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Abstract 

The transpiration of forests is a major component of the water cycle and is highly sensitive to 

climate change. The interactions between soil moisture contents and tree water uptake are 

complex, influencing not only local water dynamics but also the health and resilience of the 

ecosystem. This thesis investigates the spatial and temporal variability in water uptake depths 

(WUD) of Norway spruce (Picea abies) trees in a headwater catchment in the pre-Alpine Alptal 

valley. Twig xylem water, stem core xylem water, bulk soil water, and mobile soil water were 

sampled at five study sites on five days between July and October 2024. 2H and 18O were 

analysed in reference to the isotopic composition of precipitation, soil moisture contents, 

weather and groundwater data, as well as study site and tree characteristics. The contribution of 

shallow (5-20 cm) and deeper (25-50 cm) soil water to tree water uptake was calculated using the 

MixSIAR model. All water sources were enriched in heavy isotopes in August, which primarily 

reflected the impact of evaporation in summer and snowfall in autumn on the isotopic 

composition of precipitation. The significant differences in the isotopic composition of soil water 

between study sites as well as between elevation zones could not be attributed to particular study 

site characteristics. Twig xylem water samples had a positive lc-excess, which potentially resulted 

from the uptake of dew or fog drip from the unsampled topsoil. Contrarily, stem core xylem water 

samples had a negative lc-excess, indicating a high within-tree variability in water isotopes and 

high model uncertainty. The modelled WUD was primarily a mixture of shallow and deep bulk soil 

water; no temporal or spatial trends and no impact of soil moisture on the WUD could be 

detected. The high uncertainty of the model results can be attributed to the small sample size and 

limited number of study sites, combined with the high number of variables affecting the WUD and 

the unexpected isotopic composition of tree xylem water. Additionally, soil moisture was 

relatively high throughout the entire study period, especially at greater soil depths, which was 

responsible for a less distinct soil profile and a smaller range in soil moisture conditions. This 

thesis contributes to research by discussing key factors that influence the results of WUD studies 

in wet regions.  
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1. Introduction  

1.1. Objective 

The global water cycle shapes ecosystems and has major implications for natural hazards and 

agriculture (Kirchner et al., 2023). The role of plant transpiration in the water cycle has attracted 

considerable attention as it accounts for approximately 61% of global evapotranspiration, with 

about 39% of terrestrial precipitation being transpired (Schlesinger & Jasechko, 2014). In 

particular, forests play a significant role in the water cycle through transpiration, interception, and 

the transportation of water into the soil (Sheil, 2018). Soil water storage impacts various 

components of the water cycle, including root water uptake, evaporation, and groundwater 

recharge. Therefore, research on soil water storage and transpiration is important for a better 

understanding of hydrological processes and a more accurate hydrological modelling (Sprenger 

et al., 2016). 

Climate change affects various components of the water cycle, leading to changes in the 

frequency and seasonality of droughts (Brunner et al., 2023) and an increase in potential 

evapotranspiration of about 20% (Calanca et al., 2006) in the Alps. In northeastern Switzerland, a 

decrease in summer precipitation is predicted if no effective mitigation measures are 

implemented (Fischer et al., 2012). Therefore, understanding the response of the water cycle to 

climate change is indispensable for catchment hydrology and the adaptation of sustainable forest 

management (Scandellari et al., 2024). The water uptake of trees affects water storage and fluxes 

and the catchment response to precipitation events (Sprenger et al., 2016), raising the question 

of how tree water uptake will respond to future changes in water availability. Research on the 

response of trees to drought is particularly relevant because forest drought resilience again has 

significant feedbacks on the water cycle (Bachofen et al., 2024). However, tree vulnerability to 

drought is not yet well understood, as it depends on various factors, including tree hydraulic traits 

such as the rooting depth (Choat et al., 2018). 

Previous research has shown that trees can adjust their water uptake depth (WUD) in response to 

seasonal or long-term changes in moisture availability, which impacts transpiration and 

susceptibility to drought. Trees typically shift their WUD to deeper, moister soil depths when the 

water availability decreases under drought conditions (Bachofen et al., 2024). In contrast, some 

studies have found a decrease in water uptake from shallow soil but no compensation from 

deeper soil (Gessler et al., 2022), while other studies have detected no significant shifts in WUD 

in response to drought (Goldsmith et al., 2012). The adaptation of WUD depends on various 

factors such as plant species, climate, season, region, and local competition and is limited by the 

soil and rooting depth (Bachofen et al., 2024; Grossiord et al., 2017; Scandellari et al., 2024). 

Consequently, research findings cannot be transferred to other sites without consideration. 

Moreover, the interaction of WUD adaptation strategies and other drought responses of trees is 

not yet fully understood (Bachofen et al., 2024).  
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Studies on the response of the tree WUD to water availability at more diverse sites are essential 

(Bachofen et al., 2024). While studies have been conducted in the Central Alps due to more 

significant changes in drought occurrence and seasonality (Brunner et al., 2023), little to no 

research has been done in the pre-Alpine region because of the high annual precipitation ranging 

from 1500 to 2500 mm (NCCS, 2023). However, Allen et al. (2019) reported that trees in Swiss 

high-precipitation regions rely on summer precipitation, whereas trees in most other regions 

mainly use winter precipitation. Therefore, particularly spruce trees growing in wet regions such 

as the pre-Alps could be vulnerable to summer drought (Allen et al., 2019). Moreover, the 

vulnerability of spruce trees to drought could be further enhanced by their typically shallow roots 

limiting the WUD (Brinkmann et al., 2019). 

In the pre-Alps, temperatures are expected to rise by 2 to 3.3°C by mid-century compared to today. 

Without strong climate change mitigation measures, precipitation is forecasted to increase by 2 

to 27% in winter and to decrease by up to 27% in summer and autumn (NCCS, 2023). Additionally, 

the snow cover in the pre-Alps is sensitive to changes in temperature, so a temperature increase 

directly affects hydrology (Stähli et al., 2021). Furthermore, evapotranspiration in the Alps may be 

enhanced as plants respond to rising temperatures, which further reduces the availability of soil 

and surface water (Mastrotheodoros et al., 2020). It can be concluded that research on the 

adaptation of tree WUD to changes in water availability in the pre-Alps is crucial for sustainable 

water and forest management. 

1.2. Research Questions 

Based on the research gaps addressed above, this thesis investigates the spatial and temporal 

variability in water uptake by trees in the pre-Alpine region. Two main research questions and three 

hypotheses (H) are discussed: 

1. How does the temporal variability in soil moisture affect the water uptake depth of trees?  

H1: The main source of tree water uptake is deeper during periods of lower soil moisture. 

2. How does the water uptake depth of trees vary between the study sites?  

H2: The water uptake depth is deeper at drier sites. 

H3: The water uptake depth depends on slope and elevation 
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2. Theoretical Background 

2.1. Stable Water Isotopes 

2.1.1. Water Isotopes 

Atoms consist of positively charged protons, negatively charged electrons, and neutrons with no 

charge. Electrons have a relatively low mass compared to protons and neutrons, which have 

similar masses. Therefore, the mass of an atom is determined by the total number of protons and 

neutrons. Isotopes are atoms of the same element that have the same number of protons but a 

different number of neutrons. The slight difference in mass between isotopes affects the strength 

of bonds with other elements and, consequently, their behaviour in chemical and physical 

reactions (Sharp, 2017). 

There are three natural hydrogen isotopes and three stable oxygen isotopes (Table 1). 1H (protium) 

and 2H (deuterium) are stable hydrogen isotopes, while 3H (tritium) is radioactive with a half-life of 

12.3 years due to the instability caused by the additional neutron (Sharp, 2017). The three stable 

oxygen isotopes are 16O, 17O, and 18O, with 17O having a relatively low abundance (Mook, 2000). 

The ratio of 2H/1H varies between -45‰ and +100‰, while the ratio of 18O/16O varies between -

50‰ and +50‰ (Gat et al., 2001). The hydrogen isotope ratio varies more than the oxygen isotope 

ratio because the relative mass difference between the hydrogen isotopes is larger (Mook, 2000).  

Table 1: The atomic number, neutron number, mass number, and the abundance of the hydrogen 

isotopes 1H, 2H, and 3H and the oxygen isotopes 16O, 17O, and 18O, data from Gat et al. (2001) and 

Mook (2000).  

 Symbol Atomic 

number Z 

Neutron 

number N 

Mass 

number M 

Abundance 

(%) 

Hydrogen 1H 1 0 1 99.985 
2H 1 1 2 0.0155 
3H 1 2 3 < 10-17 

Oxygen 16O 8 8 16 99.759 
17O 8 9 17 0.037 
18O 8 10 18 0.204 

 

The ratio of heavy to light isotopes is typically expressed in  (‰) as calculated in Equation 1. The 

isotope ratio R is the abundance of the heavier isotope divided by the abundance of the lighter 

isotope, such as 2H/1H or 18O/16O, of the sample (Rsample) and the standard (Rstandard) (Craig, 1961). 
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𝛿 [‰] = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
−  1) × 1000     Equation 1 

The commonly used standard is the Vienna Standard Mean Ocean Water (VSMOW). The 

International Atomic Energy Agency (IAEA) initiated the mixing of waters from selected locations 

worldwide, which were then calibrated in laboratories and named VSMOW (Aggarwal et al., 2011). 

Consequently, a negative  indicates a depletion of heavy isotopes in the water sample compared 

to the VSMOW, which is typical for meteoric water. Water samples that have undergone 

evaporation are enriched in heavy isotopes and have a less negative or positive  value (Gat, 

1996). 

2.1.2. Isotope Fractionation 

The mass difference between heavy and light isotopes leads to distinct chemical and physical 

properties (Sharp, 2017). Heavy isotopes are less mobile, have slower diffusion velocities, and 

reduced collision frequencies with other molecules. Additionally, heavy isotopes have higher 

binding energies, which causes them to favour stronger bonds, such as those present in the solid 

phase (Mook, 2000). Consequently, phase changes can lead to one water source becoming 

enriched while the other water source becomes depleted in heavy isotopes (Sodemann, 2006).  

There are two types of isotope fractionation: equilibrium fractionation and kinetic fractionation. 

Equilibrium fractionation is a reversible process that occurs within a chemical equilibrium. For 

example, if solid and liquid water coexist, isotopes are exchanged until they are in an equilibrium 

(Dütsch, 2016). In contrast, kinetic fractionation is irreversible because the two water sources are 

isolated after a phase change. One example is the evaporation of water vapour from the ocean 

surface. Lighter water isotopes evaporate more quickly, resulting in the vapour being depleted in 

heavy isotopes. If the water vapour is transported away, an equilibrium can no longer be achieved 

(Sodemann, 2006). Meteoric waters are depleted in heavy isotopes by about 10‰ in 18O on 

average compared to the VSMOW due to kinetic fractionation during the evaporation of ocean 

water (Gat et al., 2001). 

Several studies have found no isotopic fractionation during plant water uptake (Amin et al., 2021; 

Chen et al., 2020; Dawson & Ehleringer, 1991; Washburn & Smith, 1934). However, fractionation 

can occur under specific climatic conditions and for particular plant species, plant growth states, 

and soil types (Dawson & Ehleringer, 1993; Poca et al., 2019; Vargas et al., 2017; Zhao et al., 2024). 

In particular, isotope fractionation is often observed during the water uptake of plant species 

adapted to saline soils (Ellsworth & Williams, 2007). 

2.1.3. Global and Local Meteoric Water Line 

The isotopic composition of meteoric waters globally was first analysed by Craig (1961), who 

calculated the linear relationship (Equation 2) between hydrogen and oxygen isotopes of meteoric 

waters that have not undergone evaporation.  
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𝛿2𝐻 [‰] =  8 × 𝛿18𝑂 [‰] + 10     Equation 2 

This linear relationship is known as the global meteoric water line (GMWL) (Gat, 1996). Since the 

relationship between hydrogen and oxygen isotopes varies spatially and temporally, a local 

meteoric water line (LMWL) is often used to describe the relationship between water isotopes in 

precipitation at a specific location. The slope and intercept of the GMWL (Equation 2) are adjusted 

to local climate conditions using long-term data on the isotopic composition of precipitation. For 

example, a flatter slope indicates a warmer, drier climate with higher evaporation rates (Putman 

et al., 2019; Rozanski et al., 1993). However, the duration of data collection required to compute 

a LMWL depends on the processes being analysed and the scope of the research project. For 

analyses of processes with shorter residence times, such as plant tissues, it may be beneficial to 

compute a LMWL based on data from a shorter study period (Putman et al., 2019).   

Deuterium excess (d-excess) is a measure to quantify the deviation of the isotopic composition 

of a water source from the GMWL and can be calculated using Equation 3 by Dansgaard (1964). 

𝑑-𝑒𝑥𝑐𝑒𝑠𝑠 = 𝛿2𝐻 − 8 × 𝛿18𝑂   Equation 3 

Additionally, the deviation of the isotopic composition of a water source from the LMWL can be 

quantified using the line conditioned excess (lc-excess) as calculated in Equation 4, with a and b 

representing the slope and intercept of the LMWL (Landwehr & Coplen, 2006). 

𝑙𝑐-𝑒𝑥𝑐𝑒𝑠𝑠 = 𝛿2𝐻 − 𝑎 × 𝛿18𝑂 − 𝑏  Equation 4 

A d-excess or lc-excess of 0 indicates that there is no difference between the isotopic 

composition of the water sample and that of the global or local precipitation, respectively 

(Landwehr & Coplen, 2006). 

2.2. Spatial and Temporal Variability of Soil Water Isotopes 

The isotopic composition of soil water is affected by various processes that vary spatially and 

temporally, such as precipitation, transpiration, interception, and evaporation (Figure 1) (Sprenger 

et al., 2016). Additionally, the isotopic composition of water sources in a forest is influenced by 

non-fractionating processes such as root WUD, foliar water uptake, as well as soil water storage 

and percolation (Allen et al., 2022). 
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Figure 1: Processes affecting the isotopic composition of forest soils in a temperate climate in 

summer (left) and in winter (right). Plus signs indicate an enrichment and minus signs indicate a 

depletion of heavy isotopes. Zero signs indicate processes where no isotope fractionation is 

expected to occur (Sprenger et al., 2016, p. 676). 

2.2.1. Precipitation 

The isotopic composition of precipitation varies with temperature, latitude, altitude, 

continentality, season, climate, and precipitation amount (Figure 2). A key factor in some of these 

effects is temperature. At warmer temperatures, more evaporation affects water drops during 

their fall to the ground, which leads to an enrichment of heavy isotopes (Dansgaard, 1964). The 

global variability (Figure 3) is visible when looking at 18O in precipitation measured by the Global 

Network of Isotopes in Precipitation (GNIP) (Bowen & Wilkinson, 2002).  
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Figure 2: Spatial and temporal variability of the isotopic composition of precipitation with 

temperature, latitude, altitude, continentality, season, and climate (Xi, 2014, p. 4). 

 

Figure 3: Map of modelled δ18O based on data from GNIP measurement stations (Bowen & 

Wilkinson, 2002, p. 317).  

The latitude effect results in precipitation being more depleted in heavy isotopes at higher 

latitudes, with a decrease of approximately 0.6‰ in 18O per degree of latitude in Europe and the 

USA. In Antarctica, the decrease can be as much as 2‰ 18O per degree of latitude. This effect is 

caused by the decrease in mean annual air temperature towards higher latitudes (Gat et al., 

2001). The latitude effect is well visible in North America, Russia, and near the poles (Figure 3). 



8 
 

The altitude effect causes precipitation to be more depleted in heavy isotopes at higher altitudes 

and is linked to changes in pressure and temperature with altitude. At higher altitudes, 

condensation occurs at lower temperatures due to the lower pressure. Additionally, temperatures 

typically decrease with altitude (Gat et al., 2001). In the Alps, 18O in precipitation decreases on 

average by about 0.2‰ per 100 m of elevation (Schürch et al., 2003). The altitude effect is visible 

especially in the Tibetan plateau, the Andes, and the Alps (Figure 3). The relationship between the 

isotopic composition of precipitation and altitude on a smaller scale is often more complex due 

to various processes such as moisture transport and topography (Fischer et al., 2017b).  

The continentality effect causes precipitation near the ocean to have a similar isotopic 

composition to that of the ocean water and then to become progressively more depleted in heavy 

isotopes as water vapour is transported further inland. This effect can be explained by the 

progressive formation of precipitation with distance from the ocean, a process affected by 

fractionation (Gat et al., 2001). The continentality effect can be observed at the northeastern 

coast of Russia and the western coast of Alaska (Figure 3). These regions are less depleted in 

heavy isotopes compared to regions further inland that have similar altitudes and latitudes. 

The seasonal effect in temperate climate zones typically leads to precipitation being more 

depleted in heavy isotopes during winter than in summer (Mook, 2000). This effect is mainly driven 

by seasonal variations in temperature and humidity. Additionally, the isotopic composition of 

precipitation varies seasonally with changes in meteorological conditions and the source region 

of water input (Gat et al., 2001). Lastly, the amount effect causes heavy precipitation events to be 

more depleted in heavy isotopes (Dansgaard, 1964). Smaller precipitation events are more 

enriched in heavy isotopes due to enhanced evaporation from the raindrops (Gat et al., 2001). 

2.2.2. Transpiration and Interception 

Precipitation in a forest can be transpired, intercepted, and evaporated, or reach the soil as 

throughfall or stemflow. Therefore, tree cover affects the isotopic composition of the water input 

into the soil as well as the soil water storage (Gat et al., 2001).  

Transpiration has an impact on the isotopic composition of soil water even without isotope 

fractionation during plant water uptake (Dawson & Ehleringer, 1991) and the back-diffusion of 

enriched leaf water through the stem towards the roots (Dawson & Ehleringer, 1993). Seasonal 

variations in transpiration rates and WUDs lead to certain precipitation events being mainly 

transpired, while other events recharge the soil water storage. At the same time, the isotopic 

composition of different precipitation events varies. Consequently, the temporal variability in 

transpiration affects the isotopic composition of precipitation stored in the soil (Gat et al., 2001), 

and changes in land use or vegetation cover influence the isotopic composition of soil water. 

Additionally, fractionation may affect leaf water during transpiration, which has an impact on the 

isotopic composition of atmospheric humidity (Simonin et al., 2014). 

Interception affects the amount of precipitation reaching the soil, and the isotopic composition 

of throughfall is affected by evaporation (Sprenger et al., 2016). Fog drip onto the soil is typically 
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enriched in heavy isotopes due to evaporation from the plant surface (Liu et al., 2006). The 

proportion of intercepted precipitation that reaches the soil as stemflow or throughfall varies with 

numerous factors, including tree species and age, season, and precipitation intensity. In a spruce 

forest in Zurich, 61% of the precipitation that reached the ground was intercepted on an annual 

average, with most precipitation reaching the soil in the form of throughfall (Grundmann et al., 

2024). Moreover, the interception of snow causes snow or snowmelt on the ground to be more 

enriched in heavy isotopes due to sublimation from the plant surface (Koeniger et al., 2008). 

However, the isotopic composition of snowmelt is affected by various processes causing 

fractionation, such as preferential water flows (Zhou et al., 2008) or isotopic exchange between 

water and ice (Lee et al., 2010).  

2.2.3. Evaporation 

The isotopic composition of soil water varies throughout the soil profile and is typically more 

enriched and variable in shallow soil than in deep soil (Sprenger et al., 2016; von Freyberg et al., 

2020a). Evaporation at the soil surface causes an enrichment of heavy isotopes in shallow soil 

water (Goldsmith et al., 2012; Sprenger et al., 2016), with a smaller effect if precipitation amounts 

are high (Allen et al., 2022). In regions with frequent precipitation events, an isotopic enrichment 

may not be visible even in the shallowest soil water (Rossatto et al., 2011). Consequently, the 

isotopic composition of shallow soil water responds more to temperature increases and has a 

higher temporal variability, which leads to a more pronounced depth profile during drought 

conditions (Gessler et al., 2022).  

The isotopic composition of deeper soil water is more constant as recent water inputs mix with 

older water pools, which have an isotopic composition that resembles a long-term average of 

previous precipitation events (von Freyberg et al., 2020a). The enriched isotope signal resulting 

from evaporation at the soil surface disappears as water percolates down through the soil profile 

because the relatively small volume of the shallowest soil water becomes insignificant. The depth 

to which the enriched isotopic signal is visible depends on various factors such as soil texture and 

climate (Sprenger et al., 2016). 

The isotopic composition of soil water does not necessarily change continuously with soil depth. 

Firstly, the isotopic composition of precipitation inputs can fluctuate with weather conditions. 

Additionally, the evaporative enrichment at the soil surface and the percolation of water through 

the soil depend on short-term weather conditions (von Freyberg et al., 2020a). Secondly, soils 

consist of pores that vary in size, resulting in distinct isotopic compositions of more mobile and 

more bound water pools. Mobile soil water is typically younger and has a higher temporal 

variability than bound soil water (Sprenger et al., 2019). At the same time, water infiltrates more 

quickly through preferential flow pathways, resulting in mobile soil water being less affected by 

evaporation (Goldsmith et al., 2012). The exchange between mobile and bound water depends on 

the soil type (Vargas et al., 2017). Even in relatively wet soils, the exchange between mobile and 

bound water can be minimal (Sprenger et al., 2019).  
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2.3. Tree Water Uptake Depth 

2.3.1. Tree Water Sources 

By using stable water isotopes, soil water pools can be distinguished based on soil depths, 

seasonality, such as summer and winter precipitation inputs, or mobility, such as bulk and mobile 

soil water (Figure 4) (Floriancic et al., 2024). 

 

Figure 4: Potential water sources of trees vary in their isotopic composition with soil depth, 

mobility, and seasonality of precipitation inputs (Floriancic et al., 2024, p. 13). 

The abundance and contribution of different water sources to tree water uptake vary both spatially 

and temporally. Local precipitation and snowmelt stored as soil water are usually the main water 

source of plants, while some trees also use shallow groundwater (Allen et al., 2022). At the same 

time, trees may prefer soil water over groundwater or surface water (Dawson & Ehleringer, 1991). 

Furthermore, trees typically prefer to transpire less mobile soil water as it is a more reliable water 

source than mobile water, especially during the growing season (Kirchner et al., 2023). Floriancic 

et al. (2024) found that beech and spruce trees in Zurich preferentially used winter precipitation 

even in summer. On a global annual average, recent precipitation accounts for approximately 70% 

of plant transpiration, while past precipitation stored in deeper unsaturated soils and rocks 

accounts for about 18%, and groundwater contributes about 11% to transpiration (Miguez-Macho 

& Fan, 2021). Another locally relevant water source can be dew or fog drip taken up by shallow 

roots (Dawson, 1998; Muñoz-Villers et al., 2025) or through foliar water uptake (Limm et al., 2009).  

The rooting depth limits the WUD. Trees adjust their root distribution to water and nutrient 

availability (Goldsmith et al., 2012). At the same time, the root distribution restricts the range of 

accessible water sources and their contribution to water uptake (Bachofen et al., 2024). The 
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maximum rooting depth is particularly relevant under drought conditions (Choat et al., 2018). The 

rooting depth of trees varies with climate, with generally deeper, narrower root systems in arid 

climates and shallower but wider root systems in humid climates (Tumber-Dávila et al., 2022). 

Additionally, the fine-root mass and length can vary between soil types. For example, fine roots 

can grow faster and have a larger mass in sandy than in clay soils (Weemstra et al., 2017). 

