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Summary 

Headwater catchments in mountainous regions provide freshwater for lowland areas and 

therefore play an important role for water quality in downstream areas and the ecological 

integrity of downstream rivers.  

Various external and internal factors such as atmospheric inputs and catchment 

characteristics, e.g. soil and vegetation cover, influence stream water geochemistry. In the 

Swiss Alps, shrubs (e.g. Alnus viridis subsp. viridis, Sorbus aucuparia, Calluna vulgaris, 

Salix appendiculata, Rhododendron ferrugineum) are encroaching into formerly open 

habitats and the effects of the latter on the catchment and hillslope scale hydrology and 

stream water geochemistry have not been investigated so far. The shrub encroachment 

might affect soil hydrological properties, which in turn could influence runoff generation. 

Moreover, alder species (Alnus spp.) are known to affect chemical soil properties (e.g. total 

organic carbon or nitrogen content or soil pH) and can therefore alter the export of nutrients 

via stream water. 

Therefore, the hydrological and geochemical behavior of four alpine headwater sub 

catchments, which differ in vegetation and soil cover characteristics, were investigated. The 

aim was to gain information on water flow paths and export of nutrients during base flow, 

rainfall and snowmelt conditions at the micro catchment scale. Subsurface water flow paths 

at the hillslope scale were also investigated.  

First, the influence of vegetation cover on mean transit times of water (MTT) was 

assessed. The MTT of water in a catchment provides important information about storage, 

flow paths, sources of water and thus also about retention and release of solutes in a 

catchment. MTTs between 70 to 102 weeks were calculated via time series of water stable 

isotopes using a convolution integral method. The high temporal variation of the stable 

isotope signals in precipitation was strongly dampened in stream base flow samples. This 

pointed to deeper flow paths and mixing of waters of different ages at the catchments’ 

outlets, which was supported by additional geochemical stream water data (e.g. Ca and Si). 

The study with four sub catchments suggests that MTTs are neither related to topographic 

indices nor vegetation cover. Water balance calculations and the geochemical data suggest 

that the major part of the quickly infiltrating precipitation likely percolates through fractured 

and partially karstified deeper rock zones. This process increases the control of bedrock 

flow paths on MTT. 

In a next step, the water pathways at two steep hillslopes were tracked, since they 

strongly affect runoff generation processes and therefore control water geochemistry on the 

short term scale. Soil water stable isotope profiles, which offer a time-integrating overview 

of subsurface hydrological processes, were used. Furthermore, an advection-dispersion 

model was applied to simulate the δ
18

O profiles. The variability of δ
18

O values with depth 

within each profile and a comparison of the simulated and measured profiles revealed that 

vertical downward subsurface flow plays an important role, even at high slope angles. 
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Lateral subsurface flow was also observed in deeper soil layers (approx. 0.3 to 0.9 m depth) 

and at sites near a small stream. Physical soil data further supported the fast percolation of 

water towards deeper soil layers, from where it can subsequently recharge to the fractured 

bedrock, which led to the aforementioned strong dampening of stable isotope signals in base 

flow stream water. 

Finally, the study focused on the hydrological and geochemical processes on the short 

term scale, i.e. a rainfall event in the growing season and a spring snowmelt period. The 

hydrological and geochemical differences in the sub catchments were assessed. Stream 

water was sampled at hourly intervals during the rainfall event and on a daily basis during 

the snowmelt period. Stream geochemistry was strongly influenced by the land cover, i.e. 

soil and shrub cover. Riparian wetland soils were flushed by a high proportion of event 

water (up to 70 %), which increased dissolved organic carbon export during the rainfall 

event and the snowmelt period. A slight increase in nitrate export during the rainfall event 

was likely due to the encroachment of green alder shrubs. 

In conclusion, the bedrock geology and geochemistry was mainly controlling stream 

water geochemistry on the hydrological long term scale, i.e. during base flow conditions. 

The soil properties in the investigated valley allow vertical downward flow of water within 

soil profiles even at steep slopes, and facilitate recharge of water to deeper zones and 

subsequently to the bedrock. The differences in vegetation and soil cover characteristics 

were most notably observed on the hydrological short term scale, when stream water 

geochemistry was highly variable. The connection of the shallow soil layers, which act as a 

“reservoir” for biogeochemical reactions, with the streams is mostly activated during rainfall 

and snowmelt events. Since duration of snow cover will be shortened and rainfall events 

during the growing season will become more frequent and intense due to climatic changes, 

the importance of vegetation and soil characteristics for the export of nutrients might still 

increase in the future. 
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1 Introduction 

1.1 Framework of the thesis 

This PhD thesis was part of the interdisciplinary SNF project “The ecological and socio-

economic consequences of land transformation in alpine regions: an interdisciplinary 

assessment and valuation of current changes in the Urseren Valley, key region in the Swiss 

central Alps (ValUrsern).” The main aim of the project was to assess the status and current 

change of vegetation cover, plant diversity, soil characteristics, and their combined effects 

on the water balance at different spatial and temporal scales in the headwater catchments of 

the Urseren Valley in the Swiss Alps (ValUrsern, 2012). In total, five groups were involved 

in the project. The group of Plant Ecology (Prof. C. Körner, Departement of Environmental 

Sciences, University of Basel, Switzerland) investigated the current status of vegetation 

cover, altitudinal gradients of evapotranspiration, and water balances in dependence of 

vegetation types and structures. The group of Hydrology (Prof. R. Weingartner, Institute of 

Geography, University of Bern, Switzerland) assessed water balances and discharges at the 

catchment scale (micro- to mesoscale) and surface runoff at the plot and hillslope scale by 

field measurements and modeling tools. The group of Environmental Economics (Prof. F. 

Krysiak, Faculty of Business and Economics, University of Basel, Switzerland) investigated 

the economic implications of current and future land use changes. The socio-historical 

development of the Urseren Valley was assessed by the group of General Modern History 

(Prof. M. Schaffner, Department of History, University of Basel, Switzerland), which 

collaborated as an associated group in the project. This thesis was conducted within the 

group of Environmental Geosciences (Prof. C. Alewell, Department of Environmental 

Sciences, University of Basel, Switzerland). Its main aim was to collect hydrological and 

geochemical information of the investigated micro catchments, to track hydrological flow 

paths on the plot and hillslope scale and to assess physical and chemical soil and stream 

water data in order to evaluate their dependence on vegetation and land cover. 

1.2 Hydrological importance of headwater catchments 

On the global scale, headwater catchments in mountainous regions contribute 

disproportionally more water to total runoff in the adjacent lowlands than can be expected 

on the basis of the headwater catchments’ sizes (Viviroli et al., 2011; Weingartner et al., 

2007). This disproportional contribution of headwater catchments strengthens their 

importance in providing freshwater for lowland areas, where it is e.g. used for irrigation or 

sustains production of drinking water (Viviroli et al., 2011; Weingartner et al., 2007). 

According to Viviroli et al. (2003), about 50 % of the world’s population rely on water 

resources from mountainous regions. Headwater catchments in mountainous regions are 

subjected to changing environmental conditions and land use practices (IPCC, 2007; 

Lambin and Geist, 2008). The environmental changes include for example increases in 
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frequency and intensity of torrential rainfall events and reduced duration of winter snow 

cover. Land use changes comprise for example deforestation, afforestation, extensification 

or intensification of agricultural use at different locations worldwide (Lambin and Geist, 

2008). These environmental and land use changes are likely to affect the hydrology in 

headwater catchments and adjacent lowlands (e.g. Lambin and Geist, 2008). Besides 

quantitative considerations, water quality of headwaters (e.g. stream water geochemistry) 

also strongly influences the water quality in downstream areas (Alexander et al., 2007) and 

the ecological integrity of downstream rivers (Bishop et al., 2008; Freeman et al., 2007). 

Knowledge about hydrological and geochemical functioning of headwater catchments is 

therefore crucial to deduce management strategies in order to maintain ecosystem services 

of headwaters and their adjacent lowlands. 

1.3 Headwater catchment hydrology and stream geochemistry 

The hydrological regime of headwater catchments in mountainous areas is mainly 

characterized by temporal storage of precipitation in the systems as snow or ice, which is 

released to the streams during the melt periods (Buttle, 1998). Meteorological and 

climatological factors therefore regulate timing of water flow and its chemistry in these 

environments (Rodhe, 1998). Besides the atmospheric inputs which control water chemistry 

(Gibbs, 1970), intrinsic catchment characteristics also strongly affect stream water 

chemistry. These characteristics include geology and mineralogy of rocks (Drever, 1982), 

chemical soil characteristics (Billett and Cresser, 1992), topography, which in turn 

influences hydrological response (McGuire et al., 2005), land use (e.g. agricultural use) 

(Hill, 1978) and land/vegetation cover (Andersson and Nyberg, 2009).  

On a secondary level, these factors determine the transit time of water within the 

different compartments in a catchment. The water transit time, as a combined catchment 

characteristic, is a crucial factor that influences stream water geochemistry, since most 

(bio)geochemical reactions are kinetically controlled (Bethke, 2008). It can be used to 

estimate flow paths and sources of water and solutes in a catchment (McDonnell et al., 

2010; McGuire et al., 2005). Large differences in solute concentrations can be observed on 

the long and the short term scale, i.e. during base flow and storm flow or snowmelt 

conditions (e.g. Kendall et al., 1999; Neff et al., 2012). Furthermore, the water transit time is 

important to assess the vulnerability of a system to anthropogenic inputs or land use changes 

(McGuire and McDonnell, 2006). 

Flow paths through the hillslopes and runoff generation processes also strongly affect 

water geochemistry on the short term scale (e.g. Weiler and McDonnell, 2006). Pre-event 

water (i.e. groundwater or soil water) with relatively higher solute concentrations compared 

to event water (i.e. rainwater or snowmelt) can be transported to the streams due to rising 

groundwater tables (e.g. Hornberger et al., 1994). On the other hand, preferential flow paths 

due to plant roots (Jarvis, 2007) can lead to fast arrival of geochemically weakly buffered 

event water in streams (Bachmair and Weiler, 2011). This emphasizes that flow paths and 
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runoff generation processes are strongly influenced by the vegetation cover and soil 

properties (Bachmair and Weiler, 2011).  

Hence, investigations on different spatial scales (i.e. catchment and hillslope scale) and 

temporal scales (i.e. base flow versus storm flow or snowmelt) are required to describe the 

hydrological and geochemical processes of headwater catchments.  

1.4 Hydrological importance of headwaters in the Swiss Alps  

Due to higher precipitation and lower evaporation rates at high altitudes, Swiss alpine 

headwater catchments contribute disproportionally more water to total runoff in downstream 

areas in relation to the headwater catchments’ surface area (Weingartner et al., 2007). This 

emphasizes the hydrological importance of headwater catchments of the Swiss Alps. The 

current changing environmental conditions and land use practices increased sediment loads 

in streams (Asselman et al., 2003), but hydrological regimes might also be altered. This 

subsequently can affect spatial and temporal patterns of stream water geochemistry in alpine 

headwater catchments.  

In the Swiss Alps, an intensified agricultural use of easily accessible areas and a 

simultaneous abandonment of remote areas is widely observed (BFS, 2005). These changing 

agricultural practices induce an encroachment of e.g. Alnus viridis subsp. viridis (green 

alder), Sorbus aucuparia (mountain-ash), Calluna vulgaris (common heather), Salix 

appendiculata, and Rhododendron ferrugineum (rusty-leaved alpenrose) into formerly open 

areas in the Swiss Alps (Kägi, 1973; Küttel, 1990; Wettstein, 1999). The shrub 

encroachment might affect the hydrological and geochemical functioning of headwater 

catchments during base or event flow (storm events or snowmelt) in these areas. The water 

balance might be affected through higher soil hydraulic conductivities of soils under green 

alder stands compared to grassland sites (Alaoui et al., 2013) and altered evapotranspiration 

patterns in the catchments (ValUrsern, 2012). The geochemistry of the systems, especially 

the nitrogen dynamics, can be affected through the symbiotic relationship between the green 

alder roots and the nitrogen-fixing bacterium Frankia alni (Benecke, 1970; Pawlowski and 

Newton, 2008). Alder species (Alnus spp.) can increase nitrogen (N) and carbon (C) 

concentrations in soils (e.g. Mitchell and Ruess, 2009) and have been shown to increase 

nitrate concentrations in soil water under green alder stands (Alnus viridis subsp. viridis) in 

the Urseren Valley in the Swiss Central Alps (Bühlmann, 2011). As a consequence, stream 

geochemistry (C and N) might be affected. Changes on the short term scale (storm events or 

snowmelt) might be enhanced through changed precipitation patterns due to climatic 

changes, i.e. changes in snowmelt dynamics and increased intensity of summer rainfall 

events (IPCC, 2007). Therefore, not only timing and amount of high flow runoff can be 

altered, but also nutrient export patterns might be changed. 

According to Burt et al. (2010), small catchments are especially suitable to investigate 

the link between hydrology and (bio)geochemistry, because of the usually high variability of 

catchment characteristics on the spatial scale, e.g. land use or vegetation cover. We 
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therefore investigated contrasting alpine micro catchments (< 1 km
2
) in order to depict the 

influence of vegetation cover changes on their hydrological and geochemical behavior. 

1.5 Aims and outline of the study 

The thesis is divided into three main parts (chapters 2, 3 and 4), which provide insights 

into the hydrological and geochemical functioning from the long term to the short term scale 

(base flow versus event flow) and from the plot scale to the micro catchment scale.  

First, the importance of vegetation, topography and flow paths for water transit times of 

base flow in alpine headwater catchments was assessed (chapter 2). The shrub 

encroachment can increase saturated hydraulic conductivity of soils (Alaoui et al., 2013). 

Therefore, it was hypothesized that higher infiltration rates of water into the unsaturated 

zone and subsequent recharge to groundwater in the bedrock will result in longer mean 

water transit times. Mean water transit times were calculated via stable water isotopes using 

a convolution integral method (e.g. McGuire and McDonnell, 2006). 

In a second step, soil water flow and transport processes at two steep subalpine hillslopes 

were investigated, in order to depict water flow paths at the hillslope scale (chapter 3). The 

knowledge of water pathways at the hillslope scale is important to assess nutrient transport 

in the unsaturated zone (Bachmair and Weiler, 2011). Profiles of soil water δ
18

O values at 

two steep hillslopes were measured in order to infer information on water pathways. 

Additionally, the measured time-integrating soil water δ
18

O profiles were compared to 

simulated δ
18

O values using a numerical advection-dispersion model. δ
2
H values were also 

measured and are given in the appendix 1 (chapter 6). 

Finally, the thesis focuses on the influence of invading shrubs and wetland soils on the 

export of nutrients during a summer storm event and a snowmelt period (chapter 4). 

Geochemical tracers were used to infer information on runoff generation mechanisms and 

water flow paths. It was hypothesized that the encroachment of green alder shrubs increases 

concentrations of nitrate in stream water during high flow periods of rainfall and snowmelt 

events. The water during these high flow periods most likely flushes riparian wetlands and 

the areas where green alder shrubs grow. It was therefore also hypothesized that the flushing 

of riparian wetlands subsequently increases the export of dissolved organic carbon from the 

catchments. 

Additional hydrological soil data from plot scale measurements are presented in the 

appendix 3 (chapter 8), which will give further insights into the hydrological functioning of 

the investigated soils.  

The results of this study will give an integrated picture of the water flow paths at 

different spatial and temporal scales in contrasting alpine headwater catchments. 
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2.1 Abstract 

The mean transit time (MTT) of water in a catchment gives information about storage, 

flow paths, sources of water and thus also about retention and release of solutes in a 

catchment. To our knowledge there are only a few catchment studies on the influence of 

vegetation cover changes on base flow MTTs. The main changes in vegetation cover in the 

Swiss Alps are massive shrub encroachment and forest expansion into formerly open 

habitats. Four small and relatively steep headwater catchments in the Swiss Alps (Urseren 

Valley) were investigated to relate different vegetation cover to water transit times.  

Time series of water stable isotopes were used to calculate MTTs. The high temporal 

variation of the stable isotope signals in precipitation was strongly dampened in stream base 

flow samples. MTTs of the four catchments were 70 to 102 weeks. The strong dampening of 

the stable isotope input signal, as well as stream water geochemistry point to deeper flow 

paths and mixing of waters of different ages at the catchments’ outlets. MTTs were neither 

related to topographic indices nor vegetation cover. The major part of the quickly infiltrating 

precipitation likely percolates through fractured and partially karstified deeper rock zones, 

which increases the control of bedrock flow paths on MTT. Snow accumulation and the 

timing of its melt play an important role for stable isotope dynamics during spring and early 

summer. 

We conclude that in mountainous headwater catchments with relatively shallow soil 

layers, the hydrogeological and geochemical patterns (i.e. geochemistry, porosity and 

hydraulic conductivity of rocks) and snow dynamics influence storage, mixing and release 

of water in a stronger way than vegetation cover or topography do. 
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2.2 Introduction 

The time of water traveling through a catchment gives information about storage, flow 

paths, sources of water and thus also about retention and release of solutes in a catchment 

(McDonnell et al., 2010; McGuire et al., 2005). The mean transit time (MTT) of water can 

be defined as the mean time that elapses from the input of water to a system until the output 

of that water (Eriksson, 1971; McDonnell et al., 2010). It can be calculated via stable 

isotopes of the water molecule (McGuire and McDonnell, 2006). The stable isotope signals 

in precipitation are influenced by air temperature, varying storm trajectories, precipitation 

amounts and relative air humidity (e.g. Ingraham, 1998). In regions with seasonally varying 

air temperatures, the stable isotope signature in precipitation also varies seasonally 

(Dansgaard, 1964). This variability can also be observed in stream flow samples, but often 

is delayed and/or dampened, depending on the MTT and transport properties within the 

aquifer (McGuire and McDonnell, 2006).  

Water storage and flow in the bedrock (e.g. Asano and Uchida, 2012; Gabrielli et al., 

2012), landscape structure and topography (e.g. McGlynn et al., 2003; McGuire et al., 2005; 

Rodgers et al., 2005; Soulsby and Tetzlaff, 2008) play an important role as controlling 

factors on water transit times, but their influence can vary in different environments. 

Gabrielli et al. (2012) found that tortuous flow paths through the deeper fractured bedrock 

of a headwater catchment in the H.J. Andrews Experimental Forest, USA, can lead to longer 

estimates of MTT of stream flow. In small mountainous catchments with shallow soil layers 

underlain by fractured granites in Japan, Asano and Uchida (2012) found that MTT of base 

flow was positively related to the contributing flow path depth. Their conclusion was based 

on dissolved silica concentrations in stream flow which could be used as a tracer to identify 

flow path depth. Soulsby and Tetzlaff (2008) analyzed a large catchment in Scotland and 

found that MTT correlates negatively with the percentage of soils which rapidly generate 

storm runoff and (counter-intuitively) positively with mean catchment slope. The more 

freely draining soils, which can be found at steeper slopes in formerly glaciated landscapes, 

facilitate recharge to groundwater and subsequent mixing of pre-event and event waters, 

which therefore leads to longer MTT estimates. McGuire et al. (2005), on the other hand, 

found flow path gradient to the stream network to be negatively correlated to MTT of 

stream flow in small catchments of the H.J.A. Experimental Forest. In the studies of 

McGuire et al. (2005), Soulsby and Tetzlaff (2008) and Tetzlaff et al. (2011), the authors 

found that catchment area does not seem to influence MTT, whereas, e.g. Dewalle et al. 

(1997), found a positive correlation between the two parameters in three small forested 

catchments in the Appalachian Mountain, USA, which indicates that catchment surface 

characteristics partially control MTT. 

To our knowledge there are several studies on the influence of land use/vegetation cover 

on the reaction of the catchments during storm events (e.g. Bariac et al., 1995; Buytaert et 
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al., 2004; Monteith et al., 2006; Roa-Garcia and Weiler, 2010; Wenjie et al., 2011), but only 

a few catchment studies on the influence of vegetation cover on stream base flow MTTs 

(e.g. Roa-Garcia and Weiler, 2010). Wenjie et al. (2011) investigated the impact of land use 

on runoff generation processes in a small tropical seasonal rain forest catchment and a small 

artificial rubber plantation catchment. Soil compaction through land use changes resulted in 

higher amounts of infiltration-excess overland flow and subsequent higher fractions of event 

water in runoff. Monteith et al. (2006) studied hydrographs and groundwater transit times in 

a small harvested and a small undisturbed hardwood forest in Ontario, Canada. They found 

that mean groundwater transit time was not influenced by land use, at least not during a 

snowmelt period. Buytaert et al. (2004) investigated two small catchments in the Ecuadorian 

Andes under different land use (extensive grazing versus intensive grazing, cultivation and 

drainage). They found a substantially faster response of discharge to precipitation in the 

cultivated catchment compared to the extensively use catchment. Bariac et al. (1995) 

compared the runoff generation of small deforested and forested catchments in the north of 

French Guiana. Retention of precipitation was higher in the forested catchment, which the 

authors ascribe to soil porosity. Roa-Garcia and Weiler (2010) investigated three small 

catchments in the Columbian Andes with thick soil layers. Catchments differed in 

percentage of forest, grassland and wetlands. The authors found higher rates of stream 

discharge during precipitation events in the catchment with a higher percentage of grazed 

grassland, which is explained by compaction of soils. On the long time scale they found 

differences in the MTTs, which they ascribe to the difference in vegetation cover/land use, 

notably the occurrence of wetlands and forests which increased MTTs due to an increased 

water holding capacity (Roa-Garcia, 2009). 

Darling and Bath (1988) measured more negative δ
18

O values in the percolate of a 

lysimeter compared to soil water samples of drill cores from the same depth. These two 

methods involve two distinct pools of soil water, i.e. fast and slowly moving water. 

Therefore, different flow patterns in the unsaturated zone can influence timing and stable 

isotope characteristics of soil water recharging to deeper bedrock zones. In a lysimeter, 

study Stumpp et al. (2009a) found that water flow was faster and MTT was shorter when the 

lysimeter surface was covered with maize compared to the periods when it was covered with 

canola or wheat. They concluded that soil hydraulic properties were changed by vegetation 

cover changes. Distinct root growth of different crops can partially explain their results. The 

influence of roots on water infiltration into and flow within the soil was suggested by Beven 

and Germann (1982). Several studies confirmed the importance of root induced preferential 

flow (Bundt et al., 2001) and especially the influence of different land use (i.e. vegetation 

types) on preferential flow (Bachmair et al., 2009; Jinhua et al., 2010). 

The main changes in vegetation cover in the Swiss Alps are massive shrub (mainly Alnus 

viridis and also Sorbus aucuparia; see also section 2.3.1) encroachment and forest 

expansion into formerly open habitats (Tasser et al., 2005; Wettstein, 1999). In the Urseren 

Valley the shrub cover increased by 32 % between 1965 and 1994 (Wettstein, 1999) and 
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again by 24 % between 1994 to 2004 (van den Bergh et al., unpublished data, 2013). Since 

shrub encroachment can increase saturated hydraulic conductivity of soils (Alaoui et al., 

2013), we hypothesize that higher infiltration rates of water into the unsaturated zone and 

subsequent recharge to groundwater in the bedrock will result in longer MTTs. 

In four alpine micro catchments we modeled the MTT under base flow conditions using 

stable water isotopes. Our sampling approach enabled us to estimate the influence of 

vegetation cover as well as topography on MTT under the same geological and 

climatological conditions. Furthermore, we evaluate additional geochemical data, which 

also allows us to estimate the contribution of groundwater to base flow runoff and its 

influence on MTT. 

2.3 Material and Methods 

2.3.1 Study site 

The Urseren Valley (Figure 2.1) has a U-shaped profile and is characterized by rugged 

terrain. Elevation ranges from 1400 to 3200 m a.s.l. The whole catchment covers an area of 

191 km
2
 and is drained to the north-east by the Reuss River. The southern mountain ridge is 

built by the gneiss massif of the Gotthard system whereas the northern mountains are part of 

the granite massif and the pre-existing basement of the Aar system (Labhart, 1977). The two 

massifs are separated by intermediate vertically dipping layers along a geological fault line 

which corresponds to the valley axis. These layers consist of Permocarbonic and Mesozoic 

sediments and they comprise sandstones, rauhwackes, dolomites, dark clay-marls and 

limestones. Throughout the formation of the Alps the material was metamorphosed to schist 

(Ambuehl, 1929). Due to erosion of these soft layers a depression developed (Kägi, 1973). 

The soluble limestones and also gypsum rich rocks, which are prone to karst formation, 

underlie the outcropping rocks or are incorporated as lenses in the granites and gneisses 

(Ambuehl, 1929; Buxtorf, 1912; Labhart, 1977; Winterhalter, 1930). The most abundant 

outcropping bedrock material is a white mica-rich gneiss. This was confirmed by the 

detection of phyllosilicates (muscovite/illite) in the soil by X-ray diffraction (Schaub et al., 

2009). 

Podsols, Podzocambisols and Cambisols are the dominant soil types in the valley 

(Meusburger and Alewell, 2008). At higher elevations and on steep valley slopes, Leptosols 

are common. At the valley bottom and lower slopes, predominantly clayey gleyic 

Cambisols, Histosols, Fluvisols and Gleysols developed (Meusburger and Alewell, 2008). 

