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ABSTRACT. Trying to obtain a more detailed understanding of the hydrological functioning of mountain
catchments represents an important challenge in the effort of counteracting possible consequences of
climate and land use change on water resources availability. Long-term (> 10 years) hydro-
meteorological monitoring in small (typically < 10 km®) experimental catchments constitutes a valuable
tool to achieve these goal. One of these sites is the Rio Vauz Catchment (1.9 km®), in the Italian
Dolomites, that represents an excellent example of long-term snowmelt-dominated catchment in Dolomitic
regions. The strong elevation gradient of the Rio Vauz Catchment and the different physiographic
properties of its nested subcatchments make this a unique site for investigating fundamental runoff
generation mechanisms in mountain headwaters. In this work, we provide a review of physical processes
that have been inferred from 12 years of hydrological monitoring in this catchment. We present the
available dataset and summarize the main hydrological mechanisms that explain the internal functioning
of the Rio Vauz Catchment, primarily focusing on three characterizing hydrological behaviours, namely
thresholds, hysteresis and connectivity. The main control on surface and subsurface runoff threshold
response is constituted by a combination of soil moisture antecedent conditions, rainfall amount and
topography. Changes in hysteresis patterns (clockwise and anti-clockwise loops) between streamflow and
soil moisture, water table depth and electrical conductivity were governed by distinct runoff generation
processes and rainfall event characteristics. Hillslope-riparian-stream subsurface connectivity was
controlled by antecedent wetness conditions and rainfall amount. The composition in environmental
tracers (stable isotopes of water and electrical conductivity) in different water sources and the application
of tracer-based mixing models helped to distinguish the geographical sources to runoff and to quantify the
role of rainfall and snowmelt in streamflow. Finally, we define a perceptual model of runoff generation
processes for dry and wet conditions that can be considered representative for many mountain headwater
catchments in the world.

Generacion de escorrentia en cuencas de montafia: Monitoreo hidrol6gico a largo
plazo en la cuenca del rio Vauz, Italia

RESUMEN. Adquirir un conocimiento detallado sobre el funcionamiento hidrologico de cuencas de
montafia representa un importante reto en el esfuerzo para paliar las posibles consecuencias del cambio
climatico y cambios de uso del suelo en la disponibilidad de los recursos hidricos. Las observaciones
hidro-meteorolégicas a largo plazo (> 10 aiios) en pequeiias (< 10 km’) cuencas experimentales
constituye una herramienta muy valiosa para conseguir este objetivo. La cuenca del Rio Vauz (1,9 km®)
en los Dolomitas italianos, representa un ejemplo excelente de cuenca monitorizada a largo plazo,
afectada por proceso de fusion de nieve en regiones dolomiticas. El fuerte gradiente altitudinal de la
cuenca del Rio Vauz y las diferentes propiedades fisiogrdficas de sus cuencas anidadas hace que éste sea
un sitio unico para investigar los mecanismos fundamentales de generacion de escorrentia en cuencas de
cabecera en zonas de montania. En este trabajo se ofrece una revision de los procesos fisicos que se
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infieren a partir del seguimiento hidrologico que se ha llevado a cabo en esta cuenca a lo largo de 12
afios. Se presenta la base de datos disponible y se sintetizan los procesos hidroldgicos principales que
explican el funcionamiento interno de la cuenca del Rio Vauz, centrandose en los siguientes
comportamientos hidrologicos: umbrales, histéresis y conectividad. El principal mecanismo que controla
el umbral de respuesta de las escorrentias superficial y subsuperficial esta constituido por la
combinacion de tres factores: condiciones antecedentes de la humedad del suelo, volumen de
precipitacion y topografia. Los cambios en los patrones de las curvas de histéresis (horarias y anti-
horarias) entre caudal, humedad del suelo, nivel freatico y conductividad eléctrica estan determinados
por la ocurrencia de procesos de generacion de escorrentia diferentes y las caracteristicas del evento de
precipitacion. La conectividad ladera-ribera-cauce esta controlada por las condiciones antecedentes de
humedad y el volumen de precipitacion. La composicion de los trazadores ambientales (isotopos estables
del agua y conductividad eléctrica) en distintas fuentes de agua y la aplicacion de modelos mixtos
basados en trazadores ayudan a diferenciar las fuentes de escorrentia y cuantificar el papel de la lluvia y
la fusion de nieve en el caudal. Finalmente, se define un modelo perceptual de procesos de generacion de
escorrentia en condiciones secas y humedas que puede ser considerado representativo de muchas
cuencas de cabecera en zonas de montaria del mundo.

Keywords: mountain headwater catchment, long-term monitoring, runoff generation processes, tracers,
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1. Introduction

Small mountain catchments, especially in the headwater zones of large and populated basins,
are important sources of fresh water necessary for human life. Moreover, mountain catchments
comprise the source areas and transient sinks for water, nutrients, sediments and biota that play an
important role for the ecology of downstream areas (Sidle ef al., 2000). Providing a quantitative
characterization of runoff processes in mountain catchments is essential for assessing threats to critical
habitat, designing civil infrastructure, reducing the spread of contaminants, evaluating best
management practices, soil conservation and other environmental problems (Mirus and Loague, 2013).
At the same time, increasing our knowledge of the hydrological functioning of these areas and,
particularly, gaining detailed understanding of the processes that control streamflow generation may
help to anticipate the hydrological consequences of climate change, land cover change and
anthropogenic perturbations, supporting strategies to counteract these changes (Gallart et al., 2002;
Frisbee et al., 2012).

