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Abstract. Subsurface flow in preferential pathways in soils may transport water more rapidly than the soil matrix, may be
quickly activated during precipitation events and enhance infiltration or interflow. Vertical pathways are particularly important
for runoff generation. However, identifying these pathways is challenging because traditional methods such as piezometers,
soil moisture sensors, or hillslope trenches do not adequately capture the spatial scale and frequency of preferential flow
features, while other experimental techniques like dye tracing are labor-intensive and invasive. In this study, we introduce a
novel method to identify the locations of preferential flow by analysing vertical soil profiles of stable water isotopes. Across
four catchments, we drilled 100 soil cores (1-3 m deep) per catchment and analyzed the stable isotope composition of the soil
water in 10-20 cm depth intervals to construct depth profiles. We employed clustering techniques to group soil-water isotope
profiles and selected those that matched to a seasonal sampling date to establish a reference profile for each catchment using
LOESS regression, representing profiles influenced solely by matrix infiltration. Deviations from these reference profiles were
then used as indicators of being influenced by vertical or lateral preferential flow. Our results revealed evidence of preferential
flow in all studied catchments. Especially in the alpine catchment with highly heterogeneous soils, many profiles showed
distinct preferential flow features, including multiple, vertically independent pathways occurring at variable depths, even among
adjacent profiles. These findings demonstrate the feasibility of using soil water isotope profiles to assess preferential flow
pathways and highlight the substantial spatial and vertical variability of preferential flowpaths at hillslope and catchment

scales.

1 Introduction

Preferential flow (PF) is an important process in soils, facilitating the rapid transport of substantial amounts of water through
the soil (Anderson et al., 2009b; Beven and Germann, 2013; Angermann et al., 2017). During preferential flow, water flows
through preferred pathways rather than the surrounding soil matrix, bypassing much of the soil (Kung, 1990; Nimmo, 2021).
Preferential flow does not occur during every rainfall or infiltration event, but when it is activated, it can account for a significant
proportion of annual flow though the soil (Eguchi and Hasegawa, 2008). Once formed, these pathways can persist across
multiple events, with soil saturation playing a key role in determining which flow features become active (Wessolek et al.,

2009; Anderson et al., 2009b; Guo et al., 2014).
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Understanding the occurrence of preferential ow is important for predicting runoff generation and contaminant transport.
Preferential ow pathways can transport water much faster than the soil matrix(Anderson et al., 2009b; Beven and Germann,
2013; Angermann et al., 2017), with reported lateral velocities ranging from 0.3 m/s up to 0.8 m/s (Anderson et al., 2009b;
Wilson et al., 2016). These high velocities can lead to rapid responses in stream ow. Additionally, the complex and intercon-
nected nature of preferential owpaths allows water to move through the soil with minimal interaction with the soil matrix
(Anderson et al., 2009b; Angermann et al., 2017). This reduces a soil's capacity to lter and retain contaminants, potentially
leading to the rapid transport of pollutants into the groundwater or rivers (Khan et al., 2016).

Three primary modes of preferential ow can occur, also simultaneously, in soils: ngered ow, funneled ow and macropore
ow (KodeSova et al., 2012; Nimmo, 2021).

Fingered ow occurs when the in Itration wetting front reaches a more permeable soil layer and instabilities cause down-
wards ow in “ ngers” (Selker et al., 1992a; Nimmo, 2021). It is driven by gravity with the highest water content at the nger
tip, widening through diffusion into the soil matrix (Nimmo, 2021). Flow velocity within a nger decreases over time, thus
more ngers form to transport an equal amount of water (Selker et al., 1992b).

Funneled owoccurs when in Itrating water reaches an impermeable or less conductive soil-layer, which then causes the
ow to be channeled laterally (Kung, 1990; Kotikian et al., 2019; Heilig et al., 2003; Nimmo, 2021). This funneling effect can
guide water into vertical preferential owpaths like macropores (Heilig et al., 2003).