The valley is characterized by a high mountain climate with a mean air temperature of 

3.1°C (1901 to 1961). Mean annual rainfall at the climate station in Andermatt (1442 m 

a.s.l.) of MeteoSwiss is about 1400 mm. The valley is snow covered for 5 to 6 months (from 

November to April) with maximum snow height in March (Angehrn, 1996). Runoff is 

usually dominated by snowmelt in May and June.  
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Vegetation shows strong anthropogenic influences due to pasturing for centuries (Kägi, 

1973). An invasion of shrubs mainly by Alnus viridis, Calluna vulgaris, Salix 

appendiculata, Sorbus aucuparia and Rhododendron ferrugineum was identified, 

particularly on the north-facing slopes (Kägi, 1973; Küttel, 1990; Wettstein, 1999). The 

south-facing slopes are dominated by dwarf-shrub communities of Rhododendron 

ferrugineum and Juniperus sibirica (Kägi, 1973; Küttel, 1990) and diverse herbs and grass 

species. Wettstein (1999) estimated that approximately one third of shrubs (mainly 

consisting of Alnus viridis and Sorbus aucuparia) have invaded since 1965. For more 

detailed information about the Urseren Valley, the reader is referred to Meusburger and 

Alewell (2008). 

Four micro catchments located on north-east and north-west facing slopes in the Urseren 

Valley (Table 2.1 and Figure 2.1) were chosen with regard to their differing percentage of 

shrub cover. The steep micro catchments are smaller than 1 km
2
 and shrub vegetation covers 

a range from 13.8 to 82.2 %. The Chämleten micro catchment also includes several wetland 

sites which presumably play an important role for the hydrology in this micro catchment. 

From field observations we can assume that mean discharge during the snow covered period 

is at the lower end of the discharge range given in Table 2.1. In all micro catchments small 

springs could be indentified as the starting point of the streams permanently discharging 

water (also observed in winter months) (Figure 2.1). 

 

Table 2.1: Characteristics of micro catchments (vegetation data from van den Bergh et al. (2011) and 

Fercher (2013), modified; discharge data from Lagger (2012) and Schmidt (2012)). 

 Chämleten Wallenboden Bonegg Laubgädem 

projected area (km
2
) 0.01981 0.56431 0.34302 0.02981 

shrub cover (mainly Alnus viridis and 

Sorbus aucuparia) (%) 
82.2 13.8 38.5 14.5 

vegetation cover (%) 100.0 78.9 95.9 100.0 

elevation range (m a.s.l.) 1669 – 1810 1501 – 2354 1551 – 2492 1721 – 1915 

mean elevation (m a.s.l.) 1740 2082 2026 1836 

slope range (°) 4 .0 – 55.7 0.6 – 60.5 0.5 – 73.1 0.3 – 49.3 

mean catchment slope (°) 24 20 28 20 

aspect NE NNW NW NE 

range of discharge (L s
-1

) 0.09 – 36.02 0.46 – 44.03 2.00 – 93.54 0.10 – 14.61 

mean discharge (L s
-1

) 1.08 2.42 6.3 2.91 

(summer 2010 and 2011)     
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Figure 2.1: Location of the micro catchments in the Urseren Valley. Micro catchment limits from van 

den Bergh et al. (2011) and Fercher (2013), modified. Geodata reproduced by permission of swisstopo 

(BA12066). 

 

2.3.2 Sampling and Analysis 

2.3.2.1 Precipitation, discharge and stable water isotopes 

Precipitation was continuously measured with a Davis Vantage pro2 weather station at 

the MeteoSwiss station Andermatt by the Swiss Federal Office of Meteorology and 

Climatology (MeteoSwiss, 2013). Discharge was measured with pressure transducers 

(PDCR1830, Campbell Scientific) and a radar sensor (Vegapuls61, VEGA). Discharge data 

availability was restricted to summer months because streams and installed weirs were 

completely snow covered and/or frozen during winter. We sampled precipitation and stream 

base flow biweekly for stable isotope analysis from March 2010 to May 2012. Precipitation 

was sampled near the catchment outlets with a 0.02 m
2
 totalizer and a buried and covered 5 

L bottle to protect the water from evaporation. Precipitation amount was determined and a 

subsample was transferred in a 250 ml poly ethylene (PE) bottle. In summer 2010, we 

installed three precipitation samplers at an elevation gradient ranging from 1600 to 2100 m 

a.s.l. in the Bonegg micro catchment to determine a possible elevation gradient in stable 

isotope values of precipitation. 
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Stream water was also sampled by hand with 250 ml PE bottles, which were filled 

completely. Samples were taken at base flow conditions defined as the “baseline” of the 

hydrograph when discharge was not increased by the influence of precipitation events. 

When a storm event coincided with a planned sampling day, we adapted our strategy and 

sampled one day in advance or after the originally fixed day. This is justified since storm 

flow peaks decreased back to pre-event conditions very fast within a few hours after the 

precipitation event, which was confirmed by discharge measurements. During five weeks 

from April to May 2012, we also sampled stream water in the Wallenboden and Bonegg 

micro catchments on a daily basis (except during high avalanche risk) to capture snowmelt 

runoff. Snow was sampled during the winter period as bulk samples with a plastic tube of 2 

m length and a diameter of 3.5 cm. Each complete bulk snow sample was transferred into a 

2 L PE bottle. After melting of the snow, we took a subsample for stable isotope analysis. 

Snow water equivalent was calculated from the known snow volume and snow density. 

Monthly samples were taken near the micro catchments’ outlets. In March 2010, 2011 and 

2012, shortly before the onset of snowmelt, we sampled snow spatially distributed over 

several kilometers along the valley slopes from 1500 to 2700 m a.s.l., depending on weather 

conditions and avalanche situation. A few snow samples on shadowed spots were also taken 

at the end of April 2011 when substantial snowmelt in most parts of the catchments had 

already happened. The bulk snow samples were used for MTT modeling (see below). For a 

discussion of fractionation of stable isotopes in snow samples, see also section 2.4.2.2. 

Stable isotopes were measured with a Thermo Finnigan GasBench II connected to a 

DELTAplus XP continuous flow mass spectrometer (CF-IRMS, DELTAplus XP, Thermo, 

Bremen, Germany) and a liquid water isotope analyzer (Los Gatos Research, Inc. (LGR), 

Mountain View, USA). Results are reported as δ
18

O or δ
2
H in ‰ vs. the V-SMOW 

standard. Precisions are 0.05 ‰ for δ
18

O and 1 ‰ for δ
2
H with the IRMS and 0.1 ‰ for 

δ
18

O and 0.3 ‰ for δ
2
H with the LGR instrument, respectively. Samples were calibrated to 

known standards (V-SMOW, SLAP and GISP). 

2.3.2.2 Additional geochemical parameters 

In addition to the use of stable isotopes as a time orientated tracer, we also measured 

various geochemical parameters which served as geogenic tracers. Total dissolved alkali and 

earth alkali metals (Ca, Mg, K, Na) and silicon (Si) were measured by Inductively Coupled 

Plasma Optical Emission Spectrometry (ICP-OES, Spectro Genesis, Spectro Analytical 

Instruments, Germany). These elements can be found in aqueous solutions due to 

weathering of minerals and can be an indicator of the type of rocks which are weathered 

(Stumm and Morgan, 1996). Major anions were measured by ion chromatography (761 

Compact IC, Metrohm, Switzerland). Sulfate in stream water can be an indicator for 

weathering of gypsum bearing rocks (Stumm & Morgan 1996). PH was measured 

continuously during the summer periods with a CS525 ISFET pH Probe (Campbell 
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Scientific, UK) and on a monthly basis during winter with a portable pH 340i probe (WTW, 

Weilheim, Germany).  

All stream water samples for geochemical parameter determination were taken by hand 

in the field, filtered with 0.45 μm filters (Rotilabo-filter, PVDF, Roth, Switzerland), cooled 

during transport to the laboratory and kept frozen at -20°C until analysis. 

2.3.3 Mean water transit time modeling 

We determined MTTs from biweekly stable isotope data of precipitation and stream base 

flow (δ
18

O of H2O). The stable isotope data of precipitation were corrected for the elevation 

gradient (see results) using the difference between elevation of catchment base and mean 

catchment elevation. Stable isotope values of monthly winter samples were stepwise 

interpolated. We used the modeling procedure suggested, e.g. by Maloszewski and Zuber 

(1982; 2002) and their provided software FlowPC. From a known isotope input signal 

(precipitation samples) and the measured output signal in the four streams (base flow 

samples), MTTs can be modeled by solving a convolution integral which relates input and 

output stable isotope signals with water transit times:   

(1)  dgtOtO inout )()()(
0

1818  


, 

where δ
18

Oout is the output signal, δ
18

Oin is the input function, g(τ) the system response 

function and τ is the transit time. 

The use of a MTT, which we calculate via this approach, is subject to some assumptions 

which are not always met in nature. For example, steady state of flow, linear tracer input-

output relations and an equal distribution of precipitation over the entire catchment are 

assumed (Turner and Barnes, 1998). Recent studies have shown that transit time 

distributions are not time-invariant, which reflects the variability of climate, precipitation 

and hydrological conditions (e.g. Botter et al., 2011; Heidbuechel et al., 2012; McGuire et 

al., 2007). On the other hand, the hydrological response of a catchment is also subject to 

quasi-stationary characteristics as, for example, topography and structure of the subsurface 

(Hrachowitz et al., 2010). Despite the above mentioned assumptions, the MTTs are useful to 

inter-compare the behavior of catchments (McDonnell et al., 2010; Soulsby et al., 2010) and 

our aim is to compare four small catchments under the same boundary conditions (climate, 

geology, geomorphology and considered time span).  

The use of a lumped parameter model offers the advantage that it only requires few 

parameters and is useful in catchments where information on hydraulic properties of 

underlying material is scarce (Maloszewski and Zuber, 1982; 2002). Furthermore, the 

provided software does not require extensive hydrological or meteorological data. 

Especially discharge data were not available for the winter periods in our micro catchments. 
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Therefore, more complex models, which take output flow into account (e.g. Rodhe et al., 

1996), could not be applied in our study. 

The system response function g(τ) describes the transit time distribution in the aquifer 

and hence implicitly includes hydraulic properties of the aquifer. We tested all the different 

system response functions g(τ) implemented in the software: the exponential, the 

exponential-piston-flow, the dispersion, the piston-flow and the linear model. The 

exponential model, which can be regarded as a special case of the gamma distribution model 

(e.g. Amin and Campana, 1996; Kirchner et al., 2000), is mathematically equivalent to a 

well-mixed reservoir. However, mixing only occurs at the system outlet (Maloszewski and 

Zuber, 1982; 2002). There is no exchange of tracer along the flow lines in the aquifer. The 

dispersion model, on the other hand, allows mixing of tracer within the aquifer itself. Using 

the exponential model would imply that there exists water with very short and water with 

very long transit times which only mix at the outlet. More detailed information about the 

flow models can be found in Maloszewski and Zuber (1982).  

The stable isotope input function for the MTT modeling has to be weighted with the 

precipitation amount and recharge factor α (also called infiltration coefficient in the cited 

literature) (Grabczak et al., 1984; Maloszewski and Zuber, 1982; 2002):  
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N is the number of single sampling events, Pi and δ
18

O are precipitation rates and its 

isotope values and δG is the mean value of δ
18

O of the local groundwater originating from 

recent precipitation. Recharge factors are often difficult to estimate and even unknown 

(Grabczak et al., 1984; Maloszewski and Zuber, 2002). They can, for example, be estimated 

as a ratio of summer recharge to winter recharge from stable isotope data (Grabczak et al., 

1984) (equation 3) or calculated from the water balance (Stumpp et al., 2009b) (equation 4).  
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WP  and SP  are the long-term weighted mean values of δ
18

O for the winter and summer 

precipitation (P), respectively and ETa,i is the actual evapotranspiration. 

Since in our case the volume weighted mean stable isotope signal in precipitation for the 

whole observation period equals the mean of base flow stream samples, we conclude that 

summer and winter precipitation equally contribute to the stable isotope signal in stream 

base flow. Therefore, the recharge factor calculated according to Grabczak et al. (1984) as a 

ratio of summer recharge to winter recharge is equal to 1. This would not represent the real 

situation since snow accumulates from November to March and recharge during winter 
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would only occur when short warm periods induce snowmelt. The isotope signal from this 

winter precipitation will substantially recharge and contribute to the base flow signal only 

during the spring snowmelt and early summer. We therefore made a simplification and 

estimated the recharge factors for the snow accumulation period to be 0.01. This low value 

is justified because only small amounts of meltwater were measured in several snow 

lysimeter studies during accumulation period (e.g. Gurtz et al., 2003).  

Snowmelt was introduced into the model via the weighting procedure by recharge factors 

(set to 1) and precipitation amounts which accumulated during the winter season. From field 

observation and data from MeteoSwiss (2013), we know that snowmelt occurs from the end 

of March until the beginning of May. Accumulated snow during winter was therefore 

released during snowmelt within six weeks in our model. At the lower part of our micro 

catchments, snow had melted at the beginning of April whereas snow in the upper regions 

lasted a few weeks longer. The recharge factor during the summer period was calculated 

similar to Stumpp et al. (2009b) by correcting measured precipitation for evapotranspiration 

and direct flow (which was calculated from the hydrographs according to Wittenberg (1999) 

by the Institute of Geography, Group of Hydrology, University of Bern).  

To account for uncertainty in model input parameters – including δ
18

O values of 

precipitation, precipitation volume and recharge factor α – we conducted an uncertainty 

analysis with different parameter sets A to E (Table 2.2). The simplest parameter set A 

includes raw δ
18

O values of precipitation and the more complex sets C to E are generated as 

described above, considering snow dynamics. With these different sets we can estimate a 

range of most plausible MTTs.  

The stable isotope values of stream water are calculated via equation (1) by choosing a 

system response function and a MTT. Calibration of the model is carried out by a trial-and-

error procedure comparing the modeled stable isotope values of stream water with the 

measured values via the σ–value, as defined by Maloszewski and Zuber (2002):  

 (5) 

 

n

cc
n

i

imi

2

1






   

cmi = measured stable isotope value at time i 

ci = modeled stable isotope value at time i  

n = number of measurements 

 

This value can be used to compare model results for different parameter sets. The trial-

and-error procedure aims to minimize the σ–values. We also report the model efficiency (E) 

according to Nash and Sutcliffe (1970) for the best fits according to the values of σ. Further 

description of the uncertainty and sensitivity analysis can be found in section 2.4.2.1. 



2 Importance of vegetation, topography and flow paths for water transit times of base flow in alpine headwater 

catchments 

 

 18 

 

Table 2.2: Description of the different model input parameter sets. 

 Description of input parameters 

set A 
raw δ

18
O values of precipitation, not weighted by precipitation volume or recharge, i.e. 

all precipitation enters the system and no snow accumulation occurs 

set B 
δ

18
O values of precipitation, weighted by precipitation volume; recharge factor α = 1, i.e. 

all precipitation enters the system, no snow accumulation occurs 

set C 

δ
18

O values of precipitation weighted by precipitation volume and recharge into the 

system as described in section 2.3.3: recharge factors α winter = 0.01, α snowmelt = α summer = 

1; snow accumulates during winter and is released during snowmelt; precipitation 

volume corrected for evapotranspiration and direct runoff; δ
18

O values corrected for 

mean catchment elevation 

set D 

similar to set C, but snowmelt water of the first input interval is reduced by 2 ‰ 

(estimated value according to Taylor et al. (2001)), which increases the influence of the 

snowmelt on stream water stable isotope signals 

set E 
similar to set C, but recharge factor α during winter is set to 0.1, which increases 

influence of inputs on stream water stable isotope signals during the winter season 

 

2.3.4 Vegetation cover, topographic and hydrogeological analysis 

Vegetation cover and catchment topography were assessed by van den Bergh et al. 

(2011) and by Fercher (2013) by a combination of satellite images and field observation, 

and modified after additional field observations. Vegetated and bare lands were classified 

using maximum likelihood classification and a number of training samples on a composite 

spot image from the summer of 2004/2005. A map of vegetated and non-vegetated land was 

thus created. The remaining vegetation cover classes were manually drawn from 

Swissimage orthophotos (van den Bergh et al., 2011). The uncertainty of catchment area and 

shrub cover is about 5 to 10 %. Further topographic and hydrogeological analysis was 

performed with a digital elevation model with a cell size of 2 x 2 m below 2000 m a.s.l. and 

25 x 25 m above 2000 m a.s.l. We used the geographic information system (GIS) software 

ArcGIS (ESRI) version 10 and its included hydrology tools.  

To relate MTT to topographic features of the micro catchments, we determined ranges 

and means of the following parameters: slope, elevation, flow length, topographic wetness 

index, stream length and drainage density. Flow length was calculated as the downslope 

distance from each cell to the catchment outlet along the flow path. Topographic wetness 

index was computed as  

(6) 
tan 

ln   TWI
A

 ,  

where A is the upslope area per unit contour length and ß is the local slope (Beven and 

Kirkby, 1979). For stream length we determined two values. We defined length of base flow 

stream as the length of the perennial streams. Length of event flow streams additionally 
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includes ephemeral streams, which are presumably activated during rainfall events. 

Drainage densities were computed for both length parameters by dividing stream length by 

micro catchment area. 

For further hydrogeological analysis we calculated the mean mobile catchment storage as 

(7) MTTQV meanOH 
2

 , 

where Qmean is the mean discharge. We then used the mean mobile catchment storage and 

an estimated volume of rocks (Vrocks) to calculate a mean porosity nmean for the whole 

catchment as  

(8) 

rocks

OH

mean
V

V
n 2 .  

The volume of rocks was determined with the ArcHydro tool “terrain morphology” 

(version 2.0 for ArcGIS 10).  

From the topographic data we also estimated the flow path length x to calculate the tracer 

velocity (v) as 

(9)  meann
MTT

x
v  .  

These data were subsequently used to calculate the hydraulic conductivity (K) with 

Darcy’s law: 

(10)  

L

h

v
K


  , 

where 
L

h
 is the hydraulic gradient (e.g. Zuber, 1986). 

2.4 Results and Discussion 

2.4.1 Stable water isotopes in precipitation and runoff  

Decrease of δ
18

O in liquid precipitation along an elevation gradient was 0.15 ‰ per 100 

m elevation increase. This is only slightly lower than the measured decrease for locations on 

the Swiss plateau and in the western Alps by Siegenthaler and Oeschger (1980) (0.26 ‰ per 

100 m) and in general in good agreement with other values from the Austrian Alps (Ambach 

et al., 1968, 0.2 ‰ per 100 m). We could not detect a clear elevation gradient in δ
18

O for 

bulk snow samples with elevation during winter (Figure 2.2). At our sites the elevation 

gradient of stable isotopes is most probably caused by Rayleigh processes during the 

orographic uplift of air masses during storm events. Also, Rayleigh fractionation during 

precipitation coming from clouds at the same altitude can lead to the elevation gradient 

(Gat, 1996). The direction of the elevation gradient then depends on the storm trajectories. 
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In winter the elevation gradient was not clearly pronounced and it was even reversed for 

some of our samples near Wallenboden and Chämleten in March 2010. These slopes can be 

on the lee side of a storm during winter, which can lead to the reversed elevation gradient of 

stable isotopes (Friedman and Smith, 1970; Moran et al., 2007). 

 
Figure 2.2: Location of snow sampling at the end of the winter (left) and stable isotopes values of snow 

(right). 

 

Stream water and especially precipitation samples cover a wide range of δ
18

O and δ
2
H 

values (Figure 2.3). The local meteoric water line (LMWL) matches the global meteoric 

water line (GMWL) (Craig, 1961). The GMWL gives the relation between δ
2
H and δ

18
O in 

meteoric waters (including, e.g. precipitation, groundwater and water from streams or lakes) 

on a global scale which have not undergone excessive evaporation. Our stream water 

samples are between the minimum and maximum values of our measured precipitation 

samples (Figure 2.3). Therefore, stream water most likely represents a mixture of local 

precipitation from different dates. Since stream water samples plot close to the LMWL, we 

can presume that evaporation or other processes which would move the stream samples 

away from the LWML are negligible (Clark and Fritz, 1997). 
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Figure 2.3: δ
18

O vs. δ
2
H (of H2O) in precipitation and stream water base flow. 

As expected, the stable isotope signal (δ
18

O) of precipitation strongly varied between 

seasons and ranged from -2.5 ‰ during summer storms to -25 ‰ (V-SMOW) for fresh 

snow samples (Figure 2.3 and Figure 2.4). The δ
18

O values of the four micro catchments 

followed a rather parallel pattern even though they are distributed along the valley within a 

distance of about 8 km (Figure 2.1). The δ
18

O values of precipitation samples (both summer 

precipitation as well as bulk snow samples in winter) slightly decrease from the Chämleten 

to the Laubgädem micro catchment. This east-west trend could be attributed to an air 

temperature trend with decreasing temperature from east to west along the valley (note that 

the difference of mean δ
18

O values of precipitation is statistically not significant) or to the 

rainout effect for storms traveling from east to west. The east-west trend of δ
18

O is more 

pronounced and consistent throughout the year in the base flow samples (Figure 2.4 and 

Table 2.3). The difference of mean base flow samples between the Chämleten and 

Laubgädem micro catchments is about 1 ‰ (p < 0.01). In addition to the slight east-west 

trend of δ
18

O of precipitation, this could also point to a stronger influence of isotopically 

lighter winter precipitation from higher elevations at 2760 m a.s.l. above the Laubgädem 

micro catchment surface area. 

The parallel pattern in the precipitation samples was only interrupted at the beginning of 

the winter in 2010 when first freshly fallen snow of this winter period was sampled. The 

high variation could be due to non-equilibrium processes during the formation of solid 

precipitation (Gat, 1996) combined with spatially highly variable meteorological conditions 

in this complex terrain.  

The strong seasonal variability of δ
18

O values in precipitation could hardly be detected in 

our biweekly base flow samples due to a strong dampening of isotope input signals. The 

isotope signal of precipitation was, however, reflected in the stream water during snowmelt 

(Figure 2.4). The strong attenuation of the input signal implies that only small fractions of 

the precipitation leave the basin via surface runoff in short time periods (Herrmann and 
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Stichler, 1980). Precipitation from different events and seasons can therefore mix when this 

water reaches the catchments’ outlets.  
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Figure 2.4: Stable isotopes (δ
18

O of H2O) of precipitation (P, open symbols) and stream water (Q, filled 

symbols) in the four micro catchments, discharge data (bottom of each plot; note the different scales), 

and precipitation data from the MeteoSwiss station Andermatt at the top of each plot (MeteoSwiss, 

2013; scale on the rightmost side applies to all four plots). 

 

Variability of δ
18

O of stream water was most pronounced in the Chämleten micro 

catchment with δ
18

O values of -15 ‰ in winter and up to -11.5 ‰ in summer. δ
18

O of 

stream water varied very little in the other micro catchments. Especially the Laubgädem 

micro catchment exhibits an extremely dampened isotope signal, with the exception of 29 

April 2010 when discharge was highly increased due to high snowmelt inputs. These very 

sharp snowmelt peaks were not detected for our biweekly samples in spring 2011 and 2012. 

Snowmelt in 2010 occurred later than in 2011, but in a shorter time period. Therefore, the 

isotope signal of the snow was transferred to the stream quicker and produced a sharp peak 

in 2010. In 2011, there was only half of the snow amount (snow depth was around 50 cm at 

the onset of snowmelt) and snowmelt took place earlier. We therefore might have missed 

the sharp peak in 2011. From the more detailed sampling during the snowmelt in the 

Wallenboden and Bonegg micro catchments in 2012 (Figure 2.4) we know that these sharp 

peaks appear within a few days only, which are easily missed by the 14 day sampling 

interval (Bucher, 2013). On 28 April 2012, the stream water in the Bonegg micro catchment 
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had a δ
18

O value of -15.8 ‰, which was not captured with the 14 day sampling approach 

(data not included in MTT model evaluation, but shown in Figure 2.4).  

In contrast to the snowmelt period, all δ
18

O values of stream water were extremely stable 

during the winter period (Figure 2.4). δ
18

O values of stream water reflect the approximate 

weighted mean δ
18

O of previous winter and summer precipitation. Hence, the isotope signal 

of snow is only reflected in the streams during snowmelt. During the winter 2010/11 there 

was an increase in δ
18

O of base flow samples especially in the micro catchments Bonegg 

and Laubgädem. This was not the case in the next winter of 2011/12. This could be 

explained by the higher precipitation amounts in summer 2010, which then discharged 

during the winter 2010/11. In summer 2011 there were 160 mm less precipitation than in 

2010, which corresponds to a decrease of about 25 % of summer precipitation. 

In 2011 we also measured stable isotopes of the Reuss River (Figure 2.5). Our sampling 

point was the outlet of a 132 km
2
 subcatchment of the Urseren Valley that drains north and 

south-facing slopes (note that the whole Urseren catchment has an area of 191 km
2
). 

Because the sampling point integrates a much larger area than our micro catchments, we can 

qualitatively compare hydrological characteristics of different scales. The data series for the 

larger Reuss subcatchment only covers the summer period in 2011 and we consider this time 

span too short for quantitative modeling of MTT. But from the similar stream water stable 

isotope pattern of the micro catchments and the Reuss subcatchment, we can conclude that 

water storage and flow in the fractured bedrock also plays an important role at the larger 

catchment scale. Also, the comparable pattern of stream water stable isotopes suggests that 

MTT in the Reuss subcatchment is presumably equal to or even longer than in the micro 

catchments. 