Catchments, as environmental systems, are characteristically complex and heterogeneous
(Kirchner, 2016), involving a range of physical processes (natural or anthropogenic) that may operate
simultaneously and have different spatial and temporal influences (Zabaleta and Antigiiedad, 2013).
This is particularly evident for mountain headwater catchments where interactions between geology,
geomorphology, vegetation and harsh topography, coupled with climatic forcing (sometimes distinctly
different along elevation gradients) and multiple water inputs beyond rainfall (e.g., meltwater from
snowpack, glaciers and permafrost, subsurface water from springs, talus and tile) make the
hydrological response highly complex to decipher. Moreover, despite the availability of remotely-
controlled sensors and the plethora of hydrological models, field work is still essential (Vidon, 2015).
However, collecting good quality hydro-meteorological data in these conditions, and therefore
understanding the hydrological behaviour of mountain catchments, remains challenging. In this
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context, small experimental catchments act as open laboratories that are useful for collection of high-
quality measurements and, in turn, to investigate the complexities of combined physical, chemical and
biological processes (Holko et al., 2015). Particularly, as stressed by the Braunschweig declaration
(Schumann et al., 2010), small experimental catchments encompassing long-term observations (> 10
years) are very effective in coping with the issues of inter-annual variability of meteorological forcing
and non-stationarity in hydrological processes.

In the last five decades, significant efforts have been made in different parts of the world to
equip and maintain long-term experimental catchments in mountain settings. Among the oldest and
most important long-term and rainfall-dominated catchments are the H.J. Andrews Experimental
Forest, western Cascades Mountains, Oregon, USA (established in 1948); two uplands catchments in
Plynlimon, Wales, UK (1968); the Maimai catchment in New Zealand South Island (1974); the
Rietholzbach catchment, Switzerland (1975); the Panola Mountain Research Watershed, Georgia,
USA (1985), the Vallcebre (1989), Arnas (1996) and San Salvador catchments (1998), Spain; the
Bruntland Burn, Scotland (2000) and the Weierbach catchment, Luxembourg (2002). Experimental
and modelling studies in these sites have significantly advanced our comprehension of the
hydrological functioning of mountain catchments. Long-term experimental sites have also been
established in snowmelt-dominated mountain environments, where snow is an important component of
the annual water budget and snowmelt plays a key role in generating streamflow. The Krycklan
catchment (67.8 km?) with its subcatchments, in northern Sweden, which comprises a mosaic of
wetland, lakes and forest, is likely the oldest long-term snowmelt-dominated experimental catchment.
It was established in 1920 with the aim to integrate research in water quality, hydrology and aquatic
ecology in the boreal region. More intensive efforts have been made in Krycklan in the last 30 years,
and a presentation of available precipitation data is reported by Laudon et al. (2016). Very recent
studies include the analysis of transit times (Amelia ef al., 2016; Peralta-Tapia et al., 2016),
streamflow variability (Karlsen et al., 2016; Teutschbein et al., 2016), hydrological thresholds and
connectivity (Ali et al., 2015; Peralta-Tapia ef al., 2015a, b), and water partitioning between
vegetation and the other components of the water cycle (Tetzlaff ef al., 2015). Another important site
for hydrological processes understanding in snowmelt-dominated environments is the Hubbard Brook
Experimental Forest, in the White Mountain National Forest (New Hampshire, USA). The site
includes 10 catchments ranging in size between 0.12 and 0.77 km’, established between 1956 and
1995. Recent work at Hubbard Brook focused on stream solute dynamics (Gannon et al., 2015;
Benettin et al., 2015), groundwater dynamics (Bailey et al., 2014; Gannon et al., 2014) and subcanopy
precipitation recycling (Green et al., 2015). The Sleepers River Research Watershed is a mainly
forested catchment (111 km?) in Vermont (USA). Investigations were initiated in 1959 to study water,
energy and biogeochemical budgets over a range of scales, with a particular focus on water quality and
tracer hydrology issues. A comprehensive review on the insight into streamflow generation processes
obtained at the Sleepers is reported in Shanley et al. (2015) and references therein. Since 1961,
research was conducted in the Tenderfoot Creek Experimental Forest (Montana, USA) to assess forest
productivity, biodiversity and health as well as hydrological processes including hydrological
connectivity and landscape control on runoff (Grabs et al., 2010; Jencso et al., 2010; Pacific et al.,
2011), water quality (Pacific ef al., 2010), and ecohydrology (Emanuel et al., 2010; Riveros-Iregui et
al., 2011; Kaiser et al., 2013). A comprehensive collection of publications emerged from studies
conducted at the Tenderfoot Creek Experimental Forest is reported in Abrahamson (2014). The
Marmot Creek research basin (10 km?), located in the Rocky Mountain Front Ranges (Alberta,
Canada) was established in 1962 to study the hydrological effects of forest management. The Marmot
Creek catchment is currently instrumented with several permanent meteorological stations at different
elevations, groundwater wells and stream gauges. Research focuses on mountain snow processes
(snow accumulation and snowmelt), hydro-climatic trends and hydrological modelling (Pomeroy et
al., 2012; Fang et al., 2013). Research projects in the Wolf Creek catchment (Yukon, Canada) were
initiated in 1992 and include studies on water balance, hillslope runoff processes and runoff generation
in permafrost areas by means of environmental tracers (Carey and Woo, 2001; Carey and Quinton,
2005). Hydrological measurements in the Alptal valley (Switzerland) started in 1965 with runoff
monitoring in 11 stations. Nowadays, research in Alptal spans from snow hydrology and sediment
transport to water quality, runoff generation processes and groundwater dynamics (Rinderer ef al.,
2014; Fischer et al., 2015). The Uhliiska catchment (1.78 km?), situated in the humid temperate
mountainous region of the Jizera Mountains (northern Czech Republic) has been instrumented since
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1982, and in the last ten years flow measurements have been coupled with the application of
environmental tracers. Research in the Uhlifskd catchment mainly focused on processes driving
subsurface runoff, preferential flow and streamflow generation (ganda et al., 2009; Vogel et al., 2010;
Sanda et al., 2014; Votrubova et al., 2017). Another long-term mountain site in central Europe is the
Jalovecky Creek catchment (22.2 km?), in the Western Tatra Mountains (northern Slovakia).
Hydrological research in the catchment started in 1986 and a particular attention was given to snow
hydrological issues and runoff generation during snowmelt periods (Holko and Kostka, 2006; 2010;
Holko et al., 2011).