Macropore owis the predominant preferential ow process in many soils, transporting up to 95 % of water through less
than 0.3 % of the total soil volume (Watson and Luxmoore, 1986). This type of ow includes various forms such as biopore
ow, inter-aggregate ow, and preferential ow within soil aggregates (Bouma et al., 1977; Luo et al., 2008; KodeSova et al.,
2012). Macropores are created through multiple mechanisms, including biological activity from soil fauna (e.g. earthworms,
gophers, beetles) (Weiler and Naef, 2003; Badorreck et al., 2012), plant roots (Leslie and Heinse, 2013; Pinos et al., 2023), soll
cracks caused by shrinkage (Thomas et al., 2013; Demand et al., 2019a) and soil pipes formed by internal erosion (Jones, 201(
Wilson et al., 2013). These macropores can persist for years, and in some cases, they may remain active for decades (Beve
and Germann, 1982). Within a soil pro le, smaller diameter owpaths can restrict preferential ow throughout the whole soil
(Paradelo et al., 2016). However, even small continuous macropores can transport signi cant volumes of water if they maintain
connectivity (Bouma, 1981). Macropore ow is initiated at or close to topsoil saturation (Weiler and Naef, 2003). During water
ow in macropores, they are typically not lled entirely with water but a water Im forms along the walls in the pore, leaving
the central part of the pore empty (Bouma et al., 1977; Bouma and Dekker, 1978). The complex network of macropores,
particularly soilpipes in hillslopes, can extend for hundreds of meters and can contribute substantially to overall discharge
in streams (Jones, 2010; Wilson et al., 2016). This extensive and ef cient transport network underscores the importance of
macropore ow in both hydrological and contaminant transport processes within soils.

In hillslopes the interplay of funneled and macropore ow is also called subsuface storm ow (SSF) (Guo et al., 2014).
Macropores can rapidly transport in ltrating water to depths where it laterally discharges through soilpipes and funneled
ow (Kelln et al., 2007). Observed SSF velocities in preferential owpaths are higher than in the surrounding soil matrix

(Angermann et al., 2017).
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Detecting preferential ow is challenging due to the inherent complexity and heterogeneity of the relevant soil structures. It
occurs through a network of earthworm channels, inter-aggregate spaces, and root meso- and micropores (Bouma and Dekke
1978; Luo et al., 2008). However, identifying these voids alone is insuf cient, as many do not actively transmit water during
preferential ow events (Beven and Germann, 1982; Nimmo, 2021). Also, eld surveys are only a snapshot of an environmental
system, but owpath arrangements can change completely within one year (Wessolek et al., 2009; Beven, 2019). Additionally,
even when preferential ow features are successfully identi ed at the plot scale, these ndings can not be easily extrapolated
to the whole catchment. This limitation arises because hillslopes exhibit varying hydrological responses in uenced by micro-
topography, soil properties, and curvature, leading to signi cant spatial variability in preferential ow pathways. (Beven and
Germann, 1982; Woods and Rowe, 1996; Gazis and Feng, 2004; Guo et al., 2014; Demand et al., 2019a). As a result, under
standing and predicting preferential ow at broader scales remains a complex challenge that requires integrating spatial and
temporal variability in soil structure and hydrological processes.

Many different methods exist to identify and partly quantify preferential ow in soils, but each has its own limitations:

— Dye tracers and sprinkling experimergge commonly used to visualize owpaths in soils but have the disadvantage of
destroying the site during excavation for surveying (Weiler and Naef, 2003; Alaoui and Helbling, 2006). Additionally,
these techniques may miss owpaths that transport pre-event water, as these pathways will not be marked by the dye of
the event water (Beven and Germann, 2013).

— Soil moisture sensor®cated in a depth pro le can detect preferential ow, by detecting rapid increases in moisture
content that exceed what would be expected from matrix ow alone, or by observing non-sequential responses in sensors
placed at different depths (Blume et al., 2009; Demand et al., 200 9simeterscan be used in a similar way as the
soil moisture sensors, if the out ow response occurs faster than predicted by advective or dispersive matrix transport
(Ma oszewski et al., 2006). Both methods, however, are limited by their spatial scale and require signi cant installation
efforts.

— Electric Resistivity Tomography (ERT) and Ground Penetrating Radar (6&fiRbe used to detect soilpipes by identify-
ing the pipe walls and tracking them spatially through the hillslope. It can also be used in a time-lapse mode to visualize
changes in soil water content and infer the presence of preferential ow pathways (Angermann et al., 2017). The main
drawback of this technique is its limited resolution, which restricts its ability to detect only larger ow features (Holden
etal., 2002).

— X-Ray and computer tomography (Cdan be used to visualize macropore networks or other pore structures in soils
(Katuwal et al., 2015; Sammartino et al., 2015; Paradelo et al., 2016). However, as the sample volumes of the CTs are
related to the resolution, the undisturbed soil cores are dif cult to obtain and, due to edge effects induced by the soll

coring, can alter the measured ow.