Water availability affects the root distribution (Allen et al., 2022). Firstly, roots are typically 

shallower than the groundwater level to avoid oxygen stress. Secondly, the rooting depth depends 

on the water infiltration depth in well-drained soils. Consequently, the rooting depth also depends 

on climate, soil type, and local topography, which can lead to small-scale variability in rooting 

depths. While the soil may be well drained at an upslope site, it can be waterlogged in the 

depression below (Figure 5) (Fan et al., 2017). In a meta-study, a mean maximum rooting depth of 

about 2 m was calculated, with most trees having roots extending down to 1.5 to 2.5 m (Tumber-

Dávila et al., 2022). However, roots are not necessarily evenly distributed across the soil profile. 

They can follow macropores (Stewart et al., 1999) or be concentrated in the uppermost 10 cm of 

the soil due to nutrient availability (Muñoz-Villers et al., 2025). Additionally, some roots may be 

more relevant to the water uptake than others (Allen et al., 2022). 

 

Figure 5: Small-scale variability in root distribution caused by topography (Fan et al., 2017, p. 

10573). 

2.3.2. Spatial Variability 

The tree WUD varies spatially with climate, topography, and soil characteristics. Firstly, climate 

affects the WUD, with generally lower WUDs in deserts and temperate grasslands than in tropical 

rainforests (Bachofen et al., 2024). Furthermore, the contribution of groundwater as a water 

source varies between climate zones, generally increasing with aridity (Evaristo & McDonnell, 

2017). Under high soil moisture conditions, recent water sources are more relevant, whereas 

winter precipitation can be the main water source of trees at drier sites (Allen et al., 2019). 

Secondly, local topography affects the WUD due to varying soil water availability and root 

distribution, as discussed in the previous section (Figure 5). The groundwater level is lower at 
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upslope sites, allowing deeper roots and, consequently, a broader range in WUDs. In contrast, the 

WUD of trees in depressions is limited by the shallow groundwater table that restricts the rooting 

depth (Rossatto et al., 2011). Lastly, soil characteristics affect the WUD because the root water 

uptake depends on the hydraulic conductivity of the soil (Bachofen et al., 2024) and because the 

root growth varies with soil type (Weemstra et al., 2017). 

The WUD varies between tree species due to their distinct water uptake strategies. In a global 

comparison, conifers have a shallower mean WUD of 47 cm, deciduous broadleaved trees have 

a moderate mean WUD of 57 cm, and evergreen broadleaved trees have the deepest mean WUD 

of 62 cm (Bachofen et al., 2024). The water uptake strategy also affects the response of trees to 

drought. For example, beech trees have a shallower root system than oak trees, so beech trees 

depend on shallower, less reliable water sources (Fabiani et al., 2022). Compared to beech and 

oak trees, spruce trees use more mobile soil water and rely more on summer precipitation, which 

makes them more vulnerable to summer droughts (Allen et al., 2019).  

Tree age, size, and local competition can also affect the WUD. For example, Dawson & Ehleringer 

(1991) found that young trees growing at a streamside relied on shallow soil or surface water, while 

adult trees used more constant, deeper water sources. Moreover, larger trees may better adapt 

their WUD to drought, for example, by increasing the use of groundwater as a water source 

(Muñoz-Villers et al., 2025). At the same time, no correlation between WUD and tree size may be 

detected because other factors, such as nutrient availability, also affect the root distribution 

(Goldsmith et al., 2012). Furthermore, local competition between plant species can affect the 

WUD. For example, trees can increase their WUD to reduce competition with shrubs and herbs 

that have shallower roots (Dawson & Ehleringer, 1991). Another study revealed that the WUD of 

oak trees was shallower in pure stands than in mixed stands, where they used more reliable water 

sources and were less vulnerable to drought (Bello et al., 2019). Moreover, the shallow root 

distribution of Norway spruce trees can lead to reduced water availability if grown in a mixed stand 

with European beech (Goisser et al., 2016). 

2.3.3. Temporal Variability 

The WUD can vary over time with transpiration and water availability (Bachofen et al., 2024). The 

WUD is typically deeper during periods of low soil moisture, while plants transpire more shallow 

soil water under wet conditions (Dawson & Pate, 1996; Miguez-Macho & Fan, 2021). Temporal 

changes in WUD depend on various factors such as plant species, climate, season, region, and 

local competition and are limited by the soil and rooting depth (Bachofen et al., 2024; Scandellari 

et al., 2024). Therefore, some studies found no significant change in WUD and root distribution 

(Goldsmith et al., 2012) or detected a decrease in water uptake from the shallow soil but no 

compensation with deeper soil water (Gessler et al., 2022) as a response to drought. 

However, most trees in temperate seasonal forests have a deeper WUD during the dry season 

than during the wet season (Bachofen et al., 2024). For example, increased temperatures in the 

Swiss Pfyn forest caused soil drought and enhanced groundwater uptake by trees (Bertrand et al., 
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2014). During dry summer months, winter precipitation can be the primary water source of trees, 

while trees use more recent water sources during winter. This shift can be explained by summer 

precipitation being more affected by evaporation, interception, and transpiration by forest floor 

vegetation (Allen et al., 2019; Floriancic et al., 2024). 

2.4. Using Isotopes to Trace the Tree Water Uptake 

2.4.1. Applications for Stable Isotopes 

Isotope analyses are applied in diverse research fields, from planetary science and petrology to 

palaeontology, paleoclimate, and hydrology. The stable isotopes of hydrogen, oxygen, carbon, 

nitrogen, and sulphur have been used in diverse geochemical research projects due to their 

abundance in most natural materials (Sharp, 2017).  

In hydrology, the stable water isotopes of hydrogen and oxygen are especially valuable as they are 

natural tracers (Orlowski et al., 2013). Stable water isotopes are measured in precipitation, 

groundwater, as well as in soil water, plant xylem water, and surface water to improve the 

understanding of the terrestrial and atmospheric water cycle and hydrological modelling 

(Aggarwal et al., 2011; Scandellari et al., 2024). Isotope data is especially valuable in combination 

with data on water fluxes and potentials (Kirchner et al., 2023). The application of stable isotopes 

in hydrology was first promoted by the IAEA, which was established in 1957 (Aggarwal et al., 2011). 

This field of research has been rapidly growing, with many more applications yet to be discovered 

and developed (Goldsmith et al., 2012; Scandellari et al., 2024). 

Hydrogen and oxygen isotopes have been used for decades to study plant water uptake. The 

isotopic composition of soil water and tree xylem water has been used to analyse the variability 

of tree water uptake in various research projects (Bello et al., 2019; Bertrand et al., 2014; Dawson 

& Ehleringer, 1991). 18O can be measured more precisely and provide a clearer signal than 2H 

(Bernhard et al., 2024). At the same time, 2H is more affected by evaporation and, therefore, can 

be more informative when distinguishing between deep and shallow soil water. Most hydrological 

studies include both oxygen and hydrogen isotopes and additionally evaluate the d-excess or the 

lc-excess (Sprenger et al., 2016). Specific analyses focus on only one isotope, for example, 

because 18O in the cellulose of tree rings preserves information better than 2H (Diao et al., 

2025). 

The availability of stable water isotope databases has been increasing. Scandellari et al. (2024, p. 

3) summarised various large stable water isotope databases. The GNIP is a long-term monitoring 

network of hydrogen and oxygen isotopes in precipitation, established in 1960 by the IAEA and the 

World Meteorological Organisation. At that time, the database included approximately 100 sites 

worldwide with monthly data collection. Various early studies on the isotope composition in the 

water cycle are based on GNIP data (Dansgaard, 1964; Gat et al., 2001; Rozanski et al., 1993). 

Additionally, the Global Network of Isotopes in Rivers (GNIR) was developed in 2002. GNIP and 

GNIR data can be downloaded from the WISER portal (IAEA, 2025a, 2025b). In Switzerland, stable 
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water isotope data has been collected since 1980 by the ISOT module of the National 

Groundwater Monitoring NAQUA. The network includes 13 precipitation and nine watercourse 

sampling sites, and additionally, 50 groundwater sampling sites between 2006 and 2013 (FOEN, 

2025; Schürch et al., 2003). 

2.4.2. Calculation of the WUD 

The natural variability in the isotopic composition of water sources is used to distinguish them 

and estimate their contribution to plant water uptake. The isotopic composition of all potential 

water sources, such as groundwater and shallow and deep soil water, is compared to the isotopic 

composition of the vegetation xylem water, which is considered to be a mixture of all water 

sources (Bertrand et al., 2014; Rossatto et al., 2011). The isotopic composition of a mixture (M) 

consisting of two water sources can be calculated using a mass balance equation if the fraction 

(f) and the isotopic composition () of both water sources are known (Equation 5) (Mook, 2000). 

𝛿𝑀 = 𝑓1𝛿1 + 𝑓2𝛿2    Equation 5 

The relative contributions of the different water sources are typically determined using a mixing 

model (Bachofen et al., 2024). Many mixing models are based on Equation 6, which is a 

reformulation of Equation 5 that accounts for any number of isotopes and water sources. Yj 

represents the isotopic composition of the mixture of all isotopes j used as tracers. k is the source 

isotope, pk is their contribution to the mixture, and s
jk is the mean isotope value of each source 

(Stock et al., 2018). 

𝑌𝑗 = ∑ 𝑝𝑘𝜇𝑗𝑘
𝑠

𝑘       Equation 6 

The two types of mixing models that are most commonly used for isotope analyses in hydrology 

are linear and Bayesian mixing models. Linear mixing models calculate the contribution of water 

sources using a mass balance equation (see Equation 6). The calculation is limited to a maximum 

of n+1 sources with n isotope groups. Otherwise, the system is mathematically underdetermined, 

as in the case of two equations but three unknowns. IsoSource is a well-known linear mixing 

model that was developed as an alternative for situations where the number of sources exceeds 

n+1. The IsoSource model calculates the range of possible contributions of each source by testing 

for all combinations of source contributions if they add up to the isotopic composition of the 

mixture (Phillips & Gregg, 2003).  

The second type of mixing model is the Bayesian mixing model, which has the advantage of 

computing probability distributions while accounting for uncertainties and variability in isotope 

data (Stock et al., 2018). The first widely used Bayesian mixing model in stable water isotope 

studies was MixSIR. This model computes probability distributions of source contributions to the 

mixture while considering measurement and fractionation uncertainties as well as data variability 

in source and mixture isotope data (Moore & Semmens, 2008). Subsequently, MixSIR was further 

developed into the SIAR model by Parnell et al. (2010). SIAR is especially suitable for 

underdetermined systems, accounts for data uncertainty and variability, and can include a 
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concentration dependence (Parnell et al., 2010). SIAR was then further developed into the 

MixSIAR model, which is frequently used today. MixSIAR is very flexible and has the advantage of 

including fixed and random effects as covariates, as well as multiple sources (Stock et al., 2018). 

More details are described in Chapter 2.4.3. Mixing models are continuously improved and 

adjusted to specific fields of research. For example, CrisPy is a more recently developed root 

water uptake isotope mixing model, which has the advantage of being more accurate and robust 

(Fu et al., 2024). 

Other methods besides mixing models can be used to analyse the water uptake of plants. For 

example, a simple linear interpolation can be used to calculate a single WUD. Although this 

method neglects the mixing of water sources, it can be useful as input for subsequent statistical 

analyses (Prechsl et al., 2015). Furthermore, other approaches, such as the seasonal origin index, 

can be used to quantify the contribution of different water sources (Allen et al., 2019).  

2.4.3. MixSIAR 

MixSIAR is an open-source R software package that was published in 2018 and has become a 

commonly used model in WUD studies. The model is applied in various research fields due to its 

flexibility and accessibility for users at different experience levels. Users can choose between a 

code script and a graphical user interface to load data files and specify model options. 

Furthermore, MixSIAR can generate outputs for underdetermined systems but with a high 

uncertainty in source contributions (Stock et al., 2018). 

Model input data can be either the raw isotope data of each source or a summary statistic that 

includes the sample size and the mean and variance of the isotope values for each source. When 

using the summary statistic as input data, tracers are assumed to be independent of each other. 

When using raw isotope data, multivariate normality is assumed, and a variance-covariance 

matrix is calculated for each source. The model writes a JAGS (Just Another Gibbs Sampler) model 

file and runs it to produce diagnostics, posterior density plots, and summary statistics with 

uncertainty intervals. The model output shows the effects of covariates on the variability in source 

contributions (Stock et al., 2018). 

A key advantage of MixSIAR is that fixed and random effects can be specified. Fixed categorical 

effects are used in cases where the mixtures are grouped, and the differences in source 

contribution between these groups are analysed. Fixed continuous effects are used if there is an 

additional numerical measure characterising the mixtures, and the effect of this measure on the 

source contributions is analysed. Random effects are defined if mixtures and sources have 

certain similarities, such as the region of origin, which could explain similarities between the 

source contributions to certain mixtures. All occurring effects must be specified. An alternative 

would be to filter the data and run the model separately for each group. Furthermore, 

discrimination factors can be specified to account for systematic shifts in tracer values due to 

biological or chemical processes during the mixing process, such as fractionation (Stock et al., 

2018). The discrimination factors are typically set to 0 when studying plant water uptake based on 
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the assumption of no fractionation during root water uptake (Fu et al., 2024). However, it should 

be considered that the model is highly sensitive to discrimination factors, which are difficult to 

determine (Stock et al., 2018). 

2.4.4. Limitations of WUD Research 

Some limitations must be considered in WUD studies, as plant water uptake is a complex process 

affected by various factors. Firstly, mixing models rely on significant differences between the 

isotopic compositions of all potential water sources (Stock et al., 2018). If the sources cannot be 

distinguished, their contribution to water uptake cannot be calculated. This problem can be 

avoided by including other isotopes, which makes the research more expensive (Scandellari et 

al., 2024), or by labelling certain water sources, for example, with deuterium-enriched water 

(Grossiord et al., 2014). 

Secondly, mixing models are based on the assumption that all potential plant water sources are 

included as input variables (Stock et al., 2018) and that there is no fractionation during root water 

uptake (Fu et al., 2024). Furthermore, mixing models assume that the isotopic composition of 

both the mixture and the sources is known and invariant (Stock et al., 2018). Consequently, the 

sampling design must be suitable for the research topic, study site, and sampling period. For 

example, fluctuations in the isotopic composition of water throughout the soil profile might be 

missed if the spatial resolution of sampled soil depths is insufficient, which could lead to 

misinterpretations (von Freyberg et al., 2020a). Moreover, the sampling method affects whether 

the isotopic composition of mobile soil water or bulk soil water is measured (Sprenger et al., 

2016). Additionally, there may be a time lag between root water uptake and water present in the 

branches, depending on the sap-flow velocity, which should be considered in the sampling 

design (Bernhard et al., 2024).  

Lastly, conclusions are limited because mixing models only indicate the estimated contribution 

of the water sources to plant water uptake. However, the importance of the different water 

sources may vary, as plants do not necessarily rely on the water source with the highest 

contribution (von Freyberg et al., 2020a). Additionally, trees may not have equal access to each 

water source due to their root distribution (Stewart et al., 1999). Especially when analysing the 

response of WUD to drought, it must be considered that water is not always the limiting factor. 

For example, nutrient availability could affect the root distribution (Goldsmith et al., 2012). 

Generally, the transpiration response to drought and tree physiology is complex, and further 

research is required to better understand the WUD response to drought (Carminati & Javaux, 

2020).  
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3. Study Site 

3.1. Study Site Description 

3.1.1. Location and Topography 

The Alptal is a valley in the Swiss pre-Alps, located about 40 km southeast of Zurich in the Canton 

of Schwyz (47°2'20.5"N, 8°43'19.0"E) (Figure 6). The catchment of the river Alp has a size of 46.4 

km2 and an altitude ranging from 840 to 1899 m a.s.l.. The Alp flows into the Sihl and then via the 

Limmat and the Aare to the Rhine and finally into the North Sea (Ragettli et al., 2021; Stähli et al., 

2021). The steep headwater catchments are characterised by a complex terrain affected by soil 

creep and landslides. The headwater streams are mostly shallow, with only larger streams incised 

by more than 0.5 m (van Meerveld et al., 2018).  

 

Figure 6: Map of the Studibach headwater catchment and the Erlenhöhe weather station in the Alp 

catchment and their location in Switzerland (van Dijk, 2024, p. 4). 

3.1.2. Climate 

The Alptal has a humid temperate climate. The weather station of the Swiss Federal Office in 

Meteorology and Climatology (MeteoSwiss) in Einsiedeln, located at 912 m a.s.l., recorded a 

mean annual air temperature of 7.3°C from 1995 to 2024. Average monthly temperatures varied 

between 16.2°C in July and -1.5°C in January over these 30 years (MeteoSchweiz, 2025b). The 

mean annual air temperature increased by about 2°C over a 50-year period, with the highest 

temperature increase in April and June (Stähli et al., 2021). The annual precipitation is relatively 

high, with 1694 mm measured in Einsiedeln on average from 1995 to 2024. Most precipitation falls 
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in summer, with an average of 199 mm in August, while the least precipitation falls in February, 

with 100 mm on average (MeteoSchweiz, 2025b). A significant change in precipitation over time 

could not be detected (Stähli et al., 2021). The Erlenhöhe weather station, located about 500 m 

from the Studibach catchment at 1210 m a.s.l., measured a long-term mean annual precipitation 

of 2266 mm and a mean annual air temperature of 5.7°C between 1969 and 2019 (Stähli et al., 

2021). 

A continuous snow cover usually persists only at higher altitudes between December and April, 

with snow depths of up to 2 m (Stähli et al., 2021). At high altitudes, snowfall can occur even 

during summer months, but it typically melts quickly (van Meerveld et al., 2018). The modelled 

maximum snow water equivalent is about 50% lower in forested areas compared to open areas 

such as meadows (Stähli & Gustafsson, 2006). Due to climate change, the duration of snow cover 

has decreased, and snowmelt has shifted towards earlier months, causing reduced runoff in April 

(Stähli et al., 2021). 

In the headwater catchments, runoff reacts to precipitation events within minutes (Hagedorn et 

al., 2000). The contribution of precipitation to runoff increases with precipitation during an event, 

while runoff following low precipitation events mainly consists of pre-event water sources 

(Fischer et al., 2017a). Flow pathways can significantly change under storm conditions (Hagedorn 

et al., 2000). High-conductivity soil layers near the soil surface are important for runoff generation 

(van Meerveld et al., 2018). Surface runoff increases with precipitation amount and intensity and 

occurs mainly in meadows and wetlands due to saturated overland flow and on bare soils or 

infiltration-excess overland flow (Sauter, 2017). 

3.1.3. Vegetation 

In the Studibach headwater catchment, the vegetation cover is highly heterogeneous. The 

catchment is covered by about 53% forest, 28% wetland, and 14% meadows. Steeper slopes are 

mostly forested, whereas flatter areas are more commonly wetlands or meadows (Stähli et al., 

2021; van Meerveld et al., 2018). The forest is primarily composed of Norway spruce (Picea abies) 

and silver fir (Abies alba), with an understory of blueberries (Vaccinium sp.) and horsetail 

(Equisetum sp.) (Feyen, 1998; Ragettli et al., 2021).  

The Alptal valley was affected by deforestation for agriculture and fuel production until 

reforestation and protection measures were introduced in the 19th century (Hegg et al., 2006). 

Today, part of the Alptal, including the Studibach headwater catchment, is located within the 

nature reserve Ibergeregg, which is characterised by high biodiversity and large wetlands. It 

provides a habitat for endangered species such as the western capercaillie (Tetrao urogallus), the 

cranberry fritillary (Boloria aquilionaris), and felwort (Swertia perennis). Hiking and winter tourism 

are permitted in restricted areas and on pathways, especially between December and July 

(Umweltdepartement Kantons Schwyz, 2008). In summer, the meadows at higher altitudes are 

used for cattle grazing (Rinderer et al., 2016). 
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3.1.4. Soil and Bedrock 

Soils in the headwater catchments are characterised as Gleysol, known for their low permeability 

(Hagedorn et al., 2000). The soils are mostly shallow, with depths of less than 1 m. However, the 

soil depths range from 0.5 m on ridges to 2.5 m in depressions (van Meerveld et al., 2018). The 

bedrock in the Alptal mainly consists of Flysch. In the Studibach headwater catchment, the parent 

rock material is Wägitaler Flysch at the lowest altitudes, Wild Flysch at moderate altitudes, and 

Schlieren Flysch at the highest altitudes (van Meerveld et al., 2018). Flysch has a low permeability 

and consists of calcareous sandstones, argillite, and bentonite schists (Hagedorn et al., 2000; 

van Meerveld et al., 2018). 

The low permeability of the Gleysol soil and Flysch bedrock prevents deep water infiltration, 

leading to generally shallow groundwater levels (Hagedorn et al., 2000; Kiewiet et al., 2019; 

Ragettli et al., 2021). Furthermore, soil moisture contents are relatively high due to frequent heavy 

precipitation events combined with the low permeability of the soil and the bedrock. At the same 

time, there is a high spatial variability in soil moisture within the catchment due to variations in 

topography and vegetation (van Meerveld et al., 2018). 

3.2. Study Sites 

The study sites are in the Studibach catchment, a steep headwater catchment on a south-facing 

slope in the northwest of the Alptal valley. The Studibach stream drains into the Zwäckentobel and 

then into the Alp. The catchment has a size of 0.2 km2, an elevation range between about 1270 

and 1650 m a.s.l., and average and maximum slopes of 21° and 47°, respectively (van Meerveld et 

al., 2018). The five study plots L1 to L5 are square areas, each measuring 15 m * 15 m, located 

along a transect with an elevation range from 1267 to 1454 m a.s.l. (Table 2). L1 and L2 are in the 

low elevation zone, L3 is in the medium elevation zone, and L4 and L5 are in the high elevation 

zone (Figure 7). 
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Figure 7: Location of the study plots, weather stations, groundwater wells, and the rainwater 

collector along the hillslope transect on a national map provided by Swisstopo. 

All trees in the study plots are Norway spruce trees, except for two young trees at the edge of L1. 

L1 and L2 are in a forest stand surrounded by wetlands and meadows. A small stream flows 

through L1. L3 and L4 are in an open forest stand with several felled trees and fallen branches. At 

L3, there are relatively young trees, wetland plants, shrubs, moss, and grasses. The centre of L4 

is mainly covered by moss and berries, while mainly wetland plants and grasses surround the 

study site. L5 is in a forest stand with large trees, and a stream runs along the edge of the study 

plot. 

Table 2: Coordinates and characteristics of the study sites L1-L5. The tree cover was calculated 

by dividing the total tree area within the study plot measured at breast height by the total area of 

the plot (15 m * 15 m). 

Study 

site 

Latitude Longitude Altitude 

(m a.s.l.) 

Vegetation Tree 

cover (%) 

Number 

of trees 

L1 47°02'20.0"N 8°43'03.7"E 1267 Forest 0.18 23 

L2 47°02'19.9"N 8°43'05.5"E 1282 Forest 0.49 38 

L3 47°02'20.0"N 8°43'15.1"E 1331 Open forest 0.49 14 

L4 47°02'20.5"N 8°43'36.2"E 1458 Open forest 0.54 24 

L5 47°02'21.4"N 8°43'35.6"E 1454 Forest 0.73 10 

 

The soil profiles (Table 3) are highly heterogeneous within each study plot. At L1 and L2, the Ah 

horizon is very porous and has a depth of about 25 cm. Below this, a reduced gleyic horizon (Gr) 
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can be found (Figure 8). The soil profile at L3 is similar to that at L1 and L2, but the Gr horizon is 

drier, and the clay content appears to be lower. At L4 and L5, the Ah horizon is about 15-20 cm 

deep. In contrast to all other sites, there is a reduced-oxidised horizon (Gro) (Figure 9). At L4, the 

organic surface layer (L) is the deepest, with typical depths of 5-10 cm but maximum depths of up 

to 20 cm. 

