of Switzerland the precipitation amounted less 

than 60% of the norm, whilst in the eastern part of Switzerland and in the Swiss Plateau more than 

80% of the norm was measured. In June the amount of precipitation was between 80% and 120% of 

the norm, in July at some places less than 30% and in August, between 40% and 70% of the norm. In 

some regions of the south-western part of Switzerland July 2022 was the July with the lowest amount 

of precipitation for the last 50 years. Correspondingly, high level of evaporation, relative to the low 

amount of precipitation, led to severe dryness in that region. Autumn 2022 was, according to Mete-

oSwiss (2023), the third warmest autumn since the beginning of measurements and corresponds to 
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3.8°C over the norm. Concerning precipitation, autumn 2022 was wet, particularly the western part of 

Switzerland and the central Swiss Plateau, where values over 130% over the norm 1991-2020 were 

measured. 

Climate Projections for Switzerland 

Muelchi et al. (2021) investigated, using the Swiss Climate Change Scenarios of the CH2018 framework 

(National Centre for Climate Services, 2018), how the river runoff in Switzerland is being altered by 

climate change. The CH2018 framework contains Swiss climate scenarios, which are in particular cli-

mate change projections that are defined by means of the EURO-CORDEX ensemble of regional climate 

simulations. It includes climate change projections according to the three Representative Concentra-

tion Pathways (RCPs), which deal with the anthropogenic driving of climate change differently. RCP8.5 

presumes that no mitigation actions are taken, whereas RCP2.6 assumes that the global temperature 

increase is below 2°C and finally, RCP4.5 takes into account that mitigation actions are taken but nev-

ertheless, the 2°C objective is missed. 

Regardless which RCP scenario was considered, all temperature projections indicate a rise in temper-

ature with climate change independent of the time of the year and of the geographic region of Swit-

zerland (National Centre for Climate Services, 2018). Especially the mean temperature in summer and 

the temperature at higher elevation levels are expected to increase more heavily. In case where no 

mitigation actions are taken, thus, according to RCP8.5, the temperature is assumed to rise in a range 

between 3.1°C and 5.5°C. So, according to RCP8.5, the mean temperature is expected to increase of 

about 4.5°C in summer and of approximately 3.8°C in winter in the north-eastern part of Switzerland, 

whereas the increase in temperature is of about 5.5°C in the eastern and western Alps in summer and 

of around 3.9°C in winter. The change of the autumn temperature is expected to be comparable to the 

changes in winter temperature, whilst the projections of the spring temperature show a smaller in-

crease than the changes in winter temperature (National Centre for Climate Services, 2018). Such a 

temperature rise leads inter alia to changes in hydrological dynamics such as to more precipitation in 

form of rain than snow as well as to altered seasonal amounts of precipitation, which is supposed to 

rise with climate change in winter, to decline in summer, but showing little alterations in spring and 

autumn (Muelchi et al., 2021; BAFU, 2021). Accompanying climate change longer dry periods in the 

summer months, increased evapotranspiration as well as more strong precipitation events over the 

whole year are expected (BAFU, 2021). 

Finally, these changed meteorological conditions consequence in an altered runoff regime (Muelchi et 

al., 2021). The results of Muelchi et al.’s (2021) research show that the runoff in winter is expected to 

rise in the context of climate change due to higher temperature and amounts of precipitation. They 

explain that when the temperature increases in winter, there will be an increasing amount of precipi-

tation in form of rain instead of snow, which therefore has an impact on winter runoff. In higher-lying 

catchments, according to Muelchi et al. (2021), a stronger runoff is expected with climate change in 

spring due to an enhanced melting of snow, whereas the runoff in catchments on lower elevations is 

expected to be smaller in spring since these regions have less snow in winter times and thus, a much 

smaller amount of snowmelt. According to Muelchi et al. (2021), the runoff in summer will decline, but 

when elaborating an explanation, they differentiate between catchments on lower and higher eleva-

tion levels. In the former case, runoff decreases due to enhanced evapotranspiration and smaller 

amounts of precipitation, while in the latter case, the lower accumulation of snow contributes to this 

reduction in runoff. Additionally, in autumn Muelchi et al. (2021) expect smaller runoff rates with cli-

mate change owing to reasons such as lower amounts of precipitation, more evapotranspiration and 

in case of higher lying catchments due to a reduced contribution of snow and glacier melt. Muelchi et 

al. (2021) conclude that the annual mean runoff is expected to decrease in most of the catchments 
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that were investigated in their research, but they highlight that catchments on lower elevation levels 

show with climate change more moderate reactions in runoff than catchments on higher elevation 

levels. In addition, they highlight that the seasonal availability of water from the rivers will be changed, 

specifically stronger runoff in winter but lower runoff in summer. Besides, when considering the dif-

ferent RCP scenarios the same results are expected but to a different extent (Muelchi et al., 2021). 

2.3 Measurement Sites 

Eight locations on various elevation levels over the whole catchment were chosen. Samples and meas-

urements were taken at four different springs, at one tributary and at three stations along the main-

stream (see Table 1, Figure 4, Annex A). The measurement methods applied are discussed in chapter 

3.2. The choice of those locations was based on previously performed studies in the Vallon the Nant, 

in particular, by the paper of Mächler et al. (2021). Other criteria that were taken into account, espe-

cially regarding the springs, are good accessibility and a clearly visible separation from other springs or 

tributaries. As a further matter, these springs span an elevation gradient from 1190m.a.s.l. to 

1780m.a.s.l., providing the opportunity to study elevation-driven processes.  

Table 1: Metadata to the measurement stations in Figure 4. In his table the sampling stations and their corresponding ab-
breviations, coordinates and elevation levels are listed (Swisstopo, 2023; Mächler et al., 2021). 

Sampling Station Type Abbreviation Coordinates (WGS84) Elevation Level 
[m.a.s.l.] 

Black-Blue Pipe Spring spring S1 46.24828, 7.10664 1268 

Grass Spring spring S2 46.24760, 7.10642 1281 

Bridge Spring spring S3 46.23167, 7.10235 1465 

La Chaux Spring spring S4 46.22194, 7.09238 1730 

La Chaux Meander tributary T1 46.22565, 7.09163 1780 

Mainstream 1/ 

Outlet 

mainstream R1 46.25301, 7.10954 1190 

Mainstream 2 mainstream R2 46.23171, 7.10231 1461 

Mainstream 3 mainstream R3 46.22332, 7.09756 1554 

The Black-Blue Pipe Spring is situated close to the mainstream and it is the lowest spring. The spring’s 

outflow is captured in a pipe and the water flows in a stony, quite equally wide streambed into the 

mainstream. Furthermore, the Black-Blue Pipe Spring is situated close to a pasture, where cows graze. 

The surrounding is shady, with trees enclosing the spring and thus, not fully exposed to the sun. The 

Grass Spring is a capped spring and located in the middle of the pasture, where cows graze. Its outflow 

is hidden behind trees and thus, situated in the shadow. Shortly after the outflow, there is no clearly 

visible path of the water flowing and consequently, the pasture is muddy around the spring’s outflow. 

With greater distance to the outflow of the springs, the water flows in a tiny and narrow streambed. 

The Bridge Spring is situated in the forest and on an elevation, where already some larches can be 

found. Its flow path is short, since it is located close to the mainstream. In its surroundings there are 

diverse other small springs and tributaries. As its name expresses, the Bridge Spring originates close to 

the bridge, which crosses the Avançon de Nant, and which is currently the only one on the hiking trail 

from the Auberge de Pont de Nant to the hiking destination La Chaux. The La Chaux Spring is the 
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highest investigated spring in the thesis. The outflow is located below a rock and thus, it is not exposed 

to the sun. The streambed of the spring is rocky and steep. The La Chaux Spring is situated in a vege-

tational surrounding of bushes, grass and mosses. It crosses the hiking path and keeps on flowing on a 

steep path down until it reaches the mainstream. The La Chaux Meander is a tributary close to a plat-

eau, where cows graze. The flowing path of the La Chaux Meander is not clearly visible, since the area 

is quite overgrown by bushes and grass. Additionally, there are many rocks, which make it difficult to 

recognize the meandering of the water. The width of the streambed varies distinctively and so does 

the subsoil. At some spots it is rocky and at others the water flows through the grass, which makes the 

water flowing path muddy. In addition, measurements are taken at three different elevation levels: 

Mainstream 1 is the outlet, where measurements for other hydrological research projects have been 

taken and additionally, where diverse instruments are permanently installed. The sampling station 

Mainstream 2 is close to the bridge and thus to the Bridge Spring. Mainstream 3 is the highest sam-

pling station and located outside the forest. There are several tributaries entering the mainstream in 

the surrounding of that sampling station. 

 

Figure 4: Map of the measurement stations in the Vallon de Nant. In this map the springs are illustrated by orange circles, the 
stations along the mainstream by blue stars and the tributary by a red triangular (Swisstopo, 2023). 
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3 Data and Methods  

In this chapter, the supplementary data, which I used for my analysis, as well as the methods for ana-

lysing the collected data are presented. I initiated my research process with field studies, which is ex-

plained in detail in chapter 3.2. Then, the analysis of the investigated water variables is divided into 

chapter 3.3, water quantity variables, including the methods behind the discharge measurement as 

well as recession analysis, and chapter 3.4, water quality variables, considering the parameters such 

as pH value, electrical conductivity, temperature, ions and isotopes. Finally, in the data analysis section, 

chapter 3.5, the methods used to perform the multivariate data analysis are presented.  

3.1 Supplementary Data 

In this chapter, the data, which is additionally needed for the analysis part, is discussed (see Table 2). 

Since hydrological processes are inter alia driven by precipitation and temperature, it was essential to 

measure these parameters. Unfortunately, this study came at a moment of transition of the installed 

weather stations, so both local (Weather Station Network Vallon de Nant) stations, which were in-

stalled and are maintained by the University of Lausanne, and nearby official (MeteoSwiss) stations 

were used to compose a continual time series of both temperature and precipitation for the analysis 

and interpretation of the hydrologic data. Additionally, at the outlet discharge, temperature, opacity 

and electrical conductivity were continually measured at a 1-minute resolution (WSL and UNIL). 

Table 2: Supplementary Data. Meteorological, in particular precipitation and temperature data of both local (Weather Sta-
tion Network Vallon de Nant) as well as nearby official stations (MeteoSwiss), and discharge data of the outlet of the 
Avançon de Nant are listed. In addition, the corresponding coordinates and elevation level of these stations as well the time 
resolution of the data and its time range are illustrated. 

Variable Time  

Resolution 

Station and  

Coordinates 

(WGS84) 

Elevation 

[m.a.s.l] 

Data Source Time Range 

precipitation daily Sorniot-Lac  

Inférieur (VSSOR) 

46.10, 7.06 

1990 MeteoSwiss 1 January 2022 

to  

31 December 

2022 

precipitation daily La Chaux 

46.23, 7.09 

 

1780 Weather  

Station Network 

Vallon de Nant 

1 January 2022 

to  

31 December 

2022 

temperature daily La Chaux 

46.23,7.09 

 

1780 Weather  

Station Network 

Vallon de Nant 

1 January 2022 

to  

31 December 

2022 

discharge daily outlet 

46.25,7.10 

 

1200 

 

WSL (Forschungs-

anstalt für Wald, 

Schnee und Land-

schaft) 

1 January 2022 

to  

31 December 

2022 

Precipitation Data 

Whenever possible, the precipitation data of the weather station at La Chaux, which was measured by 

a 24GHz Doppler radar sensor (WS400-UMB; G. Lufft Mess- und Regeltechnik GmbH, Fellbach, Ger-

many), was used (Michelon et al., 2023). However, since the weather station at La Chaux in the Vallon 

de Nant was temporarily out of order, precipitation could not be continuously measured over the year 
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2022. As a consequence, publicly available precipitation data of the MeteoSwiss weather station at 

Sorniot-Lac Inférieur was considered as well, in order to know when and how much precipitation oc-

curred. Filling gaps in local data with data from the MeteoSwiss weather station at Sorniot-Lac Inférieur 

was necessary given the gaps in the local time series, but it would have been preferrable to use all 

locally collected data. The precipitation data of Sorniot-Lac Inférieur was used since this MeteoSwiss 

weather station is located on a similar elevation level as the weather station of La Chaux in the Vallon 

de Nant. For the further analysis, the third precipitation plot of Figure 5, illustrating both the precipi-

tation at La Chaux, including its gaps, and the precipitation recorded at Sorniot-Lac Inférieur, is consid-

ered. Finally, the idea was to illustrate the precipitation amount of the two stations beside each other 

in order to show the precipitation amount at the simultaneous timepoint.  

 

Figure 5: Precipitation data of Sorniot-Lac Inférieur and La Chaux over 2022. The precipitation, recorded at the MeteoSwiss 
weather station Sorniot-Lac Inférieur (top), at the local weather station La Chaux (middle), measured by a 24GHz Doppler 
radar sensor (WS400-UMB; G. Lufft Mess- und Regeltechnik GmbH, Fellbach, Germany) and the combination of both stations 
(bottom) is illustrated.  
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Air Temperature 

The air temperature was recorded with an air temperature sensor (WS300-UMB; G. Lufft Mess- und 

Regeltechnik GmbH, Fellbach, Germany) at the La Chaux weather station (Michelon et al., 2023), which 

is part of the Weather Station Network Vallon de Nant. As a further matter, in this paper the air tem-

perature is indicated by the daily mean value.  

Discharge Data 

The discharge of the Avançon de Nant at the outlet was considered, while the discharge of the main-

stream was determined by means of an optical height gauge (VEGAPULS WL 61 optical height gauge; 

VEGA Grieshaber KG, Schiltach, Germany). Then, the height of the water was transformed into stream-

flow quantities by means of a rating curve (Ceperley et al., 2018; Michelon et al, 2023).  

Geographic Data 

In order to illustrate the measurement stations with a map, elevation and coordinates were deter-

mined by referencing features on the map (Swisstopo, 2023). The elevation is indicated in meter above 

sea level (m.a.s.l.) and WGS84 is used as a reference coordinate system.  

Isotopic Data 

In the context of the isotopic analysis, data from Michelon et al. (2022) was used as the source input 

for a Bayesian mixing model (MixSIR) (Stock et al., 2018) in order to determine the proportion of rain 

and snow of the collected water samples. 

3.2 Data Acquisition 

In this section, the data acquisition process in the field is discussed and the applied methods are ex-

plained. Over the course of my research period, I went to the Vallon de Nant seven times for two days 

each (see Table 3) in order to collect the water samples, to take the measurements of specific water 

quality parameters at all the measurement stations as well as to measure the discharge of the four 

springs and the tributary.  

Table 3: Dates of sampling campaigns in 2022. The measurements were taken during seven sampling campaigns, while each 
sampling campaign lasted 2 days.  

Sampling Campaign Date 

1 5/6 July 

2 17/18 July 

3 6/7 August 

4 13/14 August 

5 27/28 August 

6 13/14 September 

7 7/8 October 

Collection of Water Samples 

Water samples from eight different locations were taken in duplicate, in particular at four springs, one 

tributary and at three different stations along the mainstream (see Annex B). 20ml vials made of LDPE 

were used. Hydrochemical and isotopic analysis was performed on these samples immediately after 

the field work in the laboratory at the Institute of Geography at the University of Bern (GIUB). 

Electrical Conductivity, pH and Temperature Measurement 

The pH value was measured with the pH-meter (WTW pH330i; Xylem Inc., Washington DC, United 

States) at all eight sampling stations. Furthermore, the water temperature and the electrical 
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conductivity were determined by the WTW Portable Conductivity meter (ProfiLine Cond 3310; Xylem 

Inc., Washington DC, United States) at each location (see Annex B).  

Salt Dilution Method  

The salt dilution method was performed according to the instructions of Wernli (2007; 2011), Gees et 

al. (1995) and Hendriks (2010).  

As a first step, the discharge of the springs was estimated by means of the velocity-area method (see 

Equation 1). A [m2] corresponds to the cross-sectional flow area, v [m/s] to the flow velocity, h [m] to 

the height of the water level, w [m] to the width of the streambed, whereas Q [m3/s] to the discharge 

(Hendriks, 2010).  

 

Equation 1: Calculation of the discharge by considering the flow velocity (Hendriks, 2010). 

As a next step, the amount of salt was determined (see Annex B) and the mixing section was calculated. 

Wernli (2007) suggests to use approximately 4-5kg NaCl per m3 of water and to previously dilute the 

NaCl in streamwater. As a further matter, Gees et al. (1995) highlight to calculate the mixing section 

according to Equation 2, whilst w [m] indicates the width at the least wide location of the spring. The 

factor 20 is used for springs with large turbulences and high roughness, while the factor 50 is used for 

springs with little turbulences and small roughness (Gees et al., 1995).  

 

Equation 2: Calculation of the mixing section (Gees et al., 1995). 

Four kilograms of NaCl per m3 of water were used since the estimated discharge was small. The short 

distance between some springs and the mainstream channel limits the length of the mixing section. 

Then, the probe of the WTW-Portable Conductivity meter (ProfiLine Cond 3310; Xylem Inc., Washing-

ton DC, United States) was installed according to the calculated mixing section (see Annex B). Only one 

probe was placed as the cross-sectional areas of the springs are small. Before starting the measure-

ment, the background electrical conductivity was determined. Then, the previously diluted NaCl was 

added to the spring and the electrical conductivity measurements were started, while the current elec-

trical conductivity was recorded in a time interval of 1 second.  

Gees et al. (1995) highlight that, when doing salt dilution measurements, an electrical conductivity 

peak of approximately 100 µS/cm over the background electrical conductivity within the first 4 minutes 

should be observed. After the peak is achieved, Wernli (2007) explains that the measurement runs 

until the background electrical conductivity is reached again and only then the measurement can be 

stopped. Thus, he highlights that the discharge curve should have the shape as illustrated in Figure 6 

and he additionally adds, that for validation reasons, the procedure with the exact same amount of 

salt and the identical measurement distance needs to be performed twice.  

 

𝑄 = 𝐴 ∗ 𝑣 

𝑄 = 𝑤 ∗ ℎ ∗ 𝑣 

20 ∗ 𝑤  

50 ∗ 𝑤 
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Figure 6: Discharge curve of a hypothetical measurement (reprinted from Wernli, 2007). After the salt was induced into the 
stream, the electrical conductivity should be approximately 100 µS/cm over the background electrical conductivity within the 
first 4 minutes in order to generate a valuable discharge measurement and the measurement lasts as long as the background 
electrical conductivity is reached again. 

Long Term Water Temperature Measurements 

In order to measure the water temperature over the whole research period, temperature loggers 

(HOBO Pendant Temperature/Light 64K Data Loggers; Onset, Bourne, United States) were installed. 

These loggers are stored in a waterproof housing and are battery driven of the battery type CR2032 

(Onset, 2023). They measure the water temperature and the light intensity, though the latter param-

eter is not considered in my thesis. They have, according to the Onset company (2023), an accuracy of 

± 0.53°C and their measurement range is between -20°C and 70°C. In addition, the Onset company 

(2023) highlights that they have a memory capacity of 64K bytes.  

In total, six temperature loggers were installed at six different locations of the Vallon de Nant catch-

ment, in particular, at the four springs, the tributary and at the Mainstream 3, while the latter got lost 

(see Annex B). The measurements of the water temperature started at the beginning of the research 

period, on 1 July 2022, and finished at the end of the research period, on 7 October 2022. A measure-

ment interval of 10 minutes was chosen. At the end of the research period, the data of the temperature 

loggers was transferred by means of the HOBO software in the field. 

Water Quality Measurements by the EXO2 Sonde 

The EXO2 Sonde (EXO2 Multiparameter Sonde; Xylem, Yellow Springs, United States) is an instrument 

that measures a series of different water quality variables simultaneously and also records the values 

over a defined time span (Xylem, 2020). For taking measurements, the instrument is put into the water 

(see Annex B) and then the values are measured for the predefined time span, which was in my case 

120 seconds. This instrument is newly acquired by the Institute of Geography at the University of Bern 

and since there was a delivery delay, I could only use it during the last sampling campaign. Therefore, 

no data was collected by the EXO2 Sonde over the whole research time. However, by means of this 

instrument one can determine water quality variables such as Cl-, NH3, NH4
+, electrical conductivity, 

salinity, total dissolved solutes, turbidity, pH or temperature (Xylem, 2020). For my paper the pH values 

measured during the last sampling campaign are used, since the pH meter I previously used broke 

during the last sampling campaign. However, in Annex C a comparison of the electrical conductivity 

and temperature values, measured by the EXO2 Sonde as well as by the WTW tool of the last sampling 

campaign is included. Finally, using the EXO2 Sonde is a further experience to make field work and 

determine some water quality variables, but the collected data is not very valuable for my research 

since the data is incomplete over the research period. 
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3.3 Water Quantity Variables 

In this chapter, the methods for calculating the discharge of the springs, the baseflow of the main-

stream as well as the recession constants are presented.  

Discharge Calculations 

In the field, the electrical conductivity was measured by means of the WTW-Portable Conductivity me-

ter (ProfiLine Cond 3310; Xylem Inc., Washington DC, United States) in a time interval of 1 second until 

the timepoint when the background electrical conductivity was reached again. However, in order to 

determine the discharge, concentration values are needed. These concentration values are gained, 

according to Wernli (2011), by converting the electrical conductivity values into concentration values. 

But he highlights that before this conversion the net electrical conductivity, ECnet, has to be determined 

by subtracting the background electrical conductivity, ECbase, from the mean electrical conductivity, 

ECmean, whilst the electrical conductivity is measured in µS/cm and the ECk corresponds to the meas-

ured electrical conductivity at timepoint k and n to the number of electrical conductivity values (see 

Equation 3).  

 

Equation 3: Calculation of the mean and net electrical conductivity (Wernli, 2011). 

Then, the net electrical conductivity value was converted into a concentration value by multiplying the 

net electrical conductivity value with the calibration factor, which was determined, according to Wernli 

(2011), as follows: A calibration solution (10g NaCl per 1l deionized water) was made. Afterwards the 

amount of 0.5ml from this calibration solution was added to 500ml of stream water 10 times, whilst 

the electrical conductivity value was measured after each addition. Then, their concentration values 

were calculated (see Equation 4), while n describes the number of already performed additions, Vn [l] 

the volume after the nth addition of the calibration solution and Cn [mg/l] the concentration after the 

nth addition of the calibration solution. This calibration process needs to be performed at every water 

source at the right temperature, since temperature as well as the background solutes have an impact 

on the calibration. 

 

Equation 4: Calculation of the nth concentration in the calibration process (Wernli, 2011). 

Then, Wernli (2011) highlights that the slope, m, between the concentration, Cn [mg/l], and the elec-

trical conductivity value, ECn [µS/cm], needs to be determined (see Equation 5).  

 

 

Equation 5: Calculation of the slope in the calibration process (Wernli, 2011). 

So, the calibration factor, E [(mg/l)/(µS/cm)], corresponds to the invers value of the slope (see Equation 

6) (Wernli, 2011). 

 

𝐸𝐶𝑚𝑒𝑎𝑛 =  
𝐸𝐶𝑘

𝑛

𝑛

𝑘=0

 

𝐸𝐶𝑛𝑒𝑡 = 𝐸𝐶𝑚𝑒𝑎𝑛 − 𝐸𝐶𝑏𝑎𝑠𝑒  

𝐶𝑛 =  
𝑛 ∗ 0.0005𝐿

𝑉𝑛
∗

10𝑔

𝐿
∗ 1000 

ECn = m* Cn + q 
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Equation 6: Calculation of the calibration factor (Wernli, 2011). 

After having determined the mean electrical conductivity, ECmean [µS/cm], the mean concentration, 

Cmean [mg/L], can be determined by means of the calibration factor, E [(mg/l)/(µS/cm)] (Wernli, 2011). 

 

Equation 7: Calculation of the mean concentration (Wernli, 2011). 

Finally, the total discharge Qtotal [m3/s] can be calculated (see Equation 8), while M [mg] corresponds 

to the mass of inserted salt, Cmean [mg/m3] to the mean concentration and Δt [s] to the time period 

(Wernli, 2011). 

 

Equation 8: Calculation of the total discharge (Wernli, 2011). 

Calculation of Baseflow 

When doing recession analysis, McMahon and Nathan (2021) mention that only discharge values, rec-

orded on days without precipitation, should be used. Thus, in order to exclude precipitation inputs to 

the overall discharge, the baseflow needs to be considered. As a result, the baseflow of the mainstream 

is calculated by centring the minimum recorded discharge value over a time period of 7 days, measured 

at the outlet, to midday of the reported day (Michelon et al., 2023). In this Master thesis, the baseflow 

of the springs is defined as being equal to its overall discharge. Since there are no continuous discharge 

measurements at the springs, there is too little discharge data of the springs in order to exclude po-

tential precipitation inputs.  

Calculation of Recession Constant  

In order to analyse the storage-release characteristics of the springs, in particular to gain an under-

standing of the recession timescale of the springs, the methods behind the calculation of the recession 

constants are explained based on theoretical inputs by Müller et al. (2022) and McMahon and Nathan 

(2021). 

As a first step, the baseflow of the mainstream over the previously defined recession period was plot-

ted in order to identify some baseflow variations and thus, to potentially define some recession sub-

periods similarly to the study performed in the Pescadero Creek, close to San Francisco (Hornberger et 

al., 1998). In this case study, two different slopes for the discharge values over the recession period 

were defined, indicating that different stores of water release water at different rates as well as at 

different timepoints. So, in order to analyse whether there are also different storages in the Vallon de 

Nant catchment that may release water to the mainstream at different timepoints, four different sub-

periods were defined based on baseflow variations of the mainstream over the whole research period 

(see chapter 4.2). Then, the mean values of the spring discharge were calculated per sampling cam-

paign in order to check whether the subperiods, which were defined by the mainstream baseflow var-

iation, correspond to the spring discharge evolution over the research time. 

𝐸 =
1

𝑚
 

Cmean =ECmean * E 

𝑄𝑡𝑜𝑡𝑎𝑙 =
𝑀

𝐶𝑚𝑒𝑎𝑛 ∗ ∆𝑡
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As a next step, the recession constants, k, were calculated (see Equation 9) for every single subperiod 

as well as for the spring discharge with the aim of determining the recession time scale of the main-

stream as well as of the springs (Müller et al., 2022). Müller et al. (2022) explain that the a corresponds 

to alpha, which is a parameter, that includes information about the characteristics of the aquifer such 

as the hydraulic conductivity, the porosity or the thickness as well as the length of the aquifer and 

additionally, this parameter is defined by means of linear approximations. Such a recession constant, 

indicated in days, describes, according to Müller et al. (2022), the rate of water release of the aquifer, 

but this recession constant is a specific and individual measure for each storage compartment of an 

aquifer. 

𝑘 = 1/ɑ 

Equation 9: Definition of recession constant (Müller et al., 2022). 

Based on this background, the original baseflow recession equation (see Equation 10), defined by Bous-

sinesq in 1903, was considered in order to determine alpha and ultimately the recession constant, 

while Qt corresponds to the discharge at time t and Q0 to the discharge at t=0 (McMahon and Nathan, 

2021). In this paper, the recession constant was determined for the baseflow at the mainstream as 

well as for the spring discharge per subperiod.  

 

Equation 10: Baseflow Recession Equation defined by Boussinesq in 1903 (McMahon and Nathan, 2021). 

In order to fit the measured discharge data as well as the baseflow of the mainstream to the baseflow 

recession equation, and thus, to calculate a, the logarithmic of equation 10 was taken (see Equation 

11) and a linear regression was performed (McMahon and Nathan, 2021). These calculations were 

made per subperiod with the mainstream baseflow as well as per spring discharge. 

 

Equation 11: Logarithmic Transformation of Equation 10 (McMahon and Nathan, 2021). 

Finally, the recession constants were calculated per subperiod and spring (see Equation 9), which then 

indicate the recession time scale in days.  

3.4 Water Quality Variables 

In this section, some background information about the water quality variables is given, in particular 

about the pH value, the temperature, the electrical conductivity as well as about some ions and some 

stable water isotopes.  

pH value 

In order to measure the acidity of the water in the springs and the mainstream, the pH value, defined 

as the negative logarithm of the hydrogen ion concentration (see Equation 12) (Berner and Berner, 

1987), was determined. Solutions, which have pH values larger than 7, are, according to Berner and 

Berner (1987), basic and those, which indicate pH values smaller than 7, are acidic. In addition, they 

highlight that pure water, which means that it does not contain any dissolved minerals, has a pH value 

of 7 and is thus neutral.  

𝑄𝑡 = 𝑄𝑡0  𝑒
−𝛼(𝑡−𝑡0) 

ln 𝑄𝑡 = −𝑎 𝑡 − 𝑡0 + ln(𝑄𝑡0
) 
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Equation 12: Definition of the pH value (Berner and Berner, 1987). 

The pH value of rain is acidic, which is the product from the reaction of water and CO2, resulting in 

carbonic acid (H2CO3) and under the assumption that the CO2 level is about the same all over the world, 

the pH value of rain can be defined as approximately 5.7, as explained by Berner and Berner (1987). 

They highlight that higher pH values are measured, for instance, in arid areas, where dust, containing 

abundant CaCO3, is dissolved and as a result, the acidity is reduced since the hydrogen ions are used 

and Ca2+ as well as HCO3 ions are produced. So, Berner and Berner (1987) emphasize that Ca2+ ions in 

the rain provide information about a potential interplay between rain and CaCO3 dust. They also elab-

orate that the pH value of rain might also be higher than 5.7 when a reaction with ammonia can be 

observed, which is particularly the case in regions with high agricultural activity. Rain is considered acid 

when its pH is below 5.7, which is the result of reactions between rain and acidic gases except CO2 such 

as SO2 or NO2 as well as due to the absence of CaCO3 or NH3 that can lower the acidity (Berner and 

Berner, 1987). In addition, acidic rain can influence the pH value of the surface waters, but also the pH 

value of the soil and thus, acidic rain may have an impact on the biodiversity, since it can lead to a 

limitation of certain nutrients such as, for instance, calcium and magnesium (Likens and Butler, 2019). 

However, rain in Europe has, according to Prakash et al. (2023), a pH value in the range of 4.19 and 

5.82 and additionally, they highlight that the overall pH value increased of about 10% over the last 20 

years. Fuss et al. (2015) explain that there may happen episodic acidification of surface water in par-

ticular in the snow melting period, but also after strong precipitation events, since then the originally 

accumulated atmospheric depositions in the snow enter the surface water.  

Depending on the pH of the groundwater, some elements are soluble or biologically accessible and 

therefore Gunarathna et al. (2016) explain that the pH value is also a commonly applied indicator for 

groundwater quality assessment. Besides, Nelson (2002) writes that the higher the number of H+ ions 

is, the lower is the pH value and the higher is the amount of total dissolved solids since a high H+ 

concentration accelerates weathering processes.  

Temperature 

Heat is a common hydrologic tracer since its robustness is, according to Rau et al. (2014), high and 

additionally, the measurement methods are quite straightforward and inexpensive. Since the temper-

ature of groundwater and surface water is different, Rau et al. (2014) highlight that one can investigate 

by means of temperature variations, for instance, whether groundwater discharge or recharge hap-

pens. Particularly, the temperature of groundwater shows, according to Rau et al. (2014), hardly any 

fluctuations on a yearly scale, whereas the temperature of streamwater can show distinctive daily and 

seasonally variations. Anderson (2005) sums up that by means of measuring the temperature, the 

pathways of the water can be understood or conclusions of the consequences of surface warming can 

be drawn. 

