
1. Introduction
As hillslopes are the largest functional components of catchments, their characteristics and functioning have a 
major impact on the overall hydrological catchment response. Over 95% of stream water is transported through 
hillsides in the form of subsurface or overland flow (Kirkby, 1988). Based on its function to store and to release 
water, soil plays a key role in the hillslope hydrological response and provides important ecosystem services 
(Clothier et al., 2008). For example, soil can store large amounts of water, which reduces flood risk and is valu-
able for agricultural purposes. The soil's ability to feed streams during dry seasons by slowly releasing water 
(Nippgen et al., 2016) is vital to both ecosystems and humans.

The hydrologic response of hillslopes depends on soil water dynamics and subsurface flow paths during rainfall 
events, influenced by soil and surface characteristics of the hillslopes (Blume et al., 2009; Lohse & Dietrich, 2005; 
Wlostowski et al., 2021). Since hillslope structure varies spatially (Nahar et al., 2004), the spatial variability of the 
hydrological response is also high. Hydrologic processes furthermore develop and change over the years due to 
landscape evolution (i.e., weathering, soil development, vegetation succession) and the associated changes in  the 
hillslope/soil structure. The spatial variability of the hydrological responses has been a focal point in numerous 
studies (e.g., Brocca et al., 2007; Maeda et al., 2006; Singh et al., 2021). Investigations into the temporal varia-
bility encompass aspects such as seasonal variations (Kim, 2009; Wilson et al., 2004), the temporal variability 
of driving forces and corresponding responses, and the impacts of land use changes (Sajikumar & Remya, 2015; 
Truong et al., 2022; Wojkowski et al., 2022). However, moving from multi-year or even decadal studies to the 
time scale of landscape evolution provides a very different challenge.

The understanding of how the hydrological response co-evolves with hillslope structure is crucial for the evalua-
tion of how hydrological systems will adapt to changes in climate (Montagne & Cornu, 2010) or anthropogenic 
disturbances (Cui et al., 2021). Human activities, such as changes in land cover and use, landscape degradation, 
and anthropogenic climate change, have a profound impact on water quantity, quality, and temporal availability 
(Bronstert et  al.,  2002; Jin et  al.,  2021). Glacier retreat, bark beetle infestations, surface mine closures, land 
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conversion for agriculture, and diverse land use practices are only a few examples which can profoundly influ-
ence local hydrology (Goeking & Tarboton, 2020; Haeberli, 2017; Ross et al., 2021; Truong et al., 2022). These 
extreme interventions in hydrological systems will shape future landscapes significantly different from their past 
and present states, challenging the notion of hydrological systems as stationary (Ehret et al., 2014). For exam-
ple, the exposure of previously glaciated areas initiates vegetation growth and soil formation, co-evolving with 
hillslope morphology and soil water movement. This process leads to hydrological system alterations within 
centuries to millennia (D’Amico et al., 2014; Egli et al., 2006, 2008).

To accurately predict the evolution of water flow in hydrological systems, it is essential to identify feedback 
processes that influence the co-evolution of biota, soil, and water transport. Landscape evolution models serve as 
valuable tools to explore how landscapes will evolve in response to changes in driving forces. Litwin et al. (2022) 
for example, introduced a landscape evolution model that links landscape form and hydrological function by inte-
grating feedback between runoff generation and surface erosion. However, the model does not include ecological 
processes, which evolve in conjunction with hydrological processes and the resulting feedback cycles between 
them. Due to the absence of field observations, soil landscape evolution models are still forced to ignore crucial 
subsurface water transport processes, such as preferential flow and lateral flow, and how these processes co-evolve 
with soil and vegetation characteristics (van der Meij et al., 2018), which can lead to incorrectly modeled trans-
port and relocation processes during landscape evolution (Sauer et al., 2012).

A few studies examined the hydrological response of soils of different ages in volcanic landscapes and linked the 
changes to substantial alterations in soil structure. Lohse and Dietrich (2005) for example, found differences in 
the catchment response of a 300-year-old Andisol and a 4.1 million year-old Oxisol. While the younger soil was 
coarse textured and drained freely via mainly vertical water transport, the old soil showed a decrease in permea-
bility and mainly lateral flow due to the accumulation of secondary clay minerals. Comparing Holocene and Late 
Pleistocene lava landscapes, Jefferson et al. (2010) observed a reduction in base flow and an increase in lateral 
shallow underground flow and surface runoff. The same trend of lower base flow, more shallow subsurface flow, 
and more flashy runoff with catchment age was noted by Yoshida and Troch (2016), who compared 14 volcanic 
catchments ranging in age from 0.225 to 82.2 million years. They also relate the changes to the formation of 
impermeable layers as a result of progressive chemical weathering.

Comparable studies in other geologies are hard to find. Geology as a catchment (or landscape) forming factor 
(Troch et al., 2015) has a big impact on the co-evolution of landscapes. Observations made in a specific geology 
should not be simply transferred to other geologies. The physical and chemical properties of the parent material 
directly or indirectly influence the hydrological response. For example, the bedrock permeability directly impacts 
the hydrologic storage and release of catchments, as it was shown that a higher bedrock permeability leads to 
higher storage and base flow, but dampened peak flow (Pfister et  al.,  2017). The weatherability and chemi-
cal composition of the geology (parent material) indirectly affect the hydrologic response as they are primary 
controls for soil development (Jenny, 1941) and define the physical properties (e.g., texture, bulk density, poros-
ity, water holding capacity) and consequently the hydrologic properties and processes (Heidbüchel et al., 2013; 
Lin, 2003) of the regolith and soil. However, in the evolution process, the soils also interact with other factors 
such as vegetation and water. The interplay between soil and water regulates the vegetation density and compo-
sition by providing nutrients in concentrations that can either limit or enhance plant growth (Hahm et al., 2014). 
Vegetation in turn also affects soil development and thus the hydrological response (Bonetti et al., 2021). For 
example, the development of organic layers can immensely increase water storage (Ramírez et al., 2017) and 
facilitate lateral subsurface flow (Y. Yang et al., 2012).

Especially in mountain regions, where the accelerated retreat of glaciers exposes more and more young land-
scapes, structural changes during a time span of a few centuries to a thousand years can be striking. Initial signs 
of soil development can be observed in as little as 20 years after deglaciation (Egli et al., 2006). Chronosequence 
studies in proglacial areas have shown that within the initial 50 years, pioneer vegetation can establish dense 
cover (Conen et al., 2007), and mature vegetation (e.g., trees) can develop in less than 200 years (Crocker & 
Major, 1955). Nevertheless, a noticeable increase in organic matter (Crocker & Major, 1955; Egli et al., 2010) and 
a concurrent decrease in bulk density (He & Tang, 2008) can occur within the initial 200 years of soil formation. 
Glacier forefields are particularly well-suited for soil chronosequence studies, as the retreat of glaciers gives rise 
to a succession of moraines ranging from recently deglaciated areas to those that have been ice-free for thousands 
of years. This natural chronosequence allows exploring the rapid soil development that occurs on glacial till, 
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along with the evolution of vegetation and hydrological processes. Moreover, glacial forefields offer controlled 
settings with relatively consistent parent material and climate conditions, making it easier to isolate the effects of 
time on soil development and ecosystem dynamics. However, little is known about the effects on the hydrological 
response. While the evolution of the hillslope form (in terms of soil structure/properties and vegetation char-
acteristics) in proglacial moraines has been previously studied (Crocker & Major, 1955; D’Amico et al., 2014; 
Douglass & Bockheim, 2006; Egli et al., 2010, 2012; He & Tang, 2008), the evolution of hillslope hydrological 
response related to the evolution of hillslope form during the first 10 millennia of landscape evolution has not 
been investigated in detail.

Our research aims to fill this knowledge gap by exploring the co-evolution of hillslope hydrological response 
and hillslope form during the initial 10 millennia of landscape evolution. Given the significant role of geology in 
catchment formation (Troch et al., 2015), we specifically investigate and compare the evolution of hillslope form 
and hydrological response in two contrasting geological settings. This research forms part of a larger collabora-
tive endeavor involving hydrologists, geomorphologists, and geobotanists, focusing on two chronosequences of 
proglacial moraines. These moraines originate from siliceous and calcareous parent materials, each comprising 
four moraines aged from 30 to 13,500 years. The joint investigations on these moraines have yielded valuable 
insights into distinct aspects of hillslope form and hydrological response. The evolution of hillslope hydrolog-
ical response was explored in terms of long-term changes in surface and subsurface runoff generation mecha-
nisms (Maier & van Meerveld, 2021b; Maier et al., 2021) and the evolution of subsurface vertical flow paths 
(Hartmann, Semenova, et al., 2020; Hartmann et al., 2022). These publications also made initial attempts to corre-
late observed evolution with soil and vegetation changes. Regarding the evolution of form, the collaborative effort 
delved into the evolution of soil (hydraulic) properties (Hartmann, Weiler, & Blume, 2020a; Musso et al., 2019) 
and surface and subsurface vegetation characteristics (Greinwald, Dieckmann, et al., 2021; Greinwald, Gebauer, 
Musso, & Scherer-Lorenzen, 2021; Greinwald, Gebauer, Treuter, et al., 2021). Works by Musso et al.  (2020, 
2022b) provided detailed insights into soil erosion rates and soil formation, forming a comprehensive understand-
ing of the evolving hillslopes.

Building upon the above listed publications, our study aims at synthesizing these findings with a focus on subsur-
face flow responses by also integrating analyses of soil moisture responses and deuterium soil water profiles 
in response to irrigation experiments. We defined hillslope form (mainly subsurface, surface, and vegetation 
characteristics, but not larger scale topography) and its evolution for each chronosequence by analyzing soil 
physical and hydraulic properties (texture and structure; Hartmann, Weiler, & Blume, 2020a). We also incor-
porated surface characteristics measured at the same sites by our collaborators (e.g., vegetation characteristics 
(Greinwald, Dieckmann, et  al.,  2021), hydrophobicity, and microtopography (Maier & van Meerveld, 2021b; 
Maier et al., 2021)). To assess the soil hydrologic response and its evolution over time, we examined soil moisture 
signatures, soil water isotope profiles, and the occurrence of preferential flow from tracer irrigation experiments. 
Our aim is to comprehensively examine the co-evolution of soil, vegetation, and water transport in both siliceous 
and calcareous materials by going beyond individual facets, synthesizing various aspects to unveil the detailed 
links between hillslope form and hydrological response evolution and their dependence on geological parent 
material. This synthesis represents a crucial expansion and deepening of the insights gained thus far, contributing 
substantially to the existing body of knowledge.

Moving beyond the aspect of landscape evolution, the identified links between hillslope form and hydrological 
functioning can be valuable for the initial assessment of landscape hydrology with limited monitoring data, allow-
ing us to draw preliminary conclusions about the hydrological response based on easily measured or observed 
landscape properties. This effort contributes to the transfer of knowledge and process similarity, essential steps 
for the hydrological assessment of ungauged landscapes (Blöschl, 2016).