— Trenched hillslopebhave also been used to detect preferential ow, particularly lateral ow. Variable wetness or observed
ow volumes on the hillslope face (the excavated cross section of hillslope soil) is the result from different owpaths
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(Woods and Rowe, 1996; Tromp-van Meerveld and McDonnell, 2006; Scaini et al., 2017). However, trench excavation
and monitoring is very labor intensive and results can only be interpreted at the plot scale.

This study aims to detect lateral and vertical preferential owpaths in soils using stable water isotopes. Stable water isotopes
are controlled by several factors (Sprenger et al., 2016b). The most relevant factor, fractionation, results from the phase tran-
sitions of water from the liquid to the gaseous phase and vice versa. Water vapor, which contains the heavief i$aiapes
180, has a higher vapor pressure than water vapor of the lighter isotépaad 0 , leading to a slower diffusion rate of
heavy water molecules(Leibundgut et al., 2009). This results in a preference for light water molecules in the during evapora-
tion and for heavier isotopes during condensation (Leibundgut et al., 2009). The fractionation effect is temperature-dependent,
with colder conditions enhancing the enrichment of heavy isotopes in the liquid phase and lighter isotopes in the vapor phase
(Dansgaard, 1964).

Stable isotope signatures in precipitation vary spatially due to factors such aerttieental effectwhere precipitation
is progressively depleted of heavy molecules with increasing distance from the ocean. By favouring heavy water molecules
in condensation, the air masses gradually loose heavy isotopes (Leibundgut et al., 2009; Liu et al., 2010). Conversely, high-
intensity precipitation events can leadréon-out fractionation, which favours lighter isotopes (Aragués-Araguas et al., 2000).
Altitude also plays a role, as cooler temperature at higher elevations enhance condensation, leading to a depletion of heaviel
molecules (Ambach et al., 1968; Araguas-Araguds et al., 2000). In the Alps, this effect causes a change of -0.2 %o per 100 m
elevation for 80 (Ambach et al., 1968).

Seasonal variations in temperature also in uence isotope ratios, especially in temperate regions. During summer, precipi-
tation tends to have more negative isotope signatures compared to winter (Rozanski et al., 2013). In particular the seasona
variation and rain-out effects provide a dynamic input of isotopic signatures into soils, making them an ideal tracer to deter-
mine water origin and ow processes within the soil (Gazis and Feng, 2004; Garvelmann et al., 2012; Mueller et al., 2014;
David et al., 2018). Different ow mechanisms within the soil modify these signatures, creating distinct patterns in isotope
depth pro les. By analyzing the isotopic signature of precipitation and soil cores, it is possible to infer the ow mechanisms
operating within the soil (Gazis and Feng, 2004; Stumpp and Hendry, 2012).

During a rain event, precipitation rst in Itrates into the topsoil, displacing older stored water and altering the isotopic
signature with that of the recent precipitation (Zhao et al., 2013). The in ltrating water causes vertical transport (translatory
ow) of the event water propagating through the soil matrix (Gazis and Feng, 2004; Mueller et al., 2014). This new event water
pushes the older pre-event water deeper into the soil (Scaini et al., 2017). This process preserves the seasonal isotopic signatu
of precipitation within the soil, for example for observations during summer with higher isotopic ratios from recent summer
events near the surface and lower ratios from older winter precipitation at greater depths (Gehrels et al., 1998; Garvelmann
etal., 2012; Eisele, 2013; Sprenger et al., 2016a).

However, other processes can modify the isotopic seasonality within the soil. Evaporation causes an enrichment of the
heavier isotopes in the topsoil (Gazis and Feng, 2004; Garvelmann et al., 2012; David et al., 2018). Advective and dispersive
transport further dampens the seasonal isotope signal with increasing depth due to stronger mixing with preexisting event watel
(Thomas et al., 2013). This mixing can also occur due to rising and falling groundwater levels (Uchida et al., 2005; Garvelmann
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et al., 2012). In hillslopes, uplslope soils preserve the precipitation signal, but further downslope, lateral ow in the soil leads
to mixing and a damped isotopic signal. At the footslope, the seasonality signal may be entirely lost (Garvelmann et al., 2012).