Nelson (2002) adds that the higher the temperature is, the higher is the amount of total dissolved 

solids. In addition, he highlights that seasonal temperature variations are at groundwater levels lower 

than 50 to 75 feet around 1°C, whereas at shallow groundwater a seasonal temperature range of about 

5 to 10 degrees can be recorded. As a result of the temperature variation in the shallow groundwater, 

the amount of the total dissolved solids also changes with the season, according to Nelson (2002). 

Finally, he explains that the water inflow from the surface during strong precipitation events can also 

lead to alteration of the groundwater temperature.  

  

𝑝𝐻 =  − log[𝐻+] 
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Electrical Conductivity 

Pellerin et al. (2008) explain that the electrical conductivity is a parameter which is used to trace the 

flowing route of water, since, while the water is flowing, it interplays with the geological surrounding, 

which then is reflected in the mineral composition of water. Tutmez et al. (2006) highlight that the 

electrical conductivity is an essential tracer when evaluating the quality of groundwater, as it is a direct 

indicator of the ion concentration of water. Thus, according to Tutmez et al. (2006) almost pure water 

with very low ion concentration has a much lower electrical conductivity than water with higher ion 

concentration. Therefore, they explain that there is a direct relationship between the water composi-

tion of the total dissolved solids and the water’s electrical conductance. In addition, Hayashi (2004) 

explains that the electrical conductivity is applied to differentiate between groundwater, surface water 

or precipitation inputs in hydrograph, when precipitation usually contains the lowest number of solids, 

followed by the surface water and finally, by the groundwater, which indicates the highest amount of 

total dissolved solids and thus, higher electrical conductivity values.  

Ions 

The chemical composition of water that reaches the surface in form of rain is altered, since as soon as 

the water is on the surface, it can take one of several different pathways. Thus, no matter which path 

the water follows, it encounters different surroundings and consequently is part of a chemical, biolog-

ical or physical reaction, which finally leads to a modification of the water composition (Berner and 

Berner, 1987). Throughfall, for instance, is the pathway, where water is caught by vegetation and then 

reaches the ground as drops, as explained by Berner and Berner (1987). They also mention that water 

can directly enter the soil (soil water) or flow into surface water (surface runoff), while the water, 

caught in the soil is either absorbed by the vegetation and then eventually transpired by the plants’ 

leaves (transpiration) or it may flow further down, reach the saturated zone, where the pores of the 

bedrock are full of water. The water in that saturated zone below the water table is called groundwa-

ter, which can be stored in the ground or move to the point where the water table crosses the surface 

and then gets part of the surface water, including inter alia springs and rivers (Berner and Berner, 

1987). Groundwater can continuously feed the rivers, while this constant groundwater input to rivers 

is, according the Berner and Berner (1987), called baseflow and exists due to the hydrostatic head that 

is maintained by new rainwater entering the saturated zone. 

Berner and Berner (1987) explain that on these pathways, several different weathering processes may 

occur. For instance, chemical weathering can occur, when water comes upon rocks and a reaction 

between the water and the minerals of the rocks is caused. Such dissolution processes are particularly 

accelerated and reinforced by acids, which are products of biological weathering processes. Physical 

weathering processes in particular separating big rocks into smaller ones is another weathering pro-

cess which may support chemical weathering since new surfaces are now accessible to water. So, when 

analysing the ions contained in the groundwater, studying chemical weathering processes are funda-

mental, since these reactions lead to alterations of the chemical composition of groundwater. Never-

theless, there is a close connection between chemical, physical and biological weathering processes, 

which do favour each other.  

Based on this information, the water samples that were collected in the field, were analyzed on their 

ion concentration in the lab at the Institute of Geography at the University of Bern (GIUB) by means of 

ion chromatography (Dionex Aquion Ion Chromatography System; Thermos Fisher Scientific, Waltham, 

United States) (see Annex B). The ion concentration of the following anions and cations are deter-

mined: sodium (Na+), potassium (K+), calcium (Ca2+), magnesium (Mg 2+), phosphate (PO4
3-), sulphate 

(SO4
2-), chloride (Cl-), ammonium (NH4+), nitrate (NO3

-), nitrite (NO2
-), fluoride (F-). The focus of the 
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following paragraphs is to explain how these ions end in the groundwater and finally in the stream-

water. 

Sodium (Na+), an alkali metal, is strongly abundant in silicate rocks and it accumulates, according to 

Berner and Berner (1987), in groundwater due to weathering of silicate minerals such as plagioclase 

or feldspar. Besides, they highlight that the weathering of halite, which is a key component of sedi-

mentary rocks, also leads to sodium accumulation. When analyzing sodium concentrations of rivers, 

Berner and Berner (1987) add that contributors such as sea salt and pollution need to be considered.  

The origin of potassium (K+), an alkali metal, in groundwater is particularly the weathering process of 

silicate minerals, specifically of potassium feldspar, biotite or clay minerals, which are contained in 

sediments but also in igneous and metamorphic rocks (Berner and Berner, 1987). Saha et al. (2019) 

highlight that potassium is also a product of the chemical weathering of KCl. As a further matter, since 

potassium is specifically part of primary minerals, the dissolution of potassium in groundwater is, ac-

cording to Saha et al. (2019), not very efficient and thus, its weathering is much slower than the one 

of sodium. When analysing surface water, pollution, cyclic salt and the vegetation need, according to 

Berner and Berner (1987), to be considered as potential contributors. In addition, they highlight that 

potassium is a major component of the flora, since plants need it for their growing process in summer 

and thus, potassium concentrations tend then to be lower, whereas in autumn potassium is released 

again by the plants, which may lead to an increase of potassium. Furthermore, Berner and Berner 

(1987) highlight that a connection between the rise of the potassium abundance as well as of increased 

discharge can be observed, which can explain that after strong precipitation events potassium is 

washed from the vegetation into the stream.  

The weathering process of carbonate rocks such as limestones and dolomites that include calcite is 

inter alia the origin of calcium (Ca2+) in groundwater (Berner and Berner, 1987). Saha et al. (2019) 

explain that the dissolution of minerals such calcic-plagioclase feldspars as well as of pyroxenes con-

tribute to the calcium concentration in the groundwater. Furthermore, they highlight that sedimentary 

rocks contain a large amount of calcium and thus, the weathering of such sedimentary rocks explains 

why calcium is overall the element with the highest concentration in surface water.  

The origin of magnesium (Mg 2+) in groundwater is the weathering process of silica rocks, especially 

the ones that contain minerals such as amphiboles, biotite or olivine (Berner and Berner, 1987). Saha 

et al. (2019) add that magnesium is also included in chlorite or serpentine. Furthermore, pollution and 

sea salt play, according to Berner and Berner (1987), a very small role when investigating the origin of 

magnesium in the water.  

Phosphate (PO4
3-) is dissolved phosphorus and in an inorganic but soluble form (Berner and Berner, 

1987). Berner and Berner (1987) explain that phosphorus, which is contained in rocks and sediments, 

has a low solubility and is often embodied as phosphate in calcium-phosphate minerals such as the 

apatite. Other sources of phosphate are, according to Berner and Berner (1987), precipitation, but it is 

a minor contributor to the phosphate concentration in the water and pollution processes.  

The origin of sulphate (SO4
2-) in groundwater is often due to weathering processes of sedimentary 

rocks like organic shale that particularly contain minerals such as pyrite, gypsum or anhydrite (Berner 

and Berner, 1987). Saha et al. (2019) add that sulphate in groundwater is also a result of oxidation 

processes of sulphate within igneous rocks. Furthermore, when analysing surface water, contributors 

such as cyclic salt as well as pollution need to be considered (Berner and Berner, 1987). Another con-

tributor of sulphate are the biogenic sulphur emissions in the atmosphere, which have partly natural, 

partly artificial origin (Aneja and Cooper, 1989).  
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A major source of chloride (Cl-) in groundwater is the dissolution of salts such as halite or sodium chlo-

ride, potassium, calcium or magnesium chloride as well as the weathering of soils and rocks (New Zea-

land Government, 2023). In addition, if chloride is correlated with sodium or potassium, the main 

source of chloride is halite or sylvite (New Zealand Government, 2023). When analysing streamwater, 

sea salt as well as pollution such as sewage are other contributors need to be considered according to 

Berner and Berner (1987).  

The upper crust of the earth contains fluoride (F-), which can be resolved in water and thus, according 

to Qian et al. (1999), fluoride can be found in surface water as well as in groundwater. However, they 

add that the fluoride concentration in groundwater is variable depending on the geology as well as on 

the chemical conditions in the aquifer, but it quite often just occurs as a trace element in the water. 

However, Podgorski and Berg (2022) explain that high fluoride abundance is specifically attributed to 

acidic areas where magmatic rocks can be found or to regions where sediments and metamorphic 

rocks are located in basic conditions and where the temperature is higher and low calcium concentra-

tions can be observed. Thus, they explain that arid regions, which have little precipitation rates, high 

temperature and higher pH values tend to have higher fluoride concentrations in groundwater. In ad-

dition, they highlight that fertilizers or rainfall can also contribute to an enriched fluoride concentration 

in the groundwater. 

When having a closer look at the products of the nitrogen cycle, it can be noticed that ammonium 

(NH4+) is the product of nitrogen fixation as well as of nitrogen mineralization, whilst in the former 

case, nitrogen is fixed by microorganisms and then transformed into ammonium, and in the latter case, 

ammonium is the product of the decomposition process (Schilling, 2002). But according to Lingle 

(2013), the amount of ammonium as the product of the nitrogen mineralization ,or also called ammon-

ification, is small since the amount of organic matter that can be decomposed is restricted in the sub-

surface. In addition, Harrison (2003) explains that environmental factors such as temperature as well 

as pH value have an impact on the height of the ammonium concentration, in particular for higher 

ammonium abundances the pH value of the water should be neutral or acidic and the temperature 

warm. 

A source of nitrate (NO3
-) is the nitrification, which is the reaction when ammonium is transformed to 

nitrate by bacteria (Lingle, 2013). As a further matter, nitrate can aside from ammonium also be formed 

by nitrogen fixation processes, but nitrate is in contrast to ammonium negatively charged and thus, it 

can be easily washed out, since it cannot be attached to the negatively charged clay particles in the soil 

and consequently, nitrate can accumulate in groundwater or in streamwater (Harrison, 2003; Lingle, 

2013). Other origins of nitrate as well as of ammonium are precipitation events and dry depositions 

(Berner and Berner, 1987). 

Nitrite (NO2
-) often appears as an intermediate product in the nitrogen cycle (Lingle, 2013). Lingle 

(2013) mentions, for instance, that nitrite is the intermediate of the nitrification process, where am-

monium is oxidized to nitrate as well as an intermediate product of the denitrification process, where 

nitrate is reduced to nitrogen.  

Isotopes 

Stable isotopes of hydrogen as well as of oxygen exist in the environment and in case of oxygen, there 

are 16O, 17O and 18O and when considering hydrogen, one can observe 1H and 2H, whereas the latter 

hydrogen isotope is also called deuterium (Galewsky et al., 2016). Two hydrogen isotopes and one 

oxygen isotope build together stable water isotopes. In total there are nine different water isotopes, 

while H2
16O is the most commonly measured water isotope in nature and H2

18O, H2
17O as well as HD16O 

are the least frequently recorded ones (Yoshimura, 2014; Galewsky et al., 2016). Besides, Galewsky et 



University of Bern, OCCR                                    Master Thesis                                             Sabina Kurmann 

24 

al. (2016) write that the lighter an isotope is, the more abundant it is, such as for example 1H or 16O, 

whereas heavy isotopes like deuterium (2H) or the oxygen isotopes such as 18O and 17O occur more 

rarely in nature, since they vary in their chemical as well as physical characteristics. Beria et al. (2018) 

highlight that the heavy isotopes, especially 2H as well as 18O, are often used as isotopic tracers in 

hydrology and so are they in this paper. Thus, the isotopic composition of the collected water samples 

was determined in the lab at the Institute of Geography at the University of Bern (GIUB) by means of 

the L2140-I Isotope and Gas Concentration Analyzer (Picarro, Inc.; Santa Clara, California, USA) (see 

Annex B). 

It is common to indicate the deuterium and oxygen isotopic composition of a water sample by the 

Vienna Standard Mean Ocean Water, V-SMOW, which is an international standard (Araguás-Araguás 

et al., 2000). Araguás-Araguás et al. (2000) write that in case of hydrogen isotopes one defined 2H/1H 

= (155.95 ± 0.08) x 10-6 and when considering the oxygen isotopes 18O/16O= (200.5 ± 0.45) x 10-6 was 

determined. Furthermore, the number of heavy isotopes in a water sample is usually indicated by a 

delta value, defining to which per mil it is different from the standard (see Equation 13), while Rsample 

corresponds to the isotope ratio of the sample (2H/1H or18O/16O) and Rstandard to the isotope ratio of the 

standard (2H/1H or18O/16O) (Galewsky et al., 2016). The more negative a delta value is, the smaller is 

the number of heavy isotopes and thus, one talks about a higher depletion in heavy isotopes, whilst 

water samples with less negative delta values are more enriched with heavy isotopes (Araguás-Araguás 

et al., 2000; Galewsky et al., 2016). 

 

Equation 13: Definition of the isotopic composition of a water sample (Galewsky et al., 2016). 

Some variations in the chemical and physical characteristics among the different water isotopes can 

be identified. They, for instance, do not need the same amount of latent energy for fractionation pro-

cesses, which occur when the isotopes change the aggregate state such as in processes like condensa-

tion or evaporation and thus, it is differed between equilibrium and kinetic fractionation processes, 

while condensation happens in contrast to evaporation, which is an example of kinetic fractionation, 

under equilibrium conditions (Beria et al., 2018). The result of fractionation is an altered composition 

of stable isotopes in the corresponding aggregate state. So, Araguás-Araguás et al. (2000) explain that 

despite the fact that condensation is an equilibrium process, the heavy isotopes are more abundant in 

the liquid phase, while the gaseous phase consequently has a smaller abundance of heavy isotopes. In 

addition, they add that evaporation is a non-equilibrium reaction, which means that the heavy isotopes 

tend to enter the liquid phase and thus, the water vapour is more depleted in stable isotopes. They 

add that in such a kinetic process the δ2H values vary more between the two phases than the δ18O 

values do, since the HD16O isotopes show a lower weight than the H2
18O water isotopes. Finally, such 

differing isotopic compositions allow to draw conclusions about evaporation or precipitation processes 

as well as about the origin of the water isotopes (Araguás-Araguás et al., 2000; Aaron et al., 2021; 

Yoshimura, 2014; Beria et al., 2018). 

Globally as well as locally collected δ2H and δ18O data has showed that δ2H and δ18O values are strongly 

related, which is defined by equation 14. The resulting line, that specifically expresses the linear rela-

tionship between δ2H and δ18O, is called Global Meteoric Water Line (GMWL). (Araguás-Araguás et al., 

2000) 

 

𝛿 =  
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 𝑥 1000 
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Equation 14: Definition of Global Meteoric Water Line (GMWL) (Araguás-Araguás et al., 2000). 

However, since the environmental conditions are not globally the same, a Local Meteoric Water Line 

(LMWL) can be defined, which then also considers local characteristics such as seasonal variations in 

precipitation and evaporation (Araguás-Araguás et al., 2000). In this paper, the Local Meteoric Water 

Line (LMWL) equation (see Equation 15) is the same as the one from the paper of Mächler et al. (2021), 

who also performed isotopic analysis of data collected in the Vallon de Nant and then defined the 

LMWL of the Vallon de Nant based on a large amount of data.  

 

Equation 15: Definition of Local Meteoric Water Line (LMWL) (Mächler et al., 2021). 

The deuterium excess (d-excess), corresponding to the intercept of the GMWL or of the LMWL is an-

other method to express the relationship between δ2H and δ18O (Araguás-Araguás et al., 2000). 

𝑑 = 𝛿2𝐻 − 8𝛿18𝑂 

Equation 16: Definition of deuterium excess (d-excess) (Araguás-Araguás et al., 2000). 

On balance, the stable isotopes δ2H and δ18O are determined by means of the L2140-I Isotope and Gas 

Concentration Analyzer (Picarro, Inc.; Santa Clara, California, USA), the d-excess values are calculated 

by Equation 16 and the local meteoric water line of this paper corresponds to the one defined by 

Mächler et al. (2021). 

3.5 Data Analysis 

In this section, the methods for the linking of variables with other factors as well as with each other 

are explained in order to answer the main research question, namely to gain an understanding of the 

storage-discharge characteristics of the springs. In particular, it is explained how it is determined 

whether the values of some parameters vary depending on the time of the day. In addition, the idea 

behind concentration-discharge analysis is elaborated and finally, it is explained how the variables are 

checked for potential correlations as well as light is thrown on the steps behind principal component 

analysis. 

Statistical Significance Testing of Water Quality Variables 

In order to check whether the means of a water quality variable are significantly different between all 

the sampling stations, a one-way ANOVA (analysis of variance) test with a significance level of 0.05 was 

performed per water quality variable (Kassambara, 2023). 

H0: The means of all the sampling stations are the same. 

H1: The mean value of at least one station is not equal to the mean values of the other stations. 

When the p-value is smaller than 0.05, H0 is rejected and thus, the means are not the same at all the 

sampling stations. But, when the p-value is larger than 0.05, the H0 is failed to reject and therefore, 

the mean value of a water quality variable is the same at all the sampling stations.  

However, the one-way ANOVA only indicates whether the mean of a water quality variable is different 

between the sampling stations or not, but it does not indicate between which stations, in case of a 

 𝛿2𝐻 = 8 𝛿18𝑂 + 10 

 𝛿2𝐻 = 7.82𝛿18𝑂 + 10.47 
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significant p-value, such a statistically significant difference exists. Therefore, a further statistical test 

is performed, namely the Tukey HSD (Tukey Honest Significant Differences), in order to evaluate be-

tween which sampling stations a statistically significant difference in their means exists. Identically as 

above-elaborated in context of the one-way ANOVA, if the p-value is larger than 0.05, the mean values 

are not significantly different, while a p-value smaller than 0.05 highlights a significant difference of 

the mean values between two sampling stations.  

Time-of-Day Analysis 

In order to assess whether any diurnal variations such as, for instance, diurnal heating, which then 

might be related to diurnal cycles of melt, have an impact on the discharge, the discharge measure-

ments were determined once in the morning and once in the afternoon during a sampling campaign. 

In addition, the pH values, the temperature and the electrical conductivity were also measured once 

in the morning and once in the afternoon. But in order to perform any further statistical analysis, it is 

important to check the data for normality first, which is therefore performed in R by the Shapiro Wilk 

normality test with a significance level of 0.05.  

 

When the p-value is smaller than 0.05, H0 is rejected and thus, the values are not normally distributed. 

But, when the p-value is larger than 0.05, the H0 is failed to reject and therefore, the values are nor-

mally distributed. 

Then, in order to analyse if the parameters vary with the time of the day, the following hypothesis was 

tested: Is there a significant difference between the median of the early measured variable and the 

median of the late measured variable? 

 

When the p-value is smaller than 0.05, H0 is rejected. Thus, there is a significant difference between 

measuring the variable in the morning and in the afternoon. But when the p-value is larger than 0.05, 

H0 is failed to be rejected. Thus, there is no significant difference depending on the time of the day.  

Concentration-Discharge Relationship 

The concentration-discharge analysis, which is performed in this thesis, is based on the paper of Knapp 

et al. (2020), who performed concentration-discharge analysis of various solutes in the Erlenbach 

catchment. They differ between three different concentration-discharge relationships: dilution, mobi-

lization and chemostasis (see Figure 7). When the solute concentration decreases with increasing dis-

charge, according to Knapp et al. (2020), dilution happens, indicating that during the recession period 

the solute concentration increases. In contrast to dilution, they highlight that mobilization describes 

the relationship of increasing solute concentration with increasing discharge. In the recession period, 

mobilization can be identified, according to Knapp et al. (2020), when the solute concentration de-

creases over time. When the solute concentration hardly changes with altered discharge rates, Knapp 

et al. (2020) explain that chemostasis occurs. They emphasize that, while mobilization is often ob-

served when the solutes are washed out from the soil, dilution arises, for instance, when the occur-

rence of the solutes is restricted or when the solutes are already strongly diluted with the stream and 

finally, chemostasis is noticed when the source of the solute is unlimited. 

H0: The values are normally distributed. 

H1: The values are not normally distributed. 

H0: The medians of the two populations are not significantly different. 

H1: The medians of the two populations are significantly different. 
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Figure 7: Concentration discharge relationship (reprinted from Knapp et al., 2020). Examples of dilution (a), chemostasis (b) 
and mobilization (b) patterns in the Erlenbach catchment, while dilution explains an increasing concentration with decreasing 
discharge, mobilization decreasing concentration with decreasing discharge and chemostatis unchanged concentration be-
havior with decreasing discharge. 

In order to define the concentration-discharge relationship for all the ions in the Vallon de Nant catch-

ment, the baseflow data and the spring discharge was used as discharge data. Besides, since there is 

too little data at the springs for determining the concentration-discharge for every subperiod over the 

whole recession period, it was only determined for the first subperiod of the recession period. 

Correlation Analysis 

In order to evaluate whether the variables are linearly related among each other, correlation analysis 

was performed. The concept behind correlation analysis is to determine a correlation coefficient which 

indicates the extent of correlation. This correlation coefficient, r, was calculated by determining the 

standardized covariance between two variables (see Equation 17), while sx corresponds to the standard 

deviation of variable x, sy to the standard deviation of variable y and n to the sample size (Rogerson, 

2015). However, Rogerson (2015) highlights that such a correlation coefficient only indicates to which 

extent two variables follow a positive or a negative linear relationship, but in case of a correlation 

between two variables it does not necessarily mean that there is a causality between those two varia-

bles. 

 

Equation 17: Definition of the correlation coefficient (Rogerson, 2015). 

The correlation between the variables and the resulting correlation coefficients from -1 to 1 are calcu-

lated in RStudio. Strong correlations show high correlation coefficients, while weak correlations are 

indicated by low correlation coefficients. Finally, in order to support finding the core correlations 

among all the variables, a correlation matrix with p-values at a significance level of 0.05 was calculated 

in R. 

  

𝑟 =
 (𝑥𝑖 − 𝑥 )(𝑦𝑖 − 𝑦 )𝑛

𝑖=1

(𝑛 − 1)𝑠𝑥𝑠𝑦
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Principal Component Analysis 

In this paper, there are several different variables investigated, which are all correlated with each 

other, but to a different extent. So, in order to collect the key information of all these variables, the 

dimensionality was reduced by means of principal component analysis. This multivariate statistical 

method was used to define new variables, so called principal components, that contain the core infor-

mation and are calculated by means of linear combinations of the original variables (Abdi and Williams, 

2010). Abdi and Williams (2010) highlight that these principal components are defined in a way that 

they describe most of the variation, but keep the information loss on a low level. In addition, they add 

that principal component analysis is also a clustering method that illustrates similar observations 

closely and different observations more distantly.  

An important condition before performing principal component analysis is to have a complete dataset, 

which means that there is a value per variable and per sampling date recorded. Unfortunately, there 

are some variables which are incomplete over time and thus, not part of the principal component 

analysis and for the considered variables refer to table 4. 

Table 4: Variables used for principal component analysis. Since a condition for performing principal component analysis is a 
complete dataset, not all variables are considered, but only those that have a value per sampling date. 

Variable 

temperature 

pH 

electrical conductivity 

chloride 

nitrate 

sulphate 

sodium 

potassium 

magnesium 

calcium 

detex 

δ18O 

δ2H 

As a first step, the data was standardized, since all the variables were measured in different scales. 

Then, the eigenvalues were determined, in order to examine how many principal components should 

be considered. These eigenvalues indicate how much of the total variation is described by a principal 

component. Since there is no general rule about how much all the considered principal components 

need to explain, one can individually set the limits. So, for my analysis I set the limit at 75%, meaning 

that I considered as many principal components as necessary to explain at least 75% of the total vari-

ation. Then, the variables were illustrated by means of arrows on a variable contribution plot, where 

the first principal component is on the x-axis and the second principal component is on the y-axis. The 

coordinates of these variables were determined by the extent of correlation between the variable and 

the principal component and the length of the arrow indicates how large the variance of a variable is. 

So, long arrows indicate large variance (Kohler and Luniak, 2005). When considering the angle between 

the variables, Kohler and Luniak (2005) explain that angles which are close to 90° or to 270° respec-

tively, indicate low correlation, whereas angles which are close to 0° or 180° show a correlation close 

to 1 or -1. In addition, a scatterplot of the observations, in particular of the values of the variables at a 

specific date and location, is defined and overlayed with the variable contribution plot. 
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3.6 RStudio 

The data visualization as well as the statistical analysis including hypotheses testing, correlation and 

principal component analysis were performed in RStudio of the version 4.2.2 (R Core Team, 2022). 

Additionally, the MixSIAR model framework from R (Stock and Semmens, 2016) was applied for the 

isotopic analysis. In the following paragraphs the applied key packages as well as the concept behind 

the framework MixSIAR are presented.  

The dplyr package (Wickham et al., 2023) is used for generally handling the data and the rstatix package 

for statistical significance analysis (Kassambara, 2023). FactoMineR package (Le et al., 2008) for prin-

cipal component analysis. As a further matter, the key package I used in order to visualize the data in 

R is the ggplot2 package (Wickham, 2016), but several other packages such as RColorBrewer (Neuwirth, 

2022), scales (Wickham and Seidel, 2022) and lubridate (Grolemund and Wickham, 2011) were used 

in order to illustrate the data in a clear way. Furthermore, in order to ensure that the data is readable 

for colour blind people the colorBlindness package (Ou, 2021) was applied. 

MixSIAR Model 

The investigation of the isotopic composition of the collected water samples allows us to define the 

proportion of snow and rain. This analysis was performed in R by means of the MixSIAR package which 

defines a Bayesian mixing model that then determines the share of rain and snow of each of the indi-

vidual water samples (Stock and Semmens, 2016). But before running the model, the following terms 

need, according to Stock and Semmens (2016) to be defined in order to get a valuable output: Mixture, 

Sources and Discrimination. As source data, the most recent isotopic composition of snow and rain 

from 2707 water samples in the Vallon de Nant, analysed by Michelon et al. (2022), was chosen. The 

δ2H and the δ18O values of the collected water samples per sampling campaign or per measurement 

station over the research period 2022, determined by L2140-I Isotope and Gas Concentration Analyzer 

(Picarro, Inc.; Santa Clara, California, USA), were attributed to mixture. Finally, the distinction of the 

water into the categories snow and rain, corresponding to the water distinction in the source section, 

was ascribed to discrimination. Based on these inputs, the proportion of rain and snow in the mixture 

were calculated by using the stable isotopes as tracers. Since there is a particular interest in spatial and 

temporal variation between the different sampling stations, the proportions are calculated per sam-

pling station, per sampling campaign as well as per sampling date. 
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4 Results 

This chapter begins with an overview of the meteorological conditions of the research water catch-

ment over the year 2022. Streamflow periods for 2022 are defined based on those of Michelon et al. 

(2023). Then, the results of the salt discharge measurements as well as of the recession analysis are 

presented in the water quantity section. Furthermore, the temporal as well as the spatial variation of 

the water quality variables are discussed. And at last, in the data analysis subchapter, the results of 

the time-of-day analysis, of the concentration-discharge analysis as well as of the correlation and prin-

cipal component analysis are explained.  

4.1 Overview Meteorological Conditions in the Catchment 

In this section, the meteorological conditions of the Vallon de Nant catchment of the year 2022 as well 

as the discharge of the Avançon de Nant, recorded at the outlet, are presented. Then, based on the 

evolution of these variables over the year and by inputs of Michelon et al. (2023), the different stream-

flow periods of 2022 are defined for the Vallon de Nant catchment. Finally, the specific meteorological 

conditions that occur during the sampling campaign are highlighted. 

Overview of the Temperature in the Vallon de Nant 

The temperature range of the Vallon de Nant, recorded at the La Chaux weather station, is from -9°C 

in mid-December to about 21°C in mid-July. Days with mean temperature below zero could be meas-

ured until mid-April and then again from early November on. 

The year 2022 started with positive daily temperature, then the temperature decreased below zero to 

about -9°C (see Figure 8). Afterwards, it continued fluctuating between positive and negative temper-

ature through January, February and March. At the end of March as well as at the beginning of April, 

a cold spell could be notified, when a temperature of about -7°C was recorded. Towards mid-April the 

temperature increased again before it decreased in the second half of April as well as towards the 

beginning of May. Towards mid-May a strong temperature increase up to 17°C was measured, but 

then a quick decline could be noticed. June started warm and the temperature reached about 20°C, 

but afterwards it decreased again and then stayed on a level between 10°C and 15°C. At the beginning 

of July, a temperature rise up to 15°C was recorded, but it fell shortly afterwards again. However, the 

temperature increased again and remained within the range of approximately 17°C and 19°C before 

the downfall at the end of July. August started with a temperature of about 20°C and before the tem-

perature reached 12°C at the end of the month, the temperature fluctuated between 14°C and 17°C. 

The first half of September showed a temperature between 12°C and 18°C, which is in contrast to the 

second half, when a temperature between 1°C and 10°C was recorded. Towards October, the temper-

ature increased up to 13°C and then showed a strong decline. November started cold but then tem-

perature increased to around 10°C. However, in the second half of November and during the whole 

December the temperature fluctuated between low positive and negative values. In mid-December 

the lowest temperature of 2022 of almost -10°C was measured at the La Chaux weather station.  

Overview of the Precipitation in the Vallon de Nant 

Since the precipitation data of the weather station at La Chaux is incomplete over the whole year of 

2022, precipitation data of Sorniot Lac-Inférieur is additionally considered (see chapter 3.1). 

January started dry, while at the beginning of February, a prominent precipitation event of about 38 

mm, indicated as the sum of the daily precipitation amount, was recorded at Sorniot Lac-Inférieur (see 

Figure 8). It can be perceived that March was dry in contrast to April, which showed a series of precip-

itation events through the whole month. In May, one could identify rainfall through the whole month, 
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but at the beginning of May a distinctive precipitation event of about 23 mm was clearly observed and 

another one of about 25 mm at the end of May. June started and ended wet and it included the strong-

est precipitation event of about 54 mm ever recorded at the La Chaux weather station in 2022. The 

beginning of July was dry, but in mid-month there was another prominent precipitation event of about 

37 mm recorded at La Chaux. The start of August was quite dry but towards mid-month a remarkable 

precipitation event of about 29 mm was recorded at Sorniot Lac-Inférieur. In September several pre-

cipitation events with the strongest event of an amount of 31 mm on 28th September 2022 were ob-

served. October started with a precipitation amount of about 22 mm, but otherwise the first half of 

October was dry in contrast to the second half. In November a series of modest precipitation events 

were recorded. Ultimately, December was regarding precipitation events similar to November, but two 

remarkable precipitation events of about 23 mm and 65 mm were recorded in early and mid- Decem-

ber at Sorniot Lac-Inférieur.  

Overview Discharge of the Avançon de Nant 

The lowest discharge was recorded in early February at the outlet and the highest in early October (see 

Figure 8). The discharge increased from mid-March towards mid-May, then there were some discharge 

fluctuations visible from mid-May till mid-June. From the end of June until the end of September a 

decrease of discharge was observed. In early October, a peak of discharge, corresponding to the yearly 

maximum, and another high discharge were identified in mid-October. And, from mid-October until 

the end of December the discharge decreased again, but then towards the end of 2022 another dis-

charge peak was recorded. 