In summary, we compared the evolution of hillslope form and hydrological response in two contrasting geolo-
gies, that is, siliceous and calcareous parent materials. Specifically, we addressed three questions: (a) How do 
soil structural features and vegetation characteristics evolve in these materials? (b) How does the hydrological 
response differ between them? (c) Can we identify general links between form and functioning, regardless of age 
and parent material? Our study contributes to expanding the knowledge and data on how hydrologic processes 
depend on landscape structure and co-evolve within the hydro-pedogeomorphological system feedback cycle. 
Figure 1 provides a graphical overview of our research approach to address these questions.
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2. Material and Methods
2.1. Study Areas

We studied two chronosequences in two different glacier forefields in the Central Swiss Alps. Each chronose-
quence study was based on four moraines of different ages and included extensive sampling, surveying and 
irrigation experiments. The first chronosequence is located in the glacier forefield of the Stein Glacier, south of 
the Sustenpass in the Urner Alps (47° 43′N, 8° 25′E) at an elevation of 1,980 m.a.s.l. At this study area, the soils 
developed on siliceous glacial till. The second chronosequence is located in the glacier forefield of the Griessfirn, 
near the Klausenpass in the canton of Uri (appr. 46° 85′N, 8° 82′E). The study area is located at an elevation 
between 2,030 and 2,200 m a.s.l. Here, the soils developed on calcareous glacial till. The siliceous parent material 
(S-PM) consists mainly of metamorphosed pre-Mesozoic metagranitoids, gneisses, and amphibolites (Heikkinen 
& Fogelberg, 1980; Schimmelpfennig et al., 2014). The calcareous parent material (C-PM) is mainly limestone 
(Frey, 1965) deposited during the early Jurassic to Tertiary era (Musso et al., 2019). A detailed description of the 
parent material composition is provided by Musso et al. (2019, 2020).

The closest weather station to the S-PM forefield (distance: 18 km) is Grimsel Hospiz (46° 34′N, 8° 19′E) at an 
elevation of 1,980 m a.s.l. The recorded mean annual temperature is 1.9°C and the mean annual precipitation 
is 1,856 mm (1981–2010) (MeteoSwiss, 2020a). The closest weather station to the C-PM forefield (distance: 
48 km) is Pilatus Mountain (46° 98′N, 8° 25′E) at an elevation of 2,106 m a.s.l. The recorded annual mean 
temperature is 1.8°C and the annual precipitation is 1,752 mm (1981–2010) (MeteoSwiss, 2020b).

Figure 1. Summary of the research approach.
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At each glacier forefield, a moraine chronosequence of four different age classes was identified. Details on the 
dating of the moraine ages are provided by Musso et  al.  (2019). The four age classes at S-PM are 30 (30a; 
a = years), 160 (160a), 3,000 (3ka; k = 1,000), and 10,000 (10ka) years and at C-PM 110 (110a), 160 (160a), 
4,900 (4.9ka), and 13,500 (13.5ka) years. The choice of the 110  year old moraine at C-PM as the youngest 
moraine is the result of the local conditions, as no adequate moraine with an age of around 30 years could be iden-
tified that also ensured comparability in terms of elevation and micro climate. Choosing the 110 years moraine as 
our youngest moraine at C-PM was therefore the best compromise.

The soils were classified according to the World Reference Base for Soil Resources (IUSS Working Group 
WRB, 2014; Maier et al., 2020; Musso et al., 2019, 2020). The soils at S-PM were classified as a Hyperskeletic 
Leptosol (30a, 160a), a Skeletic Cambisol (3ka), and Dystric Cambisol/Skeletic Cambisol/Entic Podzol (10ka). 
The soils at C-PM were classified as a Hperskeletic Leptosol (110a, 160a) and as a Calcaric Skeletic Cambisol 
(4.9ka, 13.5ka, Figure C1).

The vegetation cover at both forefields differs among the four age classes. At S-PM, the vegetation cover at 30a 
consists mainly of sparsely distributed grass, moss, forbs, and a few shrubs. The 160a and 3ka moraines are occa-
sionally grazed by cows and sheep, which was prevented for the duration of the experiments by fencing in the 
study areas. The dominant vegetation types at the 160a moraine are grasses, lichen, forbs, and shrubs. The 3ka 
is mainly covered by grasses with fern, mosses, sedges and forbs. The oldest moraine is dominantly covered by a 
variety of prostrate shrubs, small trees and several grasses. At the C-PM, the vegetation cover at 110a and 160a 
is sparsely distributed with patches of grass and forbs at the 160a and patches of mostly mosses and lichens at the 
110a. The two oldest moraines (13.5ka and 4.9ka) are both densely covered with grass, dwarf shrubs and sedge. 
Until a few years ago both moraines were occasionally used for grazing. More information on the vegetation cover 
composition and an analysis of their functional community structure at both forefields is provided by Greinwald, 
Gebauer, Musso, and Scherer-Lorenzen (2021).

Further information on vegetation and (soil) surface properties such as above ground biomass (BM), root length 
density (RLD), root density (RD), specific root length (SRL), vegetation surface coverage (SC) were determined 
by Greinwald, Dieckmann, et al. (2021) and saturated hydraulic conductivity (KS), surface hydrophobicity (HP), 
and microtopography (MT) were determined by Maier et al. (2020, 2021), and Maier and van Meerveld (2021b). 
All of this information was recorded for each of three areas of the moraines (identified as plots 1–3) that comprise 
the experimental plots used for the tracer experiments described in Section 2.2. Musso et al. (2019) measured 
soil-pH across the moraines in both forefields. The locations of the pH measurements differ slightly from the 
sampling locations of the other variables. Table 1 summarizes the gathered information, including details on  slope 
and aspects previously reported by Musso et al. (2019, 2020) (Figure 2).

Considering that slope, aspect, and slope position can influence soil hydrological conditions, the aim was to 
select hillslopes with comparable characteristics. This was achieved for the majority of the slopes; however, due 
to specific site restrictions, there are also a few outliers with different slope, aspect (Table 1), or slope position. 
For the siliceous parent material, plot slopes range from 18° to 34°, with the majority falling between 20° and 
30°. On the calcareous site, slopes range from 29° to 38°, with most between 33° and 35°. The majority of the 
study plots have a northward orientation (Table  1). Experimental plots and sampling locations were mainly 
on the backslope of hillslopes, except for the lower edge of irrigation plots 2 and 3 on the youngest siliceous 
moraine, positioned relatively close to the footslope. The sampling points, however, were located on the back-
slope. The dye tracer experimental plots were primarily located at the backslope of the hills, except for plot 3 
on the 160-year-old moraine and plot 1 on the 13,500-year-old moraine in the calcareous forefield, which were 
both situated close to the rim (see Figures 3c and 3f). Considering periglacial processes like solifluction, which 
can potentially impact the evolution of soil and biota on periglacial moraines, we took special care in selecting 
moraines and plot posi tions where clear signs of such influences were minimal.

2.2. Soil Physical and Soil Hydraulic Properties Estimation

To describe the hillslope structure in terms of soil physical and hydraulic properties disturbed and undisturbed 
soil samples were taken in 10, 30, and 50 cm depth at the irrigation experiment plots next to the soil moisture 
sensor profile and 1 m upslope of the lower plot boundary. At the 110a moraine at C-PM, the samples were taken 
in the undisturbed parts of the dye tracer experiment plots. We determined soil texture (gravel, sand, silt, and clay 
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content), porosity, bulk density, organic matter content, the soil water retention curves, and soil hydraulic conduc-
tivity curves. A detailed description of the methods and data differentiated by depth is provided in Hartmann, 
Weiler, and Blume (2020a). The data sets are available at Hartmann, Weiler, and Blume (2020b).

Based on the measured retention curves, the van-Genuchten parameters (Van Genuchten, 1980) required for soil 
water transport model parameterization were determined with the curve fitting function of the HYPROP-Fit 
software (Pertassek et al., 2015, METER Group, Inc. USA). Using the fitted curves, the available water capacity 
(AWC) was determined as the difference in water content between pF = 1.8 (field capacity) and pF = 4.2 (perma-
nent wilting point) with pF = log10(∣pressure head (cm)∣).

2.3. Tracer Experiments

To gain comprehensive insights into the hillslope hydrological response, we conducted two types of tracer exper-
iments on each moraine. Dye tracer experiments were used to visualize vertical subsurface flow paths and to 

Moraine age 
(years) Plot # Slope a (°) Aspect a SC RLD b RD b SRL b BM b Ksat b (0–20 cm) Ksat c (20–40 cm) HP c MT c

pH range d , e 
(mean) d , e

Siliceous parent material

30a 1 34 NE 20 152.1 0.84 198.4 0.93 2,510.5 74.2 1.6 0.52 6.1–6.7 (6.5)

2 23 NE 60 523.2 3.3 176.31 3.28 3,831.5 83 1.25 0.36

3 21 NE 50 250.9 1.5 152.1 5.1 2,505.3 176.4 0.82 0.55

160a 1 31 NE 100 1,180.8 4.9 237.9 6.6 1,925.7 296.5 2.55 0.29 4.7–5.5 (4.9)

2 26 NE 80 832.9 4.7 177.8 29.5 2,219.0 99.3 1.4 0.36

3 25 NE 60 798.7 5.1 188.6 3.2 1,240.4 301.3 1.9 0.29

3ka 1 25 SE 70 918.4 9.5 102.2 10.1 582 128.6 3.3 0.33 4.6–6.1 (5.2)

2 25 S 80 825.6 6.3 131.3 11.4 744.9 120.8 2.04 0.58

3 32 S 90 861.7 10.0 88.4 8.1 1,063.5 53.0 3.1 0.65

10ka 1 26 N 90 304.7 4.4 66.3 50.9 787.1 7.0 2.5 1.14 3.4–4.4 (4.0)

2 24 NE 80 463.6 3.7 122.1 23.9 219.8 16.7 9.1 0.64

3 18 NE 100 424.2 4.2 98.8 18.9 263.3 29.3 4.2 1.08

Calcareous parent material

110a 1 – WNW 55 150.6 0.83 129.8 n.a. n.a. n.a. n.a. n.a. 7.6–7.8 (7.7)

2 – WNW 25 348.6 4.56 78.4 n.a. n.a. n.a. n.a. n.a.

3 – WNW 15 315.13 1.36 222.4 n.a. n.a. n.a. n.a. n.a.

160a 1 35 E 20 201.4 1.27 172.3 5.7 4,695.3 192.8 1.04 0.34 7.3–7.8 (7.6)

2 29 NW 50 293.18 2.75 104.3 4.7 472.9 72.7 2.46 0.36

3 33 NE 75 165.9 2.97 58.1 3.9 1,877.2 272.1 1.8 0.27

4.9ka 1 34 W 90 822.9 5.8 142.8 9.6 3,206.0 38.8 5.5 0.63 4.5–7.8 (6.9)

2 28 SE 90 939.8 10.2 93.0 5.5 1,670.9 31.6 2.96 0.29

3 33 NE 100 1,235.16 7.8 161.4 8.7 1,124.5 40.9 6.73 0.26

13.5ka 1 33 NE 85 654.2 9.5 68.34 4.9 799.4 23.9 7.72 0.3 5.9–7.8 (7.3)

2 38 NE 80 608.7 6.0 111.8 4.6 813.9 29.9 5.9 0.25

3 35 NW 100 1,197.3 10.4 121.3 3.6 890.1 6.8 14.5 0.28

 aThis information was compiled from Musso et al. (2019) and Maier et al. (2020).  bThis information was compiled from Greinwald, Dieckmann, et al. (2021) RLD = root 
length density (km m −3), RD = root density (kg m −3), SRL = specific root length (m g −1), BM = above ground biomass (kg m −2).  cThis information was compiled 
from Maier and van Meerveld (2021a) Ksat = saturated hydraulic conductivity (cm d −1), HP = hdrophobicity [–], MT = microtopography [–].  dThis information was 
compiled from Musso et al. (2022b) pH = pH-value [-] (range and mean).  eThe locations of the pH measurements differ from the sampling locations of the other 
variables.