Table 3: Description of a typical soil profile at each study site down to a depth of 50 cm. 

 L1 L2 L3 L4 L5 

L 2-5 cm 2-5 cm 2-8 cm 5-10 cm 2-8 cm 

Ah 20-30 cm 20-30 cm 30-40 cm 15-25 cm 10-20 cm 

Gro - - - >30 cm >30 cm 

Gr >30 cm, very 

clayey and 

wet 

>30 cm, very 

clayey and 

wet 

>40 cm, less 

clayey, drier, 

more porous 

- - 

 

Figure 8: Soil profile at L2 with a depth of 45 

cm. 

 

Figure 9: Soil profile at L5 with a depth of 35 

cm. 

The slope within and around L1 is moderate. L2 is steeper, with a flatter area uphill and a steeper 

slope downhill. L3 has a moderate slope, but the topography within and around the study site is 

very heterogeneous due to temporary stream channels and dead wood. L4 is located on a flatter 

area between steep slopes. L5 has a moderate slope, but it is slightly steeper, both uphill and 

downhill. Slope, aspect, and TWI (Table 4) were calculated in QGIS by Charmaine Bassfeld. The 

DEM SwissALTI3D (Swisstopo, 2024) with a resolution of 0.5 m was used, and an area within a 

radius of 5 m around the centre of the study plots was included. The TWI was calculated using the 

r.watershed tool by GRASS and default settings, and default operations were used to compute the 

slope and aspect. Additionally, the slope was measured in the field between the lysimeters and 

at five locations across the study plots. The field measurements and the calculated slopes have 

a similar range. Therefore, the slopes calculated in QGIS were used for further analysis. 
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Table 4: Slope, aspect, and TWI at the study sites L1-L5 that were calculated using QGIS and the 

slope measured in the field for comparison. 

 Field estimates Calculated using QGIS 

 Slope (°) Slope (°) Aspect (°) TWI 

Study 

site 

Mean  Between the 

lysimeters 

Mean Range Mean Range Mean Range 

L1 16 16 16.22 29.36 261.03 355.76 3.75 9.28 

L2 25 20 17.94 30.60 274.52 348.72 4.42 8.74 

L3 17 18 19.96 33.73 261.70 145.81 2.65 5.56 

L4 33 11 17.73 54.53 222.76 355.15 1.99 9.64 

L5 8 5 15.66 36.67 223.91 359.19 4.07 10.30 

 

3.3. Research in the Alptal 

The Alptal is hydrologically interesting because of the high precipitation rates combined with the 

low permeability of soils and bedrock, which leads to fast runoff responses (Stähli et al., 2021). 

Particularly, the heterogeneous land cover (Stähli et al., 2021) and topography as well as the steep 

slopes (van Meerveld et al., 2018) make research in the headwater catchments interesting. 

Furthermore, early research was conducted due to the flood risk affecting villages in the valley 

(Stähli et al., 2021).  

Research started in 1963 with a focus on water quality, floods, and forest management (van 

Meerveld et al., 2018). The Swiss Federal Institute for Forest, Snow, and Landscape Research 

(WSL) has been using the Alptal as a research site since 1965 for long-term monitoring of runoff 

and analysing the impact of forests on flood events (Hegg et al., 2006). Since the 1980s, 

geomorphology, biogeochemistry, and ecohydrology have been studied in the headwater 

catchments. Today, climate impacts on water supply and runoff generation have attracted 

considerable attention (Stähli et al., 2021). Since 2009, the University of Zurich has been 

conducting research on hydrological processes that cause rapid runoff responses, and the 

variability of groundwater levels, the isotopic composition and chemistry of streamflow, and their 

responses to precipitation events have been studied (van Meerveld et al., 2018). 

MeteoSwiss operates a meteorological station in Einsiedeln (MeteoSchweiz, 2025a), and the WSL 

runs the Erlenhöhe meteorological station (WSL, n.d.). Since 2009, 51 groundwater wells have 

been installed in the Studibach catchment (van Meerveld et al., 2018). Various research projects 

have analysed runoff generation processes (Fischer et al., 2017a; Hagedorn et al., 2000; van 

Meerveld et al., 2018), stream network dynamics and flow pathways (van Meerveld et al., 2019), 

groundwater (Kiewiet et al., 2019, 2020; Rinderer et al., 2016), flood frequencies (Ragettli et al., 

2021), and sediment transport (Rickenmann et al., 2012; van Dijk, 2024). 
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The isotopic composition of streams, precipitation, and groundwater has been measured in five 

research projects. Firstly, Fischer et al. (2017a) analysed the contribution of pre-event water to 

runoff using isotope hydrograph separation. 2H and 18O of stream water and precipitation were 

measured during 13 precipitation events in the snow-free period of 2010 and 2011. Subsequently, 

Fischer et al. (2017b) analysed the spatiotemporal variability in the isotopic composition of 

precipitation and its effect on isotope hydrograph separation. Additionally, the isotopic 

composition of stream water in five sub-catchments was sampled weekly between 2015 and 

2019 (Staudinger et al., 2020), and daily stable water isotope data of precipitation and stream 

water was collected between 2015 and 2019 (von Freyberg et al., 2022). Furthermore, Kiewiet et 

al. (2019) studied the spatiotemporal variability in hydrochemistry, including stable water 

isotopes of shallow groundwater from 34 to 47 wells. Subsequently, Kiewiet et al. (2020) analysed 

the spatial variability in groundwater isotopes and their effects on hydrograph separation. Lastly, 

stable water isotopes of the bulk snowpack, throughfall, and open precipitation were measured 

seven times in the winter of 2018 to analyse the influence of canopy cover on snowpack 

accumulation (von Freyberg et al., 2020b). 

4. Methods 

4.1. Sampling Design 

Fieldwork was conducted between 27.06.2024 and 06.10.2024. Isotope samples were collected 

on five days, with breaks of about three weeks between the sampling days, on 17.07.2024, 

04.08.2024, 28.08.2024, 15.09.2024, and 03.10.2024. Manual soil moisture measurements and 

rainwater sampling were done weekly. Study sites with a range in elevation and soil moisture 

conditions were selected along a transect in the Studibach catchment, considering data 

availability, vegetation, and suitability for sample collection. From June to October, soil moisture 

was measured manually at all sites and sap flow was analysed at three sites for certain trees for 

other research projects. Furthermore, data from groundwater wells, weather stations, and 

humidity and air temperature loggers were available for several study plots. Contamination of the 

samples with sunscreen or bug repellent was prevented, and all samples were transported in a 

cooling bag. Additional photos of the study sites and measurement instruments can be found in 

Appendix C. 

At each study site, three healthy and sufficiently large Norway spruce trees with low branches 

were selected for sampling. The approximated tree age varies between 51 and 137 years, and the 

circumference at a breast height of 1.5 m ranges from 0.66 to 2.80 m (Table 5). Stem cores were 

collected after the last sampling day for an age estimation. All cores were dried before analysis at 

the laboratory of the WSL in Birmensdorf, Zurich. The cores were prepared using a cutting 

machine and then ground before high-resolution images were taken with Skippy (WSL, 2025). The 

CooRecorder software (Maxwell & Larsson, 2021) was then used to count tree rings and measure 

tree ring widths (Appendix A.1). 
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Table 5: Tree sizes (circumference at breast height) and approximated tree ages at each study site. 

Study 

site 

Tree 1 Tree 2 Tree 3 Mean 

Size (m) Age (yr) Size (m) Age (yr) Size (m) Age (yr) Size (m) Age (yr) 

L1 1.00 NA 0.66 NA 1.28 73 1.0 73 

L2 0.92 117 0.76 NA 1.93 134 1.2 125.5 

L3 0.75 137 1.16 NA 0.79 124 0.9 130.5 

L4 0.90 NA 1.75 99 1.69 101 1.5 100 

L5 2.80 51 2.76 109 1.77 71 2.4 77 

 

4.2. Hydrometric Measurements 

4.2.1. Precipitation and Temperature 

The Erlenhöhe weather station is located about 500 m northwest of the lowest study site at an 

altitude of 1210 m a.s.l. (Figure 6). It provides data on air temperature, precipitation, wind speed 

and direction, humidity, radiation, and air pressure at 10-minute intervals. The precipitation is 

measured using a heated tipping bucket and a totaliser (WSL, n.d.). Additionally, two temporary 

weather stations were installed next to L1 and within L3 by Charmaine Bassfeld, providing data on 

precipitation, air temperature, relative humidity, solar radiation, lightning activity, and wind at 10-

minute intervals. 

4.2.2. Soil Moisture 

Manual soil moisture measurements were done weekly between August and October at five 

marked locations within each study site. In June and July, soil moisture was measured manually 

at all sites by Charmaine Bassfeld and Belle Holthuis. Soil moisture was measured in the topsoil 

using a Moisture Meter type HH2 with a ThetaProbe ML3 sensor, which uses the dielectric 

constant as an indicator of soil moisture (Delta-T Devices Ltd., 2017). Additionally, soil moisture, 

humidity, and air temperature loggers were installed by Charmaine Bassfeld. Soil moisture data 

was recorded continuously throughout the entire study period at depths of 5, 15, and 30 cm at L1, 

L2, and L3 and also at a depth of 45 cm at L3. 

4.2.3. Groundwater 

Since 2009, 51 groundwater wells have been installed in the Studibach catchment (van Meerveld 

et al., 2018), ideally providing continuous data on groundwater levels every 10 minutes. Near L1, 

L2, and L5, groundwater data is available between November 2023 and October 2024. At L3 and 

L4, two loggers located further from the study sites were used to approximate the groundwater 

level and variability over the summer of 2024. At L1, a pressure data logger (KELLER Pressure) 

measured the groundwater level, while all other groundwater levels were measured by Odyssey 

capacitance water level loggers (Dataflow Systems Ltd).  
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4.3. Sampling 

4.3.1. Lysimeters  

Mobile soil water was extracted using suction lysimeters, which consisted of a plastic tube with a 

diameter of 3 cm and a porous ceramic cup at the bottom. The upper end of the tube was closed 

with a rubber stopper, which was connected to a plastic hose that could be closed with a clamp. 

When a negative pressure is applied to the suction lysimeter, soil water flows into the porous cup. 

Four vertical lysimeters were installed in the centre of all five study plots at depths of 10, 20, 30, 

and 50 cm. Firstly, a hole with a specified depth was dug using a soil auger that had the same 

diameter as the lysimeter (Figure 10). A lysimeter was then inserted into the hole, and the correct 

depth was confirmed and labelled. Gaps around the lysimeter were filled with clay from deeper 

soil horizons to minimise direct contact between the porous cup and air (Figure 11). This was 

essential to create a vacuum in the tube and prevent direct percolation of water along the tube, 

causing the mixing of different water sources (Ceperley et al., 2024). All lysimeters were tested 

and emptied once before the first sample collection. About a week before each sampling day, the 

lysimeters were emptied completely using a plastic hose connected to a 60 mL syringe. A hand 

pump was then used to apply a negative pressure of about 70 kPa (Figure 12) before the hose was 

tightly closed with a clamp. For sampling, water in the lysimeters was collected using the plastic 

hose and the syringe. If there was enough water in the lysimeters, the syringe and the hose were 

once flushed before sample collection. 20 mL glass vials were completely filled with water, 

leaving no space for air, and stored in a refrigerator at about 4°C. 

 

Figure 10: Auger used for 

lysimeter installation and 

soil sampling. 

 

Figure 11: Lysimeter 

closed with a clamp and 

sealed with clay. 

 

Figure 12: Application of a 

negative pressure using a 

hand pump.
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On the sampling day on 15.09.2024, the tubes at L5 were covered in snow (Figure 13). Between 

the first and the second sampling day, a heavy precipitation event caused overbank flow of the 

stream near L5 (Figure 14). The lysimeters were flooded and reinstalled about 4 m into the forest 

and at a larger distance from the original stream channel.  

 

Figure 13: Lysimeters at L5 covered in snow 

on 15.09.2024. 

 

Figure 14: Traces of overbank flow at L5 

observed on 04.08.2024.

4.3.2. Soil 

Bulk soil samples were collected at all sites at depths of 5, 10, 15, 20, 30, 40, and 50 cm. In 

consideration of the high spatial heterogeneity, three soil profiles across each site were taken 

using an auger (Figure 10). For each depth, an equal amount of soil from the three profiles was 

collected in a plastic cup and mixed thoroughly before it was filled into 12 mL glass exetainers 

(Labco Ltd, UK). Some pores filled with air were allowed in the exetainers to prevent the glass from 

breaking when frozen. The soil samples were stored in a freezer at -22°C. 

4.3.3. Trees 

For xylem water isotope measurements, twig samples of the three selected trees at each study 

site were collected, with each sample consisting of multiple twigs of the tree. Twigs were cut at 

least ten nodes away from the tip of the stem to avoid back-diffusion of water affected by isotope 

fractionation (Dawson & Ehleringer, 1993). The bark and phloem tissue were removed with a knife 

in the field as they could potentially contain isotopically enriched water (Bello et al., 2019; 

Ceperley et al., 2024). For comparison, stem wood cores were taken using an increment borer at 

a height of about 1.5 m. Only sapwood was sampled, and bark and phloem tissue were removed 

in the field. Stem cores were collected on the last sampling day to reduce tree damage and not 

disturb other measurements. To collect enough water, as many twigs or cores as possible were 

sealed in the 12 mL glass exetainers (Labco Ltd, UK) and later stored in a freezer at -22°C. 
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4.3.4. Precipitation 

Precipitation samples were collected weekly from 04.08.2024 until 03.10.2024 at an altitude of 

1338 m a.s.l. (47°02'20.8"N 8°43'16.2"E). The rainwater collector was installed at a height of 95 

cm in an open area with more than 10 m distance to trees (Figure 15). The collector consisted of 

a smaller bottle with a funnel that was inserted into a larger bottle, which had a larger funnel 

attached to it. This larger funnel was then covered with a small ball (Figure 16). The sample was 

taken from the smaller inner bottle, from which rainwater was able to overflow into the larger 

bottle. This installation method minimised the water surface area of the sampled water, and the 

ball in the larger funnel additionally reduced evaporation, which is important to limit isotope 

fractionation. Rainwater samples were collected in 20 mL glass vials and stored in the refrigerator 

at about 4°C. 

 

Figure 15: Installation of the rainwater 

collector in an open area. 

 

Figure 16: Components of the rainwater 

collector. The sample was taken from the 

smaller inner bottle with the green lid. 

4.4. Laboratory Analysis 

4.4.1. Water Extraction 

Twig xylem water, stem core xylem water, and bulk soil water were extracted using cryogenic 

vacuum extraction at the laboratory of the Department of Environmental System Science at ETH 

Zurich with the help of Dr. Marius Floriancic and Fabian Strittmatter. In each batch, 20 samples in 

exetainers were attached to U-tubes above 80°C warm water. The U-tubes were cooled with liquid 

nitrogen to collect the evaporated water in the form of ice, while a negative pressure between 0.11 

and 0.22 mbar was applied to the extraction line. Vegetation and soil samples were extracted for 

2 and 3 hours, respectively. Thawed water in the U-tubes was mixed before filtration (13 mm 

Syringe Filter, PTFE (Hydrophobic), 0.45 µm). Water was stored in 1.5 mL glass vials in the 

refrigerator until isotope analysis was performed. 
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4.4.2. Isotope analysis 

Isotope analysis of all samples was conducted at the laboratory of the University of Freiburg by 

Dr. Barbara Herbstritt between 07.01.2025 and 03.02.2025. 2H and 18O were analysed 

simultaneously using two cavity ring-down spectroscopy devices, which are cross-validated to 

guarantee identical results (Herbstritt et al., 2024). For the isotope measurements of bulk soil 

water, mobile soil water, and precipitation water, the Picarro L2130-i was used. Xylem water 

isotopes were measured using the Picarro L2140-i device in 18O-mode with a Micro-Combustion 

Module™, which oxidises organic compounds in the vegetation samples to prevent spectral 

contamination from organic compounds (Picarro, Inc., 2015). Results included 18O and 2H 

expressed as ‰ relative to the VSMOW with an accuracy of +/- 0.16‰ in 18O and +/- 0.6‰ in 2H 

according to manufacturer specifications. 

4.5. Data Analysis 

4.5.1. Statistical Analysis 

Statistical analyses were performed using R version 4.4.3 (2025-02-28 ucrt). A p-value lower than 

0.05 was considered statistically significant for all tests. Pearson correlation tests were 

performed for correlation analyses as they test the linear relationship between two variables and 

assume normally distributed data. Two-sided tests with a 95% confidence interval were applied. 

Kruskal-Wallis tests were conducted to test for significant differences between groups such as 

study sites, elevation zones, or water sources.  

4.5.2. MixSIAR 

The Bayesian stable isotope mixing model MixSIAR (see Chapter 2.4.3) was used to calculate the 

contribution of water sources to the water uptake of the trees (Stock et al., 2018). The model was 

performed for each sampling day separately, and the model run length was set to long 

(chainLength=300000, burn=200000, thin=100, chains=3, calcDIC=TRUE). Discrimination factors 

of 0 were specified based on the assumption of no fractionation during plant water uptake. 

For the mixture input data, the mean isotopic composition of the twig xylem water from each 

elevation zone was used. Consequently, the mean isotope values of each elevation zone included 

data from 3 (medium elevation zone) or 6 (low and high elevation zone) trees. Additionally, the 

model was run using the isotopic composition of the 12 stem core xylem water samples collected 

on 03.10.2024 as a comparison. The elevation zones were included as a random effect in the input 

data. 

The isotopic composition of the bulk soil water samples was used as the source input data, and 

the elevation zones were included as a source factor. The two potential tree water sources were 

shallow (5-20 cm) and deep (25-50 cm) soil water. The data type was set to “means”, and the mean 

and standard deviation were computed per elevation zone and water source. The model was run 

with bulk soil samples on 04.08.2024, 15.09.2024, and 03.10.2024. Two sampling days were 

excluded because data was only available at L1 (17.07.2024) or in the shallow soil (28.08.2024). 
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In separate model runs, the isotopic composition of the mobile soil water that was sampled using 

lysimeters was used as source input data. The medium elevation contains only data from L3 and 

had to be excluded because no or only one shallow or deep sample was available on all sampling 

days. Using mobile soil water samples, the model was run for all sampling days. 

5. Results 

5.1. Overview of the Study Period  

5.1.1. Precipitation, Temperature and Humidity 

The precipitation measured at the Erlenhöhe weather station by the heated tipping bucket was 

generally higher than that recorded by the totaliser, particularly during heavy precipitation and 

snowfall events. The data from the weather stations at the study sites is less reliable due to higher 

measurement uncertainty and data gaps caused by the low battery durability and blocked 

sensors. Consequently, the precipitation measured by the heated tipping bucket and the 

temperature data from the Erlenhöhe weather station were used for further analysis. Continuous 

data is available, except for the data gap between 31.07.2024 and 05.08.2024 (Figure 17).  

Between May and October, temperatures varied between -0.3°C and 28.9°C. The highest monthly 

mean temperature of 16.9°C was recorded in August, with temperatures decreasing to 9.2°C in 

May and to 9.9°C in September. The highest total monthly precipitation of 321 mm was measured 

in May. Monthly precipitation steadily decreased to 110 mm in August before increasing again to 

196 mm in September. The highest daily precipitation amounts were recorded on 31.05.2024 

(81.2 mm), 30.05.2024 (65.4 mm), and 31.07.2024 (51.1 mm). During the heavy rainfall event on 

31.07.2024, the suction lysimeters at L5 were flooded and partly damaged, and the Erlenhöhe 

weather station was damaged, causing a data gap. The storm did not damage other study plots, 

but water overflowed from the rainwater collector. 

On 15.09.2024, there were patches of snow at all study sites during sample collection. The 

suction lysimeters at L5 were covered by snow, but the lysimeter water was not more depleted in 

heavy isotopes than on the following sampling day (see Figure 22). The precipitation at low 

temperatures that led to snowfall in mid-September is visible in the weather data. After this 

snowfall, temperatures increased slightly before dropping again at the end of September. Some 

snowfall before 03.10.2024 is possible, but no snow was observed in the field on the final 

sampling day.  
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Figure 17: Precipitation and temperature at the Erlenhöhe station from May to October 2024. 

The humidity remained relatively high throughout the entire study period, ranging from 31% to 

100% at the Erlenhöhe weather station. Mean monthly humidity increased from 85% in May to 

90% in September, with a slight recession in August (85%). The relative humidity measured by the 

weather stations at L1 and L3 is similar to the data measured by the Erlenhöhe station, and there 

are no clear differences between the two study sites. 

In comparison to previous years, precipitation was relatively high. The monthly precipitation 

amounts recorded by MeteoSwiss in Einsiedeln in 2024 were higher than the mean monthly 

precipitation over the previous 10 years, except for August and February. Monthly mean 

temperatures in 2024 were higher from February to April, similar from May to July, and slightly 

lower in September compared to the 10-year average (MeteoSchweiz, 2025b). 

5.1.2. Soil Moisture 

The daily mean soil moisture contents per study site and day measured manually and by the soil 

moisture loggers show a clear temporal and spatial variability (Figure 18). At the same time, the 

volumetric water content (VWC) is relatively high at all sites, especially at greater soil depths. 

Throughout the entire study period, manual measurements indicate that L4 and L5 in the high 

elevation zone have the highest mean VWC of 0.42 and 0.45 m3/m3, respectively. L3, located at a 

medium elevation, is the driest site with a mean VWC of 0.26 m3/m3, while L1 and L2 in the low 

elevation zone have a moderate mean VWC of 0.32 m3/m3. The 5 cm deep soil moisture loggers 

measured a similar mean VWC of 0.36 m3/m3 at L2 and 0.21 m3/m3 at L3.  
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The temporal variability is visible in both the manual data and the logger data. The manual 

measurements show a decrease in August at all study sites, most pronounced at L4 and L5. The 

mean VWC in August across all sites is about 0.25 m3/m3, ranging from 0.21 m3/m3 at L3 to 0.28 

m3/m3 at L5. Similarly, the mean monthly VWC measured by the logger at a depth of 5 cm 

decreased in August to 0.18 m3/m3 at L3. It can be concluded that VWC in the topsoil shows a 

similar spatial and temporal pattern when measured manually and by the loggers, with slightly 

lower values recorded by the loggers. 

Furthermore, the soil moisture loggers indicate an increase in soil moisture and a decrease in 

variability with soil depth. At L2, the effect of precipitation events and higher temperatures is still 

visible at a depth of 15 cm. However, the VWC at a depth of 30 cm remains constant and relatively 

high throughout the entire study period, varying between 0.50 and 0.55 m3/m3. At L3, the VWC 

reacts to precipitation events and higher temperatures down to a depth of 30 cm. At the same 

time, the soil at depths of 15 and 30 cm remains relatively moist, with a mean monthly VWC in 

August of 0.31 and 0.27 m3/m3, respectively. The soil moisture logger at L1 did not record reliable 

data.  

 

Figure 18: Soil moisture data of manual measurements (left) and soil moisture loggers (middle 

and right) at the study sites L1-L5 from May to October 2024. 