Although there are several experimental catchments in snow-dominated areas, we found that
very few of them are also characterized by high altitude gradients (e.g., Alptal, Val Ferret, see Simoni
et al., 2011). Furthermore, despite the number of long-term instrumented sites in mountain
catchments, until the beginning of the new millennium, to the best of our knowledge, there were no
experimental sites in snowmelt-dominated Dolomitic environments. Dolomitic catchments have a very
distinct landscape, with vertical rock cliffs and soil-mantled hillslopes originated from glacial or
colluvial deposits, which can hide a complex subsurface aquifer due to the specific characteristics of
the dolomitic rocks (Bosellini et al., 2003; Doglioni and Carminati, 2008). To improve the
understanding of the hydrological functioning of such a complex system, in 2005 a new experimental
catchment, the Rio Vauz Catchment (RVC, 1.9 kmz) was created in the Dolomites, eastern Alps,
northern Italy, by the hydrology group of the Department of Land, Environment, Agriculture and
Forestry of the University of Padua. The location was chosen in a site considered representative for the
geology, topography, soil characteristics and vegetation cover of the Dolomitic region. Since then
research conducted in the RVC helped to shed new light on runoff generation processes in steep
mountain headwaters. The general aim of this paper is to revisit and summarize the main findings
obtained in the last 12 years of hydro-meteorological monitoring in the RVC and its subcatchments,
with the specific objective of providing a paradigm of hydrological functioning of Dolomitic mountain
headwater catchments.

The paper is structured as follows: we firstly report a short description of the study area and
then we provide a presentation of the instrumentation and of the available dataset. Then we introduce
an overview on the tracer signature of different water compartments, revise three main hydrological
behaviours occurring in the catchment (thresholds, hysteresis, connectivity) underlining the
hydrological mechanisms at their base, and we finally conclude providing an overall description of
runoff generation processes in Dolomitic mountain catchments.

2. Study area

The RVC is located in the Italian Dolomites, ranging in elevations from 1847 m a.s.l. (at the
outlet) to 3152 m a.s.l. (Piz Bo¢). Mean annual precipitation is 1220 mm/yr (49% falls as snow) and
average monthly temperatures have a minimum of -5.7 °C in January and a maximum of 14.1 °C in
July. The high elevation and the location in the internal area of the Alps determine that streamflow is
mainly sustained by snowmelt and summer storm events. Land cover consists of subvertical Dolomitic
rock cliffs in the upper part of the catchment (Fig. 1), while grassland, sparse Norway spruces and
European larches are typical of elevations lower than 2200 m a.s.l.. The geological setting mainly
consists of Triassic calcareous rocks with peaks of stratified and structurally deformed dolomite rocks
(Bosellini et al., 2003; Doglioni and Carminati, 2008). The complex geomorphology of the area
determines the presence of two main superposed carbonate aquifers (corresponding to “Dolomia
Principale” and “Dolomia Cassiana” formations; Penna et al., 2017) and minor aquifers formed by
scree slopes, alluvial and colluvial deposits.

Within' RVC, four subcatchments (Fig. 1) were instrumented for hydrometeorological
monitoring: two rocky subcatchments representative of the upper part, Channel A (ChA) and Channel
B (ChB), and two subcathments in the mid-lower part covered by grassland and sparse trees, Bridge
Creek Catchment (BCC) and Larch Creek Catchment (LCC). The rocky subcatchments lie on the
“Dolomia Principale” formation (dolomite), BCC lies on both “Dolomia Cassiana” (dolomite) and
“San Cassiano” (carbonate and terrigenous sandstones and claystones) formations and LCC lies on the
lower part of “San Cassiano” formation. ChA, ChB and BCC have similar catchment areas, while
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LCC is much smaller (0.03 km?, Table 1). The two rocky catchments are very steep and have <1% soil
cover (Penna et al., 2017). BCC and LCC are soil-mantled catchments (soil cover >90%) with steep
hillslopes, a distinct riparian zone (8.6% of the catchment area in BCC (Penna et al., 2016); 4.4% of
the catchment area in LCC, (Camporese et al., 2014) and saturated areas. In the lower part of RVC
cambisols with mull are the prevailing soil types, while soil texture is dominated by clay (range of 45-
73% in the soil profile) and has a small fraction of silt (16-28%) and sand (3-25%).

—— Stream network

[ Subcatchments
Meters N
0 250 500 A
I

Figure 1. Map of Rio Vauz Catchment (RVC) and of the instrumented subcatchments, and position in Italy.
ChA: Channel A; ChB: Channel B; BBC: Bridge Creek Catchment.