Table 1 
Vegetation and (Soil) Surface Characteristics of the Four Moraines at the Siliceous and Calcareous Parent Material
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derive vertical subsurface flow types. Irrigation experiments on plots equipped with soil moisture sensors were 
used to draw conclusions about characteristic hillslope functions based on soil moisture signatures. The irrigated 
water was labeled with deuterium (δ 2H) and the subsequent analysis of δ 2H in the soil water profiles were used 
to derive dominating water flow components (e.g., surface runoff, lateral subsurface flow, vertical percolation 
including preferential flow). These experiments, conducted in direct vicinity to each other (Figure 3), present a 
multi-faceted approach to studying the hillslope hydrological response. Our analyses, conducted at both plot and 
larger plot scales, enable us to grasp the nuances of hydrological processes influencing hillslope behavior. These 
detailed, sub-meter scale observations act as crucial indicators, collectively improving our comprehension of 
broader hillslope hydrology.

2.3.1. Dye Tracer Experiments

The dye tracer experiments at the S-PM chronosequence were conducted between mid-July and mid-August 
2018 and at C-PM between August and mid-September 2019. At each moraine, the experiments were carried 
out on three experimental plots (1 m × 1.5 m) differing in their vegetation complexity (Greinwald, Dieckmann, 
et  al.,  2021). The experimental setup and detailed analysis of the dye tracer experiments are described in 
detail in Hartmann, Semenova, et al. (2020) (S-PM) and Hartmann et al. (2022) (C-PM). Based on the result-
ing dye patterns a flow type frequency distribution was estimated using the classification method proposed by 
Weiler  (2001) and modified by Hartmann, Semenova, et  al.  (2020). Five flow types were distinguished: (a) 
macropore flow with low interaction, (b) mixed macropore flow (low and high interaction), (c) macropore flow 
with high interaction/finger-like flow, (d) heterogeneous matrix flow/finger-like flow, and (e) homogeneous 
matrix flow (incl. between rocks). Dye patterns, which could not be classified as one of these flow types were 

Figure 2. Glacier forefield and location of the four selected moraines of the siliceous parent material (S-PM, top (Google Maps, 2020b)) and the calcareous parent 
material (C-PM, bottomt (Google Maps, 2020a)). Figure adapted from (Hartmann, Weiler, & Blume, 2020a; Hartmann et al., 2022).
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categorized as undefined. A preferential flow fraction index (PFF, Hartmann et al., 2022) was calculated as the 
observed fraction of all preferential flow type classes (flow types a–d) at each profile. The flow type classification 
was done for each depth segment of the soil profile, with the size of a segment being 1 mm. PFF is the number 
of segments classified as a preferential flow type divided by the total number of segments per soil profile. PFF is 
calculated for each irrigation plot per age class (3), each subplot per plot (3), and for each number of photographs 
taken per subplot (5). This means that the maximum sample size of PFF values per age class is 45. However, 
sample size decreases if there are no observations of infiltrated water at the specified depths (10, 30, 50 cm) or if 
the number of photographs has been reduced due to local conditions (e.g., huge boulders, collapsing pits).

2.3.2. Isotope Tracer Experiments

The δ 2H-irrigation experiments were conducted on three plots (4 m × 6 m) per moraine between mid-July and 
September 2018 at S-PM and in August 2019 at the C-PM chronosequence. The 110a moraine at C-PM was 
excluded due to its difficult access. The irrigation plots were chosen along a vegetation complexity gradient 
(Greinwald, Dieckmann, et al., 2021). Each plot was equipped with 6 soil moisture sensors (SMT100, TRUEB-
NER GmbH, Germany). A sensor profile with sensors in 10, 30, and 50 cm depth was installed at one side of the 
plot about 1 m downslope from the upper plot boundary. On the other side of the plot, two sensors were placed in 
10 cm depth, one opposite to the sensor profile and the second sensor 1 m upslope from the lower plot boundary. 
The sixth sensor was placed at 10 cm depth in the center of the plot (Figure 3). Two tipping bucket rain gauges per 
plot were installed for the monitoring of the irrigation experiments and natural rainfall events. Weather stations 
consisting of an extra tipping bucket, two solar radiation sensors (CS 305-ET, Campbell Scientific, Inc.) for meas-
uring the incoming and reflected short wave radiation (300–1,000 nm), a 2-D sonic wind sensor (WindSonic, 
Campbell Scientific, Inc.) for measuring wind speed and direction, as well as an air temperature and relative 
humidity sensor were installed at the 10ka, 3ka, and 30a moraine at the S-PM and at the 4.9ka and 13.5ka at the 
C-PM forefield. All data were recorded at a 1 minute resolution. Trenches were installed to record surface and 
subsurface flow. A detailed description of the surface runoff and subsurface flow measurements at the trenches 
and an evaluation of the results is provided by Maier et  al.  (2021) and Maier and van Meerveld  (2021b). In 
contrast, here we are looking only at the soil water reaction and soil water isotope profiles.

The plots were irrigated on three consecutive days with three different irrigation intensities and δ 2H-concentrations. 
The irrigation intensity was increased step-wise every day while the isotope concentration was decreased. A 
detailed overview of the irrigation intensities and δ 2H-concentrations per plot, age class, and parent material is 

Figure 3. Examples for the positions of the dye tracer plots (blue rectangles) in relation to the isotope tracer plots (red rectangles) at three moraines at the C-PM 
forefield. Examples show experiments on the (a) 4.9ka, (b, c) 160a, and (d) 13.5ka moraine. (b) The positions of the soil moisture sensors (green dots), tipping bucket 
(turquoise dots), and weather station (orange circle).
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given in Table 2. Soil profile samples for the isotope analysis were collected at each plot in 10 cm depth incre-
ments from a soil core of 8 cm diameter, excavated with a percussion drill a few days before the irrigation exper-
iments (Background samples), two days after the last irrigation experiment (Profile 1 samples), and 5–14 days 
after the last irrigation experiment (Profile 2 samples). The variation in the sampling time of the second profile 
is due to logistical reasons. The isotopic composition of the soil water was analyzed according to the equilibra-
tion method (Wassenaar et al., 2008). Soil samples were stored in airtight bags filled with dry air and sealed by 
welding. The samples were stored for 48 hr for equilibrium at a low temperature and then analyzed. In addition 
to the soil samples, three standard bags were prepared in the same manner containing 10 ml of water with a 
known δ 2H-concentration (−126.07, −67.27, −2.57 ‰), which were then handled the same as the soil samples. 
The isotopic composition in the headspace of the sample bags was measured with a wavelength-scanned cavity 
ring-down spectrometer (L2130-i, Picarro). The air was extracted from the bag into the spectrometer by inserting 
a needle into the bag via a previously attached silicone septum and connecting PVC tubing. A measurement was 
taken as the average over a 90 s period, when the standard deviation for H2O was below 100 ppm, for δ 18O below 
0.6 ‰, and for δ 2H below 1.2 ‰. The standard bags were measured before and after the soil samples to trans-
form the measurements into the δ-notation relative to the Vienna Standard Mean Ocean Water (VSMOW) and to 
account for any temperature related drift. The data was corrected according to Gralher et al. (2016) to account for 
the potential risk of CO2 formation during the equilibration caused by organic material and soil bacteria. Water 
samples of the irrigation water enriched with δ 2H were sampled from the storage basins directly before the exper-
iment and were analyzed with a similar wavelength-scanned cavity ring-down spectrometer (L2130-i, Picarro, 
Inc.) in the Stable Isotope Lab at Freiburg University.

2.4. Modeling of Soil Water Isotope Profiles

To infer dominant water flow processes based on one-dimensional δ 2H-profile information, we used the approach 
proposed by Müller et al. (2014). The approach is based on the assumption that characteristic deviations between 
δ 2H-profiles modeled only by vertical matrix flow and measured δ 2H-profiles, provide conclusions about domi-
nating flow components such as lateral subsurface flow and vertical percolation including preferential flow. The 
soil water isotope profiles were modeled by using the modified version (Stumpp et al., 2012) of the HYDRUS-1D 
software package (Šimůnek et al., 2016). This model calculates the transient water flow by numerically solv-
ing the Richards equation and the isotope transport with the advection–dispersion model. The model does not 
account for fractionation processes during evaporation that can lead to an isotopic enrichment of the soil.

Each irrigation experiment plot was modeled individually by parameterizing a 150 cm deep soil profile. The esti-
mated van Genuchten parameters based on the measured water retention curves and measured saturated hydraulic 
conductivities (Maier et al., 2020) were used to parameterize the Richards equation. Since van Genuchten param-
eters were available in 10, 30, and 50 cm depth, the model domain was subdivided into three materials (material 
1: 0–20, material 2: 20–40, and material 3: 40–150 cm). At depths with two measured retention curves, a param-
eter set describing the mean retention curve was used. This was done by averaging the parameters and double 
checking visually if the resulting retention function can be considered the mean of these functions.

The modeling period extends from the day the background δ 2H-profile was sampled to the day the second 
δ 2H-profile was taken after the last irrigation experiment. The period between the background sampling and 
the first irrigation experiments is specifically designated as the ”spin-up phase” where the model is getting 
acclimated under natural rainfall conditions. The mean values from both rain gauges per plot were used as the 
precipitation input. For the atmospheric boundary conditions we calculated the daily potential evapotranspi-
ration using the FAO-Penman-Monteith method (Allen et al., 1998) based on the measured information on 
temperature, wind speed, humidity, and incoming and reflected shortwave radiation. The potential evaporation 
functions as a flux boundary condition until a critical pressure head is achieved. Once this threshold is reached, 
the threshold value is used as a pressure head boundary condition and the actual evaporation flux is calculated 
using the Richards equation. The potential transpiration is adjusted to actual transpiration (root water uptake) 
based on the extractable water availability in the root zone. The depth dependent water extraction due to root 
water uptake was specified by measured root length density distributions down to a depth of 1 m provided by 
Greinwald, Dieckmann, et al. (2021), which were measured in the same soil samples used for the soil water 
isotopic analysis. The initial pressure head conditions for the water transport were set to field capacity and 
the initial distribution of the δ 2H-concentration was specified by using the background profile information 
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(sampled before irrigation). δ 2H-concentration of the natural rainfall was either specified by laboratory 
measurements of occasional rainfall events or by monthly mean values from the GNIP station Grimsel 
(IAEA/WMO, 2021) which is located in a distance of 20 km to S-PM and 50 km to C-PM at an eleva-
tion of 1,950 m.a.s.l. The δ 2H-notation describes the divergence of the isotopic composition of a sample 
in relation to the VSMOW. Natural waters contain mostly less heavy isotopes than the VSMOW, which 
leads to negative δ 2H values. Due to our step-wise enrichment of the  irrigation water, δ 2H-values range 
from negative to positive values. To calculate the δ 2H-transport with non-negative values, an offset 
of 120 was added to the input isotopic concentrations. The longitudinal dispersivity (DL), a transport 
parameter in the advection–dispersion model, was unknown and had to be determined by manual cali-
bration. For simplicity, DL was assumed to be constant with depth. Each model was executed with seven 
different values for DL (0.1, 0.5, 1, 1.5, 3, 5, 10, and 15 cm). The best fit DL was identified visually by 
comparing model output isotope profiles to measured isotope profiles (Figures B1 and B2).

2.5. Soil Moisture Response Analysis

The hillslope hydrological functions such as generation of overland flow, vertical percolation, water stor-
age, etc. are largely determined by the soil hydrological response. For an inter-comparison of the soil 
hydrological responses, we used soil moisture signatures describing the soil moisture reaction to each 
event of the δ 2H-irrigation experiments. Five soil moisture signatures (Figure 4 and Table 3) were used to 
describe the soil water dynamics in terms of velocity, timing, and magnitude. The soil moisture signatures 
were calculated per event for each plot using data from all five soil water sensors (three at 10 cm, one at 
30 cm, and one at 50 cm depth). The event response time (RT) reflects the velocity of the first soil water 
response and is thus a characteristic of the effective soil hydraulic conductivity. It is defined as the number 
of minutes between the start of irrigation and the first soil moisture response. This was defined as the point 
in time when the soil moisture increase was larger than 0.04 cm 3 cm −3, thus increasing above the noise 
range of the sensors.