Preferential ow also distinctly alters the seasonality signal (Mathieu and Bariac, 1996; Thomas et al., 2013; Cheng et al.,
2014). With preferential ow, young event water can bypass older, stationary water in the soil matrix, and reach deeper layers,
thereby modi ying the isotopic pro les locally (Gazis and Feng, 2004; Peralta-Tapia et al., 2015). Initially, water in preferential

ow paths re ects the isotopic signature of the recent event, Over time, however, the signatures shift towards those of pre-event

water (Leaney et al., 1993; Gehrels et al., 1998; Kelln et al., 2007) due to lateral in Itration and exchange processes between
the preferential pathways and the surrounding matrix (Weiler and Naef, 2003; Angermann et al., 2017). This exchange causes
mixing, resulting in a composite isotopic signature (Leaney et al., 1993).

To assess the occurrence of preferential ow at the catchment scale and its relation to landuse and topography, we focus or
identifying isotopic alterations in the soil matrix that indicate the occurrence of preferential ow. Previous studies have derived
these alterations by comparing isotope pro les either to modeling results of soils without preferential ow (Mathieu and Bariac,
1996), or by analyzing soil cores sampled at different times (Cheng et al., 2014). In contrast, we compare simultaneous pro les
against "reference pro les" derived from a subset of the data to identify deviations indicative of preferential ow.

2 Methods
2.1 Study Sites

Our research was conducted in four rst-order catchments in three distinct low mountain ranges (Sauerland, Ore Mountains and
Black Forest) and alpine landscapes (Tyrolean Alps). These sites were selected to capture a range of topographical, climatic
and land use conditions relevant to the study of preferential ow and isotopic signatures in soils.
The Obere Brachtpe (313-514 m a.s.l.) in the Rheinish MaSsifi¢rland- S) covers a drainage area of approximately
47.0 kn? (Gauge Husten). The dominant land uses are spruce forests and pastures. The mean annual temperature is 9.1°C
and the mean annual precipitation is 1227 mm, with 15-20% of the precipitation falling as snow. The main soil types are
loamy Cambisols, Leptosols, and Stagnosols (Chif ard et al., 2008). The isotopic precipitation seasonality varies between
40:7 7:0% for °H and 5:8 0:9% for 20 in summer, and 680 11:7% for ?H and 9:5 1:5%0 in winter
(Nelson et al., 2021). All isotope values in this paper are expressed relative to Vienna Standard Mean Ocean Water (VSMOW).
Ruatlibach and Eberbach (340-585 m a.s.l.), located at the western edgeBi&tkea-orest - BF- Germany, are character-
ized by patches of grasslands and coniferous and broadleaf forests. The area receives 970 mm of precipitation annually, an
the mean annual temperature is 11°C. The predominant soil types are Cambisols on periglacial drift covers, with Gleysols
and Colluviosols near the streams (Bachmair and Weiler, 2012, 2014). The isotopic precipitation seasonality varies between
41:8 6:6%0 for 2H and 6:2 0:9%. for 20 in summer, and 799 125%o for °H and 107 1:3%o in winter
(Nelson et al., 2021).
The Padasterbach catchment (elevation 1060 - 2602 m a.s.l.) Trytbkean Alps - TAAustria, has the highest elevations
among the research catchments. The landscape is predominantly spruce forest in the valleys and pastures with rock cliffs or



Figure 1. The four research catchments with dots representing the locations of the soil water stable isotope pro les: Sauerland (51.3548°
N 7.9836° E, Germany; 106 pro les, Abbreviation: SL), Black Forest (47.9262° N 7.8268° E, Germany; 91 pro les, Abbreviation: BF),
Alps (47.0023° N 11.4312° E, Austria; 96 pro les, Abbreviation: TA) and Ore Mountains (50.6987° N 13.2304° E, Germany; 86 pro les,

Abbreviation: OM).

the slopes. In 2024, the mean annual temperature was 6.1 °C with 1280 mm of annual precipitation. Summer precipitation
signatures are 536 9:7%o for ?H and 8:3 1:1%. for 80, and winter precipitation signatures aré129  14:0%o for
°H and 152 1:7% for BO(Nelson et al., 2021).
The Freiberger Mulde in th®re Mountains - OMGermany (elevation 446 - 850 m a.s.l.), has a mean annual temperature
165 of 6.6°C and a mean annual precipitation of 930 mm. The land use is mostly spruce forest, pastures, and cropland. The