Table 1. Main characteristics of the study catchments. ChA, Channel A; ChB, Channel B; BCC, Bridge Creek
Catchment; LCC, Larch Creek Catchment; RVC, Rio Vauz Catchment.

ChA chB BCC LCC RVC
Area (km?) | 0.10 0.10 0.14 0.03 1.9
Elevation
range 2657-3131 | 26473152 | 1932-2515 1974-2128 1847-3152
(mas.l)
?"Q)eans'(’pe 36.6 40.9 29.9 259 318

. . Complex (see
“Dolomia Cassiana” plex (

Lithology Dolomia Principale and “San Cassiano” San Cassiano Penna et al.,
2017)
Main land grassland and rock, grassland
rock grassland
cover sparse trees and sparse trees

3. Instrumentation and dataset

3.1. Data collection

The hydro-meteorological monitoring of RVC has started in 2005 and is still ongoing in BCC
(Fig. 2) and ChA (Table 2). Precipitation is measured by non-heated tipping buckets mainly from May
to October at different locations with approximately one rain gauge installed per subcatchment in
BCC, ChB and RVC. In addition, these data are compared and integrated with all year round
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measurements of precipitation (by heated rain gauges) and air temperature taken at two weather
stations (about 2.5 km on the East and on the West of RVC) operated by the Agency for
Environmental Protection of the Veneto Region (Penna et al., 2017). Water level is currently
monitored by pressure transducers at BCC, RVC and ChA, while pressure transducers at the outlets of
LCC and ChB were active until autumn 2013 and 2016, respectively. V-notch weirs are installed at the
outlet of BCC and LCC. Water level was converted to streamflow only in BCC and LCC based on the
weir equation and volumetric methods, respectively.

To understand the role of topography on the spatial and temporal variability of soil moisture,
measurements of soil moisture integrated over the depths of 0-6, 0-12 and 0-20 cm were carried out at
the daily timescale for approximately one month during summers 2005, 2006 and 2007 (Table 2) at
several locations on two hillslopes (Piramide and Emme) at BCC and one hillslope (Vallecola)
downstream the BCC outlet. Continuous soil moisture measurements were also carried out at different
locations at LCC in years 2007-2009 and at BCC in years 2005-2006 and 2010-2013 to analyze the
role of soil moisture on runoff generation. Soil moisture probes were installed along transects;
particularly, a riparian-hillslope transect was set up for the 2010-2013 measurements at BCC (Penna et
al., 2016).

The dynamics of shallow groundwater were also investigated at both LCC and BCC by several
piezometers installed to a depth-to-refusal. At BCC, piezometers were installed on two hillslopes
(Piramide and Emme) in years 2008-2010 and along three transversal transects (hillslope-riparian-
hillslope) in the lower part of the catchment in years 2011-2013. Data from piezometers located in
Piramide and Emme hillslopes were used to assess the role of topography, soil depth and shape of the
hillslopes in the variability and timings of shallow subsurface flow generation (Penna et al., 2015).
Depths to water table data from LCC and the hillslope-riparian-hillslope transects in BCC were also
used to quantify subsurface connectivity by a graph-theory approach (Phillips et al., 2011) and to
study the effects of rainfall-runoff events and topographic characteristics on connectivity (Zuecco et
al., in preparation).
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Figure 2. Hydrograph and stream isotopic composition (0°H) at BCC for the available years.
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Table 2. Hydro-meteorological data available for each subcatchment with specific period and brief description
of the sampling design. TDR: Time Domain Reflectometry; FDR: Frequency Domain Reflectometry.

Hydro-

. Subcatchment . . .
meteorological S . Period Sampling design
variable (elevation in parenthesis)

ChB (2868 m a.s.l.) Jun-Oct since 2009
o RVC (2566 and 2553 ma.s.l.) | May-Oct since 2008 Approx. one rain
Precipitation gauge/subcatchment,
LCC (2030 m a.s.l.) May-Oct 2007-2009 recording at 15-min interval
BCC (1940 m a.s.l.) May-Oct since 2005
ChA (2657 ma.s.l.) All year round since 2009 - | Ope stream
ChB (2647 m a.s.l.) All year round 2011-2016 | gauge/subcatchment located
at (or close to) the outlet,
Stream stage LCC (1974 mas.l.) May-Oct 2006-2013 recording at 15-min interval
May-Oct 2005-2012; (or 30-min in winter).
BCC (1932 mas.l) all year round since 2013 Rating curves available for
RVC (1888 m ass.l.) All year round since 2012 | LCC and BCC
4 TDR probes at 4 locations
May-Oct 2007-2010 installed at 0-30 cm depth,
recording at 15-min interval
LCC Monthly manual
measurements by
May-Oct 2007-2009 impedance and TDR probes
at 0-6, 0-12 and 0-20 cm
depth at 64 locations
Daily manual
measurements by
Soil moisture kn_flsll 2%%50_72 006 impedance and TDR probes
ugmsep at 0-6, 0-12 and 0-20 cm
depth at 78 locations
4 TDR probes at 4 locations
BCC May-Oct 2005-2006 installed at 0-30 cm depth,
recording at 1-hour interval
15 FDR probes at 6
locations, horizontally
Jun-Oct 2010-2013 installed at 5, 20 and 40 cm
depth, recording at 15-min
interval
Up to 13 piezometers
LCC May-Oct 2007-2013 equipped with capacitance
sensors recording at 15-min
interval
Up to 24 piezometers
May-Oct 2008-2010 equipped with (.:apac1tance
sensors, recording at 15-
Depth to water min interval
table Up to 18 piezometers
BCC equipped with capacitance