The relative peak timing (PT) provides information on the balance between infiltration and drainage. This 
signature is defined as the time between the end of irrigation and Θpeak. Θpeak is defined as the maximum 
water content during the event period, which is the period from the start of irrigation to 3 hr after the end 
of irrigation. Negative values indicate that Θpeak was reached before the end of irrigation, which can be 
caused either by saturation or a balance between infiltration and drainage during irrigation (steady state). 
To differentiate if the cases of PT < 0 are caused by saturation or by steady state soil moisture conditions 
during irrigation, we calculated the available remaining storage at peak soil moisture (PS, available peak 
storage) based on the difference between the saturated water content (Θsat) and Θpeak. PS values close to 0 
indicate that the soil moisture peak was reached due to saturation. An available storage distinctly greater 
than 0 indicates the occurrence of steady state flow.

The magnitude of the soil water response can be derived based on the soil moisture peak amplitude. We 
calculated the relative maximum storage increase (SI) by relating the difference between the soil moisture 
Θpeak and Θinit (response amplitude, Branger and McMillan (2020)) to the irrigation amount (I) in mm. 
To convert the moisture response amplitude from m 3/m 3 to mm, the response amplitude was multiplied 
by the depth increment represented by the sensor readings (20 cm). SI thus provides information on how 
much of the irrigation water filled up the short term storage in the soil (either directly or by displacing old 
water). To evaluate a post-event storage increase (ES), we related the difference between the water content 
3 hr after the end of irrigation and Θinit converted to mm to the irrigation amount. This parameter provides 
information on how much of the irrigated water (directly or by displacement) the soil can still hold 3 hr 
after the end of irrigation. The comparison of both signatures provides insights on the storage properties of 
the soil. The smaller the differences between SI and ES, the higher the water holding capacity of the soil. 
High SI-values, but low ES-values, on the other hand, indicate a low storage capacity and a fast subsurface 
water transport.

The signatures used for the soil water response depend on antecedent soil moisture. As the irrigation 
experiments were conducted in both forefields during the summer under nearly identical climatic condi-
tions and in a relatively short time span to ensure uniform weather conditions, we consider antecedent 
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soil moisture as an intrinsic property defined by the underlying soil properties and thus characteristic for the 
individual age classes.

2.6. Statistical Analysis

The statistical analysis was carried out using R (R Core Team, 2017). The Mood's median test (Hervé, 2018) and 
the pairwise Mood's median post hoc test (Mangiafico, 2016) were used to test for significant differences in the 

Figure 4. Visualization of the event-based soil moisture signatures listed in Table 3.

Soil moisture signature [unit] Abbreviation Calculation Description

Event response time [min] RT t(Θ − Θinit > 0.04) Velocity of soil water response,

Relative peak timing [min] PT t(Θpeak)-t(end of irrigation) Balance between infiltration and drainage

Available peak storage 𝐴𝐴

[

𝑐𝑐𝑐𝑐
3

𝑐𝑐𝑐𝑐3

]

PS Θsat − Θpeak Balance between infiltration and drainage

Relative maximum storage increase [%] SI
𝐴𝐴

(Θ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 −Θ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)∗200[𝑚𝑚𝑚𝑚]
𝐼𝐼[𝑚𝑚𝑚𝑚]

∗ 100% Magnitude of soil water response,

maximum storage change

Relative event storage increase [%] ES (Θ3ℎ ����� ��� �� ���������� −Θ����)∗200[��]
�[��]

∗ 100% Magnitude of soil water response,

Differences to SI: information on storage capacity

Table 3 
Event-Based Soil Moisture Signatures and Their Calculation
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observed soil-, surface-, and vegetation characteristics between the geologies 
and age classes. We tested for differences in the medians, as the median is 
less affected by outliers. The Mood's median test is a non-parametric test that 
compares median pairs of two or more groups. The significance level was set 
to p < 0.05.

A kmeans clustering and a principal component analysis using the 
prcomp-function was applied to the data describing hillslope form consisting 
of the soil property data in the top 10 cm and vegetation/surface characteris-
tics. The analysis was limited to this depth because, for a subset of properties 
considered in this study, data availability is restricted to this specific depth. 
The 110a moraine at C-PM was excluded from this analysis due to miss-
ing data. To test for significant differences in the preferential flow fractions 
(PFF) and soil moisture signatures describing the hillslope response among 
the four clusters identified by kmeans, the Tukey's HSD (Honestly Signifi-
cant Difference) test was used. The significance level was set to p < 0.05. The 
abbreviations and units of the soil-, surface-, and vegetation characteristics 
are listed in Table 4.

3. Results
3.1. Evolution of Hillslope Form

3.1.1. Evolution of Soil Characteristics

Figure  5 illustrates the evolution of soil properties presented as median 
values at depths of 10–50 cm, 10 cm, 30 cm, and 50 cm for the two geol-

ogies. Figure 6 shows the results of the Mood's median test for differences in soil properties between the age 
classes per geology (a) and between the geologies per age class (b). For the particle sizes at a depth of 10 cm at 
the 10ka moraine (Figures 6b-6 to 6b-8), a visual assessment of the differences was necessary because the sample 
size is significantly smaller than for the other age classes and geology (n = 2, instead of 6), which would produce 
misleading results in the Mood's median test.

The two geologies differ significantly in their soil structure (Figure  6b). At both geologies, we observed a 
decrease in sand content over time (Figure 5a). At the young age classes, the sand content at both geologies is 
high and differences between the geologies are small (110/30a, Figure 5) or not significant (160a, Figure 6b-5). 
With increasing age, the sand content on the calcareous parent material decreases significantly (Figures  5a 
and 6a-5). This is particularly pronounced at the depths of 10 and 30 cm. At the siliceous site, the sand content 
also decreases with age, but not as significantly. The content drops from roughly 70%–15% at the calcareous 
site and from approximately 80%–50% at the siliceous site. The silt content of both geologies shows no signifi-
cant differences for the two young age classes (Figure 6b-6). On the calcareous parent material, the silt content 
increases significantly with age (Figure 6a-6), especially at the depths of 10 and 30 cm. The calcareous parent 
material has a significant higher clay content at all age classes compared to the siliceous parent material, but no 
clear age trend can be seen at either location.

Differences between the geologies in the development of bulk density and porosity are only significant at the 
medium age classes (160a and 3ka/4.9ka, Figures 6b-1 and 6b-2). A distinct decrease in bulk density with an 
associated distinct increase in porosity is observed at both geologies. While on the siliceous parent material, the 
bulk density and porosity differ significantly at all four age classes, the differences between the two oldest age 
classes on the calcareous parent material are not significant (Figures 6a-1 and 6a-2). Bulk density and porosity 
continuously develop in one direction (decrease in bulk density, increase in porosity) on the siliceous parent 
material, whereas on the calcareous parent material the differences between the oldest age classes are very 
small with the tendency to show a discontinuous development (extrema at 4.9ka instead of 13.5ka). The organic 
matter content increases with age on the siliceous parent material (Figure 6b-3) and is particularly high in the 
upper 10 cm at the oldest moraine. On the calcareous parent material, the organic matter also increases with age 
(Figure 5g) and is significantly higher at the age classes from 110 to 4.9k years compared to the siliceous parent 
material. At the oldest moraine of 10k years, the organic matter content of the siliceous parent material at 10 cm 

Characteristic Abbreviation Unit

Sand content Snd Weight (%)

Silt content Slt Weight (%)

Clay content Cly Weight (%)

Porosity PO cm 3 cm −3

Bulk density BD g cm −3

Available Water Capacity AWC vol (%)

Sat. hydraulic conductivity Ksat cm d −1

Above ground biomass BM kg m −2

Organic matter content OM weight-%

Hydrophobicity HP [–]

Microtopography MT [–]

Vegetation surface coverage SC %

Root length density RLD km m −3

Root density RD kg m −3

Specific root length SRL m g −1

Table 4 
Abbreviations and Units of Soil, Vegetation, and Surface Characteristics 
Used in the Principle Component and Cluster Analysis
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depth exceeds that of the calcareous parent material (Figure 5g). The available water capacity increases with age 
at both geologies (Figure 5h). On the siliceous parent material, this increase is particularly distinct in the upper 
10 cm up to an age of 3,000 years. At 10k years, the available water capacity in 30 and 50 cm depth varies in a 
similarly high range as in 10 cm depth. At the calcareous site, the available water capacity increases equally at 
10 and 30 cm depth, with the highest values being reached at a depth of 10 cm. At a depth of 50 cm, on the other 
hand, the increase is only very slight, which leads to a large difference between the available water capacity in 
10 and 50 cm depth.

Comparing both geologies, the most significant differences across all soil properties are found for the second 
oldest moraines (3k/4.9ka, Figure 6b). In the calcareous parent material, we observed a discontinuity in the age 
trend along the chronosequence with higher values in porosity, clay content, organic matter content, and lower 
values in bulk density at this age class compared to the oldest age class.

3.1.2. Cluster Analysis Based on Form

The following analysis delves into the outcomes of k-means clustering applied to soil, vegetation, and surface 
characteristics, identifying distinct patterns across the four identified clusters. To identify similarities and differ-
ences in form across age classes and between the two parent materials, we first conducted a principal component 

Figure 5. Evolution of median values of bulk density, porosity, loss on ignition, and sand, silt, and clay content at the siliceous (S-PM) and calcareous (C-PM) parent 
material for each age class in 10, 30, and 50 cm depth. The non-linear regression shows the age trend of the median of all values in 10–50 cm depth. n denotes the 
number of observations per depth and age class. Note that at the 10ka at S-PM at 10 cm depth n is only 2 for the observations of the sand, silt, clay, and gravel content.
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analysis on the set of form variables, which includes soil surface properties, surface characteristics, and vegetation 
characteristics. Subsequently, a cluster analysis was performed based on the results of the principal component 
analysis. The data on pH could not be included in the analysis due to an incompatibility of sampling locations 
and sampling strategy. However, because of its great importance, the influence of pH will be included in the 
discussion later on.

The principal component analysis of the combined set of form-describing data at S-PM and C-PM comprising 
soil properties in 10 cm depth and surface/vegetation characteristics (Table 1) shows that 70% of the variation in 
the data across the plots can be explained by the first two principal components (Figure 7). Soil properties such as 
porosity, bulk density, sand content, and available water capacity have the highest impact on the data distribution 
along the PC1 axis. Along the PC2 axis, microtopography and vegetation properties such as biomass, root length 
density and organic matter content have the highest impact.