5.1.3. Groundwater 

The groundwater level varies spatially, with mean water levels below the surface ranging from 12.2 

cm at L3.1 to 98.6 cm at L2 (Figure 19). However, there is no spatial correlation between the 

groundwater level and the soil moisture content. For example, L3 has the lowest soil moisture 

content but the highest groundwater levels, while the high elevation zone is characterised by low 

groundwater levels but high soil moisture contents. This can be explained by the differences in 

measurement locations for soil moisture and groundwater levels. Additionally, the groundwater 

level was measured at a specific location, typically outside of the study plots, while the soil 

   

   

   

   

   

   

   

               

     

 
 

 
  
 

  
 

  

          

                   

   

   

   

   

   

   

   

                  

     

           

                 

   

   

   

   

   

   

   

                  

     

           

                 



32 
 

moisture data represents an average of five points across each study plot. Therefore, the high 

spatial heterogeneity in local topography leads to differences in the data. Groundwater levels can 

correlate with slope, curvature, and TWI (Rinderer et al., 2014) and are usually shallower in 

depressions (van Meerveld et al., 2018). Furthermore, the lower groundwater levels at L4 and L5 

could be linked to the difference in soil type, as there was a reduced-oxidised horizon instead of 

a fully oxidised horizon, as at other study sites. Consequently, the soil moisture data is a more 

accurate representation of the water availability at the study sites. 

No clear temporal trend in groundwater levels was detected, although shallow soil moisture 

decreased in August. This supports the observation that higher temperatures in summer have 

little to no impact on deeper soil moisture contents. Slightly lower groundwater levels were 

recorded at L1 and L2 in August. At L3.1 and L3.2, the groundwater levels decreased slightly from 

June to August. In the high elevation zone, there is little temporal variability in groundwater levels, 

indicating that there was not much water in the pipes. In contrast, groundwater levels at L1 and 

L2 react strongly to precipitation events, indicating that the wells are installed near a stream or at 

a wet location. At L1, the increased fluctuation could be partly explained by the difference in 

sensor technology, as a KELLER pressure data logger was used. 

 
Figure 19: Spatial and temporal variability in groundwater levels measured near the study sites 

from May to October 2024. Data at L3.1, L3.2, L4.1 and L4.2 are shown, although they are at a 

greater distance from the study plots because there was no groundwater well close to L3 and L4.  

5.2. Overview of Isotope Data  

5.2.1. Dual Isotope Plots 

The dual isotope plots show the isotopic composition of all water sources per sampling day 

relative to the LMWL (2H = 7.70*18O + 9.61) and its 95% confidence band. The isotope data is 

presented in the  notation using the unit ‰ relative to the VSMOW. The opacity indicates the 
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sampling depth of the soil and lysimeter water (Figure 20). A dual isotope plot showing the 

differences between the study sites can be found in Appendix A.2. The LMWL was determined by 

applying linear regression to all ten precipitation samples, and the lc-excess was calculated using 

Equation 4. 

The isotopic composition of the xylem water in the twigs (from here on referred to as twig water 

isotopes for brevity) plots above the LMWL, outside of the 95% confidence band of the LMWL, with 

a positive mean lc-excess of 10.3. The offset is not particularly high for any specific sampling day, 

study site, or tree. 2H and 18O range from -76.1 to -51.0‰, and from -13.4 to -8.73‰, 

respectively. Contrarily, the isotopic composition of the xylem water in all stem cores (from here 

on referred to as stem core water isotopes for brevity) plots below the LMWL, outside of the 95% 

confidence band of the LMWL. The mean lc-excess is -10.4, and 2H and 18O vary between -81.0 

and -57.0‰, and -9.42 and -6.36‰, respectively. One stem core xylem water sample collected 

on 15.09.2024 is an outlier, as it is less depleted in heavy isotopes than all stem core xylem water 

samples taken on 03.10.2024. 

The isotopic composition of bulk soil water (from here on referred to as soil water isotopes for 

brevity) has the broadest range from -114.0 to -20.3‰ 2H and from -15.3 to -3.81‰ 18O. Most 

soil water isotopes plot slightly below the LMWL but remain within or close to the 95% confidence 

band, with a negative mean lc-excess of -3.54. No consistent depth trend is visible. In September 

and October, shallow soil water is more depleted in heavy isotopes than deep soil water. The 

isotopic composition of mobile soil water sampled using suction lysimeters (from here on referred 

to as lysimeter water isotopes for brevity) plots along the LMWL. The mean lc-excess is -0.70, and 

lysimeter water isotopes vary between -82.2 and -39.0‰ 2H and -11.6 and -6.32‰ 18O. Shallow 

lysimeter water is more enriched in heavy isotopes, except for the last sampling day. In 

comparison to soil and lysimeter water isotopes, the isotopic composition of groundwater 

sampled in the Studibach catchment by Kiewiet et al. (2019) had a similar but narrower range, 

with 2H and 18O between -91.1 and -47.1‰ and -12.9 and -7.6‰, respectively. The data of 

Kiewiet et al. (2019) contains 34 to 47 wells that were sampled during nine campaigns between 

May and November 2016 and 2017. The isotopic composition of deep soil water and groundwater 

is often less variable, as deeper water is more mixed with older water sources (von Freyberg et al., 

2020a).  
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Figure 20: Dual isotope plots of all data and per sampling day with the LMWL (δ2H = 7.70*δ18O + 

9.61) and its 95% confidence band. The opacity indicates the sampling depth. 

The isotopic composition of precipitation fluctuates strongly between -97.4 and -27.2‰ 2H and 

between -13.5 and -4.17‰ 18O. More negative values in October indicate snowfall and lower 

temperatures, while less negative values in August indicate higher temperatures. Two samples 

plot above the LMWL with an lc-excess of up to 10.6. This could be attributed to the natural 

variability of weather conditions and, consequently, varying source regions of the water vapour 

(Gat et al., 2001). Other LMWLs calculated for headwater catchments of the Alptal valley vary due 

to differences in sampling periods, locations, methods, and sample sizes, but all LMWLs plot 

close to the GMWL (see Appendix A.3). Evaporation from the precipitation collector is assumed 

to be minimal, as evaporation would lead to a negative d-excess.  

The isotopic composition of precipitation is within the range of isotope data previously recorded 

in and near the Alptal. The closest GNIP station that is located at a comparable altitude of 1055 

m a.s.l. and with sufficient data is the Guttannen station at a distance of 54 km (IAEA, 2025a). 

Monthly composite samples collected from June to October over a 10-year period (2014-2024) 

found 2H ranging from -103.6 to -23.1‰ and 18O ranging from -14.4 to -4.32‰ (IAEA/WMO, 

2025), which is similar to the isotopic composition of precipitation measured in this study. In the 

Alptal valley, Fischer et al. (2017a) analysed the isotopic composition of 13 precipitation events 

during the snow-free period of 2010 and 2011, which all plotted along the GMWL. 2H varied 

between -153.7 and -17.3‰, and 18O varied between -20.4 and -2.36‰. Additionally, von 

Freyberg et al. (2022) collected daily isotope data of precipitation and stream water between 2015 

and 2019. 2H ranged from -194.55 to 4.65‰ and 18O ranged from -25.39 to -0.01‰, with 

precipitation water being more enriched in heavy isotopes in summer than in winter. It can be 
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concluded that the isotopic composition of precipitation in this study is within the range of data 

recorded previously in the Alptal. The smaller range can be explained by the smaller sample size 

and the shorter sampling period, combined with precipitation being less depleted in heavy 

isotopes during warmer summer months. 

5.2.2. Spatial Variability 

The isotopic composition of soil water and lysimeter water varies significantly between study sites 

as well as between elevation zones (Table 6) as indicated by a Kruskal-Wallis test. In contrast, no 

significant differences in twig water isotopes were observed between sites or elevation zones, 

which can be attributed to the small sample size of twigs per site and day (n=3). When examining 

soil water isotopes for each sampling day individually, significant differences between sites or 

elevation zones were detected on more than half of the sampling days. No tests were conducted 

for 17.07.2024, as bulk soil samples were only taken at L1, and for 28.08.2024, as there was only 

one deep bulk soil water sample. When testing lysimeter water isotopes for each sampling day, 

only three out of 30 tests were significant, which can be explained by the smaller sample size per 

site and day.  

When testing for shallow and deep soil water isotopes and shallow and deep lysimeter water 

isotopes separately, significant differences were observed between study sites as well as 

between elevation zones. However, there are two exceptions: shallow soil water isotopes when 

testing for differences between sites and shallow lysimeter water isotopes when testing for 

differences between elevation zones. At the same time, the number of days on which differences 

between sites or elevation zones are significant varies only slightly between shallow and deep 

samples. The significance between sites and between elevation zones is similar, although the 

sample size per elevation zone is greater than that per site. Consequently, there must be 

significant differences between study sites that are classified within the same elevation zone, 

such as L1 and L2 or L4 and L5.  

Table 6: Significance (p-value) of the differences between study sites and elevation zones of δ2H 

in soil, lysimeter, and twig water isotopes. *Number of sampling days with significant differences 

when tested individually / total number of sampling days tested individually. 

 Differences between study sites Differences between elevation zones 

 All samples Shallow Deep All samples Shallow Deep 

Soil 0.0031 

(4/4*) 

0.0648 

(3/4*) 

0.0437 

(1/3*) 

0.0017 

(3/4*) 

0.0328 

(2/4*) 

0.0259 

(1/3*) 

Lysimeter 0.0005 

(1/5*) 

0.0203 

(0/5*) 

0.0112 

(0/5*) 

0.0012 

(2/5*) 

0.0889 

(0/5*) 

0.0099 

(0/5*) 

Twig 0.8699 

(0/5*) 

  0.6430 

(0/5*) 
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A comparison of the sites per sampling day (Figure 21) shows how the mean 2H in soil water 

varies between the sites, while 2H in lysimeter water shows a less clear pattern, and 2H in twig 

xylem water does not vary significantly between the sites. 18O shows a similar pattern (see 

Appendix A.4), with the main difference being that the stem core xylem water is more enriched in 

18O but more depleted in 2H than twig xylem water. 

 

Figure 21: Difference in soil water, lysimeter water, and tree xylem water δ2H between the study 

sites per sampling day. The horizontal black lines represent the mean values of each water source 

per day and study site. 

Altitude and 2H or 18O in soil water, lysimeter water, and twig xylem water correlate significantly 

on several sampling days (Table 7), as shown using a Pearson correlation test. The strongest 

elevation gradient of +13.7‰ 2H and +1.69‰ 18O per 100m elevation is observed in soil water 

isotopes on 28.08.2024. The elevation gradient of soil and lysimeter water isotopes on other 

sampling days is weaker but consistently positive, if significant, indicating that water is enriched 

in heavy isotopes at higher altitudes. Twig water isotopes correlate significantly with altitude on 

17.07.2024 and 15.09.2024, with an elevation gradient of +1.50 and -1.12‰ 2H per 100 m, 

respectively.  

Table 7: Change in δ2H / δ18O (‰) per 100 m elevation in soil water, lysimeter water, and twig 

xylem water, with n.sig. indicating non-significant correlations. 

 17.07.2024 04.08.2024  28.08.2024 15.09.2024 03.10.2024 

Soil  no data +3.59 / +0.53  +13.7 / +1.69 +6.67 / +0.76 n.sig. / n.sig.  

Lysimeter n.sig. / n.sig n.sig. / n.sig n.sig. / +0.98 +7.33 / +0.88 +8.19 / +0.95 
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Twig +1.50 / n.sig.  n.sig. / n.sig.  n.sig. / n.sig.  -1.12 / -0.51 n.sig. / n.sig.  

 

There is no consistent correlation between soil water isotopes and study site characteristics such 

as slope, aspect, TWI, and tree cover when testing individual days. At the same time, soil water 

isotopes correlate strongly with aspect and tree cover on two days and with slope on one of four 

sampling days. Consequently, soil water isotopes correlate negatively with aspect and positively 

with tree cover when testing over the entire dataset. Nevertheless, more data would be necessary 

to draw conclusions about these correlations due to the lack of correlation on individual sampling 

days, combined with the limited number of study sites and the low sample size. Pearson 

correlation tests were performed, and tests with 2H and 18O had similar results (Appendix B.1).  

Table 8: Correlation (p-value) between δ2H in soil water and study site characteristics for each 

sampling day and over the entire dataset. The sample sizes are 15 on 28.08.2024 and 35 on 

04.08.2024, 15.09.2024, and 03.10.2024. *The correlation between the two variables if the 

correlation is significant.  

 04.08.2024  28.08.2024 15.09.2024 03.10.2024 All data 

Mean slope (°) 0.205 0.758 0.921 0.014 

( -0.413*) 

0.74 

Mean aspect (°) 0.059 0.015 

(-0.613*) 

0.018 

(-0.397*) 

0.828 0.01 

(-0.23*) 

Mean TWI 0.003 

(-0.488*) 

0.252 0.064 0.000 

(0.561*) 

0.31 

Tree cover (%) 0.334 0.001 

(+0.763*) 

0.134 0.453 0.02 

(+0.22*)  

 

5.2.3. Temporal Variability 

The temporal variation in 2H shows an enrichment of heavy isotopes until August, followed by a 

depletion of heavy isotopes until October (Figure 22). 18O shows a similar pattern (Appendix A.5). 

The temporal variability in soil and twig water isotopes is more pronounced than in lysimeter water 

isotopes. On 28.08.2024, soil water is more enriched, with means of -59.4‰ 2H and -8.40‰ 

18O, while on 03.10.2024, soil water is more depleted with means of -84.9‰ 2H and -11.8‰ 

18O. The mean 2H in twig water varies between -57.0‰ on 15.09.2024 and -68.1‰ on 

03.10.2024. A clear temporal trend in twig water isotopes is visible due to the limited spatial 

variability. Mean lysimeter water isotopes vary less over time, with the mean 2H ranging from  

-54.3‰ on 15.09.2024 to -65.5‰ on 17.07.2024. 2H in precipitation water fluctuates strongly 

between -27.2 and -97.4‰, possibly due to early snowfall in mid-September and changes in 

weather conditions affecting the origin of the water vapour (Gat et al., 2001). However, the isotopic 

composition of precipitation is generally less depleted in August than in September and October.  
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In early summer, soil water tends to become more depleted in heavy isotopes with depth, but this 

trend reverses in September and October. Deeper lysimeter water is typically more depleted, with 

no clear trend in October. A gap between shallower and deeper lysimeter water isotopes is visible 

except for 03.10.2024. 

 

Figure 22: Temporal variability in δ2H of different water sources and soil depths. 

5.2.4. Variability with Soil Depth 

The isotopic composition of lysimeter water and soil water fluctuates less at greater soil depths 

(Figure 23) as these are more mixed than shallower soil depths. 2H and 18O show similar trends 

(Appendix A.6). At L1, L2, and L4, shallow lysimeter water is less depleted in 2H than shallow soil 

water. At L3 and L4, the temporal variability in shallow soil water isotopes is the highest, with soil 

water being the most depleted isotope in September and October.  
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The depth profile of soil water isotopes is not generally more pronounced than that of lysimeter 

water isotopes. However, it must be considered that the lysimeter sample size is relatively small, 

especially when looking at shallow and deep lysimeter samples separately. Additionally, lysimeter 

samples were collected at only one location per site, unlike bulk soil water samples, which 

represent an average of three profiles at each study site. Consequently, the larger sample size of 

bulk soil water compared to lysimeter water leads to a lower uncertainty when calculating the 

source contribution based on soil rather than lysimeter water isotopes. 

 
Figure 23: Depth profiles of δ2H in soil water and lysimeter water per study site and sampling day. 

5.3. Vegetation Water Isotopes 

On 03.10.2024, twig water isotopes have a positive lc-excess of 13.7, while stem core water 

isotopes have a negative lc-excess of -13.9 (Figure 24). 2H in twig and stem core xylem water have 

similar mean values of -68.1 and -74.0‰ and similar ranges of 14.5 and 16.5‰, respectively. 

Furthermore, 2H in both twig and stem core xylem water is most depleted at L1. Contrarily, twig 

xylem water is significantly more depleted in 18O, ranging from -13.4 to -10.4‰, while 18O in stem 

cores has a smaller range between -9.42 and -8.56‰. No relationship is visible between 18O in 

twig xylem water and stem core xylem water. 
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Figure 24: Dual isotope plot of water isotopes in twig xylem and stem core xylem on 03.10.2024 

relative to the LMWL and the GMWL.  

There is no correlation between twig water isotopes and the characteristics of trees or study sites 

in the entire dataset, nor is there a consistent correlation when testing individual sampling days 

(Table 9). More specifically, there is no correlation between 2H in twig xylem water and tree age, 

tree circumference, mean aspect, or tree cover over the entire dataset or on individual sampling 

dates. Two exceptions are the mean slope and mean TWI, which correlate with 2H in twig xylem 

water on one of the five sampling days (Appendix A.8). The same correlations exist when testing 

against 18O in twig xylem water, except for the mean aspect being additionally significant 

(p=0.012) on 15.09.2024 (Appendix B.2). 

Table 9: Correlation (p-value) between δ2H in twig xylem water and tree and study site 

characteristics for each sampling day and over the entire dataset. The sample size is 15 on all 

sampling days. *The correlation between the two variables if the correlation is significant.  

 17.07.2024 04.08.2024  28.08.2024 15.09.2024 03.10.2024 All 

data 

Age 0.371 0.616 0.546 0.971 0.243 0.99 

Circumference 0.067 0.341 0.877 0.816 0.770 0.28 

Mean slope (°) 0.041 

(-0.533*) 

0.570 0.958 0.726 0.558 0.50 

Mean aspect (°) 0.089 0.594 0.569 0.332 0.957 0.90 

Mean TWI  0.935 0.959 0.798 0.046 

(+0.523*) 

0.960 0.47 

Tree cover (%) 0.751 0.797 0.539 0.744 0.299 0.70 
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5.4. Comparison of Vegetation and Soil Water Isotopes 

As demonstrated in the dual isotope plots, twig water isotopes have a positive lc-excess, stem 

core water isotopes have a negative lc-excess, and soil water isotopes have a relatively low but 

negative lc-excess. Therefore, lysimeter water is generally less depleted in 2H than twig water, 

while soil water typically has a similar 2H to or is even more depleted in 2H than twig xylem water 

(Figure 25).  

Although soil water isotopes plot along the LMWL, their range is the largest. Lysimeter water 

isotopes have a moderate range, and twig and stem core water isotopes have a relatively small 

range. Therefore, a comparison of these water sources per sampling day indicates where a 

shallower or a deeper WUD is expected (Figure 25). 2H in twig xylem water is generally more 

similar to 2H in deep than in shallow lysimeter water, except for 03.10.2024. At L2, the mean twig 

xylem water 2H is constantly higher than the mean 2H of other water sources. This is unexpected 

and indicates an additional unsampled water source or measurement errors. 18O shows a similar 

pattern to 2H, except for the stem cores xylem water being more enriched in 18O than other water 

sources (Appendix A.7). 

 

Figure 25: δ2H in stem core xylem water, twig xylem water, shallow and deep soil water, and 

shallow and deep lysimeter water per sampling day and study site L1-L5. 

Significant differences between all water sources over the entire dataset (p=2.97*10-16) as well as 

on each sampling day were shown by a Kruskal-Wallis test (Appendix B.3). Furthermore, 

significant differences between 2H in shallow and deep soil water were detected on one of three 

sampling days at each elevation zone (Table 10). Between 2H in shallow and deep lysimeter 
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water, significant differences were only detected on 04.08.2024 in the low elevation zone (Table 

11). On 28.08.2024, no test was performed using lysimeter water isotopes at medium elevation 

due to insufficient sample size. These differences between shallow and deep soil or lysimeter 

water isotopes per elevation zone are relevant, as these groups are used as input data in the 

mixing model. The absence of significant differences between the groups causes model 

uncertainty. 

Table 10: Significance (p-values) of differences between δ2H in shallow and deep soil water when 

testing for each sampling day and elevation level separately. 

Shallow vs. deep soil Low elevation Medium elevation High elevation 

04.08.2024   0.366    0.034 0.070 

15.09.2024  0.699    0.289  0.002 

03.10.2024  0.020 0.289  0.053 

 

Table 11: Significance (p-values) of differences between δ2H in shallow and deep lysimeter water 

when testing for each sampling day and elevation level separately. 

Shallow vs. deep lysimeter Low elevation Medium elevation High elevation 

17.07.2024  0.064 0.317  0.077 

04.08.2024   0.043 0.221  0.165     

28.08.2024  0.157    NA 0.127    

15.09.2024  0.157    0.221  1 

03.10.2024  0.157 0.317  0.564     

 

5.5. MixSIAR Results 

The contribution of shallow and deep bulk soil water to tree water uptake varies spatially and 

temporally, and the water uptake is typically a mixture of both water sources. One exception is at 

the medium elevation zone on 04.08.2024 and 15.06.2024, when the contribution of deep soil 

water is significantly higher than that of shallow soil water. However, the uncertainty in the model 

results is relatively high, as indicated by the error bar (Figure 26). On 03.10.2024, the model results 

based on twig water isotopes as mixture input data indicate a shallow water source, while the 

results based on stem core water isotopes as mixture input data indicate a deep water source. 

Consequently, the uncertainty caused by the offset of twig and stem core water isotopes from the 

LMWL must be considered when making conclusions.  

The WUD varies over time, but no clear trend can be observed across the elevation zones. 

Consequently, the effects of temporal changes in soil moisture availability are not visible in the 

model results. Furthermore, the WUD varies between the three elevation zones, but these 

differences do not follow a consistent trend throughout the sampling period. Therefore, no 
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impacts of local soil moisture conditions on the WUD were detected. Although soil moisture is 

the highest in the high elevation zone and the lowest in the medium elevation zone, no consistent 

trend in WUD between the elevation zones is visible.  

 

Figure 26: Contribution of shallow and deep bulk soil water to the water uptake of the trees. The 

box indicates the mean contribution, and the error bar indicates the standard deviation. Soil 

(twigs) shows the MixSIAR model output if twig water isotopes are used as mixture input data, soil 

(cores) shows the model output if the stem core water isotopes are used as mixture input data. 

When using lysimeter water isotopes as source input data (Figure 27), the model results generally 

indicate a higher contribution of deep than shallow water to tree water uptake. The only 

exceptions are in the high elevation zone on 17.07.2024 and 03.10.2024, where the contribution 

of deep water is higher than that of shallow water. These results differ from those based on soil 

water isotopes, which generally indicate a shallower WUD. Nevertheless, uncertainties due to the 

low lysimeter sample size and the lack of significant differences between isotopes of shallow and 

deep water must be considered. 
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Figure 27: Contribution of shallow and deep bulk soil water and lysimeter water to the water 

uptake of the trees. The box indicates the computed mean contribution, and the error bar shows 

one standard deviation. 

6. Discussion 

6.1. Spatial and Temporal Variability of Isotope Data 

6.1.1. Temporal Variability 

In August, soil water and twig xylem water are less depleted in heavy isotopes than in colder 

months. Lysimeter water isotopes show a less pronounced trend. An enrichment of heavy 

isotopes at higher temperatures is expected due to evaporation affecting water at the soil surface, 

water vapour in the atmosphere, and water drops of precipitation (Dansgaard, 1964). This effect 

is not clearly visible in the isotopic composition of precipitation, which is more enriched in July 

and August than in September and October but fluctuates strongly with short-term weather 

conditions. The origin and amount of precipitation during individual events vary, which affects the 

isotopic composition of precipitation (Fischer et al., 2017b). The low correlation between the 

isotopic composition of precipitation and temperature is attributed to the limited temporal 

resolution, as only 10 precipitation samples were collected. 