Sampling Campaigns 

The dashed lines in Figure 8 show the visits, when the measurements were taken and the correspond-

ing metadata is explained in Annex C. The sampling days were dry except on 14th August and on 14th 

September. As a further matter, the temperature increased towards the second sampling campaign up 

to almost 20°C. In August, it varied between 12°C and 16°C, whereas in September a temperature of 

about 18.24°C was recorded and finally, the temperature of the last sampling campaign was the lowest 

over the research period.  

In order to lay a foundation for the interpretation of any discharge patterns at the springs, the dis-

charge at the outlet needs to be considered, since it is the sampling station, where continuous dis-

charge data is available. At the outlet, we see a decrease in discharge between the first and the second 

sampling campaign, so we can imagine that at the springs the discharge decreases as well. A slight 

discharge increase towards 28th August was manifested at the outlet, but then it decreased again to-

wards the second last campaign in September. Finally, there was an increased discharge recorded at 

the outlet in the last sampling campaign, so we can imagine that such an increase is also regarded at 

the springs. 
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Figure 8: Overview of meteorological conditions of 2022 in the Vallon de Nant catchment and discharge of the Avançon de 
Nant, measured at the outlet. The daily precipitation amount, determined for both, the La Chaux and the Sorniot-Lac Inféri-
eur, weather stations, as well as the mean daily discharge, recorded at the outlet of the Avançon de Nant, are illustrated over 
2022 (top). Then, the mean daily temperature, measured at La Chaux, is presented (bottom). Furthermore, the visits of the 
Vallon de Nant catchment for performing the measurements are indicated. 

Definition of Streamflow Periods 

The streamflow periods (see Table 5) are visually determined by means of the streamflow curve by 

Michelon et al. (2023) (see Figure 1) as well as by the discharge curve of the Avançon de Nant from 

2022 (see Figure 8) in order to set a context for the streamflow periods of 2022, which are discussed 

in chapter 5.1. 

The baseflow period measured in 2022 lasted a similar length of time to that of 2017, which also lasted 

until mid-March, whereas the early melt period was rather long in 2022 in comparison to correspond-

ing observations of Michelon et al. (2023) (see Figure 1). The melt period of 2022 was similar to the 

one of 2016. The seasonal recession period of 2022 was similar to the one of 2016 and ended before 

the substantial increase of streamflow at the beginning of October, when the next baseflow period 

started. More details about the definition of the recession period 2022 is given below. 
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Table 5: Streamflow periods of the Avançon de Nant of 2016-2018 and 2022. The streamflow periods of the year 2016-2018 
of the study, performed by Michelon et al., 2023, as well as the streamflow periods of 2022 are visually determined, while 
for the former period Figure 1 was considered and for the latter Figure 8.  

Streamflow  

Period 

2016 2017 2018 2022 

Baseflow Period 

(B) 

- end of March 

(2016) 

end September 

(2016) - mid March 

(2017) 

end September 

(2018) - beginning 

of April (2018) 

-mid March 

Early Melt Period 

(E) 

April mid-March - end of 

April  

- mid-March – beginning 

of May 

Melt Period (M) May until  

end of June 

May  early April – end of 

May 

beginning of May –

end-June 

Seasonal Reces-

sion Period (R) 

end of June  

until end of Sep-

tember 

beginning of June 

until end of Sep-

tember 

beginning of June 

until end of Sep-

tember 

end-June until  

end of September 

Definition of Recession Period 

In this Master thesis, the definition of the recession period is based on the classification of the stream-

flow periods according to Michelon et al. (2023) and thus, elaborated by means of the discharge data 

measured at the outlet of the catchment. When considering the evolution of the discharge at the out-

let of the Avançon de Nant in the Vallon de Nant catchment (see Figure 9), the discharge decreases 

from the end of June (24 June 2022) towards the end of September (30 September 2022) before the 

discharge increases again at the beginning of October. So, this time period (see grey part in Figure 9) 

is defined as the recession period of 2022 for the Vallon de Nant catchment. 

 

Figure 9: Definition of recession period of 2022 for the Vallon de Nant catchment. The daily amount of precipitation, recorded 
at both, the La Chaux as well as at the Sorniot-Lac Inférieur, weather stations and the mean daily discharge, measured at the 
outlet of the Avançon de Nant, over 2022 are illustrated.  
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4.2 Water Quantity Variables 

In this subchapter, the recorded discharge data of the springs is discussed, specifically, the spatial var-

iation between the springs and the temporal variation over the research period are analysed. As a 

further matter, the discharge pattern between the springs and the mainstream as well as the recession 

constants are determined in order to gain an understanding of the storage-discharge characteristics of 

the springs.  

Discharge Analysis 

 

Figure 10: Mean discharge of the monitored springs per sampling campaign over research period of 2022. The discharge of 
the springs was determined by salt dilution measurements and then the mean discharge of both sampling days during a 
sampling campaign was calculated. 

Temporal Variation 

Over time, there are two drops in discharge over the observation period: The first is noticeable from 

early July until mid-August and the second decline from end-August until mid-September. In between, 

there is an increase of discharge from mid-August towards end-August and the discharge value of the 

last sampling campaign in October shows again a much higher value compared to the one in Septem-

ber. Aside from the Grass Spring, which shows small temporal discharge variations, all other springs 

and the tributary as well follow that trend except that the discharge of the Black-Blue Pipe Spring and 

the La Chaux Meander increases again slightly towards the beginning of August and that there is quite 

a strong increase in discharge compared to the other sampling stations at the La Chaux Spring in Oc-

tober.  
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Figure 11: Boxplots of discharge per spring. The discharge, measured during the research period from early July until early 
October 2022 by salt dilution measurements, is illustrated per sampling station, located in the Vallon de Nant catchment 

Spatial Variation 

A variation in space is clearly visible when considering the median discharge of the springs. The La 

Chaux Spring has the highest median discharge of approximately 2.5l/s, while the Grass Spring has the 

lowest median discharge of about 0.5l/s, followed by the Black-Blue Pipe Spring, which has a median 

discharge of about 1l/s. The median discharge of the Bridge Spring as well as of the La Chaux Meander 

is almost identical and approximately 1.75l/s.  

Outliers 

There are three outliers recorded at the La Chaux Meander, which show discharge values between 

3.75l/s and 4.5l/s. They can be attributed to the first and to the last sampling campaign.  

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing between which sampling stations 

a significant difference in the mean values of the discharge variable exists, indicate that there is no 

significant difference in the mean discharge between all the pairs of the stations apart from the pair 

La Chaux Spring/Grass Spring.  

Table 6: Results of the statistical significance test of the discharge at the springs. The p-values of the discharge between the 
different pairs of sampling stations are determined by the Tukey Honest Significance Differences (Tukey HSD) test.  

Black-Blue Pipe Spring (s1)         not significant 

Grass Spring (s2)         p<0.05 

Bridge Spring (s3)         p<0.01 

La Chaux Spring (s4)         p<0.001 

La Chaux Meander (t1)          

 s1 s2 s3 s4 t1     

Comparison of the Discharge Pattern between Springs and Mainstream 

In this section, the focus is on analyzing if the discharge at the springs mimics the discharge at the 

outlet over the recession period, which therefore requests comparing the spring discharge within the 

sampling campaign to the temporarily equivalent overall discharge and baseflow of the mainstream. 
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This comparison includes the assessment of whether there is a decrease of the spring discharge, an 

increase or no change within a sampling campaign (see Figures 12 to 16). As a further matter, it is 

analyzed how precipitation events are reflected in the spring discharge. 

Discharge Black-Blue Pipe Spring vs Mainstream 

 

Figure 12: Comparison of discharge between Black-Blue Pipe Spring and Mainstream. The discharge at the Black-Blue Pipe 
Spring is illustrated over the research period (top), determined by salt dilution measurements, the overall discharge as well 
as the baseflow of the mainstream and, additionally, the daily amount of precipitation measured at both, the La Chaux and 
the Sorniot-Lac Inférieur, weather stations over the research period (bottom) are illustrated.  

The mainstream baseflow and its overall discharge are perfectly mimicked by the Black-Blue Pipe 

Spring during the first, second and the last sampling campaign. However, the spring discharge decrease 

within the third sampling campaign cannot be mirrored in the mainstream baseflow but in its overall 

discharge. Exploring in more details the precipitation amount around the third sampling campaign, 

rainfall can be observed the days before, which must have had an impact on the spring discharge 

amount. Besides, there is an increase in the spring discharge during the fourth sampling campaign, 

whereas this increase is noticed neither in the mainstream baseflow nor in its overall discharge. Con-

sidering precipitation, there was a small precipitation event on the second day within this fourth sam-

pling campaign. When taking the fifth and the sixth sampling campaign into consideration, a discharge 

decrease at the Black-Blue Pipe Spring is noticed, but neither one in the mainstream discharge nor in 

its baseflow. In the former case, precipitation occurred the days before, whereas in the latter case no 

previous precipitation events were recorded, but on the second sampling day one could record pre-

cipitation. 
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Discharge Grass Spring vs Mainstream 

 

Figure 13: Comparison of discharge between Grass Spring and Mainstream. The discharge at the Grass Spring is illustrated 
over the research period (top), determined by salt dilution measurements, the overall discharge as well as the baseflow of 
the mainstream and, additionally, the daily amount of precipitation measured at both, the La Chaux and the Sorniot-Lac 
Inférieur, weather stations over the research period (bottom) are illustrated.  

The discharge of the Grass Spring corresponds during the fourth, fifth and last sampling campaign to 

both the mainstream discharge and its baseflow, whereas the discharge of the Grass Spring follows 

the equivalent pattern of the mainstream baseflow during the sixth sampling campaign. As opposed 

to the behavior of the mainstream, the discharge rises during the first sampling campaign as well as 

during the third one, but decreases during the second one.  
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Discharge Bridge Spring vs Mainstream 

 

Figure 14: Comparison of discharge between Bridge Spring and Mainstream. The discharge at the Bridge Spring is illustrated 
over the research period (top), determined by salt dilution measurements, the overall discharge as well as the baseflow of 
the mainstream and, additionally, the daily amount of precipitation measured at both, the La Chaux and the Sorniot-Lac 
Inférieur, weather stations over the research period (bottom) are illustrated. 

The Bridge Spring mimics the mainstream baseflow and its overall discharge during the first and the 

last sampling campaign, whereas the spring discharge mirrors only the mainstream baseflow during 

the third sampling campaign. Additionally, no reaction to the previously occurred precipitation events 

are showed by the spring discharge during the third sampling campaign. The increase of the spring 

discharge during the sixth sampling campaign is reflected in the overall mainstream discharge but not 

in its baseflow, whereas the spring discharge increase in the fourth sampling campaign is neither re-

flected in the mainstream discharge nor in its baseflow. Considering precipitation, within the fourth 

sampling campaign precipitation was recorded on the second sampling day. As already observed at 

the Black-Blue Pipe Spring, there is a discharge decrease at the Bridge spring during the fifth sampling 

campaign, but which is neither mirrored in the mainstream discharge nor in its baseflow. However, a 

precipitation event was recorded just the day before the measurement. Ultimately, an increase of 
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discharge is measured at the Bridge Spring in the second sampling campaign, which is not recorded by 

the mainstream and furthermore, no previous precipitation events occurred.  

Discharge La Chaux Spring vs Mainstream 

 

Figure 15: Comparison of discharge between La Chaux Spring and Mainstream. The discharge at the La Chaux Spring is illus-
trated over the research period (top), determined by salt dilution measurements, the overall discharge as well as the baseflow 
of the mainstream and, additionally, the daily amount of precipitation measured at both, the La Chaux and the Sorniot-Lac 
Inférieur, weather stations over the research period (bottom) are illustrated. 

The La Chaux Spring mimics the mainstream discharge and its baseflow during the fifth sampling cam-

paign, when hardly any changes can be identified. In contrast to the mainstream, an increase of dis-

charge at the La Chaux Spring is observed during the first and last sampling campaign. Identically to 

the other springs, there is an increase of discharge during the fourth sampling campaign. Finally, the 

spring discharge decreases during the second and third sampling campaign, which corresponds in the 

latter case to the mainstream discharge but not to the mainstream baseflow. During the sixth sampling 

campaign, equal conditions of the spring discharge within the campaign can be noticed, which, how-

ever, is in contrast to the mainstream overall discharge, but it corresponds to the baseflow behavior. 
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Discharge La Chaux Meander vs Mainstream 

 

Figure 16: Comparison of discharge between La Chaux Meander and Mainstream. The discharge at the La Chaux Meander is 
illustrated over the research period (top), determined by salt dilution measurements, the overall discharge as well as the 
baseflow of the mainstream and, additionally, the daily amount of precipitation measured at both, the La Chaux and the 
Sorniot-Lac Inférieur, weather stations over the research period (bottom) are illustrated. 

The discharge at the La Chaux Meander mimics the mainstream discharge and baseflow during the 

last sampling campaign. The discharge at the spring increases during the third and fourth campaign, 

which is in contrast to the mainstream behavior, since the mainstream discharge decreases during the 

third campaign and during the fourth it remains equal. However, there was a precipitation event on 

the second day of the fourth sampling campaign and the days before the third sampling campaign 

precipitation events were recorded. Finally, there is a decline of discharge during the second and sixth 

sampling campaign, which is neither reflected in the mainstream discharge nor in its baseflow.  

To sum up, the impact of precipitation on the spring discharge pattern varies depending on the sam-

pling station. All springs, except the Grass Spring, reacted with a discharge increase to a precipitation 

event that happened on the second sampling day during the fourth sampling campaign, but the main-

stream did then not show any changes in discharge. Additionally, when a series of precipitation events 

was recorded before the sampling campaigns, a discharge decrease at the Black-Blue Pipe Spring and 

at the Bridge Spring can be seen, corresponding to the discharge decrease of the mainstream. 
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However, one the La Chaux Spring, Grass Spring and the La Chaux Meander react differently to precip-

itation events that occurred previously to the sampling dates, since they show a discharge increase, 

while the discharge of the mainstream is still decreasing or no changes could be identified. What can 

also be observed is that the discharge at the La Chaux Spring and the La Chaux Meander shows a de-

crease despite the fact that no precipitation events were recorded before.  

Ultimately, the analysis of the above-explained discharge pattern of a sampling station within a sam-

pling campaign is summarized in Table 7 and it is also highlighted in how many cases the springs mimic 

the overall discharge and the baseflow of the mainstream per sampling campaign as well as per sam-

pling station.  

When considering the number of sampling campaigns (SC) in which the springs mimic the overall dis-

charge or the baseflow of the mainstream, spatial differences are noticed (see Table 7, last two rows). 

The discharge pattern of the Black-Blue Pipe Spring as well as of the Grass Spring corresponds in 4 out 

of 7 sampling campaigns in case of the Black-Blue Pipe Spring to the overall discharge and in case of 

the Grass Spring to the baseflow of the mainstream. Then, the discharge pattern of the Bridge Spring 

corresponds in 3 out of 7 sampling campaigns to the overall discharge as well as to the baseflow of the 

mainstream. In contrast to those springs, the discharge pattern of the La Chaux Spring only corre-

sponds in 2 out of 7 sampling campaigns to the overall discharge as well as to the baseflow of the 

mainstream. Additionally, the discharge pattern of the La Chaux Meander corresponds in only one out 

of five sampling campaigns to the overall discharge as well as to the baseflow of the mainstream, while 

it needs to be highlighted that the discharge pattern could only be analysed during five sampling cam-

paigns, since during two sampling campaigns only one discharge value was determined. Temporal dif-

ferences between the sampling campaigns are noticed when analysing the results of by how many 

sampling stations (ST) the discharge or the baseflow pattern of the mainstream was mimicked (see 

Table 7, last two columns). During some campaigns the overall discharge as well as the baseflow pat-

tern of the mainstream are mimicked by the springs to a large extent such as during the last sampling 

campaign, whereas during other sampling campaigns the analysed discharge situations only mimic the 

mainstream discharge pattern to a moderate or even little extent, such as, for instance, during the 

second, fourth or fifth sampling campaign. In addition, during the sixth sampling campaign the dis-

charge of the baseflow is mimicked to a larger extent than the mainstream overall discharge, whereas 

during the other sampling campaigns no differences between mainstream and baseflow are noticed.  
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Table 7: Summary of spring and mainstream discharge pattern during a sampling campaign. The discharge pattern of the springs, of the mainstream as well as of the mainstream baseflow is 
assessed during a sampling campaign, while a discharge decrease (D) is illustrated in orange, a discharge increase in blue and an equivalent discharge (E) in yellow. Then, it is calculated how 
often the overall discharge as well as the baseflow of the mainstream were mimicked per sampling station (ST) and per sampling campaign (SC). 

 Black-Blue 

Pipe Spring 

Grass 

Spring 

Bridge 

Spring 

La Chaux 

Spring 

La Chaux Me-

ander 

River 

Discharge 

River 

Baseflow 

Mimicry of 

River Dis-

charge per SC 

Mimicry of 

River 

Baseflow per 

SC 

5/6 July D I D I NA D D 2/4 2/4 

17/18 July E D I D D E E 1/5 1/5 

6/7 August D I E D I D E 2/5 1/5 

13/14 August I E I I I E E 1/5 1/5 

27/28 August D E D E NA E E 2/4 2/4 

13/14 September D E I E D I E 1/5 2/5 

7/8 October D D D I D D D 4/5 4/5 

Mimicry of River 

Discharge per ST 

4/7 3/7 SC 3/7 SC 2/7 SC 1/5 SC     

Mimicry of River 

Baseflow per ST 

3/7 SC 4/7 SC 3/7 SC 2/7 SC 1/7 SC     
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According to the definition of the baseflow, its amount corresponds to the sum of the discharge of all 

springs, since it reflects the amount of groundwater. Thus, in Figure 17 the percentage to which extent 

all the monitored springs contribute to the mainstream baseflow is illustrated. Overall, the springs 

contribute to a small amount to the mainstream baseflow. As a further matter, the springs contribute 

to a different extent to the mainstream baseflow during the sampling campaigns as well as over the 

whole research period. In addition, the contribution of the springs to the baseflow decreases from 

early July towards mid-July, then increases towards early August before it decreases again towards 

mid-August. Then, it increases again towards end-August and declines towards September before it 

finally increases towards October. When comparing the contributions of the individual sampling cam-

paigns over the research period, the contributions in the range of about 3.25% and 3.5% are the high-

est, determined during the first sampling campaign in early July, during the fifth at the end of August 

as well as during the last sampling campaign in October. Finally, the lowest contribution of a bit more 

than 1.75% is determined during the fourth sampling campaign.  

 

Figure 17: Springs’ fraction of mainstream baseflow over research period. The proportion of the discharge of all the monitored 
springs to the baseflow of the mainstream is determined by adding up all the discharges of the springs per sampling date and 
then calculating the percentage of the baseflow.  
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Results of Calculation of Recession Constants 

When considering the plot where the logarithmic discharge over the research period is illustrated (see 

Figure 18), the mainstream baseflow is identified not to continuously decrease over the recession pe-

riod. Thus, this is an indication that several storages in the catchment contribute to the mainstream 

baseflow. As a consequence, four subperiods are defined (see Figure 18) based on the evolution of the 

mainstream baseflow, similarly to the recession study in the Pescadero Creek (see chapter 3.3), in or-

der to gain an understanding of the different storage contributions. Particularly, the baseflow de-

creases from the beginning of the recession period, from 24th June towards 2ndAugust, which corre-

sponds to the first subperiod and which is also the longest defined subperiod. The second subperiod 

starts on 23th August and ends on 4th September before the baseflow starts increasing from 5th Sep-

tember towards 18th September, which in fact corresponds to a baseflow expansion. The last recession 

subperiod lasts from 19th September until 28th September.  

 

Figure 18: Baseflow of the Avançon de Nant over research period. Four subperiods are defined over the research period by 
analysing the evolution of the mainstream baseflow data. 

Table 8 illustrates the equations, resulting from linear regression, and additionally, the corresponding 

recession constants. The R2 values, indicating how well the model fits the data, are listed. The linear 

model fit is quite accurate for the first, second as well as for the third subperiods, whereas it is low for 

the last subperiod. The recession constants reflect the rate of decrease over discharge of the corre-

sponding period. Thus, the first period has the lowest recession constant and the last the highest (see 

Figure 18). However, the positive alpha in the third period highlights that there is an expansion hap-

pening within the overall recession period and thus, no recession constant was calculated. 
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Table 8: Recession constants of the mainstream baseflow per subperiod. The recession constants are defined by 1/alpha, 
while alpha corresponds to the slope of the equation, which is the result of linear regression of the discharge data. 

Subperiod Equation R² Alpha Recession Constant 1/alpha [d] 

subperiod 1 y = -0.0203x + 908.63 0.9744 -0.0203 49.26 

subperiod 2 y = -0.0087x + 389.71 0.7205 -0.0087 114.94 

subperiod 3 y = 0.0056x - 250.38 0.8132 0.0056 - 

subperiod 4 y = -0.0039x + 173.93 0.3883 -0.0039 256.41 

Figure 19 shows which springs follow the temporal pattern of the subperiods, based on the evolution 

of the mainstream baseflow over the recession period. The Bridge, the Grass and the La Chaux Springs 

show in the first subperiod recession as well, whereas the Black-Blue Pipe Spring and the La Chaux 

Meander show two recessions within the first subperiod. The following subperiods are meaningless 

for the recession constant analysis of the springs since there is only one sampling campaign per sub-

period and thus, no discharge evolution within a period is assessed.  

 

Figure 19: Mean spring discharge of a sampling campaign per sampling station in the corresponding subperiod. The mean 
discharge of a sampling campaign was calculated per spring and additionally, the recession subperiod boundaries, which were 
defined by the analysis of the evolution of the mainstream baseflow, are illustrated.  

Table 9 illustrates the equations, resulting from linear regression, of the first subperiod per spring and 

the corresponding recession constants. The R2 values, indicating how well the model fits the data, are 

listed. The linear model fit is quite accurate for all the springs, where a R2 value exists, but in some 

cases the R2 value corresponds to NA, since it was only a model fit between two points. When consid-

ering the recession constants of the springs, the Black-Blue Pipe Spring shows the lowest recession 

constant, followed by the La Chaux Meander. The Bridge Spring has a recession constant of 22.78 days, 

while the recession constant of the La Chaux Spring is more than the double of the one of the Bridge 
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Spring. Finally, the Grass Spring has a recession constant of almost 122 days and thus, it shows by far 

the largest recession constant.  

Table 9: Recession constants of the springs for the first recession subperiod. The recession constants are defined by 1/al-
pha, while alpha corresponds to the slope of the equation, which is the result of linear regression of the discharge data. 

Spring Equation R² Alpha Recession Constant 1/al-

pha [d] 

Black-Blue Pipe Spring y = -0.142x+6358.7 

y = -0.1558x+6977.2 
NA 

NA 
-0.142 

-0.1558 
7.04 

6.42 

Grass Spring Y=-0.0082x+366.04 0.8521 -0.0082 121.95 

Bridge Spring Y=-0.0439x+1964.3 0.9659 -0.0439 22.78 

La Chaux Spring Y=-0.0211x+946.44 0.9834 -0.0211 47.39 

La Chaux Meander Y=-0.0775x+3467.5 

Y=-0.0622x+2785.9 
NA 

NA 
a=-0.0775 

a=-0.0622 
12.90 

16.08 

4.3 Water Quality Variables 

In this subchapter, the spatial variation between the measurement stations in the Vallon de Nant and 

the temporal variation of the water quality variables such as of the electrical conductivity, the temper-

ature, the pH values as well as of some ions and stable isotopes are presented. 

Electrical Conductivity (EC) 

 

Figure 20: Electrical conductivity (EC) over research period. The EC, measured at the different sampling stations in the Vallon 
de Nant catchment, is illustrated over the research period from early July until early October 2022.  

Temporal Variation 

Overall, the temporal variation (see Figure 20) of the EC is lower at the springs than it is in the main-

stream, whereas in the latter case it depends on the measurement station. There is much more tem-

poral variation recorded at the top station along the mainstream than at the lowest station. Regarding 

the EC values of the mainstream, the values recorded at the Mainstream 1 and the Mainstream 2 de-

crease towards mid-August and then continue increasing towards October, whilst the EC values at the 

Mainstream 3 are then constant. 
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Figure 21: Boxplots of electrical conductivity (EC) per sampling station. The EC, measured during the research period from 
early July until early October 2022, is illustrated per sampling station in the Vallon de Nant catchment.  

Spatial Variation 

At the springs as well as at the tributary higher median EC values are measured than at the stations 

along the mainstream (see Figure 21). The Grass Spring shows the highest median EC value, followed 

by the Black Blue Pipe Spring. The La Chaux Meander as well as the La Chaux Spring have similar median 

values. The Bridge Spring has the lowest median EC among the springs. When considering the median 

EC values measured along the mainstream, the EC is the lowest at the top station and then the EC 

increases with decreasing elevation.  

Outliers 

There is an outlier at the Bridge Spring as well as the La Chaux Spring, at the former of about 230 µS/cm 

and at the latter of about 223 µS/cm. Both values are recorded on 5th July 2022. Besides, there are 

several outliers at the La Chaux Meander of about 217 µS/cm and 219 µS/cm measured on 5th and 6th 

July 2022 and of 242 µS/cm and 245 µS/cm recorded on 13th and 14th August 2022.  

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing between which sampling stations 

a significant difference in the mean values of the electrical conductivity variable exists, indicate that 

there are significant differences between almost all pairs of sampling stations, apart from the following 

pairs: Mainstream 1/Mainstream 2, La Chaux Spring/Black-Blue Pipe Spring, La Chaux Meander/Bridge 

Spring and La Chaux Meander/La Chaux Spring.  
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Table 10: Results of the statistical significance test of the electrical conductivity. The p-values of the electrical conductivity 
between the different pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey HSD) 
test. 

Mainstream 1 (r1)                    not significant 

Mainstream 2 (r2)                    p<0.05 

Mainstream 3 (r3)                    p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (s2)                    

Bridge Spring (s3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    

Temperature 

 

Figure 22: Temperature over research period. The temperature, measured at the different sampling stations in the Vallon de 
Nant catchment, is illustrated over the research period from early July until early October 2022. 

Temporal Variation 

The temporal variation of the temperature (see Figure 22) is much lower at the springs than it is at the 

tributary and at the stations along the mainstream, while in the latter case the extent of variation also 

depends on the station. There is much more temporal variation recorded at the second and the third 

station along the mainstream than at the lowest station. During a sampling campaign the temperature 

is measured once in the afternoon and once in the morning in order to identify any diurnal changes. 

When considering the temperature values of the mainstream as well as of the tributary some time-of-

day variations are observed. While the temperature of the springs is rather constant over time, the 

temperature of the mainstream decreases from early July until early October, whereas in between 

some increases are visible.  
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Figure 23: Boxplots of temperature per sampling station. The temperature, measured during the research period from early 
July until early October 2022, is illustrated per sampling station in the Vallon de Nant catchment. 

Spatial Variation 

The La Chaux Spring, followed by the Bridge Spring, shows the lowest median temperature (see Figure 

23), while the median of the Black-Blue Pipe as well as of the Grass Spring almost corresponds to the 

one of the Mainstream 2. The highest median temperature is measured at the Mainstream 3, whilst 

the temperature of the La Chaux Meander almost corresponds to the Mainstream 1. 

Outlier 

The temperature of 12.5°C, measured at the Mainstream 1 on 6th July 2022, is an outlier. In addition, 

a temperature of 4.5°C and of 14°C is recorded at the Mainstream 3 on 8th October 2022 and on 13th 

August 2022 respectively. Referring to the outliers at the springs, there is one of 4.8°C recorded at the 

Grass Spring on 7th October 2022; one of 5.5°C and of 5.2°C at the Bridge Spring measured on 5th and 

6th July 2022 and at last, another outlier of 4.5°C at the La Chaux Spring on 7th October 2022.  

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing between which sampling stations 

a significant difference in the mean values of the temperature variable exists, indicate that there are 

significant differences between the springs and the Mainstream 1 as well as the Mainstream 3, while 

the mean temperature of the Mainstream 2 is not significantly different from the springs, but from the 

La Chaux Meander and the Mainstream 3. In addition, the mean temperature values of all springs, 

apart from the Grass Spring, are significantly different from the La Chaux Meander. 
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Table 11: Results of the statistical significance test of the temperature. The p-values of the temperature between the differ-
ent pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey HSD) test. 

Mainstream 1 (r1)                    not significant 

Mainstream 2 (r2)                   p<0.05 

Mainstream 3 (r3)                   p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (s2)                   

Bridge Spring (s3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    

Long-Term Temperature Measurement 

Whilst the temperature values in the Figures 22 and 23 reflect the water temperature at a specific 

time, the temperature below (see Figure 24) illustrates the water temperature over the whole research 

period. However, the continuous temperature measurements confirm the above-described observa-

tions of the temperature evolution over the recession period. The temperature at the springs shows 

little variation in comparison to the temperature recorded at the La Chaux Meander. The temperature 

curves of the springs are even slightly concave, indicating a light increase towards mid-August and then 

decrease towards October. At the La Chaux Meander the temperature increases towards mid-August 

and then, aside from the abrupt decline at the end of August, it gradually decreases towards October. 

Nonetheless, noise is observed, particularly, at the La Chaux Spring between mid-July and early August, 

which is explained in details in chapter 5.3. 
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Figure 24: Continuous temperature measurement at the springs over research period. The temperature was continuously 
measured by temperature logger (HOBO Pendant Temperature/Light 64K Data Loggers; Onset, Bourne, United States) at all 
the monitored springs in the Vallon de Nant catchment over the research period from early July until early October 2022  
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pH Value 

 

Figure 25: pH value over research period. The pH value, measured at the different sampling stations in the Vallon de Nant 
catchment, is illustrated over the research period from early July until early October 2022. 

Temporal Variation 

Regarding the temporal variation (see Figure 25) the pH value decreases towards the second sampling 

campaign and then it is more or less constant before it increases again towards October. However, the 

La Chaux Meander, the La Chaux and the Black-Blue Pipe Spring vary more than the Bridge or the Grass 

Spring. When considering the values recorded from the mainstream, some temporal variations at the 

Mainstream 1 and at the Mainstream 2 are identified, whereas at the Mainstream 3, each value that 

differs from 7.8 is recorded as an outlier.  

 

Figure 26: Boxplots of pH value per sampling station. The pH value, measured during the research period from early July until 
early October 2022, is illustrated per sampling station in the Vallon de Nant catchment. 
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Spatial Variation 

There is little spatial variation among all the measurement stations (see Figure 26) since they all have 

median pH values between 7.6 and 7.8, aside from that of the Black-Blue Pipe and the Grass Spring. A 

median value of about 7.4 is determined at the Black-Blue Pipe Spring and at the Grass Spring of about 

7.1. Additionally, the stations along the mainstream tend to have higher values than the springs.  

Outliers 

Most outliers are recorded during the last sampling campaign: 8.3 at the Mainstream 1, 8.2 at the 

Mainstream 2, 8.3 and 8.4 at the Mainstream 3, 7.7 at the Grass Spring. In addition, there are several 

outliers recorded at the Mainstream 3, in particular, each value that differs from 7.8 is considered as 

an outlier, which is the case on 5th of July 2022, when a value of 8.1 is recorded, on 17th and 18th July 

2022 as well as on 7th August 2022, when a pH value of 7.7 is measured.  

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing between which sampling stations 

a significant difference in the mean values of the pH variable exists, indicate that there are particularly 

significant differences between the Grass Spring and all the other sampling stations as well as between 

the following pairs: Mainstream 1/Black-Blue Pipe Spring and Mainstream 3/ Black-Blue Pipe Spring. 

Table 12: Results of the statistical significance test of the pH value. The p-values of the pH values between the different 
pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey HSD) test. 