We used k-means clustering to categorize the plots based on soil properties and surface characteristics repre-
sented in the first two principal components (PC1 and PC2). Among the four identified clusters, three predomi-
nantly align with the PC1 axis. Cluster 1, located on the far left of PC1 (Figure 7), includes the young moraines 
of both parent materials (30a + 160a S-PM and 160a C-PM) and is characterized by a high sand content and 
bulk density. Cluster 2, in the top right quadrant, comprises exclusively old moraines of C-PM (4.9ka + 13.5ka) 
and is distinguished by low sand content, high silt and clay content, high root density, root length density, and 

Figure 6. (a) Results of the Mood's median test conducted to identify significant differences between age classes for each parent material in soil properties at 
10–50 cm, 10 cm, 30 cm, and 50 cm depths. Different colors represent significant differences between age classes. Age classes with the same color are not significantly 
different, as determined by the Mood's median test at the 0.05 level of significance. Partial coloring indicates a difference that is close to being significant. (b) Mood's 
median test to assess significant differences in soil properties at 10–50 cm, 10 cm, 30 cm, and 50 cm depths between parent materials for each age class and depth. 
Gray boxes indicate a significant difference between parent materials. A white star denotes visual evaluation of the differences. Visual assessment was necessary due to 
significantly different sample sizes, which could lead to misleading results in the Mood's median test. Please note that this test was not applied to identify differences 
between the different depths. To discern the direction of the difference, the reader is referred to Figure 5.
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hydrophobicity. Cluster 3, positioned near the origin and extending along both directions of PC2, consists solely 
of moraines from S-PM. It encompasses all three plots from the 3ka, one from the 10ka, and one from the 160a 
moraine, exhibiting variations in saturated hydraulic conductivity, specific root length, and organic matter. The 
plot from the young moraine (160a) is located in the positive PC2 segment, displaying higher saturated hydrau-
lic conductivity, specific root length, and lower organic matter and above-ground biomass. The fourth cluster, 
represented by a single plot from the 10ka moraine at S-PM, occupies a unique position primarily due to its high 
above-ground biomass, organic matter, and microtopography. In summary Cluster 1 features plots with coarse 
texture, low vegetation cover, and a weakly developed root system. In contrast, Cluster 2 is defined by finer mate-
rial and a well-developed root system. Cluster 3 falls between these two, marked by higher above-ground biomass 
and pronounced microtopography. Cluster 4 stands out with the highest organic matter content, above-ground 
biomass, and available water holding capacity.

3.2. Evolution of Hillslope Function

3.2.1. Modeling Isotope Tracer Irrigation Experiments to Identify Deviations From Vertical Matrix Flow

We use the deviations between measured soil water δ 2H-profiles and modeled δ 2H-profiles (modeled by purely 
assuming vertical matrix flow) to infer dominant water flow processes as proposed by Müller et al. (2014). For 
simplicity, the longitudinal dispersivity DL (Table B1) was assumed to be constant with depth. Both the measured 
and the modeled profiles of the δ 2H-concentration in the soil water 2 and 5–14 days after the third irrigation 
are shown in Figure 8. In the analysis, the model poorly reproduces soil profiles at both S-PM and C-PM. The 
observed differences suggest groundwater influence at the 30a moraine at S-PM and indicate preferential water 
transport in the other age classes at both S-PM and C-PM.

For S-PM, the model effectively reproduces the profiles of Plot 1 at the 30a moraine and the upper 60 cm of 
the three plots at the 160a moraine. Groundwater influence is evident in the other two plots at the 30a moraine, 
discerned from homogeneous isotopic concentrations in the lower part of the soil profile (Müller et al., 2014) and 
observations of saturated conditions during soil sampling with the percussion drill. This allowed an approxima-
tion of groundwater levels (GWL1 and GWL2 in Figure 8) for the days of sampling. Groundwater influence was 
further confirmed by observations of lateral subsurface flow (Maier et al., 2021). The proximity to the glacial 

Figure 7. Left: Principal component analysis of data sets of S-PM and C-PM including soil properties at 10 cm depth and surface/vegetation characteristics data at 
each experiment plot per moraine with kmeans clustering. Pie charts show the corresponding preferential flow fraction (PFF) in the respective darker color. Right: The 
loading scores of the soil properties in 10 cm depth and surface/vegetation characteristics. Loading scores describe how much each variable contributes to PC1 and 
PC2. White indicates positive and black indicates negative loading scores. An explanation of the abbreviations is given in Table 4.
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lake and slope position of the two plots emphasizes the role of subsurface lateral water flow at the 30a moraine. 
At the 160a moraine (S-PM), the model overestimates deuterium concentrations below 60  cm in Plot 1 and 
underestimates them in Plot 3. Similar underestimations occur at the 3ka and 10ka moraines, indicating potential 
preferential water transport (Müller et al., 2014), as under preferential water flow conditions, the isotopic signal 
can reach greater depths faster than under matrix flow conditions (see also Section 3.2.3 where preferential flow 
occurrence is confirmed).

In Plot 1 and 2 of the 160a moraine at C-PM, the model underestimates the isotopic composition 2 days after the 
third irrigation. Plot 3 exhibits differences only in the upper 70 cm, with deviations below that being minimal. 
This underestimation suggests preferential water transport. The deuterium concentration of the second profile is 
mainly overestimated across all plots. However, this second δ 2H-profile, obtained the morning after a nocturnal 
snowfall event with an unknown δ 2H-concentration, significantly increases model result uncertainty. For the three 
plots of the 13.5ka moraine and Plot 2 at the 4.9ka moraine, the model underestimates the δ 2H-concentration, 
indicating potential preferential flow. In Plot 1 and 3 of the 4.9ka moraine, profiles show minimal depth variation, 
potentially resulting from simulated matrix flow. However, this low variability could also stem from high disper-
sivity and/or rapid vertical water transport, causing the isotopic signal to rapidly disappear.

3.2.2. Soil Moisture Signatures

The soil moisture signatures for each age class, parent material, and observation depth are displayed in Figures 9 
and 10.

The five soil moisture signatures (Figure 4 and Table 3) describe the soil water dynamics in terms of velocity, 
relative timing of the peak, and magnitude. The irrigation signal reaches the sensors at C-PM faster than at 
S-PM (Figure 9). The response time (RT) increases slightly with age at both geologies. The time until the soil 
moisture peak is reached in relation to the end of irrigation (peak timing = PT, Figure 10a) reveals that espe-
cially the C-PM moraines reach the maximum water content already during irrigation (PT < 0). At S-PM this 
is mainly the case in the top soil at the 30a, 160a, and 3ka moraine. At the oldest S-PM moraine (10ka), the 
peak soil moisture  is mostly reached after the end of irrigation (PT > 0). At the C-PM moraine, the available 
peak storage (PS, differences between the laboratory-based measured saturation water content and the peak soil 
moisture content) for the cases PT < 0 is relatively high (>20 Vol-%), which indicates that during the irrigation 
process the soil is not fully saturated and an equilibrium between infiltration and deep drainage is established. In 

Figure 8. Measured and modeled δ 2H-isotope profiles after the irrigation experiments at both chronosequences, with the model assuming pure matrix flow.
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contrast, PS values at S-PM are small, which indicates that saturation occurs before the end of irrigation. High 
PS values indicating steady state flow were only found in 10 cm depth at the 3ka moraine. However, small differ-
ences and negative values should be interpreted with caution due to the uncertainties in the laboratory-based 
determination of the saturated water content and the uncertainties in the transferability of laboratory data to field 
measurements.

The relative maximum storage increase (SI) at the S-PM moraines is higher compared to C-PM. Especially in 
the topsoil of the 30a moraine and in 10 and 50 cm depth of the 10ka moraine at S-PM, SI mostly exceeds the 
irrigation input several times over (Figure 10c). A disproportionate increase in soil moisture could indicate lateral 
water input. At C-PM however, the relative maximum storage increase is consistently below the precipitation 
input. The relative event storage increase (ES), which describes the storage increase 3 hr after the event as fraction 
of the irrigation amount and provides information on water holding capacity, increases at S-PM from the young 
moraines to the old moraines, with the 3ka occasionally showing very high ES values. Compared to the maximum 
storage increase the event storage increase in the topsoil at the 30a and in 10 and 50 cm depth at the  10ka  moraine 
is distinctly smaller. The event storage increase at C-PM is small with values consistently below 50% of the 
precipitation input.

Figure 10. Timing of soil moisture peak relative to the end of irrigation (PT = relative peak timing) (a), difference between soil moisture peak and saturated water 
content (PS) for PT < 0 (b), relative maximum storage increase (SI) (c), and relative event storage increase (ES) (d) for all irrigation events at each geology, age class 
and sensor depth (10, 30, and 50 cm). Small numbers indicate the sample size of each box.

Figure 9. Soil moisture response time (RT) for age each class and sensor depth (10, 30, and 50 cm) for both geologies. Small 
numbers indicate the sample size of each box.
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3.2.3. Dye Tracer Irrigation Experiments

Detailed results of the dye tracer experiments can be found in Hartmann, Weiler, and Blume (2020a) (S-PM) 
and Hartmann et al. (2022) (C-PM). Here we only give a brief summary of the observed flow types (Figure 11), 
which were then used to calculate the preferential flow fraction per profile. The flow pattern classification into 
flow types shows a decrease in matrix flow with increasing age at both geologies. At the calcareous site, matrix 
flow is more dominant, especially at the youngest age class, whereas at the oldest moraines finger-like flow is 
dominant. The two young moraines at the siliceous site are dominated by matrix flow. In the upper 20 cm the flow 
type frequency follows a clear age trend with an increase in preferential flow (finger-like flow and macropore 
flow) with increasing moraine age. At the 10ka moraine, the infiltration depth is distinctly lower compared to 
the younger age classes. This is the only moraine where macropore flow was observed, which is the dominating 
flow type at this age class. A significantly lower infiltration was also found below a depth of 60 cm at the 3ka 
and 30a moraine. The 30a moraine shows a high frequency of preferential flow at these depths. Preferential flow 
occurs here as funneling caused by large blocks of rock surrounded by clay and in form of macropore flow in 
cracks and finger like flow along material interfaces of a loam/clay horizon at 50 cm depth (Hartmann, Weiler, 
& Blume, 2020a).

We calculated the preferential flow fraction (PFF) as the occurrence of preferential flow observations (outlined in 
magenta in Figure 11) as fraction of all flow type observations (excluding no flow). PFF is displayed per geology, 
age class, and depth in Figure 12. No continuous age trend is observed for PFF in the top soil layer at the calcar-
eous site, as the 4.9ka moraine shows the highest PFF. Only from a depth of 20 cm downwards do we observe a 
continuous increase in PFF with moraine age.

At the siliceous site, the fraction of preferential flow increases continuously with age in almost all three 
observation depths. An exception is the youngest moraine, where the proportion of preferential flow in 50 cm 
depth is higher than at the 160a moraine (median > 0.8). The highest PFF of all age classes at both parent 
materials was found at the 10ka moraine (siliceous parent material). Here we observed either no flow or a 
few preferential flow paths (macropore flow). The observation of preferential flow as the only flow type leads 
to PFF = 1.

Figure 11. Evolution of flow type distribution at both chronosequences. Left: across the complete profile depth (Hartmann, Semenova, et al., 2020; Hartmann 
et al., 2022). Right: differentiated by depth. Magenta frames outline the preferential flow types used for the PFF calculation.
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3.3. Links Between Hillslope Form and Hillslope Function

To investigate if clusters based on form (soil properties at 10 cm depth and vegetation/surface characteristics) 
show different behavior/functioning, we plotted the observed hillslope responses for each cluster in Figure 13. 
This figure also provides a summary of the cluster characteristics. The distribution of soil properties at 10 cm 
depth and vegetation/surface characteristics within each individual cluster is shown in Figure  D1 in the 
Appendix D.