These observations agree with isotope data collected previously in the Alptal, where the isotopic 

composition of precipitation was more enriched in summer than in winter (Fischer et al., 2017a) 

and shallow groundwater was more isotopically enriched in late summer than in early summer 

(Kiewiet et al., 2019). Other studies in Switzerland and the Alpine region have identified similar 
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temporal patterns. For example, Floriancic et al. (2024) found that precipitation, bulk soil water, 

and mobile soil water were more depleted in heavy isotopes in winter than in summer in a mixed 

spruce and beech forest in Zurich. Bertrand et al. (2014) observed that tree and soil water samples 

in the Swiss Pfyn forest were more enriched in heavy isotopes during the warmer months. 

Moreover, Penna et al. (2013) measured isotopically less depleted soil water in summer and 

autumn due to changes in the isotopic composition of precipitation in the pre-Alps. Furthermore, 

precipitation in the eastern Italian Alps was more depleted in spring and autumn than in summer 

because of lower temperatures and snowfall (Brighenti et al., 2024). This seasonality in the 

isotopic composition of precipitation was observed at various measurement stations throughout 

Switzerland, with an average annual amplitude of about 10.6‰ 18O at the alpine Grimsel station. 

In monthly composite data from the Grimsel, 18O increased by 0.71‰ per 1°C temperature 

increase (Schürch et al., 2003). With this gradient, the 7°C difference in mean monthly 

temperature between August and September would cause a difference in 18O of 4.97‰. Since 

the isotopic composition in precipitation fluctuates strongly, the change in 18O per 1°C 

temperature increase cannot be precisely determined. However, looking at the temporal 

variability in 18O (Appendix A.5), where 18O fluctuates between -13.5 and -4.17‰, the mean 18O 

values of August and September may correspond to a difference of about 4.97‰. 

The temporal variability in soil water 2H corresponds to previous groundwater isotope data 

collected in the Studibach. Mean monthly soil water 2H varies between -61.9‰ in August and  

-84.9‰ in October, while Kiewiet et al. (2019) measured 2H in shallow groundwater to vary 

between -47.1 and -91.1‰ from May to September. Furthermore, Kiewiet et al. (2019) found 

temporal and spatial variability to be similar, which corresponds to the results of this study. As 

observed by Penna et al. (2013) in the Italian pre-Alps, the temporal variability in soil water 

isotopes is mainly caused by changes in the isotopic composition of precipitation inputs. Shallow 

soil water isotopes show little to no evaporation effect at the soil surface. This can be attributed 

to the relatively high soil moisture, even in August. Under wet conditions, an evaporation effect 

may not be visible even in shallow soil water (Rossatto et al., 2011).  

Nevertheless, the temporal variability of water isotopes is higher in shallow than in deep soil 

water. Shallow soil water isotopes react more to precipitation events, while deep soil water 

isotopes are a mixture of various water sources and fluctuate less over time. For example, in a 

sampling campaign across Europe, 18O in soil water was higher in summer than in spring. At the 

same time, no significant differences in deeper soil water isotopes were observed between 

summer and spring (Lehmann et al., 2024). Shallow lysimeter water is slightly isotopically 

enriched in summer, while the temporal variability in shallow soil water isotopes mainly results 

from a depletion in heavy isotopes in September and October. This can be attributed to changes 

in the isotopic composition of precipitation resulting from lower temperatures and snowfall in 

autumn. Other studies observed the same patterns. For example, Bertrand et al. (2014) found 

shallow soil water in the Swiss Pfyn forest to be more depleted in heavy isotopes in winter than in 

summer, whereas deeper soil water isotopes were more constant. This pattern was attributed to 
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shallow soil water being more susceptible to recent precipitation and evaporation (Bertrand et al., 

2014). In shallow, clay loam soils in New Mexico, Grossiord et al. (2017) found that shallow soil 

water was less depleted in heavy isotopes than in deep soil water on most sampling days. At the 

same time, shallow soil water being more depleted in spring was explained by the infiltration of 

precipitation that was depleted in heavy isotopes. These findings further support the observation 

that soil water isotopes primarily vary with the isotopic composition of precipitation but only 

slightly due to evaporation from the soil surface. 

The temporal variability is the highest for soil water isotopes, slightly lower for twig water isotopes, 

and the lowest for lysimeter water isotopes. It is expected that the isotopic composition of soil 

water varies more than that of twig xylem water. Trees typically use a mixture of shallow and deep 

soil water, and shallow soil water isotopes fluctuate more than deep soil water isotopes. For 

example, Welp et al. (2008) found a moderate temporal variability in the isotopic composition of 

precipitation and soil water but only little variability in xylem water isotopes over the summer. In 

the Swiss Pfyn forest, the isotopic composition of tree xylem water also varied less than that of 

soil water and precipitation (Bertrand et al., 2014). In a mixed spruce and beech forest in Zurich, 

Floriancic et al. (2024) found a higher temporal variability in the isotopic composition of 

precipitation than that of soil water, while vegetation samples were not enriched in heavy isotopes 

over summer. It can be concluded that the isotopic composition of soil water usually varies more 

than the isotopic composition of vegetation water, which is consistent with the findings of this 

thesis. 

The temporal variability is less pronounced for lysimeter water isotopes than for soil and twig 

water isotopes. Unlike shallow soil water, shallow lysimeter water is not depleted in heavy 

isotopes after snowfall in September and October, which is unexpected. Contrarily, Floriancic et 

al. (2024) observed a similar temporal variability in mobile and bulk soil water isotopes, with the 

isotopic composition of precipitation varying more and the isotopic composition of vegetation 

water varying less. Furthermore, Sprenger et al. (2018) found no significant differences between 

mobile and bulk soil water isotopes at a depth of 10 cm between May and September. However, 

mobile soil water isotopes reacted even more than bulk soil water isotopes to recent precipitation 

events at some study sites (Sprenger et al., 2018), which contradicts the findings of this thesis. 

One explanation for the stronger impact of snowfall on bulk soil water isotopes than mobile soil 

water isotopes is the difference in the sampling period. Bulk soil water could contain more water 

from snowfall events, while mobile soil water consists of precipitation from previous warmer days 

and water collected over several days. The differences between lysimeter and soil water isotopes 

caused by the water extraction method are discussed in more detail in Chapter 6.4.  

6.1.2. Spatial Variability 

There are significant differences in soil as well as in lysimeter water isotopes between study sites 

and elevation zones, although not on all sampling days when tested separately. This can be 

attributed to the small sample size per site per day. When testing for differences between shallow 

and deep water isotopes separately, the shallow soil water isotopes did not vary significantly 
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between sites, and the shallow lysimeter water isotopes did not vary significantly between 

elevation zones. The higher significance of differences between deep water isotopes can be 

explained by the isotopic composition varying more near the surface, which causes less 

consistent differences between the sites.  

The correlation between soil water isotopes and site characteristics is limited; no consistent 

correlation between soil water isotopes and slope, aspect, TWI, and tree cover could be detected. 

However, soil water isotopes correlate with aspect and tree cover when testing over the entire 

dataset. This can be explained by the high spatial heterogeneity within the catchment and the 

numerous variables that affect the isotopic composition of the soil. For example, aspect and tree 

cover vary with elevation, which correlates with soil water isotopes (see Appendix A.8).  

Furthermore, the tree cover potentially correlates with canopy cover, which can affect soil water 

isotopes. Von Freyberg et al. (2020b) found a significantly lower snow depth in the forest 

compared to grassland sites in the Alptal. At the same time, snow is typically more enriched in 

heavy isotopes with a higher canopy density due to the sublimation of intercepted snow in 

throughfall (Koeniger et al., 2008; von Freyberg et al., 2020b). Similarly, shallow soil water isotopes 

at L3 and L4 show the greatest temporal variation, with shallow soil water being most depleted in 

heavy isotopes in September and October. Consequently, it can be hypothesised that these sites 

are most affected by snowfall because they are located in the open forest, while all other sites are 

within a denser forest stand. Although the diameter measured at breast height could predict the 

leaf surface area of adult Norway spruce trees (Pokorný & Tomášková, 2007), the relatively small 

size of the study plots and the wide range of tree ages, sizes, and health conditions may lead to a 

low correlation between canopy cover and tree diameter. Furthermore, other variables such as 

the tree positions within the forest stand (Pokorný & Tomášková, 2007) can affect this correlation. 

It can be concluded that the correlation between soil water isotopes and tree cover may not be 

consistent but could indicate an effect of canopy cover.  

There is no visible effect of soil moisture on soil water isotopes and lysimeter water isotopes. 

While there are differences in soil moisture as well as in soil water isotopes between the elevation 

zones, the isotope values at the driest study sites are not continuously lower or higher than those 

at the wettest sites. However, Kiewiet et al. (2019) found that drier sites in the Studibach 

catchment might be more affected by snowmelt and recent precipitation, and Sprenger et al. 

(2018) measured larger differences between bulk and mobile soil water isotopes under drier 

conditions. The generally high soil moisture across all study sites during the sampling period 

could explain why no effect of soil moisture was observed. Yang et al. (2016) found that soil 

moisture varied with soil storage capacity and transpiration, while 2H changed with precipitation 

inputs, and both variables were affected by topography, soil properties, and surface cover. 

Therefore, the relatively wet conditions combined with high spatial heterogeneity and various 

factors affecting the isotopic composition of soil water could lead to no significant correlation 

between soil moisture and soil water isotopes. 
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The isotopic composition of soil and lysimeter water varies significantly between elevation zones, 

with a significant elevation gradient in soil and lysimeter water isotopes on certain sampling days. 

The altitude difference between the lowest and the highest study site was 187 m. Unexpectedly, 

significant elevation gradients for both soil and lysimeter water isotopes were positive, with 

increases of up to 13.7‰ 2H and 1.69‰ 18O per 100 m, respectively. This is unexpected as 

precipitation is typically more isotopically enriched at lower elevations (Gat et al., 2001). In the 

alpine region, 18O of precipitation samples decreased by about 0.2‰ per 100 m elevation on 

average (Schürch et al., 2003). Although changes in the isotopic composition of precipitation is 

expected to be the main cause of temporal variability in soil water isotopes, an elevation effect is 

not visible. This relationship between elevation and isotope data can be explained by the spatial 

variability of other variables, such as transpiration, throughfall, or evaporation (Sprenger et al., 

2016) and the mixing of water sources in the soil (von Freyberg et al., 2020a).  

On a smaller scale, the isotopic composition of precipitation does not necessarily show an 

elevation effect due to the combination of topography, atmospheric moisture transport, and 

rainout processes. Fischer et al. (2017b) detected no correlation between the isotopic 

composition of precipitation and elevation, rainfall intensity, or rainfall amount in a headwater 

catchment in the Alptal due to the complex interaction between atmospheric circulation and 

topography. Other studies in mountainous catchments have confirmed that an elevation effect 

may not be visible in the isotopic composition of precipitation due to atmospheric moisture 

transport (Koeniger et al., 2008) and effects of atmospheric conditions, topography and rainout 

processes (Schürch et al., 2003). Furthermore, a positive elevation gradient of 0.12‰ 18O per 

100 m elevation in mountainous catchments can be explained by atmospheric moisture 

processes such as sub-cloud evaporation (Kong & Pang, 2016). 

The elevation effect is well visible in large-scale datasets, such as precipitation sampled 

throughout Switzerland (Schürch et al., 2003), across Europe (Lehmann et al., 2024), or globally 

(Bowen & Wilkinson, 2002). Contrarily, in small headwater catchments like the Studibach or the 

Zwäckentobel (Fischer et al., 2017b), other factors might affect spatial variability more than 

elevation. It can be concluded that the elevation effect on the isotopic composition of 

precipitation is often well visible in large-scale datasets but not on a smaller scale. Additionally, 

various variables can lead to differences between the isotopic composition of precipitation and 

soil water. This finding is supported by the observation that the correlation of soil water isotopes 

with elevation zones and study sites is similar, although the sample size per elevation zone is 

higher than that per site.  

6.2. Tree Water Uptake Depth 

6.2.1. Model Results 

The model results indicate a combination of shallow and deep soil water uptake but with a high 

uncertainty. A mixed or shallow WUD was suggested by previous research. Floriancic et al. (2024) 

found that spruce trees in Zurich used a mixture of shallow and deep soil water, while they mainly 
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relied on water stored between depths of 10 and 40 cm. Other studies found shallower WUDs. For 

example, Norway spruce trees in a podzol soil with a 50 cm deep water table in northern Sweden 

had mean WUDs between the mor layer and a soil depth of 5 cm (Bishop & Dambrine, 1995). 

Norway spruce trees in a mixed stand in southern Germany had a mean WUD of 10.8 cm on a wet 

day in July (Goisser et al., 2016). In contrast, Grossiord et al. (2014) calculated a mean WUD of 40 

to 50 cm for Norway spruce trees in a young, mixed, temperate plantation in Germany. In the 

Italian pre-Alps, beech trees used soil water rather than recent precipitation or groundwater 

(Penna et al., 2013). However, spruce trees typically have a shallower WUD than other tree 

species such as Scots pine (Bishop & Dambrine, 1995) or beech (Floriancic et al., 2024; Goisser 

et al., 2016). 

In the relatively wet Studibach catchment, it was expected that trees primarily use shallower soil 

water consisting of summer precipitation. Diao et al. (2025) found that between May and 

September, spruce trees used summer precipitation at three forest sites in Switzerland. In 

contrast, beech and spruce trees in Zurich mainly used winter precipitation even during summer, 

which was explained by a lack of precipitation reaching the lower soil depths during summer 

(Floriancic et al., 2024). Across Switzerland, Allen et al. (2019) found that trees mainly used winter 

precipitation, while spruce trees in high-precipitation regions depended on summer precipitation 

in summer. Consequently, these contradictory findings can be explained by differences in 

moisture conditions, with summer precipitation playing a larger role at wetter sites. 

The comparison of the water sources per sampling day and site is consistent with the model 

results. Study sites and days where the twig water isotopes are similar to either deep or shallow 

soil water isotopes are visible in the model output. For example, at medium elevation (L3) on 

04.08.2024, twig water isotopes resemble deep soil water isotopes, resulting in a high 

contribution of deep soil water computed by the model. Furthermore, 2H in twig xylem water is 

typically more similar to 2H in deep than shallow lysimeter water, which is consistent with the 

model output.  

6.2.2. Model Uncertainties 

The modelled probability distribution is relatively flat for some model runs, resulting in wide error 

bars. Consequently, the high model uncertainty must be considered, and the actual WUD may 

differ from the mean contribution, which typically indicates a combination of shallow and deep 

soil water (Moore & Semmens, 2008). Several factors contribute to the high uncertainty in the 

model output. Little uncertainty is caused by the isotope measurements as they have an accuracy 

of +/- 0.16‰ in 18O and +/- 0.6‰ in 2H according to manufacturer specifications. Generally, the 

results of mixing models have a low reliability if the differences between the water sources are 

smaller than the uncertainties caused by the water extraction, isotope measurements, or 

modelling (Stock et al., 2018; von Freyberg et al., 2020a). 

Firstly, the similarity between shallow and deep water causes uncertainty. Significant differences 

between shallow and deep soil water 2H were detected in only one-third of the combinations 
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when tested by elevation zone and sampling day. Between shallow and deep lysimeter water 2H, 

few significant differences were identified when tested by elevation zone and sampling day. 

Therefore, the results based on lysimeter water isotopes are not reliable. Deeper, well-mixed soil 

water sources can be especially difficult to distinguish (Bishop & Dambrine, 1995). Dry conditions 

typically lead to a more distinct soil profile due to evaporation at the surface (von Freyberg et al., 

2020a), while heavy precipitation events can lead to a less distinct soil profile (Brinkmann et al., 

2019). Consequently, the wet conditions leading to a less distinct soil isotope profile may be a key 

factor causing model uncertainties. To reduce the standard error per water source, the sample 

size could be increased, and replicates could be taken (Bernhard et al., 2024). Soil samples were 

taken as a mixture of three profiles to represent an average across the study sites. If the isotopic 

composition throughout the three profiles was analysed separately, soil sources might be easier 

to distinguish, and outliers might become visible. Other options to better distinguish the water 

sources would be to include additional isotopes in the analysis (Scandellari et al., 2024) or to use 

labelling, such as adding highly deuterium-enriched water (Grossiord et al., 2014). 

Secondly, the unexpected positive lc-excess of twigs causes high model uncertainty (for potential 

explanations see Chapter 6.3). There were no replicates per tree, but each sample consisted of 

several twigs. However, increasing the number of sampled twigs could further reduce the 

uncertainty caused by differences between branches (von Freyberg et al., 2020a). Furthermore, 

within-tree variability contributes to uncertainty. The model results vary significantly when twig or 

core samples are used as input data, indicating a high level of uncertainty caused by the choice 

of tree sampling method. Additionally, potential time lags between root water uptake and twig 

water, which depend on the sap-flow velocity (Bernhard et al., 2024), were not considered despite 

their impact on the isotopic composition of xylem water. Time lags due to the transportation of 

water from the roots to the twigs are neglected by mixing models if the soil samples used as 

source input data are collected at the same time as the twig samples that are used as mixture 

data (von Freyberg et al., 2020a). Therefore, the model results are based on the assumption of a 

relatively low temporal variability in soil water isotopes in comparison to the time lag of tree water 

uptake and transportation into twigs (Takahashi, 1998).  

Thirdly, averaging the soil samples of three profiles as well as across a range of depths, can lead 

to uncertainty. It is common practice to aggregate soil depths with similar isotopic compositions 

into a water source, for example Bello et al. (2019), and the sample size and standard deviation 

are considered by the MixSIAR model (Stock et al., 2018). However, outliers could affect the mean 

values, causing erroneous results if the sample size is small. However, no strong outliers are 

visible in the depth profiles. This can be explained by the mixing of three soil profiles, which again 

could hide outliers. Consequently, the aggregation of different soil depths affects the mean 

isotope values and increases the standard error in addition to the uncertainty caused by mixing 

three soil profiles of unknown isotopic composition. Furthermore, the three sampled trees at each 

study site were combined into one mixture data point. In contrast to source input data, the sample 

size and standard deviation of the mixture data are not accounted for by MixSIAR. The variability 
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in the isotopic composition of different trees within a stand is often unknown (Bernhard et al., 

2024) and should be considered (von Freyberg et al., 2020a). Although there are no strong outliers 

in twig water isotopes, small outliers affected the isotopic composition and caused uncertainty 

in the model output.  

Lastly, a cryogenic water extraction bias could affect the model results. For clayey loam soil with 

a water content of 20%, a mean bias of about -10‰ 2H and about -0.5‰ 18O was detected 

(Orlowski et al., 2018). However, the cryogenic extraction results of soil water may differ between 

laboratories (Orlowski et al., 2018), and the bias depends on the extraction procedure and soil 

type (Allen & Kirchner, 2022). Therefore, it is essential to discuss which water is extracted 

depending on the extraction temperature, pressure, duration, and soil type, as well as whether 

plants use more or less mobile water (Orlowski et al., 2013). In a review, cryogenic water 

extraction of vegetation samples led to an average bias of -6.1 ± 3.4‰ 2H, while a bias in 18O 

was negligible or not measurable (Allen & Kirchner, 2022). Similarly, Chen et al. (2020) measured 

very small or no significant 18O offsets in stem water compared to soil water, but a mean offset 

of -8.1‰ 2H ranging from -10.9‰ to -5.2‰ 2H. This offset was explained by an exchange 

between stem organic hydrogen and xylem water (Chen et al., 2020). Contrarily, Diao et al. (2022) 

found that hydrogen exchange within stem water pools had little impact and explained the 

enrichment by a fractionation effect of sublimation and evaporation and mixing with water vapour 

in the laboratory. Consequently, extracting more than 0.6 mL was recommended (Diao et al., 

2022). For all twig and soil samples, more than 1 mL of water was extracted, while at least 0.7 mL 

of water was extracted from stem core samples. Nevertheless, multiple studies might have come 

to different conclusions regarding the WUD if the xylem water isotope data had been corrected 

for a cryogenic extraction bias, especially if the differences between the water sources were not 

large (Allen & Kirchner, 2022), as in this study. Cryogenic vacuum extraction is currently the most 

commonly used method for water extraction, but alternative methods are being developed and 

analysed, for example by Kocum et al. (2024). 

6.2.3. Model Assumptions 

The model results are based on several assumptions that must be considered during evaluation. 

Firstly, mixing models assume that all possible plant water sources were included as input 

variables (Stock et al., 2018). Soil depths ranging from 5 to 50 cm were sampled, considering that 

the sampling depth should reach the groundwater table or the maximum rooting depth (Ceperley 

et al., 2024). The groundwater table is generally shallow in the Studibach catchment (Kiewiet et 

al., 2019). However, the groundwater level was deeper than 50 cm in the highest elevation zone 

and at L2, with the lowest mean depth of 98.6 cm at L2. Consequently, deeper roots and uptake 

of deeper soil water cannot be excluded at these study sites. At the same time, Norway spruce 

trees typically have shallow roots (Schmid & Kazda, 2002). In a mixed forest in southern Germany, 

Norway spruce trees had root tips at a mean depth of 18.9 cm, with a higher fine root surface area 

in the shallow soil (Goisser et al., 2016). In the central Alps, Norway spruce trees had most of their 

fine roots in the upper 50 cm of the soil, with only little water uptake from lower depths (Walthert 
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et al., 2024). Additionally, various factors, such as soil type and local topography, affect the 

rooting depth (Fan et al., 2017), and deeper roots of Norway spruce trees may have diverse 

functions (Puhe, 2003). Consequently, water uptake from deeper or shallower soil cannot be 

excluded since the root distribution was not analysed in this study.  

Secondly, it is assumed that the trees use bulk soil water rather than mobile soil water. Especially 

in the growing season, trees tend to prefer transpiring less mobile soil water, as it is a more reliable 

water source (Kirchner et al., 2023). However, sampling methods are always less flexible and 

distributed differently than roots, which causes uncertainty linked to defining soil water sources 

(von Freyberg et al., 2020a). The model results differ when using lysimeter or soil water isotopes 

as source input data, indicating that mobile water uptake would lead to erroneous model results.  

A third assumption is that there is no fractionation during tree water uptake. This assumption is 

based on diverse studies that have detected no isotopic fractionation during plant water uptake 

(Amin et al., 2021; Chen et al., 2020; Dawson & Ehleringer, 1991; Muñoz-Villers et al., 2025; 

Washburn & Smith, 1934). However, offsets in the isotopic composition have been observed for 

specific climatic conditions, plant species, plant growth stages, and soil types (Dawson & 

Ehleringer, 1993; Poca et al., 2019; Vargas et al., 2017; Zhao et al., 2024). Consequently, the 

possibility of fractionation during root water uptake cannot be excluded, although it is not 

expected to be significant based on current knowledge. 

6.2.4. Research Question 1: Temporal Variability 

No consistent trends in WUD over time were detected. Therefore, the primary source of tree water 

uptake did not change during periods of lower soil moisture, and H1 has to be rejected. This is 

unexpected, as previous studies in the alpine region had detected an adaptation of tree WUD to 

lower soil moisture conditions. For example, in the Italian pre-Alps, riparian beech trees possibly 

used deeper soil water during a drier period (Penna et al., 2013). In the eastern Italian Alps, on 

shallow sandy loam soils, the WUD was mainly a combination of shallow and deep soil water. At 

the end of the growing season, the contribution of deep soil water and groundwater increased, 

while the uptake of shallow soil water decreased. However, shallow soil water remained relevant 

after precipitation events (Brighenti et al., 2024). Similarly, in the dry Pfyn Forest, the WUD varied 

seasonally, especially at drier sites. Soil water was the main water source for trees, but 

groundwater uptake increased when soil moisture contents were low (Bertrand et al., 2014). In a 

global review, most trees in temperate seasonal forests had a lower WUD during the dry season 

than the wet season (Bachofen et al., 2024).  