Mainstream 1 (r1)                    not significant 

Mainstream 2 (r2)                    p<0.05 

Mainstream 3 (r3)                    p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (s2)                   

Bridge Spring (s3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    
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Anion – Fluoride  

 

Figure 27: Fluoride concentration over research period. The fluoride concentration, determined by ion chromatography, is 
illustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early October 
2022. 

Temporal Variation 

The temporal variation (see Figure 27) is more pronounced than the spatial variation. There is a weak 

increase towards the beginning of August, then a strong decrease from end-August until mid-Septem-

ber and ultimately, another rise in concentration is recorded during the last sampling campaign. The 

fluoride concentrations vary stronger in the mainstream than at the springs apart from the Bridge 

Spring. Additionally, the fluoride concentration varies with the time of the day, which can be identified, 

for instance, at the Bridge Spring during the first and second sampling campaign or at the Mainstream 

3 in September.  

 

Figure 28: Boxplots of fluoride concentration per sampling station. The fluoride concentration, determined by ion chroma-
tography for all the collected water samples during the research period from early July until early October 2022, is illus-
trated per sampling station in the Vallon de Nant catchment.  
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Spatial Variation 

The median concentration of fluoride (see Figure 28) varies less among the stations along the main-

stream than among the springs. The Black-Blue Pipe Spring shows the highest median concentration 

of about 0.14mg/l, followed by the Bridge and the Grass Spring, while at the La Chaux Spring the lowest 

concentration of about 0.08m/l is measured, which is slightly lower than the one of the La Chaux Me-

ander. 

Outlier 

Outliers are recorded at the Black-Blue Pipe Spring on 13th and 14th September 2022 of 0.04 mg/l and 

0.03 mg/l as well as at the Grass Spring on 27th August 2022 of 0.01mg/l and on 13th and 14th September 

2022 of about 0.02mg/l.  

Results of Statistical Significance Test 

Sine the p-value of the one-way ANOVA test was larger than 0.05, no statistically significant difference 

of the fluoride mean concentrations between the sampling stations can be noticed.  

Anion – Chloride 

 

Figure 29: Chloride concentration over research period. The chloride concentration, determined by ion chromatography, is 
illustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early October 
2022. 

Temporal Variation 

The temporal variation (see Figure 29) is truly similar among all the sampling stations. The general 

pattern is that the chloride concentration decreases slightly towards mid-August and it increases again 

at the end of August before it decreases towards October. Occasionally, there are distinct variations 

during a sampling campaign and thus , depending on the time of the day. 
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Figure 30: Boxplots of chloride concentration per sampling station. The chloride concentration, determined by ion chroma-
tography for all the collected water samples during the research period from early July until early October 2022, is illustrated 
per sampling station in the Vallon de Nant catchment. 

Spatial Variation 

There is a very small spatial variation of the chloride concentration (see Figure 30) among the sampling 

stations. The median chloride concentrations of the stations along the mainstream are slightly lower 

than the ones of the springs apart from the La Chaux Spring, which shows a similar median concentra-

tion as the one of the Mainstream 1 and the Mainstream 2. 

Results of Statistical Significance Test 

Sine the p-value of the one-way ANOVA test was larger than 0.05, no statistically significant difference 

of the chloride mean concentrations between the sampling stations can be noticed.  

Anion – Nitrite 

 

Figure 31: Nitrite concentration over research period. The nitrite concentration, determined by ion chromatography, is illus-
trated per sampling station in the Vallon de Nant catchment over the research period from early July until early October 2022. 
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Temporal Variation 

There is a strong increase of the nitrite concentration from end-July towards end-August and from mid-

September a slight decrease towards early October is noticeable (see Figure 31) Variations during a 

sampling campaign are not observable, apart from a small extent at the La Chaux Meander.  

 

Figure 32: Boxplots of nitrite concentration per sampling station. The nitrite concentration, determined by ion chromatog-
raphy for all the collected water samples during the research period from early July until early October 2022, is illustrated per 
sampling station in the Vallon de Nant catchment. 

Spatial Variation 

There is hardly any spatial variation (see Figure 32) of the nitrite concentration visible. All median ni-

trite concentrations are within the range of 0.105mg/l and 0.11mg/l apart from the one of the La Chaux 

Meander, which is slightly lower. In addition, not at all stations nitrite is measured during every sam-

pling campaign, but at the La Chaux Meander and at the Mainstream 3 nitrite is observed more regu-

larly than at the other stations.  

Outliers 

Outliers, which are recorded at the Mainstream 1, the Mainstream 2, the Bridge Spring and at the La 

Chaux Meander during the second sampling campaign, correspond to a smaller concentration than 

0.07mg/l. Another outlier of about 0.1025mg/l is determined at the Grass Spring on 7th October 2022. 

Results of Statistical Significance Test 

Sine the p-value of the one-way ANOVA test was larger than 0.05, no statistically significant difference 

of the nitrite mean concentrations between the sampling stations can be noticed.  
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Anion - Nitrate 

 

Figure 33: Nitrate concentration over research period. The nitrate concentration, determined by ion chromatography, is il-
lustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early October 
2022. 

Temporal Variation 

The nitrate concentration is rather constant over time (see Figure 33), but the temporal variation is 

more pronounced at the Mainstream 3, the Black-Blue Pipe and the Grass Spring. There, the nitrate 

concentration increases towards October. Concentration variations, such as the decrease towards mid-

August, can be noticed at all stations. Variations during a sampling campaign are occasionally visible, 

such as at the Grass and at the Black-Blue Pipe Spring at the end of August. 

 

Figure 34: Boxplots of nitrate concentration per sampling station. The nitrate concentration, determined by ion chromatog-
raphy for all the collected water samples during the research period from early July until early October 2022, is illustrated per 
sampling station in the Vallon de Nant catchment. 
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Spatial Variation 

The spatial variation is limited among the sampling stations (see Figure 34). The median nitrate con-

centrations are lower at the stations along the mainstream than at the springs. However, the Grass 

Spring has the highest median nitrate concentration of about 2.8mg/l, followed by the Black-Blue Pipe 

Spring, while the lowest one is recorded at the Mainstream 3 of about 1.3mg/l.  

Outliers 

The outliers at the stations along the mainstream are all about 1.6mg/l and are recorded in October. 

The outlier at the Black-Blue Pipe Spring of about 2.2mg/l is measured on 28th August 2022, while the 

outlier of about 2 mg/l can be attributed to the La Chaux Meander on 27th August 2022. At the Bridge 

Spring an outlier of 1.9 mg/l is measured and at the Bridge Spring several outliers are identified such 

as one of about 1.4 mg/l in mid-July and one of 1.6 mg/l in October. 

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing whether between two sampling 

stations a significant difference in the mean values of the nitrate concentration exists, indicate that the 

Bridge Spring as well as the La Chaux Spring are not significantly different from almost all stations along 

the mainstream. In addition, the nitrate concentration of the La Chaux Spring and the La Chaux Mean-

der is not significantly different from the Bridge Spring.  

Table 13: Results of the statistical significance test of the nitrate concentration. The p-values of the nitrate concentration 
between the different pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey HSD) 
test. 

Mainstream 1 (r1)                    not significant 

Mainstream 2 (r2)                    p<0.05 

Mainstream 3 (r3)                    p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (s1)                   

Bridge Spring (s3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    
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Anion - Phosphate 

 

Figure 35: Phosphate concentration over research period. The phosphate concentration, determined by ion chromatography, 
is illustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early October 
2022. 

Temporal Variation 

The phosphate concentration is constant until early August (see Figure 35), when it strongly increases 

before it decreases again towards end-August and finally, remains more or less on the same level. The 

extent of concentration increase in early August varies depending on the station. It is particularly pro-

nounced at the stations along the mainstream and at the Black-Blue Pipe and the Grass Spring, while 

the increase is lower at the Bridge and the La Chaux Spring as well as at the La Chaux Meander. Varia-

tions during a sampling campaign can hardly be identified. 

 

Figure 36: Boxplots of phosphate concentration per sampling station. The phosphate concentration, determined by ion chro-
matography for all the collected water samples during the research period from early July until early October 2022, is illus-
trated per sampling station in the Vallon de Nant catchment. 

Spatial Variation 

There is hardly any spatial variation (see Figure 36) visible among the different sampling stations. The 

median phosphate concentrations of all the sampling stations range within 0.075mg/l and 0.1mg/l with 
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the exception of the La Chaux Meander that has a median phosphate concentration slightly lower than 

0.15mg/l. Besides, not at every station and not on each sampling date a phosphate concentration is 

determined.  

Outliers 

In mid-July outliers of about 0.12mg/l at the Mainstream 3, of 0.31mg/l at the La Chaux Meander and 

of 0.21mg/l at the Mainstream 2 are recorded. At the Mainstream 2 another outlier of about 0.39 mg/l 

is manifested in early August. At the Mainstream 1 a concentration of 0.57mg/l, at the Black-Blue Pipe 

Spring of 0.31mg/l, at the Grass Spring of 0.42mg/l and at the Bridge Spring of about 0.18mg/l is meas-

ured in mid-August. 

Results of Statistical Significance Test 

Sine the p-value of the one-way ANOVA test was larger than 0.05, no statistically significant difference 

of the phosphate mean concentrations between the sampling stations can be noticed.  

Anion – Sulphate 

 

Figure 37: Sulphate concentration over research period. The sulphate concentration, determined by ion chromatography, is 
illustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early October 
2022. 

Temporal Variation 

An increase in sulphate concentration over the research period at most of the stations (see Figure 37) 

can be observed. However, at the Grass Spring, the La Chaux Spring and at the La Chaux Meander the 

sulphate concentration decreases towards October. Variations depending on the time of the day is 

noticed at the Mainstream 3 as well as at the Grass Spring during the fifth sampling campaign.  
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Figure 38: Boxplots of sulphate concentration per sampling station. The sulphate concentration, determined by ion chroma-
tography for all the collected water samples during the research period from early July until early October 2022, is illustrated 
per sampling station in the Vallon de Nant catchment. 

Spatial Variation 

A spatial variation among the sampling stations is visible (see Figure 38), while the spatial variation of 

the median sulphate concentration is smaller among the stations along the mainstream than among 

the springs. The Black-Blue Pipe Spring has the highest median sulphate concentration of about 

21mg/l, whereas the La Chaux Meander has the lowest of about 9.5mg/l. The Bridge, the La Chaux and 

the Grass Spring have similar median concentrations. Furthermore, the median concentration of the 

Mainstream 1 and the Mainstream 2 are almost equivalent, namely approximately 15.5mg/l, whereas 

the median of the Mainstream 3 is about 17mg/l.  

Outliers 

Two outliers can be manifested, one at the Mainstream 2, which has a value of about 12.5mg/l and is 

recorded on 5th July 2022, and one at the Black-Blue Pipe Spring of about 17mg/l on 28th August 2022. 

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing whether between two sampling 

stations a significant difference in the mean values of the sulphate concentration exists, indicate that 

the La Chaux Meander as well as the Black-Blue Pipe Spring show significantly different sulphate con-

centrations from all the other sampling stations. In addition, the following pairs show significant dif-

ferences: Grass Spring/Bride Spring, Grass Spring/Mainstream 3. 
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Table 14: Results of the statistical significance test of the sulphate concentration. The p-values of the sulphate concentra-
tion between the different pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey 
HSD) test. 

Mainstream 1 (r1)                    not significant 

Mainstream 2 (r2)                    p<0.05 

Mainstream 3 (r3)                    p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (S2)                   

Bridge Spring (s3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    
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Cation - Ammonium 

 

Figure 39: Ammonium concentration over research period. The ammonium concentration, determined by ion chromatog-
raphy, is illustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early 
October 2022. 

Temporal Variation 

The ammonium concentration is on a constant level until early August and then it starts increasing to 

a different extent depending on the station, but it decreases again towards end-August (see Figure 39). 

Before the increase in early August, the concentration at the La Chaux Meander, the Mainstream 2 

and the Mainstream 3 strongly rises. During the third sampling campaign in early August a variation in 

the ammonium concentration is visible. In case of the La Chaux Meander also a strong variation during 

the fourth campaign is observed. However, the ammonium occurrence is irregular over the research 

period. During the fifth sampling campaign only at the Bridge Spring, during the sixth only at the La 

Chaux Meander and during the last sampling campaign only at the Grass Spring ammonium is meas-

ured.  

 

Figure 40: Boxplots of ammonium concentration per sampling station. The ammonium concentration, determined by ion 
chromatography for all the collected water samples during the research period from early July until early October 2022, is 
illustrated per sampling station in the Vallon de Nant catchment.  
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Spatial Variation 

The spatial variation of the median ammonium concentration is small (see Figure 40). The median con-

centration of the La Chaux Meander with a value of 0.08 mg/l is the highest, followed by the Main-

stream 3, whilst the ammonium concentration at the Bridge Spring with a value of 0.02mg/l is the 

lowest and the one at the Mainstream 1 the second lowest.  

Outliers 

At the Mainstream 1 a value of 0.27mg/l on 7th August 2022, at the Mainstream 2 one of 0.27mg/l on 

17th July 2022 and at the Black-Blue Pipe Spring a concentration of 0.12mg/ on 14th August 2022 is 

measured. In addition, a concentration of 0.29 mg/l at the Grass Spring on 8th August 2022, one of 

0.07mg/l at the Bridge Spring on 13th August 2022 and values of 0.3mg/l and 0.32 mg/l at the La Chaux 

Meander on 17th July and 18th August 2022 are determined. 

Results of Statistical Significance Test 

Sine the p-value of the one-way ANOVA test was larger than 0.05, no statistically significant difference 

of the ammonium mean concentrations between the sampling stations can be noticed.  
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Cation - Calcium 

 

Figure 41: Calcium concentration over research period. The calcium concentration, determined by ion chromatography, is 
illustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early October 
2022. 

Temporal Variation 

The calcium concentration changes little over the research period (see Figure 41). But the calcium con-

centration increases from early August towards mid-August before it declines towards the original 

concentration level. The mainstream shows in contrast to the springs more variations during the sam-

pling campaigns with the exception of the Black-Blue Pipe as well as the Grass Spring, which show 

variations during the fifth sampling campaign.  

 

Figure 42: Boxplots of calcium concentration per sampling station. The calcium concentration, determined by ion chromatog-
raphy for all the collected water samples during the research period from early July until early October 2022, is illustrated per 
sampling station in the Vallon de Nant catchment. 

Spatial Variation 

There is quite a spatial variation of the calcium concentration discernible (see Figure 42), while the 

mainstream shows lower median calcium concentrations than the springs do. The lowest median 
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calcium concentration of about 32mg/l is observed at the Mainstream 3, followed by the Mainstream 

2 and the Mainstream 1, whilst the highest calcium concentrations are measured at the Grass Spring 

of approximately 50.5mg/l, followed by the La Chaux Meander and the La Chaux Spring. Finally, the 

Black-Blue Pipe Spring has a median calcium concentration of about 42.5mg/l and the Bridge Spring of 

about 39mg/l.  

Outlier 

The outliers at the Mainstream 1, the Black-Blue Pipe and the Grass Spring occur during the fifth sam-

pling campaign and have concentrations of 43mg/l and 46mg/l. Whereas the ones at the La Chaux 

Meander are recorded on 5th July 2022 and 14th August 2022 with values of 43mg/l and 47mg/l.  

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing whether between two sampling 

stations a significant difference in the mean values of the calcium concentration exists, indicate that 

there are significantly different calcium concentrations between almost all possible pairs of sampling 

stations apart from the following ones: Mainstream 1/Mainstream 2, Mainstream 1/Bridge Spring, 

Mainstream 2/Bridge Spring, Black-Blue Pipe Spring/La Chaux Spring, La Chaux Spring/La Chaux Mean-

der. 

Table 15: Results of the statistical significance test of the calcium concentration. The p-values of the calcium concentration 
between the different pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey HSD) 
test. 

Mainstream (r1)                    not significant 

Mainstream (r2)                    p<0.05 

Mainstream (r3)                    p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (s2)                   

Bridge Spring (s3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    
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Cations – Potassium 

 

Figure 43: Potassium concentration over research period. The potassium concentration, determined by ion chromatography, 
is illustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early October 
2022. 

Temporal Variation 

The potassium concentration increases slightly towards October (see Figure 43), but there are varia-

tions within that time period. Especially the Mainstream 3, the Bridge Spring and the La Chaux Mean-

der show stronger temporal variations than the other stations. The concentration at the La Chaux Me-

ander increases towards mid-August before it decreases again. Similarly at the Mainstream 2, but there 

the increase is manifested towards mid-September. The potassium concentration, measured at the 

Bridge Spring, declines towards mid-July, then it remains constant before showing another increase at 

end-August and then decreases towards October. Variations during a sampling campaign cannot be 

identified except slightly at the Mainstream 2 during the fourth sampling campaign. 

 

Figure 44: Boxplots of potassium concentration per sampling station. The potassium concentration, determined by ion chro-
matography for all the collected water samples during the research period from early July until early October 2022, is illus-
trated per sampling station in the Vallon de Nant catchment. 
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Spatial Variation 

The potassium concentration varies to a limited extent among the sampling stations (see Figure 44). 

The Mainstream 2, the Black-Blue Pipe, the Grass and the La Chaux Spring have all median potassium 

concentrations of about 0.12mg/l, whereas the Mainstream 3, the Bridge Spring as well as the La Chaux 

Meander have a median concentration of around 0.17mg/l.  

Outliers 

In early July outliers of about 0.06mg/l at the Mainstream 2 as well as at the Mainstream 3, one of 

0.07mg/l at the Black-Blue Pipe and at the La Chaux Spring are recorded. At the La Chaux Spring an-

other outlier of about 0.8 mg/l is measured in early July. At the Black-Blue Pipe Spring an outlier of 

about 0.13mg/l occurs in mid-September. At last, an outlier of about 0.32mg/l is observed at the La 

Chaux Meander on 14th August 2022.  

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing whether between two sampling 

stations a significant difference in the mean values of the potassium concentration exists, indicate that 

there are no significantly different potassium concentrations between almost all possible pairs of sam-

pling stations, apart from the following ones: Mainstream 3/Mainstream 2, Mainstream 3/Black-Blue 

Pipe Spring, Mainstream 3/Grass Spring, Mainstream 3/La Chaux Spring. 

Table 16: Results of the statistical significance test of the potassium concentration. The p-values of the potassium concen-
tration between the different pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey 
HSD) test. 

Mainstream 1 (r1)                    not significant 

Mainstream 2 (r2)                    p<0.05 

Mainstream 3 (r3)                    p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (s2)                   

Bridge Spring (s3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    
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Cations – Magnesium 

 

Figure 45: Magnesium concentration over research period. The magnesium concentration, determined by ion chromatog-
raphy, is illustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early 
October 2022. 

Temporal Variation 

The magnesium concentrations vary little at most of the sampling stations over the research period 

apart from the Mainstream 2 (see Figure 45). But the concentration slightly increases from the begin-

ning of August towards mid-August at all sampling stations and then decreases again at the end of 

August before levelling off. Variations during the sampling campaign are particularly identified at the 

Mainstream 2, whereas at the other stations they are much less pronounced. 

 

Figure 46: Boxplots of magnesium concentration per sampling station. The magnesium concentration, determined by ion 
chromatography for all the collected water samples during the research period from early July until early October 2022, is 
illustrated per sampling station in the Vallon de Nant catchment 
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Spatial Variation  

There is a clear spatial variation among the sampling stations visible (see Figure 46). The La Chaux 

Meander has the lowest median magnesium concentration of about 2.4mg/l, followed by the Bridge 

Spring, whereas the Black-Blue Pipe Spring shows the highest median concentration of approximately 

5.2mg/l. As a further matter, the spatial variation at the stations along the mainstream is smaller than 

it is among the springs. The median magnesium concentration of the Mainstream 3 of about 3.3mg/l 

is much lower than the concentration of the Mainstream 1 and the Mainstream 2.  

Outliers 

At the Grass Spring outliers of about 3.6 mg/l and 3.7mg/l during the first sampling campaign and one 

of 4.5mg/l on 28th August 2022 are recorded. At the Black-Blue Pipe Spring a value of 4.5mg/l on 28th 

August 2022 and one of 3.9mg/l at the La Chaux Spring on 14th August 2022 are measured.  

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing whether between two sampling 

stations a significant difference in the mean values of the magnesium concentration exists, indicate 

that there are significantly different magnesium concentrations between almost all possible pairs of 

sampling stations apart from the following pairs: Mainstream 1/Mainstream 2, Mainstream 1/La Chaux 

Spring, Mainstream 1/Grass Spring, Mainstream 2/Grass Spring, Mainstream 2/La Chaux Spring, Grass 

Spring/La Chaux Spring. 

Table 17: Results of the statistical significance test of the magnesium concentration. The p-values of the magnesium con-
centration between the different pairs of sampling stations are determined by the Tukey Honest Significant Differences 
(Tukey HSD) test. 

Mainstream 1 (r1)                    not significant 

Mainstream 2 (r2)                    p<0.05 

Mainstream 3 (r3)                    p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (s2)                   

Bridge Spring (S3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    
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Cations – Sodium 

 

Figure 47: Sodium concentration over research period. The sodium concentration, determined by ion chromatography, is 
illustrated per sampling station in the Vallon de Nant catchment over the research period from early July until early October 
2022.Temporal Variation 

The temporal variation is quite pronounced (see Figure 47). The sodium concentration is more or less 

constant until early August, then it starts increasing towards end-August and levels off, before it de-

creases again towards October. At the La Chaux Spring an increase of can be noticed in mid-July. At 

last, variations during a sampling campaign are hardly observable.  

 

Figure 48: Boxplots of sodium concentration per sampling station. The sodium concentration, determined by ion chromatog-
raphy for all the collected water samples during the research period from early July until early October 2022, is illustrated per 
sampling station in the Vallon de Nant catchment. 

Spatial Variation 

The spatial variation of the sodium concentration is limited (see Figure 48). The La Chaux Spring has 

the highest median concentration, followed by the Mainstream 3, while a concentration of about 

0.5mg/l is measured at the Black-Blue Pipe, the Grass Spring as well as at the Mainstream 2. The 
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median sodium concentrations of the Bridge Spring and the La Chaux Meander are almost identical, 

namely approximately 0.6mg/l and the one of the Mainstream 1 is about 0.7mg/l.  

Outliers 

One outlier of about 3.4 mg/l is recorded at the La Chaux Meander on 13th September 2022.  

Results of Statistical Significance Test 

Sine the p-value of the one-way ANOVA test was larger than 0.05, no statistically significant difference 

of the sodium mean concentrations between the sampling stations can be noticed.  

Isotopes – Deuterium (δ2H) 

 

Figure 49: Deuterium content over research period. The deuterium content, determined by the L2140-I Isotope and Gas 
Concentration Analyzer (Picarro, Inc.; Santa Clara, California, USA), is illustrated per sampling station in the Vallon de Nant 
catchment over the research period from early July until early October 2022. 

Temporal Variation 

An increase in the δ2H composition is noticed over time (see Figure 49). At the beginning of August, 

the δ2H content at the La Chaux Meander, the Black-Blue Pipe Spring and at all the stations along the 

mainstream decreases. In addition, there is a clear increase visible at all the stations from mid-August 

towards end-August, then it decreases before rising again towards October. However, not all stations 

show temporal variations to the same extent. The Mainstream 3 as well as the Black-Blue Pipe Spring 

show stronger temporal variation, while the δ2H composition varies less at the Bridge and the La Chaux 

Spring. Ultimately, variations of the δ2H content during a sampling campaign can be identified to some 

extent but are more pronounced in the mainstream. 
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Figure 50: Boxplots of deuterium content per sampling station. The deuterium content, determined by the L2140-I Isotope 
and Gas Concentration Analyzer (Picarro, Inc.; Santa Clara, California, USA), for all the collected water samples during the 
research period from early July until early October 2022, is illustrated per sampling station in the Vallon de Nant catchment. 

Spatial Variation 

When considering the median δ2H content spatial variation is observed (see Figure 50). The smallest 

median δ2H content is identified at the Bridge Spring with a median of about -88.5 ‰, followed by the 

Mainstream 2 and the La Chaux Spring, whereas the largest one at the Grass Spring, with an amount 

of -81 ‰. The median δ2H content of the La Chaux Meander and the Black-Blue Pipe Spring is similar, 

namely about -84.5 ‰. The Mainstream 3 with a value of -83.5 ‰ shows the highest median δ2H 

amount among the stations along the mainstream, followed by the Mainstream 2. 

Outliers 

Most of the outliers are attributed to the last sampling campaign: Grass Spring with a value of about -

78‰, Bridge Spring with values of around -86.5‰, La Chaux Spring with a δ2H content of about -86‰. 

The outlier at the Mainstream 2 occurred on 8th September 2022 and has a δ2H content of about -

84‰.  

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing whether between two sampling 

stations a significant difference in the mean values of the deuterium content exists, indicate that there 

are significantly different deuterium contents between almost all possible pairs of sampling stations. 

However, the Mainstream 1 and Mainstream 2 are not significantly different in their deuterium con-

tent from the Bridge and the La Chaux Spring. Other pairs without any significant difference in the 

deuterium content are the following: La Chaux Meander/Mainstream 3, La Chaux Meander/Black-Blue 

Pipe Spring, Mainstream 3/Black-Blue Pipe Spring, Mainstream 1/Mainstream 2, Bridge Spring/La 

Chaux Spring. 
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Table 18: Results of the statistical significance test of the deuterium content. The p-values of the deuterium content be-
tween the different pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey HSD) test. 

Mainstream 1 (r1)                    not significant 

Mainstream 2(r2)                    p<0.05 

Mainstream 3 (r3)                    p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (s2)                   

Bridge Spring (s3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    
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Isotopes –δ18O 

 

Figure 51: δ18O content over research period. The δ18O content, determined by the L2140-I Isotope and Gas Concentration 
Analyzer (Picarro, Inc.; Santa Clara, California, USA), is illustrated per sampling station in the Vallon de Nant catchment over 
the research period from early July until early October 2022. 

Temporal Variation 

An increase of the δ18O values is observed over the whole research period (see Figure 51). However, 

not all stations vary to the same extent. For instance, there is little variation at the Bridge and the La 

Chaux Spring and thus, their composition is more or less constant before the increase from mid-Sep-

tember towards early October, while more variations are observed at the other stations. For example, 

the Black-Blue Pipe, the Grass and the Bridge Spring as well as the La Chaux Meander show a decrease 

from early July until mid-July before the δ18O content rises at all the mentioned stations except at the 

Grass Spring again towards early August. The growth from mid-July until early August is observed at 

the stations along the mainstream. Then, there is another decline in the δ18O content towards mid-

August before the δ18O content either increases or remains on the same level until mid-September, 

which is observed at most stations, except at the Mainstream 3, showing a decrease and at the La 

Chaux Meander, where it levels off. At last, variations during a sampling campaign are particularly no-

ticed at the stations along the mainstream and at the Black-Blue Pipe and the Grass Spring at the end 

of August.  
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Figure 52: Boxplots of δ18O content per sampling station. The δ18O content, determined by the L2140-I Isotope and Gas Con-
centration Analyzer (Picarro, Inc.; Santa Clara, California, USA) for all the collected water samples during the research period 
from early July until early October 2022, is illustrated per sampling station in the Vallon de Nant catchment. 

Spatial Variation 

The δ18O content varies spatially (see Figure 52). The smallest median δ18O content is manifested at 

the Bridge Spring as well as at the Mainstream 2 with a median amount of approximately -12.55 ‰, 

followed by the La Chaux Spring, whilst the largest at the Grass Spring, with an amount of -11.6 ‰. 

The median δ18O content of the Mainstream 3 and the Black-Blue Pipe Spring is similar. A slightly lower 

median δ18O content is measured at the La Chaux Meander.  

Outlier 

Most outliers are recorded during the last sampling campaign such as at the Grass Spring with a δ18O 

content of -11.15‰, at the Bridge Spring with a δ18O content of around 12.35 ‰ as well as at the La 

Chaux Spring with a δ18O content of approximately 12.25 ‰, while in the latter case another outlier of 

about 12.65 ‰ is recorded on 6th July 2022.  

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing whether between two sampling 

stations a significant difference in the mean values of the δ18O content exists, indicate that there are 

significantly different δ18O contents between almost all possible pairs of sampling stations. However, 

the Mainstream 1 and the Mainstream 2 are not significantly different in their δ18O content from the 

Bridge and the La Chaux Spring. Other pairs without any significant difference in the δ18O content are 

the following ones: La Chaux Meander/Mainstream 3, La Chaux Meander/Black-Blue Pipe Spring, 

Mainstream 3/Black-Blue Pipe Spring, Mainstream 1/Mainstream 2, Bridge Spring/La Chaux Spring, 

Mainstream 1/Mainstream 3. 
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Table 19: Results of statistical significance test of the δ18O content. The p-values of the δ18O content between the different 
pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey HSD) test. 

Mainstream 1 (r1)                 

 

  not significant 

Mainstream 2 (r2)                 

 

  p<0.05 

Mainstream 3 (r3)                 

 

  p<0.01 

Black-Blue Pipe Spring (s1)                 

 

  p<0.001 

Grass Spring (s2)                

 

  

Bridge Spring (s3)                 

 

  

La Chaux Spring (s4)                 

 

  

La Chaux Meander (t1)                 

 

  

 r1 r2 r3 s1 s2 s3 s4 t1 
 

  

 

Relationship between δ2H and δ18O per Sampling Station 

 

Figure 53: Relationship between δ2H and δ18O per sampling station. The determined δ2H and δ18O contents per sampling 
station are plotted against each other and the Global Meteoric Water Line (GMWL) as well as the Local Meteoric Water Line 
(LMWL) of the Vallon de Nant catchment, which was defined by Mächler et al. (2021), are illustrated. 
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The determined isotope compositions follow the Local Meteoric Water Line (LMWL) more or less ac-

curately (see Figure 53). As a further matter, a spatial variation among the sampling stations is noticed. 

While the isotopic composition of the samples, that were collected at stations along the mainstream, 

are widely spread along the LMWL, the isotopic values at the springs are more clustered. The Grass 

Spring, for instance, is less depleted in heavy isotopes than the La Chaux Spring or the Bridge Spring, 

whilst the Black-Blue Pipe Spring as well as the La Chaux Meander show values that are more widely 

spread along the LMWL.  

Among the springs, no clear elevation pattern can be identified, except that the two lower lying springs 

are more depleted than the other ones, but the Bridge Spring, which is the most depleted one, is lower 

lying than the La Chaux Spring as well as the La Chaux Meander. When considering the stations along 

the mainstream, the Mainstream 3, which is the highest lying station along the mainstream, is more 

enriched than the two lower lying stations along the mainstream. But there are still values recorded at 

the Mainstream 3 that show similar isotopic compositions than the values of the Mainstream 1 and 

the Mainstream 2.  

Isotopes – Deuterium Excess (d-excess) 

 

Figure 54: Deuterium excess (d-excess) values over research period. The deuterium excess (d-excess) values are illustrated 
per sampling station in the Vallon de Nant catchment over the research period from early July until early October 2022. 

Temporal Variation 

From an overall perspective, the d-excess value increases at most of the stations from early August 

towards mid-August before it decreases again towards October (see Figure 54). However, the Main-

stream 2 shows after the increase towards mid-August a decline towards mid-September and then a 

final increase towards October. The temporal pattern from early July until early August varies depend-

ing on the station. The Bridge Spring, for instance, shows little variation, the Black-Blue Pipe and the 

La Chaux Spring and the stations along the mainstream show a decrease, but the Grass Spring an in-

crease of the d-excess values from early July until early August. Variations during a sampling campaign 

are noticed at all sampling stations, less pronounced at the Bridge and the Grass Spring.  
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Figure 55: Boxplots of deuterium excess (d-excess) values per sampling station. The deuterium excess (d-excess) values for 
all the collected water samples during the research period from early July until early October 2022, are illustrated per sam-
pling station in the Vallon de Nant catchment. 