In Cluster 1, soil moisture signatures indicate steady-state transport conditions, soil saturation, and subsurface 
lateral flow. The peak soil moisture at 10  cm depth is mostly reached before the end of irrigation (PT  <  0, 
Figure 13a-2). The available storage at peak soil moisture (PS) helps to identify, in cases of PT < 0, whether 
the peak soil moisture was reached due to saturation or an equilibrium between infiltration and deep drainage 
(described in detail in Section 2.5). At 10 cm depth, the PS values vary from 0 to 0.35 (Figure 13a-3), indicat-
ing that in some cases, saturation (PS close to 0) and in others, steady-state transport conditions (PS > 0) were 
reached. A relative maximum storage increase (SI) of more than 100% of the irrigation input indicates an addi-
tional water input through lateral flow (Figure 13a-4). At 10 cm depth, the median SI is around 50%, but the inter-
quartile range reaches from about 30% to 120%, with a few outliers over 200%, hinting lateral subsurface flow. 
Surface and lateral subsurface flow (Figure 13b) were also directly observed (Maier & van Meerveld, 2021b; 
Maier et al., 2021). Cluster 1 has very high variations in preferential flow frequency (PFF) at 10, 30, and 50 cm 
depth. The median values increase with depth, but are always the smallest compared to the other clusters.

Cluster 2, in contrast, displayed exclusively steady-state transport conditions, with minimal lateral subsurface 
flow. The response times were slightly smaller compared to Cluster 1. In more than 80% of the observed sensor 
responses at 10 and 30 cm depth and more than 70% at 50 cm depth, the peak soil moisture was reached before the 
end of irrigation (PT < 0). The available storage at peak soil moisture (PS) in these cases exceeds 0.2 at all three 
depths, indicating solely steady state water transport conditions. Cluster 2 shows the smallest variation range in 
the relative maximum storage increase and the relative event storage increase. The preferential flow frequency 
increases with depth, reaching 1.0 at 30 and 50 cm depths.

Cluster 3 showcased cases of steady-state water transport and subsurface lateral flow, with longer response times 
across all depths compared to Clusters 1 and 2 (Figure 13a-1/7/13). At 10 cm depth, more than 60% of the soil 
moisture observations indicated a peak before the end of irrigation. In most cases of PT < 0 at 10 cm depth, 
the available peak storage is higher than 0.1, indicating that saturation was not reached and steady-state water 
transport was dominant. At 10 and 50 cm depths, in more than 25% of the observations, the maximum storage 
increase was higher than the irrigation input, indicating additional water input from lateral flow. Subsurface 

Figure 12. Preferential flow frequency as preferential flow fraction (PFF) at each age class of both geologies at 10, 30, and 50 cm depth. Numbers inside the boxes 
indicate the sample size. PFF = 1 means that only preferential flow was observed. At the 10ka moraine at S-PM mostly no flow or preferential flow was observed, 
resulting in PFF = 1 with almost no variability. Small numbers indicate the sample size of each box.
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flow and surface flow were also directly observed by Maier et al. (2021) and Maier and van Meerveld (2021b) 
(Figure 13b). The preferential flow frequency was higher at 10 cm depth compared to Clusters 1 and 2.

Cluster 4, comprising only one experimental plot, exhibited high water storage capacities and subsurface lateral 
flow. The response time in cluster 4 at 10 cm depth is the highest of all four clusters. Only 25% of the obser-
vations at 10 cm depth showed a soil moisture peak before the end of irrigation. The maximum PT values are 
also distinctly higher in cluster 4 at 10 and 30 cm depths compared to the other clusters. The very few cases of 
PT < 0 showed an available peak storage between 0.05 and 0.2. The maximum storage increase at 10 cm depth 
is the highest compared to the other four clusters, and it is also the only cluster with a median maximum storage 
increase higher than the irrigation input, hinting at high lateral water transport. The preferential flow fraction is 
1.0 at all three depths.

4. Discussion
4.1. Evolution of Hillslope Form

4.1.1. Grain Size Distribution and Structural Properties

The cluster analysis placed the young moraines of both geologies into a single cluster and the two older age 
classes into one cluster per geology (Figure 7) which suggests that age and geology determine differences in 
hillslope form, with age becoming less important and geology becoming more important as time progresses. 
The PCA reveals that differences in soil structural characteristics such as sand content and porosity as well as in 

Figure 13. Left: Distribution of the soil moisture signature parameters and PFF in the four clusters based on form. Right: Surface- and subsurface flow observations by 
Maier et al. (2021) and Maier and van Meerveld (2021b) in the four clusters. Small numbers indicate the sample size of each box.
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surface and vegetation characteristics such as microtopography, above ground biomass and root characteristics 
separate the old moraines of both geologies into different clusters. We find that at both geologies physical, chem-
ical, and biological weathering processes cause a decrease in the sand content in favor of the silt and clay content 
(Figure 5). We assume that biological weathering processes (breakdown of particles by roots and root exudates) 
are constantly gaining in importance due to the advancing vegetation succession over the millennia of landscape 
development. The continuous biomass accumulation and the reduction in grain sizes with increasing age lead to 
an increase in porosity and a decrease in bulk density and thus to an increase in available water capacity.

However, there are some specific differences in the soil and landscape development between the parent materi-
als that need to be discussed. We found finer grain sizes at the calcareous moraines (Figures 5a–5c), compared 
to the oldest siliceous ones, despite higher chemical weathering rates at the latter (Musso et al., 2022b). Apart 
from weathering processes, aeolian dust input can also be a cause for changes in the grain size distribution 
with increasing moraine age. Next to local aeolian depositions, the Alps consistently receive a minor dust input 
from the Sahara each year, with research suggesting non-constant deposition patterns over the past 10k years 
(Boxleitner et al., 2017; McGee et al., 2013). Consequently, the overall increase in fine particle content with the 
age of the moraines cannot be exclusively attributed to weathering. However, due to the proximity of our two 
study sites, we assume that the annual dust input is similar, in both geological settings, even with the awareness 
that deposition amounts can be influenced by slope exposition. Given the pronounced differences in grain sizes 
distribution between the parent materials, we assume that weathering processes are the dominant control here.

At the chronosequence of calcareous moraines, we did not observe a clear trend with age for some soil prop-
erties. Here, the clay content, organic matter content, and the porosity are higher at the 4.9ka compared to the 
13.5ka moraine (plus correspondingly lower bulk density, Figure 5). This somewhat erratic development does 
not fit the evolution of soil properties observed in undisturbed systems (i.e., Douglass & Bockheim, 2006; Dümig 
et al., 2011; Vilmundardóttir et al., 2014). Also weathering indices derived by Musso et al. (2022b) indicated 
stronger weathering at the 4.9ka moraine compared to the oldest moraine of the same geology. We have to 
consider that in this case the assumption of the chronosequence approach that all moraines developed under the 
same environmental conditions and disturbances and only differ by their age is not completely valid. Different 
initial site conditions or/and geomorphological disturbances (Wojcik et al., 2021) may have led to different rates 
of change at these calcareous moraines, which led to a slightly higher development stage at 4.9ka. Evidence 
suggests that the 13ka moraine may has been exposed during the Dryas advance phases (Musso et al., 2020), 
which were colder and drier, potentially hampering soil formation. The Dryas advance phases denote cooling 
periods during the transition from the Last Glacial Maximum to the early Holocene, causing ice sheets and 
glaciers to advance (Ivy-Ochs et al., 2008). Consequently, the 13.5ka moraine would have experienced colder and 
drier climatic conditions in the initial years after exposure compared to the 4.9ka moraine, which was exposed 
during the Holocene. These climatic conditions may have slowed down the co-evolution of soil, water transport, 
and vegetation during the early stages at the 13.5ka moraine.

Moreover, it is essential to consider the diverse orientations of the plots on the moraines to explore whether 
they could account for the observed variations. North-facing slopes, receiving less direct sunlight, tend to have 
cooler temperatures and slower snowmelt, potentially influencing soil and vegetation development (Zapata-Rios 
et al., 2016). The three plots of the oldest moraine (13.5ka) all face north, while the plots on the 4.9ka moraine 
vary in orientation (north, south, and west) and might therefore have developed differently. However, Figure 7, 
displaying PCA results and clustering, indicates only subtle differences in soil, surface, and vegetation charac-
teristics. All plots on both moraines are grouped in a single cluster and the range on the axes of the principle 
components is actually larger for the oldest moraine with respect to PC1 and similar to the 4.9ka with respect to 
PC2. Consequently, we infer that the differences in plot orientation on the 4.9ka moraine did not lead to signifi-
cant differences in the evolution of hillslope form.

4.1.2. Available Water Capacity and Organic Matter Content

At the siliceous moraine chronosequence, organic matter development (derived here by loss on ignition) and 
available water capacity exhibit a continuous trend with a distinct increase between the two oldest moraines 
(Figures 5g and 5h). This is likely connected to vegetation cover, as the 3ka moraine is mainly dominated by 
grass, whereas the 10ka moraine has a dense vegetation cover consisting mainly of Rhododendron ferrugineum 
and Vaccinium myrtillus, both acid-loving species of ericaceous shrubs. The organic layer at the 10ka moraine 
has a high proportion of humus due to difficult to decompose substances such as lignin, cellulose and phenolic 
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compounds in the litter produced by the ericaceous shrubs (D’Amico et al., 2014; Pornon & Doche, 1996), posi-
tively affecting the available water capacity (Khaleel et al., 1981).

Despite the calcareous parent material having finer grained material (higher silt and clay content, Figure 5), the 
available water capacity on the siliceous moraines surpasses that of the calcareous moraines at older ages. The 
soil water retention curves, derived from laboratory analyses (Figure 7 in Hartmann, Weiler, & Blume, 2020a), 
reveal a clay-like to loamy-silty progression at the old siliceous moraine and a silty curve progression at the 
calcareous moraine. The high retention at the 10ka siliceous moraine is attributed to a substantial proportion of 
dead organic material, impacting structural variables (bulk density and porosity) and increasing soil absorption 
capacity (F. Yang et al., 2014). Despite the 3ka moraine having coarser texture and lower organic matter than the 
4.9ka moraine, its available water capacity is higher. This discrepancy may be explained by the organic matter 
content, where living organic matter in form of a dense root network dominates at 4.9ka (Greinwald, Dieckmann, 
et  al.,  2021) and humus at 3ka, with the latter exerting a stronger influence on water retention (Greinwald, 
Dieckmann, et al., 2021).

4.1.3. Soil Formation and Vegetation Characteristics

The soil formation and vegetation characteristics at the old moraines exhibit distinct differences between the 
parent materials. Despite the existing literature on these study sites, the complex feedback mechanisms between 
vegetation development and soil formation in both forefields have not been thoroughly addressed, previously. 
Musso et al. (2022b) concluded that, concerning soil formation at the sites, the parent material plays a pivotal 
role until the later stages, where vegetation becomes more dominant. However, an explanation for the divergent 
development of vegetation cover between the two sites, resulting in varying effects on soil formation, was lacking.

We hypothesize that the interplay between parent material properties and vegetation coverage led to the faster 
vegetation colonization and distinct soil formation at the siliceous site. While the 160-year-old calcareous 
moraine was sparsely covered, its siliceous counterpart was fully vegetated, including ericaceous shrubs. In 
contrast, the 10,000-year-old siliceous moraine was already densely covered with these acid-loving ericaceous 
shrubs. We assume a positive feedback loop between pH levels and ericaceous shrubs, leading to a significant 
increase in shrub vegetation at the siliceous site. The low pH-values of the topsoil due to weathering of the sili-
ceous parent material favor the settlement of ericaceous shrubs, which further lower the pH-value through litter 
production (Schaetzl,  2002) and root activities and which furthermore improves their own living conditions. 
Musso et al. (2019) reported at the siliceous site a steady decrease in pH from about 6.5 at the youngest moraine 
to about 4 at the 10ka moraine.