May-Oct 2011-2013

sensors and pressure
transducers, recording at
15-min interval

All year round since 2014

4 piezometers equipped
with pressure transducers,
recording at 15-min interval
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3.2. Hydrological tracers

The use of hydrological tracers started in 2010 to complement the acquisition of hydrometric
measurements, with the main objective to identify and quantify streamflow components and to infer
runoff flow pathways. The stable isotopes of water (*H and '*O) were chosen as tracers for their
conservative behaviour (Vitvar et al., 2005), and electrical conductivity (EC) was selected as
additional, low cost tracer considered as proxy of solute concentration. Samples from tracer analysis
were mainly collected from different water sources at BCC and lower RVC (2010-ongoing) and, less
intensively, at ChA, ChB and upper RVC (2011-2013). Samples from the following water sources
were taken at different locations: rainfall, fresh snow, snowpack, snowmelt, soil water, shallow
groundwater, spring water, stream water during baseflow and stream water during selected rainfall-
runoff and snowmelt-runoff events. Rain-on-snow events play an important role on the hydrological
response of mountain headwater catchments (Cohen et al., 2015; Juras et al., 2016). Unfortunately, it
was not possible to collect samples for tracer analysis during rain-on-snow events.

Rainfall was sampled in collectors equipped with a funnel and a layer of mineral oil to
minimize evaporation; snowpack was sampled through snow cores; snowmelt by means of 1-m’
snowmelt lysimeters; mobile soil water by means of suction cups, and groundwater was sampled in the
shallow piezometers. Fresh snow, spring water and stream water was sampled directly. Sampling
locations in the catchment are depicted in the maps reported in previous works (Penna et al., 2016;
2017). Samples for isotopic analysis and EC were manually collected from the different water sources
using 50-ml high-density plastic bottles with a double cap, were stored at 4°C and were analysed as
soon as possible. The isotopic composition was determined by off-axis integrated cavity output
spectroscopy (OA-ICOS) following the procedures to increase accuracy and mitigate memory effects
reported in Penna ef al. (2010; 2012). The typical instrumental precision (average standard deviation
of 2094 samples) was 0.5%o for °'H and 0.08%o for §'°O.

4. Hydrological behaviours and runoff generation processes
4.1. Tracer signature in different water compartments

Different water compartments sampled in the catchment show distinct tracer signature and
large spatial and temporal variability. Tracer data collected over seven years at BCC show how
precipitation is the most variable source in isotopic composition (due to seasonal effect and but also to
the intrinsic variability during rainfall events, cf. McDonnell et al. (1990)) followed by snowmelt
(more depleted in heavy isotopes) and soil water (Fig. 3a). The isotopic composition of spring water at
two locations, shallow groundwater at two locations and stream water are less variable and with
similar median values, suggesting similar spatial origin of these water sources (Fig. 3a). Conversely,
rain water has an extremely low variability in EC and soil water and groundwater have a very large
variability in EC (Fig. 3b). Particularly, spring water and shallow groundwater are more variable in EC
than in isotopic composition suggesting complex subsurface hydrochemical interactions in this
catchment.

An example of the large temporal variability of tracer signature is shown for two rainfall-
runoff and two snowmelt-runoff sampled at BCC (Fig. 4). The isotopic composition of rain water and
stream water during storms can vary up to 45%o and 17%o in 8°H, respectively (Fig. 4a), and EC of
stream water can vary up to 65 puS/cm (Fig. 4b). Snowmelt isotopic composition during individual
melt events can be also quite variable, although less than rainfall, and up to 17%o in 5°H (data reported
in Penna et al., 2016).
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Figure 3. Box plots of 8°H (a) and EC (b) in different water sources sampled at BCC and RVC between 2010
and 2016. The insets show the tracer composition of soil water and precipitation sampled on the same days
between May and October. The boxes indicate the 25th and 75th percentile, the whiskers indicate the 10th and
90th percentile, the horizontal line within the box marks the median. The numbers above or below the boxes
indicate the number of samples.
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Figure 4. Time series of rainfall, streamflow, 6°H of rain water and snowmelt, 5°H and EC of stream water for
two rainfall-runoff events (panels a) and b)) and two snowmelt-runoff events (panels c) and d)) occurred at BCC
in 2010, 2011 and 2012 (from Penna et al., 2016, modified).

4.2. Hydrological thresholds

Non-linear behaviours are common in geomorphic and hydrological systems. According to the
definition by Phillips (2006), a system is non-linear if the outputs (or responses or outcomes) are not
proportional to the inputs (or stimuli, changes, or disturbances) across the entire range of the latter.
Thresholds and hysteresis are typical examples of non-linearity (the latter is described in Section 4.3).
In simple terms, a threshold is defined as the point at which a system’s behaviour evolves to a
“critical” state and changes (Phillips, 2003, 2006). In hydrological systems, threshold behaviours have
been typically described as changes in runoff response disproportional to forcing inputs across the
whole possible range of inputs (Ali ef al., 2015). Threshold behaviours in catchment hydrology have
been observed in a variety of environments and climatic conditions, reflecting the interplay between
climate, soil, vegetative, geological and biogeochemical conditions. As such, thresholds can be used as
a classification tool to better conceptualize how runoff response behaves under a range of conditions
(Ali et al., 2013, 2015). Moreover, thresholds have been found in the relationship between different
variables, including soil moisture and streamflow (e.g., Zehe et al., 2010; Radatz et al., 2013), soil
moisture and runoff ratios (James and Roulet, 2007), soil moisture and shallow groundwater (Latron
and Gallart, 2008), subsurface stormflow and rainfall (Tromp-van Meerveld and McDonnell, 2006a,
2006b; Detty and McGuire 2010a, 2010b), runoff ratios and precipitation intensity (Lehmann et al.,
2007; Radatz et al., 2013), and a combination of antecedent soil moisture plus rainfall and stormflow
(Detty and McGuire 2010a, 2010b; Fu ef al., 2013; Farrick and Branfireun, 2014).