Spatial Variation 

The spatial variation of the d-excess values is more pronounced among the springs and the tributary 

than among the stations along the mainstream (see Figure 55). The lowest median d-excess value of 

about 1.7 is recorded at the Grass Spring, followed by the Black-Blue Pipe Spring with a value of 2, 

whereas the highest median of about 3.2 is determined at the La Chaux Spring and the second highest 

of approximately 3.1 at the Mainstream 2, a bit higher than the median d-excess of 2.8 at the La Chaux 

Meander. Finally, the d-excess value of the Mainstream 1 and the Mainstream 3 is about 2,7 and 2.9 

respectively and the one of the Bridge Spring is slightly lower at about 2.5. 

Results of Statistical Significance Test 

The results of the statistical significance test (Tukey HSD), assessing whether between two sampling 

stations a significant difference in the mean values of the deuterium excess exists, indicate that there 

are significantly different deuterium excess values between all the stations and the Black-Blue Pipe as 

well as the Grass Spring. In addition, the deuterium excess value of the Bridge Spring is significantly 

different from the La Chaux Spring.  

Table 20: Results of the statistical significance test of the deuterium excess (d-excess). The p-values of the deuterium excess 
(d-excess) between the different pairs of sampling stations are determined by the Tukey Honest Significant Differences 
(Tukey HSD) test. 

Mainstream 1 (r1)            not significant 

Mainstream 2 (r2)            p<0.05 

Mainstream 3 (r3)            p<0.01 

Black-Blue Pipe Spring (s1)            p<0.001 

Grass Spring (s2)            

Bridge Spring (s3)            

La Chaux Spring (s4)            

La Chaux Meander (t1)            

 r1 r2 r3 s1 s2 s3 s4 t1    
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The following table sums up the above-elaborated results of the water quality variables and additionally, sets a context by elaborating some processes, but the 
analysis of these water quality variables is more profoundly discussed in chapter 5.3.  

Table 21: Summary of Water Quality Variables. The extent of the spatial as well as the temporal variations of the water quality variables as well as some key processes, which set a context, are 
summarized.  

Variable Spatial Var-

iation 

Temporal 

Variation 

Comment Context 

electrical 

conductivity 

(EC) 

yes no The highest median electrical conductivity was meas-

ured at the Grass Spring. The stations along the main-

stream show temporal variation. 

indication of the flowing route of water; the higher the 

EC, the higher the water mineral composition (Pellerin 

et al., 2008; Tutmez et al., 2006; Hayashi, 2004) 

temperature yes no The stations along the mainstream and the La Chaux Me-

ander show temporal variation. 

Indication of water inflow from surface in groundwa-

ter; the higher the temperature, the higher the amount 

of total dissolved solids (Rau et al., 2014; Anderson, 

2005; Nelson, 2002) 

pH no yes The Grass Spring has the lowest median pH value.  Average pH of rain is 5.7. Rain input can have an impact 

on the pH of surface water. low pH, more dissolved H+, 

higher amount of total dissolved solids (Berner and 

Berner, 1987; Nelson, 2002; Gunarathna et al. 2016) 

fluoride yes yes Spatial variation is stronger than temporal variation. A 

strong decrease of the fluoride concentration was rec-

orded towards the end of August until mid-September. 

part of the upper crust; naturally found in low concen-

tration; high fluoride concentrations under acidic areas 

in magmatic rocks and under basic conditions in sedi-

mentary and metamorphic rocks (Qian et al., 1999; 

Podgorski and Berg, 2022) 
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Variable Spatial Var-

iation 

Temporal 

Variation 

Comment Context 

chloride no yes There is a strong increase towards the end of August at 

all stations. 

accumulation due to dissolution of salts; weathering of 

soils, rocks; halite main source if correlated with so-

dium; sylvite main source if correlated with potassium 

(Berner and Berner, 1987; Saha et al., 2019; GOVZ.nz, 

2023) 

nitrite no yes There is a strong increase towards the end of August at 

all stations. 

accumulates as a consequence of the nitrification or 

denitrification process; often intermediate product 

(Lingle, 2013) 

nitrate no no The Grass Spring has remarkably higher values than the 

other stations.  

accumulates as a consequence of nitrification or nitro-

gen fixation processes; easily washed out (Harrison, 

2003; Berner and Berner, 1987; Lingle, 2013) 

phosphate no no There is a strong increase at the beginning of August at 

most of the stations. 

accumulation due to weathering of phosphate miner-

als such as apatite; precipitation inputs (Berner and 

Berner, 1987) 

sulphate yes yes Spatial variation is stronger among springs than among 

the stations along the mainstream. 

accumulation due to weathering of sedimentary rocks 

including minerals such as pyrite, gypsum, anhydrite; 

oxidation processes within igneous rocks (Berner and 

Berner, 1987; Saha et al., 2019; Aneja and Cooper, 

1989) 

ammonium  no yes There is an increase in mid-July and one at the beginning 

of August. Data could not be recorded over the whole 

research period.  

accumulates as a consequence of nitrogen fixation and 

nitrogen mineralization processes; high concentrations 

under acidic or neutral pH and warm temperature 

(Berner and Berner, 1987; Harrison 2003, Lingle, 2013) 
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Variable Spatial Var-

iation 

Temporal 

Variation 

Comment Context 

calcium yes no The Grass Spring has the highest amount of calcium. Spa-

tial variation is stronger among springs than among the 

stations along the mainstream. 

accumulation due to weathering of sedimentary rocks, 

in particular, carbonate rocks such as limestones or do-

lomites; weathering of minerals such as calcic-plagio-

clase feldspars or pyroxene (Saha et al., 2019; Berner 

and Berner, 1987) 

potassium no no No remarkable spatial or temporal variation can be iden-

tified.  

accumulation due to weathering of silicate minerals 

such as potassium feldspar, biotite and clay minerals; 

weathering of potassium chloride; organic inputs 

(Berner and Berner, 1987; Saha et al., 2019) 

magnesium yes no Spatial variation is stronger among springs than among 

the stations along the mainstream. The Black-Blue Pipe 

and the Bridge Spring have the highest and the La Chaux 

Meander the lowest concentration.   

accumulation of magnesium due to weathering of sili-

cate minerals such as amphiboles, biotite, olivine, chlo-

rite (Berner and Berner, 1987; Saha et al., 2019) 

sodium no yes There is an increase towards the end of August until mid-

September.  

accumulation due to weathering of silicate minerals 

such as plagioclase or feldspar; weathering of halite 

(Saha et al., 2019; Berner and Berner, 1987) 

δ2H yes yes The Grass Spring has the highest values. All stations 

show temporal variation, while the Bridge and La Chaux 

Spring show temporal variation to a smaller extent.  

kinetic fractionation (evaporation) under non-equilib-

rium conditions (Beria et al., 2018) 

δ18O Yes yes The Grass Spring has the highest values. All stations 

show temporal variation, while the Bridge and the La 

Chaux Spring show temporal variation to a smaller ex-

tent. 

kinetic fractionation (evaporation) under non-equilib-

rium conditions (Beria et al., 2018) 
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4.4 Data Analysis 

In this analysis section, the results of the water quantity and water quality analysis of chapter 4.2 and 

4.3 are further analysed by means of the time-of-day analysis and by discussing the results of the iso-

topic mixing model. As a further matter, the results of the concentration-discharge relationship, cor-

relation and principal component analysis are presented.  

Time-of-Day Analysis 

The normality check (see Table 22) of the discharge, the pH values, the temperature as well as the 

electrical conductivity (EC) show that all variables are not normally distributed since all the p-values 

are smaller than 0.05.  

Table 22: Normality check of temperature, pH, electrical conductivity (EC) and discharge. These parameters are checked for 
normality by means of a Shapiro Wilk test. 

Variable p-value Result 

Temperature 5.477*10-09 not normal 

pH 3.238*10-03 not normal 

Electrical Conductivity (EC) 6.677*10-05 not normal 

Discharge 9.051*10-07 not normal 

As a consequence of the non-normally distributed data, a Wilcoxon test is performed in order to test 

the hypothesis of whether there is a significant difference between measuring the variables in the 

morning or in the afternoon.  

The results of the hypothesis testing show, that there is no significant difference whether the values 

are measured in the morning or in the afternoon for the pH values, for the electrical conductivity as 

well as for the discharge values, whereas a significant difference can be identified when considering 

the temperature values.  

Table 23: Results of statistical significance test for the time-of-day analysis. It was checked by means of a Wilcoxon signifi-
cance test, if the time-of-day has a significant impact on the values of the temperature, pH, electrical conductivity (EC) and 
the discharge. 

Variable p-value Result 

Temperature 0.0003529 significant  

pH 0.836 not significant 

Electrical Conductivity (EC) 0.243 not significant 

Discharge 0.2918 not significant  

In the following plots, the relationship between the values measured in the morning and in the after-

noon of the electrical conductivity, the pH value, the temperature as well as of the discharge are illus-

trated. 
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Electrical Conductivity (am) vs Electrical Conductivity (pm) 

 

Figure 56: Time-of-day analysis of electrical conductivity (EC). The electrical conductivity, measured in the morning, is plotted 
against the electrical conductivity, determined in the afternoon (top), and in the boxplots, the electrical conductivity values 
are illustrated per time-of-day (bottom). 

The trendline (see Figure 56) almost corresponds to the theoretical line, which indicates that the x 

value is equal to the y value, meaning that there is no difference between measuring the electrical 

conductivity in the morning (am) and in the afternoon (pm). In addition, most of the values are quite 

close to the trendline, which reinforces the result of the electrical conductivity independence of the 

time of the day. However, the values of the Mainstream 3 are more widely spread than the values of 

the other stations, highlighting that there is stronger time-of-day variations of the electrical conduc-

tivity values at the Mainstream 3. Besides, the Grass Spring has the largest electrical conductivity val-

ues, whilst the electrical conductivity values of the other stations are more closely to each other. When 

considering the boxplots of the electrical conductivity values, measured in the morning (am), and the 

ones, determined in the afternoon (pm), the median electrical conductivity values are almost identical. 

Finally, this graphical assessment highlights the finding of the hypothesis testing, namely that the elec-

trical conductivity values are independent of the time of the day. 
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Outliers 

All the outliers can be attributed to the Mainstream 3, measured during the first, second, third and the 

fourth sampling campaign.  

pH (am) vs pH (pm) 

 

Figure 57: Time-of-day analysis of pH values. The pH values, measured in the morning, are plotted against the pH values, 
determined in the afternoon (top), and in the boxplots, the pH values are illustrated per time-of-day (bottom). 

When considering the pH values, illustrated depending on the time of the day (see Figure 57), the 

trendline is quite close to the theoretical line and additionally, the median pH value, measured in the 

morning, is almost identical to the median in the afternoon. These observations highlight the result of 

the hypotheses testing, namely that the pH values are independent of the time of the day. However, 

the values are more widely spread around the trendline than they are in Figure 56, which, therefore, 

is an indicator for some diurnal variations, but no distinctive ones.  

Outliers 

The lower outliers, measured in the morning, are attributed to the Grass Spring, while the higher ones 

to stations along the mainstream as well as to the Bridge and the La Chaux Spring during the last sam-

pling campaign. Additionally, the lower outliers, recorded in the afternoon, are pH values of the Grass 
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Spring, whereas the upper outlier of 8.3 is measured at the Mainstream 1 and the Mainstream 3 as 

well as at the La Chaux Meander during the last sampling campaign.  

Temperature (am) vs Temperature (pm) 

 

Figure 58: Time-of-day analysis of temperature. The temperature, measured in the morning, is plotted against the tempera-
ture, determined in the afternoon (top), and in the boxplots, the temperature is illustrated per time-of-day (bottom). 

When considering the temperature values depending on the time of the day (see Figure 58), the trend-

line varies from the theoretical line, indicating that there is a difference visible. In particular, the tem-

perature values, measured in the afternoon, are higher than they are in the morning. However, when 

having a closer look at the temperature distribution per sampling station, clear differences such as 

stronger variations at the stations along the mainstream than at the springs are noticed. Besides, the 

median temperature of the temperature values measured in the morning is quite close to the median 

of the temperature values measured in the afternoon, whereas the temporal variation is smaller 

among the values measured in the morning than in the afternoon.  

Outlier 

The highest outlier, recorded in the morning, is attributed to the La Chaux Meander and the second 

largest to the Mainstream 3 during the third sampling campaign. The outlier, measured in the after-

noon, is recorded as well at the Mainstream 3 during the second sampling campaign.  
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Discharge (am) vs Discharge (pm) 

 

Figure 59: Time-of-day analysis of discharge. The discharge, measured in the morning, is plotted against the discharge, deter-
mined in the afternoon (top), and in the boxplots, the discharge values are illustrated per time-of-day (bottom). 

When comparing the discharge values (see Figure 59), measured in the morning, with the ones in the 

afternoon, the trendline almost corresponds to the theoretical line. However, when having a deeper 

look at the trendline, it is noticed that it is slightly below the theoretical line at higher discharge values, 

indicating that the values measured in the morning are lower at some stations than they are in the 

afternoon. This observation is also made when analysing the boxplots, where the median of the dis-

charge values, measured in the afternoon, are insignificantly higher than the median of the discharge 

values in the morning. Lastly, the visually assessed results correspond to the results of the hypotheses 

testing, highlighting that the discharge values are independent of the time of the day. 

Outlier 

The outlier, measured in the morning, as well as the higher one, measured in the afternoon, are at-

tributed to the La Chaux Spring during the last sampling campaign, whereas the lower outlier, recorded 

in the afternoon, is measured at the Bridge Spring during the first sampling campaign.  
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Concentration-Discharge Analysis 

When considering the results of the concentration-discharge analysis (see Table 24) of the first reces-

sion subperiod, chemostasis is the most frequent process, especially in case of the anions such as flu-

oride, chloride, nitrate, nitrite or phosphate, while sulphate shows at all sampling stations, apart from 

the La Chaux Meander, dilution processes, that is in contrast to the other anions. However, when con-

sidering fluoride, dilution happens at the La Chaux Spring as well as at the La Chaux Meander and in 

case of chloride, mobilization is recorded at the Bridge Spring and the La Chaux Meander. As a further 

matter, mobilization could be observed in case of nitrite at the La Chaux Meander. When considering 

the cations, dilution as well as chemostatic processes are identified, while the latter is showed by so-

dium as well as calcium. In addition, in case of ammonium and potassium dilution is determined at 

most stations, except at the Bridge Spring, where in case of ammonium chemostasis and when consid-

ering potassium mobilization is observed. At the outlet ammonium shows chemostatis. Finally, when 

considering magnesium, the Black-Blue Pipe Spring and the La Chaux Meander show dilution, while at 

the other stations chemostatis is determined.  

Table 24: Results of concentration-discharge analysis of the first recession subperiod at the sampling stations. There are 
three different concentration-discharge patterns: dilution (red), mobilization (blue) and chemostasis (green), determined by 
plotting the mainstream data and the spring discharge respectively against the solute concentration. When the solute con-
centration decreases with increasing discharge, dilution happens; mobilization describes the relationship of increasing so-
lute concentration with increasing discharge and when the solute concentration hardly changes with altered discharge 
rates, chemostasis occurs (Knapp et al., 2020). 

 Black-Blue 

Pipe Spring 

Grass Spring Bridge 

Spring 

La Chaux 

Spring 

La Chaux 

Meander 

Outlet 

Fluoride chemostasis chemostasis chemostasis dilution dilution chemostasis 

Chloride chemostasis chemostasis mobilization chemostasis mobilization chemostasis 

Nitrate chemostasis chemostasis chemostasis chemostasis chemostasis chemostasis 

Nitrite X X X X mobilization X 

Phosphate chemostasis chemostasis chemostasis chemostasis chemostasis chemostasis 

Sulphate dilution dilution dilution dilution chemostasis dilution 

Sodium dilution chemostasis chemostasis chemostasis chemostasis chemostasis 

Ammo-

nium 

dilution dilution chemostasis dilution dilution chemostasis 

Potassium dilution dilution mobilization dilution dilution dilution 

Magne-

sium 

dilution chemostasis chemostasis chemostasis dilution chemostasis 

Calcium chemostasis chemostasis chemostasis chemostasis dilution chemostasis 
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Mixing Model Analysis 

In the following section, the results of the mixing analysis are presented, in particular, the proportion 

of rain is determined per sampling station as well as per sampling date. 

Proportion of Rain per Sampling Site 

 

Figure 60: Boxplots of proportion of rain per sampling site over research period. The proportion of rain, determined by the 
isotopic mixing model (MixSIAR), during the research period from early July until early October 2022, is illustrated per sam-
pling site in the Vallon de Nant catchment. 

The sampling sites are ordered according to their elevation level, where the lowest lying sampling sta-

tion, the Mainstream 1, is on the left side and the top station, La Chaux Meander, on the right side (see 

Figure 60). But this data does not reflect any elevation dependent pattern neither among the springs 

nor among the stations along the mainstream or when considering both springs and stations along the 

mainstream. However, the proportion of rain varies over the research period differently depending on 

the sampling station. The Grass Spring has the highest proportion of rain with a median value of almost 

45%, followed by the Mainstream 3 of approximately 40%, while the Bridge Spring with a rain propor-

tion of about 32% shows the lowest share. But very close to the median proportion of rain of the Bridge 

Spring are the median proportions of rain of the Mainstream 1, Mainstream 2 as well as of the La Chaux 

Spring, which all have median values in the range of 32% and 35%, while the Black-Blue Pipe Spring as 

well as the La Chaux Meander show slightly higher shares and thus, have median values of around 

37%. In addition, the Mainstream 3 has the strongest temporal variation in the proportion of rain, 

while the La Chaux Spring and the Bridge Spring show hardly any temporal variation in the proportion 

of rain. The Grass Spring as well as the La Chaux Meander indicate a slightly stronger variation and 

finally, the Mainstream 1, the Mainstream 2 and the Black-Blue Pipe Spring show temporal variation 

to a similar moderate extent.  

Outliers 

All outliers are recorded during the last sampling campaign. 
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Research Significance Test 

The results of the statistical significance test (Tukey HSD), assessing whether between two sampling 

stations a significant difference in the mean values of the proportion of rain exists, inter alia indicate 

that the proportion of rain, determined at the Grass Spring, is significantly different from all the other 

stations. In addition, the proportion of rain, measured at the Black-Blue Pipe Spring, is also significantly 

different from all stations, apart from the Mainstream 2, the Mainstream 3 and the La Chaux Meander. 

Besides, the Mainstream 3 is not significantly different from the La Chaux Meander, the Black-Blue 

Pipe Spring and the Mainstream 1.  

Table 25: Results of the statistical significance test of the proportion of rain. The p-values of the proportion of rain between 
the different pairs of sampling stations are determined by the Tukey Honest Significant Differences (Tukey HSD) test.  

Mainstream 1 (r1)                    not significant 

Mainstream 2 (r2)                    p<0.05 

Mainstream 3 (r3)                    p<0.01 

Black-Blue Pipe Spring (s1)                    p<0.001 

Grass Spring (s2)                   

Bridge Spring (s3)                    

La Chaux Spring (s4)                    

La Chaux Meander (t1)                    

  r1 r2 r3 s1 s2 s3 s4 t1    
 

Proportion of Rain per Sampling Date 

 

Figure 61: Proportion of rain per sampling date over research period in the Vallon de Nant catchment. The proportion of rain, 
determined by the isotopic mixing model (MixSIAR), is illustrated per sampling date over the research period from early July 
until early October 2022. 

The proportion of rain indicated per date is the mean of all the stations and it varies slightly over the 

research period (see Figure 61). One can, for instance, observe a remarkable increase from mid-July 
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until early August, as well as one from mid-September until early October, whereas in between another 

small increase from mid-August until the end of August is noticed. As a further matter, a small decrease 

of the proportion of rain is observed from early July until mid-July as well as from early August until 

mid-August. Finally, slight variations during a sampling campaign are observed, while differences are 

more remarkable during the first, third as well as fifth sampling campaign.  

Correlation Analysis - Springs 

In this section, the results of the correlation analysis are presented, in particular, the significant corre-

lations are extracted. 

 

Figure 62: Correlation plot of water variables. In order to evaluate whether the water variables are linearly related among 
each other, correlation coefficients were determined in RStudio, while blue indicates positive correlations and red describes 
negative correlations.  

Three correlation clusters among the ions are determined (see Figure 62), while they are positively 

correlated within such a cluster: calcium/phosphate (cluster 1) and ammonium/nitrate (cluster 2) as 

well as sulphate/magnesium/chloride/sodium (cluster 3). When analysing how these ion clusters are 

correlated, it can be observed that cluster 3 is negatively correlated with cluster 1 as well as with clus-

ter 2, while cluster 2 is positively correlated with cluster 1.  

When considering how these ions are correlated with the stable water isotopes, cluster 1 as well as 

cluster 2 are positively correlated with the stable water isotopes, while cluster 3 is negatively corre-

lated with the stable water isotopes.  
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As a further matter, when analysing how these ion clusters are related to the discharge, cluster 3 is 

positively correlated with the discharge, while cluster 1 as well as cluster 2 are negatively correlated 

with the discharge. 

In addition, cluster 1 as well as cluster 2 are positively correlated with the temperature and the elec-

trical conductivity, but cluster 3 is negatively correlated with these parameters. 

Finally, the stable water isotopes are negatively correlated with the discharge, but show a positive 

correlation to the temperature and to the electrical conductivity, while the discharge is negatively cor-

related with the temperature as well as with the electrical conductivity.  

Significant Correlations 

In Figure 63, the results of the significant correlation analysis with their corresponding correlation co-

efficients are illustrated, while in Table 26 the significant correlations are summarized.  

 

Figure 63: Correlation plot of water variables under consideration of significance level. In order to evaluate whether the water 
variables are significantly linearly related among each other, the water variables were tested for their significance level, while 
blue indicates positive correlations, red describes negative correlations and the cross highlights no significant correlations.  

Table 26 shows that the discharge is significantly positively correlated with magnesium and sulphate 

and negatively correlated with the electrical conductivity as well as calcium. As a further matter, the 

heavy isotopes are significantly negatively correlated with magnesium as well as sulphate, but posi-

tively to calcium and nitrate. Finally, nitrite is significantly negatively correlated with the pH value, 

while nitrate is not, but with chloride. 
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Table 26: Summary of significantly correlated water variables. In order to evaluate whether the water variables are signifi-
cantly linearly related among each other, the water variables were tested for their significance level. 

Variable Positive Correlation Negative Correlation 

discharge magnesium, sulphate electrical conductivity, calcium 

magnesium sulphate, discharge calcium, δ18O, δ 2H 

sulphate discharge, magnesium calcium, δ 18O, δ 2H 

pH nitrite  

nitrate δ2H, δ18O chloride 

ammonium phosphate  

electrical conductivity  calcium discharge 

calcium δ2H, δ18O, electrical conductivity discharge, magnesium, sulphate 

δ18O nitrate, δ2H, calcium magnesium, sulphate 

δ2H δ18O, nitrate, calcium magnesium, sulphate 

Principal Component Analysis 

The number of principal components (PC) that explain at least 75% of the total variation, which was 

defined in chapter 3.5, is determined by means of the screeplot (see Annex B). The first two principal 

components explain 58.3% and then, together with the third and the fourth principal component the 

minimum boundary of 75% is slightly exceeded with a value of 77.4%. Thus, the first four principal 

components are considered in the following analysis. 

PC1 vs PC2 

 

Figure 64: Principal Component 1 (PC 1) versus Principal Component 2 (PC 2) with sampling dates and sampling stations. The 
dimensionality is reduced by principal component analysis and thus, principal components, that contain the core information, 
are calculated by means of linear combinations of the original variables (Abdi and Williams, 2010).   
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δ18O, δ2H, nitrate and electrical conductivity contribute to a remarkable extent to PC1, since the arrows 

of these variables are almost parallel to the x-axis and since the length of the arrows is quite long, while 

magnesium, sulphate and potassium contribute to a considerable extent to PC2 (see Figure 64). There-

fore, PC1 and PC2 describe much of the variability of these variables. In addition, calcium is also well 

represented by PC1, but to a lower extent. Similarly, the pH value as well as the temperature contribute 

to PC2, but also to a smaller extent. However, sodium and chloride are rather weakly represented by 

PC1 as well as by PC2. When considering the angles between the variables and thus, the correlation 

among the variables, it can, for instance, be noticed that δ18O, δ2H, nitrate and the electrical conduc-

tivity are strongly and positively correlated among themselves, since their angles are quite close to 

zero and their arrows point all in the same direction. But these variables are weakly correlated with 

magnesium and sulphate as well as potassium, since their angle is close to 90° or 270° respectively. 

Besides, they are strongly negatively correlated with sodium as well as to chloride, indicated by the 

angle of almost 180° and the opposite direction of the arrow. A strong negative correlation can also be 

identified between potassium and magnesium as well as between potassium and sulphate. 

When taking the sampling stations and sampling dates into consideration, the datapoints are clustered 

per sampling station and not per sampling date. The Grass Spring is quite different from all the other 

stations, while the Bridge Spring is more similar to the La Chaux Spring than to the La Chaux Meander, 

whereas the cluster of the Black-Blue Pipe Spring is also closer to the Bridge Spring than to the Grass 

Spring. In addition, all the clusters are compact except the one of the La Chaux Meander, which is more 

widely spread. So, at the Grass Spring, in contrast to the La Chaux Spring, particularly the electrical 

conductivity values, the abundance of heavy isotopes as well as the concentration of nitrate and cal-

cium are high and contribute to explaining the discharge rate, while at the La Chaux Spring all these 

variables are less expressed and thus, explain the discharge rate respectively. Another example is that 

at the Black-Blue Pipe Spring sulphate as well as magnesium concentrations are high and, therefore, 

contribute to explaining its discharge, while at the La Chaux Meander these variables are low, but po-

tassium and the temperature are more expressed there.  
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PC3 vs PC4 

 

Figure 65: Principal Component 3 (PC 3) versus Principal Component 4 (PC 4) with sampling dates and sampling stations. The 
dimensionality is reduced by principal component analysis and thus, principal components, that contain the core information, 
are calculated by means of linear combinations of the original variables (Abdi and Williams, 2010). 

Most of the variables are more weakly represented by PC3 and PC4 than they are by PC1 and PC2. 

However, magnesium and calcium contribtue to PC3, since these arrows are quite parallel to the x-

axis, but the length of the arrows is rather short (see Figure 65). In contrast, the temperature and 

potassium, which show a higher arrow length as well as an angle close to 0° or close to 180°, are 

represented by PC3 more strongly, while nitrate, pH and chloride also contribute to PC3, but to a lower 

extent due to their bigger angle to the x-axis. PC4 describes much of the variability of sodium, the 

electrical conductivity and the heavy isotopes, since these variables have the smallest angle to the y-

axis and in case of sodium, the arrow is considerably long. Sulphate also contributes to PC4, but to a 

much lower extent. When considering the correlation among the variables and thus, having a closer 

look at the angles between the variables, one can, for instance, identify that there is a strong positive 

correlation between the temperature and potassium concentration, while they are rather weakly cor-

related with sodium or the heavy isotopes and additionally, the temperature as well as the potassium 

concentration are negatively correlated with the nitrate and calcium concentration. When considering 

the sampling stations and sampling dates, the spatial differences between the stations are less distinc-

tive than they are in the first and second dimension, while the temporal variation is much more visible. 

For instance, the sodium concentration is higher in September and October than in July and August at 

most of the stations. Or the sulphate concentration is lower in July and August in comparison to Sep-

tember and October.  
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5 Discussion  

In this section, the results (see chapter 4) are discussed in the context of the subquestions (see chapter 

1.2) and therefore, they contribute to answering the main research question, in particular, to high-

lighting how the hydrochemical as well as the isotopic tracers are used to explain storage-discharge 

relationships of the springs in the Vallon de Nant over the summer recession period. This chapter is 

structured into five parts: the discussion of the meteorological conditions in the catchment (see chap-

ter 5.1), the discussion of the water quantity variables (see chapter 5.2), the discussion of the water 

quality variables (see chapter 5.3). the synthesis (see chapter 5.4) and the limitations (see chapter 5.5). 

5.1 Discussion of Meteorological Conditions in the Catchment 

In this subchapter, it is explained how meteorological conditions have an impact on the discharge rate 

by the example of the discharge of the Avançon de Nant, measured at the outlet of the Vallon de Nant 

catchment (see chapter 4.1). In addition, the definition of the streamflow periods of the Avançon de 

Nant, particularly the recession period, introduced in chapter 4.1, are discussed. 

Impact of meteorological conditions on discharge 

Precipitation and temperature are fundamental variables that help interpret and understand the rea-

sons behind the variations and the timing of discharge and are thus important to be considered. Since 

temperature has an impact on snowmelt, it is a key factor, according to Hayashi (2020), when explain-

ing discharge variations in spring. However, he highlights that precipitation events are more relevant 

to explain discharge variations over the summer and fall time, whereas during winter time groundwa-

ter inputs are the key drivers for the discharge.  

Two discharge peaks in early March as well as a discharge increase in May were, for instance, recorded 

at the outlet of the Avançon de Nant (see chapter 4.1). The increased discharge rates, however, oc-

curred simultaneously with a temperature increase. So, due to the rising temperature in those months, 

snow melting was accelerated, leading to higher discharge rates. A more detailed evaluation of the 

discharge curve at the end of May shows that, as soon as temperature decreased, the discharge rate 

was slowed down, indicating that snow melting was then reduced. Therefore, the assumption that 

snowmelt is inter alia responsible for the increased discharge rate in May is based on the observation 

that in early April there were several precipitation events, when the temperature was low and thus 

indicating that snow must then have been accumulated. Additionally, the peaks of discharge corre-

spond to the peaks of temperature, which is a clear indication for snowmelt. At the beginning of June, 

there was a series of precipitation events that led to several discharge variations and at the end of June 

there was a strong rise of discharge which can be explained by a strong precipitation event. Precipita-

tion peaks in mid-July, end of August, mid-November and end-December can be clearly related to pre-

cipitation events. However, it remains unclear how this remarkable peak of discharge at the beginning 

of October occurred. But it can be identified that there was a series of precipitation events before, 

which definitely had an impact on the discharge, but may not fully explain this high discharge. 

Discussion of Streamflow Periods 

Cochand et al. (2019) explained (see chapter 1.1) that in Alpine catchments one talks about a high-flow 

period, describing the time in spring when the snowmelt has a strong impact on the discharge and the 

subsequent low-flow period, the so-called recession period, when groundwater maintains the stream-

flow. Michelon et al. (2023), who did profound research in the Vallon de Nant, defined streamflow 

periods based on discharge data for the years 2016-2018. So, in the following paragraphs, the defini-

tion of the streamflow periods, particularly of the recession period 2022 in the Vallon de Nant 
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catchment (see chapter 4.1), which ultimately lasts from 24th June to 30th September 2022, is dis-

cussed, compared to the streamflow periods of previous years and set into context of meteorological 

conditions. 

In chapter 4.1, the melt period is identified to start in 2022 at a comparable timepoint as in the research 

years of Michelon et al. (2023), namely in mid-March, but it lasted until June, longer than it did in 2017 

and 2018. The seasonal recession period started and ended in the research years of Michelon et al. 

(2023) at similar timepoints as it did in 2022. In order to obtain an understanding of why these periods 

are defined in this way, the meteorological conditions of the catchment in 2022 need to be considered, 

since the discharge is strongly linked with the consequences of precipitation events and temperature 

development.  