We also determined δ
18

O values of subsurface/overland flow which we collected in a 

wetland soil site in the Chämleten micro catchment during or shortly after precipitation 

events (Figure 2.5). They are more positive than the respective stream water samples (taken 

at base flow conditions). This indicates the influence of quickly discharging precipitation, 

which has not traveled through deeper zones, in subsurface/overland flow and a smaller 

influence of pre-event groundwater. 



2 Importance of vegetation, topography and flow paths for water transit times of base flow in alpine headwater 

catchments 

 

 24 

04-01-10 04-07-10 04-01-11 04-07-11 04-01-12 04-07-12

-25

-20

-15

-10

-5

0

 Chämleten P

 Chämleten Q

 wetland site Chämleten

 Reuss River

 

 


 1

8
O

 (
‰

 v
s
. 
V

-S
M

O
W

)

Date (day-month-year)
 

Figure 2.5: Stable isotopes (δ
18

O of H2O) of subsurface/overland flow in a Chämleten wetland site and 

the Reuss River. Stable isotope signals of precipitation (P, open symbols) and stream water base flow (Q, 

filled symbols) of the Chämleten micro catchment are shown for comparison. 

 

2.4.2 Mean water transit time modeling 

2.4.2.1 Mean water transit times  

We first will introduce some aspects of sensitivity and uncertainty of the used modeling 

approach and then give the results of MTT modeling.  

The sensitivity analysis with different flow models revealed that model parameters could 

be identified unambiguously (data not shown). The piston flow and the linear model gave 

unrealistic stream water stable isotope values (compared to the measured ones) and high 

values of σ. The exponential model gave overall the best fits and also performed better than 

the exponential-piston-flow model and the dispersion model. With an apparent dispersion 

parameter (PD = reciprocal of the Péclet number) of 0.5 to 0.8 we also obtained good fits for 

the dispersion model, and the dispersion and the exponential distributions are quite similar 

with these chosen PD values, but reproduction of the measured values was always better 

using the exponential model. Moreover, due to the hydrogeological situation we preferred 

the exponential model because a good mixing of all the waters within these steep aquifers is 

highly unlikely. 

The uncertainty analysis with different model input parameter sets (Table 2.2) revealed 

that a minimum value of σ for each parameter set could be identified (Figure 2.6). For 

reasons of clarity we will only show the results of the uncertainty analysis for the 

exponential model. In general, the measured data were reproduced well for all catchments. 

MTTs range from 64 to 108 weeks (Figure 2.6 and Figure 2.7). The model efficiency (E) is 

quite low (Figure 2.7; except for Chämleten), which can be explained by the low variance of 

measured stream water stable isotope values. The measured values are often close to their 

mean. For the Chämleten and the Bonegg micro catchment, the minimum of the σ-value of 
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all five sets cluster around a quite narrow range of MTTs of 64 to 85 weeks, respectively 

(Figure 2.6). The discrepancy of the minimum σ–value between sets A+B and C+D+E 

increases in the order Chämleten – Bonegg – Wallenboden – Laubgädem (Figure 2.6). 

Nevertheless, even the very rough input sets A and B (raw δ
18

O values of precipitation and 

volume weighted δ
18

O values of precipitation, respectively) gave similar MTTs compared to 

the more complex parameter sets C to E. Moreover, even the strong dampening of the stable 

isotope input signal (-25 to -5 ‰) to the narrow range of -15 to -12 ‰ in stream water was 

quite well reproduced by the rough parameter sets A and B, except for the Laubgädem 

micro catchment (Figure 2.7). From the uncertainty analysis with the five different model 

input parameter sets we roughly estimate the uncertainty of our modeling approach to be 

about 10 to 15 weeks. Calculated average MTT of the more complex parameters sets C to E 

are 70 to 102 weeks (Table 2.3). The parameter sets C to E gave similar output of stable 

isotope values compared among each other (Figure 2.7). In general, the difference between 

these three parameter sets can be observed in the modeled data of autumn/winter of 2011. 

During that time period there is an overestimation of the measured stable isotope values of 

base flow in the Wallenboden, Bonegg and Laubgädem catchments, which is the lowest for 

parameter sets D and E. In fact, there are slightly more positive δ
18

O values in summer 

precipitation samples from 2011 compared to 2010, which is also reflected in the slightly 

more positive base flow δ
18

O values in all four micro catchments (Figure 2.4 and Figure 

2.7). But this effect was more pronounced in the modeled than in the measured data. The 

overestimation by the modeled data in autumn/winter 2011 could be either due to heavy 

rains in July 2011 that produce a steplike increase in modeled autumn/winter values, or that 

the increase in the measured data is small because the subsurface reservoir is refilled after 

the relatively dry periods in spring and summer 2011. Afterwards this water discharges to 

the streams. Therefore, Chämleten must have a smaller storage reservoir since its reaction to 

precipitation input is more pronounced. Comparison of parameter sets C to E suggest that 

the overestimation could also be due to the underestimation of the snowmelt component 

(more details also see section 2.4.2.2). In general, snowmelt was represented well with a six-

weeks snowmelt approach. Especially the fast decline of δ
18

O at the onset of snowmelt was 

reproduced quite well by weighting the δ
18

O values of snow with the accumulated snow 

depths. Nevertheless, very sharp stream water peaks during snowmelt in March and April 

could not be modeled adequately in all cases. We measured, for example, a -15 ‰ δ
18

O 

signal in the streams in 2010 in the Chämleten, Wallenboden and Bonegg micro catchments. 

These samples do not represent base flow samples by definition. But in this nival runoff 

regime, snowmelt takes place during several weeks and snow constitutes a substantial part 

of the water cycle in our micro catchments, especially in runoff throughout the months of 

May to August. Therefore, we included them in the modeling procedure. The probably 

shorter snowmelt period in 2010 can especially be seen in the Laubgädem micro catchment 

where we have a very large decrease of δ
18

O to about -17 ‰, which increases to -14 ‰ after 

14 days only. This phenomenon can also not be reproduced by the model. After the six 
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weeks of snowmelt in the lower parts of the catchments, the residual accumulated snow of 

the upper parts presumably slowly refills the reservoirs.  

The steeper increase of δ
18

O values of stream water in summer 2010 in Chämleten was 

not clearly reproduced by the model. It underestimates the variability of δ
18

O, which is 

higher in spring/summer 2010 in Chämleten and Bonegg than in Wallenboden and 

especially Laubgädem. Thus, MTT for Chämleten is probably lower compared to 

Wallenboden even if their range for parameter sets C, D and E are similar for the best model 

fits (Figure 2.6). 

Generally, we think the applied exponential model could satisfactorily reproduce the 

measured stable isotope values of stream water and it also implicitly gives useful insights 

into the flow systems. However, it could not reproduce the relatively “short” snowmelt 

peaks (about 10 weeks) and the subsequent quick onset of more positive δ
18

O values with 

low variability throughout summer, autumn and winter. This is probably due to the time-

invariant modeling approach and the fact that MTTs can be shorter and the dynamics in the 

aquifers can be higher during snowmelt periods. 
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Figure 2.6: Uncertainty analysis of MTT calculation for the micro catchments with different input 

parameter sets. 
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Table 2.3: Mean water transit times (MTT) and hydrogeological parameters of the micro catchments 

(means ± standard deviations calculated for parameter sets C to E). 

 Chämleten Wallenboden Bonegg Laubgädem 

mean δ
18

Obase flow (‰) -12.90 -13.09 -13.64 -13.83 

MTT (weeks) 76 ± 7 75 ± 5 70 ± 6 102 ± 5 

VH
2
O (m

3
) 5 x 10

4
 ± 5 x 10

3 
1 x 10

5
 ± 7 x 10

3 
3 x 10

5
 ± 2 x 10

4
 2 x 10

5
 ± 9 x 10

3
 

Vrocks (m
3
) 1 x 10

6
 2 x 10

8
 2 x 10

8
 2 x 10

6
 

porosity nmean (-) 4 x 10
-2

 ± 3 x 10
-3

 7 x 10
-4

 ± 5 x 10
-5

 2 x 10
-3

 ± 1 x 10
-4

 8 x 10
-2

 ± 4 x 10
-3

 

K (m s
-1

) 3 x 10
-7

 8 x 10
-8

 1 x 10
-7

 1 x 10
-6

 

VH
2
O = mobile catchment storage; Vrocks = volume of rocks; K = hydraulic conductivity 
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Figure 2.7: Measured and modeled stable isotopes (δ
18

O of H2O) in stream water base flow in the four 

micro catchments. The best fit according to Figure 2.6 for each input parameter set and the model 

efficiency (E) according to Nash and Sutcliffe (1970) are shown. 
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2.4.2.2 Fractionation of stable isotopes  

Evaporation of soil water 

Evaporation of soil water can alter isotopic signals (Zimmermann et al., 1967). Viville et 

al. (2006) and Stumpp et al. (2009b) stated that the stable isotope input function for 

modeling MTTs can be improved by taking evapotranspiration into account. According to 

Barnes and Turner (1998), the influence of evaporation on stable isotopes signals is rather 

small in humid areas since other processes are prevailing (e.g. mixing and dispersion). 

Water uptake by plants does not alter isotope signatures of soil water (e.g. Dawson and 

Ehleringer, 1991; Ehleringer and Dawson, 1992; Zimmermann et al., 1967), but it could of 

course reduce amounts of precipitation water entering the deeper soil layers and the 

bedrock. In our micro catchments the volume weighted stable isotope signal of the 

precipitation input equals the mean stable isotope signal of the stream water output. Thus, 

the evapotranspiration from the north-facing slopes most likely played a negligible role in 

shifting isotopic values. Moreover, the δ
18

O vs. δ
2
H plot does not indicate substantial 

evaporation since base flow, precipitation and snow samples plot near the global meteoric 

water line.  

Evaporation through interception 

Evaporation of water by interception can also change isotope signals in precipitation. 

Generally, throughfall enrichment is between 0.1 to 1.2 ‰ (e.g. Ingraham, 1998; Saxena, 

1986), but there are also studies in which throughfall was depleted in 
18

O compared to bulk 

precipitation (Saxena, 1986). In our study we found some samples of throughfall in shrub 

sites to be enriched in 
18

O by about 1.5 ‰, but more samples to be depleted in 
18

O by about 

0.6 ‰ compared to bulk precipitation samples in grassland sites. Since there was no general 

pattern, the differences were small and micro catchments include different surface cover 

types from vegetation (grass and shrubs) to bare rocks, we concluded that a possible 

influence of evaporation through interception should play a minor role for the modeling..  

Fractionation of stable isotopes in snow  

Snowmelt water input into the system could also be a critical input component in MTT 

modeling. Evaporation of water from the snowpack during the winter and fractionation 

processes during melt can alter isotopic composition of the water infiltrating into the soil 

(Moser and Stichler, 1975). Again, we assume that substantial evaporation during the winter 

can be excluded because no shift from the global meteoric water line was measured for the 

bulk snow samples. These were taken a few days before the onset of snowmelt. Moreover, 

evaporation in March and April in our micro catchments is estimated to be very low 

(Baumgartner et al., 1983). 
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The bulk snow samples show slight enrichment of the heavier isotopes with time towards 

the end of the winter from about -17 to -15 ‰. But the samples shortly after snowmelt, that 

were taken on some shadowed locations where snow still was available, only showed a 

small enrichment of the heavier isotope compared to the samples before the onset of 

snowmelt. Moreover, they plot around the local meteoric water line even after snowmelt in 

the lower parts of the micro catchments occurred (Figure 2.3). These facts indicate that 

evaporation (under equilibrium) during melt occurred to a certain extent. But for model 

parameter set C (Table 2.2) we assumed that the isotope signal from our depth integrating 

bulk snow samples just before the onset of snowmelt could be regarded as our input signal 

in our modeling interval of two weeks. Water balance estimates suggest that the major 

fraction of the total accumulated snow recharges to the aquifer, and since we are not looking 

at short temporal variations during snowmelt we can assume that the mean stable isotope 

signal of our bulk snow samples represents the model input signal that recharges into the 

aquifer. Nevertheless, since the first meltwater can be depleted in the heavier isotope (e.g. 

Taylor et al., 2001), uncertainty is introduced to the model results by taking bulk snow 

samples as the model input. In order to estimate the influence of the fractionation processes 

during snowmelt on our modeled data we also considered a modified parameter set D (Table 

2.2) where we estimated the first meltwater to be depleted in the heavier isotope by about 2 

‰ (Taylor et al., 2001). The results are discussed in section 2.4.1. 

2.4.2.3 Length of data record  

McGuire and McDonnell (2006) argued that the length of the data record for the input 

function should exceed the MTT by a factor of 4 to 5. This would ensure that tracer mass 

recovery would be nearly 100 %. According to Hrachowitz et al. (2011), the required 

minimum length of the data record in their study was 3 times the MTT in order to maximize 

tracer mass recovery. Our record is about 2 yr and MTTs are 1.2 to 2.1 yr. We therefore 

extended our input record backwards in time by correlating stable isotopes in precipitation 

with air temperature measured at the valley bottom. Although stable isotopes of 

precipitation are not solely dependent on air temperature (e.g. Ingraham, 1998), we obtained 

a good linear correlation between stable isotope values of precipitation and air temperature 

for the Urseren Valley (δ
18

O = 0.73 • T (°C) - 16.89, r
2
 = 0.84, p < 0.0001, n = 145). 

Extending the stable isotope time series by this technique has been successfully used by 

other authors and has proved to be a valuable tool to extrapolate stable isotope data (Burns 

and McDonnell, 1998; Hrachowitz et al., 2011; Uhlenbrook et al., 2002). With this 

prolongated time series we tested the modeling procedure for the Laubgädem and the 

Chämleten micro catchments. We could not improve our model results of MTT calculation 

with the longer data record. Therefore, we used our measured input record of about 2 yr for 

the modeling, as described above. 
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2.4.3 Influences on mean water transit time 

2.4.3.1 Effect of vegetation cover and topography  

The two largest micro catchments Wallenboden and Bonegg with a shrub cover of 13.8 

% and 38.5 %, respectively, and the smallest micro catchment Chämleten with the highest 

shrub cover of 82.2 % have a similar range of MTTs of 64 to 90 weeks (Figure 2.6 and 

Figure 2.7). Moreover, the micro catchments Laubgädem and Wallenboden with a similar 

fraction of shrub cover have MTTs of 102 and 75 weeks, respectively (average MTT of 

parameter sets C to E). The correlation between MTT and shrub cover is weak and 

statistically not significant (r
2
 = 0.17, p = 0.59, Figure 2.8) and we therefore conclude that 

shrub cover most likely does not influence base flow MTT in these steep alpine headwater 

catchments. We are aware that the evaluation of a data set of four points with spearman 

correlation is critical. However, we feel that visualization in giving r
2
 and p is helpful if 

interpretation is done with caution. 
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Figure 2.8: Correlation of MTT with topographic indices and shrub cover. Average MTTs of parameter 

sets C to E are shown. ■ = Chämleten, ● = Wallenboden,  = Bonegg, ▼ = Laubgädem. Micro 

catchment area and shrub cover data from Fercher (2013) and van den Bergh et al. (2011), modified. 
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Infiltration/recharge and transpiration could also be out of phase, which would affect the 

influence of vegetation on the water balance and its isotopic characteristics (Brooks et al., 

2010). The seasonality of precipitation and its stable isotope signals and the seasonality of 

transpiration could produce different water pools (i.e. soil water vs. groundwater) with 

different isotopic characteristics, analogous to the findings of Brooks et al. (2010) and 

Goldsmith et al. (2012). Brooks et al. (2010) found that evaporation changed stable isotope 

values of soil water. However, soil water pools, which were used by plants, did not 

substantially contribute to stream water in their study. The latter showed no evidence of 

evaporative enrichment. These processes might be present at our sites since there exists a 

strong seasonality of water input, which is manifest in the snow dynamics. However, we 

consider it to be of minor importance with regard to the overall hydrological balance of 

precipitation and stream water and their stable isotope characteristics. Alaoui et al. (2013) 

also estimate that effect of vegetation cover (i.e. evapotranspiration) on the hydrological 

balance plays a minor role at our sites, especially on the investigated north-facing slopes.  

Roa-Garcia and Weiler (2010) found the vegetation cover (i.e. the percentage of 

wetlands and forest) to increase the transit time of water. The authors argued that wetlands 

and forests have a higher water storage capacity. This is in contrast to our findings where 

the Chämleten micro catchment, which includes some wetland sites, revealed the highest 

dynamic of stream water stable isotope values and the shortest MTT. The wetland sites in 

Chämleten were nearly water saturated throughout the year. Thus, the function of these 

wetlands of buffering inflowing water and subsequently the transit time of water can be 

reduced.  

Overall, we estimate the influence of the vegetation cover on the MTT of base flow to be 

negligible in our catchments. The increase of soil hydraulic conductivity, induced by 

invading shrubs (Alaoui et al., 2013), seems to be of minor importance since high stone 

content and texture of the soils can mask the effect of roots. 

Since the influence of vegetation cover on MTT seems to be of minor importance, we 

were also interested in possible influence of other factors (e.g. topography) on MTT. In 

contrast to the findings of McGlynn et al. (2003), McGuire et al. (2005), Rodgers et al. 

(2005) and Soulsby and Tetzlaff (2008), MTT in our study is not related to any of the 

calculated topographic indices (Figure 2.8). Slight trends can be seen, but since in our study 

the range of MTT is small (Figure 2.7 and Figure 2.8) and the range of most of the 

calculated topographic indices is relatively high, we conclude that at our sites, with 

catchments smaller than 1 km
2
, MTT does not depend on any of the calculated topographic 

indices. In contrast to McGuire et al. (2005) for example, we found no relation of MTT with 

mean catchment slope or the topographic wetness index (TWI). In accordance with several 

other studies (McGlynn et al., 2003; McGuire et al., 2005; Rodgers et al., 2005; Soulsby and 

Tetzlaff, 2008; Tetzlaff et al., 2009), MTT is not related to catchment size in our study. The 

larger (Wallenboden and Bonegg) and the smaller micro catchments (Chämleten and 

Laubgädem) have both relatively long and short MTTs. A qualitative comparison of the 
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pattern of stream water stable isotopes of the Reuss River with the four micro catchments 

(Figure 2.4 and Figure 2.5) also suggests that there exists no relation between catchment 

size and MTT. However, the range of our catchment size is small compared to other studies 

(e.g. Tetzlaff et al., 2009) and we considered the time series of the larger Reuss 

subcatchment too short for quantitative modeling. 

Tetzlaff et al. (2011) stated that a greater contribution of groundwater inputs weakens the 

influence of topographic controls. The importance of groundwater contribution, inferred 

from geochemical data and estimated hydrogeological parameters, will be discussed below. 

2.4.3.2 Implications from geochemical and hydrogeological aspects  

Mean concentrations of total dissolved Ca, Mg, Na and K (Table 2.4) are higher than can 

be expected from similar geological and climatological settings with mainly granitic or 

gneiss materials (e.g. Drever and Zobrist, 1992; Ofterdinger, 2001; Tardy, 1971). 

Ofterdinger (2001) and Ofterdinger et al. (2004) studied stable isotopes and other 

geochemical parameters of groundwater in the western Gotthard massif (granitic Rotondo 

massif) only a few km south-west of our sites. They measured, for example, calcium 

concentrations of up to 9 mg L
-1

 for surface waters, springs and groundwaters. Mean sulfate 

concentrations at our sites range from 7.3 to 19.7 mg L
-1

 (Table 2.4), which is also slightly 

higher than we would expect from a mere magmatic or metamorphic geological setting (1 to 

8 mg L
-1

) (e.g. Drever and Zobrist, 1992; Ofterdinger, 2001; Tardy, 1971). Sulfate rich 

minerals seem to be dissolved by the percolating water. Mean silicon concentrations (Table 

2.4) are slightly lower than compared to other granitic or gneiss regions with comparable 

climate (e.g. Drever and Zobrist, 1992; Tardy, 1971). Silicon could be a product of 

weathering of quartz veins, which are very common in this zone of fractured rocks 

(Winterhalter, 1930). Overall, our data show that dissolution of magmatic or metamorphic 

minerals alone cannot account for the measured concentrations of solutes. The pH of stream 

water of more than 7 suggests dissolution of evaporative minerals, i.e. karst formation, in 

the deeper bedrock. Moreover, soil pH in our micro catchments is about 4 to 5. Therefore, 

infiltrating precipitation must be strongly buffered in the deeper aquifer below the soils. 

Low pH of water leaching from the soil, in turn, could accelerate weathering of rocks.  

Ofterdinger et al. (2004) concluded that water can percolate in the fractured granitic 

rocks of the Rotondo massif (only a few km south-west of our sites), which will lead to a 

strong dampening of the stable isotope input signal. Additionally, the phenomenon of strong 

isotope signal dampening is also known from karstic environments (e.g. Bakalowicz et al., 

1974; Maloszewski et al., 1992; Maloszewski et al., 2002; Perrin et al., 2003). This suggests 

that the rocks in our test sites are highly fractured and have a high porosity and storage 

capacity. Water percolating in these systems will have relatively longer transit times 

compared to an unfractured system with low storage capacity. Of course water storage 

capacity, water flow and consequently the MTT will then also depend on the form, the 
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extent and the connectivity of fractures and fissures and not only on their frequency (e.g. 

Banks et al., 2009).  

We estimated porosities of 7 x 10
-4

 to 8 x 10
-2

 (Table 2.3), which are in the same order of 

magnitude as values given by Frick (1994) and Himmelsbach et al. (1998) for a geological 

complex in the Aar massif containing fault zones. They measured porosities between 7.4 x 

10
-3

 and 1.3 x 10
-3

, respectively. Porosity in the intact Rotondo granite with moderate 

fracturation are lower and range from 2.4 x 10
-5

 to 2.9 x 10
-4

 (Ofterdinger, 2001). Our 

estimates for hydraulic conductivities (Table 2.3) are at the upper end together with fault 

zone and sedimentary rocks (Ofterdinger, 2001). Ofterdinger (2001) gave hydraulic 

conductivities for different rock types in the Rotondo area, ranging from 5.3 x 10
-9

 to 4.0 x 

10
-7 

m s
-1

. This strongly supports the conclusion of fractured rocks in the micro catchments 

in which water can percolate into the deeper bedrock. The lack of relation between mean 

mobile catchment storage and catchment surface area indicates that surface and subsurface 

catchment area are not equal and water can be delivered via subsurface flow paths from the 

upslope bedrock to the micro catchments. This in turn could mask possible influences of 

topographic indices on MTTs since these indices were calculated for the surface catchment 

areas.  

Consequently, the strong attenuation of the stable isotope input signal can be explained 

by a combination of water flowing in the fractures and fissures of the rocks and in cavities 

that can be produced by dissolution of readily soluble minerals (gypsum, dolomite or 

calcite). Our findings support the conclusions of, e.g. Gabrielli et al. (2012) and Asano and 

Uchida (2012), who underlined the importance of water flow in the subsurface and bedrock 

and its control on MTT. 

Table 2.4: Means and standard deviations of geochemical parameters of stream base flow samples 

(mg L
-1

). 

 Chämleten Wallenboden Bonegg Laubgädem 

Ca (n = 20) 16.3 (1.8) 27.4 (3.6) 22.8 (3.7) 19.4 (1.7) 

Mg (n = 20) 0.9 (0.1) 1.6 (0.1) 2.2 (0.3) 0.8 (0.1) 

Na (n = 20) 0.9 (0.1) 1.0 (0.1) 1.3 (0.1) 0.7 (0.1) 

K ( n = 20) 1.1 (0.2) 2.1 (0.2) 2.6 (0.3) 1.7 (0.1) 

Si (n = 29) 2.6 (0.8) 2.4 (0.7) 3.0 (1.0) 1.9 (0.6) 

SO4
2-

 (n = 27) 10.8 (1.5) 14.7 (1.4) 19.7 (3.2) 7.3 (0.7) 

pH (summer) 7.35 (0.18) 7.65 (0.25) 7.55 (0.14) 7.35 (0.32) 

pH (winter) 7.30 (0.26) 7.54 (0.26) 7.56 (0.25) 7.68 (0.13) 

 

2.5 Conclusions 

We investigated the influence of differing percentage of shrub cover on MTTs in four 

mountainous micro catchments. Stream water stable isotope signals during base flow 

conditions over two years point to mixing of waters of different ages, resulting in MTTs of 

at least 1 yr. Our data suggest that neither shrub vegetation cover nor topography nor 

catchment size influence the MTT of base flow. The shrub encroachment does not seem to 
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increase MTTs and other factors than other surficial catchment characteristics mainly 

controlled MTTs at our sites.  

The snowmelt input into the micro catchments and its release during spring was 

identified as an important influence on mean stable isotope signals and for MTT modeling. 