The dense growth of ericaceous shrubs may result from the cessation of grazing. Under low-pressure grazing, 
Rhododendron ferrugineum thrives, benefiting from its toxicity, which deters livestock and enables rapid spread 
(D’Amico et al., 2014; Ellenberg, 1988; Treter et al., 2002). This species tends to dominate subalpine landscapes, 
achieving up to 90%–100% vegetation cover (Pornon & Doche, 1996), especially on degraded soils (Costantini 
& Dazzi, 2013). The recovery of previously grazed areas leads to increased vegetation cover as existing shrubs 
spread (Scherrer & Pickering, 2005). The proximity to a local farm suggests that the 10ka moraine was likely 
grazed by sheep and goats, supported by reported trails indicating past livestock farming (Musso et al., 2020).

The high organic matter production and the low pH-value of the highly conductive, sandy soil at the 10ka moraine 
favor podsolization. Unlike Musso et al. (2019), who described the soil at the 10ka moraine as an entic podzol, 
we found a podzol with a clearly developed eluvial (albic) horizon overlying an iluvial horizon (Figure C1 in the 
Appendix C). A lack of the albic horizon was also occasionally observed, which explains different classifications 
by Musso et al. (2019, 2020), and Maier et al. (2020). The formation of podzol is also favored by the humid and 
cool-temperate climate in this area (Egli et al., 2001; Heikkinen & Fogelberg, 1980) and can lead to the formation 
of hard pan, which was present here at an early stage as solidified soil.

The calcareous moraines displayed a delayed process of vegetation coverage, accompanied by similar short-term 
erosion rates and even lower long-term erosion rates compared to the siliceous moraines (Musso et al., 2022b). 
Despite these dynamics, the soil production in the early stages still lags behind soil denudation rates. At the 
calcareous site, the 13.5ka moraine showed a similar vegetation cover as the 4.9ka moraine. Both moraines are 
mainly covered with grass. The soil pH at the calcareous chronosequence does not change much over the millen-
nia (mostly between 7 and 8) (Musso et al., 2019), since the carbonate-rich soil material buffers the organic and 
carbonic acids. We posit that the higher pH levels create an environment less conducive to the rapid settlement 
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of litter-producing vegetation, resulting in a diminished organic matter input compared to the siliceous site. 
Accordingly soil formation at the calcareous site was not as distinct. Compared to the soil at the young moraines, 
a color change to a more brownish hue can be seen in the upper 50 cm of the old moraines, but weathering and 
soil formation are less profound compared to the old moraines on siliceous parent material (Musso et al., 2022b). 
The soil material at greater depths still very much resembles the material of the young moraines.

4.2. Evolution of Hillslope Function and Links to Form

The relevant observations on soil development, vegetation cover and dominant flow components are summarized 
in Figure 14 and supplemented with information on the occurrence of surface and subsurface runoff during the 
irrigation experiments by Maier and van Meerveld (2021b) and Maier et al. (2021). At the siliceous site we found 
a distinct transition in water transport processes over the first millennia of landscape evolution (Figures 8–12). 

Figure 14. Sequence of observed vegetation characteristics, runoff observations, dye pattern characteristics and soil 
features (process and properties) along the chronosequences at S-PM and C-PM. Figure adapted from Hartmann, Semenova, 
et al. (2020).
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The coarse textured young soil at the 30a moraine has a low water retention and high drainability. The water 
transport is dominated by fast vertical water movement. Only the plots located down-slope in close proximity 
to the glacial lake showed subsurface flow caused by near-surface groundwater and saturation excess overland 
flow during the irrigation experiments. At the intermediate age classes the soil water storage capacity increases 
due to the reduction in grain sizes and organic matter accumulation. The water transport is mainly vertical and 
increasingly preferential in form of finger-like flow (Figure 11) caused by surface structure and hydrophobicity 
(Hartmann, Semenova, et al., 2020). Saturation runoff and lateral flow was observed but rarely occurred. At the 
oldest moraine of 10k years, surface and lateral subsurface flow as well as water storage in the organic surface 
layer play the dominant role in water redistribution (Figure 10). Vertical water transport beyond the organic top 
layer by macropore flow along root fissures was observed, but contributes little to the water redistribution. Only a 
few flow paths that went beyond the organic layer were observed during the dye tracer experiments (Figure C1).

The results are similar to findings by Lohse and Dietrich (2005) who found a transition from mainly vertical to 
lateral water transport processes between a 300-year-old Andisol and a 4.1 million-year-old Oxisol. Also Yoshida 
and Troch (2016) reported a transition of the major flow pathways from deep percolation to more shallow subsur-
face flow with increasing age of volcanic catchments. In contrast to the findings by Lohse and Dietrich (2005), 
our study at the siliceous site found that the transition of major water flow paths from vertical to horizontal is not 
caused by the accumulation of clay particles. Lateral subsurface flow and biomat flow occurs due to the progres-
sive accumulation of organic matter that initiates podzolization and the concomitant subsurface consolidation. 
Thus, at the 10ka, the organic layer plays an important role in water redistribution. The high eco-hydrological 
significance of the organic horizon in alpine regions was also pointed out by F. Yang et al. (2014). The high water 
retention capacity of the organic layer captures large amounts of rainfall and prevents further percolation. This 
explains why surface runoff and lateral subsurface flow occurred only on the second or third day of irrigation 
(Table A1) together with deep percolation via preferential flow (Figure 8). We assume that the first irrigation 
filled the storage of the organic layer to such an extent that the water input of the following days led to satura-
tion runoff and to lateral subsurface runoff. As the hydraulic conductivity of organic soils is highly anisotropic 
with higher conductivities in the lateral than vertical direction (Beckwith et al., 2003; Chason & Siegel, 1986), 
lateral flow probably occurred in form of biomat flow within the organic layer and along the interface with the 
underlying less permeable soil material. The high water retention of the organic layer leads to a high water avail-
ability, which has a positive effect on the vegetation and thus in turn again on the organic matter content (Y. Yang 
et al., 2009). This creates a positive feedback loop between soil moisture and organic matter content, which was 
primary set in motion by the low pH value in the siliceous material and therefore delayed conversion of the raw 
humus.

In contrast to the siliceous parent material, water transport processes did not change significantly in the first 
millennia of landscape development at the calcareous site. The water transport at all moraines is dominated by 
fast vertical water movement (Figure 10). The water is transported mainly via matrix flow at the young moraines, 
which becomes more preferential (finger-like flow) with increasing moraine age (Figure 11). In most cases, an 
equilibrium between infiltration and drainage was observed without saturation of the topsoil. Only at the 160a 
moraine, surface runoff was observed during the irrigation experiments (the experiments were not conducted on 
the 110a moraine). Runoff at this moraine is probably caused by the dense stone cover but also structural sealing 
was observed, which partly led to a reduced infiltration capacity (Hartmann et al., 2022; Maier et al., 2021). 
The transport velocity decreased and the storage capacity increased from the young to the old moraines, which 
is caused by the decrease in particle sizes and increase in organic matter content. However, the development is 
not continuous with age. Storage properties are highest at the 4.9ka moraine followed by 13.5ka moraine and the 
lowest at the youngest moraine, which correlates with the organic matter content (Figure 6).

The distinct differences in the hydrologic response evolution in the two glacier forefields show that age alone 
cannot be used as a control variable to predict hydrological responses in ungauged landscapes. It is therefore 
advisable to consider the (hydrological) age of a catchment according to the concept of Troch et al. (2015), which 
defines hydrological age (here applied to hillslopes) as a function of the activity of the catchment-forming factors 
driving coevolution (climate, geology, and tectonics). In this concept, the disparity in the hydrological response 
between an observed system state and the initial system state is used as a measure for the (relative) hydrological 
age. The activity level of the drivers (climate, geology, and tectonics) reflects the potential for processes asso-
ciated with these drivers to influence the hydrological response. The higher the impact of these processes on a 
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change in the hydrological response, the greater the activity level associated with this driver, implying a propor-
tional relationship between the activity and the rate of change in the hydrologic response.

Under nearly the same climate and tectonic history, the activity of the siliceous geology, driving the co-evolution 
of vegetation, soil, and hydrologic response, seems to be higher compared to the calcareous parent material. 
The hydrological response at the siliceous site exhibits a significant divergence between the youngest and oldest 
moraines, whereas at the calcareous site, the disparities in the hydrological response between the young and old 
moraines are less distinct. Drawing from Troch et al. (2015), an index for chemical weathering was suggested to 
describe geology activity. Consistent with this, chemical weathering rates at the siliceous site were found to be 
higher than at the calcareous site (Musso et al., 2022b), aligning with the insights of Troch et al. (2015).

However, the activity level of geology is not completely independent of the other driving factors. The occurrence 
of podsolization in the siliceous material as a result of weathering and translocation processes is largely attributed 
to the cool and humid climate, which favors the accumulation of organic matter and the translocation of organic 
acids. Comparing both geologies in different climatic settings may lead to different results and activity levels of 
the parent material.

4.3. General Links Between Hillslope Form and Hillslope Function

The identification of links between the hydrological response and structural features independent of develop-
mental stage would allow for a first assessment of the hydrological response in ungauged landscapes using easily 
measured/observed variables. This would contribute significantly to the fundamental processes of knowledge 
transfer and the identification of process similarities of hydrological systems (Blöschl, 2016). We derived general 
links by testing whether different clusters of hillslopes identified by variables describing form are also different in 
their hydrological response. The form-and-function dualism in hydrology, explored in Angermann et al. (2017), 
Fan et al. (2020), and Gnann et al. (2021), emphasizes the importance of observation scale and selecting appro-
priate variables for assessing form-function relationships in heterogeneous environments. Our data set employs 
commonly used variables in environmental science studies (e.g., ecology, botany, geomorphology, geography).

To this end we carried out a cluster analysis of soil structure and vegetation/surface characteristics at each plot, 
independent of age and parent material. We found that the presence of a thick organic layer is linked to high stor-
age properties. The comparatively high storage properties in cluster 4 (Figure 13), which were identified by the 
longest response times, positive peak timings and largest storage increase, are linked to a high amount of organic 
matter content of various decomposition stages, which goes along with a high available water capacity. The pres-
ence of an organic top layer was also found to be a good indicator for the occurrence of lateral subsurface flow 
in clusters 3 and 4. Lateral flow was indicated by the occurrence of relative maximum storage increase values of 
>100% and was furthermore observed at the trenches of the irrigation plots (Maier et al., 2021). Similar findings 
in alpine grassland were reported by F. Yang et al. (2014) who also found high storage capacities in the organic 
layer, together with lateral subsurface flow. The lateral subsurface flow observed in cluster 1 is, however, likely 
driven by the hillslope position at the footslope.

The soil textural information alone is not found to be a good predictor of hillslope hydrological response. We 
found that its impact can be obscured by the organic matter content. The grain size distribution in cluster 4 is in 
a similar range as in cluster 1 (Figure D1 in the Appendix D). However, due to the high organic matter content in 
cluster 4, porosity and bulk density, and the hydrological response are significantly different from cluster 1. The 
positive effect of organic matter on soil water retention is widely known (Rawls et al., 2003), and information 
on organic matter content is already an essential feature within the hydrological characterization of soils (e.g., 
via pedotransfer functions Pachepsky & Van Genuchten, 2011). Nevertheless, our findings also emphasize the 
crucial role of the type of organic matter in predicting its hydrological impact. Our assessment of organic matter 
did not distinguish between living (e.g., roots) and dead (detritus or humus) organic matter. However, based on 
observations in the field, we can say that in comparing cluster 2 and 3, the main part of the organic matter in clus-
ter 3 is made up of dead organic material, while cluster 2 has a high content of active root material. By comparing 
cluster 2 and 3 in regard to their observed properties, we found that despite having a lower organic matter content 
and a coarser grain size distribution (also lower porosity and higher bulk density), the vertical saturated hydraulic 
conductivity in cluster 3 is also lower. Interestingly, the hydrologic response in cluster 3 shows more water stor-
age and occasional lateral subsurface flow, whereas cluster 2 shows little water storage and mainly steady-state 

 19447973, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
035937 by H

elm
holtz-Z

entrum
 Potsdam

 G
FZ

, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Water Resources Research

HARTMANN AND BLUME

10.1029/2023WR035937

27 of 38

vertical water transport. A high proportion of dead organic material (as in cluster 3) is known to have a decreasing 
effect on saturated hydraulic conductivity (Demir & Doğan Demir, 2019; Jarvis et al., 2013), whereas the dense 
root network of grassland vegetation (as in cluster 2) enhances infiltration by providing additional flow paths for 
water transport (Leimer et al., 2021).