The year 2022 started in Switzerland with a mild and dry winter (MeteoSwiss, 2023). Similarly, in the 

Vallon de Nant catchment, the temperature in the winter months until mid-April fluctuated between 

low positive and a slightly negative temperature, but towards mid-May a strong temperature increase 

was measured (see chapter 4.1). In the Vallon de Nant catchment, January was also dry when compar-

ing it to the precipitation amount in February. In Switzerland there was little precipitation recorded in 

spring, in particular, in the western part of Switzerland (MeteoSwiss, 2023). The spring in the catch-

ment started dry since there was hardly any precipitation recorded in March, whereas April and May 

were wetter. The early melt period was induced in mid-March, since there was a strong temperature 

increase, which accelerated the snow melting and thus, led to an increased discharge. This rise in tem-

perature lasted until the beginning of May. The reason why this early melt period lasted a few weeks 

must have been the strong temperature variations within these weeks. There were, for instance, days 

when the temperature fell again below zero such as the cold spell at the beginning of April, which 

consequently slowed down the melting process. However, the temperature was positive without any 

exceptions from mid-April on. The melt period of 2022, lasting from the beginning of May until the end 

of June, occurred simultaneously to the high temperature rise in May and June. However, this melting 

period also included strong temperature fluctuations such as at the end of May as well as in early June, 

which also contributed to a reduced melting process and thus to a longer melting period.  

According to MeteoSwiss (2023), summer 2022 was the second warmest summer since the beginning 

of measurements in 1864, and especially July was very dry, in particular, in the south western part of 

Switzerland, where severe dryness was observed, and additionally, it was the time, when the summer 

recession period started. So, based on the discharge data measured at the outlet in the catchment, the 

summer recession period is defined to start at the end of June and to last until the end of September. 

Once snowmelt is over, it does not contribute to discharge anymore. When considering the meteoro-

logical conditions in the Vallon de Nant, summer started warm and in mid-July a time period with a 

temperature between 17°C and 21°C, corresponding to the warmest time of the year, was recorded. 

Regarding the precipitation, several precipitation events were measured in June, whereas in the first 

half of July as well as of August hardly any rainfall was recorded, which was in contrast to their second 

halves, when some rain events were observed. The temperature from August until mid-September 

kept on fluctuating on a lower level than in July, but it was still warm.  

The baseflow period 2023 started at the beginning of October 2022. In Switzerland, the autumn was 

warm but wet, particularly in the western part of Switzerland (MeteoSwiss, 2023). In the Vallon de 

Nant, October was warm and then in the following months the temperature fluctuated between a low 

positive and a slightly negative temperature until the end of the year. Throughout autumn as series of 

precipitation events was recorded, and thus it was quite wet apart from the first half of October in the 

catchment.  
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Despite the fact that 2022 was the warmest year since the beginning of the temperature measure-

ments in 1864 and is also at some timepoints recorded exceptionally dry (MeteoSwiss, 2023), one can-

not identify any remarkable consequences of these meteorological conditions on the definition of the 

streamflow periods, in particular, on the recession period, when comparing the periods of 2022 to the 

ones from Michelon et al. (2023). But when considering the Swiss Climate Change Scenarios (CH2018) 

for Switzerland, elaborated in details in chapter 2.2, the Vallon de Nant catchment, which is a high 

elevation catchment, will be hit by the consequences of climate change and, thus, will have an impact 

on the timing of the streamflow periods. Thus, the early melt period and the melt period respectively 

are assumed to occur earlier in time and may also last shorter than they do today, since the tempera-

ture is overall expected to rise and precipitation in winter will occur more often in form of rain and less 

snow will be accumulated (National Centre for Climate Services, 2018; Muelchi et al., 2021). The shift 

of the early melt period and the melt period have an impact on the timepoint of the recession period, 

which consequently will start earlier and thus last longer. In addition, evapotranspiration will be en-

hanced in that recession period. Finally, what is remarkable and clearly observable are strong precipi-

tation events throughout all year in the catchment of the Vallon de Nant. Such events are expected to 

occur more frequently in the context of climate change as elaborated in chapter 2.2 (National Centre 

for Climate Services, 2018; Muelchi et al., 2021). 

5.2 Discussion of Water Quantity Variables 

In this section, the results of the discharge measurements at the springs, the comparison of the dis-

charge pattern between the springs and the mainstream as well as the results of the recession time-

scale analysis are discussed (see chapter 4.2).  

Discussion of Discharge Analysis of the Springs 

The results of the discharge analysis at the springs show that there is spatial variation between the 

sampling stations over the research period. In order to obtain an understanding of the spatial variation, 

the hydrological units of the springs (see chapter 2.1) need to be considered.  

The La Chaux Spring and the La Chaux Meander, which have high discharge rates in comparison to the 

sampling stations of other hydrological units, are located on the western side of the catchment, which 

is primarily determined by hillslopes and pasture. In addition, the soils are of large depths and have 

high water storage capacities. These conditions as well as the fact that the slopes are not very steep 

are specifically beneficial for the existence of springs as well as for tributaries, which is concluded by 

Michelon et al. (2023), who identified a connection between low slopes and the occurrence of springs. 

The Grass and the Black-Blue Pipe Spring, which have the lowest median discharge, as well as the 

Bridge Spring are located in the riparian zone on the eastern part of the catchment. This unit generally 

consists of rough alluvial deposits, has high hydraulic conductivity and offers, according to Thornton et 

al. (2018), ideal conditions to store water. 

However, based on the statistical significance test, highlighting that no statistically significant differ-

ence of the mean discharge between the sampling stations was noticed, apart from the pair La Chaux 

Spring/Grass Spring, it can be concluded that no spatial variation exists. But the data load is remarkably 

small, particularly, only 14 values per sampling station, for performing such a statical significance test, 

and thus the result of the significance test needs to be treated with caution. Nevertheless, the statis-

tical significance test indicated a significance between the Grass Spring, which has the lowest dis-

charge, and the La Chaux Spring, where the highest discharge rate was determined. Finally, it can be 

concluded that there is a qualitatively observed spatial variation, but statistically no significant varia-

tion could be determined.  
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A temporal variation of the discharge at all the sampling stations apart from the Grass Spring is no-

ticed, but to a different extent regarded over the whole research period. In the following paragraphs, 

the impact of precipitation on the discharge as well as the possibility, whether the time of the day, 

when the discharge measurement is performed, has an influence on the temporal variation, are dis-

cussed.  

The discharge decreases from the first sampling campaign in early July until the fourth sampling cam-

paign in mid-August at the La Chaux Spring, the Bride Spring and also slightly at the Grass Spring, when 

taking the discharge per sampling campaign into consideration. However, at the Black-Blue Pipe Spring 

and at the La Chaux Meander a decrease of the discharge is seen from early July towards mid-July and 

then the discharge increases again towards early August before it declines in mid-August. When con-

sidering the precipitation events, a series of precipitation events is recorded on some days before, but 

not immediately before the sampling campaigns. This observation leads to the assumption that the 

Black-Blue Pipe Spring as well at the La Chaux Meander are more sensitive to precipitation events than 

the other stations, and thus the water might be released from a shallower layer than at other stations 

or additional sources such as surface runoff might contribute to the discharge, which then explains 

why the discharge at these stations does not decrease equally fast as at other stations, but in a com-

parably delayed manner.  

The results show, that from mid-August the discharge increases at all stations towards the end of Au-

gust and then it decreases again towards mid-September, apart from the Black-Blue Pipe Spring, where 

it increases towards mid-September, before it increases again in early October, whilst the latter 

timepoint is not anymore part of the recession period. The discharge increase at all the stations from 

mid-August until the end of August can be related to a series of precipitation events with an event 

immediately before the sampling day, and thus this increase explains that all stations react to that 

precipitation event. But at the Black-Blue Pipe Spring the discharge does not decrease anymore until 

mid-September, which again confirms the assumption that the Black-Blue Pipe Spring cannot effi-

ciently process the impact of precipitation events, since in the time span from end-August until mid-

September another series of precipitation events is recorded. As a consequence, this finding again 

leads us to think that water from further sources than groundwater such as, for instance, soil water 

must contribute to the measured discharge. Then, the reason why the discharge increases that much 

at the beginning of October is unclear, since no precipitation data of the La Chaux weather station is 

available. But what the precipitation data of Sorniot-Lac Inférieur shows, is that there was a series of 

strong precipitation events at the end of September as well as a precipitation event on the second day 

of the sampling campaign, which must have had an impact on the discharge increase.  

Finally, it needs to be considered that the measurements are snapshots and taken at a specific time of 

the day, which means once in the morning and once in the afternoon during a sampling campaign. So, 

in order to determine whether the time of the day has an impact on the discharge rate, a time-of-day 

discharge analysis was performed (see chapter 4.4), which however results in no significant difference 

between measuring the discharge in the morning or in the afternoon. Thus, one can exclude any diur-

nal variations, particularly that diurnal heating, which may lead to diurnal cycles of melt, have an im-

pact on the discharge rates. If this was the case, the discharge measured in the afternoon would be 

significantly higher than in the morning due to an increasing temperature throughout the day.  
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Discussion of Mimicry Analysis between Springs and Mainstream 

In order to gain an understanding of how the springs are connected to the mainstream, the springs 

discharge pattern is compared to the overall discharge as well as to the baseflow of the mainstream. 

In the following paragraphs, the results of the mimicry analysis between the springs and the overall 

discharge of the mainstream as well as its baseflow (see chapter 4.2) are discussed.  

The mimicry analysis showed that the spatial variation, in particular, the assessment of in how many 

sampling campaigns a spring mimicked the discharge of the mainstream, is valuable for the overall 

mimicry analysis, while the temporal variation, in specific, the analysis of by how many stations the 

mainstream discharge was mimicked during a sampling campaign, more specifically indicates how well 

precipitation events are mirrored in the spring discharge in comparison to the discharge of the main-

stream.  

Since all the springs apart from the Grass Spring immediately reacted to precipitation events that oc-

curred on the second sampling day of the fourth sampling campaign and neither the discharge of the 

mainstream nor its baseflow showed any reactions on that day, it can be concluded, despite the small 

data load, that the reaction time of headwaters to precipitation events is more immediate than the 

one of mainstreams. In addition, the results show that not all springs react the same after a series of 

precipitation events that occurred some days before, but not immediately before the sampling days. 

In particular, the overall discharge of the mainstream as well as its baseflow decrease and so does the 

discharge at the Black-Blue Pipe and at the Bridge Spring, while the La Chaux Spring, the Grass Spring 

and the La Chaux Meander show a discharge increase. This result lets us assume that precipitation 

must contribute to the discharge of the La Chaux Spring, Grass Spring and the La Chaux Meander to a 

larger extent and thus leading not only to an immediate but to a sustained increase in discharge due 

to an ongoing runoff.  

Overall, the Black-Blue Pipe Spring as well as the Grass Spring mimic the discharge pattern of the main-

stream the best, followed by the Bridge Spring, while the La Chaux Spring and the La Chaux Meander 

do the least. This result also indicates that water from further sources than groundwater such as the 

direct impact of precipitation or surface water may directly contribute to the measured discharge as 

they also do to the mainstream discharge. Nevertheless, to sum up, the discharge pattern of the main-

stream is weakly reflected by the discharge pattern of the recorded springs during our sampling cam-

paigns.  

Therefore, the above-mentioned observations let us assume that other contributors need to be in-

volved and need to remarkably contribute to the overall discharge of the mainstream and its baseflow. 

This assumption is enhanced when considering Figure 17. Since, when analysing the contribution of 

the monitored springs to the mainstream baseflow, their contribution is relatively modest, and thus 

other major sources such as further springs and tributaries must contribute to a much larger extent 

and consequently, control the mainstream baseflow. Additionally, the temporal evolution of the over-

all spring discharge contribution does not completely follow the temporal pattern most springs indi-

vidually do. In particular, the contribution of the springs to the mainstream baseflow increases from 

July towards early August before it decreases again. This is the discharge pattern which the Black-Blue 

Pipe as well as the La Chaux Meander follow, while the other springs do not include such an increase 

but continue decreasing towards mid-August. This finding indicates that the mainstream baseflow var-

ies temporarily differently than most of the springs do and therefore, the other contributors must vary 

differently than most of the recorded springs do. 
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Discussion of Recession Timescale Analysis: Mainstream 

In chapter 4.2, the mainstream baseflow is analysed over the whole recession period. Since no contin-

uous decrease of the baseflow was identified, similarly to the recession study performed in the Pesca-

dero Creek, recession subperiods and their corresponding recession constants were calculated under 

the assumption that several different storages contribute to the mainstream baseflow at different mo-

ments over the recession period. In addition, the recession analysis, which inter alia includes the cal-

culation of the recession constants, is based in this thesis specifically on inputs from Müller et al. 

(2022)’s paper (see chapter 3.4), and thus the recession constants of the Vallon de Nant catchments 

are discussed by means of their gained knowledge.  

In the Vallon de Nant catchment, the recession constants of the mainstream baseflow increase from 

subperiod to subperiod, which indicates that the water storage-release rate becomes slower over the 

recession period. An explanation for the increase of the recession constant is, as already mentioned 

above, that with time passing different compartments of the Vallon de Nant catchment with different 

water storage-release rates may contribute to the mainstream baseflow. Müller et al. (2022) found in 

their study that surface-near landforms do not have recession constants of more than a few days and 

that flat aquifers usually have higher recession constants. So, based on Müller et al. (2022), it can be 

assumed that all the compartments, contributing to the mainstream baseflow, must be flat, since all 

calculated recession constants are quite high, and thus their water storage-release rates must be much 

slower. As a further matter, the main contributor to the mainstream baseflow in the first subperiod 

needs to come from a relatively superficial compartment of the aquifer, while the contributors to the 

mainstream baseflow in the other subperiods must come from much deeper compartments of the 

catchment. In addition, based on the different recession constants of the recession subperiods, it can 

be concluded that the storage capacity is the lowest in the first subperiod and the highest in the fourth. 

When taking the R2 values into account, highlighting how robust the model is, it can be identified that 

especially the recession constant of the first subperiod as well as the one of the third subperiod is 

comparably robust, while there is much more uncertainty in the last subperiod, and thus it is then 

unclear where the water comes from.  

In order to explain the baseflow increase in subperiod 3, precipitation data as well as the definition of 

the baseflow is considered. When considering the amount of precipitation during subperiod 3, a series 

of events is observed at the beginning of the period, at around 5th September, and then another one 

towards the end of the period, while in between no precipitation was recorded. Thus, these precipita-

tion events must have an impact on the baseflow, despite the fact that it was assumed that the 

baseflow represents the groundwater contribution. So, this increase in discharge within the recession 

period reflects a weakness of the definition of the baseflow, which was defined by centring the lowest 

discharge over 7 days to midday of the reported day.  

Discussion of Recession Timescale Analysis: Springs 

A further step of the recession analysis is to analyse whether the springs show a similar discharge 

pattern within the subperiods previously defined by the mainstream baseflow pattern, while in case of 

the springs it was not differentiated between overall discharge and baseflow. So, the Bridge Spring, 

the Grass Spring and the La Chaux Spring also show this recession within the first subperiod, whereas 

the Black-Blue Pipe Spring as well as the La Chaux Meander show two recessions within the first sub-

period.  

The fluctuating behavior of the discharge within a short time at the Black-Blue Pipe Spring as well as at 

the La Chaux Meander, which result in two recessions, can be explained by the assumption that there 

might be water of other origins than groundwater such as precipitation and surface runoff that 
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contribute to the discharge. When considering the precipitation data, it can be identified that between 

the second and third sampling campaign, precipitation was recorded. So, this increase in discharge 

highlights a weakness of the definition of the spring baseflow, namely that the spring discharge does 

not completely correspond to its baseflow, but it also indicates that the Black-Blue Pipe Spring as well 

as the La Chaux Meander may be more strongly influenced by precipitation than the other stations 

are. 

When considering the results of the calculation of the recession constants at the springs (see chapter 

4.2), quite strong differences between the Grass Spring and the other springs are identified, while 

among the others also variabilities are observed, but to a smaller extent. These spatial differences in 

the recession timescale, represented by the recession constants, among the springs indicate that the 

individual compartments of the springs store and release water to different extents. For instance, the 

Grass Spring has a long recession constant indicating that it has a high storage capacity and thus, a 

rather slow storage-release rate, whereas the Black-Blue Pipe Spring as well as the La Chaux Meander 

have shorter recession constants, which highlight that their storage capacity is lower and thus, their 

storage-release rate faster. The Bridge as well as the La Chaux Spring have recession constants longer 

than the Black-Blue Pipe Spring, but remarkably shorter than the Grass Spring, which indicates that the 

Bridge as well as the La Chaux Spring have higher storage capacities than the Black-Blue Pipe Spring as 

well as than the La Chaux Meander and, consequently, also slower storage-release rates. 

According to Müller et al. (2022), long recession constants indicate high storage capacity, and thus also 

a water release from rather deep layers in the compartment of the aquifer, since near surface land-

forms have recession constants of a few days. Therefore, based on the recession constants determined 

at the springs, the Black-Blue Pipe Spring as well as the La Chaux Meander release water from relatively 

superficial compartments, while the Bridge and the La Chaux Spring from comparably deep compart-

ments. However, the Grass Spring must release water from a completely different, specifically from a 

much deeper part of the aquifer compartment, since the recession constant is remarkably longer than 

the ones of the other springs. Furthermore, the discharge of the Black-Blue Pipe Spring as well as the 

discharge of the La Chaux Meander are not necessarily predominantly determined by groundwater, 

but also by waters from other origins such as, for instance, by soil water due to their comparably low 

recession constants. When considering the discharge of the La Chaux Spring, it is assumed that the 

impact of groundwater on its discharge is less overshadowed by waters of different origins.  

5.3 Discussion of Water Quality Variables 

In this chapter, the results of chapter 4.3, in particular of the electrical conductivity, pH value and tem-

perature measurements as well as of the hydrochemical and isotopic analysis, are discussed. The key 

processes were introduced in Table 21 (see chapter 4.3). As a further matter, it is explained how the 

ions are related to the discharge pattern as well as the proportion of rain at the individual stations is 

discussed in order to gain a more profound understanding of how ions and isotopes can serve as hy-

drological tracers and thus create a fundament for answering the main research question in chapter 

5.4. 

Electrical Conductivity 

The electrical conductivity reflects, according to Pellerin et al. (2008), the mineral composition of water 

and the variable is used to differentiate between different origins of water and additionally, to make 

conclusions about its flow path.  

When considering the results of the electrical conductivity values, the springs have higher and thus 

significantly different electrical conductivity values than the mainstream. This finding indicates that the 
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mainstream particularly contains surface water, which is less minerally enriched than the water, that 

is released at the springs. In addition, at the springs the spatial variation of the electrical conductivity 

values is larger than the temporal variation, in particular, the electrical conductivity at the Grass Spring 

is the highest and significantly different from all other stations, while the electrical conductivity values 

of the other springs lie closer together, but are still significantly different in most cases. The observa-

tion of Michelon (2022), who found in his study that the electrical conductivity value of the mainstream 

is lower than the one measured at the springs, corresponds thus to our finding. Furthermore, high 

electrical conductivity values indicate, according to Michelon (2022), relatively high residence time of 

the water in the subsurface, small flowing rates or extended flowing paths. Since the springs have 

lower flowing rates, which is reflected in their discharge, the residence time of the water in the sub-

surface is higher, and thus the water of the springs is minerally more enriched than the water in the 

mainstream. The finding that the Grass Spring has particularly high electrical conductivity values, there-

fore, indicates that this relationship is specifically pronounced. However, when considering the elec-

trical conductivity isolated from other variables, it can be assumed that the springs have in comparison 

to the mainstream a higher share of groundwater, which is due to its exposure to the ground, that is 

minerally more enriched, while the mainstream has a higher share of surface water and is, therefore, 

more diluted.  

Michelon (2022) explains in his paper that when an incline of the electrical conductivity is observed at 

the springs over the recession period, water from deeper flow paths starts heavily contributing to the 

discharge. As a consequence, the mainstream is then also less diluted by shallow water. However, the 

considered springs show a rather constant electrical conductivity over the recession period. But when 

considering the evolution of the electrical conductivity values at the stations along the mainstream, 

particularly, at the Mainstream 3, the values increased over the recession period, which finally is an 

indication that the contribution of water from deeper layers rose and the contribution of water from 

more shallow layers as well as the snowmelt contribution decreased as explained above by Michelon 

(2022). As a further matter, small temporal variations in the mainstream such as the light decrease 

from mid-July towards early August, which corresponds to the time when a series of precipitation 

events occurred, were recorded. Hayashi (2004) explains that precipitation usually contains the lowest 

number of solids, and, therefore, the rain inputs, which were recorded then, must be the reason for 

the decline of the electrical conductivity values, since the water became more diluted by those precip-

itation events. Finally, the time-of-day analysis has showed that there is no significant difference be-

tween measuring the electrical conductivity in the morning or in the afternoon, and thus any diurnal 

variations can be excluded, particularly diurnal heating, which may lead to diurnal cycles of melt, oth-

erwise the electrical conductivity would be significantly higher in the morning than in the afternoon.  

Temperature 

The key result of the temperature measurement is that the spatial variation is more distinctive than 

the temporal variation when considering the springs, while when taking the temperature at the sta-

tions along the mainstream into consideration, temporal variation can be clearly observed.  

Reasons for such temporal variations are the time-of-day dependency of the temperature, which is 

identified in the time-of-day analysis to be significant and the fact that surface water is more exposed 

to solar radiation, which consequently is responsible for heating up the water. However, the La Chaux 

Meander also shows temporal as well as diurnal variation, indicating that groundwater contributes to 

a smaller extent to its water release, while the La Chaux and the Bridge Spring hardly and the Grass 

and Black-Blue Pipe Spring to a slightly higher extent show temporal variation, indicating that the 

groundwater contribution is larger at the springs than it is at the La Chaux Meander. The Black-Blue 

Pipe Spring is the spring which shows the largest diurnal variation, which indicates that surface water 
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must contribute to a certain extent to the water, released at the Black-Blue Pipe Spring, but its contri-

bution is definitely smaller than at the La Chaux Meander, since the temporal as well as the diurnal 

variations are much smaller. In addition, when considering the temperature at the Mainstream 3, it 

can be identified that this station shows the highest temperature as well as the strongest diurnal vari-

ation. This observation can be explained by the comparably large width of the streambed and the low 

water level, which lead to a faster warming but also to quicker cooling with changed solar radiation 

compared to the Mainstream 2, where the water level is higher. 

Aside from the exposure to the surface or the depth of the water flowing path, the amount of total 

dissolved solids in the water also has an impact on the temperature. Nelson (2002) explains, as elabo-

rated in chapter 3.5, that a higher water temperature can indicate a higher amount of total dissolved 

solids. When considering the spatial distribution of the individual springs, the Grass Spring has the 

highest median temperature among the spring, and thus, based on the relationship described by Nel-

son (2002), it is the station with the largest number of dissolved solids, in contrast to the La Chaux as 

well as to the Bridge Spring, which therefore have the lowest amount of total dissolved solids. In addi-

tion, Nelson (2002) explained that temperature variations can also be attributed to inflow from the 

surface, which, however, could not be considered in our temperature data. Finally, when considering 

the continuous temperature data, the temperature at the springs hardly changed over time, but some 

noise was recorded. One reason for the recorded noise is logger displacement by animals like, for in-

stance, the temperature peak at the Bridge Spring or also the first peak at the La Chaux Meander. 

Another factor, which is responsible for noise, is the low water level at the springs, which led to the 

situation that not the whole HOBO logger was in the water for a limited time until its position was 

readjusted.  

pH value 

Nelson (2002) explained, as elaborated in chapter 3.5, that the lower the pH value is, the more H+ ions 

are present in the water, which then may accelerate the weathering process, resulting in higher min-

eral concentrations of certain ions. When considering the results of the pH measurements at the 

springs, the median pH value of the Grass Spring is much lower as well as significantly lower than the 

median pH value of the other springs, which are all on quite a similar level. Based on that key finding, 

it can be concluded that the water at the Grass Spring must contain the largest number of dissolved 

solids. In addition, this finding is an indication that the water of the Grass Spring must have a different 

origin than the water of the other springs. 

The results of the pH measurements show that the spatial variation is more remarkable than the tem-

poral variation. The impact of rain, which is according to Berner and Berner (1987) acidic, cannot di-

rectly be seen in a pH decline at the stations and is thus not responsible for any temporal variation. 

Apart from the Grass Spring, where the pH value declined from the second to the third sampling cam-

paign, since in this time period a series of precipitation events was recorded. Additionally, the time-of-

day analysis shows that no significant difference between measuring the pH value in the morning or in 

the afternoon is noticed. Additionally, the remarkable increase of the pH value towards the last sam-

pling campaign needs to be considered with caution, since it was determined by means of a different 

instrument and therefore, the instruments might be calibrated differently as well as the accuracy of 

measurements might differ from the previous one. Furthermore, I did not know that the pH instrument 

that I used needed to be calibrated before every measurement in the field in order to guarantee an 

optimal accuracy of measurement and as a consequence, this lack of knowledge led to measurement 

inaccuracies which are consequently expressed inter alia in temporal variations of the pH value.  
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Ions 

In the following paragraphs the results of the hydrochemical analysis of chapter 4.3 as well as of the 

concentration-discharge analysis are discussed. The origins of the ions are highlighted and potential 

reasons for the spatial as well as temporal variations of the ion concentration are given by taking the 

background information of chapter 3.5 into consideration and by comparing the findings to the results 

of Knapp et al. (2020). However, since neither any further geological investigations nor any in-depth 

research about the exact geological conditions of the sampling stations were performed, the discussion 

below elaborates assumptions about the origins of the ions and their variation in the Vallon de Nant 

catchment. In addition, the hydrochemical analysis, performed with the collected data of the Vallon 

de Nant, and particularly, the discussion of the concentration-discharge analysis is tightly leant on the 

study of Knapp et al. (2020), who performed a two-year study in the Erlenbach catchment, which is 

situated on an elevation that reaches from 1100 to 1655m.a.s.l.  

Before discussing the results on the level of the individual ions, it needs to be highlighted that in the 

lab a measurement error happened, which was unfortunately discovered at a later timepoint in the 

research process and, thus, could not be eliminated. In particular, when determining the ion concen-

tration of the water samples of the fifth and sixth sampling campaign by means of the ion chromatog-

raphy, the tube was not properly rinsed after the individual measurements. As a result, the determined 

concentrations at those dates are slightly distorted, but only to a limited extent, since the deviations 

from the standards are only little. However, this measurement error might be responsible for causing 

some temporal variation, as elaborated in the paragraphs below.  

Fluoride, which is part of the upper crust, is naturally found in low concentration in the waters and its 

concentration strongly varies depending on the small-scale geological as well as chemical conditions 

(Qian et al., 1999). These low concentrations can also be determined at the different stations in the 

Vallon de Nant catchment, while there is a spatial variation of the fluoride concentration, indicating 

locally different geological and chemical conditions. As a further matter, according to Podgorski and 

Berg (2022), the pH value has an impact on the fluoride concentration. But in the Vallon de Nant catch-

ment, the remarkable decrease of the fluoride concentration towards late August until mid-September 

does not correspond to a decrease of the pH value, even the opposite, since one can observe at some 

stations a pH value increase. Finally, the measurement error that happened in the lab, as elaborated 

above, needs inter alia to be responsible for this decrease.  

We learnt that chloride (see chapter 3.5) particularly enters the water by dissolution of salts as well as 

by weathering of soils and rocks (Berner and Berner, 1987). When considering the results of the tem-

poral as well as spatial variation analysis in chapter 4.3, the spatial variation is little pronounced, which 

is in contrast to the temporal variation. Thus, the chloride abundance as well as the conditions for 

weathering chloride must be similar between the different sampling stations. Having a closer look at 

the chloride increase at the end of August, it does not seem to be probable that at all the stations the 

conditions have changed that strongly and consequently cause such an increase of the concentration. 

As a result, it needs to be assumed that the measurement error, that happened in the lab, is responsi-

ble for this concentration increase. In addition, Knapp et al. (2020) write in their paper that chloride 

particularly enters the system in the Erlenbach catchment by atmospheric inputs, specifically by pre-

cipitation. Besides, they add that the chloride concentration strongly varies over their research time 

due to variations in the extent of the atmospheric inputs. Based on the findings of Knapp et al. (2020), 

precipitation might be a key contributor of chloride in the Vallon de Nant catchment since the spatial 

variation is little, and thus precipitation contributes to a similar extent over the whole catchment as 

well as temporal variation over the research time is visible, which can also indicate that the origins may 
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vary over time, specifically at some timepoints, when the chemical weathering is stronger than the 

atmospheric inputs or vice-versa.  

Nitrite is a product of biological weathering processes, and thus, according to Lingle (2013), it often 

appears as an intermediate product of nitrification as well as of denitrification processes. At the con-

sidered stations in the Vallon de Nant, nitrite is not measured through the whole research period at 

every single sampling station. When considering the temporal variation of nitrite, which is much more 

pronounced than the spatial variation, it can be observed that through July and early August, hardly 

any nitrite is recorded, while towards the end of the research period, nitrite is measured again. In 

addition to the biological inputs, atmospheric deposition of nitrite might also be responsible for the 

observed temporal variation. However, the strong increase of nitrite towards the end of August might 

be a bit exaggerated due to the measurement error, but nevertheless nitrite could be detected.  

Lingle (2013) explains that nitrate primarily has its origin in nitrification as well as in nitrogen fixation 

processes and thus enters the water by biological weathering. In addition, we learnt that due to the 

fact that nitrate is negatively charged, it can be easily washed out since it cannot well attach to the 

negatively charged clay particles in the soil (Lingle, 2013). When considering the results of the hydro-

chemical analysis in chapter 4.3, there is neither a remarkable spatial nor temporal variation visible, 

with the exception of the Grass Spring, that has in comparison to the other stations a significantly 

higher nitrate concentration. Based on that finding, it can be assumed that near the Grass Spring, which 

is embedded in a grassy pasture, the biological activity is high, and thus much ammonium is trans-

formed to nitrate and additionally, much nitrogen is fixed, resulting in the formation of nitrate. Ulti-

mately, due to the fact that nitrate is negatively charged, it then can be easily washed out. In addition, 

Knapp et al. (2020) mentioned that in the Erlenbach catchment nitrate primarily enters the system by 

atmospheric inputs, but also by biological inputs such as in form of manure, and identified temporal 

variation, which may indicate, similarly to chloride, a variation of sources that contribute depending 

on the timepoint to a different extent or simply a variation in the extent of the atmospheric input. But 

they also highlight that this varying concentration of nitrate, which is an important nutrient for plants, 

can also be caused by the nutrient shift from the soil to the plants. However, no remarkable temporal 

variation is observed in the Vallon de Nant catchment, with the exception of the strong increase 

through September towards October at the Grass Spring. That was the time, when cows were grazing 

there, and thus their manure must also have an impact on the nitrate concentration in the water. 

Finally, concerning the origin of nitrate, it can be assumed, also based on Knapp et al. (2020), that 

nitrate is added in the Vallon de Nant catchment by biological as well as atmospheric inputs.  

The accumulation of phosphate in the water happens due to weathering processes of phosphate min-

erals such as apatite. The results of the hydrochemical analysis have showed that neither any remark-

able spatial nor any temporal variation is identified with the exception of the time period between 

early and mid-August. Precipitation is also a source of phosphate and when having a closer look at the 

precipitation data, precipitation events are recorded before both sampling campaigns, which might 

have a direct impact on the phosphate concentration.  