Geochemical data from stream water suggest that water percolates through partially 

karstified deeper bedrock at all four investigated catchments. This in turn favors mixing of 

water and storage in the deeper bedrock, which leads to a strong attenuation of the δ
18

O 

signal of precipitation input in our alpine headwater catchments. Furthermore, our estimates 

of hydrogeological parameters indicate that subsurface storage and flow paths strongly 

control MTTs. The major part of the precipitation input enters the bedrock systems rather 

quickly, which leads to a sustained discharge of this bedrock groundwater to base flow in 

our micro catchments.  

We therefore conclude that, in our mountainous headwater catchments with relatively 

shallow soil layers, the hydrogeological and geochemical patterns and snow dynamics 

influence storage, mixing and release of precipitation in a stronger way than vegetation 

cover does. The effect of vegetation on MTT can be masked at the catchment scale in such a 

setting. 
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3.1 Abstract 

Assessing temporal variations in soil water flow is important, especially at the hillslope 

scale, to identify mechanisms of runoff and flood generation and pathways for nutrients and 

pollutants in soils. While surface processes are well considered and parameterized, the 

assessment of subsurface processes at the hillslope scale is still challenging since 

measurement of hydrological pathways is connected to high efforts in time, money and 

personnel work. The latter might not even be possible in alpine environments with harsh 

winter processes. Soil water stable isotope profiles may offer a time-integrating fingerprint 

of subsurface water pathways. In this study, we investigated the suitability of soil water 

stable isotope (δ
18

O) depth profiles to identify water flow paths along two transects of steep 

subalpine hillslopes in the Swiss Alps. We applied an one-dimensional advection-dispersion 

model using δ
18

O values of precipitation (ranging from -24.7 to -2.9 ‰) as input data to 

simulate the δ
18

O profiles of soil water. The variability of δ
18

O values with depth within 

each soil profile and a comparison of the simulated and measured δ
18

O profiles were used to 

infer information about subsurface hydrological pathways. The temporal pattern of δ
18

O in 

precipitation was found in several profiles, ranging from -14.5 to -4.0 ‰. This suggests that 

vertical percolation plays an important role even at slope angles of up to 46°. Lateral 

subsurface flow and/or mixing of soil water at lower slope angles might occur in deeper soil 

layers and at sites near a small stream. The difference between several observed and 

simulated δ
18

O profiles revealed spatially highly variable infiltration patterns during the 

snowmelt periods: The δ
18

O value of snow (-17.7 ± 1.9 ‰) was absent in several measured 

δ
18

O profiles, but present in the respective simulated δ
18

O profiles. This indicated overland 

flow and/or preferential flow through the soil profile during the melt period. The applied 

methods proved to be a fast and promising tool to obtain time-integrated information on soil 

water flow paths at the hillslope scale in steep subalpine slopes. 
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3.2 Introduction 

Knowledge about soil water flow paths is important to assess mechanisms of runoff 

generation (Stewart and McDonnell, 1991), which include for example overland and 

subsurface flow (Dunne, 1978). These processes subsequently have important implications 

for the generation of floods (Beven, 1986), recharge of groundwater (Barnes and Allison, 

1988), soil erosion dynamics (e.g. Konz et al., 2010; Lindenmaier et al., 2005; Uchida et al., 

2001) and transport of nutrients and pollutants (Schmocker-Fackel, 2004; Weiler and 

McDonnell, 2006). These processes are of special interest in headwater catchments in 

mountainous regions, because of their great hydrological importance for the adjacent 

lowlands (Viviroli et al., 2011; Weingartner et al., 2007).  

Hydrological processes at the hillslope scale are influenced by a complex interplay of 

different factors, including input characteristics, vegetation, geological, morphological and 

pedological characteristics, all acting on different spatial and temporal scales (Bachmair and 

Weiler, 2011). Among the topographic controls, slope angle has been identified as a crucial 

factor influencing hillslope hydrology, i.e. water flows paths (e.g. Hopp and McDonnell, 

2009; Lv et al., 2013; Penna et al., 2009). Further, Sayama et al. (2011) found that storage of 

water was increased with increasing catchment slope. This was due to a greater extent of 

hydrological active (permeable) bedrock, which is available for water storage in steeper 

catchments. This underpins the hydrological importance of headwater catchments and the 

necessity to obtain information on (subsurface) water pathways in these areas. Moreover, 

Vereecken et al. (2008) and UNESCO-IHE (2011) highlight the importance of knowledge 

about spatial distribution of hydrological processes and characteristics in the subsurface at 

different spatial scales. 

A great variety of techniques has been applied to study soil hydrological processes. Soil 

water content can be monitored e.g. by time-domain reflectrometry (TDR), electrical 

resistivity measurements, heat pulse sensors or capacitive sensors (for a review see 

Vereecken et al., 2008). However, to obtain information on soil water content dynamics at 

the hillslope scale using these techniques, a high number of sensors has to be deployed 

during a relatively long time period measuring with high temporal resolution (see review of 

Dobriyal et al., 2012; Zehe et al., 2010). In addition, the use of hydrometric equipment may 

be limited in stony soils (Coppola et al., 2013) or due to harsh winter conditions, which 

often occur in steep hillslopes in alpine headwater catchments. Spatially distributed 

information on areas where water flow potentially concentrates, can be derived from the 

topographic wetness index TWI (Beven and Kirkby, 1979), calculated from a digital 

elevation model. However, Penna et al. (2009) found that flow-related topographic variables 

(e.g. slope, contributing area and wetness index) could only explain up to 42 % of the spatial 

variation of soil moisture in steep mountainous terrain during two summer seasons. In 

addition to surface topography, the subsurface topography also plays a crucial role for water 

flow paths (Freer et al., 2002). Ground penetrating radar (GPR) or electrical resistivity 
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tomography (ERT) can indirectly provide information about possible flow paths in the 

subsurface, soil water contents, hydraulic properties and soil water dynamics (Jadoon et al., 

2012; Lunt et al., 2005; Steelman and Endres, 2012). However, heterogeneities in soils can 

limit accurate assessment of subsurface characteristics by GPR (Jadoon et al., 2012). All 

these techniques require a high effort in time, work and economic resources if a monitoring 

of water fluxes in various compartments over several seasons is investigated (e.g. long-term 

high-frequency measurements). 

Alternatively, soil water stable isotopes can be a valuable tool to track movement of soil 

water and to gain integrative information about subsurface flow processes like mixing, 

preferential flow and hydrodynamic dispersion (Asano et al., 2002; Barnes and Allison, 

1988; Dusek et al., 2012; Klaus et al., 2013; McDonnell et al., 1991; Stewart and 

McDonnell, 1991; Stumpp and Maloszewski, 2010; Stumpp et al., 2009b). The seasonally 

varying stable isotope signals of precipitation and the subsequent potential attenuation or 

propagation of distinct peaks in the soil water can be used to determine recharge rates 

(Adomako et al., 2010; McConville et al., 2001; Saxena and Dressie, 1983), soil water 

movement (Gehrels et al., 1998) and to calculate soil water transit times (Stewart and 

McDonnell, 1991; Stumpp et al., 2012). As such, pore water stable isotope signals have the 

potential to give a fingerprint integrating over time (one season to several years) and a 

certain space. 

Soil water for stable isotope analysis can be extracted by suction lysimeters (Stewart and 

McDonnell, 1991), centrifugation of soil samples (Gehrels et al., 1998) or distillation 

techniques (Ingraham and Shadel, 1992), which are time-consuming and prone to isotopic 

fractionation (Wassenaar et al., 2008). Wassenaar et al. (2008) developed a fast and 

effective method for soil water stable isotope analysis, which is based on H2Oliquid - H2Ovapor 

equilibration laser spectroscopy. Garvelmann et al. (2012) applied this approach and used a 

combination of soil water stable isotope profiles along two relatively smooth hillslope 

transects and digital terrain analysis to investigate subsurface hydrological processes. With 

these methods they were able to deduce the relative importance of dominant subsurface flow 

paths (vertical percolation and lateral subsurface flow) at the hillslope scale. Their approach 

offers a way to generate a time-integrated overview of soil water flow paths in the 

subsurface without the need of extensive hydrometric equipment. However, a more 

physically based description of soil water flow and transport processes to support their 

conceptual model was not realized in their study. The Richards equation for variably-

saturated flow combined with advection-dispersion equations can be used to quantitatively 

describe water flow and solute transport in soils (e.g. van Genuchten and Simunek, 2004). 

More complex models to account for non-equilibrium and preferential flow include for 

example dual-porosity and dual-permeability approaches (for reviews see Beven and 

Germann, 2013; Simunek et al., 2003). Stable isotopes of soil water in combination with 

modeling tools were successfully used to describe soil hydrological processes at the plot 

scale (e.g. Shurbaji and Phillips, 1995; Stumpp et al., 2012) and the hillslope scale (e.g. 

Dusek et al., 2012). Studies on the plot scale using lysimeters give detailed information on 
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transport parameters on the one hand (e.g. Stumpp et al., 2012). Studies on hillslope 

hydrographs provide integrated information at the hillslope scale (e.g. Dusek et al., 2012), 

missing the spatial variability of e.g. transport parameters on the other hand. A method 

linking this gap could provide important additional information that can be included in 

detailed spatial hydrological models at the hillslope scale. The aims of the presented study 

were therefore: (i) to use depth profiles of soil pore water stable isotopes as an indicator of 

water flow paths and its heterogeneity at the hillslope scale, (ii) to combine measurements 

of stable water isotopes of soil profiles with a numerical model of the Richards equation 

coupled with the advection-dispersion equation including fractionation processes to identify 

water pathways and transport processes in the shallow subsurface and (iii) to apply this 

method in steep hillslopes in a remote alpine headwater catchment, where installation of 

more conventional equipment to investigate water flow and solute transport would not only 

be extremely time consuming, but also very difficult (e.g. due to harsh winter conditions, 

which can impede continuous measurements or due to high stone contents, which might 

hamper proper installation of TDR probes). The method was tested with 28 depth profiles of 

soil water δ
18

O values at a transect of a north- and a south-facing subalpine hillslope in the 

Swiss Alps. The suggested method is designed as a diagnostic tool to obtain a time-

integrated overview of hillslope hydrology, without the necessity to collect long time series 

data of hillslope hydrology. 

3.3 Material and Methods 

3.3.1 Study site 

Soil samples for analysis of soil water stable isotopes were taken on two opposing 

hillslopes in the Urseren Valley in the Central Alps, Switzerland (Figure 3.1). The U-shaped 

valley is characterized by a rugged terrain. Its main axis is parallel to a geological fault line 

which separates the granites of the Aar massif and the gneisses of the so-called Altkristallin 

from the paragneisses and granites of the Gotthard massif (Labhart, 1977). The two massifs 

are separated by softer Permocarbonic and Mesozoic sediments, the so-called Urseren Zone 

(Labhart, 1977). These vertically dipping layers consist of Permocarbonic sandy-clay 

sediments and Mesozoic sandstones, rauhwackes, dolomites, dark clay-marl, marl, clays and 

limestones. Quaternary alluvium can be found at the lower parts of the valley slopes. The 

south-east-facing hillslope (named south-facing in the following) includes the gneisses of 

the Altkristallin and the sediments of the Urseren Zone in the lower part. The north-west-

facing hillslope (named north-facing in the following) is underlain by the paragneissic rocks 

of the Gotthard massif. In the summers 2006, 2009 and 2010 Carpentier et al. (2012) 

collected data with ground penetrating radar (GPR), electrical resistivity tomography (ERT) 

and direct observations in soil trenches at a section of the south-facing hillslope (Figure 3.1). 

They detected a xenolithic schist layer starting mostly at 1 m depth followed by a clay layer 

at about 2 m depth. They also detected some vertical structures which were interpreted as 

faults/fractures in the bedrock or vertically dipping layers due to interbedding in the 

schistose rocks. These structures can enhance infiltration of water into deeper zones of the 
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bedrock, which starts at 2.5 m depth in the upper part and 10 m depth in the lower part of 

the investigated hillslope section. Slope angles of the investigated sites range from 5° to 29° 

and from 3° to 46° at the north and the south-facing hillslope, respectively. 

The dominant soil types in the Urseren Valley according to the world reference base 

(IUSS Working Group WRB, 2006) are Podsols and Cambisols (Meusburger and Alewell, 

2008). Leptosols developed at higher elevations and steeper slopes. Clayey gleyic 

Cambisols, Histosols, Fluvisols and Gleysols are commonly associated with the valley 

bottom and downslope areas. Soils on the investigated north-facing hillslope can be 

described as Podsols partially with gleyic or slight histic properties. Soils on the south-

facing hillslope are mainly Cambisols. The latter can partially be affected by a clay layer in 

deeper zones of about 2 m depth, possibly impeding downward water flow (Carpentier et 

al., 2012). Generally, soils in the Urseren Valley are high in silt and sand content with 

relatively low content of clay (Gysel, 2010).  

The hydrometeorological conditions in the Urseren Valley are characterized by an alpine 

climate with precipitation rather evenly distributed over the year. Mean annual air 

temperature at the MeteoSwiss climate station in Andermatt (1442 m a.s.l., years 1980 to 

2012) is 4.1 ± 0.7 °C and mean annual precipitation is 1457 ± 290 mm, with ~30 % falling 

as snow (MeteoSwiss, 2013). The period of snow cover lasts usually from November to 

April.  

Vegetation was strongly influenced by pasturing for centuries (Kägi, 1973). An invasion 

of shrubs after reduced grazing was identified for both, the north and south-facing slopes 

along the valley. Particularly on the north-facing slopes shrubs are predominant (Kägi, 

1973; Küttel, 1990; Wettstein, 1999). The south-facing slopes are dominated by dwarf-shrub 

communities (Kägi, 1973; Küttel, 1990) and diverse herbs and grass species. Both 

investigated hillslopes of this study are mainly covered by grassland. 
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Figure 3.1: Location of the Urseren Valley and the investigated hillslopes. Locations of selected ground 

penetrating radar profiles (GPR) and the electrical resistivity tomography profile (ERT) are indicated; 

data from Carpentier et al. (2012). Air photograph reproduced by permission of Swisstopo (BA13058). 

 

Table 3.1: Soil texture classes of the sampled depth profiles from the north- and south-facing hillslope 

according to Soil Survey Division Staff (1993). 

profile No. hillslope 0 to 0.3 m depth > 0.3 m depth 

1 S silt loam silt loam 

2, 5 S sandy loam sandy loam 

3 S silt loam silt loam 

4 S silt loam sandy loam 

5 S sandy loam sandy loam 

6, 10, 11 S silt loam silty clay loam 

7 S silt loam sandy clay loam 

8, 9 S silt loam loam 

12 S silt loam sandy loam 

13 and 15 to 26 N silt loam sandy loam 

14 N loamy sand sandy loam 

27a, 27b flat site silt loam silt loam 

 

3.3.2 Sampling and analysis 

3.3.2.1 δ
18

O of precipitation  

We monitored δ
18

O values in precipitation (volume integrated) at the north-facing 

hillslope and used these δ
18

O data as input data to simulate the δ
18

O profiles of soil water 

(described in section 3.3.2.3). Precipitation was sampled biweekly with a 0.02 m
2
 seasonal 

rain gauge and a buried and covered 5 L bottle to protect the water from evaporation. Snow 
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was collected as bulk samples on a monthly basis during the winter with a plastic tube of 2 

m length and a diameter of 0.035 m at the lowest point of the north-facing hillslope. In 

March 2010 and 2011, we additionally sampled snow spatially distributed over several 

kilometers along the valley slopes from 1500 to 2700 m a.s.l. to account for spatial 

heterogeneity of stable isotopes in snow. The south-facing hillslope was not sampled for 

snow due to high avalanche risk in the lower parts of the south-facing slopes. However, 

snow samples from May 2011 of an avalanche-safe area at a south-facing slope at 2400 m 

a.s.l. (about 8 km west from the investigated hillslope) were available. These samples were 

used to estimate the δ
18

O values in snow cover at the south-facing hillslope. δ
18

O values in 

precipitation (snow was melted) were measured with a Thermo Finnigan GasBench II 

connected to a Thermo Finnigan DELTAplus XP continuous flow mass spectrometer (CF-

IRMS, DELTAplus XP, Thermo, Bremen, Germany) and a liquid water isotope analyzer 

(Los Gatos Research, Inc. (LGR), Mountain View, USA). Results are reported as δ
18

O in ‰ 

vs. the V-SMOW (Vienna Standard Mean Ocean Water) standard. Precisions were 0.05 ‰ 

with the IRMS and 0.1 ‰ with the LGR instrument. The precisions are calculated based on 

long term performance of the instruments, using multiple injections of the applied standards 

V-SMOW, SLAP and GISP. The measured samples were then calibrated to these standards. 

3.3.2.2 δ
18

O of soil water  

In August 2010, we took soil samples from 15 soil profiles with a 0.9 m long soil corer 

of 0.055 m diameter. Samples were taken on two consecutive days along a transect at a 

north-facing hillslope (Figure 3.1). About 20 mm of rainfall occurred on the second 

sampling day (profiles 22 to 27a; more details will be discussed below). In June 2011, 13 

profiles were taken along a south-facing hillslope transect (Figure 3.1). The samples at the 

foot of the south-facing hillslope were slightly relocated in relation to the samples from the 

upper part, which was due to agricultural land use in the lower area. Soil cores were 

transported to the laboratory in sealed plastic tubes to prevent evaporation. They were stored 

3 days at 4 °C until analysis, due to practical constraints. For stable isotope analysis of soil 

water (δ
18

O), we followed the procedure described by Garvelmann et al. (2012), which is 

based on the H2Oliquid - H2Ovapor equilibration and laser spectroscopy method used by 

Wassenaar et al. (2008). We took subsamples of the soil cores at 0.05 to 0.1 m intervals and 

placed the fresh subsamples into two nested 1 L Ziplock plastic bags. In 2011, the Ziplock 

were replaced by laminated polyester bags (Weber Packaging, Germany), which were heat-

sealed. The polyester bags we used in 2011 are easier to handle and less susceptible to gas 

losses. Prior to analysis each bag was filled with dried air and left for 15 hours in the 

laboratory to reach equilibrium of stable isotopes between soil water and water vapor in the 

bags. Stable isotope analysis of the headspace water vapor (δ
18

O) of the soil samples was 

performed via Wavelength-Scanned Cavity Ring Down Spectroscopy (WS-CRDS, Picarro, 

USA). Precision for this analysis was 0.16 ‰ vs. V-SMOW. 

In 2010, the calibration of raw soil water δ
18

O values from the north-facing hillslope was 

performed by using the fractionation factor α between H2Oliquid and H2Ovapor, the respective 

equilibration coefficients from Majoube (1971), and the measured equilibration temperature 
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in the laboratory. The coefficients from Majoube (1971) will be given below, together with 

the description of the soil water stable isotope model. With these values we calculated the 

δ
18

O values of the soil pore water from the respective signals of the headspace water vapor.  

In 2011, the calibration procedure was modified. For the standards, we applied water 

with a known δ
18

O value to dried soil samples from the site (n = 23) and treated them in the 

same way as the actual samples. This allowed direct calculation of δ
18

O values of soil water 

by relating the measured δ
18

O value of the water vapor of the spiked calibration samples to 

the real, known δ
18

O value of the applied liquid water of these spiked calibration samples. 

These spiked samples were used to re-check the calibration method from 2010 using the 

fractionation factors. The δ
18

O value of the applied liquid water was reproduced with a 

mean standard error of 0.5 ‰ vs. V-SMOW, which is considered as the accuracy of our 

method. This cross-check of the calibration methods underpins the validity of the calibration 

method from 2010 using the fractionation factors. Additionally, repeated measurements on 

15 selected samples within a few hours showed that the mean difference between the first 

and the second measurement of the same sample was 0.3 ‰ vs. V-SMOW. 

Variability of the measured soil water δ
18

O profiles was analyzed by comparing the 

coefficients of variation (CV) of the profiles. The CV was calculated according to the 

equation suggested by Fry (2003) which is used for natural abundance samples applying the 

stable isotope ratios R (
18

O/
16

O) of the samples: 

(11)  ‰1000
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R
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where Rstdev is the standard deviation and Rmean is the mean of measured stable isotope 

ratios respectively. 

 

3.3.2.3 Modeling of soil water δ
18

O profiles  

The soil water flow was modeled based on a numerical solution of the nonlinear 

Richards equation (Richards, 1931) for unsaturated water flow in the vadose zone:  
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where is thewater content, q is the water flux, ψ(θ) is the matrix potential as a function 

of water content, k(ψ(θ)) is the unsaturated hydraulic conductivity as a function of the 

matrix potential and ETa is the actual evapotranspiration. 

Unsaturated hydraulic conductivity k(ψ(θ)) and matrix potential ψ(θ) as functions of the 

water content  were calculated based on the Mualem - van Genuchten approach (Mualem, 

1976; van Genuchten, 1980). The Mualem - van Genuchten parameters, which include 

saturated and residual water contents and empirical parameters, were chosen based on the 

textural classes according to Sponagel et al. (2005) and Renger et al. (2009).  



3 Tracking water pathways in steep hillslopes by δ
18

O depth profiles of soil water 

 

 44 

ETa was calculated based on potential evapotranspiration (ETp) and water availability 

according to the approach implemented in WASIM-ETH (Schulla and Jasper, 2007) and in 

TOPMODEL (Menzel, 1997). Thus, potential evapotranspiration (ETp) was calculated using 

the Hargreaves equation (Hargreaves and Samani, 1982). Evapotranspiration was split into 

evaporation with isotope fractionation and transpiration without fractionation. The latter 

may still influence the stable isotope profile of soil water indirectly, as a result of partial 

removal of soil water and a subsequently modified soil water flow. Transpiration was set to 

70 % of evapotranspiration during the growing season, and 10 % of evapotranspiration 

during the dormant season, which is based on estimates for alpine grasslands of Körner et al. 

(1989). Transpiration was implemented with a linear root water uptake function with depth. 

The amount of precipitation or snowmelt that exceeds the infiltration capacity is allocated to 

a runoff component. As the model is one dimensional this runoff component is not 

redistributed downhill.  

The one-dimensional differential advection-dispersion equation was used to calculate 

isotope transport:  

(13)  )(
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)( TCEC
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z
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zt
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where C corresponds to the 
18

O content of soil water (in atom %) and Cf is the 

fractionated evaporation concentration (atom %, description see below), E represents the 

soil evaporation, T the plant transpiration, q the water flux and D the dispersion coefficient. 

The latter was calculated as: 

(14) 


 q
D


 , 

with λ= dispersivity. 

Conversion of the isotope values, given as delta values (δ
18

O), into atom % ratios and 

back calculation after the simulation runs, was done using the isotope ratios of the standard 

V-SMOW, using the following equation: 
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,  

with Rstd being the isotope ratio 
18

O/
16

O of the standard.  

Equilibrium and kinetic isotope fractionation were considered and solved for. Therefore, 

the equilibrium fractionation factor 18O_liquid-vapor was calculated according to the 

coefficients a18O = 1.137, b18O = -0.4156 and c18O = -2.0667, determined by Majoube (1971) as 

a function of ambient temperature T: 
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(16) 
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Additional kinetic fractionation by non-equilibrium fractionation for 
18

O was calculated 

based on the approximation of Gonfiantini (1986) as a function of humidity h (available 

from the MeteoSwiss station in Andermatt) and then converted to a kinetic fractionation 

factor k_18O using the enrichment factor k_18O (see equations (17) and (18)). Kinetic 

fractionation is assumed to occur only in the upper 0.1 m of the soil.  
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The fractionated evaporation concentration Cf was then calculated using the isotope 

ratios R (
18

O/
16

O) of water vapor and liquid water and the fractionation factor k_18O as: 

(19) 

Ok

liquid

vapor

R
R

18_


 . 

The soil profile was subdivided into 12 cells of 0.1 m depth each and the model was run 

with a daily time step. Daily δ
18

O values of precipitation were calculated from air 

temperature data and their correlation to the biweekly measured stable isotope signature of 

precipitation from the period March 2010 to March 2012 (δ
18

O = 0.73 • T (°C) - 16.89, r
2 

= 

0.84, p < 0.0001, n = 145). For the regression analysis, the precipitation-weighted arithmetic 

mean of air temperature of the respective biweekly interval was calculated by using 

measured daily air temperatures and daily precipitation volumes. This was done in order to 

consider only days with precipitation in the regression analysis. For the model input of the 

soil water stable isotopes in this study, the δ
18

O values were weighted with precipitation 

volume via equations (12) and (13). Infiltration of precipitation into the soil was set to zero 

during the winter seasons, when snow accumulated. The daily snowmelt volume in spring 

was estimated according to the degree-day-method (Linsley, 1943) using daily air 

temperatures. We slightly modified the degree-day-method by scaling the sum of calculated 

total snowmelt volume to the total measured snow water equivalent at the MeteoSwiss 

station in Andermatt. We obtained daily snowmelt rates of 10 ± 13 mm day
-1

 (mean ± 

standard deviation) for the south-facing hillslope (year 2011) and 13 ± 13 mm day
-1

 for the 

north-facing hillslope (year 2010). Fractionation effects during the snowmelt period were 

introduced by assuming that the first melt water was depleted by 2 ‰ compared to the 

measured δ
18

O values of the bulk snow samples for the north- and the south-facing hillslope. 

These estimates are based on comparison of measured bulk snow samples at the beginning 

and the end of the snow accumulation period and following the estimates of Taylor et al. 