We found that the occurrence of preferential flow is closely linked to vegetation characteristics as above ground 
biomass (Figure 13) and the architecture of the root system (Figure D1). The strength of this relationship might in 
part be due to the chronosequence study design where we cannot evaluate the impact of biomass/root systems and 
soil characteristics independent of each other. We observed a transition from homogeneous unconsolidated coarse 
textured soil (cluster 1) to a layered soil system (cluster 2 to 4), which together with vegetation development 
leads to the formation of finger-like flow paths (cluster 2–3) and macropore flow (cluster 4). The above ground 
biomass, which decreases from cluster 1 to 4 is an indicator for the change in vegetation. The vegetation devel-
ops in clusters 1 to 3 from small pioneer plants to grassland (clusters 1 and 2) to herbaceous to shrub vegetation 
(cluster 3). Cluster 4 is dominated mostly by shrub vegetation. This development also influences the infiltration 
pattern, which becomes increasingly heterogeneous from cluster 1 to 4. With the type of vegetation cover, the 
root system also changes, which also has a major impact on PFF. The specific root length increases from cluster 
1 to 4. High SRL values indicate root systems made up of long and thin roots, while smaller values indicate 
shorter, thicker roots. The pattern across the clusters matches the vegetation observation. The small pioneer 
plants in cluster 1 have very fine and long roots, which theoretically could form preferential flow paths (Ghestem 
et al., 2011), but their effect on water transport is small compared to abiotic factors (coarse textured soil). For the 
grass vegetation in clusters 2 and 3, the root network is already denser and the roots larger, which (among other 
factors) promotes the formation of finger-like flow paths. The shrub vegetation in cluster 4 primarily develops 
near-surface, woody roots. The high proportion of preferential flow is due to the small amount of water that 
preferentially infiltrates macropores beyond the organic layer. We conclude that in our chronosequence study the 
occurrence of preferential flow is closely linked to vegetation characteristics as above ground biomass and the 
architecture of the root system. This also confirms the findings described in Hartmann, Semenova, et al. (2020) 
and Hartmann et al. (2022).

While saturated hydraulic conductivity is often used as an indicator in the context of land use/cover changes 
and the impact on hydrological flow paths such as overland flow and subsurface stormflow (Archer et al., 2013; 
Godsey & Elsenbeer, 2002; Tian et al., 2017; Zimmermann et al., 2006), it did not work well as an indicator for 
either preferential nor lateral surface/subsurface flow in our study. We observed an increase in PFF with decreas-
ing saturated hydraulic conductivity, but the magnitude of hydraulic conductivity is more of an indicator for the 
progression of weathering and soil formation processes that also lead to change in the vertical subsurface flow 
paths.

5. Conclusions
Our investigation of the evolution of hillslope form and function in two glacier forefields with different parent 
material shows that chemical composition of the parent material affects the hydrological functioning. Soil pH 
seems to be the key variable that determines vegetation development, soil formation (hillslope form) and subse-
quently hydrology (hillslope function). The sites in our study are exposed to approximately the same weathering 
conditions. Although the calcareous material breaks down faster into finer-grained material, it is the acidic weath-
ering of the siliceous material that has a profound impact on water storage and transport. The acidity resulting 
from the weathering of siliceous material creates an environment conducive to the growth of shrub vegetation, 
leading to higher organic matter production. Simultaneously, it facilitates the preservation of organic material. 
Combined with increased inputs from shrub vegetation, this results in a significant accumulation of dead organic 
matter. The organic matter accumulation then significantly alters storage and transport properties by increasing 
water storage capacity.

Water redistribution is dominated by vertical subsurface water transport only in the two youngest age classes. 
Podzolization occurs on the siliceous parent material sometime between 3,000 and 10,000 years of landscape 
development. After 10,000 years of soil development water storage in the organic surface layer, lateral subsurface 
water transport and overland flow become the major components controlling water redistribution. At the calcare-
ous site, the high pH-buffering capacity of the soil leads to less soil formation and fast, vertical subsurface water 
transport dominates the water redistribution even after more than 10,000 years of landscape evolution.
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It is unclear whether the differences in hydrologic flow paths in turn impact the vegetation development. We 
assume that at the siliceous site, the increase in storage in the topsoil triggered a positive feedback cycle and that 
the increase in water and nutrient availability favored the settlement of ericaceous shrubs, which in turn have a 
positive effect on the storage capacity of the soil. At the calcareous site, on the other hand, important plant nutri-
ents are likely to be leached and thus lost from the root zone. This limits the development of larger vegetation 
which could improve the storage capacity in the topsoil by organic matter production.

Our study showed that form and function develop differently on chemically different parent materials, making the 
parent material an important proxy for linking form and function. The partitioning into surface and subsurface 
lateral flows, as well as the development of subsurface vertical flow paths, is clearly influenced by weathering 
and soil development. It is also, to a large extent, shaped by accompanying vegetation and soil formation, signifi-
cantly impacting the local water budget. We found that the interplay between geology, vegetation, and the occur-
rence of an organic surface layer are essential landscape features that are linked with the hydrological response 
and should be considered when reading and interpreting the landscape to assess the hydrological functioning of 
ungauged areas.

The accelerated retreat of glaciers exposes more and more young alpine landscapes, which will undergo 
pronounced changes within a few decades and centuries. Our study contributes to predicting the future evolution 
of local hydrology in these emerging landscapes. The benefit of our findings is, however, not only limited to 
the application in proglacial areas, but could also be used in the context of renaturation of degraded hillslopes. 
Incorporating our findings in landscape evolution models could improve the proper description of the hydrolog-
ical response within these models. We would furthermore stress that we were only able to make these findings 
by collaborating closely across disciplines. We see this kind of interdisciplinary approach including joint data 
collection and interpretation as indispensable to assess developments of hydrological systems, especially in the 
context of climate change.

Appendix A: Ratios of Surface and Subsurface Runoff During the Irrigation 
Experiments
Table A1 shows the ratios of surface and subsurface runoff during the irrigation experiments with deuterium. Each 
plot at each moraine was irrigated for 3 days with three different irrigation intensities and deuterium-concentrations. 
The data shows that subsurface water transport processes dominate the transport processes at both forefields.
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Appendix B: Calibration of the Longitudinal Dispersivity for One-Dimensional 
Water Transport Modeling
To model the water transport with HYDRUS-1D, the longitudinal dispersivity (DL) was determined by manual 
calibration. For simplicity, DL was assumed to be constant with depth. For the calibration, the model was executed 
with seven different values for DL (0.1, 0.5, 1, 1.5, 3, 5, 10, and 15 cm). A visual comparison of the model output 
with the measured isotope profile (Figures B1and B2) was used to identify the best fit. The resulting longitudinal 
dispersivities are listed in Table B1. DL decreases with increasing moraine age. Moraines at the siliceous site have 
lower dispersivities than at the calcareous site.

Figure B1. Manual calibration of the longitudinal dispersivity (DL) for the siliceous parent material (S-PM). Displayed are modeling results of the δ 2H-profiles 
with seven different values for DL (0.1, 0.5, 1, 1.5, 3, 5, 10, and 15 cm) compared to the field observations. A visual validation was used to estimate which order of 
magnitude of DL is most realistic for the δ 2H-transport. Modeling results and observations of the profiles taken 2 days after the third irrigation are displayed in green 
shades. Orange shades show the modeling results and observations of the profiles taken 5–14 days after the third irrigation.
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Figure B2. Manual calibration of the longitudinal dispersivity (DL) for the calcareous parent material (C-PM). Displayed are modeling results of the δ 2H-profiles 
with seven different values for DL (0.1, 0.5, 1, 1.5, 3, 5, 10, and 15 cm) compared to the field observations. A visual validation was used to estimate which order of 
magnitude of DL is most realistic for the δ 2H-transport. Modeling results and observations of the profiles taken 2 days after the third irrigation are displayed in green 
shades. Orange shades show the modeling results and observations of the profiles taken 5–14 days after the third irrigation.

S-PM C-PM

Age DL (cm) Age DL (cm)

30a 10

160a 7 160a 15

3ka 5 4.9ka 10

10ka 3 13.5ka 5

Table B1 
Dispersion Coefficients at the Siliceous (S-PM) and Calcareous (C-PM) Parent Material Estimated by Visual Calibration
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Appendix C: Photographs of Typical Flow Patterns at Each Age Class
Figure C1 shows examples of the observed subsurface flow paths highlighted by blue dye at the four moraines 
at the siliceous (S-PM) and calcareous (C-PM) parent material. The soil classification according to the World 
Reference Base for Soil Resources (IUSS Working Group WRB, 2014) was done by Musso et al. (2019, 2020), 
and Maier et al. (2020) at the same moraines, but different soil pits. Unlike (Musso et al., 2019), who described 
the soil at the 10-year-old moraine as an entic podzol, we found a podzol with a clearly developed eluvial (albic) 
horizon overlying an iluvial horizon. The soil below the eluvial horizon was solidified and only a few single roots 
and flow paths were observed in this depth during the dye tracer experiments.

Figure C1. Examples of the observed subsurface flow paths highlighted by blue dye at the four moraines at S-PM and C-PM. In red: the WRB (IUSS Working Group 
WRB, 2014) soil classification (Maier et al., 2020; Musso et al., 2019, 2020). Black: Additional observations during the profile excavations. The length of each segment 
of the wooden frame equals 10 cm.
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Appendix D: Distribution of Soil Properties and Surface Characteristics Within Each 
Cluster
The clusters in Section 3.1.2 were determined based on a prior principal component analysis of the set of form 
variables (soil surface properties, surface characteristics and vegetation characteristics). Figure D1 shows the 
distribution of each of these characteristics within each cluster. PFF (Figure 13), above ground biomass (BM), 
specific root length (SRL), and saturated hydraulic conductivity (Ksat, Figure D1) show a similar distribution 
pattern across the clusters (with SRL and Ksat showing an inverse distribution).

Figure D1. Boxplots showing the distribution of age, soil properties at 10 cm depth, and surface/vegetation characteristics 
within the four clusters. Clusters were derived based on a principal component analysis using the shown soil properties and 
surface/vegetation characteristics. An explanation of the abbreviations is given in Table 4.
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Data Availability Statement
The dataset compiled from Musso et al. (2022b) is accessible on PANGEA (Musso et al., 2022a). Data collected 
from both Maier and van Meerveld (2021b) and Maier et al. (2021) is available on GFZ Data Services (Maier 
& van Meerveld, 2021a). Information regarding the evolution of soil (hydraulic) properties can be found in the 
data set on GFZ Data Services (Hartmann, Weiler, & Blume, 2020b). Data on soil moisture, isotope profiles, 
and trinary images of the dye tracer experiments is accessible at the GFZ data service (Hartmann et al., 2024).
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