These findings support the hypothesis that the soil moisture was never sufficiently low to detect 

a change in WUD. Soil moisture remained relatively high even in the driest month, especially at 

greater depths. At the driest site (L3), the mean monthly VWC at 5 cm depth decreased to 0.18 

m3/m3, but the VWC was still 0.31 m3/m3 at 15 cm depth even in August. At L2, the temperature 

increase and reduced precipitation in August were not visible at a depth of 30 cm. With the 

expected and modelled mean WUD being between shallow and deep soil water, the effect of 
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decreasing soil moisture content in the topsoil on the tree water uptake is minimal. However, 

another possibility is that the high model uncertainty and the short sampling period prevented the 

detection of changes in WUD.  

Another reason for detecting no changes in WUD could be that various other factors have an 

impact on the tree responses to moisture availability, as observed in several studies. For example, 

Norway spruce trees in the central Alps did not adjust their WUD during drought (Walthert et al., 

2024). In the Swiss Lägeren forest, Norway spruce trees did not shift their WUD to deeper soil due 

to seasonal changes in soil moisture, while other tree species adjusted their WUD. This was 

explained by the WUD being constrained by a shallow root distribution (Brinkmann et al., 2019). 

This highlights the importance of tree species and their adaptation of water uptake strategies in 

response to drought. Furthermore, beech trees in Birmensdorf had a reduced water uptake from 

shallow soil during drought, but there was no compensation from deeper soil (Gessler et al., 

2022). Additionally, in a seasonally dry tropical montane cloud forest in Mexico, no seasonal 

change in WUD was detected, which was explained by other factors affecting the root distribution, 

such as nutrient availability (Goldsmith et al., 2012). It can be concluded that various factors, 

such as the rooting depth or the water uptake strategy, could lead to no shifts in WUDs. Other 

factors affecting the adaptation of the WUD to moisture availability can be local competition, soil 

depth, or root distribution (Bachofen et al., 2024; Scandellari et al., 2024). 

6.2.5. Research Question 2: Spatial Variability 

The WUD varies between the elevation zones, but no consistent differences are observed. The 

high elevation zone has the highest soil moisture contents, while the medium elevation zone has 

the lowest soil moisture contents, but this is not visible in the modelled WUD. No effects of study 

site characteristics such as slope, TWI, and tree cover, as well as elevation and soil moisture on 

the WUD were detected, and H2 and H3 have to be rejected. 

In contrast, several previous studies found a dependence of water availability on the WUD. For 

example, Allen et al. (2019) found that spruce trees across Switzerland used different water 

sources depending on water availability. However, the effect of soil moisture on the WUD might 

be easier to detect on a larger scale. The range of soil moisture conditions might have been too 

narrow between the study sites throughout the study period, resulting in no visible differences in 

WUD. Furthermore, the water availability throughout the entire soil profile varies with topography, 

which affects the root distribution and, consequently, the WUD (Fabiani et al., 2022; Rossatto et 

al., 2011). In the eastern Italian Alps, bulk soil water isotopes varied significantly between the 

hillslope site and the wet meadow site, with a less distinct soil profile in the wet meadow. 

However, the WUD behaved similarly at the sites (Brighenti et al., 2024). Therefore, water 

availability may affect the WUD, while various other factors can also play a significant role.  

Correlations between tree characteristics and the WUD can be excluded because the twig water 

isotopes did not correlate with site or tree characteristics. However, other studies have detected 

correlations between the WUD and tree characteristics such as tree size and age. Muñoz-Villers 
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et al. (2025) found that larger trees adapted better to drought at the end of the dry season by using 

more groundwater. Bishop & Dambrine (1995) reported that Norway spruce trees with larger 

circumferences at breast height had a deeper WUD. Furthermore, the WUD of trees in a relatively 

wet, mixed forest in China depended on leaf and fine root biomass as well as diameter at breast 

height (Zhang et al., 2020). In the eastern Italian Alps, larger trees had a deeper WUD, which was 

attributed to a greater rooting depth (Brighenti et al., 2024). Similarly, young and adult Norway 

spruce trees may have different WUDs (Floriancic et al., 2024). It can be concluded that no 

significant effect of tree characteristics on the WUD was detected due to the small sample size 

and numerous other variables affecting the WUD. 

Correlations between study site characteristics and the WUD can be excluded due to the lack of 

correlation between soil water isotopes and site characteristics. Although the soil type varies 

between the elevation zones, the high elevation zone did not have a consistently lower or higher 

WUD. Previous studies have detected significant effects of soil characteristics on the tree WUD. 

In a relatively wet forest in China, the WUD correlated with field capacity, soil bulk density, and 

sand content (Zhang et al., 2020). Additionally, soil characteristics can affect the WUD because 

they affect root growth (Weemstra et al., 2017) and because the water availability to plants 

depends on the capillary rise of the soil (Bertrand et al., 2014). Similarly, Bachofen et al. (2024) 

found that the WUD can vary with soil hydraulic conductivity. However, these correlations were 

not detected, which can be explained by the spatial resolution, the limited sample size, or the high 

spatial heterogeneity in the Studibach catchment. 

It can be concluded that no difference in WUD between the elevation zones was observed due to 

the high model uncertainties and assumptions discussed in Chapter 6.2.2 and Chapter 6.2.3., 

combined with the relatively small range of soil moisture contents and the limited sample size. 

Additionally, the large number of variables affecting the WUD may result in no visible effects from 

individual variables in such a heterogeneous terrain with only three elevation zones. 

6.3. Vegetation Water Isotopes 

6.3.1. Positive lc-excess of Twig Water Isotopes 

Twig water isotopes plot above the LMWL with a positive mean lc-excess of 10.3. Consequently, 

some twig water isotopes are outside of the range of the soil water isotopes. For example, twig 

water at L2 is more depleted in heavy isotopes than all potential water sources, causing a high 

uncertainty in the modelled WUDs. The offset is slightly more pronounced on the first and last 

sampling days and at L1 and L3 but with no significant correlation, and there is no relation to the 

sampling time of the day. Twig water isotopes were expected to plot along the LMWL within the 

95% confidence band, as reported in several previous studies. In a mixed forest in Zurich, branch 

samples from spruce trees plotted along the LMWL with deviations of up to +/- 2.5‰ 18O 

(Floriancic et al., 2024), which is a smaller offset than measured in this study. In the mixed Swiss 

Lägeren forest, precipitation, soil, and xylem water isotopes plotted along the GMWL (Brinkmann 
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et al., 2019). Tree xylem water of Norway spruce trees that was significantly depleted in heavy 

isotopes compared to the LMWL has not been observed in previous studies. 

Xylem water can be enriched in heavy isotopes due to various reasons. For example, in the dry 

Pfyn forest, the tree water isotopes had a more negative lc-excess than soil water isotopes 

(Bertrand et al., 2014), and in the Italian pre-Alps, mean beech sap water isotopes had a slightly 

negative lc-excess (Penna et al., 2013). Across Europe, mean stem xylem water isotopes were 

typically within the range of soil water isotopes, with most offsets enriched in heavy isotopes. 

These offsets were either explained by additional water sources, such as water stored in the 

organic surface layers, deeper soil water, or groundwater, or attributed to cryogenic water 

extraction biases (Lehmann et al., 2024). Tree xylem water can be enriched in heavy isotopes if 

trees use shallow soil water that is affected by evaporative fractionation (Sprenger et al., 2016). 

For example, in a mixed forest with clay loam soil in New Mexico, Grossiord et al. (2017) found that 

xylem water isotopes consistently had a negative lc-excess but plotted above the evaporation 

line, on which soil isotopes plotted. Another explanation for xylem water being enriched could be 

a deeper water uptake in autumn, which causes the isotopic composition of xylem water to be 

more similar to that of summer precipitation, which was enriched due to higher temperatures 

(Bertrand et al., 2014). Furthermore, water storage in the tree could lead to xylem water being 

more enriched in heavy isotopes than soil water, as observed in the Eastern Italian Alps (Brighenti 

et al., 2024). 

It is unexpected that xylem water isotopes have a positive lc-excess. The most logical explanation 

is that an additional water source affects the isotopic composition of the twig xylem water. This 

could be deeper soil water, groundwater, water in the uppermost soil layer, or water vapour in the 

air. Deeper soil water as an additional water source would not explain the offset because soil 

water isotopes plot along the LMWL, and the isotopic composition of deep soil water remains 

relatively constant. Shallow groundwater and deep soil water are expected to have a similar 

isotopic composition (Bishop & Dambrine, 1995). The deep soil water isotopes are similar to 

shallow groundwater isotopes measured by Kiewiet et al. (2019), which suggests that a deeper 

water source would not explain the offset of the twig samples. 

Additional water sources could include either dew or fog drip that is taken up by shallow roots 

near the soil surface or fog entering the twigs via foliar water uptake. The humidity remained 

relatively high throughout the entire study period, and fog was regularly observed in the mornings, 

especially on colder days in September and October. Bishop & Dambrine (1995) found that 

Norway spruce trees took up water from the shallowest soil and even the organic surface layer. 

Consequently, water could be taken up from the unsampled uppermost 5 cm of the soil and the 

organic surface layer. 

Dew and fog drip can be more depleted in heavy isotopes than precipitation and have a positive 

lc-excess (Liu et al., 2006; Welp et al., 2008). At the same time, the isotopic composition of fog 

and dew varies with climate, water source, and the isotopic composition of atmospheric water 

vapour (Tian et al., 2023; Wen et al., 2012). Tian et al. (2023) found that dew plotted mainly above 
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the LMWL, with the lc-excess depending on the water source. The strongest offsets were 

measured for advective dew in Gobabeb and ocean-derived dew in Nice, while dew consisting of 

dew water or groundwater plotted partly above and partly along the LMWL. Additionally, the 

isotopic composition of dew varies over time. For example, Welp et al. (2008) measured a 

depletion of heavy isotopes in dew during dew formation but an enrichment during dew 

evaporation. Consequently, dew and fog drip could also be enriched in heavy isotopes compared 

to precipitation, atmospheric water vapour, and xylem water isotopes (Dawson, 1998; Wen et al., 

2012). Nevertheless, lower 2H in the topsoil compared to deeper soil can be explained by 

condensation at night due to a large temperature gradient between day and night (Yang et al., 

2016). 

Several studies have identified dew or fog drip in the uppermost soil layer as a potential source of 

water for plants. Dawson (1998) studied fog inputs in heavily fog-inundated coastal redwood 

forests in northern California and found that all plants relied on fog as a water source. During dry 

summer months, the transpiration of redwood trees consisted of about 19% fog water on average. 

The importance of fog as a water source on an annual average is even higher due to the increased 

transpiration during summer. Furthermore, Muñoz-Villers et al. (2025) attributed a positive  

d-excess in plant water samples to dew water uptake from the uppermost soil layer. Dew was 

considered a relevant water source for the coffee plants during the dry season (Muñoz-Villers et 

al., 2025). In contrast, no effect of fog drip or dew water uptake was observed in other regions. For 

example, in a seasonally dry tropical montane cloud forest, plant xylem water isotopes plotted 

below the LWML along shallow soil water isotopes (Goldsmith et al., 2012). It can be concluded 

that dew or fog drip in the unsampled uppermost 5 cm of the soil and in the organic surface layer 

could have been an additional water source that was depleted in heavy isotopes. Future studies 

could analyse the isotopic composition and the temporal variability of fog in the Studibach 

catchment and compare the results to the lc-excess of twig water isotopes. 

Another possibility is that foliar water uptake of fog affects the isotopic composition of the twigs. 

Norway spruce trees can take up water through the bark and needles (Katz et al., 1989), and 

branch water uptake has been found to be relevant for supporting hydraulic recovery in Norway 

spruce trees at the alpine tree line (Losso et al., 2021). Furthermore, trees can take up fog and 

dew via foliar water uptake (Wen et al., 2012). Eller et al. (2013) found that trees in a Brazilian cloud 

forest relied on foliar water uptake of fog to compensate for low soil water availability. Boucher et 

al. (1995) reported that the foliar absorption of artificial dew by Pinus strobus seedlings increased 

the shoot water potential, stomatal conductance, and root growth, especially for seedlings under 

water stress. Furthermore, Limm (2009) found that foliar water uptake of fog enhanced the 

hydration of trees in the fog-inundated redwood forest. However, research conducted on the foliar 

water uptake of fog by Norway spruce trees is insufficient to estimate its amount and effect on 

twig water isotopes.  

Another cause for the offset in twig water isotopes is the choice of the measurement method for 

isotope analysis. 18O can be systematically enriched when measured with CRDS compared to 
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IRMS, while 2H do not show significant differences (Herbstritt et al., 2024). However, a Micro-

Combustion Module™ (Picarro, Inc., 2015) was used to prevent spectral contamination from 

organic compounds. Nevertheless, future studies could include additional isotope 

measurements using IRMS for comparison, as IRMS is typically not affected by organic 

contamination (Herbstritt et al., 2024). Lastly, a bias of cryogenic vacuum extraction that causes 

the positive lc-excess of twig samples is excluded. In a study review, an average bias of -6.1  

+/- 3.4‰ 2H in xylem water was identified, while the bias in 18O was either negligible or not 

measurable (Allen & Kirchner, 2022). In contrast, twig water in this study is more depleted in 18O 

with a positive lc-excess of 13.7. 

6.3.2. Difference Between Twig and Stem Core Water Isotopes 

While twig water isotopes unexpectedly have a positive lc-excess, stem core water isotopes have 

a negative lc-excess. The range in 2H is similar, but 18O in twig and stem core xylem water ranged 

from -13.4 to -8.7‰ and from -9.4 to -6.4‰, respectively. Consequently, the model results from 

03.10.2024 differed when using twig and core xylem water isotopes as mixture data. As discussed 

in Chapter 6.3.1, xylem water isotopes typically plot along or slightly below the LMWL, and a 

negative lc-excess can be explained by the uptake of enriched shallow soil water (Bertrand et al., 

2014; Grossiord et al., 2017; Sprenger et al., 2016) or by enriched water stored in trees (Brighenti 

et al., 2024). However, the negative lc-excess cannot be explained by the uptake of enriched soil 

water, as all soil and lysimeter water isotopes plotted along the LMWL. Therefore, water storage 

within the tree is a potential explanation for the observed negative lc-excess as well as the 

difference between twig and core samples. 

Differences between twig and stem water isotopes in spruce trees were analysed by Bernhard et 

al. (2024). As in this study, the stem xylem water plotted below the GMWL and the bulk soil water 

line. The stem xylem contained varying proportions of different water sources, with a within-tree 

standard deviation of 2.1‰ 2H and 0.4‰ 18O. Stem water isotopes sampled closer to the 

ground were more similar to soil water isotopes, and stem water isotopes at the highest and 

lowest stem positions differed significantly. Furthermore, the branch xylem water isotopes had a 

mean offset to stem xylem water isotopes of about -10‰ 2H and about -3‰ 18O (Bernhard et 

al., 2024).  

Two processes can explain this variability in the isotopic composition within a tree. Firstly, the 

transportation of water through the tree, combined with changes in soil water isotopes, can lead 

to different isotope signals. This time lag increases as transpiration rates decrease (Bernhard et 

al., 2024). Conifers in a mixed forest in Washington had time lags between 2.5 and 21 days, with 

tree heights of 13.5 to 58 m (Meinzer et al., 2006). In a forest in Pennsylvania, trees measuring 12 

to 20 m in height had time lags ranging from one day to one week (Gaines et al., 2016). However, 

all trees were actively transpiring in this thesis, and twigs were sampled from low branches, which 

further reduces uncertainty caused by a potential time lag (Bernhard et al., 2024). Consequently, 
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the time lag is expected to be less than the temporal variability in soil water isotopes and, 

therefore, negligible. 

Secondly, the exchange of water stored in the stem xylem and phloem can explain differences in 

the isotopic composition at different positions within a tree (Bernhard et al., 2024). In spruce 

trees, phloem water can be enriched in heavy isotopes compared to xylem water (Bernhard et al., 

2024). Furthermore, the observation of a cryogenic water extraction bias causing a 2H offset 

between stem water and soil water could be explained by the exchange of stem organic hydrogen 

and xylem water (Chen et al., 2020). However, the difference between stem core water isotopes 

and twig water isotopes was more pronounced in 18O than in 2H, so the sole effect of a cryogenic 

water extraction bias can be excluded. Nevertheless, the exchange of water stored in the trees 

could explain the difference between vegetation samples, especially since the exchange of water 

stored in heartwood and sapwood is not yet well understood (von Freyberg et al., 2020a).  

Lastly, back-diffusion of water enriched by transpiration could cause tree xylem water to be 

enriched in heavy isotopes. In a meta-analysis, an average 18O enrichment of 2.21‰ in xylem 

water was found in comparison to groundwater. This enrichment results from isotope 

fractionation during transpiration and foliar water uptake, which could affect the isotopic 

composition of xylem water due to the back-diffusion of leaf water (Schreel et al., 2023). The 

effect of isotopically enriched water decreases with distance from the stem tip and is minimal 

about ten nodes away from the tip (Dawson & Ehleringer, 1993). However, water taken up through 

leaves may be transported via the xylem into the soil (Cassana et al., 2016), and reverse sap flow 

during fog events may transport fog taken up via foliar water uptake through the xylem down to the 

roots (Eller et al., 2013). This effect would be visible not only in stem core water isotopes but also 

in twig water isotopes, which had a positive lc-excess. Consequently, back-diffusion could 

explain the isotopic composition of stem core water but not that of twig water and would not 

explain the difference between stem core and twig samples. 

6.4. Lysimeter and Soil Water Isotopes 

Water extracted from bulk soil samples contains more strongly bound water, while water 

collected in suction lysimeters consists of more mobile water. The exchange between mobile and 

bulk soil water isotopes varies. Vargas et al. (2017) concluded from an experiment that 74 to 96% 

of mobile water exchanged isotopes with bulk soil water, varying with soil type. Contrarily, even in 

relatively wet soils, mobile and bulk soil water pools can have little exchange (Sprenger et al., 

2019). In addition to the sampling method, the sampling periods for bulk soil and lysimeter water 

differ. The negative pressure was applied to the lysimeters about one week before the sampling 

day of the bulk soil samples, and the lysimeters collected water over several days. Furthermore, 

water in bulk soil samples was extracted using the cryogenic water extraction method and may 

potentially be affected by a bias (see Chapter 6.2.2), while lysimeter water was only filtered.  
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Bulk soil water is slightly enriched in heavy isotopes, while the isotopic composition of mobile soil 

water and precipitation is more similar, which is consistent with findings of previous studies 

(Floriancic et al., 2024; Sprenger et al., 2019). Bulk soil water is typically more affected by 

evaporation at the surface because mobile soil water infiltrates faster via preferential flow 

pathways (Goldsmith et al., 2012; Sprenger et al., 2018). Unexpectedly, shallow bulk soil water is 

more depleted in autumn, while mobile soil water isotopes are less affected by snowfall and lower 

temperatures. One explanation could be the earlier sampling period of lysimeter water, which 

started when temperatures were still higher. Additionally, lysimeters collected water during 

various weather conditions and, therefore, represent an averaged isotope signal.   

Both bulk and mobile soil water isotopes remain relatively constant and show no temporal trend 

at depths below 40 cm, although deep bulk soil water isotopes tend to be more constant than 

deep mobile soil water isotopes. Sprenger et al. (2019) found that mobile soil water isotopes 

became more negative with depth, while bulk soil water isotopes were less negative near the 

surface but constant below a depth of 60 cm. Similarly, Floriancic et al. (2024) found that bulk soil 

water isotopes varied throughout the year down to a depth of 40 cm, while mobile soil water 

isotopes also varied at greater depths. The low temporal variability of deep soil water isotopes can 

be attributed to high soil moisture, the relatively short sampling period, and the relatively shallow 

sampling depths. 

Model results based on lysimeter and soil water isotopes varied due to these differences. 

Lysimeter water isotopes typically indicate a lower WUD than soil water isotopes. However, the 

low reliability of model results based on lysimeter water isotopes must be considered, as there 

were little to no significant differences between shallow and deep lysimeter water isotopes per 

elevation zone and sampling day. This can be explained by the small sample size and the higher 

mobility of the water, which causes fluctuations throughout the soil profile. In addition to the low 

reliability of the model results when using lysimeter water isotopes, the model results based on 

soil water isotopes are more accurate because trees tend to rely on less mobile water sources, 

especially in the growing season (Kirchner et al., 2023).  

7. Conclusions 

This thesis investigated the spatial and temporal variability in the isotopic composition of bulk soil 

water, mobile soil water, twig xylem water, stem core xylem water, and precipitation in a 

headwater catchment in the Swiss pre-Alps.  

There was a clear temporal trend in the isotopic composition of all sources, which were enriched 

during periods of higher temperatures and depleted due to snowfall and lower temperatures in 

autumn. The isotopic composition of precipitation fluctuated strongly, which indicates changes 

in moisture origin, air circulation, and rainout effects. The temporal variability in the isotopic 

composition of soil water was mainly related to changes in precipitation and was only slightly 

affected by evaporation at the soil surface. The isotopic composition of bulk soil water and mobile 
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soil (lysimeter) water varied significantly between study sites, as well as between elevation zones, 

indicating that various factors contribute to its spatial variability.  

Unexpectedly, for the soil and lysimeter water samples, there was a positive correlation between 

18O or 2H and altitude. This suggests that in small headwater catchments, elevation effects in 

the isotopic composition of precipitation are negligible compared to the effects of differences in 

storm tracks and other site characteristics. Although the isotopic composition of soil water did 

correlate with a few site characteristics on certain sampling days, there were no consistent 

correlations between the isotopic composition of xylem water and tree age, tree circumference, 

slope, aspect, TWI, and tree cover, likely due to the limited number of study plots and the 

numerous variables affecting spatial variability.  

A mixing model was used to determine the relative fraction of shallow (5-20 cm) and deeper (25-

50 cm) soil water in the xylem water in the twigs. The derived contributions of shallow and deeper 

soil water to xylem water (used as an indicator of the water uptake depth; WUD) suggested that 

xylem water was primarily a mixture of shallow and deep bulk soil water. However, there was no 

temporal trend in the modelled WUD, which could be explained by the consistently high soil 

moisture content, high model uncertainty, and the limited sample size.  

Both the soil moisture content and the WUD varied between the elevation zones, but there was 

no effect of soil moisture on the modelled WUD. This could be due to the high model uncertainty 

and the limited number of study sites. Similarly, the WUD did not correlate with elevation or other 

study site characteristics, as already suggested by the lack of a consistent relation between the 

site characteristics and 18O or 2H. 

The results of this thesis are constrained by the consistently high soil moisture content, especially 

at soil depths below 30 cm, and the relatively high humidity and precipitation. A key factor 

contributing to uncertainty was the similarity between shallow and deep water sources. The high 

moisture content throughout the soil profiles resulted in the absence of a visible evaporation 

effect in the shallow soil water, leading to the small differences between shallow and deep water 

sources. It would thus be useful to redo this study during a warm drought period. A more distinct 

soil profile could also be achieved by enhancing the differences between the water sources by 

applying labelled water. Furthermore, sampling deeper and shallower soil depths based on 

knowledge of the root distribution should be considered to ensure the inclusion of all potential 

water sources.  