(2001), who investigated the stable isotope fractionation during snowmelt.  
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Two different input parameter sets were considered for the simulation runs to test the 

influence of the snowmelt component on the δ
18

O profiles. The first input set (“sim1”) refers 

to the δ
18

O input as described above, including the snowmelt component. The second input 

set “sim2” refers to a data set from which we excluded the entire snowmelt component, 

which might not have entered (e.g. overland flow) or bypassed the soil matrix. We consider 

the two data sets “sim1” and “sim2” as extreme scenarios. 

The model efficiency was evaluated using the Nash-Sutcliffe efficiency coefficient 

(NSE) (Nash and Sutcliffe, 1970): 

(20) 
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where δ
18

Oz, sim is the simulated δ
18

O value at depth z, δ
18

Oz, obs is the measured δ
18

O 

value at depth z, δ
18

Omean, obs is the mean of the observed values, and n is the number of 

measured and simulated δ
18

O values. Additionally, measured and simulated δ
18

O profiles 

were compared using the root mean squared error (RMSE): 

(21) 2

obs z,
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18 )OO(
1

  


n

zn
RMSE . 

A good agreement between measured and simulated δ
18

O profiles (NSE close to 1 and 

low RMSE) consequently indicates a good model performance and that vertical soil water 

flow can be simulated well within a soil profile. Poor model efficiency suggests that either 

other flow processes take place which are not captured by the applied one dimensional 

model or that the chosen parameters for vertical flow are not representative. 

3.3.2.4 Physical and hydrological soil properties 

Homogenized, dried and sieved (2 mm) soil samples from 0 to 0.55 m depth from 

locations of the north- and south-facing slopes across the Urseren Valley were used for grain 

size analyses. We used sieves for grain sizes between 32 to 2000 μm and a Sedigraph 5100 

(Micromeritics) for grain sizes between 1 to 32 μm. Samples were treated with H2O2 to 

oxidize organic carbon and sodium hexametaphosphate to break soil aggregates prior to 

analysis (König, 2009). Soil texture classes of the sampled depth profiles of the two 

hillslopes were estimated in the laboratory by a quick finger method described by Sponagel 

et al. (2005). Skeleton content, i.e. particles > 2 mm, was determined gravimetrically. 

Saturated hydraulic conductivity (Ksat) of undisturbed soil samples from grassland sites on 

the north-facing hillslope from 0 to 0.15 m and 0.2 to 0.35 m depth was determined in the 

laboratory with a constant head permeameter (Klute and Dirksen, 1986). 12 samples were 

measured for each depth interval. 

Additional soil hydrological information of the investigated sites was available from 

earlier studies. In 2007 and 2008, Konz et al. (2010) measured surface runoff and soil water 
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content at a plot on the south-facing hillslope (Figure 3.1). On the north-facing hillslope, in-

situ rain simulation experiments were performed on 1 m
2
 plots on grassland sites in 2010 

and 2011 to investigate overland flow on the plot scale (Figure 3.1). The duration of each 

rain simulation was 1 hour with an intensity of 36 mm h
-1

. For a more detailed description of 

the measurement techniques, the reader is referred to Konz et al. (2010) and Alaoui and 

Helbling (2006). 

3.3.2.5 Topographic analysis 

Topographic analysis of the hillslopes was performed with a digital elevation model with 

a cell size of 2 x 2 m (Swisstopo). Accuracy in X, Y and Z direction is ± 0.5 m (1σ) in open 

terrain. We used the geographic information system software SAGA GIS (version 2.1.0) to 

calculate the topographic wetness index as  

(22) 
tan

ln
A

TWI  ,  

where A is the upslope area per unit contour length and tan ß is the local slope (Beven 

and Kirkby, 1979). The triangular multiple flow direction algorithm (Seibert and McGlynn, 

2007) was used to calculate the upslope area. The TWI can be used to gain information on 

potential spatial soil moisture patterns and hydrological flow paths, related to the 

topography of the investigated site (Moore et al., 1991). 
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3.4 Results 

3.4.1 Physical and hydrological soil properties 

Sampled soils across the Urseren valley are dominated by sand (50 ± 13 %) and silt 

fractions (41 ± 9 %) whereas the clay fraction plays a minor role (9 ± 5 %) (n = 106) (Gysel, 

2010 and own data). The texture classes according to Soil Survey Division Staff (1993) of 

the sampled depth profiles from the two hillslopes are given in Table 3.1. Highly fractured 

and weathered stone fragments of up to 0.3 m length within the soils have been observed at 

our sites. Skeleton content in the soils ranged from 1 % to 45 % dry weight (dw) with a 

mean of 20 % dw (n = 100) on the north-facing slopes and from 3 % to 65 % dw with a 

mean of 19 % dw (n = 28) on the south-facing slopes (Konz et al., unpublished data).  

Saturated hydraulic conductivity (Ksat) ranged from 2.3 x 10
-6

 to 2.4 x 10
-4

 m s
-1

 with a 

harmonic mean of 1.1 x 10
-5

 m s
-1

 (n = 24) over both depth intervals in soils from the north-

facing hillslope near the rain simulation experiments (Figure 3.1). Ksat can be classified as 

moderately high to high according to the Soil Survey Division Staff (1993) and precipitation 

can therefore quickly pass the upper soil layers and percolate towards deeper soil zones. 

This is supported by the results from the rain simulation experiments at the north facing 

hillslope. During these experiments, surface runoff was absent or low at all sites, resulting in 

low runoff coefficients (RC) of 0 to 0.1 (RC = total surface runoff in mm / total precipitation 

in mm). 

3.4.2 Air temperature, precipitation and its δ
18

O values 

Mean daily air temperature strongly varied between seasons and ranged from -16.2 to 

+19.8 °C (Figure 3.2, top). Mean monthly precipitation was 98 ± 55 mm between 

September 2009 and June 2011 (MeteoSwiss, 2013). Measured (weekly and biweekly) δ
18

O 

signals in precipitation strongly varied seasonally and ranged from -24.7 to -2.9 ‰ (Figure 

3.2, bottom). The volume weighted mean δ
18

O value in precipitation at the north-facing 

hillslope was -13 ‰. The precipitation sample with a δ
18

O value of -24.7 ‰ (Figure 3.2) 

represents freshly fallen snow at the beginning of the winter season. The depth integrating 

bulk snow samples from March 2011 had a mean δ
18

O value of -17.7 ± 1.9 ‰ (± standard 

deviation). The depth integrating bulk snow samples from May 2011of a south-facing slope 

at 2400 m a.s.l. (about 8 km west from the investigated hillslope) had a mean δ
18

O value of -

17.6 ± 0.4 ‰ (n = 5). We therefore used these measured δ
18

O values of snow as input data 

for the south-facing hillslope. This was considered a feasible approach, comparing our 

spatially distributed stable isotope data of snow (data not shown) and the fact that aspect had 

a minor influence on stable isotope values of snow in a study conducted by Dietermann and 

Weiler (2013) in the Swiss Alps. 

The calculated daily δ
18

O signals in precipitation strongly varied between seasons 

ranging from -28 ‰ in winter to -2.5 ‰ in summer (Figure 3.2). The measured δ
18

O values 
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of precipitation were reproduced by the calculated daily δ
18

O values of precipitation with a 

coefficient of determination of r
2
 = 0.64 (p < 0.0001). 
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Figure 3.2: Mean daily air temperature and daily precipitation volume at the MeteoSwiss station in 

Andermatt (upper panel, MeteoSwiss (2013)). Lower panel: measured (bi)weekly (summer) and 

monthly (winter) and calculated daily δ
18

O values of precipitation. Calculated data was derived from 

correlation of δ
18

O values of precipitation with air temperature. Summer precipitation was obtained as 

aggregate (bi)weekly samples and winter precipitation was obtained as monthly bulk snow samples. 

 

3.4.3 Measured and simulated soil water δ
18

O profiles 

3.4.3.1 South-facing hillslope: measured δ
18

O profiles 

Most of the profiles at the south-facing hillslope (1, 2 and 4 to 12) have similar δ
18

O 

depth distributions among each other (Figure 3.3). Namely, we measured relatively higher 

δ
18

O values close to the surface (-6 to -8 ‰), which decreased to about -11 to -12 ‰ in the 

deeper soil layers. The variability of δ
18

O values decreased in the deeper soil layers (> 0.3 

m) and the strong seasonal variation of precipitation was reduced. The variability of δ
18

O of 

soil water in the upper soil layers points to vertical percolation even at high slope angles. In 

the profiles 2 and 3 the coefficient of variation was clearly lower (CV = 1.5 and 0.9 ‰, 

Figure 3.4) compared to the CV of the profiles 1 and 4 to 12, which ranged from about 1.7 

to 2.8 ‰ (Figure 3.4). Profile 3 had the lowest variability (CV = 0.9 ‰) and a dampened 

and attenuated δ
18

O pattern. The topographic wetness index (TWI) was not correlated to the 

standard deviation of δ
18

O of soil water within each profile (r
2
 = 0.11). This is in contrast to 

the study of Garvelmann et al. (2012) who found a correlation of the TWI with the standard 

deviation of soil water stable isotopes (δ
2
H) within the profiles. 
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The δ
18

O value from winter precipitation of about -17.7 ‰ (depth integrating bulk snow 

samples from north-facing slopes across the Urseren Valley) was not detected in terms of a 

clear winter peak in the measured profiles. If we take fractionation processes during winter 

and the snowmelt period (e.g. Taylor et al., 2001) at the south-facing slopes into account, 

the lowest δ
18

O value of soil water of about -14.5 ‰ of profile 1 at the south-facing 

hillslope could be regarded as representing the isotopically lighter snowmelt component. 

Profiles with the lowest δ
18

O value of about -10 ‰ suggest that the meltwater component 

was not present in these profiles. Precipitation volume of the period starting from snowmelt 

until the date of soil sampling in June 2011 was substantially lower (164 mm) than the 

amount of meltwater (approximately 284 mm snow water equivalent, SWE). We therefore 

expected the soil water δ
18

O values in the lower horizon generally to be more negative in the 

case of a substantial contribution of snowmelt to the soil water pool. Possible explanations 

for the absent snowmelt peak in the δ
18

O profiles will be discussed in detail below. 

  

 

Figure 3.3: Measured (“obs”) and simulated (“sim”) soil water δ
18

O isotope profiles at the south-facing 

hillslope from June 2011. X-axes show δ
18

O values of soil water from -16 to 0 ‰ and y-axes show depth 

from 0 to 1 m. Axes are the same for each plot. A reference plot with axes labels is shown. “sim1” refers 

to the model which includes snowmelt; “sim2” refers to the model which excludes snowmelt. Locations 

of the ERT profile ( ) and selected GPR profiles ( ) from the study of Carpentier et al. (2012) 

are also given. 
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Figure 3.4: Coefficient of variation of measured δ
18

O of soil water profiles. Data labels indicate the 

number of the respective profile. 

 

3.4.3.2 South-facing hillslope: simulated δ
18

O profiles 

δ
18

O values of the simulated profiles ranged from -14.4 ‰ in the deeper soil layers to -

5.5 ‰ in the upper soil layers (Figure 3.3). Dispersivity λ was 0.02 m for all profiles, which 

is comparable to values of other soil hydrological studies (Pachepsky et al., 2004; van 

Genuchten and Wierenga, 1986; Vanderborght and Vereecken, 2007). The Nash-Sutcliffe 

efficiency coefficient (NSE) ranged from -11.9 (profile 3, Figure 3.5) to 0.9 (profile 5, 

Figure 3.5). If only the respective best fit (either data set “sim1” or “sim2”) of each profile 

is considered, the median NSE is 0.73. Further, 83 % of the simulated profiles have a NSE 

of 0.5 and above. The latter is considered as “satisfactory” according to Moriasi et al. 

(2007). The root mean squared errors (RMSE) ranged from 0.52 ‰ (profile 5, Figure 3.6) to 

3.18 ‰ (profile 11, Figure 3.6). Application of the input data set without the snowmelt 

component (“sim2”) reduced the RMSE of several simulated profiles. Taking only the 

respective best fit (either data set “sim1” or “sim2”) of each profile into account, the average 

RMSE was 1.0 ± 0.3 ‰ (mean ± standard deviation). For the profiles 1, 7, 10 and 11 we 

were able to reproduce the measured profile with the input parameters “sim1”, including the 

snowmelt component (Figure 3.3). For the remaining profiles, the exclusion of the snowmelt 

component from the input (“sim2”) could reduce the high deviation of about -4 ‰ of the 

simulated from the measured profiles. With this approach, it was possible to reproduce the 

measured profiles 2, 3, 5, 8, 9 and 12, in which the isotopically light winter precipitation 

seemed to be absent (Figure 3.3). We also tested other input parameter sets (e.g. considering 

higher dispersivities), which however were not able to compensate for the mismatch of 4 ‰ 

between the simulated and the measured profiles (data not shown).  

Comparing the NSE with the CV visualizes that the model only performs efficiently 

above a certain threshold of the CV (Figure 3.7). Of course, a low model efficiency (NSE) 
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for profiles with a low CV can be expected, since both parameters decrease with decreasing 

sum of squared deviations from the mean observed values. However, high variations of δ
18

O 

values within a profile (high CV) can most likely be associated with vertical percolation.  

For a wide range of slope angles at the south-facing hillslope, the NSE (considering the 

best fit; either “sim1” or “sim2”) was between 0.46 and 1 (Figure 3.8). This suggests that 

vertical percolation was not restricted to low slope angles. Even at a slope angle of about 

46° the water can percolate vertically within the soil profile to deeper soil layers. 
1 2 3 4 5 6 7 8 9 1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
4

2
5

2
6

2
7
a

2
7
b

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Profile No.

south-facing hillslope north-facing hillslope

N
a

s
h

-S
u

tc
lif

fe
 m

o
d

e
l 
e

ff
ic

ie
n

c
y
 c

o
e

ff
ic

ie
n

t 
(-

)

 sim1

 sim2

 

Figure 3.5: Nash-Sutcliffe model efficiency coefficient (NSE) for simulated δ
18

O of soil water profiles. 

Data labels indicate the number of the respective profile. “sim1” refers to the model which includes 

snowmelt; “sim2” refers to the model which excludes snowmelt. For reasons of clarity the y-axis (NSE) 

is scaled from -0.05 to 1.2. 
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Figure 3.6: Root mean squared error of simulated δ
18

O soil water stable isotope profiles of the north- 

and south-facing hillslope. Data labels indicate the number of the respective profile. “sim1” refers to the 

model which includes snowmelt; “sim2” refers to the model which excludes snowmelt. 
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Figure 3.7: Comparison of Nash-Sutcliffe model efficiency (NSE) to the coefficient of variation (CV). 

For orientation the dashed lines refer to NSE = 1 (simulated data match the observed data) and NSE = 0 

(model simulations are as accurate as the mean of the observed data). Please note the break on the y-

axis. 

0 5 10 15 20 25 30 35 40 45 50

-8

-6
-3

-2

-1

0

1

south-facing hillslope

north-facing hillslope

N
a

s
h
-S

u
tc

lif
fe

 e
ff

ic
ie

n
c
y
 c

o
e
ff

ic
ie

n
t 

N
S

E
 (

-)

Slope (°)

 

Figure 3.8: Nash-Sutcliffe model efficiency (NSE) versus slope angle. For orientation, the dashed lines 

refer to NSE = 1 (simulated data match the observed data) and NSE = 0 (model simulations are as 

accurate as the mean of the observed data). Please note the break on the y-axis. 

 

3.4.3.3 North-facing hillslope: measured δ
18

O profiles 

The measured profiles 18 and 25 to 27b were highly variable with depth, with a 

coefficient of variation (CV) of 1.4 to 3.1 ‰ (Figure 3.9 and Figure 3.4). The pattern of 

these profiles indicates a direct imprint of the temporal highly variable δ
18

O values of 
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incoming precipitation (Figure 3.2). A second group with a relatively low variability (CV ≤ 

1.4 ‰), indicating redistribution and mixing of soil water from various precipitation events, 

comprises the profiles 14 to 17, 19, 20 and 24. Within this group the variability of δ
18

O 

values clearly decreased with depth in some profiles (e.g. 14, 15, 19 and 20). Redistribution 

and mixing of water due to lateral subsurface flow of soil or groundwater can be an 

important process in the profiles 13 to 19 since a small stream passes about 10 to 20 m 

upslope to the profiles from right to left (Figure 3.9). Profiles 21, 22 and 23 can be regarded 

as intermediate profiles of these groups. Even though their CV is only 0.7 to 1.0 ‰, their 

pattern was qualitatively similar to the profiles 24 to 27a, but strongly dampened. These 

different patterns highlight the spatial heterogeneity of soil hydrological processes at the 

hillslope scale. Like on the south-facing hillslope, the TWI was not correlated to the 

standard deviation of δ
18

O of soil water within each profile on the north-facing hillslope (r
2
 

= 0.01). 

On the second sampling day (5 August 2010, profiles 22 to 27a), there were about 20 

mm of rainfall with a δ
18

O value of -10.4 ‰, whereas the rainfall of the 5 preceding days 

(22 mm) had a more positive δ
18

O value of -6.9 ‰. The imprint of the rainfall from 5 

August 2010 was visible in the profiles 22 to 27a (Figure 3.9), which tend to “bend” to more 

negative values δ
18

O values in the upper 0.1 m interval compared to the profiles 13 to 21. 

There was no significant difference (p = 0.35) in the CV between the profiles taken on the 

first day (4 August 2010, profiles 13 to 21) and the profiles taken on the second day (5 

August 2010, profiles 22 to 27a).  

For plots 27a and 27b of Figure 3.9, the same site was sampled in August 2010 and June 

2011, respectively. The distinct δ
18

O summer peak of about -4.5 ‰ of profile 27a was not 

visible in the deeper soil layers of profile 27b, taken 10 months later. Assuming only 

vertical percolation at this site, the diverse patterns of these two profiles indicate that soil 

water was replaced in the upper 1 m at least within one year.  

No clear winter peak was detected in the δ
18

O profiles at the north-facing hillslope, and 

the ratios were more positive than the annual average in precipitation (-13 ‰). This suggests 

that the transit time of soil water in the upper 1 m was eventually shorter than 4 months, 

which is the approximate time span from snowmelt to the sampling date. 
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Figure 3.9: Measured (“obs”) and simulated (“sim”) δ
18

O values of soil water stable isotope profiles at 

the north-facing hillslope from August 2010. X-axes show δ
18

O of soil water from -16 to 0 ‰, y-axes 

show depth from 0 to 1 m. A reference plot with axes labels is shown. Plots 27a and 27b show the 

profiles from the same site taken in August 2010 and June 2011, respectively. “sim1” refers to the 

simulation run which includes snowmelt; “sim2” refers to the simulation run, which excludes snowmelt. 

 

3.4.3.4 North-facing hillslope: simulated δ
18

O profiles 

The two simulation input sets “sim1” and “sim2” yielded similar profiles, which only 

deviated slightly from each other in the lower soil layers (Figure 3.9). This was supported 

by the similar root mean squared error (RMSE, Figure 3.6) and Nash-Sutcliffe model 

efficiency (NSE, Figure 3.5) for each respective profile. The small differences between the 

profiles simulated with “sim1” and “sim2” indicate a low potential and de facto influence of 

snowmelt at that sampling date in the year (4 and 5 August 2010 on the north-facing 

hillslope). At the north-facing hillslope, only the profiles 18, 21, 25, 26, and 27a and 27b 

had a NSE > 0. The mean RMSE for the respective best fits of all profiles from this hillslope 

was 1.4 ± 0.5 ‰. The distinct simulated δ
18

O peak of about -6 ‰ at 0.4 m depth was 

observed in profiles 22, 25 and 27a, but the variability of the simulated profiles was more 

dampened. 
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The poor reproduction of measured isotope profiles 13 to 17, 19, 20, 22, 23 and 24 by the 

simulations (NSE < 0, Figure 3.5) indicates that vertical percolation is not the dominant 

water flow process at these sites, at least in the lower soil layers below 0.2 m depth. The 

simulated δ
18

O values in the upper 0.1 m interval matched the measured values at least for 

the profiles 14, 16, 19, 21 and 22. Comparing the neighboring profiles 21 (taken on 4 

August 2010) and 22 (taken on 5 August 2010) suggests that the applied model was able to 

reproduce the δ
18

O values of soil water induced by the infiltration of rainfall on 5 August 

2010. We consider the impact of the rainfall event of minor importance for the overall δ
18

O 

patterns in the deeper soil layers, which is supported by the applied model using daily time 

steps. 

Comparison of the NSE and the CV for the north-facing hillslope supports the findings 

from the south-facing hillslope (Figure 3.7). Above a threshold of the CV of about 1.5 ‰ 

(Figure 3.7) the model performed more efficient than for profiles with a CV < 1.5 ‰. In 

other words, vertical percolation was most likely dominant in profiles with a CV > 1.5 ‰. 

Further, a NSE > 0.49 was found for profiles at low and at high slope angles of the north-

facing hillslope (Figure 3.8). This suggests that vertical percolation within the soil profile 

was not restricted to low slope angles. 

 

3.5 Discussion 

3.5.1 Physical and hydrological soil properties  

Similar to our results from the rain simulation experiments, fast and nearly complete 

infiltration was observed at the south facing hillslope in an earlier study under natural 

rainfall conditions (Konz et al., 2010). The authors found that soil water content in 0.10 to 

0.35 m below ground quickly responded to incoming precipitation (Figure 7 of Konz et al. 

(2010)). The reaction to precipitation inputs often started within 10 minutes in 0.35 m and it 

was often several hours faster in 0.35 m than in 0.10 m depth (data not shown). 

Additionally, the absolute change in volumetric soil water content was higher 0.35 m than in 

0.10 m depth. This can be indicative for preferential vertical percolation and bypass flow. 

Only small amounts of surface runoff of 0 to 3.5 mm per month were detected during April 

to November 2007 and the runoff coefficient was only 0.02 for the observation period from 

April to November 2007 (Konz et al. (2010); precipitation volume during this period was 

comparable to our observation period). Furthermore, Scherrer (1996) studied runoff 

generation processes in rain simulation experiments very near to our sites at the south-facing 

hillslope and he showed that preferential bypass flow can occur at these sites. He associated 

the preferential bypass flow to animal burrows, which he observed in soil profiles and soil 

trenches. Our soil physical and hydrological data are in accordance with the study of 

Carpentier et al. (2012), who state that the overlaying soil material in the Urseren Valley 

allows fast drainage of water. 
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3.5.2 Subsurface water pathways as indicated by δ
18

O depth profiles 

Gazis and Feng (2004) investigated stable isotopes of soil water at sites with comparable 

climate (which influences temporal dynamics of stable isotopes in precipitation) and soil 

characteristics (e.g. texture). They found vertical subsurface flow to be important at their 

sites, which they inferred from abrupt changes in the stable isotope profile with depth. These 

changes can be produced by successive precipitation events with distinct stable isotope 

signatures if infiltrating precipitation pushes “old” soil pore water downward (e.g. Klaus et 

al., 2013). In our study, distinct δ
18

O peaks from snowmelt and summer precipitation were 

identified in several investigated soil profiles. The relatively high variability (CV > 1.5 ‰) 

of δ
18

O of soil water in several measured profiles combined with a “satisfactory” model 

efficiency (NSE > 0.5) for the respective simulated profiles point to vertical percolation and 

stable isotope transport within the soil profile even at high slope angles of up to 46° (Figure 

3.4 and Figure 3.8). Hence, vertical percolation can predominate over other flow processes 

(e.g. lateral subsurface flow) at certain positions on a steep hillslope. In case of a permeable 

bedrock layer (like in the Urseren valley), the water can subsequently be routed directly to 

deeper zones and recharge into the bedrock. Since a larger volume of bedrock is available 

for water storage in steep watersheds (Sayama et al., 2011), a vertical percolation within a 

drainable soil can therefore be hydrologically even more important for recharge into 

bedrock in mountainous headwater catchments compared to watersheds with a smooth 

topography. Vertical structures at the south-facing hillslope in the Urseren valley, which 

Carpentier et al. (2012) interpreted as faults/fractures or vertically dipping layers, supports 

infiltration of water into deeper zones of the bedrock.  

Nevertheless, there were also profiles at the investigated hillslopes in which the δ
18

O 

peaks from snowmelt or summer precipitation were strongly dampened and the variability 

of δ
18

O values within a soil profile was relatively low (CV < 1.5 ‰). For strongly dampened 

δ
18

O profiles at the north-facing hillslope, the applied one-dimensional model using the 

Richards equation coupled with the advection-dispersion equation was not able to reproduce 

the measured δ
18

O values of soil water, even on relatively flat sites (Figure 3.7 and Figure 

3.8). Processes like lateral subsurface flow, mixing of waters, the influence of groundwater, 

and/or highly dispersive transport can reduce the variability in the deeper layers resulting in 

constant isotope signatures with depth (Barnes and Turner, 1998; Garvelmann et al., 2012; 

Gazis and Feng, 2004; Gehrels et al., 1998; Stumpp and Hendry, 2012). In the study of 

Garvelmann et al. (2012), profiles with a low variability of soil water stable isotopes – 

interpreted as indication of lateral subsurface flow – had a high TWI. This indicated 

accumulation of water at the respective site in their study. The authors therefore used the 

TWI to infer information on subsurface hydrological processes. In contrast, in our study the 

TWI is not correlated to the standard deviation of δ
18

O of soil water within each profile. 