Different types of hydrological thresholds have been observed and described at RVC and its
subcatchments. Data collected in 2007 at LCC showed a clear threshold response between soil
moisture and streamflow, revealing the important role of initial moisture conditions in determining the
extent of the saturated near-stream area and controlling the runoff production of the entire catchment
(Penna et al., 2010). At BCC, 40 rainfall-runoff events were selected during two June-October
monitoring periods in 2005 and 2006 (Penna ef al., 2011). The relationship between the average soil
moisture measured at 0-30 cm at four locations on a hillslope before the storm onset and the runoff
ratios for these events identified a clear soil moisture threshold value (approximately 45%) above
which runoff noticeably increased (Fig. 5a). Moreover, the same threshold was found in the relation
between antecedent soil moisture at 0-30 cm and streamflow, and between antecedent soil moisture at
0-30 cm and shallow groundwater, indicating a strong influence exerted by wetness conditions on both
surface and subsurface response (Penna et al., 2011). Interestingly, we observed that most of the small
runoff ratios below the soil moisture threshold were smaller than 0.09 (or 9%, Fig. 5a) which
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corresponds very well with the size of the riparian zone (8.6%). This indicates that during dry
antecedent soil moisture conditions runoff was mainly generated in the wetter riparian zone and
produced low runoff ratios, whereas during wet periods and larger rainfall events, the most significant
contribution to streamflow came from hillslopes, which became hydrologically connected to the
stream once the soil moisture threshold was exceeded (Penna et al., 2011). These results obtained at
BCC by hydrometric data were confirmed by isotopic and EC tracers sampled during selected rainfall-
runoff and snowmelt-runoff events. Particularly, EC dynamics and end-member mixing analysis
(Christophersen et al., 1990; Hooper et al., 1990), combined with soil moisture and shallow water
table data revealed that during dry conditions riparian groundwater contributed little to the rise in
streamflow and with a delayed response (because rainfall initially had to fill the storage). Conversely,
during wet conditions, the contribution of riparian groundwater to stream runoff was faster and larger,
coupled with subsurface runoff from an increasingly larger portion of the hillslope zone as wetness
conditions increased (Penna et al., 2016). Moreover, the application of isotope-based two-component
hydrograph separation techniques (Pinder and Jones, 1969; Sklash and Farvolden, 1979) to nine
rainfall-runoff events and six snowmelt-runoff events revealed maximum contributions of event water
up to 37(£38)% and 46(x16)% of the total streamflow during large rainfall and snowmelt events,

respectively, revealing a dominance of pre-event water even during very wet conditions (Penna et al.,
2016).
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Figure 5. Panel a): threshold relation between antecedent soil moisture at 0-30 cm depth and runoff ratio for
40 rainfall-runoff events occurred at BCC (from Penna et al., 2011, modified). The dashed lines represent the
runoff ratio corresponding to the 45% antecedent soil moisture value. Panel b): threshold relation between
antecedent soil moisture index and rainfall, and stormflow for 63 rainfall-runoff events occurred at BCC (from
Penna et al., 2015, modified).

The analysis of 63 rainfall-runoff events occurred at BCC in 2008, 2009 and 2010 also
revealed the existence of a threshold relation between stormflow and the sum of an antecedent soil
moisture index expressed in mm (ASI, Haga et al., 2005) and event rainfall amount (Fig. 5b). This
reveals an important combined effect of precipitation amount and antecedent soil moisture on the
hydrological response of BCC. Moreover, this threshold behaviour, in combination with the
observation that in wet conditions water table measured in the hillslope piezometers was higher than in
dry conditions but without reaching the soil surface, indicates that during wet periods (e.g., for events
above the threshold) the rainfall input triggered the formation of subsurface flow that noticeably
contributed to the total catchment runoff (Penna et al., 2015). The combined effect of precipitation
depth and antecedent soil moisture on runoff production is exemplified in the threshold relation
between rainfall and stormflow (Fig. 6). Large stormflow amounts were produced during wet
conditions (see inset of Fig. 6), and a marked increase in stormflow was recorded when both
precipitation amount and antecedent soil moisture increased. However, a clear threshold in the relation
between stormflow and rainfall did not exist for events with wet antecedent condition, and stormflow
increased almost linearly with rainfall.
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Figure 6. Relation between rainfall and stormflow for 40 rainfall-runoff events occurred at BCC (from Penna et
al, 2011, modified). “R” stands for “rainfall”, and “AMC” stands for “average antecedent moisture content”
measured at 0-30 cm. In the inset: zoom for the relation at low rainfall values.