The unexpected positive lc-excess for the twig samples could indicate a neglected water source, 

which could be dew or fog drip that recharges the shallowest soil and is taken up by roots. Other 

potential explanations include foliar water uptake of fog or dew, or an artefact of the measurement 

method. Interestingly, stem core water isotopes had a negative lc-excess. A slightly negative lc-

excess can be attributed to the uptake of enriched soil water, but the reason for the difference 

between twig and stem core samples remains unclear and requires further research. It would be 

interesting to study the temporal variability of fog and dew in the atmosphere, as well as in shallow 
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soil and in the organic surface layer. Furthermore, the within-tree variability of vegetation water 

isotopes could be analysed, and a potential time lag caused by the transport of water through the 

tree could be measured. Moreover, it is essential to gain a deeper understanding of the exchange 

between different water sources stored within the tree. 

The findings of this study are relevant for future research on the tree water uptake in wet regions. 

Although the findings regarding the WUD and their representativity for the entire pre-Alpine region 

are limited, the discussion of variables affecting the WUD as well as the evaluation of the research 

design are helpful when planning future studies in wet areas. Further research on tree water 

uptake in the pre-Alps is required due to the increasing frequency of summer droughts, which 

could force trees to change their WUD to cope with water stress.  

  



62 
 

References 

Aggarwal, P. K., Froehlich, K., & Gonfiantini, R. (2011). Contributions of the International Atomic 

Energy Agency to the development and practice of isotope hydrology. Hydrogeology 

Journal, 19(1), 5–8. https://doi.org/10.1007/s10040-010-0648-3 

Allen, S. T., & Kirchner, J. W. (2022). Potential effects of cryogenic extraction biases on plant 

water source partitioning inferred from xylem-water isotope ratios. Hydrological 

Processes, 36(2), e14483. https://doi.org/10.1002/hyp.14483 

Allen, S. T., Kirchner, J. W., Braun, S., Siegwolf, R. T. W., & Goldsmith, G. R. (2019). Seasonal 

origins of soil water used by trees. Hydrology and Earth System Sciences, 23(2), 1199–

1210. https://doi.org/10.5194/hess-23-1199-2019 

Allen, S. T., Sprenger, M., Bowen, G. J., & Brooks, J. R. (2022). Spatial and Temporal Variations in 

Plant Source Water: O and H Isotope Ratios from Precipitation to Xylem Water. In Stable 

Isotopes in Tree Rings (pp. 501–535). Springer, Cham. https://doi.org/10.1007/978-3-030-

92698-4_18 

Amin, A., Zuecco, G., Marchina, C., Engel, M., Penna, D., McDonnell, J. J., & Borga, M. (2021). No 

evidence of isotopic fractionation in olive trees (Olea europaea): A stable isotope tracing 

experiment. Hydrological Sciences Journal, 66(16), 2415–2430. 

https://doi.org/10.1080/02626667.2021.1987440 

Bachofen, C., Tumber-Dávila, S. J., Mackay, D. S., McDowell, N. G., Carminati, A., Klein, T., 

Stocker, B. D., Mencuccini, M., & Grossiord, C. (2024). Tree water uptake patterns across 

the globe. New Phytologist, 242(5), 1891–1910. https://doi.org/10.1111/nph.19762 

Bello, J., Hasselquist, N. J., Vallet, P., Kahmen, A., Perot, T., & Korboulewsky, N. (2019). 

Complementary water uptake depth of Quercus petraea and Pinus sylvestris in mixed 

stands during an extreme drought. Plant and Soil, 437(1), 93–115. 

https://doi.org/10.1007/s11104-019-03951-z 

Bernhard, F., Floriancic, M. G., Treydte, K., Gessler, A., Kirchner, J. W., & Meusburger, K. (2024). 

Tree- and stand-scale variability of xylem water stable isotope signatures in mature 

beech, oak and spruce. Ecohydrology, 17(2), e2614. https://doi.org/10.1002/eco.2614 

Bertrand, G., Masini, J., Goldscheider, N., Meeks, J., Lavastre, V., Celle-Jeanton, H., Gobat, J.-M., 

& Hunkeler, D. (2014). Determination of spatiotemporal variability of tree water uptake 

using stable isotopes (δ18O, δ2H) in an alluvial system supplied by a high-altitude 

watershed, Pfyn forest, Switzerland. Ecohydrology, 7(2), 319–333. 

https://doi.org/10.1002/eco.1347 

Bishop, K., & Dambrine, E. (1995). Localization of tree water uptake in Scots pine and Norway 

spruce with hydrological tracers. Canadian Journal of Forest Research, 25(2), 286–297. 

https://doi.org/10.1139/x95-033 

Boucher, J.-F., Munson, A. D., & Bernier, P. Y. (1995). Foliar absorption of dew influences shoot 

water potential and root growth in Pinus strobus seedlings. Tree Physiology, 15(12), 819–

823. https://doi.org/10.1093/treephys/15.12.819 



63 
 

Bowen, G. J., & Wilkinson, B. (2002). Spatial distribution of δ18O in meteoric precipitation. 

Geology, 30(4), 315–318. https://doi.org/10.1130/0091-

7613(2002)030<0315:SDOOIM>2.0.CO;2 

Brighenti, S., Obojes, N., Bertoldi, G., Zuecco, G., Censini, M., Cassiani, G., Penna, D., & Comiti, 

F. (2024). Snowmelt and subsurface heterogeneity control tree water sources in a 

subalpine forest. Ecohydrology, 17(7), e2695. https://doi.org/10.1002/eco.2695 

Brinkmann, N., Eugster, W., Buchmann, N., & Kahmen, A. (2019). Species-specific differences in 

water uptake depth of mature temperate trees vary with water availability in the soil. 

Plant Biology, 21(1), 71–81. https://doi.org/10.1111/plb.12907 

Brunner, M. I., Götte, J., Schlemper, C., & van Loon, A. F. (2023). Hydrological Drought 

Generation Processes and Severity Are Changing in the Alps. Geophysical Research 

Letters, 50(2), e2022GL101776. https://doi.org/10.1029/2022GL101776 

Calanca, P., Roesch, A., Jasper, K., & Wild, M. (2006). Global Warming and the Summertime 

Evapotranspiration Regime of the Alpine Region. Climatic Change, 79(1), 65–78. 

https://doi.org/10.1007/s10584-006-9103-9 

Carminati, A., & Javaux, M. (2020). Soil Rather Than Xylem Vulnerability Controls Stomatal 

Response to Drought. Trends in Plant Science, 25(9), 868–880. 

https://doi.org/10.1016/j.tplants.2020.04.003 

Cassana, F. F., Eller, C. B., Oliveira, R. S., & Dillenburg, L. R. (2016). Effects of soil water 

availability on foliar water uptake of Araucaria angustifolia. Plant and Soil, 399(1), 147–

157. https://doi.org/10.1007/s11104-015-2685-0 

Ceperley, N., Gimeno, T. E., Jacobs, S. R., Beyer, M., Dubbert, M., Fischer, B., Geris, J., Holko, L., 

Kübert, A., Le Gall, S., Lehmann, M. M., Llorens, P., Millar, C., Penna, D., Prieto, I., 

Radolinski, J., Scandellari, F., Stockinger, M., Stumpp, C., … Rothfuss, Y. (2024). Toward a 

common methodological framework for the sampling, extraction, and isotopic analysis 

of water in the Critical Zone to study vegetation water use. WIREs Water, 11(4), e1727. 

https://doi.org/10.1002/wat2.1727 

Chen, Y., Helliker, B. R., Tang, X., Li, F., Zhou, Y., & Song, X. (2020). Stem water cryogenic 

extraction biases estimation in deuterium isotope composition of plant source water. 

Proceedings of the National Academy of Sciences, 117(52), 33345–33350. 

https://doi.org/10.1073/pnas.2014422117 

Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., López, R., & Medlyn, B. E. (2018). 

Triggers of tree mortality under drought. Nature, 558, 531–539. 

https://doi.org/10.1038/s41586-018-0240-x 

Craig, H. (1961). Isotopic Variations in Meteoric Waters. Science, 133(3465), 1702–1703. 

https://doi.org/10.1126/science.133.3465.1702 

Dansgaard, W. (1964). Stable isotopes in precipitation. Tellus, 16(4), 436–468. 

https://doi.org/10.1111/j.2153-3490.1964.tb00181.x 

Dawson, T. E. (1998). Fog in the California Redwood Forest: Ecosystem Inputs and Use by Plants. 

Oecologia, 117(4), 476–485. https://doi.org/10.1007/s004420050683 



64 
 

Dawson, T. E., & Ehleringer, J. R. (1991). Streamside trees that do not use stream water. Nature, 

350, 335–337. https://doi.org/10.1038/350335a0 

Dawson, T. E., & Ehleringer, J. R. (1993). Isotopic enrichment of water in the “woody” tissues of 

plants: Implications for plant water source, water uptake, and other studies which use 

the stable isotopic composition of cellulose. Geochimica et Cosmochimica Acta, 57, 

3487–3492. https://doi.org/10.1016/0016-7037(93)90554-A 

Dawson, T. E., & Pate, J. S. (1996). Seasonal water uptake and movement in root systems of 

Australian phraeatophytic plants of dimorphic root morphology: A stable isotope 

investigation. Oecologia, 107(1), 13–20. https://doi.org/10.1007/BF00582230 

Delta-T Devices Ltd. (2017). User Manual for the Moisture Meter type HH2, Version 4.3. 

https://delta-t.co.uk/product/hh2/#support 

Diao, H., Holloway-Phillips, M., Bernhard, F., Wieland, A., Floriancic, M. G., Waldner, P., Treydte, 

K., Saurer, M., von Arx, G., Gessler, A., Meusburger, K., & Lehmann, M. M. (2025). Tracing 

Oxygen and Hydrogen Isotope Signals From Water Sources to Tree-Ring Compounds. 

Plant, Cell & Environment, n/a(n/a), 1–16. https://doi.org/10.1111/pce.15598 

Diao, H., Schuler, P., Goldsmith, G. R., Siegwolf, R. T. W., Saurer, M., & Lehmann, M. M. (2022). 

Technical note: On uncertainties in plant water isotopic composition following extraction 

by cryogenic vacuum distillation. Hydrology and Earth System Sciences, 26(22), 5835–

5847. https://doi.org/10.5194/hess-26-5835-2022 

Dütsch, M. L. (2016). Stable water isotope fractionation processes in weather systems and their 

influence on isotopic variability on different time scales [Doctoral Thesis, ETH Zurich]. 

https://doi.org/10.3929/ethz-b-000000058 

Eller, C. B., Lima, A. L., & Oliveira, R. S. (2013). Foliar uptake of fog water and transport 

belowground alleviates drought effects in the cloud forest tree species, Drimys 

brasiliensis (Winteraceae). New Phytologist, 199(1), 151–162. 

https://doi.org/10.1111/nph.12248 

Ellsworth, P. Z., & Williams, D. G. (2007). Hydrogen isotope fractionation during water uptake by 

wood xerophytes. Plant and Soil, 291, 93–107. https://doi.org/10.1007/s11104-006-9177-

1 

Evaristo, J., & McDonnell, J. J. (2017). Prevalence and magnitude of groundwater use by 

vegetation: A global stable isotope meta-analysis. Scientific Reports, 7(1), 44110. 

https://doi.org/10.1038/srep44110 

Fabiani, G., Schoppach, R., Penna, D., & Klaus, J. (2022). Transpiration patterns and water use 

strategies of beech and oak trees along a hillslope. Ecohydrology, 15(2), e2382. 

https://doi.org/10.1002/eco.2382 

Fan, Y., Miguez-Macho, G., Jobbágy, E. G., Jackson, R. B., & Otero-Casal, C. (2017). Hydrologic 

regulation of plant rooting depth. PNAS, 114(40), 10572–10577. 

https://doi.org/10.1073/pnas.1712381114 

Feyen, H. M. J. (1998). Identification of runoff processes in catchments with a small scale 

topography [Doctoral Thesis, ETH Zurich]. https://doi.org/10.3929/ethz-a-002014432 



65 
 

Fischer, A. M., Weigel, A. P., Buser, C. M., Knutti, R., Künsch, H. R., Liniger, M. A., Schär, C., & 

Appenzeller, C. (2012). Climate change projections for Switzerland based on a Bayesian 

multi-model approach. International Journal of Climatology, 32(15), 2348–2371. 

https://doi.org/10.1002/joc.3396 

Fischer, B. M. C., Stähli, M., & Seibert, J. (2017a). Pre-event water contributions to runoff events 

of different magnitude in pre-alpine headwaters. Hydrology Research, 48(1), 28–47. 

https://doi.org/10.2166/nh.2016.176 

Fischer, B. M. C., van Meerveld, H. J. (Ilja), & Seibert, J. (2017b). Spatial variability in the isotopic 

composition of rainfall in a small headwater catchment and its effect on hydrograph 

separation. Journal of Hydrology, 547, 755–769. 

https://doi.org/10.1016/j.jhydrol.2017.01.045 

Floriancic, M. G., Allen, S. T., & Kirchner, J. W. (2024). Isotopic evidence for seasonal water 

sources in tree xylem and forest soils. Ecohydrology, 17(5), e2641. 

https://doi.org/10.1002/eco.2641 

FOEN. (2025). Stable water isotopes. Groundwater Resources. 

https://www.bafu.admin.ch/bafu/en/home/themen/thema-

wasser/grundwasser/grundwasservorkommen/isotope-im-wasserkreislauf.html 

Fu, H., Neil, E. J., Liu, J., & Si, B. (2024). A Continuous Root Water Uptake Isotope Mixing Model. 

Water Resources Research, 60(8), e2023WR036852. 

https://doi.org/10.1029/2023WR036852 

Gaines, K. P., Meinzer, F. C., Duffy, C. J., Thomas, E. M., & Eissenstat, D. M. (2016). Rapid tree 

water transport and residence times in a Pennsylvania catchment. Ecohydrology, 9(8), 

1554–1565. https://doi.org/10.1002/eco.1747 

Gat, J. R. (1996). Oxygen and hydrogen isotopes in the hydrologic cycle. Annual Review of Earth 

and Planetary Sciences, 24, 225–262. https://doi.org/10.1146/annurev.earth.24.1.225 

Gat, J. R., Mook, W. G., & Meijer, H. A. J. (2001). Environmental isotopes in the hydrological cycle: 

Principles and applications. In Technical documents in hydrology (Vol. 39). UNESCO. 

Gessler, A., Bächli, L., Freund, E. R., Treydte, K., Schaub, M., Haeni, M., Weiler, M., Seeger, S., 

Marshall, J., Hug, C., Zweifel, R., Hagedorn, F., Rigling, A., Saurer, M., & Meusburger, K. 

(2022). Drought reduces water uptake in beech from the drying topsoil, but no 

compensatory uptake occurs from deeper soil layers. New Phytologist, 233, 194–206. 

https://doi.org/10.1111/nph.17767 

Goisser, M., Geppert, U., Rötzer, T., Paya, A., Huber, A., Kerner, R., Bauerle, T., Pretzsch, H., 

Pritsch, K., Häberle, K. H., Matyssek, R., & Grams, T. E. E. (2016). Does belowground 

interaction with Fagus sylvatica increase drought susceptibility of photosynthesis and 

stem growth in Picea abies? Forest Ecology and Management, 375, 268–278. 

https://doi.org/10.1016/j.foreco.2016.05.032 

Goldsmith, G. R., Muñoz-Villers, L. E., Holwerda, F., McDonnell, J. J., Asbjornsen, H., & Dawson, 

T. E. (2012). Stable isotopes reveal linkages among ecohydrological processes in a 



66 
 

seasonally dry tropical montane cloud forest. Ecohydrology, 5(6), 779–790. 

https://doi.org/10.1002/eco.268 

Grossiord, C., Gessler, A., Granier, A., Berger, S., Bréchet, C., Hentschel, R., Hommel, R., 

Scherer-Lorenzen, M., & Bonal, D. (2014). Impact of interspecific interactions on the soil 

water uptake depth in a young temperate mixed species plantation. Journal of Hydrology, 

519, 3511–3519. https://doi.org/10.1016/j.jhydrol.2014.11.011 

Grossiord, C., Sevanto, S., Dawson, T. E., Adams, H. D., Collins, A. D., Dickman, L. T., Newman, 

B. D., Stockton, E. A., & McDowell, N. G. (2017). Warming combined with more extreme 

precipitation regimes modifies the water sources used by trees. New Phytologist, 213(2), 

584–596. https://doi.org/10.1111/nph.14192 

Grundmann, M. H., Molnar, P., & Floriancic, M. G. (2024). Quantification of enrichment 

processes in throughfall and stemflow in a mixed temperate forest. Hydrological 

Processes, 38(7), e15224. https://doi.org/10.1002/hyp.15224 

Hagedorn, F., Schleppi, P., Waldner, P., & Flühler, H. (2000). Export of dissolved organic carbon 

and nitrogen from Gleysol dominated catchments – the significance of water flow paths. 

Biogeochemistry, 50(2), 137–161. https://doi.org/10.1023/A:1006398105953 

Hegg, C., McArdell, B. W., & Badoux, A. (2006). One hundred years of mountain hydrology in 

Switzerland by the WSL. Hydrological Processes, 20(2), 371–376. 

https://doi.org/10.1002/hyp.6055 

Herbstritt, B., Wengeler, L., & Orlowski, N. (2024). Coping with spectral interferences when 

measuring water stable isotopes of vegetables. Rapid Communications in Mass 

Spectrometry, 38(22), e9907. https://doi.org/10.1002/rcm.9907 

IAEA. (2025a). Global Network of Isotopes in Precipitation (GNIP). Networks; IAEA. 

https://www.iaea.org/services/networks/gnip 

IAEA. (2025b). Global Network of Isotopes in Rivers (GNIR). Networks; IAEA. 

https://www.iaea.org/services/networks/gnir 

IAEA/WMO. (2025). Global Network of Isotopes in Precipitation—The GNIP Database (WISER 

Portal) [Dataset]. https://nucleus.iaea.org/wiser 

Katz, C., Oren, R., Schulze, E.-D., & Milburn, J. A. (1989). Uptake of water and solutes through 

twigs of Picea abies (L.) Karst. Trees, 3(1), 33–37. https://doi.org/10.1007/BF00202398 

Kiewiet, L., van Meerveld, I., & Seibert, J. (2020). Effects of Spatial Variability in the Groundwater 

Isotopic Composition on Hydrograph Separation Results for a Pre-Alpine Headwater 

Catchment. Water Resources Research, 56(7), e2019WR026855. 

https://doi.org/10.1029/2019WR026855 

Kiewiet, L., von Freyberg, J., & van Meerveld, H. J. (Ilja). (2019). Spatiotemporal variability in 

hydrochemistry of shallow groundwater in a small pre-alpine catchment: The 

importance of landscape elements. Hydrological Processes, 33(19), 2502–2522. 

https://doi.org/10.1002/hyp.13517 



67 
 

Kirchner, J. W., Benettin, P., & van Meerveld, I. (2023). Instructive Surprises in the Hydrological 

Functioning of Landscapes. Annual Review of Earth and Planetary Sciences, 51, 277–

299. https://doi.org/10.1146/annurev-earth-071822-100356 

Kocum, J., Haidl, J., Gebouský, O., Falátková, K., Šípek, V., Šanda, M., Orlowski, N., & Vlček, L. 

(2024). Technical note: Simple, exact and reliable way to extract soil water for stable 

isotope analysis. Hydrology and Earth System Sciences, 1–20. 

https://doi.org/10.5194/hess-2024-225 

Koeniger, P., Hubbart, J. A., Link, T., & Marshall, J. D. (2008). Isotopic variation of snow cover and 

streamflow in response to changes in canopy structure in a snow-dominated mountain 

catchment. Hydrological Processes, 22(4), 557–566. https://doi.org/10.1002/hyp.6967 

Kong, Y., & Pang, Z. (2016). A positive altitude gradient of isotopes in the precipitation over the 

Tianshan Mountains: Effects of moisture recycling and sub-cloud evaporation. Journal of 

Hydrology, 542, 222–230. https://doi.org/10.1016/j.jhydrol.2016.09.007 

Landwehr, J. M., & Coplen, T. B. (2006). Line-conditioned excess: A new method for 

characterizing stable hydrogen and oxygen isotope ratios in hydrologic systems. In 

Isotopes in Environmental Studies (pp. 132–135). IAEA. IAEA-CSP-26 

Lee, J., Feng, X., Faiia, A. M., Posmentier, E. S., Kirchner, J. W., Osterhuber, R., & Taylor, S. (2010). 

Isotopic evolution of a seasonal snowcover and its melt by isotopic exchange between 

liquid water and ice. Chemical Geology, 270(1), 126–134. 

https://doi.org/10.1016/j.chemgeo.2009.11.011 

Lehmann, M. M., Geris, J., van Meerveld, I., Penna, D., Rothfuss, Y., Verdone, M., Ala-Aho, P., 

Arvai, M., Babre, A., Balandier, P., Bernhard, F., Butorac, L., Carrière, S. D., Ceperley, N. 

C., Chen, Z., Correa, A., Diao, H., Dubbert, D., Dubbert, M., … Meusburger, K. (2024). Soil 

and stem xylem water isotope data from two pan-European sampling campaigns. Earth 

System Science Data, 1–27. https://doi.org/10.5194/essd-2024-409 

Leuteritz, A., Gauthier, V. A., & van Meerveld, I. (n.d.). Spatial and Temporal Variability in Event 

Water in Near-Surface Flow Pathways in a Humid Steep Headwater Catchment. 

Hydrological Processes, in press. 

Limm, E. B., Simonin, K. A., Bothman, A. G., & Dawson, T. E. (2009). Foliar water uptake: A 

common water acquisition strategy for plants of the redwood forest. Oecologia, 161, 

449–459. https://doi.org/10.1007/s00442-009-1400-3 

Liu, W., Li, P., Li, H., & Duan, W. (2006). Estimation of evaporation rate from soil surface using 

stable isotopic composition of throughfall and stream water in a tropical seasonal rain 

forest of Xishuangbanna, Southwest China. Acta Ecologica Sinica, 26(5), 1303–1311. 

https://doi.org/10.1016/S1872-2032(06)60022-X 

Losso, A., Bär, A., Unterholzner, L., Bahn, M., & Mayr, S. (2021). Branch water uptake and 

redistribution in two conifers at the alpine treeline. Scientific Reports, 11(1), 22560. 

https://doi.org/10.1038/s41598-021-00436-x 

Mastrotheodoros, T., Pappas, C., Molnar, P., Burlando, P., Manoli, G., Parajka, J., Rigon, R., 

Szeles, B., Bottazzi, M., Hadjidoukas, P., & Fatichi, S. (2020). More green and less blue 



68 
 

water in the Alps during warmer summers. Nature Climate Change, 10(2), 155–161. 

https://doi.org/10.1038/s41558-019-0676-5 

Maxwell, R. S., & Larsson, L.-A. (2021). Measuring tree-ring widths using the CooRecorder 

software application. Dendrochronologia, 67, 125841. 

https://doi.org/10.1016/j.dendro.2021.125841 

Meinzer, F. C., Brooks, J. R., Domec, J.-C., Gartner, B. L., Warren, J. M., Woodruff, D. R., Bible, K., 

& Shaw, D. C. (2006). Dynamics of water transport and storage in conifers studied with 

deuterium and heat tracing techniques. Plant, Cell & Environment, 29(1), 105–114. 

https://doi.org/10.1111/j.1365-3040.2005.01404.x 

MeteoSchweiz. (2025a). 8840 Einsiedeln. Wetter. 

https://www.meteoschweiz.admin.ch/lokalprognose/einsiedeln/8840.html 

MeteoSchweiz. (2025b). Open Data. Service und Publikationen. 

https://www.meteoschweiz.admin.ch/service-und-publikationen/service/open-

data.html 

Miguez-Macho, G., & Fan, Y. (2021). Spatiotemporal origin of soil water taken up by vegetation. 