This points to decoupling of subsurface and surface water flow patterns at our sites. We 

conclude that information on subsurface hydrology cannot necessarily be obtained by only 

using the TWI at our sites. 
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Furthermore, the simulations revealed spatially heterogeneous snowmelt inputs into the 

soils. Several (interacting) processes, which would need further investigations, might act at 

our sites. The absent δ
18

O value of the meltwater in the soil profiles can be partially 

explained by preferential subsurface flow of meltwater, which bypasses the soil layer and 

subsequently recharges into the bedrock (Brooks et al., 2010; Buttle and Sami, 1990; 

Darling and Bath, 1988; Gehrels et al., 1998; Stewart and McDonnell, 1991). The rock 

fragments of up to 0.3 m at our sites can promote funneling of water flow along their walls, 

which increases water flow velocity (Bogner et al., 2008) and results in fast water transport 

to deeper soil layers. Further, preferential flow within partially frozen soils might occur 

(Lundin and Johnsson, 1994; Stähli et al., 1996). Preferential bypass flow might also be 

explained by animal burrows (mice) which have been frequently observed visually at the 

soil surface of our sites after snowmelt (see photo 1 in appendix 2 in chapter 7). 

Furthermore, surface runoff of meltwater over frozen (Granger et al., 1984) or water 

saturated soils (infiltration/saturation excess overland flow) can lead to a low fraction of 

infiltrating meltwater. Surface runoff during the snowmelt periods was not quantitatively 

determined at our sites, but it was observed visually during field campaigns in early spring 

at the onset of snowmelt (see photo 2 in appendix 2 in chapter 7). Soil temperatures at our 

sites can decrease to 0 °C during winter (data not shown) promoting possible surface runoff 

of meltwater over these frozen soils. Spatial heterogeneous snowmelt inputs were also 

observed in studies of Litaor et al. (2008) and Williams et al. (2009). They were mostly 

associated to redistribution of snow by wind or spatially variable melt patterns controlled by 

elevation, aspect and vegetation. Spatial snow redistribution due to avalanches was 

frequently observed at our sites and might further enhance spatially heterogeneous 

snowmelt inputs into the soils (see photo 3 in appendix 2 in chapter 7). 

We propose a conceptual flow model, which can be used to understand the main flow 

processes in this study (Figure 3.10). The comparison of measured and simulated δ
18

O 

profiles can be used as a diagnostic tool for a relatively quick characterization of spatial 

heterogeneity of water inputs into the soil and transport processes at the hillslope scale. For 

highly permeable soils with low dispersivities like in our study, we suggest two main classes 

of δ
18

O profiles that can be observed (profiles A1 to A3 versus profile B in Figure 3.10). In 

regions with seasonally varying δ
18

O values in precipitation, a preservation of this 

variability in the δ
18

O values in the soil water indicates vertical percolation within the soil 

(profiles A1 to A3 in Figure 3.10). Profile A3 in Figure 3.10 still implies vertical 

percolation, even if the δ
18

O value of snowmelt water is absent. The latter was inferred from 

the simulated profiles using different input parameters. The second class is represented by 

profile B in Figure 3.10, which has a nearly constant δ
18

O value of soil water with depth. 

The latter suggests a minor role of vertical percolation and a stronger influence of, for 

example, lateral subsurface flow, which can be due to near-surface groundwater flow in the 

vicinity of streams (Figure 3.10) or if recharge to the bedrock is hampered. Classification of 

our measured profiles (1 to 27b) according to the suggested conceptual model (Figure 3.10) 
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is given in Table 3.2. 64 % of the profiles correspond to type A profiles, indicating a 

predominant role of vertical percolation within these soils. 

 

 

Figure 3.10: Conceptual subsurface water flow model. See text for detailed explanations. 

 

Table 3.2: Classification of the measured δ
18

O soil water profiles (profile numbers are given) according 

to the conceptual flow model of Figure 3.10. 

schematic profile A1 schematic profile A2 schematic profile A3 schematic profile B 

1 18 2 13 

4 24 3 14 

7 25 5 15 

10 26 6 16 

11 27a 8 17 

27b  9 19 

  12 20 

   21 

   22 

   23 
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3.6 Conclusions 

The temporal high variation of δ
18

O values in precipitation and its subsequent attenuation 

in soil pore water was successfully used to track the water flow in the unsaturated zone and 

to estimate the relative importance of vertical percolation versus lateral subsurface flow in 

two steep subalpine hillslopes. In some profiles, δ
18

O values of soil pore water indicate fast 

infiltration into the soil layers and subsequent vertical percolation into deeper zones even at 

steep slopes. This is supported by physical soil data (sandy soil texture and high skeleton 

contents) and surface runoff measurements during rain simulations. The high infiltration 

capacity can be explained by the relatively high values of Ksat, which we measured at 

selected undisturbed soil samples in the laboratory. Overland flow during summer rain 

events, which can cause sheet erosion of soil, therefore plays a minor role in our study area. 

The vertical transport processes were confirmed by an one-dimensional soil physical model 

coupled with the advection-dispersion equation, which was used to simulate the measured 

δ
18

O profiles. In other profiles, however, the δ
18

O values of soil pore water also suggest that 

processes, like for example lateral subsurface flow or mixing of water occurred at the 

investigated sites, which was most likely due to near-surface groundwater at one hillslope. 

Non-equilibrium flow processes can lead to poor model performance, since the applied 

model is at the present stage designed for uniform equilibrium flow and transport. 

Furthermore, the model simulations suggest a spatial heterogeneity of snowmelt input into 

the soils at the hillslope scale.  

The applied soil sampling and stable isotope analysis proved to be a fast (one single 

sampling campaign) and suitable approach to investigate actual soil water flow paths at 

steep subalpine hillslopes. Within 1 to 2 days of sampling and 3 days of soil water stable 

isotope measurements only, we were able to generate a quick time-integrating overview of 

subsurface hydrological processes at the hillslope scale. In combination with a physically 

based soil model, we suggest this method as a tool to investigate hillslope hydrology at sites 

were more conventional soil moisture equipment cannot be easily installed (e.g. in stony 

soils or during harsh winter conditions) or if time is a limiting factor. 
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4.1 Abstract 

Stream water geochemistry can be influenced by various external and internal factors 

such as atmospheric inputs and catchment characteristics, e.g. soil and vegetation cover. In 

the Swiss Alps, shrubs (e.g. Alnus viridis subsp. viridis) are encroaching into formerly open 

habitats. The shrub encroachment might affect soil hydrological properties, which in turn 

influences runoff generation. Moreover, alder species (Alnus spp.) are known to affect 

chemical soil properties and can therefore alter the export of nutrients via stream water. 

In our study, we investigated four small alpine headwater catchments to assess the 

influence of shrub encroachment and wetland soils on stream water geochemistry during 

storm and snowmelt runoff. Stream water was sampled (bi)weekly during 2 years, at hourly 

intervals during a rainfall event in the growing season, and on a daily basis during a 

snowmelt period. Stream geochemistry was strongly influenced by the land cover, i.e. soil 

and shrub cover. Riparian wetland soils were flushed by a high proportion of event water, 

which increased dissolved organic carbon export during the rainfall event and the snowmelt 

period. An increase in nitrate export during the rainfall event is likely due to the 

encroachment of green alder shrubs. 
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4.2 Introduction 

Headwater catchments in mountainous regions provide freshwater for lowland areas 

(Viviroli et al., 2011; Weingartner et al., 2007) and therefore play an important role for 

groundwater recharge and subsequent sustenance of high quality drinking water production. 

Moreover headwater stream characteristics, e.g. stream geochemistry, strongly influence 

ecological integrity of downstream rivers (Bishop et al., 2008; Freeman et al., 2007). It is 

well known that stream water geochemistry can be influenced by various factors such as 

geology (Drever, 1982), chemical soil characteristics (Billett and Cresser, 1992), 

topography, which in turn influences hydrological response (McGuire et al., 2005), 

atmospheric inputs (Gibbs, 1970), land use (e.g. agricultural use) (Hill, 1978) and 

land/vegetation cover (Andersson and Nyberg, 2009). These factors can act on both the long 

and the short term scale, i.e. at base flow and storm flow conditions. Williams et al. (1990) 

showed that base flow geochemistry was mainly influenced by deep and shallow 

groundwater geochemistry in an alpine catchment, whereas Neff et al. (2012) found that 

stream water geochemistry, including both base and event flow conditions, was mainly 

influenced by soil and vegetation variables in their study.  

In the Swiss Alps, current land use changes due to changing agricultural practices induce 

a shrub encroachment into formerly open habitats (Tasser et al., 2005; Wettstein, 1999). An 

invasion of shrubs, mainly green alder (Alnus viridis subsp. viridis), was for example 

identified in the Urseren Valley in the Swiss Central Alps (Kägi, 1973; Küttel, 1990; 

Wettstein, 1999). The shrub encroachment might affect the hydrological and geochemical 

functioning of headwater catchments in this area. Since alder species (Alnus spp.) are known 

to alter chemical soil properties (e.g. Mitchell and Ruess, 2009), stream geochemistry might 

be affected. Nitrogen dynamics can be altered through a symbiotic relationship with the 

nitrogen-fixing bacterium Frankia alni (Benecke, 1970; Pawlowski and Newton, 2008). 

Mitchell and Ruess (2009) observed elevated carbon and nitrogen contents in soils under 

green alder stands (Alnus viridis subsp. fruticosa) and Rhoades et al. (2001) measured 

increased extractable soil nitrate under green alder trees (Alnus viridis subsp. crispa). 

Bühlmann (2011) measured increased nitrate concentrations in soil water under green alder 

stands (Alnus viridis subsp. viridis) in the Urseren Valley in the Swiss Central Alps. Shaftel 

et al. (2012) showed that nitrate concentrations in streams of headwater catchments, which 

are covered by alder species (Alnus viridis subsp. fruticosa, Alnus viridis subsp. sinuate and 

Alnus incana subsp. tenuifolia), were increased.  

Along with the possible direct influence of green alder encroachment on stream water 

geochemistry, it might additionally alter hydrologic pathways and components of the water 

cycle. Hydrological pathways in turn directly influence stream water geochemistry during 

summer rainfall events and snowmelt periods (Bishop et al., 2004; Creed et al., 1996; Fiebig 

et al., 1990; Grabs et al., 2012; Hornberger et al., 1994; Inamdar et al., 2004; McGlynn et 
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al., 1999; Pacific et al., 2010). In the Urseren Valley, the influence of invading shrubs on the 

total water balance (Alaoui et al., 2013) and mean water transit times and geochemistry at 

base flow conditions (i.e. long term scale) was negligible (Mueller et al., 2013). However, 

the short term scale hydrology, i.e. the generation of storm or snowmelt runoff, might be 

affected by higher soil hydraulic conductivities of soils under green alder stands (Alaoui et 

al., 2013). Decaying plant roots of shrubs can establish preferential flowpaths (Jarvis, 2007), 

which can be an important component in generating runoff at the plot and the catchment 

scale (Hrachowitz et al., 2013; Sidle et al., 2000; van der Heijden et al., 2013), when 

connection to the stream water can be established. This connection is especially known to 

occur via riparian wetland zones, which strongly interact with streams and therefore support 

exchange of water and nutrients during snowmelt (Kendall et al., 1999; Sebestyen et al., 

2008) or rainfall events during the growing season (Fiebig et al., 1990). Rapid flow of event 

water through preferential flowpaths can then for example transport dissolved organic 

carbon from riparian zones to the streams (Fiebig et al., 1990; McGlynn and McDonnell, 

2003). 

In this study, we investigated four alpine headwater catchments, with differing 

percentage of green alder cover and wetland soils in order to assess the temporal 

geochemical evolution (i.e. dissolved organic carbon and inorganic solutes) during a rainfall 

event in the growing season and a snowmelt period. Stable water isotope ratios (δ
18

O 

values), calcium and silicon were used to infer information on runoff generation 

mechanisms and water flow paths. We hypothesize that the encroachment of green alder 

shrubs increases concentrations of nitrate in stream water during high flow periods of 

rainfall and snowmelt events. We further hypothesize that the connection of the zones where 

green alder shrubs grow with the streams is established via riparian wetlands, which 

subsequently increase the export of dissolved organic carbon from the catchments. 

4.3 Material and Methods 

4.3.1 Study site 

The study sites are located in the Urseren Valley in Central Switzerland (Figure 4.1). The 

Urseren Valley is a glacially influenced U-shaped valley with steep, rugged slopes and a flat 

valley bottom, ranging from 1400 to 3200 m a.s.l. The southern mountain ridge is built by 

the “Gotthard massif” which mainly includes paragneisses and granites. The northern crests 

are formed by granites, granitoids, gneisses and migmatites of the Aar system, which is 

divided into the “Aar granite” and the gneiss/migmatite complex of the “Altkristallin” 

(Labhart, 1977). The Aar and Gotthard massifs are separated by the “Urseren Zone”, which 

is formed by vertically dipping Permocarbonic and Mesozoic layers along a geological fault 

line. The latter corresponds to the valley axis. These layers comprise sandstones, 

rauhwackes, dolomites, dark clay-marls and limestones and they are outcropping at the 

lower parts of the south-facing slopes. Throughout the formation of the Alps the material 

was metamorphosed to schists (Labhart, 1977). Limestones, dolomites and/or gypsum rich 
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rocks can underlie or can be incorporated as lenses in the outcropping rocks of the Gotthard 

and the Aar systems (Ambuehl, 1929; Buxtorf, 1912; Labhart, 1977; Winterhalter, 1930). 

Ambuehl (1929) reports a high carbonate content in a serpentinite pit near the Chämleten 

catchment (Figure 4.1). Mullis (2011) also reports sulfate bearing minerals in veins of the 

Gotthard system. 

Dominant soil types in the valley according to the world reference base (IUSS Working 

Group WRB, 2006) are Podsols, Podzocambisols and Cambisols (Meusburger and Alewell, 

2008). Leptosols can be found at higher elevations and on steeper slopes. Clayey gleyic 

Cambisols, Histosols, Fluvisols, and Gleysols predominantly developed at the valley bottom 

and lower slopes. Organic carbon content can be elevated up to 34 weight % at sites where 

riparian wetland soils and peat bogs developed (Schroeder, 2012).  

Mean annual air temperature at the MeteoSwiss climate station in Andermatt (1442 m 

a.s.l., years 1980 to 2012) is 4.1 ± 0.7 °C and mean annual precipitation is 1457 ± 290 mm, 

with ~30 % falling as snow (MeteoSwiss, 2013). The period of snow cover is usually from 

November to April and runoff is usually dominated by snowmelt in May and June.  

Vegetation shows a strong anthropogenic influences due to pasturing for centuries (Kägi, 

1973). Shrubs are encroaching into formerly open habitats (Tasser et al., 2005; Wettstein, 

1999). The invasion of shrubs, mainly Alnus viridis subsp. viridis (green alder) together with 

Sorbus aucuparia (mountain-ash), was identified on both the north and south-facing slopes 

in the Urseren Valley (Kägi, 1973; Küttel, 1990; Wettstein, 1999). The shrub cover 

increased by 32 % between 1965 and 1994 (Wettstein, 1999) and again by 24 % between 

1994 to 2004 (van den Bergh et al., unpublished data) and is predominant at the north-facing 

slopes. On the south-facing slopes, dwarf-shrub communities and diverse herbs and grass 

species can be found (Kägi, 1973; Küttel, 1990). 

Four steep micro catchments (< 1 km
2
) located on north-east and north-west facing 

slopes in the Urseren Valley were chosen with regard to their differing percentage of shrub 

cover, ranging from 14 to 82 % (Table 4.1 and Figure 4.1). Catchment characteristics were 

assessed by van den Bergh et al. (2011), Fercher (2013) and Schroeder (2012) by a 

combination of satellite images and field observation, and modified after additional field 

observations. Topographic analysis was performed with a digital elevation model with a cell 

size of 2 x 2 m below 2000 m a.s.l. and 25 x 25 m above 2000 m a.s.l. 
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Figure 4.1: Location of the micro catchments in the Urseren Valley. Micro catchment limits from van 

den Bergh et al. (2011) and Fercher (2013), modified. Figure according to Mueller et al. (2013). Geodata 

reproduced by permission of swisstopo (BA13109). 

 

Table 4.1: Characteristics of micro catchments. Vegetation data from van den Bergh et al. (2011) and 

Fercher (2013) (modified), discharge data from Lagger (2012) and Schmidt (2012). 

 Chämleten  Wallenboden Bonegg Laubgädem 

projected area (km
2
) 

a
 0.01981 0.56431 0.34302 0.02981 

vegetation cover (%) 
a
 100 79 96 100 

grassland (%) 10 47 35 13 

dwarf shrubs (e.g. Calluna vulgaris) (%) 8 19 23 73 

bare rocks (%) 0 19 3 0 

forest (%) 0 0 0.1 0 

shrub cover (mainly Alnus viridis subsp. viridis 

and Sorbus aucuparia) (%) 
a
 

82 14 39 15 

Riparian wetlands (incl. peat bog sites) (%) 
b
 15 to 20 2 to 5 3 to 6 10 to 15 

elevation range (m a.s.l.)
 a
 1669 – 1810 1501 – 2354 1551 – 2492 1721 – 1915 

mean elevation (m a.s.l.)
 a
 1740 2082 2026 1836 

slope range (°) 
a 
 4 .0 – 55.7 0.6 – 60.5 0.5 – 73.1 0.3 – 49.3 

mean catchment slope (°) 
a
 24 20 28 20 

aspect
 a 

 NE NNW NW NE 

range of discharge (L s
-1

)
 a
 0.1 – 36.0 0.5 – 44.0 2.0 – 93.5 0.1 – 14.6 

mean discharge (L s
-1

)
 a
 1.1 2.4 6.3 2.9 

(summer 2010 and 2011)     

mean water transit time of base flow (years) 
a
 1.5 ± 0.1 1.4 ± 0.1 1.3 ± 0.1 2.0 ± 0.1 

a 
Data taken from Mueller et al. (2013) 

b 
Please note that riparian wetlands are mainly covered by what we summarized as grassland and sometimes 

also by (dwarf) shrubs. 
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4.3.2 Sampling and analysis of precipitation and stream water 

Precipitation volume was continuously measured with a Davis Vantage pro2 weather 

station at the MeteoSwiss station Andermatt by the Swiss Federal Office of Meteorology 

and Climatology (MeteoSwiss, 2013). During the growing season, precipitation was also 

measured with rain gage tipping buckets (model 52203, Young, USA) in the four micro 

catchments by the Group of Hydrology of the University of Bern, Switzerland, and with 

ECRN-50 rain gage tipping buckets (Decagon Devices, USA) distributed across the Urseren 

Valley. Discharge in the four micro catchments was measured with pressure transducers 

(PDCR1830, Campbell Scientific) and a radar sensor (Vegapuls61, VEGA) by the Group of 

Hydrology of the University of Bern, Switzerland. Availability of discharge data was 

restricted to summer months because streams and installed weirs were completely snow 

covered and/or frozen during winter.  

Precipitation and stream water was sampled biweekly from March 2010 to May 2012. A 

0.02 m
2
 totalizer was used to collect precipitation near the catchment outlets. After 

determination of precipitation volume, a subsample was transferred into a 250 ml poly 

ethylene (PE) bottle. Stream water was sampled by hand with 250 ml PE bottles, which 

were filled completely to protect the samples against evaporation. Samples were taken at 

base flow conditions, defined as the “baseline” of the hydrograph when discharge was not 

increased by the influence of precipitation events. Stream water was also sampled hourly 

during a rainfall event in July 2011 with an automatic water sampler (ISCO 6700, Isco Inc., 

USA) to investigate runoff generation processes and stream water geochemistry of storm 

runoff. Sampling was started several hours before the onset of rainfall and continued until 

discharge receded to pre-event conditions. We also sampled stream water in the 

Wallenboden and Bonegg catchments on a daily basis during five weeks from April to May 

2012 (except during high avalanche risk) to capture snowmelt runoff. Source water samples 

were collected in the upper part of each catchment at the spring of the stream after a period 

of two weeks without precipitation in October 2011. 

We measured various geochemical parameters, which served as geogenic tracers. Total 

dissolved Ca, Mg, K, Na and Si were measured by Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES, Spectro Genesis, Spectro Analytical Instruments, 

Germany). Nitrate (NO3
-
) and Sulfate (SO4

2-
) where measured by ion chromatography (761 

Compact IC, Metrohm, Switzerland). Samples were calibrated to known standards and 

precision for ICP-OES and IC measurements was 0.1 mg L
-1

. Stable water isotopes (δ
18

O 

values) were used as a time-oriented tracer and measured with a Thermo Finnigan 

GasBench II connected to a DELTAplus XP continuous flow mass spectrometer (CF-IRMS, 

DELTAplus XP, Thermo, Bremen, Germany) and a liquid water isotope analyzer (Los 

Gatos Research, Inc. (LGR), Mountain View, USA). Results are reported as δ
18

O in ‰ vs. 

the V-SMOW standard. Precisions are 0.05 ‰ with the IRMS and 0.1 ‰ with the LGR 

instrument respectively. Samples were calibrated to known standards (V-SMOW, SLAP and 

GISP). PH was measured continuously during the summer periods with a CS525 ISFET pH 
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Probe (Campbell Scientific, UK, accuracy 0.1 pH unit) and on a monthly basis during 

winter with a portable pH 340i probe (WTW, Weilheim, Germany). Electrical conductivity 

of precipitation was determined with a SevenMulti probe (Mettler Toledo Seven Multi, 

Germany) in the laboratory. A LF 92 – TetraCon 96 probe (WTW, Weilheim, Germany; 

reference temperature was 25 °C) was used in the field during the snowmelt campaign to 

determine electrical conductivity of stream water. Dissolved organic carbon (DOC) was 

determined in acidified samples with a TOC Analyzer (Shimadzu, Tokyo). Samples were 

calibrated to known standards and precision for DOC measurements was 0.1 mg L
-1

. 

Samples were filtered with 0.45 μm filters (Rotilabo-filter, PVDF, Roth, Switzerland), 

cooled during transport to the laboratory, and kept frozen at -20 °C until analysis. 

4.3.3 Hydrograph separation 

Storm hydrograph separation was performed via a two component analysis to calculate 

proportions of pre-event (e.g. groundwater and soil water) and event water (rainfall) in 

stream runoff during the rainfall event (McDonnell et al., 1990; Sklash and Farvolden, 

1979). We used δ
18

O values and the approach of incremental mean of precipitation inputs to 

account for its variation during the rainfall event (McDonnell et al., 1990). The mean δ
18

O 

value of stream water at base flow conditions was used as the δ
18

O value of pre-event water 

(Munoz-Villers and McDonnell, 2012) and it was assumed to be time-invariant. Event water 

fraction was calculated according to Genereux (1998) as: 

 (23) 

eventeventpre

streameventpre

eventf













 

fevent = fraction of event water 

δ = δ
18

O value of event, pre-event and stream water 

event water = rainfall 

pre-event water = groundwater and soil water 

stream = stream water 

 

The δ
18

O values of event water for each time step i (precipitation volume P was measured 

every 3 hours) was calculated as: 

(24) 
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Uncertainty of the two component mixing analysis was validated using the error 

propagation technique of Genereux (1998): 

(25)
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Wfe = uncertainty of fraction of event water 

Wδ_pre-event = uncertainty of δ
18

O value of pre-event water 

Wδ_event = uncertainty of δ
18

O value of event water 

Wδ_stream = uncertainty of δ
18

O value of stream runoff 

 

We used the analytical error of ± 0.1 ‰ for the stream water samples (Wδ_stream) 

according to Genereux (1998). The standard deviation of the base flow stream water 

samples was taken as the uncertainty of the pre-event water for every micro catchment 

(Wδ_pre-event = ± 0.55 to 0.2 ‰). The δ
18

O values of rainfall decreased from about -3 to -7.5 

‰ during the whole event. For each time step we estimated the uncertainty of the event 

water (Wδ_event) to be about ± 1.5 ‰ as a maximum value, accounting for spatial and 

temporal variability. 

 

4.4 Results and Discussion 

4.4.1 Geochemistry of rainfall, spring and stream water 

4.4.1.1 Rainfall and spring water 

Rainfall was relatively low in solute concentrations (Table 4.2 and Table 4.3), which is 

comparable to other areas in the Alps (Rogora et al., 2006). Comparison of rainfall and 

spring water (Table 4.4) indicates that geochemical processes along the flow paths of 

rainfall increased most of the solute concentrations in Chämleten, Wallenboden and 

Laubgädem (Ca, K, Na, Si and SO4
2-

). Solute concentrations of spring water in Bonegg were 

low and comparable to rainfall geochemistry (Table 4.4). This points to less water-rock 

interaction and less geochemical buffering of spring water in Bonegg. NO3
-
 and DOC were 

mostly lower in the spring water than in rainfall samples (except NO3
-
 in Bonegg), 

suggesting biogeochemical degradation and/or consumption of DOC and NO3
-
 along the 

flow paths in deeper zones, e.g. via denitrification or microbial uptake (Cooper, 1990; 

Knowles, 1982). 
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Table 4.2: Geochemistry of rainfall in the Urseren Valley. Solute concentrations in mg L
-1

; electrical 

conductivity (EC) in μS cm
-1

. Aggregate samples from two sampling dates in summer 2011. Each data 

point represents the mean of all four micro catchments. 