Sulphate is accumulated in the water, according to Berner and Berner (1987), by weathering of sedi-

mentary rocks that include minerals such as pyrite, gypsum or anhydrite. When considering the results 

of the spatial as well as the temporal variation analysis of the sulphate concentration, the sulphate 

concentration is the largest at the Black-Blue Pipe Spring and the lowest at the La Chaux Meander. 

Based on the spatial variation of the sulphate concentrations, it can be concluded that the share of 

sedimentary rocks must vary among the different sampling stations, in particular, that the Black-Blue 

Pipe Spring must have a higher amount of sulphate input from the surrounding sedimentary rock than, 

for instance, the Grass Spring, which has the lowest sulphate concentration. The extent of temporal 
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variation depends on the sampling station and is more pronounced at the Black-Blue Pipe and the 

Grass Spring as well as at the Mainstream 3, while at the other stations the temporal variation is more 

limited. The geographic location of the Mainstream 3 is assumed to be responsible for this temporal 

variation, since it is located in an area where water from different origins as well as from different 

locations in the catchment is collected, which ultimately contributes to variations of the sulphate con-

centration over time. Knapp et al. (2020) observed that the sulphate concentration of the stream water 

is lower than the concentration in the groundwater. However, when comparing the sulphate concen-

tration of the springs with the one of the mainstream, measured in the Vallon de Nant catchment, the 

difference between streamwater and groundwater cannot be observed, specifically the Grass Spring 

has lower concentrations than the stations along the mainstream.  

Schilling (2002) explained, as presented in chapter 3.5, that ammonium is the product of nitrogen fix-

ation as well as of nitrogen mineralization, and thus ammonium enters the water by biological weath-

ering. As a further matter, Harrison (2003) mentioned that the temperature as well as the pH value 

have an impact on the ammonium abundance, in particular, neutral or acidic as well as warm condi-

tions support high ammonium concentrations. The results of the ammonium concentration over time 

as well as the variation between the stations showed that there is hardly any variation visible, apart 

from the fact that the La Chaux Meander as well as the Mainstream 3 have at some points over time 

higher ammonium values than the other stations. Based on these results, it can be assumed that not 

particularly the pH value or the appropriate temperature are the explanation for this finding, since the 

variation is very little, but that at the La Chaux Meander the biological weathering is in comparison to 

the other stations more pronounced. Besides, the observed temporal variation may also be an indica-

tion that ammonium is contributed by the atmosphere to the system. When explaining the ammonium 

concentration at the Mainstream 3, it needs to be emphasized that this sampling station is embedded 

in a surrounding, where water from a series of different origins is collected, while the concentration at 

the other stations along the mainstream with lower elevations is more diluted.  

Calcium accumulates in the groundwater due to geological weathering. Saha et al. (2019) explain that 

particularly the weathering of carbonate rocks such as limestones and the dissolution of minerals like 

calcic-plagioclase feldspars or pyroxene lead to the calcium input. In addition, Berner and Berner 

(1987) added, as presented in chapter 3.5, that due to the fact that calcium is heavily enriched in the 

sedimentary rocks, it is the ion that is the most abundant one in the water. When considering the 

results of the calcium concentration analysis in the Vallon de Nant catchment, it can be clearly seen, 

aside from the fact that calcium is indeed the ion with the highest concentration among all the inves-

tigated ions, that the spatial variation is more pronounced than the temporal variation. In particular, 

the springs have higher calcium concentrations than the mainstream, while specifically the Grass 

Spring shows a significantly higher concentration compared to the other sampling stations. Based on 

these findings, the calcium abundance in the bedrock is assumed to be either larger or the conditions 

for calcium weathering are more appropriate at the Grass Spring, while at the stations along the main-

stream the water is more diluted, which must be responsible for the lower concentrations. When com-

paring these results to Knapp et al.’s (2020) findings, who found that the calcium concentration of 

groundwater is almost identical to the concentration of the stream water or even larger, it can be 

concluded that the calcium concentration in the Vallon de Nant catchment is lower in the mainstream 

than at the springs.  

Potassium accumulates, according to Saha et al. (2019), in the groundwater due to geological weath-

ering of minerals such as potassium feldspar, biotite or clay minerals. In addition, they highlight that 

due to the fact that potassium is often part of primary minerals, and thus not weathered before, its 

weathering process is not very efficient. However, when considering the results of the temporal as well 
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as of the spatial analysis of the potassium concentration in the Vallon de Nant, neither any remarkable 

spatial nor any temporal variation can be identified. The Mainstream 3 has the highest potassium con-

centration, which can also be explained by the diverse water inputs in that area, especially from springs 

and tributaries, but also due to weathering within the stream, similarly to Knapp et al. (2020), who 

assigned in their study the origin of potassium in the surface water to geological weathering. But they 

also highlight that potassium has its origin from atmospheric inputs, since it temporarily varies strongly 

over the research period, indicating that the extent of atmospheric potassium inputs varies over time. 

However, when considering the results in the Vallon de Nant catchment, neither a remarkable spatial 

nor a temporal variation is observe, and thus both origins are assumed to have an impact on the po-

tassium abundance. 

Magnesium enters the groundwater by geological weathering processes of minerals such as amphi-

boles, biotite or olivine (Berner and Berner, 1987; Saha et al., 2019). When considering the results of 

the hydrochemical analysis, a spatial variation, which is more expressed than the temporal variation, 

is observed. The Black-Blue Pipe Spring as well as the Bridge Spring have the significantly highest mag-

nesium concentration, while the La Chaux Meander shows the lowest concentration. Based on this 

finding, the amphibole amount of the bedrock of the Black-Blue Pipe as well as of the Bridge Spring is 

assumed to be higher due to the stronger weathering rate of magnesium, while in case of the La Chaux 

Meander the magnesium content of the bedrock must be lower or the water must be more diluted in 

comparison to the other stations, which is, for instance, assumed when considering the Mainstream 

3. When comparing the results to Knapp et al. (2020), who observed that the magnesium concentra-

tion of the mainstream is lower than the one of the groundwater, it can be identified that in the Vallon 

de Nant catchment the magnesium concentration of the springs is higher than the concentration in 

the mainstream, and thus these observations correspond with the findings of Knapp et al. (2020).  

Sodium is primarily accumulated by geological weathering. Saha et al. (2019) as well as Berner and 

Berner (1987) explained, as elaborated in chapter 3.5, that due to weathering of silicate minerals such 

as plagioclase or feldspar an increased sodium concentration in the water can be identified as well as 

due to the dissolution of halite. When considering the results of the sodium analysis in the catchment, 

hardly any spatial variation is noticed, while a temporal variation is observed, particularly from mid-

August towards mid-September. Thus, the sodium abundance as well as the conditions for sodium 

weathering are comparable between the stations. This strong increase of the sodium concentration 

can also be explained by the measurement error that occurred. Besides, it is mentioned in chapter 3.5 

that in case of a correlation between chloride and sodium, halite can be assumed to be a key contrib-

utor of sodium and chloride. So, since we can identify a similar pattern between chloride and sodium, 

one can therefore assume that halite is in the Vallon de Nant catchment a remarkable contributor of 

sodium as well as of chloride, while hardly any correlation between chloride and potassium can be 

noticed, indicating that sylvite does hardly contribute to the potassium as well as to the chloride con-

centration. Finally, when comparing the results of the sodium concentrations, measured in the Vallon 

de Nant, to the findings of Knapp et al. (2020), who determined a difference of the sodium concentra-

tion between groundwater and the mainstream, no remarkable difference can be observed.  

The geological, atmospheric as well as biological inputs of the ions and ultimately, the origins of the 

ions, namely bedrock, atmosphere or soil, of the Vallon de Nant as well as of the Erlenbach catchment 

are summarized in Table 27. However, when defining the origins of the ions, it needs to be emphasized 

that a series of different sources contribute to the ion abundance and that the contribution of such an 

input may vary spatially, which is especially the case when considering the geological input. Knapp et 

al. (2020) elaborated that groundwater varies strongly in its geochemical composition depending on 

where in the catchment the groundwater is sampled, since the weathering of the bedrock as well as 
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the corresponding conditions vary over the whole catchment. Besides, the hydrochemical analysis al-

lows us to identify the solutes that are most prominently represented in the waters. Independent on 

the sampling stations, sulphate as well as calcium are the most abundant ones and have the biggest 

impact on the electrical conductivity. When comparing these key contributors to the ones of Knapp et 

al. (2020), a difference can be noticed, namely that in case of Knapp et al. (2020) calcium as well as 

magnesium are most prominently represented, while the latter contributor could be measured to a 

minor extent at the sampling stations in the Vallon de Nant catchment. Therefore, it can be concluded 

that the geological conditions must be different between the Vallon de Nant catchment and the Erlen-

bach catchment, since sulphate as well as magnesium enter the water by geological inputs.  

Table 27: Origin of ions in the Vallon de Nant (VdN) and the Erlenbach catchment (Erlenbach C.). The ions are attributed to 
their corresponding input, while it is differentiated between geological, atmospheric and biological input and based on 
these inputs the origin of the ions is defined, namely bedrock, atmosphere or soil.  

Ion Geological Input 

(bedrock) 

Atmospheric Input 

(atmosphere) 

Biological Input 

(soil) 

Fluoride VdN   

Chloride VdN VdN, Erlenbach C.  

Nitrite  VdN VdN 

Nitrate  VdN, Erlenbach C. VdN, Erlenbach C. 

Phosphate VdN VdN  

Sulphate VdN, Erlenbach C.   

Ammonium  VdN VdN 

Calcium VdN, Erlenbach C.   

Potassium VdN Erlenbach C. Erlenbach C.  

Magnesium VdN, Erlenbach C.   

Sodium VdN, Erlenbach C.   

Concentration-Discharge Analysis 

Knapp et al. (2020) explained in their paper, that the ions that have the origin as well as some chemical 

characteristics in common show comparable concentration-discharge relationships. Thus, after having 

investigated the sources of the ions, the concentration-discharge relationship of these categories is 

determined. Based on that approach, which is introduced by Knapp et al. (2020), the concentration-

discharge relationships of the ions, recorded at the springs as well as at the outlet of the Vallon de 

Nant catchment, are discussed. Besides, since the concentration-discharge relationship of the individ-

ual ions is quite consistent with all the stations (see chapter 4.4), the spatial variation is less discussed, 

but more the individual concentration-discharge relationship of the ions.  

As explained by Knapp et al. (2020), dilution particularly occurs in situations, when the abundance of 

the ion is limited or when the concentration of the ion is diluted by water that has a smaller or equal 

concentration of the corresponding ion. Such a dilution behavior, which describes the process, when 

the ion concentration increases with decreasing discharge, could in the study of Knapp et al. (2020), 

who investigated stream water, strongly be observed for ions that have their origin in groundwater 

such as calcium, magnesium, sodium or sulphate and to a smaller extent for potassium, which, how-

ever, also has its origin aside from the groundwater also in the atmosphere. When considering the 

results of the Vallon de Nant catchment, dilution is particularly observed for sulphate, potassium and 

ammonium, while the latter ion has its origin in the soil or in the atmosphere and the former two ions 

in groundwater. So, these ions must have the lowest concentration when the discharge is the highest. 
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Furthermore, when discussing dilution processes, Knapp et al. (2020) explained that environmental 

factors such as temperature or wetness, which are summarized as seasonality indicators, need to be 

considered. They, for instance, found that ions, which have their origins in the groundwater, show 

positive correlation with these seasonality indicators, particularly showing less negative concentration-

discharge relationships under the condition of warmer temperature as well as of higher dryness, which 

means that the dilution is less pronounced, and thus the ions are more concentrated in the water. So, 

when considering the temperature as well as the precipitation data of the Vallon de Nant catchment 

over that time, this finding of Knapp et al. (2020) is assumed to be the explanation, why magnesium, 

sodium or calcium have showed in the Vallon de Nant catchment chemostatic behavior instead of di-

lution, which would be expected as they have their origin in the groundwater. In addition, differences 

between the springs could be determined, particularly the Black-Blue Pipe Spring as well as the La 

Chaux Meander show dilution behavior, and thus the abundance of these ions must be limited in the 

corresponding compartment of the catchment.  

When considering the ions that enter the system through atmospheric inputs such as chloride, potas-

sium or nitrate, Knapp et al. (2020) could observe that these ions do not show such a clear pattern as 

the groundwater solutes show, and thus they could observe all three patterns such as dilution, chemo-

stasis and mobilization, but in particular chemostasis and mobilization. In the Vallon the Nant catch-

ment, particularly nitrite, nitrate, ammonium as well as eventually also phosphate, potassium and chlo-

ride might be added by atmospheric inputs and all these ions with the exception of ammonium and 

potassium, as discussed above, show to a large majority of the stations chemostatis as their dominant 

concentration-discharge relationship, while occasionally at some springs mobilization could be deter-

mined. Knapp et al. (2020) highlighted that the relative moisture has a strong impact on the ions such 

as chloride, potassium or nitrate, which have their origin, determined in the study performed in the 

Erlenbach catchment, from the atmosphere. Based on that, they could observe that the higher the 

relative moisture is, the more dilution processes occur and vice versa, the lower the moisture is, the 

more mobilization behavior is observed. This relationship occurs, according to Knapp et al. (2020), due 

to the fact that under lower moisture conditions the evapoconcentration in the soil is more pro-

nounced.  

Taking the findings of Knapp et al. (2020) into consideration as well as the warm and relatively dry 

conditions during the research period in the Vallon de Nant catchment, potassium, chloride as well as 

nitrite showed mobilization at some stations in the catchment, and thus this finding corresponds to 

their result. However, mobilization can rarely be noticed at the stations, only when considering the 

concentration-discharge relationship of chloride at the Bridge Spring and the La Chaux Meander or the 

one of potassium as well as at the Bridge Spring. In addition, nitrite at the La Chaux Meander also 

shows mobilization. Mobilization, which is the process where the ion concentration decreases with 

decreasing discharge, is, according to Knapp et al. (2020), due to the washing out of ions from the soil. 

In this context, Knapp et al. (2020) explained that precipitation events generally have an impact on the 

concentration-discharge relationship of some ions, such as potassium, chloride and nitrate, but they 

highlight that no clear concentration-discharge pattern can be manifested, since their relationship re-

ally depends on the event. This observation, however, was not made in the Vallon de Nant catchment. 

Finally, in most cases, when considering the concentration-discharge relationships at the springs as 

well as when investigating the processes per ion, chemostasis is observed, which indicates that the ion 

concentration is not changed with altered discharge rates. Potential reasons for such a behavior can, 

according to Knapp et al. (2020), be that the solute abundance is not limited in its origin. But, the 

attribution of a chemostatic behavior to a solute can also overshadow light mobilization as well as 

dilution processes and the fact of overshadowing either dilution or mobilization is also reinforced by a 
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low data density, which is the case and, thus, needs to be considered, when discussing concentration-

discharge relationships of the solutes in the Vallon de Nant catchment over the summer recession 

period. 

Isotopes 

In chapter 3.5, it was elaborated that δ2H as well as δ18O are stable water isotopes, which are heavier, 

but much less abundant in nature than the lighter isotopes 1H or 16O and additionally, that the isotopic 

composition is indicated by delta values, describing to which extent the isotopic composition of a water 

sample is different from the V-SMOW standard (Yoshimura, 2014; Galewsky et al., 2016). Generally, 

the more negative a value is, the smaller is the number of heavy isotopes in the sample and thus the 

higher is the isotopic depletion. In the following paragraphs, the results of the isotopic analysis of chap-

ter 4.3 as well as of the mixing analysis are discussed by taking the background information of chapter 

3.5 into consideration and by comparing the results to some findings of Michelon (2022), who also did 

isotopic analysis of springs as well as of the mainstream.  

Spatial Variation of Isotopic Composition 

When considering the results of the isotopic analysis of chapter 4.3, the δ2H as well as the δ18O values 

show temporal and spatial variation. What is particularly remarkable is that the Grass Spring is signifi-

cantly the least depleted in δ2H as well as in δ18O, while the water at the Bridge Spring is most depleted 

in δ2H as well as in δ18O. The isotopic depletion of the La Chaux Spring and the Mainstream 1 as well 

as of the Mainstream 2 is similar to the one of the Bridge Spring, but not significantly different. The 

median δ2H as well as δ18O compositions of the Mainstream 3, the Black-Blue Pipe Spring and the La 

Chaux Meander are also close together and thus not significantly different, but less enriched than the 

Grass Spring but more than the other stations. Michelon (2022) came in his study to similar results, 

despite the fact that he sampled several different stations. He also found that the sampling stations 

show comparable median isotopic compositions with the exception of the Grass Spring that also shows 

much higher median isotopic values. 

When discussing the spatial variation, the varying isotopic compositions might be assumed to be the 

result of different fractionation processes. When water changes its phase such as in evaporation or 

condensation processes, fractionation occurs, resulting in an altered composition of stable isotopes. 

Beria at al. (2018) explain that evaporation, for instance, is a kinetic process, where the liquid phase is 

more enriched in heavy isotopes than the gaseous phase. In addition, they highlight that temperature 

has an impact on the fractionation processes and they particularly point out that the higher the tem-

perature is, the weaker is the condensation level and thus the lower the fractionation. Therefore, at a 

warmer temperature evaporation is more pronounced than condensation is. 

Since the Grass Spring is the least depleted in the considered stable isotopes among the considered 

stations, it is assumed, based on the explanations of Beria et al. (2018), that evaporation generally 

happens there to a larger extent than at the other stations. The median δ2H as well as δ18O composi-

tions of the Bridge Spring as well as of the La Chaux Spring are in about the same range as the Main-

stream 1 and the Mainstream 2, indicating that at these stations lower evaporation must occur than it 

does at the Grass Spring, while the median δ2H as well as δ18O compositions of the Mainstream 3, the 

Black-Blue Pipe Spring and the La Chaux Meander are also close together, assuming a moderate evap-

oration in comparison to the Grass Spring. As a further matter, it is highlighted by Beria et al. (2018) 

that such a kinetic effect is more strongly pronounced when considering δ2H values than δ18O values, 

since the HD16O isotopes show a lower weight than the H2
18O water isotopes. This fact can also be 

observed in the results of the isotopic analysis of the collected water samples in the Vallon de Nant 

catchment. The collected water samples are all much more depleted in 2H than they are in 18O, which 
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is explained by the fact that 2H is lighter than 18O and thus tend to enter the gaseous phase than the 
18O does. However, these findings are only based on the comparison of the median isotopic composi-

tion of the sampling stations. Thus, in order to gain a deeper understanding whether kinetic processes 

are responsible for the spatial variation of the isotopic compositions, δ2H is plotted against δ18O (see 

Figure 53). So, aside from the relationship between δ2H and δ18O and potential fractionation processes, 

also the spatial distribution of the isotopic depletion level, which corresponds to the above-mentioned 

explanations, can be observed. 

When analysing the relationship between δ2H and δ18O, it can also be analysed how the datapoints are 

scattered around the Local Meteoric Water Line (LMWL). The determined isotopic compositions of the 

water samples follow the LMWL, indicating that the current local conditions of the Vallon de Nant still 

correspond to the conditions of 2019, when the LMWL was defined by Mächler et al. (2021). However, 

the LMWL shows a larger intercept, but a smaller slope than the Global Meteoric Water Line (GMWL) 

does. When considering the slope of the LMWL, Araguás-Araguás et al. (2000) highlighted that areas 

with a LMWL of a slope smaller than 8 are, for instance, regions where d-excess values of precipitation 

slightly vary seasonally or where a strong evaporation in summer is observed. In contrast, LMWL of a 

slope larger than 8 can, according to Araguás-Araguás et al. (2000), be recorded in regions, where the 

water vapour comes from different regions depending on the season, resulting in strong seasonal var-

iations in the isotopic composition as well as in the deuterium excess (d-excess) values. Having a closer 

look at the slope of the LMWL of the Vallon de Nant, it is identified to be slightly lower than 8, namely 

7.82, and therefore, according to Araguás-Araguás et al. (2000), the Vallon de Nant is a region, which 

tends to have distinctive evaporation in summer as well as a seasonally varying isotopic composition 

of precipitation. The intercept of the LMWL indicates that the deuterium excess (d-excess), which is, 

according to Beria et al. (2018), often used to identify whether fractionation happens under equilib-

rium or kinetic conditions and, thus, determine whether evaporation or condensation occurs, slightly 

higher. However, deuterium excess values in the range of 10 to 11 indicate stable conditions (IAEA, 

2006). Aron et al. (2021) highlighted that the extent of deuterium excess depends on the relative hu-

midity as well as on the temperature. In particular, they noticed that the higher the temperature is, 

the lower is the deuterium excess in the liquid phase, while the higher the relative humidity is, the 

lower is the deuterium excess in the gaseous phase. So, the slightly larger intercept of the LMWL, 

namely 10.47, highlights that the deuterium excess is a bit more expressed in the Vallon de Nant than 

it is in case of the GMWL. So, when taking the findings of Aron et al. (2021) into account, it can be 

assumed that due to the higher deuterium excess values the relative humidity is slightly higher and the 

temperature lower compared to the global average expressed by the GMWL.  

When considering the median d-excess values of the different sampling stations separately, the Grass 

Spring as well as the Black-Blue Pipe Spring are identified to be the stations that have the significantly 

lowest d-excess values, while all the other stations show median values in a similar range and are in 

most cases not significantly different. Similarly, Michelon (2022) found in his study that the water sam-

ples, which were collected at springs as well as at stations along the mainstream in the Vallon de Nant 

catchment, show median d-excess values that are similar to those of rain and are thus lower than the 

d-excess values for snow. However, since the Grass Spring as well as the Black-Blue Pipe Spring are the 

two stations, which deviate the least from the GMWL, they are more similar to the global average than 

the other stations. In addition, Michelon (2022) elaborated that the d-excess values of soil water are 

even lower than they are for rain or snowmelt due to evaporation processes of the vegetation as well 

as of the soil, also known as secondary evaporation. Therefore, when considering the lower d-excess 

values and the explanations of Michelon (2022), it can be assumed that soil water is a severe contrib-

utor to the discharge of the Black-Blue Pipe as well as of the Grass Spring.  
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When analysing how the datapoints are scattered around the LMWL, the datapoints follow the LMWL 

quite accurately, but nevertheless some deviations are noticed. Most of the datapoints of the Grass 

Spring and the Black-Blue Pipe Spring are scattered slightly below the LMWL, which is also indicated 

by the lower d-excess values, while most of the datapoints of the La Chaux Spring as well as of the La 

Chaux Meander are located either above or on the LMWL. Beria et al. (2018) highlighted that values 

that differ from this LMWL may indicate evaporation, sublimation or other processes that occur under 

kinetic conditions. But, since such nonequilibrium processes lead to different 2H and 18O abundances 

in the two phases, a new slope has to be defined, as explained by Beria et al. (2018) in order to show 

the altered relationship. In particular, since the 2H is the lighter stable isotope than the 18O, the 1H2H16O 

stable water isotope is more enriched in the gaseous phase than 1H1H18O, which is more present in the 

liquid phase. Therefore, due to the higher abundance of the heavy oxygen isotopes in the water, the 

slope of the evaporation line is smaller than the one of the LMWL.  

However, in the plot which illustrates the relationship between δ2H and δ18O (see Figure 53) no kinetic 

process such as evaporation can be identified. Therefore, the assumption, which is based on the com-

parison of the individual isotopic compositions of the sampling stations, that evaporation is responsible 

for the spatial variation of the isotopic depletion level cannot be seen in the plot that illustrates the 

relationship between δ2H and δ18O. In contrast, it can be clearly identified that the datapoints follow 

the LMWL quite accurately and additionally, the intercept of the LWML, indicating the d-excess, also 

highlights stable conditions. Therefore, not kinetic processes explain the spatial variation, but much 

more the origin of the water, which also plays a role when explaining the finding that the Grass Spring 

has such a different isotopic composition to the other stations, needs to be considered. In particular, 

Michelon (2022) explained this result regarding the Grass Spring by the assumption that the Grass 

Spring might store water from a low lying subcatchment of a small size and not from the rock faces, 

which are located closely to the Grass Spring.  

Another point, which is highlighted by Michelon (2022), is that the electrical conductivity in combina-

tion with the isotopic analysis can serve as an indicator for identifying the origin of the water, namely 

by determining how old the investigated water is. By means of the isotopic composition it can be dif-

ferentiated between “old” and “new” water, while Taylor et al. (2002) explain that the former de-

scribes water before precipitation events such as groundwater, soil water or surface water and the 

latter defines the water that is added to the system by precipitation such as snow, rain as well as by 

snowmelt. The more isotopically depleted the water is, the higher is the snowmelt contribution, since, 

according to Ala-aho et al. (2017), snow and snowmelt respectively are isotopically more depleted than 

rain is due to the fact that the temperature is lower when condensation happens. Therefore, young 

water has rather low electrical conductivity, since it has a higher snowmelt contribution than older 

water and additionally, young water has, according to Michelon (2022), a lower subsurface residence 

time and thus also shows a lower number of dissolved ions. Based on this relationship, the age of the 

monitored springs of the Vallon de Nant catchment can be assessed. The Grass Spring has the highest 

electrical conductivity and contains therefore the oldest water with the smallest snowmelt contribu-

tion, while the Bridge Spring has the lowest electrical conductivity and is therefore the youngest water 

with the highest snowmelt contribution, which is also reflected in its largest isotopic depletion. Finally, 

in order to assess the snow contribution to the individual spring discharge, the mixing analysis is per-

formed, as discussed below.  

Temporal Variation of Isotopic Composition 

When having a closer look at the potential reasons for the temporal variation of the isotopic composi-

tion, precipitation is assumed to have an impact on the observed temporal variation of the isotopic 

composition. Beria et al. (2018) explained that the heavy isotopes are rained out first, and thus, with 
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time passing, the precipitation shows a lower abundance of heavy isotopes. So, the isotopic depletion 

is reduced after precipitation events. This relationship is observed when considering the reduction of 

the isotopic depletion towards early October, when a series of precipitation events is recorded before 

the water samples are collected. In addition, another isotopic depletion reduction is observed at all 

the stations, apart from the Grass Spring, but specifically pronounced at the stations along the main-

stream, towards early August. When having a closer look at the precipitation data, a series of precipi-

tation events is observed before the sampling dates.  

Beria et al. (2018) explained that temperature as well as elevation have an impact on the isotopic 

composition of precipitation, while the isotopic composition of precipitation varies depending on the 

elevation level, where it is formed. The higher the elevation is, the higher is, according to Beria et al. 

(2018), the isotopic depletion of the precipitation, which is described by the isotopic lapse rate. Re-

garding the temperature, they explain that when precipitation is formed under warmer conditions, the 

precipitation is less depleted in heavier isotopes than under cooler conditions due to the fact that the 

fractionation factors decline with an incline of the temperature. Beria et al. (2018) mentioned that 

reasons for this elevation dependent lapse rate are, aside from the lower cloud condensation temper-

ature at higher elevation levels, also orographic effects, which reinforce the condensation process and 

thus lead to an incline of precipitation with higher elevation levels. Furthermore, they highlighted that 

an isotopic depletion of rain is also observed over the time period of a precipitation event, which 

means that the heavy isotopes are preferentially rained out first. However, in this study the isotopic 

composition of precipitation was not analysed, but Michelon (2022) investigated in his studies the iso-

topic depletion of rain in the Vallon de Nant and he could determine a lapse rate of 0.84‰/100 m for 

δ2H and one of 0.128‰/100 m for δ18O and he also set the values into relation to the isotopic lapse 

rates determined for Switzerland and could identify that these values correspond to about 50% of 

these rates.  

The results of Michelon (2022) show a temporal variation of the isotopic composition at the springs 

over the defined streamflow periods but also over the research years. Thus, there is no general tem-

poral pattern that can be seen over the years. However, the investigated springs of this thesis do not 

show the same extent of temporal variation, but from an overall perspective, the springs are either 

isotopically enriched or stay one the same level over the summer recession period primarily due to 

rainfall, which was also observed by Michelon (2022) in his study.  

Due to the fact that the sampling stations of Michelon (2022) vary in their isotopic composition over 

the recession period to a different extent, he assumes that when the isotopic composition increases 

slowly over the recession period, the water is stored in a big reservoir or that the water storage reser-

voir is not well permeable resulting in slower flowing rates. Vice versa, when the isotopic composition 

increases fast over the recession period, he assumes that the water storage reservoir is well permeable 

resulting in higher water flowing rates. Based on the qualitative assessment of how fast the isotopic 

composition of the monitored sampling stations increase over time, it can clearly be observed that it 

increases slowly at the La Chaux Spring as well as at the Bridge Spring, therefore indicating that the 

water is stored in a relatively big reservoir or that the reservoir is weakly permeable for the water, 

while at the Black-Blue Pipe Spring as well as the Grass Spring the isotopic composition increases the 

fastest in comparison to the other stations and therefore, indicating a comparably small reservoir or a 

reservoir that is well permeable. The La Chaux Meander which is geographically quite closely situated 

to the La Chaux Spring, however, shows a different pattern, namely a faster increase than the La Chaux 

Spring and thus indicating that the water is stored in a smaller reservoir than the water from the La 

Chaux Spring.  
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Mixing Analysis 

In order to assess the snow as well as the rain contribution to the individual spring discharge, the mix-

ing analysis is performed per sampling station as well as per sampling date (see chapter 4.4). In the 

following paragraphs, these findings are discussed and complete the above-mentioned explanations.  

When considering the proportion of rain per sampling date, one can identify hardly any changes when 

comparing the proportion of rain from the beginning of the research period to the proportion of the 

end, but within the research period there are some variations in the proportion of rain visible such as 

an increase in the rain proportion from mid-July towards early August as well as from mid-September 

towards early October. As a further matter, the proportion of rain is always smaller than the proportion 

of snowmelt. So, the observation that the proportion of rain increases at these specific timepoints in 

August as well as towards October corresponds to the above-discussed assumption that rain events 

must be responsible for the observed temporal variation, which is also reflected in the isotopic enrich-

ment of δ2H and δ18O at the sampling stations. In addition, the fact that the proportion of rain hardly 

changes over the research period, and thus the fraction of snowmelt does not decrease, indicates that 

the contribution of meltwater is constant over the whole research period.  

In chapter 4.4, the proportion of rain is observed to vary per sampling station. The Grass Spring shows 

the highest median proportion of rain over the research period, followed by the Black-Blue Pipe Spring 

as well as the La Chaux Meander, while lower rain proportion contributions at the Bridge Spring and 

at the La Chaux Meander are noticed. Based on these findings, it can be assumed that the water at the 

Grass Spring as well as at the Black-Blue Pipe Spring flows on a relatively shallow path, while the water 

of the Bridge as well as of the La Chaux Spring on a deeper path due to the observation that the pro-

portion of rain is larger at the Grass as well as at the Black-Blue Pipe Spring than it is at the other 

stations. Michelon (2022) came in case of the Grass Spring to a comparable result. He namely assumed 

that based on the isotopic composition as well as on the measured electrical conductivity and the tem-

perature values, that the water must flow quite close to the surface and finally, that precipitation must 

contribute to a large extent.  

As already elaborated above, snow has at all stations the larger share of the collected water samples 

than rain has. Based on that finding, snow must have a dominant impact on the groundwater recharge 

at the springs. This pattern is particularly expressed at the higher lying springs such at the La Chaux 

Spring or at the Bridge Spring, but the strong contribution of snow is also reflected in the streamflow. 

The observation that snow fundamentally contributes to groundwater recharge as well as to the 

maintenance of the streamflow in the Vallon de Nant catchment corresponds to the findings of Beria 

et al. (2018), who emphasize that such a pattern is particularly pronounced in high-elevation catch-

ments.  