4.3. Hysteresis

Hysteresis is a non-linear behaviour where two or more values of a dependent variable are
associated with a single value of an independent variable (Phillips, 2003). Hysteretic loops are often
related to the occurrence of a time lag between two variables (Prowse, 1984). Indeed, several studies
have reported hysteretic relations between streamflow and other variables, such as sediment (e.g.,
Lawler et al., 2006; Aich et al., 2014) and solute concentrations (e.g., Evans and Davies, 1998;
Butturini et al., 2006; Aubert et al., 2013; Lloyd et al., 2016a), subsurface hillslope flow (e.g.,
McGuire and McDonnell, 2010), storage (e.g., Davies and Beven, 2015; Pfister et al., 2017) and
groundwater levels (e.g., Allen et al., 2010; Fovet et al., 2015). In the last two decades, both the
qualitative interpretation of hysteresis (€.g., Evans and Davies, 1998) and the application of
quantitative metrics (e.g., Aich et al., 2014; Lloyd et al., 2016b; Zuecco et al., 2016) for the
description of the loops improved the knowledge of the mechanisms triggering runoff generation and
displacement of sediments and contaminants.

In our research studies of the functional mechanisms determining runoff generation at BCC
and LCC, we have observed a number of hysteretic relations at the runoff event timescale between
streamflow and variables such as soil moisture, depth to water table and EC of stream water (Fig. 7).
By means of an analysis of response times of streamflow, soil moisture and depth to water table to
rainfall events, we found that lags between streamflow and soil moisture lead to hysteretic relations
between the two variables (Penna et al., 2011). Particularly, we observed that streamflow peaking
before hillslope soil moisture determined an anti-clockwise relation (streamflow as independent
variable in the bivariate plot; Fig. 7a), which was typical of dry antecedent conditions (antecedent
moisture conditions <45%, Fig. 5a). Conversely, soil moisture peaked before streamflow during events
with wet antecedent moisture conditions (>45%) and this lag led to clockwise loops (Fig. 7b). Similar
results were found in the relation between streamflow and hillslope soil moisture, which varied
seasonally and depended on total rainfall amount (Zuecco ef al., 2016). Changes in the direction of the
hysteretic loop based on wet and dry periods likely indicate that shallow soil layers at BCC contribute
to runoff when they are more humid or when a threshold in soil moisture is exceeded.
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Figure 7. Example of hysteresis loops in the relation between streamflow and soil moisture (top row), water
table depth from the soil surface (middle row) and electrical conductivity (bottom row) for different rainfall
events at BCC. a) 14 October 2006, b) 16 September 2006, c) 4 November 2012; d) 5 August 2011; e) 8 August
2011; f) 14 March 2011. The arrow indicates the direction of the loop (clockwise, anticlockwise, 8-shape).

Hysteretic loops were also evident in the relation between streamflow and depth to water table
at BCC (Fig. 7b, ¢) and LCC. For BCC, we found that the average response of the water table
measured on Piramide and Emme hillslopes generally lagged behind streamflow, and time lags
between water table and streamflow peak were related to soil depth and topographic position of the
piezometers (Penna ef al., 2015). The delay of groundwater response compared to streamflow resulted
in anti-clockwise hysteresis (Fig. 7d). The more common anti-clockwise direction supports the
hypothesis that at the beginning of rainfall events the increase in streamflow is determined by direct
channel precipitation or overland flow from near-stream saturated areas (Penna ef al., 2016).
Clockwise loops and complex-shaped loops with a water table peak preceding streamflow peak were
rarely found and were more typical of large rainfall events and/or wet moisture conditions. Other
studies analysed the temporal and spatial variation of hysteresis (e.g., Detty and McGuire, 2008;
McGuire and McDonnell, 2010) highlighting the role of hillslopes in runoff generation during wet
periods and for large rainfall events (Ocampo et al., 2006; von Freyberg et al., 2014). At LCC, we
observed similar hysteretic relations between depth to water table and streamflow. We analyzed and



Zuecco et al.

modelled these hysteretic patterns finding that water table on the hillslopes had a slower response than
both streamflow and water table in the riparian zone (Camporese ef al., 2014). This implies that the
water table in the riparian zone becomes active before the water table on the hillslopes, revealing a
fundamental role of topography on runoff generation processes.

Our hypothesis that at the beginning of rainfall events direct channel precipitation and
overland flow from near-stream saturated areas determine an increase in stream runoff in BCC was
confirmed by the analysis of stream water EC dynamics. For both rainfall and snowmelt events we
observed a decrease in stream water EC occurring during the rising limb of the hydrograph and usually
before the streamflow peak, followed by an increase of stream water EC, reaching values similar to or
much larger than stream water EC before the start of the event (Penna et al., 2016). While we
hypothesize that the drop in stream water EC is due to direct channel precipitation and overland flow
from near-stream saturated areas (they tended to have low EC values; e.g., rain water in Fig. 3b), we
relate the increase in stream water EC to the activation of subsurface flow from both the riparian zone
and/or the hillslopes (indeed, groundwater had larger EC values than stream water; Fig. 3b). This
response led to hysteretic loops between streamflow and stream water EC (Fig. 7e, f). Anti-clockwise
loops between streamflow and stream water EC denote that the EC minimum is usually reached before
the streamflow peak, and then EC starts to increase reaching its maximum during the falling limb of
the hydrograph, but when streamflow values are still larger than before the start of the event.

4.4. Connectivity
4.4.1. Hillslope-riparian-stream connectivity

Hydrologic connectivity is a concept of great interest in hydrology and geomorphology, but
still lacking a common definition (Bracken ef al., 2013). In general, hydrologic connectivity describes
the movement of water from one part of the landscape to another (Bracken and Croke, 2007). The
linkage of separate areas of a catchment can develop via either surface or subsurface flow (Blume and
van Meerveld, 2015). Connectivity can also be defined as the hydrological connection between the
riparian zone and the hillslopes when the water table is above a confined layer (Jencso et al., 2009).
Field methods used for the analysis of hydrologic connectivity can be divided into hillslope-centered
methods, focusing on the movement of water through a hillslope, and stream-centered methods,
investigating the tracer signature of hillslope water in the stream (Blume and van Meerveld, 2015).