Collecting period  P (mm) Ca K Mg Na NO3
-
 SO4

2-
  pH EC 

10 to 24 Aug 2011 
mean 12 5.8 0.9 0.8 0.7 2.2 1.2 na na 

standard deviation 2 1.0 0.3 0.3 0.2 0.4 0.2 na na 

24 to 31 Aug 2011 
mean 53 7.3 0.9 0.6 0.7 2.4 2.6 6.1 44.5 

standard deviation 7 0.3 0.4 0.1 < 0.1 0.1 0.1 0.1 8.7 

na: not available 

 

Table 4.3: Geochemistry of rainfall on 13 July 2011. Solute concentrations in mg L
-1

. 

 

7-day 

antecedent 

P (mm) 

3-day 

antecedent 

P (mm) 

13 July 

2011 

P (mm) 

Ca K Mg Na Si NO3
-
 SO4

2-
 DOC 

Chämleten  36 3 48 0.8 0.1 0.1 0.1 0.1 1.7 0.6 0.9 

Wallenboden 31 na 48 0.4 0.1 < 0.1 < 0.1 0.1 1.2 0.5 0.9 

Bonegg 30 3 45 0.3 0.1 < 0.1 < 0.1 0.1 1.1 0.4 0.8 

Laubgädem 38 3 44 0.4 0.1 < 0.1 < 0.1 0.1 1.6 0.5 0.6 

 

Table 4.4: Geochemistry of spring water in the four micro catchments in mg L-1. Sampling on 6 

October 2011 after two weeks without precipitation (n = 1). 

 Ca K Mg Na Si NO3
-
 SO4

2-
 DOC 

Chämleten  16.8 1.5 0.8 1.1 2.4 0.4 12.5 0.9 

Wallenboden 6.1 1.1 0.3 0.9 1.8 0.4 8.4 < 0.1 

Bonegg 3.5 0.9 0.4 0.6 1.6 3.6 3.5 0.7 

Laubgädem 23.3 1.9 0.8 1.0 2.5 0.5 7.2 0.1 

 

4.4.1.2 Stream water during base flow conditions 

As discussed in an earlier study (Mueller et al., 2013), pH values, concentrations of SO4
2-

 

and concentrations of total dissolved Ca, Mg, Na and K (Table 4.5) were higher than can be 

expected from similar geological and climatological settings with mainly granitic or gneiss 

materials (e.g. Drever and Zobrist, 1992; Ofterdinger, 2001; Tardy, 1971). In contrast, mean 

silicon concentrations (Table 4.5) were slightly lower than compared to other granitic or 

gneiss regions with comparable climate (e.g. Drever and Zobrist, 1992; Tardy, 1971). The 

relatively high SO4
2-

 concentrations in base flow stream water (Table 4.5) and the low SO4
2-

 

input via precipitation (Table 4.2 and Table 4.3) suggest that SO4
2-

 concentrations in stream 

water are mainly controlled by geological factors in our catchments (sulfate bearing 

minerals), whereas atmospheric inputs play a minor role. As pointed out in our earlier study 

(Mueller et al., 2013), the low soil pH in the micro catchments of about 4 to 5 and the low 

pH of precipitation samples (Table 4.2) compared to the relatively high stream water pH of 

about 7 to 7.7 (Table 4.5) suggests that infiltrating precipitation is geochemically strongly 
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buffered by dissolution of evaporative minerals, i.e. karst formation, in the deeper bedrock 

(Mueller et al., 2013). 

Mean DOC concentrations were in general relatively low in stream water base flow (0.6 

to 1.8 mg L
-1

, Table 4.5), which is comparable to headwater catchments in the Prealps of 

Central Switzerland (Hagedorn et al., 2000) and the Italian Alps (Balestrini et al., 2013). In 

Chämleten, the DOC concentrations were significantly higher than in the other catchments 

(p < 0.0001, n = 51). This can be attributed to an influence of 15 to 20 % (area) of riparian 

wetland and peat bog sites, which are hydrologically well connected to the stream in 

Chämleten (Schroeder, 2012). However, the low DOC concentrations in all four catchments 

suggest that stream water during base flow conditions was mainly fed by groundwater 

inputs with low DOC concentrations. This is in accordance with a study of Kawasaki et al. 

(2008) who found DOC concentrations of groundwater to be the main contributor to stream 

water during base flow conditions. 

Mean NO3
-
 concentrations of base flow ranged from 0.2 to 2.3 mg L

-1 
(Table 4.5), which 

is comparable to other headwater catchments with comparable land use in the Swiss Alps 

(Drever and Zobrist, 1992). NO3
-
 concentrations were low in Laubgädem (0.2 ± 0.2 mg L

-1
), 

suggesting mainly groundwater contributions to the stream water in this catchment. Despite 

the high percentage of shrub cover (Table 4.1) and a measured increase in NO3
-
 

concentrations of soil water due to green alder shrubs in Chämleten (Bühlmann, 2011), the 

influence on NO3
-
 concentrations in stream water seems of minor importance during base 

flow. This might be due to the peat bog sites and riparian wetland soils in Chämleten 

(Schroeder, 2012), which can reduce nitrate export through denitrification (Cooper, 1990). 

 

Table 4.5: Means and standard deviations of geochemical parameters of stream base flow samples  

(mg L
-1

). 

 Chämleten Wallenboden Bonegg Laubgädem 

 mean stddev mean  stddev mean stddev mean stddev 

Ca (n = 20)
 a
 16.3  1.8 27.4 3.6 22.8 3.7 19.4 1.7 

Mg (n = 20)
 a
 0.9  0.1 1.6 0.1 2.2 0.3 0.8 0.1 

Na (n = 20)
 a
 0.9  0.1 1.0 0.1 1.3 0.1 0.7 0.1 

K ( n = 20)
 a
 1.1  0.2 2.1 0.2 2.6 0.3 1.7 0.1 

Si (n = 29)
 a
 2.6  0.8 2.4 0.7 3.0 1.0 1.9 0.6 

SO4
2-

 (n = 27)
 a
 10.8 1.5 14.7 1.4 19.7 3.2 7.3 0.7 

pH (summer)
 a
 7.35 0.18 7.65 0.25 7.55 0.14 7.35 0.32 

pH (winter)
 a
 7.30 0.26 7.54 0.26 7.56 0.25 7.68 0.13 

DOC (n = 51) 1.8 0.5 1.0 0.3 0.9 0.3 0.6 0.3 

NO3
-
 (n = 47) 1.5 1.2 2.3 0.6 2.1 0.7 0.2 0.2 

a 
Data from Mueller et al. (2013) 
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4.4.2 Geochemistry of storm runoff and snowmelt 

4.4.2.1 Hydrograph separation and runoff generation 

The investigated storm event rainfall intensity was approximately 45 mm within 12 hours 

with a peak intensity of 30 mm within 3 hours, which represents the highest intensity within 

the observation period. The δ
18

O values of precipitation decreased from -2.3 to -7.7 ‰ 

during the event (Figure 4.2). The influence of precipitation on the stream water δ
18

O values 

(Figure 4.2) and discharge (Figure 4.3) was detected within only 30 to 60 minutes after the 

beginning of rainfall. This indicates a fast reaction of runoff to event water input. Despite 

the fast reaction of δ
18

O values in stream water, event water only contributed 15 to 29 % to 

total runoff in the first phase of the rainfall event until the significant increase of discharge 

at about 5:00 p.m. (Figure 4.2 and Figure 4.3). δ
18

O values and fractions of event water then 

strongly increased up to maximum values of 61 to 72 % (Figure 4.2 and Table 4.6). The 

maximum of event water fractions (Table 4.6) were relatively high, compared to most other 

studies, where event water only contributed about 10 to 40 % to storm runoff (Genereux and 

Hooper, 1998; Turner and Barnes, 1998). Nevertheless, event water was also found to be the 

dominant contributor to storm runoff (75 %) on the catchment scale in a study by Turner et 

al. (1991). Leaney et al. (1993) found that subsurface storm flow was dominated by event 

water by > 90 % on the plot scale, which they attributed to preferential macropore flow. 

Bengtsson et al. (1991) and Buttle and Sami (1990) also associated high fractions of event 

water with preferential macropore flow, which can be enhanced during high intensity 

rainfall events (Jarvis, 2007). Irrigation experiments in the Urseren Valley showed that 

overland flow in grassland and green alder sites plays a negligible role (Lagger, 2012; 

Schmidt, 2012). Therefore, water infiltration rates are high and water can be quickly 

delivered via subsurface flow paths to the streams. 

We found only small differences of event water fraction between the four micro 

catchments during the whole event. The event water fraction of total runoff during the 

rainfall event was on average about 41 ± 2 %, integrated over the whole rainfall event in all 

four catchments. The estimated mean uncertainty of the pre-event and event water fraction 

in stream runoff according to equation (25) was about ± 6 % (range of 4 to 13 % for all 

micro catchments), which might mask possible small differences between the catchments. 

The maximum event water fraction was 8 to 11 % higher in Laubgädem compared to 

Chämleten, Wallenboden and Bonegg, which however is within the uncertainty (Table 4.6). 

The stronger increase of event water fraction and δ
18

O values in Chämleten at the beginning 

of rainfall (compared to Wallenboden, Bonegg and Laubgädem, Figure 4.2) might be due to 

the higher percentage of shrub cover, promoting preferential macropore flow in Chämleten. 

Macropore flow was visually observed in soil profiles in riparian wetland and peat bog sites 

in Chämleten, which also can enhance the flushing of event water. The more smoothened 

recession of event water fraction and δ
18

O values in Chämleten highlights the good 

hydrological connectivity of the wetlands to the stream, which enhances outflow of event 

water. 
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Despite only small differences in event water fractions between the four catchments, the 

temporal pattern of δ
18

O values and event water fractions suggest that an areal increase in 

shrub cover combined with riparian wetlands can enhance the flushing of event water 

through a catchment. This in turn will affect nutrient dynamics on the event scale. 
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Figure 4.2: a) δ
18

O values of stream water (Q) and precipitation (P). b) Fraction of event water, and 

precipitation volume during the event sampling on 13 July 2011. Precipitation data from the Bonegg 

micro catchment. 
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Figure 4.3: Fraction of event water of total discharge and precipitation volume during the event 

sampling on 13 July 2011. Please note that the discharge data of the falling limb in Laubgädem are 

excluded because of measurement artifacts during discharge recession. 

 

Table 4.6: Maximum fraction of event water. 

Catchment Maximum fraction of event water (%) Error according to equation (25) (%) 

Chämleten  64 14 

Wallenboden 61 12 

Bonegg  61 11 

Laubgädem 72 13 

 

4.4.2.2 Sources of solutes during the rainfall event 

The fast and marked decrease of Ca, Si and SO4
2-

 concentrations during peak discharge 

to about 25 to 50 % of the base flow concentrations (Figure 4.4) points to a dilution effect 

by incoming event water with low solute concentrations (Table 4.3). Moreover, the decrease 

of pH during the rainfall event, which indicates arrival of event water in the stream, is 

consistent with the low soil pH and the low pH of rainfall (Table 4.2 and Table 4.3). Please 

note that Mg, K, Na concentrations are not shown, but display the same temporal pattern as 

Ca during the rainfall event. The pattern of a clear minimum concentration shortly after the 
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highest precipitation intensity and during peak discharge is similar for all four micro 

catchments.  

DOC concentration in all four catchments increased between 500 to 1700 % of base flow 

concentrations (Figure 4.4) and peaked synchronically with discharge (for comparison with 

discharge timing, see Figure 4.3). Comparing micro catchments among each other reveals 

that from both, Laubgädem and Chämleten, relatively high DOC concentrations of up to 9 

mg L
-1

 were leached. Dosskey and Bertsch (1994) reported that riparian wetlands were the 

dominant source of DOC in runoff in their study, which is due to the hydrological 

connectivity of wetlands to streams (Roa-Garcia and Weiler, 2010). Riparian wetland soils 

contributed 68 % of organic carbon to the stream, despite their small areal fraction of only 6 

% of the catchment area in the study of Dosskey and Bertsch (1994). In our study, the soil 

organic carbon (SOC) content in green alder (3.3 ± 1.4 wt %) and grassland sites (4.0 ± 2.4 

wt %) was significantly lower compared to peat bog sites and riparian wetland soils (up to 

34 wt %, Schroeder (2012)). We therefore attribute the increase in stream DOC to the 10 to 

20 % (area) of peat bog sites and riparian wetland soils in Chämleten and Laubgädem. The 

earlier increase of DOC and the more dampened recession in Chämleten compared to 

Wallenboden, Bonegg and Laubgädem, highlights the good hydrological connectivity of the 

riparian wetland soils in Chämleten (Figure 4.4). 

NO3
-
 concentrations in Chämleten peaked about 2 hours after the discharge peak (Figure 

4.4). Concentrations still were relatively low, but the increase from 1 to 3 mg L
-1

 

corresponds to an increase by about 200 % within 2 hours in Chämleten. We suggest that 

NO3
- 
is mobilized from the soil layers where it was accumulated due to the activity of the 

nitrogen-fixing bacterium Frankia alni associated with the high fraction of green alder in 

Chämleten (Bühlmann, 2011). In Wallenboden, Bonegg and Laubgädem NO3
-
 

concentrations decreased during rainfall (Figure 4.4). At the end of the rainfall event, only a 

flat peak was detected about 6 to 12 hours after the respective discharge peak in 

Wallenboden, Bonegg and Laubgädem. This can be explained by the substantially lower 

green alder cover in Wallenboden, Bonegg and Laubgädem compared to Chämleten (Table 

4.1). 

Bishop et al. (2004) used the transmissivity feedback mechanism to explain increasing 

DOC concentrations and decreasing Ca concentrations in stream water, which can be 

coupled to a mobilization of pre-event water by a rising groundwater table during storm 

events. In several studies (e.g. Creed et al., 1996; Inamdar et al., 2004; Rusjan et al., 2008), 

the peak of NO3
-
 concentration was also associated with rising water tables, flushing pre-

event water with elevated NO3
-
 concentrations to the streams. This flushing of pre-event 

water is not completely consistent with our hydrograph separation using δ
18

O data, which 

clearly points to a high proportion of up to 62 to 72 % of event water in storm runoff. The 

associated strong increase of DOC concentrations and the decrease of Ca, Si and SO4
2-

 

concentrations indicate that the event water flushed through the shallow soil layers, e.g. via 

preferential flow paths (Jarvis, 2007; Leaney et al., 1993; Nimmo, 2012; van der Heijden et 
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al., 2013). DOC, which can accumulate during the dry period before the event (Kalbitz et 

al., 2000), can then be mobilized during the rainfall event (Fiebig et al., 1990; Worrall et al., 

2008). In a study in small peat land catchments Worrall et al. (2008) concluded that DOC 

diffuses from the internal sites of peat aggregates to their external sites during dry periods, 

from where it can be flushed by mobile (event) water during storm events. We conclude that 

DOC export is mainly controlled by periodic flushing events of peat bog sites and riparian 

wetland soils. Furthermore, we suggest that NO3
-
 is also mobilized by the event water, but 

the lag time between the NO3
-
 and DOC peaks suggests different source areas of these two 

solutes (Mitchell et al., 2006). While DOC is flushed from the riparian wetland soils, NO3
-
 

is leached from the areas further away from the stream, where green alder shrubs increases 

the NO3
-
 concentrations in soil water. 
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Figure 4.4: Stream water geochemistry during the event sampling on 13 July 2011. Chämleten (■), 

Wallenboden (●), Bonegg (), Laubgädem (▼). Precipitation data from the station Bonegg is shown; 

stations Chämleten, Wallenboden and Laubgädem are comparable in precipitation amount and timing 

at the hourly scale. 

 

4.4.2.3 Concentration vs. discharge relations 

Concentration-discharge relations have been widely applied to gain information about 

runoff generation during episodic hydrological events and therefore give additional 

information about sources and timing of solute flushing (e.g. Evans and Davies, 1998). 

The curvilinear concentration-discharge relations (Figure 4.5) of Ca, Si, SO4
2-

 and pH 

were fitted with exponential decay models. An exponential growth model was used for the 
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curvilinear concentration-discharge relations of DOC. The coefficients of determination (r
2
) 

were higher than 0.89 for all fitted concentration-discharge relations, except for pH in 

Chämleten and NO3
-
, which will be discussed below. The curves for K, Mg and Na from 

this study are not shown, but they have the same exponential decay pattern as Ca or Si. 

According to Evans and Davies (1998), a curvilinear pattern of the concentration-discharge 

relation can be interpreted using a two component mixing model, where two components, 

e.g. event water and soil water, have equal solute concentrations. The authors modeled 

concentration-discharge relations of stream water for a single-peaked rain event with 

different solute concentrations in surface event water (representing precipitation), soil water 

and groundwater. Our observed curvilinear concentration-discharge relations therefore 

underpin that the application of a two component hydrograph separation was justified. The 

solutes, for which the exponential decay function was applied to describe the curvilinear 

concentration-discharge relation (Figure 4.5), tend to have higher concentrations in the pre-

event water fraction than in the event water fraction (rainfall). In the case of DOC, we can 

mathematically consider rainfall and soil water as one component, which has a higher DOC 

concentration than the groundwater, in order to explain the exponential growth function (cf. 

Figure 4a in Evans and Davies, 1998). The increase of DOC concentrations with increasing 

discharge up to a catchment specific plateau (Figure 4.5) indicates that DOC release from 

the catchments can be controlled by physico-chemical processes as shown by Worrall et al. 

(2008). The diffusion of DOC to the external sites of peat aggregates controlled the supply 

of leachable DOC on the event timescale up to two days (Worrall et al., 2008). The rate of 

production of DOC, which is mainly biologically controlled (Kalbitz et al., 2000), becomes 

relevant primarily on longer timescales between different events Worrall et al. (2008).  

Variations of NO3
-
 concentrations were clearly detectable, but with only small changes in 

Wallenboden, Bonegg and especially Laubgädem (Figure 4.5). Therefore NO3
-
 

concentrations do not correlate with discharge (Figure 4.5) in these catchments. Variations 

with discharge were higher in Chämleten, creating a hysteresis loop which could not be 

fitted with an exponential decay or growth model. Similar to DOC, a three component 

mixing model with two components having the same NO3
-
 concentrations, can be assumed 

to create the observed hysteresis loop (c.f. Figure 4b in Evans and Davies, 1998). In the case 

of NO3
-
, rainfall and base flow water can be considered as one component. The considered 

NO3
-
 concentrations were not equal, but both low in rainfall (1.7 mg L

-1
) and base flow (0.7 

mg L
-1

) on 13 July 2011. NO3
-
 concentrations in soil water in green alder stands range from 

8.4 to 28.8 mg L
-1

 (Bühlmann, 2011), which is substantially higher than in rainfall and base 

flow. The exceptional concentration-discharge pattern of NO3
- 
in Chämleten, compared to 

the other catchments, underpins the importance of different source areas of NO3
-
 compared 

to the other solutes, e.g. DOC (Mitchell et al., 2006). 
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Figure 4.5: Discharge-concentration relations during the event sampling on 13 July 2011. Chämleten 

(CH) (■), Wallenboden (WB) (●), Bonegg (BO) (), Laubgädem (LB) (▼). Exponential decay fit: y = y0 

+ A • e
-x/t

 for Ca, Si, SO4
2-

 and pH. Exponential growth fit (Box-Lucas model) for DOC with y = a • (1 – 

e
-bx

) and a Boltzmann growth function for DOC of Laubgädem (LB) catchment. Arrows in die NO3
-
 plot 

indicate temporal dynamics of NO3
- 

concentrations. Please note that the concentration-discharge 

relations for Laubgädem only include data from the rising limb because of measurement artifacts for 

discharge during the falling limb. 

 

4.4.2.4 Sources of solutes during snowmelt 

Solute concentrations in bulk snow samples were generally low (Table 4.7), which is 

comparable to other studies on snow chemistry of the Alps (Parriaux et al., 1990). Snow 

height data from the weather station in Andermatt (MeteoSwiss, 2013) are given as a proxy 

for the timing of snowmelt (Figure 4.6). Maximum snow height was about 2100 mm at the 

end of March 2012 (MeteoSwiss, 2013), which corresponds to a snow water equivalent 

(SWE) of about 840 mm. Snow cover lasted from 5 December 2011 to 4 May 2012 in the 

valley bottom (station in Andermatt). The snowmelt period can be divided in three phases. 

A first intensive decrease in snow height took place from 23 March to 6 April, which we 

think is partially also associated with wetting and compaction of the snowpack and an 

increase in snow density (Jonas et al., 2009). The melt rate was at most 365 mm SWE in 15 

days in the first period. This was followed by a “stagnant” period with low temperatures and 

precipitation falling as snow from 7 to 24 April, which slowed down the decrease in snow 

height. The melt rate was only about 150 mm SWE during these 17 days. The third phase 
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took place from 25 April to 3 May and had a high melt rate of approximately 325 mm SWE 

in 9 days. 

Please note that the intensive stream water sampling could only be performed in 

Wallenboden and Bonegg. Chämleten and Laubgädem were sampled on a monthly basis at 

that time. Also, it was not always possible to sample at the same time of day in 

Wallenboden and Bonegg. We might therefore have missed the full range of solute 

concentrations during the snowmelt period.  

The temporal pattern of snowmelt is reflected in the evolution of the geochemical 

parameters during the melt period (Figure 4.6). SO4
2-

 concentrations and δ
18

O values 

decreased with the onset of snowmelt. The strongest decrease of SO4
2-

 concentrations and 

δ
18

O values was observed during the third phase of the snowmelt period, when also Ca 

concentrations and electrical conductivity (EC) started to decrease. Ca and SO4
2-

 

concentrations decreased by about 20 to 50 % of the winter base flow concentrations in the 

last phase of the snowmelt. The data indicate a strong and quick response of stream water 

geochemistry to the input of meltwater with low solute concentrations and δ
18

O values.  

With the onset of snowmelt, DOC concentrations increased by 90 to 100 % compared to 

the winter base flow in Wallenboden and Bonegg and peaked in the last phase of the 

snowmelt period (Figure 4.6). In Chämleten and Laubgädem, the DOC concentrations also 

strongly increased, but due to the lower sampling frequency, we might have missed the 

concentration peak around peak snowmelt on 28 April 2012. The increase of DOC 

concentrations indicates flushing of leachable DOC from the shallow soil layers 

(Hornberger et al., 1994; Kendall et al., 1999). In comparison to the rainfall event during the 

growing season (Figure 4.4), DOC concentrations were substantially lower during the 

snowmelt (Figure 4.6). This suggests that the pool of potentially leachable DOC was lower 

in spring than during the growing season, due to a reduced biological activity during the 

dormant winter season (Kalbitz et al., 2000). DOC concentrations in March, April and May 

2012 in Chämleten were higher than in Wallenboden, Bonegg and Laubgädem, taking only 

the sampling days into account, when all four catchments were sampled. Since Chämleten 

has abundant riparian wetland soils, we suggest that these wetland soils contribute to the 

export of DOC from the catchments.  

NO3
-
 concentrations increased by about 100 % in Wallenboden and Bonegg during the 

first phase of the melt period. In Wallenboden, the NO3
-
 concentrations were less variable 

with only minor peaks during the second and third phase of the snowmelt period compared 

to Bonegg. The pattern of NO3
-
 concentrations suggest that accumulated NO3

-
 from the 

shallow soil layer was flushed with the onset of the snowmelt, since NO3
-
 concentrations in 

stream base flow and snow were relatively low (Table 4.5 and Table 4.7). In comparison to 

the rainfall event during the growing season (Figure 4.4), NO3
-
 concentrations also increased 

in Wallenboden and Bonegg during the snowmelt (Figure 4.6). This suggests that the 

amount of potentially leachable NO3
-
 was higher during the spring snowmelt period than 
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during the growing season. This could be explained by lower biological activity with less 

uptake of NO3
-
 and denitrification during the dormant winter season, which can lead to 

accumulation of leachable NO3
-
 (Burns et al., 1998). At the end of the snowmelt period, 

NO3
-
 concentrations in Chämleten were lower than in Wallenboden and Bonegg, despite the 

higher green alder shrub cover in Chämleten. This can be explained by denitrification 

processes in the peat bog sites and riparian wetland soils in Chämleten (Cooper, 1990). In 

Laubgädem NO3
-
 concentrations were nearly constant throughout the period from January to 

May 2012, which indicates very low amounts of accumulated and leachable NO3
-
 in this 

catchment. This can be due to the low percentage of green alder shrubs combined with NO3
- 

removal in the riparian wetland soils. 