5.4 Synthesis 

In order to discuss how the different tracers can be used to explain storage-discharge relationships at 

the springs in the Vallon de Nant catchment and thus to answer the main research question, the results 

of the correlation analysis as well as the principal component analysis (see chapter 4.4) are considered 

and put into context with the findings of the subquestions elaborated above.  

A significantly negative correlation between discharge and electrical conductivity, indicating that the 

higher the discharge is, the lower is the electrical conductivity, is observed. This finding can be ex-

plained as follows: When a high discharge is recorded, the flowing rate of the water is faster, and thus 

the residence time of the water in the subsurface is lower, which consequently leads to an overall 

lower concentration of ions in the water. For instance, as explained in details in the electrical 
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conductivity section above, the electrical conductivity of the springs is higher than the one of the main-

stream, which also corresponds to the lower discharge rates at the springs. As a further matter, meas-

uring the electrical conductivity, for instance, in the mainstream over the recession period has also 

showed to be a tracer in order to identify whether water is stored in comparably deep or shallow 

layers. Since in case of an increase of the electrical conductivity over time, water from deeper layers 

start contributing to the discharge, which was particularly noticed at the Mainstream 3.  

A weak negative correlation between pH value and discharge can be identified. Therefore, using the 

pH value as a tracer for discharge analysis has showed not to be meaningful for determining any stor-

age-discharge relationships at the springs in the Vallon de Nant catchment. However, the pH value can 

give indication about the conditions under which water is stored as explained by Nelson (2002), high-

lighting that the lower the pH is, the more solids are dissolved, which was particularly observed at the 

Grass Spring, having a significantly different pH value, but a high electrical conductivity value, which, 

therefore, indicates a high number of dissolved solids in the water.  

The correlation analysis shows that the temperature is negatively correlated with the discharge, in 

particular, the higher the discharge is, the lower is the temperature, which can particularly be noticed 

at the springs. In order to understand the relationship between discharge and temperature, the elec-

trical conductivity values need to be considered as well, since Nelson (2002) explained, as discussed in 

the temperature section of this chapter, that high water temperatures indicate high amounts of total 

dissolved solids, which, therefore, is reflected in higher electrical conductivity values. However, in my 

data there is only a weak positive correlation between temperature and the electrical conductivity. 

Nevertheless, the analysis has showed that temperature in combination with the electrical conductiv-

ity can serve as tracers for discharge analysis. Since the springs with the highest median electrical con-

ductivity such as the Grass Spring or the Black-Blue Pipe Spring, indicating relatively low discharge, are 

also the stations with a higher median temperature and consequently, the water must be released 

from comparably shallow areas.  

There are differences of an ion abundance depending on the discharge rate, which can be identified in 

the analysis of the concentration-discharge relationships and which are consequently also reflected in 

the different correlation behavior of the ions. Based on these findings, three ion clusters are defined 

(see chapter 4.4), while positive correlations are noticed within such a cluster: Cluster 1 includes cal-

cium and phosphate, which are both ions that are the product of geological weathering processes, and 

thus their origin is defined in the groundwater. Additionally, since calcium and phosphate are positively 

correlated, it can be assumed that particularly the weathering of calcium-phosphate is distinctive. As 

a further matter, ammonium and nitrate, which are the product of biological weathering processes as 

well as of atmospheric inputs, are considered in cluster 2. Cluster 3 includes magnesium, chloride, 

sulphate and sodium, which are all ions that are products of geological weathering processes and 

therefore, their origin is also defined in the groundwater, while chloride can also be added to the sys-

tem by atmospheric inputs. Since chloride is positively correlated with sodium, chloride as well as so-

dium are assumed to have their origin inter alia from halite weathering. So, a positive correlation be-

tween cluster 3 and the discharge is identified, while the discharge is negatively correlated with cluster 

1 and cluster 2. Based on that finding, the ions of cluster 3 are assumed to be more easily washed out 

than the ions of cluster 1 and 2, which may be the reason why these ions are more abundant in water 

of high discharge rates. When considering the concentration-discharge relationships it would be ex-

pected that the ions of cluster 1 and 2 show dilution processes, since the higher the discharge is, the 

lower is their concentration. However, when analysing the results at most stations the ions show che-

mostatic behavior except for the ammonium for which dilution is determined at most of the sampling 

stations. In contrast, for the ions of cluster 3 mobilization is expected to be the main concentration-
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discharge relationship, since the ions show higher concentrations at higher discharge rates. But in most 

of the cases chemostasis is observed and mobilization can only be noticed in isolated cases for chloride 

as well as for sodium, while even dilution is recorded for sulphate at most of the stations. So, some 

contradictions between the correlation and the concentration-discharge analysis are noticed, but it 

needs to be highlighted that for performing a deep concentration-discharge analysis more data should 

be available, which, however, is profoundly elaborated in the limitation section (see chapter 5.5) be-

low.  

The correlation analysis of the discharge and the heavy isotopes such as δ2H and the δ18O has showed 

that they are negatively correlated with discharge, which can be inter alia explained by the findings of 

the mixing analysis, as discussed above. There, it could be identified that the higher the discharge is, 

the lower is the electrical conductivity and thus the higher is the amount of snowmelt, which is more 

depleted than rain, and consequently the higher is the contribution of water from comparably deeper 

layers, which can specifically be observed at the La Chaux Spring or at the Bridge Spring. 

Storage-Discharge Characteristics of the Springs 

In the following paragraphs, the relationships explained above as well as the results of the principal 

component analysis (see chapter 4.4), which highlight the key tracers that describe the individual 

spring discharge characteristics, are applied and additionally, the results of the recession analysis are 

taken into consideration, in order to qualitatively discuss the different storage-discharge characteris-

tics of the springs in the Vallon de Nant catchment.  

The analysis of the water quality variables suggest that the water stored and released by the Black-

Blue Pipe Spring as well as the Grass Spring in comparison to the other stations is relatively shallow 

groundwater as well as it consists of a certain amount of soil water due to the fact that the isotopic 

depletion in heavy isotopes is lower, and thus the proportion of rain is higher, indicating a shallower 

water flowing path. As a further matter, these stations show a warmer water temperature, which also 

highlights that the depth of the water pathway is not that deep. Then, the electrical conductivity is 

higher at these stations, indicating higher residence time of the water in the subsurface as well as 

smaller water flowing rates, which is also reflected in the low median discharge rates. In addition, 

under consideration of the ions of the first and second cluster, that are negatively correlated with the 

discharge and thus more abundant in low discharge areas, the Grass Spring, for instance, has the high-

est median calcium as well as nitrate concentration in comparison to the other stations, while the 

sodium concentration, which is positively correlated with the discharge, is the lowest at the Grass as 

well as at the Black-Blue Pipe Spring. Therefore, high calcium and nitrate, but low sodium concentra-

tions indicate rather low discharge rates.  

The analysis of the recession constants indicates that the water at the Black-Blue Pipe Spring must be 

stored in comparably shallow layers due to the short recession constant, indicating a small storage 

capacity, which corresponds to the result of the analysis of the water quality variables, which also 

showed that the water must flow through a rather shallow water flowing path. As a further matter, 

the two recessions within the first subperiod let us assume that not particularly only groundwater 

contributes to the recorded discharge, but potentially also precipitation and surface runoff. This finding 

is enhanced when considering the mimicry analysis between the mainstream and the Black-Blue Pipe 

Spring, showing that the discharge pattern of the mainstream, is mimicked best among all the sampling 

stations by the Black-Blue Pipe Spring. These factors indicate that the groundwater proportion on the 

recorded discharge is limited although high storage capacity is expected, since the Black-Blue Pipe 

Spring is part of the riparian zone that has, according to Michelon et al. (2023), a high hydraulic con-

ductivity. In contrast, Michelon (2022) highlighted in the context of the evolution of the isotopic 
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composition over the recession time that a small increase of the isotopic composition, particularly, a 

slight isotopic enrichment over the recession period, indicates a small water reservoir, which is the 

case at the Black-Blue Pipe Spring.  

When considering the long recession constant of the Grass Spring, indicating a large storage capacity 

in rather deep layers and a slow storage-release rate, it can be identified that this large storage capacity 

corresponds to the characteristics of its hydrological units, which particularly has a high groundwater 

storage. However, there is a contradiction between the findings of the water quality analysis, indicating 

a water release form comparably shallow layers, and the recession analysis, highlighting a water re-

lease from deep layers.  

In order to explain this contradictory result, it needs to be taken into consideration that the Grass 

Spring is situated close to an artificial water catchment. Regarding the community of Bex, this artificial 

water catchment is not a capped spring, but it collects water, that is released by a spring with no spe-

cific location somewhere on the bottom of the scree cone. This spring must, however, be close to the 

artificial catchment since, according to the community of Bex, it particularly collects water that 

emerges at different points on the bottom of the alluvial scree cone. Then, the water is collected by a 

simple tube and stored in the artificial catchment, which, however, shows, according to the Commu-

nity of Bex, a limited storage capacity. Therefore, the water that is not collected by the artificial catch-

ment due to a full storage but nevertheless still released by the unknown spring is assumed to flow 

partly on superficial, partly on shallow water flowing paths down the pasture and therefore, the Grass 

Spring must represent an outflow of this water. So, the measured discharge corresponds to ground-

water, indicated by its constant discharge rate and its longer recession constant, with surface water 

characteristics, since the discharge is not measured directly at the unknown spring and thus, the water 

must flow through shallow water paths, as elaborated in the isotopic analysis, and is therefore released 

at the Grass Spring. As a further matter, it is assumed that surface runoff has a minor extent on the 

Grass Spring discharge due to hardly altered discharge patterns after precipitation events. Besides, 

when considering the surrounding of the Grass Spring, which is embedded in a flat and muddy sur-

rounding, where much of the water seems to be stored in the vegetation, the surface runoff, therefore, 

is not focused on the Grass Spring outlet but widely spread.  

The analysis of the water quality variables suggests that the water released by the Bridge as well as by 

the La Chaux Spring is from deeper layers in comparison to the other stations due to the fact that the 

isotopic depletion in heavy isotopes is higher, and thus the proportion of rain is lower. In addition, 

these stations show a cool water temperature, which highlights that the depth of the water pathway 

is deeper. But when considering the median electrical conductivity, mixed signals are observed. The 

Bridge Spring shows a lower median electrical conductivity, which indicates a lower residence time of 

the water in the subsurface as well as a higher water flowing rate, that is also reflected in the higher 

discharge rates. However, the electrical conductivity of the La Chaux Spring is comparably high, almost 

on the level of the Black-Blue Pipe Spring, but the median discharge is not low, as might be expected, 

but it even is the highest. Thus, other factors such as different bedrocks or higher rates of geological 

weathering must be responsible for the higher electrical conductivity values. When taking the results 

of the hydrochemical analysis into account, in particular the ions of the first and second cluster, the 

Bridge Spring, for instance, shows the lowest calcium concentration and the La Chaux Spring the lowest 

nitrate concentration in comparison to the other stations. Sodium from the third cluster, which is pos-

itively correlated with the discharge, has the highest concentration at the La Chaux Spring and also a 

relatively high concentration at the Bridge Spring. Therefore, low calcium and nitrate, but high sodium 

concentrations indicate comparably high discharge rates. 
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The analysis of the recession constants suggests that the water at the Bridge as well as at the La Chaux 

Spring is stored in relatively deep layers, since the recession constants are longer than at the Black-

Blue Pipe Spring, but still shorter than at the Grass Spring. Thus, the storage-release rate is comparably 

slow, indicating a relatively high capacity, which is in contrast to the Black-Blue Pipe Spring. So, the 

findings of the recession analysis correspond to the findings of the water quality analysis. In addition, 

the long recession constants also reflect the characteristics of the corresponding hydrological units of 

the La Chaux Spring as well as of the Bridge Spring, namely that high storage capacities can be ex-

pected. But the impact of precipitation can also be noticed at these springs, but to a lower extent and 

finally, the mainstream discharge pattern is weakly mimicked by the springs. All the aspects highlight 

that the groundwater must contribute to a larger amount to the discharge of the Bridge and the La 

Chaux Spring than water from other origins.  

The analysis of the water quality variables does not clearly indicate whether the water is released from 

shallow or deep layers at the La Chaux Meander. The proportion of rain, determined in the mixing 

analysis, indicates that the La Chaux Meander is the station with the third largest proportion of rain. 

However, the comparably low median electrical conductivity as well as the quite high median discharge 

rate suggest that the water is released from deeper layers, while the comparably low isotopic depletion 

as well as the warm temperature give indications for shallow water. Based on these findings, it is as-

sumed that water contributing to the tributary discharge comes from different origins, in particular, 

from shallow as well as deep sources. When taking the results of the hydrochemical analysis into ac-

count, in particular the ions of the first and second cluster, which are negatively correlated with dis-

charge, the La Chaux Meander has similar low median calcium concentration as the La Chaux Spring 

and strongly lower nitrate concentration than the Grass Spring. In addition, the La Chaux Meander 

shows a similar sodium concentration to the Bridge Spring as well as the La Chaux Spring, while sodium, 

which is part of the third cluster, is positively correlated with the discharge.  
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5.5 Limitations 

The key limitation of this thesis is the lack of data, particularly of the spring discharge over the research 

period. More data would, therefore, support to gain a more profound understanding of the storage-

discharge characteristics at the springs. The limitations related to this little amount of discharge data 

as well as some other limitations are elaborated in more details in the following paragraphs. 

Since the precipitation data of the La Chaux weather station is incomplete over the research time, and 

thus additional precipitation data of Sorniot Lac-Inférieur, which is a MeteoSwiss weather station of a 

comparable elevation to the La Chaux weather station, is considered, there is no authentic picture of 

the precipitation situation over time in the Vallon de Nant catchment. Therefore, the missing precipi-

tation data is a major limitation of the performed study as exact precipitation data would particularly 

be important when analysing how springs specifically react to precipitation events, and thus contribute 

to gaining a more profound understanding of the specific discharge patterns.  

In contrast to the discharge data of the mainstream, there is no continuous discharge data recorded 

at the springs, and thus the collected discharge data represents a limited picture of the discharge pat-

tern at the springs over the research time. Therefore, measuring the discharge at the springs in smaller 

and more regular time intervals would definitely be beneficial in order to gain a deeper understanding 

of spring discharge patterns over the recession period. Furthermore, in case of precipitation, its impact 

on the spring discharge is only recorded if rain fell at the time of the day when the discharge was 

measured, but in case of precipitation events at a later timepoint of the day, no data is collected, which, 

however, is in contrast to the discharge data of the mainstream that corresponds in this paper to mean 

daily values and, therefore, includes precipitation events of the whole day. The lack of spring discharge 

data is also present in the analysis of how the mainstream discharge is mimicked by the springs. The 

investigation is only based on some isolated discharge measurements at the springs and then it is as-

sessed whether the spring discharge increased, decreased or stayed equal during a sampling campaign. 

Then, this pattern is compared to the mainstream discharge and its baseflow pattern. So, in order to 

make a more fundamental mimicry analysis, more data needs to be considered.  

In addition, the results of the statistical significance analysis, which was performed for all water quality 

variables as well as for the discharge, must be treated with caution since there is very little data for 

doing such statistical significance tests.  

When considering the calculation of the recession constants in this paper, there are a few limitations 

that need to be considered. Since the calculation of the alpha value and consequently also of the re-

cession constant is only based on discontinuous discharge measurements at the springs without taking 

any topographic or geological indicators into account, the analysis of the water origin has limited 

meaning. Besides, in a further study, it should not be assumed that the spring discharge directly cor-

responds to the baseflow, since the results of this study have showed that in most cases precipitation 

and surface runoff also contribute to the measured discharge, however, to a different extent. There-

fore, the spring baseflow should be calculated, but in order to do so, continuous or at least more dis-

charge measurements should be performed at the springs. 

In the context of the concentration-discharge relationship analysis Knapp et al. (2020) highlighted 

that in order to make substantial conclusions about concentration-discharge relationships, and thus, 

to gain an understanding of how these ions are stored and released, an extended research period with 

regular sampling is fundamental. Due to a limited amount of ion concentration data, the determination 

of chemostasis might overshadow other processes such as dilution and mobilization.  
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Regarding the isotopic analysis, it would be beneficial to determine the isotopic data of rain as well as 

of groundwater in order to make a specific comparison of the different isotopic composition in the 

Vallon de Nant catchment and additionally, allow to determine, based on the isotopic composition, 

the main contributors to the springs discharge more accurately. 

Finally, another limitation of this study is the timing of the research. I started with my measurements 

in early July, but for further summer recession studies, I suggest starting with research already in June 

in order not to miss the start of the recession period and furthermore, I recommend making measure-

ments until October in order to identify the end of the recession period. 
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6 Conclusion 

The aim of this study was to investigate how specific tracers such as ions, stable isotopes as well as 

electrical conductivity, pH and temperature values can be applied in order to gain an understanding of 

storage-discharge patterns of specific springs in the Vallon de Nant catchment over the time period 

July until early October 2022, including the summer recession period. 

Water samples were taken, salt dilution measurements were performed and pH, temperature and 

electrical conductivity values were determined at the springs in the field. The ion concentration as well 

as the isotopic composition of the collected water samples were afterwards determined. Then, reces-

sion constants were defined per spring in order to gain an understanding of the storage-release rate 

of the individual springs. As a further matter, the proportion of rain and snow was determined by 

means of an isotopic mixing model analysis. By means of the tracers as well as of the calculated reces-

sion constants storage-discharge characteristics were defined per spring:  

• Low depletion in heavy isotopes and thus higher proportion of rain, high electrical conductivity 

values, which result in higher residence time of the water in the subsurface as well as in smaller 

water flowing rates, and warm temperatures indicate a shallow water flowing path. Additionally, 

high calcium and nitrate concentrations, but a low sodium concentration give indication for a com-

parably shallower water storage and slower discharge pattern. The recession analysis, which has 

showed relatively low recession constants, describing a fast storage-release rate and thus a small 

storage capacity, corresponds at the Black-Blue Pipe Spring to the tracer analysis and finally, the 

recession analysis also indicates a shallow water storage. 
 

• The opposite of the above-mentioned relationships indicates deep water flowing paths. Regarding 

the hydrochemistry, one could particularly observe at the La Chaux Spring and the Bridge Spring 

that low calcium and nitrate, but high sodium concentration indicates a comparably deeper water 

storage and faster discharge pattern. Additionally, the recession analysis, which has showed rela-

tively long recession constants, describing a slow storage-release rate and thus a high storage ca-

pacity, corresponds at the La Chaux Spring and the Bridge Spring to the tracer analysis and finally, 

the recession analysis also indicates a deeper water storage. 
 

• At the Grass Spring and the La Chaux Meander the analysis of the tracers was only partly coherent 

with the recession analysis, since in the former case an artificial water catchment has an impact 

on its storage-discharge pattern and the latter station is a tributary, indicating several different 

water origins. So, in such cases the angle needs to be opened and more factors need to be consid-

ered. 

This work contributed to identifying storage-discharge characteristics of some isolated springs in the 

Vallon de Nant catchment of 2022, but for gaining a more profound understanding of how groundwa-

ter storage can buffer by climate change induced alterations in the storage-discharge pattern of head-

waters, further in-depth research of headwaters, specifically at springs, needs to be done. However, 

for future research in the Vallon de Nant catchment, it would particularly be valuable to study the 

storage-discharge pattern through all streamflow periods and not only during a fixed time range, such 

as, for instance, during the recession period, since the storage-discharge pattern varies seasonally, and 

is thus a dynamic process, enforced by the consequences of climate change. As a further matter, having 

a solid data base is fundamental for making valuable conclusions, so it would be beneficial to continu-

ously measure the discharge at the springs. Specifically, since the stable water isotopes as well as the 
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electrical conductivity have showed to be valuable tracers for storage-discharge analysis, these water 

quality variables should also be determined on a regular basis. In addition, the concentration-discharge 

analysis has showed that measuring the ion concentration of the sulphate, calcium, sodium, magne-

sium and potassium, which have their origin in groundwater, on a regular basis, also contributes to the 

understanding of the discharge pattern over time. Additionally, since the storage-discharge character-

istics of a spring is strongly linked to the geological conditions of the aquifer compartment, it would be 

interesting to make geological investigations of the different compartments of the springs, which then 

also allows setting the recession constants into a wider context. Finally, analysing a higher number of 

springs within a hydrological unit would also allow to draw conclusions on the storage-release pattern 

of springs within such a hydrological unit and gain a larger picture of the storage-discharge pattern 

within the catchment of the Vallon de Nant.  
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Annex A - Pictures and Coordinates of Sampling Stations 

Mainstream 1/Outlet (1190m.a.s.l.) 

46.25301, 7.10954 

 

  

Mainstream 2 (1461m.a.s.l) 

46.23171, 7.10231 
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Mainstream 3 (1554m.a.s.l.) 

46.22332, 7.09756 

  

Black-Blue Pipe Spring (1268m.a.s.l.) 

46.24828, 7.10664 
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Grass Spring (1281m.a.s.l.) 

46.24760, 7.10642 

 

  

Bridge Spring (1465m.a.s.l.) 

46.23167, 7.10235 
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La Chaux Spring (1730m.a.s.l.) 

46.22194, 7.09238 

 

  

La Chaux Meander (1780m.a.s.l.) 

46.22565, 7.09163 
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Annex B – Data Acquisition 

Collection of Water Samples 

       

The water samples were taken in duplicate by a 20ml vial at each sampling station. 

Electrical Conductivity, pH and Temperature Measurement 

 

The pH value was measured by a pH-meter (WTW pH330i; Xylem Inc., Washington DC, United States) 

(left) and the temperature as well as the electrical conductivity by the WTW Portable Conductivity 

meter (ProfiLine Cond 3310; Xylem Inc., Washington DC, United States) (right).  
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Salt Dilution Method  

 

Determining amount of salt (left) and installation of electrical conductivity probe in the streambed 

(right). After having calculated the amount of salt and the mixing section, the probe was installed, the 

background electrical conductivity was determined and then the measurement could be started. 

Long Term Water Temperature Measurements 

 

Temperature loggers (HOBO Pendant Temperature/Light 64K Data Loggers; Onset, Bourne, United 

States of America) were installed at the springs, the tributary and Mainstream 3 in order to measure 

the water temperature in a 10minute interval over the whole research period.  
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Water Quality Measurements by the EXO2 Sonde 

 

The EXO2 Sonde (EXO2 Multiparameter Sonde; YSI, Yellow Springs, United States) measures several 
water quality variables simultaneously and records the values over a predefined time period after 
having situated it into the water. 

Determination of Ion Concentration 

 
 
The concentration of a series of ions is determined by the ion chromatography machine (Dionex 

Aquion Ion Chromatography System; Thermos Fisher Scientific, Waltham, United States) in the lab at 

the Institute of Geography at the University of Bern.  
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Determination of Isotopic Composition 

 
 
The L2140-I Isotope and Gas Concentration Analyzer (Picarro, Inc.; Santa Clara, California, USA) was 
used to determine the isotopic composition of water samples in the lab at the Institute of Geography 
at the University of Bern. 
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Annex C - Additional Results 

Metadata of Sampling Campaigns 

Sampling 

Campaign 

Sampling Date Daily Sum of  

Precipitation [mm] 

Mean Daily  

Temperature [°C] 

Mean Daily Discharge 

[m3/s] 

1 5 July 0 12.22 0.5387 

1 6 July 0 12.40 0.5060 

2 17 July 0 17.47 0.4082 

2 18 July 0 19.83 0.4007 

3 6 August 0 14.80 0.3739 

3 7 August 0 12.71 0.3080 

4 13 August 0 16.01 0.2718 

4 14 August 3.30 14.22 0.2611 

5 27 August 0 12.84 0.2867 

5 28 August 0 13.67 0.2702 

6 13 September 0 18.24 0.2531 

6 14 September 16.76 14.15 0.2719 

7 7 October 0 10.51 0.6832 

7 8 October 0 8.57 0.6521 

Correlation Categories 

In the following table the variables are attributed to their corresponding correlation category, while 

red expresses a negative and blue a positive correlation.  

variable very strongly 

correlated 

(0.8-1) 

strongly  

correlated 

(0.6-0.79) 

moderately 

correlated 

(0.4-0.59) 

weakly  

correlated 

(0.2-0.39) 

very weakly  

correlated 

(0-0.19) 

Sodium  Magnesium, 

Sulphate, Fluo-

ride, Calcium 

Chloride, Ni-

trite, Tempera-

ture, 18O, Am-

monium, Pho-

sphate, EC 

Discharge, pH, 

Deuterium 

Potassium, Ni-

trate 

Chloride  Discharge, Ma-

gnesium, Sul-

phate, Tempe-

rature, Nitrate, 
18O, Phosphate 

Potassium, pH, 

Deuterium, 

Ammonium, 

Calcium, 

Sodium 

Nitrite, Fluo-

ride, EC 

 

Discharge Magnesium, 

Sulphate, Cal-

cium 

Potassium, Ni-

trate, Deuter-

ium, 18O, Phos-

phate, EC, Chlo-

ride 

Temperature, 

Ammonium 

pH, Nitrite, Flu-

oride, Sodium 

 

Magnesium Sulphate, Cal-

cium, Deute-

rium, 

Discharge, 18O 

Temperature, 

Nitrate, Ammo-

nium, Pho-

sphate, EC, 

Chloride, So-

dium 

 Potassium pH, Nitrite, Flu-

oride 
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variable very strongly 

correlated 

(0.8-1) 

strongly  

correlated 

(0.6-0.79) 

moderately 

correlated 

(0.4-0.59) 

weakly  

correlated 

(0.2-0.39) 

very weakly  

correlated 

(0-0.19) 

Sulphate Discharge, 

Magnesium, 

Calcium 

Temperature, 
18O, Deuterium, 

Ammonium, 

Phosphate, EC, 

Chloride, So-

dium 

Nitrate Potassium pH, Nitrite, Flu-

oride 

 

Potassium  pH, EC, Dis-

charge 

Nitrite, Chloride Nitrate, D, 18O, 

Magnesium, 

Sulphate, Cal-

cium 

Fluoride, Tem-

perature, Am-

monium, Phos-

phate, Sodium 

pH  Nitrite, Nitrate, 

potassium 

Ammonium, 

chloride 

Deuterium, 18O, 

Phosphate, 

Discharge, 

Sodium 

Fluoride, Tem-

perature, EC, 

Calcium, Ma-

gnesium, Sul-

phate 
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variable very strongly 

correlated 

(0.8-1) 

strongly  

correlated 

(0.6-0.79) 

moderately 

correlated 

(0.4-0.59) 

weakly  

correlated 

(0.2-0.39) 

very weakly  

correlated 

(0-0.19) 

Nitrite  Nitrate, pH Fluoride, Deu-

terium, 18O, 

Ammonium, 

Potassium, 

Sodium 

Phosphate, Dis-

charge, Chlo-

ride 

Temperature, 

EC, Calcium, 

Sulphate, Ma-

gnesium 

Fluoride  Sodium Nitrite EC, Discharge, 

Chloride 

 

Temperature, 

Nitrate, Deute-

rium, 18O, Am-

monium, Pho-

sphate, Cal-

cium, pH, Po-

tassium, Sul-

phate, Magne-

sium 

Temperature  Sulphate, Mag-

nesium, Chlo-

ride 

Nitrate, Deute-

rium, 18O, Am-

monium, Phos-

phate, Calcium, 

Discharge, 

Sodium 

 EC, Fluoride, 

Nitrite, pH, Po-

tassium 

Nitrate 18O, Deuterium Nitrite, pH, 

Magnesium, 

Discharge, 

Chloride 

Temperature, 

Sulphate, Cal-

cium 

Phosphate, EC, 

Potassium 

Ammonium, 

Sodium, Fluo-

ride 

Deuterium 18O, Magne-

sium, Nitrate 

Calcium, Dis-

charge, Sul-

phate  

EC, Tempera-

ture, Nitrite, 

Chloride 

Phosphate, So-

dium, Potas-

sium, pH 

Fluoride, Am-

monium 

δ18O Magnesium, Ni-

trate, Deuter-

ium 

Calcium, Chlo-

ride, Discharge, 

Sulphate 

EC, Sodium, 

Temperature, 

Nitrite,  

Ammonium, 

Phosphate, Po-

tassium, pH 

Fluoride 

Ammonium Phosphate Magnesium, 

Sulphate 

Calcium, So-

dium, Chloride, 

Discharge, pH, 

Nitrite, Temper-

ature 

EC, 18O  Nitrate, Potas-

sium, Fluoride, 

Deuterium 

Phosphate Ammonium Discharge, 

Magnesium, 

Sulphate 

Calcium, So-

dium, Tempera-

ture, Chloride 

EC, pH, Nitrite, 

Nitrate, 18O, 

Deuterium 

Potassium, Flu-

oride 

EC Calcium Discharge, 

Magnesium, 

Sulphate, Po-

tassium 

Sodium, 18O, 

Deuterium 

Chloride, fluo-

ride, Nitrate, 

Ammonium, 

Phosphate 

pH, Nitrite, 

Temperature 

Calcium Discharge, 

Magnesium, 

Sulphate, EC 

Sodium, 18O, 

Deuterium 

Chloride, Tem-

perature, Ni-

trate, Ammo-

nium, Phos-

phate 

Potassium pH, nitrite, fluo-

ride,  
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Mixing Analysis: Proportion of Rain per Sampling Campaign 

 

In addition to the previously described spatial variation such that the Grass Spring has the highest 

proportion of rain or that the other stations’ median proportions of rain are more closely together one 

can clearly see when analysing the boxplots that the spatial variation is different depending on the 

sampling campaign. The proportion of rain is rather constant at the Bridge and the La Chaux Spring 

over the Research Period. For instance, there is more variation in the proportion of rain within the 

third and the fifth sampling campaign indicating that the proportion of rain varies then more strongly 

between the individual sampling stations than within other sampling stations. Having a closer look at 

the third sampling campaign one can identify that in contrast to the second sampling campaign, where 

all the stations along the mainstream as well as the La Chaux and the Bridge Spring are approximately 

at the same level, the proportions of rain at all the stations along the mainstream increase, whereas 

the proportion of the Bridge and the La Chaux Spring is still on approximately the same level as it used 

to be in the second campaign. Regarding the spatial variation in the fifth sampling campaign one can 

see that in contrast to the fourth campaign, where the La Chaux Meander, the Black-Blue Pipe Spring 

as well as Mainstream 3 were all on the same level, the proportions of rain at the Black-Blue Pipe Spring 

and at Mainstream 3 increase, whereas the proportion of rain at the La Chaux Meander is more or less 

on the same level.  
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When considering the temporal variation of the proportion of rain per sampling campaign one can see 

that the median proportion of rain varies to a limited extent. But, before the median proportion in-

creases towards the third sampling campaign, there is a decrease of the proportion of rain from the 

first towards the second sampling campaign. While the median proportion of rain determined in the 

second sampling campaign is the lowest, is the median proportion during the third sampling campaign 

the highest one over the whole research period. Then, the median proportion of rain is rather constant 

from the fourth to the sixth sampling campaign, whilst another increase in the seventh sampling cam-

paign can be identified.  

Outlier 

After having compared the outliers with the data, one can identify that all these values are recorded 

at the Grass Spring.  

Screeplot for Principal Component Analysis 

This screeplot is used in order to determine the number of principal components that need to be con-

sidered in order to explain at least 75% of the total variation. Therefore, the first four principal com-

ponents need to be taken into account. 
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Temperature WTW versus Temperature EXO2 

 

Electrical Conductivity WTW versus Electrical Conductivity EXO2 
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