Nature, 598, 624–628. https://doi.org/10.1038/s41586-021-03958-6 

Mook, W. G. (2000). Environmental isotopes in the hydrological cycle: Principles and 

applications. In Technical documents in hydrology (Vol. 39). UNESCO. 

Moore, J. W., & Semmens, B. X. (2008). Incorporating uncertainty and prior information into 

stable isotope mixing models. Ecology Letters, 11(5), 470–480. 

https://doi.org/10.1111/j.1461-0248.2008.01163.x 

Muñoz-Villers, L. E., Holwerda, F., Alvarado-Barrientos, M. S., Geris, J., & Dawson, T. E. (2025). 

Examining the complementarity in belowground water use between different varieties 

and ages of Arabica coffee plants and dominant shade tree species in an organic 

agroecosystem. Agricultural Water Management, 307, 109248. 

https://doi.org/10.1016/j.agwat.2024.109248 

NCCS. (2023). Pre-Alps. Regional Information. 

https://www.nccs.admin.ch/nccs/en/home/regionen/grossregionen/voralpen.html 

Orlowski, N., Breuer, L., Angeli, N., Boeckx, P., Brumbt, C., Cook, C. S., Dubbert, M., Dyckmans, 

J., Gallagher, B., Gralher, B., Herbstritt, B., Hervé-Fernández, P., Hissler, C., Koeniger, P., 

Legout, A., Macdonald, C. J., Oyarzún, C., Redelstein, R., Seidler, C., … McDonnell, J. J. 

(2018). Inter-laboratory comparison of cryogenic water extraction systems for stable 

isotope analysis of soil water. Hydrology and Earth System Sciences, 22(7), 3619–3637. 

https://doi.org/10.5194/hess-22-3619-2018 

Orlowski, N., Frede, H.-G., Brüggemann, N., & Breuer, L. (2013). Validation and application of a 

cryogenic vacuum extraction system for soil and plant water extraction for isotope 

analysis. Journal of Sensors and Sensor Systems, 2(2), 179–193. 

https://doi.org/10.5194/jsss-2-179-2013 



69 
 

Parnell, A. C., Inger, R., Bearhop, S., & Jackson, A. L. (2010). Source Partitioning Using Stable 

Isotopes: Coping with Too Much Variation. PLoS ONE, 5(3), e9672. 

https://doi.org/10.1371/journal.pone.0009672 

Penna, D., Oliviero, O., Assendelft, R., Zuecco, G., van Meerveld, H. J. (Ilja), Anfodillo, T., Carraro, 

V., Borga, M., & Dalla Fontana, G. (2013). Tracing the Water Sources of Trees and 

Streams: Isotopic Analysis in a Small Pre-Alpine Catchment. Procedia Environmental 

Sciences, 19, 106–112. https://doi.org/10.1016/j.proenv.2013.06.012 

Phillips, D. L., & Gregg, J. W. (2003). Source partitioning using stable isotopes: Coping with too 

many sources. Oecologia, 136(2), 261–269. https://doi.org/10.1007/s00442-003-1218-3 

Picarro, Inc. (2015). MCM User’s Manual. 

https://www.picarro.com/environmental/a0214_microcombustion_module_mcm_user_

manual 

Poca, M., Coomans, O., Urcelay, C., Zeballos, S. R., Bodé, S., & Boeckx, P. (2019). Isotope 

fractionation during root water uptake by Acacia caven is enhanced by arbuscular 

mycorrhizas. Plant and Soil, 441(1), 485–497. https://doi.org/10.1007/s11104-019-

04139-1 

Pokorný, R., & Tomášková, I. (2007). Allometric relationships for surface area and dry mass of 

young Norway spruce aboveground organs. Journal of Forest Science, 53(12), 548–554. 

https://doi.org/10.17221/2166-JFS 

Prechsl, U. E., Burri, S., Gilgen, A. K., Kahmen, A., & Buchmann, N. (2015). No shift to a deeper 

water uptake depth in response to summer drought of two lowland and sub-alpine C₃-

grasslands in Switzerland. Oecologia, 177(1), 97–111. 

Puhe, J. (2003). Growth and development of the root system of Norway spruce (Picea abies) in 

forest stands—A review. Forest Ecology and Management, 175(1), 253–273. 

https://doi.org/10.1016/S0378-1127(02)00134-2 

Putman, A. L., Fiorella, R. P., Bowen, G. J., & Cai, Z. (2019). A Global Perspective on Local 

Meteoric Water Lines: Meta-analytic Insight Into Fundamental Controls and Practical 

Constraints. Water Resources Research, 55, 6896–6910. 

https://doi.org/10.1029/2019WR025181 

Ragettli, S., Tong, X., Zhang, G., Wang, H., Zhang, P., & Stähli, M. (2021). Climate change impacts 

on summer flood frequencies in two mountainous catchments in China and Switzerland. 

Hydrology Research, 52(1), 4–25. https://doi.org/10.2166/nh.2019.118 

Rickenmann, D., Turowski, J. M., Fritschi, B., Klaiber, A., & Ludwig, A. (2012). Bedload transport 

measurements at the Erlenbach stream with geophones and automated basket 

samplers. Earth Surface Processes and Landforms, 37(9), 1000–1011. 

https://doi.org/10.1002/esp.3225 

Rinderer, M., van Meerveld, H. J., & Seibert, J. (2014). Topographic controls on shallow 

groundwater levels in a steep, prealpine catchment: When are the TWI assumptions 

valid? Water Resources Research, 50(7), 6067–6080. 

https://doi.org/10.1002/2013WR015009 



70 
 

Rinderer, M., van Meerveld, I., Stähli, M., & Seibert, J. (2016). Is groundwater response timing in a 

pre-alpine catchment controlled more by topography or by rainfall? Hydrological 

Processes, 30(7), 1036–1051. https://doi.org/10.1002/hyp.10634 

Rossatto, D. R., Silva, L. de C. R., Villalobos-Vega, R., Sternberg, L. da S. L., & Franco, A. C. 

(2011). Depth of water uptake in woody plants relates to groundwater level and 

vegetation structure along a topographic gradient in a neotropical savanna. 

Environmental and Experimental Botany, 77, 259–266. 

https://doi.org/10.1016/j.envexpbot.2011.11.025 

Rozanski, K., Araguás-Araguás, L., & Gonfiantini, R. (1993). Isotopic Patterns in Modern Global 

Precipitation. In Climate Change in Continental Isotopic Records (pp. 1–36). American 

Geophysical Union. https://doi.org/10.1029/GM078p0001 

Sauter, T. (2017). Occurrence and Chemical Composition of Overland Flow in a Pre-alpine 

catchment, Alptal (CH) [Master’s Thesis]. 

Scandellari, F., Attou, T., Barbeta, A., Bernhard, F., D’Amato, C., Dimitrova-Petrova, K., 

Donaldson, A., Durodola, O., Ferraris, S., Floriancic, M. G., Fontenla-Razzetto, G., 

Gerchow, M., Han, Q., Khalil, I., Kirchner, J. W., Kühnhammer, K., Liu, Q., Llorens, P., 

Magh, R.-K., … Sprenger, M. (2024). Using stable isotopes to inform water resource 

management in forested and agricultural ecosystems. Journal of Environmental 

Management, 365, 121381. https://doi.org/10.1016/j.jenvman.2024.121381 

Schlesinger, W. H., & Jasechko, S. (2014). Transpiration in the global water cycle. Agricultural and 

Forest Meteorology, 189–190, 115–117. https://doi.org/10.1016/j.agrformet.2014.01.011 

Schmid, I., & Kazda, M. (2002). Root distribution of Norway spruce in monospecific and mixed 

stands on different soils. Forest Ecology and Management, 159(1), 37–47. 

https://doi.org/10.1016/S0378-1127(01)00708-3 

Schreel, J. D. M., Steppe, K., Roddy, A. B., & Poca, M. (2023). Does back-flow of leaf water 

introduce a discrepancy in plant water source tracing through stable isotopes? 

Hydrology and Earth System Sciences, 1–20. https://doi.org/10.5194/hess-2023-13 

Schürch, M., Kozel, R., Schotterer, U., & Tripet, J.-P. (2003). Observation of isotopes in the water 

cycle—The Swiss National Network (NISOT). Environmental Geology, 45(1), 1–11. 

https://doi.org/10.1007/s00254-003-0843-9 

Sharp, Z. (2017). Principles of stable isotope geochemistry. University of New Mexico. 

https://doi.org/10.25844/h9q1-0p82 

Sheil, D. (2018). Forests, atmospheric water and an uncertain future: The new biology of the 

global water cycle. Forest Ecosystems, 5, Article 1. https://doi.org/10.1186/s40663-018-

0138-y 

Simonin, K. A., Link, P., Rempe, D., Miller, S., Oshun, J., Bode, C., Dietrich, W. E., Fung, I., & 

Dawson, T. E. (2014). Vegetation induced changes in the stable isotope composition of 

near surface humidity. Ecohydrology, 7(3), 936–949. https://doi.org/10.1002/eco.1420 

Sodemann, H. (2006). Tropospheric transport of water vapour: Lagrangian and Eulerian 

perspectives [Doctoral Thesis]. ETH Zurich. 



71 
 

Sprenger, M., Leistert, H., Gimbel, K., & Weiler, M. (2016). Illuminating hydrological processes at 

the soil-vegetation-atmosphere interface with water stable isotopes. Reviews of 

Geophysics, 54(3), 674–704. https://doi.org/10.1002/2015RG000515 

Sprenger, M., Llorens, P., Cayuela, C., Gallart, F., & Latron, J. (2019). Mechanisms of consistently 

disjunct soil water pools over (pore) space and time. Hydrology and Earth System 

Sciences, 23(6), 2751–2762. https://doi.org/10.5194/hess-23-2751-2019 

Sprenger, M., Tetzlaff, D., Buttle, J., Laudon, H., Leistert, H., Mitchell, C. P. J., Snelgrove, J., 

Weiler, M., & Soulsby, C. (2018). Measuring and Modeling Stable Isotopes of Mobile and 

Bulk Soil Water. Vadose Zone Journal, 17(1), 170149. 

https://doi.org/10.2136/vzj2017.08.0149 

Stähli, M., & Gustafsson, D. (2006). Long-term investigations of the snow cover in a subalpine 

semi-forested catchment. Hydrological Processes, 20(2), 411–428. 

https://doi.org/10.1002/hyp.6058 

Stähli, M., Seibert, J., Kirchner, J. W., von Freyberg, J., & van Meerveld, I. (2021). Hydrological 

trends and the evolution of catchment research in the Alptal valley, central Switzerland. 

Hydrological Processes, 35(4), e14113. https://doi.org/10.1002/hyp.14113 

Staudinger, M., Seeger, S., Herbstritt, B., Stoelzle, M., Seibert, J., Stahl, K., & Weiler, M. (2020). 

The CH-IRP data set: A decade of fortnightly data on δ2H and δ18O in streamflow and 

precipitation in Switzerland. Earth System Science Data, 12(4), 3057–3066. 

https://doi.org/10.5194/essd-12-3057-2020 

Stewart, J. B., Moran, C. J., & Wood, J. T. (1999). Macropore sheath: Quantification of plant root 

and soil macropore association. Plant and Soil, 211(1), 59–67. 

https://doi.org/10.1023/A:1004405422847 

Stock, B. C., Jackson, A. L., Ward, E. J., Parnell, A. C., Phillips, D. L., & Semmens, B. X. (2018). 

Analyzing mixing systems using a new generation of Bayesian tracer mixing models. 

PeerJ, 6, e5096. https://doi.org/10.7717/peerj.5096 

Swisstopo. (2024). swissALTI3D [Dataset]. https://www.swisstopo.admin.ch/de/hoehenmodell-

swissalti3d 

Takahashi, K. (1998). Oxygen isotope ratios between soil water and stem water of trees in pot 

experiments. Ecological Research, 13(1), 1–5. https://doi.org/10.1046/j.1440-

1703.1998.00240.x 

Tian, C., Wang, L., Li, F., Zhang, X., Jiao, W., Medici, M.-G., Farai Kaseke, K., & Beysens, D. (2023). 

The moisture origin of dew: Insights from three sites with contrasting climatic conditions. 

Hydrological Processes, 37(6), e14902. https://doi.org/10.1002/hyp.14902 

Tumber-Dávila, S. J., Schenk, H. J., Du, E., & Jackson, R. B. (2022). Plant sizes and shapes above 

and belowground and their interactions with climate. New Phytologist, 235(3), 1032–

1056. https://doi.org/10.1111/nph.18031 

Umweltdepartement Kantons Schwyz. (2008). Naturschutzgebiet Ibergeregg. Verordnung 

betreffend Nutzung und Schutz der Ibergeregg vom 18.12.2008 (SRSZ 722.314). 

https://www.sac-einsiedeln.ch/pdf/huetten/naturschutzgebiet_ibergeregg.pdf 



72 
 

van Dijk, M. (2024). Drivers of spatiotemporal variation in suspended sediment transport in a 

Swiss headwater catchment [Master’s Thesis]. Wageningen University. 

van Meerveld, H. J. (Ilja), Fischer, B. M. C., Rinderer, M., Stähli, M., & Seibert, J. (2018). Runoff 

generation in a pre-alpine catchment: A discussion between a tracer and a shallow 

groundwater hydrologist. Cuadernos de Investigación Geográfica, 44(2), 429–452. 

https://doi.org/10.18172/cig.3349 

van Meerveld, H. J. (Ilja), Kirchner, J. W., Vis, M. J. P., Assendelft, R. S., & Seibert, J. (2019). 

Expansion and contraction of the flowing stream network alter hillslope flowpath lengths 

and the shape of the travel time distribution. Hydrology and Earth System Sciences, 23, 

4825–4834. https://doi.org/10.5194/hess-23-4825-2019 

Vargas, A. I., Schaffer, B., Yuhong, L., & Sternberg, L. da S. L. (2017). Testing plant use of mobile 

vs immobile soil water sources using stable isotope experiments. New Phytologist, 

215(2), 582–594. https://doi.org/10.1111/nph.14616 

von Freyberg, J., Allen, S. T., Grossiord, C., & Dawson, T. E. (2020a). Plant and root-zone water 

isotopes are difficult to measure, explain, and predict: Some practical recommendations 

for determining plant water sources. Methods in Ecology and Evolution, 11(11), 1352–

1367. https://doi.org/10.1111/2041-210X.13461 

von Freyberg, J., Bjarnadóttir, T. R., & Allen, S. T. (2020b). Influences of forest canopy on 

snowpack accumulation and isotope ratios. Hydrological Processes, 34(3), 679–690. 

https://doi.org/10.1002/hyp.13617 

von Freyberg, J., Rücker, A., Zappa, M., Schlumpf, A., Studer, B., & Kirchner, J. W. (2022). Four 

years of daily stable water isotope data in stream water and precipitation from three 

Swiss catchments. Scientific Data, 9, 46. https://doi.org/10.1038/s41597-022-01148-1 

Walthert, L., Etzold, S., Carminati, A., Saurer, M., Köchli, R., & Zweifel, R. (2024). Coordination 

between degree of isohydricity and depth of root water uptake in temperate tree species. 

Science of The Total Environment, 946, 174346. 

https://doi.org/10.1016/j.scitotenv.2024.174346 

Washburn, E. W., & Smith, E. R. (1934). The Isotopic Fractionation of Water by Physiological 

Processes. Science, 79(2043), 188–189. https://doi.org/10.1126/science.79.2043.188 

Weemstra, M., Sterck, F. J., Visser, E. J. W., Kuyper, T. W., Goudzwaard, L., & Mommer, L. (2017). 

Fine-root trait plasticity of beech (Fagus sylvatica) and spruce (Picea abies) forests on 

two contrasting soils. Plant and Soil, 415(1), 175–188. https://doi.org/10.1007/s11104-

016-3148-y 

Welp, L. R., Lee, X., Kim, K., Griffis, T. J., Billmark, K. A., & Baker, J. M. (2008). δ18O of water 

vapour, evapotranspiration and the sites of leaf water evaporation in a soybean canopy. 

Plant, Cell & Environment, 31(9), 1214–1228. https://doi.org/10.1111/j.1365-

3040.2008.01826.x 

Wen, X.-F., Lee, X., Sun, X.-M., Wang, J.-L., Hu, Z.-M., Li, S.-G., & Yu, G.-R. (2012). Dew water 

isotopic ratios and their relationships to ecosystem water pools and fluxes in a cropland 



73 
 

and a grassland in China. Oecologia, 168(2), 549–561. https://doi.org/10.1007/s00442-

011-2091-0 

WSL. (n.d.). Untersuchungsgebiet. Wildbachforschung im Alptal. Retrieved June 26, 2024, from 

https://www.wsl.ch/de/ueber-die-wsl/versuchsanlagen-und-labors/naturgefahren-

anlagen/wildbachforschung-im-alptal/untersuchungsgebiet/ 

WSL. (2025). Skippy. Services und Produkte. https://www.wsl.ch/de/services-produkte/skippy/ 

Xi, X. (2014). A Review of Water Isotopes in Atmospheric General Circulation Models: Recent 

Advances and Future Prospects. International Journal of Atmospheric Sciences, 2014, 

250920. https://doi.org/10.1155/2014/250920 

Yang, J., Chen, H., Nie, Y., Zhang, W., & Wang, K. (2016). Spatial variability of shallow soil 

moisture and its stable isotope values on a karst hillslope. Geoderma, 264, 61–70. 

https://doi.org/10.1016/j.geoderma.2015.10.003 

Zhang, B., Xu, Q., Gao, D., Jiang, C., Liu, F., Jiang, J., & Wang, T. (2020). Altered water uptake 

patterns of Populus deltoides in mixed riparian forest stands. Science of The Total 

Environment, 706, 135956. https://doi.org/10.1016/j.scitotenv.2019.135956 

Zhao, L., Liu, X., Wang, N., Barbeta, A., Zhang, Y., Cernusak, L. A., & Wang, L. (2024). The 

determining factors of hydrogen isotope offsets between plants and their source waters. 

New Phytologist, 241(5), 2009–2024. https://doi.org/10.1111/nph.19492 

Zhou, S., Nakawo, M., Hashimoto, S., & Sakai, A. (2008). Preferential exchange rate effect of 

isotopic fractionation in a melting snowpack. Hydrological Processes, 22, 3734–3740. 

https://doi.org/10.1002/hyp.6977 



I 
 

Appendix A: Figures 

 

Appendix A.1: Tree ring widths of the three trees (.1, .2, .3) at the study sites L1 (1.) to L5 (5.) 

measured using the software CooRecorder.

 

Appendix A.2: Dual isotope plots of all data and at each study site with the LMWL (δ2H = 

7.70*δ18O + 9.61) and its 95% confidence band. The opacity indicates the sampling depth. 

   

   

   

          

 
  

     

 
 
 

  
 

 

        

   

   

   

          

 
  

     

 
 
 

  
 

 

  

   

   

   

          

 
  

     

 
 
 

  
 

 

  

   

   

   

          

 
  

     

 
 
 

  
 

 

  

   

   

   

          

 
  

     

 
 
 

  
 

 

  

   

   

   

          

 
  

     

 
 
 

  
 

 

  

            

    

    

         

    

         

    

     

    

     

     

     

     

     

     



II 
 

 

Appendix A.3: Comparison of the LMWL (δ2H = 7.70*δ18O + 9.61) and its 95% confidence band 

with the GMWL and LMWLs calculated for headwater catchments in the Alptal. Sauter (2017) took 

precipitation samples in the Studibach catchment over the summer of 2016 to estimate the LMWL 

(δ2H = 8.45 ∗ δ18O + 18.7). Leuteritz et al. (n.d.) collected 12 precipitation samples in the summer 

and autumn of 2021 and 2022 to estimate the LMWL (δ2H = 7.99∗ δ18O + 13.91). Von Freyberg et 

al. (2022) used monthly, amount-weighted precipitation samples collected at the Alp and 

Erlenbach stations between 2015 and 2019 to estimate the LMWL (δ2H = 12.9 + 8.2∙δ18O).  
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Appendix A.4: Difference in soil water, lysimeter water, and tree xylem water δ18O between the 

study sites per sampling day. The horizontal black lines represent the mean values of each water 

source per day and study site. 
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Appendix A.5: Temporal variability in δ18O of different water sources and soil depths. 
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Appendix A.6: Depth profiles of δ2H in soil water and lysimeter water per sampling day and study 

site. 

 

 

Appendix A.7: δ18O in stem core xylem water, twig xylem water, shallow and deep soil water, and 

shallow and deep lysimeter water per sampling day and study site L1-L5 
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Appendix A.8: Correlations between δ2H in twig xylem water or soil water and tree and site 

characteristics, with the study site highlighted. 
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Appendix B: Tables 
Appendix B.1: Correlation (p-value) between δ18O in soil water and study site characteristics for 

each sampling day and over the entire dataset. The sample sizes are 15 on 28.08.2024 and 35 on 

04.08.2024, 15.09.2024, and 03.10.2024. *The correlation between the two variables if the 

correlation is significant.  

 04.08.2024  28.08.2024 15.09.2024 03.10.2024 All data 

Mean slope (°) 0.218 0.772 0.719 0.019 

(-0.394*) 

0.72 

Mean aspect (°) 0.058 0.012 

(-0.629*) 

0.027 

(-0.374*) 

0.300 0.03 

(-0.20*) 

Mean TWI 0.005 

(0.463*) 

0.236 0.201 0.000 

(0.666*) 

0.44 

Tree cover (%) 0.248 0.001 

(0.771*) 

0.158 0.765 0.03 

(0.20*) 

 

Appendix B.2: Correlation (p-value) between δ18O in twig xylem water and tree and study site 

characteristics for each sampling day and over the entire dataset. The sample size is 15 on all 

sampling days. *The correlation between the two variables if the correlation is significant. 

 17.07.2024 04.08.2024  28.08.2024 15.09.2024 03.10.2024 All 

data 

Age 0.395 0.463 0.363 0.396 0.715 0.89 

Circumference 0.169 0.427 0.736 0.363 0.487 0.39 

Mean slope (°) 0.046 

( -0.522*) 

0.655 0.821 0.592 0.636 0.35 

Mean aspect (°) 0.107 0.864 0.665 0.012 

(0.631*) 

0.321 0.91 

Mean TWI 0.957 0.525 0.717 0.035 

(0.547*) 

0.923 0.30 

Tree cover (%) 0.959 0.425 0.473 0.573 0.136 0.68 
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Appendix B.3: Kruskal-Wallis test of significance to test the differences between δ2H of the water 

sources on each sampling day. 

Sampling Day                       p-value 

17.07.2024  1.27e- 3 

04.08.2024  4.35e- 4 

28.08.2024  1.51e- 2 

15.09.2024 2.26e- 6 

03.10.2024  1.36e-10 

All sampling days 2.97e-16 
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Appendix C: Photos of Methods and Study Sites 

 

Weather station in front of 

the forest stand at L1. 

 

Moisture Meter type HH2 

with a ThetaProbe ML3 

sensor. 

 

Groundwater well at L1. 

 

 

Soil moisture, relative 

humidity, and air 

temperature logger at L1. 

 

Tree corer for sapwood 

sampling at L3. 

 

Core taken for sapwood 

sampling. 
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Study site L1. 

 
Study site L3. 

 
Study site L5. 

 
Study site L2. 

 

Study site L4. 
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