A hydrograph separation according to equation (23), using δ
18

O values of bulk snow 

samples and stream water, suggests that snow contributed up to about 20 % during the first 

melt period and about 50 to 60 % during the peak intensity of the third phase of the 

snowmelt period (28 April 2012) to total runoff in Wallenboden and Bonegg. Therefore, 

flushing of pre-event water, i.e. shallow groundwater, via a rising water table most likely 

influences solute concentrations during the first melt period (Hornberger et al., 1994; 

Kendall et al., 1999; McGlynn et al., 1999; Pacific et al., 2010). This is consistent with the 

first increase of DOC and Ca concentrations, whereas as SO4
2-

 concentrations suggest 

dilution effect by event water (meltwater) also in the first melt period. However, low SO4
2-

 

concentrations in flushed pre-event water, having less contact with sulfate bearing minerals, 

could also explain the decrease of SO4
2-

 concentrations in the first melt period. In the third 

phase of the snowmelt period, event water flushed the shallow soil layers and became the 

main factor controlling stream geochemistry. The increase of DOC concentrations combined 

with the increased fraction of event water again points to activation of preferential flow 

paths in riparian zones. This is comparable to the rainfall event during the growing season. 

 

Table 4.7: Mean geochemistry of bulk snow samples across the Urseren Valley in March 2012 (n = 24). 

Solute concentrations in mg L
-1

; δ
18

O in ‰; electrical conductivity (EC) in μS cm
-1

. 

 Ca  K  Mg  Na  NO3
-
  SO4

2-
  DOC δ

18
O pH EC  

mean 0.8 0.8 0.1 0.8 0.3 0.1 1.3 -18.3 4.6 6.9 

standard deviation 0.4 0.7 0.1 0.7 0.1 0.0 1.7 0.7 0.3 1.8 
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Figure 4.6: Geochemistry of stream water during snowmelt in 2012 in Chämleten (■), Wallenboden (●), 

Bonegg (), Laubgädem (▼). EC and δ
18

O data from Bucher (2013). Snow height data (–) from the 

MeteoSwiss station in Andermatt (MeteoSwiss, 2013); rightmost axes for snow height apply to all plots. 

 

4.5 Conclusions 

We investigated four alpine headwater catchments to identify the role of wetland zones 

and shrub encroachment on stream water geochemistry during a rainfall event in the 

growing season and a spring snowmelt period. Base flow geochemistry before the rainfall 

event and snowmelt was mainly controlled by geochemical composition of the underlying 

bedrock (Figure 4.7), whereas the shallow soil cover strongly influenced runoff generation 

processes and temporal dynamics of storm and snowmelt geochemistry (Figure 4.7). The 

increase of DOC during the investigated rainfall event, coupled with high fractions of event 

water during the peak discharge suggest that preferential flow paths can be activated on the 

catchment scale, at least in small headwater catchments. As a consequence, event water can 

flush riparian wetland soils and quickly transport elevated amounts of DOC and mostly low 

concentrations of Ca, Si, and SO4
2-

 to the streams (Figure 4.7). This was also observed 

during the snowmelt period. Green alder shrubs (Alnus viridis subsp. viridis), which are 

encroaching on abandoned pasture sites, likely lead to a slight intermittent increase of NO3
-
 

export due to flushing of oxic soils during rainfall and snowmelt events. However, 

denitrification and uptake processes keep NO3
-
 concentrations low, especially during the 

growing season. 
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Figure 4.7: Conceptual model of water flow paths (see text for detailed description). 
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5 Final conclusions and outlook 

The main aim of this thesis was to investigate the influence of soil cover (i.e. wetland 

soils) and vegetation cover changes (i.e. encroachment of green alder shrubs on abandoned 

pastures and meadows) on the hydrological and geochemical functioning of contrasting 

alpine micro catchments. Geochemical tracers and modeling tools were used to track 

hydrological flow paths on the hillslope scale and micro catchment scale. 

The physical soil data and stable isotope signals of soil water data pointed to well drained 

soils and vertical flow processes, which allows quick infiltration and percolation of water 

within the soil profiles, even at steep hillslopes. This can prevent overland flow during 

summer rain events on the hillslope scale and facilitate percolation of water into deeper 

zones, i.e. the bedrock, which is highly fractured in our region. The percolation, storage and 

subsequent outflow of this bedrock water was supported by stream water stable isotope 

signals during base flow conditions and the calculated relatively long mean water transit 

times (MTT). These data suggested that the surficial catchment characteristics, i.e. shrub 

vegetation cover, topography or catchment size did not influence the MTT of base flow. 

Instead, the hydrogeological and geochemical patterns of the bedrock and snow dynamics 

influenced storage, mixing and release of precipitation in a stronger way than vegetation 

cover did. The effect of vegetation on MTT might be masked at the catchment scale in 

mountainous headwater catchments with relatively shallow soil layers. 

The short term hydrological and geochemical patterns of stream were clearly influenced 

by land/soil cover (i.e. wetland zones) and by vegetation cover (i.e. green alder shrub 

encroachment) during a rainfall event in the growing season and a snowmelt period. The 

increase of dissolved organic carbon (DOC) during the investigated rainfall event and 

snowmelt period, coupled with high fractions of event water during the peak discharge of 

the summer storm, suggested activation of preferential flow paths at the catchment scale. 

Encroaching green alder shrubs (Alnus viridis subsp. viridis) likely led to a slight 

intermittent increase of nitrate (NO3
-
) export due to flushing of oxic soils during the storm 

and snowmelt event. But denitrification and uptake processes most likely kept stream water 

NO3
-
 concentrations low, especially during the growing season. 

It can be concluded that, on the investigated scales, the bedrock geology and 

geochemistry plays a major role for the hydrology and geochemistry of base flow stream 

water. This can be explained by the much greater extend of the highly fractured bedrock 

compared to the shallow soil layers. The fractures in the bedrock allow recharge to and 

percolation of water within the bedrock, controlling therefore water transit times and the 

geochemical evolution of water. On the other hand, the land cover, i.e. the soil and 

vegetation cover, plays a major role for the hydrological and geochemical processes during 

rainfall or snowmelt event flow conditions. The shallow soil layers represent a very reactive 

“reservoir” for biogeochemical processes. They are mainly hydrologically connected to the 
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streams during rainfall and snowmelt events, which was shown by the geochemical data 

combined with discharge data. The rainfall and the snowmelt event resulted in strong 

temporal dynamics of stream water geochemistry and an increased export of DOC and NO3
-
 

during these events. Since duration of snow cover will be shortened and rainfall events 

during the growing season will become more frequent and intense (IPCC, 2007), it can be 

hypothesized that the importance of vegetation and soil characteristics for the export of 

nutrients might still increase in the future.  

The results of the study also raised several questions, which could not be addressed 

during the project:  

Additional measurements of soil water stable isotopes at different dates at hillslopes 

across the valley (including hillslopes with green alder shrubs) would for example be useful 

to track the water flow at a broader spatial and temporal scale. In a further study, 

piezometers could be installed at the steep hillslopes in order to directly observe possible 

(saturated) water flow at the hillslope scale. 

With regard to the stream geochemistry, sampling of additional rainfall events with 

different pre-storm conditions would be desirable to survey the flushing of nutrients at 

different meteorological conditions. Additionally, groundwater/drinking water wells and the 

main stream at the valley bottom could be monitored in order to integrate the observation 

from the micro catchments into the larger meso scale catchment of the Urseren Valley. 

Monitoring of geochemical parameters (i.e. NO3
-
 and its stable oxygen and nitrogen 

isotopes) in springs and drinking water wells across the valley might help to clarify whether 

or not the green alder encroachment is able to affect NO3
-
 concentrations of drinking water. 
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6 Appendix 1: Deuterium data of hillslope soil water 

6.1 Introduction and Objectives 

The Stable isotope analysis of the soil water with the Wavelength-Scanned Cavity Ring 

Down Spectroscopy (WS-CRDS, Picarro, USA) also gave δ
2
H values, which were not 

presented in the thesis so far. δ
2
H values and the results and difficulties of the calibration 

methods will shortly be presented. δ
2
H data of the south-facing hillslope will also be given 

in this chapter. 

6.2 Results, Discussion and Conclusions 

δ
2
H values of soil water from the year 2010 were systematically shifted below the local 

meteoric water line (LMWL, δ
2
H = 7.9 • δ

18
O + 10.1). These values were calculated via the 

equilibrium fractionation factors between water vapor and liquid water of Majoube (1971). 

The regression line of the samples from the north-facing hillslope (year 2010) had a slope 

similar to the LMWL but an implausibly high d-excess (δ
2
H = 7.3 • δ

18
O - 49.9).  

In order to check the reliability of our calculation method (year 2010) of the soil water 

stable isotopes via the fractionation factors, we used spiked “calibration samples” (year 

2011). These spiked “calibration samples” in 2011 were produced by adding water with a 

known stable isotope value to dried soil samples. The spiked samples were used as 

calibration standards in the year 2011. For these spiked samples, we also calculated the 

stable isotope values of soil water using the equilibrium fractionation factors between water 

vapor and liquid water. δ
18

O values of the known added water have been reproduced by 

using the equilibrium fractionation factor between liquid water and water vapor. But δ
2
H 

values of the added water could not be reproduced. They were systematically shifted below 

the LMWL on a δ
18

O vs. δ
2
H plot. This underpins that the calculation of soil water δ

18
O 

values via the equilibrium fractionation factors proved to be reliable. We therefore suggest 

that our presented δ
18

O values of our study of both hillslopes are correct, but δ
2
H values 

were prone to high uncertainty.  

The reasons for the shifts of the δ
2
H values might be manifold. Here, we present some 

possible explanations, which have not been investigated so far and need further, systematic 

analysis in further, new studies:  

1. The strong deviation of the samples from the north-facing hillslope might be due to the 

used equilibrium fractionation factors between H2Oliquid and H2Ovapor from Majoube 

(1971), which refer to free water without being mixed with soil particles. Equilibrium 

fractionation factors can differ, when different substrates, e.g. clays (Stewart, 1972) or 

porous silica tubes (Richard et al., 2007), are involved (see also Sheppard and Gilg 

(1996) and Soderberg et al. (2012) for further reading). Soderberg et al. (2012) states 

that “the indication is that α(liquid-vapor)” for 
2
H between water and clay “can have a 

wide range but with values below the isotopic fractionation factor for free water at a 
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given temperature”. To our knowledge, there are no systematic studies on the influence 

of soil texture (i.e. mixed grain sizes) on stable isotope equilibrium fractionation factors 

between water vapor and liquid water related to the presented method. Therefore no 

unique equilibrium fractionation factor can be chosen from literature in this case. 

2. Also, organic compounds could have influenced δ
2
H data of samples from both 

hillslopes. West et al. (2010) showed in a study, where extracted plant and soil water 

was directly injected to laser spectroscopic instruments, that stable isotope values can be 

biased by organic compounds. Similar effects were found for soil core analysis and 

interferences with methane by Hendry et al. (2011). Spectral interferences of natural soil 

gas production during isotope measurements using the soil core method is currently 

investigated by Gralher and Stumpp (unpublished data). Detection of such compounds 

was not implemented in the applied instrument at the time of measurements.  

3. Finally, we noted a smell of hydrogen sulfide during field sampling of the north-facing 

hillslope (year 2010). Usually, formation of H2S would shift the stable isotope value of 

the remaining water above the meteoric water line (not below as in our case) due to the 

large enrichment factor between H2S and H2O (Clark and Fritz, 1997). However, 

complete re-oxidation of the formed H2S might then lead to soil water, which is depleted 

in the heavier isotope 
2
H. Of course, this depends on the total amount of available H2S in 

the system. 

A complex interplay of these hypothetical explanations might be responsible for the 

uncertainty of δ
2
H values. We suggest that they need further investigations, but are 

considered of minor importance for our presented δ
18

O data, as explained above. 

Soil water stable isotope signals were within the range of precipitation signals and soil 

water therefore represented a mixture of spring, summer, autumn and winter precipitation 

(Figure 6.1). In general, scattering of soil water samples from the south-facing hillslope was 

high (Figure 6.1). Despite the high scatter, the samples from the upper 0 to 0.25 m of the 

soil profiles at the south-facing hillslope deviate systematically from the LMWL (Figure 

6.1). This can indicate substantial evaporation in these upper soil layers. However, the 

regression line of these samples (not shown) has a slope of only 2.7, which is considered too 

low for the given climatic conditions in the Urseren Valley (e.g. Gat and Gonfiantini, 1981). 

As explained above, volatile organic compounds, which interfere during laser 

measurements, might also have introduced measurement artifacts. But this hypothesis has 

not been tested with samples from our sites so far. Detection of volatile organic compounds 

was not implemented in the applied instrument at the time of measurements. 
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Figure 6.1: δ
18

O vs. δ
2
H plot for precipitation and soil water samples from the south-facing hillslope. 

 

The y-axes of the δ
2
H data in Figure 6.2 are scaled via the equation of the LMWL to 

allow direct comparison with the respective δ
18

O data. Since δ
18

O and δ
2
H values of 

precipitation are linearly correlated (LMWL, Figure 6.1), the δ
18

O and δ
2
H values of soil 

water profiles should match if no substantial evaporation occurred. However, the δ
18

O vs. 

δ
2
H data in Figure 6.1 scatter around the LMWL and we therefore did not expect a perfect 

match of δ
18

O and δ
2
H depth profiles. Nevertheless, a general pattern between the δ

18
O and 

δ
2
H values can be observed: There is an increase of the spread between the two curves from 

the bottom to the top of each profile (e.g. profiles 1, 5, 6, 8 and 11; Figure 6.2). As 

mentioned above, this might suggest evaporative processes in the upper soil horizons at the 

south-facing hillslope, but measurement artifacts in δ
2
H data of the upper soil layers cannot 

be excluded. In the deeper soil layers, the δ
2
H profiles are similar to the patterns of the δ

18
O 

profiles, at least in the profiles 1, 5, 6, 8, and 11. In the profiles 7, 9, 10 and 12 the pattern of 

the δ
2
H profiles roughly corresponds to the patterns of the δ

18
O profiles.  

Also, the simulated δ
2
H profiles matched the measured δ

2
H profiles and were able to 

reproduce roughly the patterns, at least in the deeper soil layers (e.g. profiles 3, 5, 7, 8, 9, 

10, and 11; Figure 6.3). This underpins that the modified calibration method in 2011 also 

worked well for δ
2
H data from the deeper soil layers, since measured δ

2
H values of 

precipitation were used as the model input. As for the δ
18

O profiles, the model therefore also 

served as an independent estimate for the plausibility of measured δ
2
H values. In 

conclusion, the measured and simulated δ
2
H profiles support the implications for water flow 

patterns (vertical versus lateral), which were discussed using the δ
18

O profiles (see section 

3.4).  
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Figure 6.2: Measured soil water stable isotope profiles (δ
18

O and δ
2
H) at the south-facing hillslope. Top 

x-axes show δ
18

O (♦) of soil water from -16 to 0 ‰ and bottom x-axes show δ
2
H (○) from -116.3 to 10.1 

‰ (scaled to allow comparison with δ
18

O). Y-axes show depth from 0 to 1 m. Axes are the same for each 

plot. Locations of the ERT profile ( ) and selected GPR profiles ( ) from the study of 

Carpentier et al. (2012) are also given. 
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Figure 6.3: Measured (“obs”) and modeled (“mod”) δ
2
H values of soil water stable isotope profiles at the 

south-facing hillslope. X-axes show δ
2
H of soil water from -120 to 0 ‰ and y-axes show depth from 0 to 

1 m. Axes are the same for each plot. “mod1” refers to the model which includes snowmelt; “mod2” 

refers to the model which excludes snowmelt (see section 3.3.2.3). Locations of the ERT profile ( ) 

and selected GPR profiles ( ) from the study of Carpentier et al. (2012) are also given. 
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7 Appendix 2: Supplementary data to the study in chapter 3 

 

 

 

 

 

 

 

 

Photo: A. Walter, 2013 

Photo: K. Meusburger 

Photo 7.1: Animal burrows at the soil surface of a south-facing slope, which 

have been observed after snowmelt. 

Photo 7.2: Surface runoff during a snowmelt period. 
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Photo 7.3: Spatially heterogeneous snow cover at the south-facing hillslope in the Urseren 

Valley. 
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8 Appendix 3: Additional physical and hydrological soil data 

8.1 Introduction 

During the study, we also measured surface runoff and volumetric soil water content at 

grassland and green alder sites in order to describe water pathways at the plot scale. Soil 

temperature was measured, since it provides useful additional information, especially during 

snowmelt periods. Sediment transport (sheet erosion) due to surface runoff was also 

investigated at these sites.  

8.2 Material and Methods 

Most of the surface runoff plots in the lower Urseren Valley were associated with the 

four micro catchments, but instead of the Laubgädem micro catchment, we chose the site 

“March” near Andermatt because it was not possible to find an appropriate slope at the 

Laubgädem micro catchment (Table 8.1). In summer 2011, we installed the equipment at 

grassland sites at the Furka Pass (2450 m a.s.l.) (Table 8.1). 

Table 8.1: Coordinates of plot sites (Swiss coordinate system CH 1903/LV03). 

Site X coordinates
 

Y coordinates 

Chämleten green alder 686329 163027 

Wallenboden grassland 685390 163184 

Wallenboden green alder 685421 163207 

Bonegg grassland 681682 160932 

Bonegg green alder 681758 160938 

March grassland 687733 164484 

March green alder 687759 164430 

Furka Pass south “left” 675236 158919 

Furka Pass south “middle” 675241 158924 

Furka Pass south “right” 675284 159011 

Furka Pass west “high” 674833 157690 

Furka Pass west “middle” 674797 157684 

Furka Pass west “low” 674783 157693 

 

Surface runoff was measured with a tipping bucket (UP GmbH, Germany) installed at 

the lower end of a v-shaped steel plate of 2 m width. The plate was inserted at about 0 to 

0.03 m depth into the soil at the hillslopes to concentrate surface runoff. Additionally, the 

steel plate was equipped with a geotextile in order to collect eroded sediment, which was 

collected monthly. The EC-5 sensors for volumetric soil water content were calibrated in the 

laboratory against gravimetric measurements (Figure 8.1). This was done by continuous 

measurements of volumetric soil water content in a container with a known soil volume 

(sieved soil particles < 2 mm). Gravimetric measurements were taken regularly and 

volumetric soil water content was then calculated.  
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Precipitation in the field was measured with ECRN-50 rain gage tipping buckets 

(Decagon Devices, USA). Soil temperature was measured using high-resolution 

Thermochron iButton devices of the type DS1921Z (Maxim Integrated, USA).  
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Figure 8.1: Calibration of EC-5 sensors. 

8.3 Results and Discussion 

8.3.1 Soil water content and surface runoff 

Volumetric soil water content, precipitation and surface runoff on green alder and 

grassland sites suggest that infiltration and percolation of precipitation was fast and nearly 

complete at six stations and only small fractions of precipitation led to detectable surface 

runoff in the lower parts of the Urseren Valley (Figure 8.2 to Figure 8.6). Volumetric soil 

water content quickly reacted with the onset of precipitation events. Surface runoff in the 

green alder sites was mostly lower than in the grassland sites. At the Wallenboden grassland 

site, the steel plate was installed at a slightly concave site, where runoff was presumably 

concentrated at the (sub)surface from 0 to 0.05 m below surface. We measured very high 

rates of surface runoff and high levels of soil water contents in 0.10 and 0.50 m depth at this 

site (Figure 8.5). The data indicate that surface runoff is collected in small depressions 

(which are not only restricted to the north-facing slopes of the valley). Surface runoff even 

continued for 2 days after precipitation has ceased and the decline of soil water content also 

lasted about 2 days after a precipitation event. 

 At higher elevations in the Urseren Valley (Furka Pass), surface runoff was in general 

higher than at the lower elevations in Chämleten, Bonegg, March, and Wallenboden (green 

alder) (Figure 8.6 and Figure 8.7, only data from two sites are presented). This can be 

explained by the hydrophobic organic layer which was often observed on the grassland plots 

of the Furka Pass region. However, surface runoff rates are still low compared to rainfall, 

which indicates high infiltration capacity of the soils. 
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Figure 8.2: Volumetric soil water content, surface runoff and precipitation at the green alder site in 

Chämleten. 
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Figure 8.3: Volumetric soil water content, surface runoff and precipitation at the grassland and green 

alder site in Bonegg. 
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Figure 8.4: Volumetric soil water content, surface runoff and precipitation at the grassland and green 

alder site in March. 
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Figure 8.5: Volumetric soil water content, surface runoff and precipitation at the grassland and green 

alder site in Wallenboden. Please note the different scale for surface runoff in the grassland site. 
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Figure 8.6: Volumetric soil water content, surface runoff and precipitation at the grassland site “Furka 

Pass south left”. 
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Figure 8.7: Volumetric soil water content, surface runoff and precipitation at the grassland site “Furka 

Pass west middle”. 
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8.3.2 Soil texture and saturated hydraulic conductivity 

Judging merely from soil texture (Figure 8.8), hydraulic conductivity of soils in the 

Urseren Valley can be denoted as moderate to rapid (Saxton et al., 1986).  

Measured saturated hydraulic conductivity (Ksat) ranges from 2.3 x 10
-6

 to 2.4 x 10
-4

 m s
-1

 

(Figure 8.9) with a mean of 4.2 x 10
-5

 m s
-1

 (n = 24) over both depth intervals in soils from 

the north-facing hillslope near the rain simulation experiments (see chapter 3). Ksat can be 

classified as moderately high to high according to the Soil Survey Division Staff (1993) and 

precipitation can therefore quickly pass the upper soil layers and percolate towards deeper 

soil zones.  
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Figure 8.8: Grain size analyses of the soils along the Urseren Valley (particles < 2 mm). The big circle 

marks samples from sites at the south-facing hillslopes, which are partially influenced by the Mesozoic 

and Permocarbonic sediments and tend to have a slightly higher clay content. Additional data points are 

taken from Gysel (2010). 
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Figure 8.9: Saturated hydraulic conductivity in two depths at grassland sites at the north-facing 

hillslope (n = 12 per depth). 
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8.3.3 Sheet erosion 

The amount of eroded sediment was in general lower at grassland sites compared to 

green alder sites (Figure 8.10). Initially, it was expected that the green alder shrubs protect 

the soil surface against falling precipitation and therefore reduce soil erosion (e.g. splash 

erosion). Visual field observations revealed that the soils under green alder shrubs are more 

loose and less protected through fine roots as under grassland. Therefore, soils in green alder 

sites might be more susceptible to soil erosion. Higher biological activity (e.g. mice) led to a 

constant soil transport to the steel plate in the green alder sites. In general, the erosion rates 

are comparable to sites from the south-facing slopes in the Urseren Valley (Konz et al., 

2010). Because of the low surface runoff rates, combined with higher soil erosion rates in 

green alder sites, it can be hypothesized that soil erosion in these sites is not necessarily 

coupled to erosion processes by water. 
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Figure 8.10: Eroded sediment at the grassland and green alder sites. 

 

8.3.4 Soil temperature 

Soil temperature ranged from -3 °C to about +17 °C and there was a clear seasonal 

pattern with lower temperatures in the dormant season and higher temperatures in the 

growing season (Figure 8.11). Soil temperature usually was higher in grasslands than in 

green alder sites during the growing season, which can be attributed to the cooling effect of 

green alder shrubs. Daily amplitudes during the growing season were also more dampened 

in green alder sites than in grasslands. In spring, the increase of soil temperature started 

earlier in the grassland sites than in the green alder sites in Wallenboden and Bonegg. This 

can be due to the snow cover, which lasted longer between the branches of the green alder 

shrubs than on open grassland sites. The lag time was about two weeks. 
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Figure 8.11: Soil temperature at the grassland and green alder sites at Bonegg, Chämleten, Wallenboden 

and March. “Grass/Alder 10, 35, 50” = soil temperature at grassland and green alder sites in 0.10, 0.35 

and 0.5 m depth. 

 

8.4 Conclusions 

In general, there was a substantial influence of green alder shrubs on soil physical and 

hydrological phenomena. For example, soil temperature in spring, which was related to the 

timing of snowmelt, indicated that green alder shrubs might slow down snowmelt rates. This 

in turn influences e.g. soil hydrology and the start of plant growth in spring. Surface runoff 

rates were in general lower in green alder sites than in grassland sites, which can be 

attributed to a change of soil structure by encroaching green alder shrubs (Alaoui et al., 

2013). Further encroachment of green alder shrubs in the valley might therefore affect 

various soil hydrological processes, at least at the plot scale.  
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9 Appendix 4: Stream water turbidity 

Turbidity sensors were installed in the streams of the four micro catchments, as a first 

investigation on transport of suspended sediments in these headwater catchments. Turbidity 

was measured continuously during the growing season with an optical back scatter (OBS) 

probe (Campbell Scientific, OBS-3+). Turbidity data (measured as nephelometric turbidity 

units, NTU) were not calibrated to the amount of suspended sediment within this project. 

However, the turbidity data can be qualitatively used as an indicator for suspended 

sediment.  

Turbidity during base flow conditions was low, indicating low amounts of suspended 

sediments (Figure 9.1). It clearly increased during rainfall events. High values were very 

often detected in Laubgädem (Figure 9.1 and Table 9.1). Data have not been further 

analyzed within this study. 

Table 9.1: Means and standard errors of turbidity measurements. 

 Chämleten
 

Wallenboden Bonegg Laubgädem 

Mean (NTU) 6.1 7.7 3.1 21.6 

Standard error (NTU) 0.1 0.1 0.1 0.3 
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Figure 9.1:Turbidity data of the four micro catchments. Precipitation data from the MetwoSwiss station 

in Andermatt (MeteoSwiss, 2013). 
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