For both BCC and LCC, we used a hillslope-centered approach based on the network of
piezometers installed in 2011-2012 and 2009-2010 in BCC and LCC, respectively (Fig. 8). For each of
the catchments we used flow directions obtained from Digital Terrain Models to build a graph theory
network consisting of nodes (piezometers) and edges linking piezometers to the stream network
(Zuecco et al., in preparation). This approach allowed us to quantify the subsurface connectivity for
the lower part of the two catchments and to identify the main controls on connectivity (e.g., rainfall-
runoff event characteristics and topographic features). During rainfall-runoff events at BCC and LCC,
the maximum connectivity was positively and significantly (p<0.05) correlated to direct runoff and the
sum of precipitation and antecedent precipitation, while rainfall intensity and antecedent precipitation
could not be used as predictors of subsurface connectivity. Specifically, threshold relations were found
between maximum connectivity and direct runoff and between maximum connectivity and sum of
precipitation and antecedent precipitation. These threshold relations indicate that for small events and
dry soil moisture conditions, a smaller part of the catchment is connected to the stream and direct
runoff volumes are small. Conversely, when a threshold sum of precipitation and antecedent
precipitation is reached, more piezometers become connected to the stream network and therefore
contribute to runoff. We suppose that before reaching the threshold, only the water table in the riparian
zone sustains runoff, and when the threshold is exceeded hillslope subsurface flow starts contributing
to stream runoff. These results are consistent with previous research at LCC (Camporese ef al., 2014),
BCC (Penna et al., 2015) and other mountain catchments (Jencso et al., 2009; Detty and McGuire,
2010a, b). Fractions of time that piezometers were connected to the stream (Fig. 8) were found to be
positively correlated to topographic wetness index of contributing areas located upslope of the
piezometers in LCC and negatively correlated to overland flow distance of piezometers from the
stream network at BCC (Zuecco et al., in preparation). The larger duration of connected piezometers



Long-term monitoring in the Rio Vaduz Catchment, Italy

in the riparian zone of BCC compared to hillslope piezometers corroborates the tracer-based
investigations on the role of subsurface flow during runoff events at BCC (Penna et al., 2016).
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Figure 8. Duration of connectivity (fraction of time that piezometers were connected to the stream relative to the
total measurement time) in BCC and LCC. The total measurement time is about the period May-October 201 1-
2012 in BCC and May-October 2009-2010 in LCC. Arrows indicate gatekeeper sites.

4.4.2. Upper-lower catchment connectivity

End-member mixing analysis (EMMA) can be considered as a stream-centered method to
assess hydrologic connectivity. At BCC, mixing plots between EC and 8°H showed that pre-event
stream water, event water (rainfall or snowmelt) and groundwater defined a mixing space for stream
water samples collected during runoff events (Penna et al., 2016). Although we found that tracer
composition of groundwater varies strongly both in space and time, mixing plots and hydrograph
separation suggested that stream water has a tracer signature similar to groundwater and pre-event
water is the main contributor to runoff generation. Stream water EC dynamics highlighted that after a
dilution effect due to direct channel precipitation or overland flow from near-stream saturated areas,
areas of BCC with subsurface waters having large EC values became connected to the stream and
contributed to the increase in stream water EC. Our hypothesis of subsurface connectivity based on
stream water EC dynamics was supported by observing that the increase in stream water EC occurred
at the same time as or later than the increase of the water table in four piezometers (Penna et al.,
2016).

Collection of tracer data at different locations of RVC allowed us to compare the tracer
signature of stream water across an elevation gradient, and identify the main end-members to stream
runoff (Fig. 9; Penna et al., 2017). While 8°'H of rocky channel runoff and springs in ChA and ChB
had a large variability ranging from the signal of snowmelt and that of rain water, spring and stream
water of BCC and lower RVC had a damped variability in isotopic composition and were more similar
to groundwater. EC of waters sampled in the rocky subcatchments was low and particularly similar to
snowmelt EC. Conversely, spring and stream water EC measured in soil-mantled catchments had large
values confirming similarity to groundwater EC. An overlap between the two distinct groups of
channel runoff and spring samples from ChA and ChB, and stream and spring water samples from
lower RVC was determined by some samples of stream water collected in the lower RVC during the
snowmelt periods (Fig. 9). The mixing space highlighted that the rocky subcatchments were recharged
mainly by event-water contribution (i.e., snowmelt), while BCC and lower RVC were characterized by
large pre-event water contributions (Penna et al., 2017). Our current results let us suppose that
understanding the hydrologic connectivity between the upper and lower catchment is complex and
hampered by the presence of different aquifers. However, our first results showed that different
portions of RVC (i.e., the rocky and the soil-covered parts) have waters with distinct tracer signatures,
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which mix along the main channel network, and therefore determine the hydrological connection
between the upper and lower part of RVC. Moreover, based on results obtained by the examination of
fractions of young water in catchments at the global scale and in Canada (Jasechko et al., 2016, 2017,
respectively), we would expect larger fractions of young water in the less steep, soil-mantled BCC and
LCC compared to the steeper, upper subcatchments of RVC (e.g., Fig. 4). However, our data do not
currently allow for a solid computation of young streamflow fractions in the different portions of
RVC, and further investigations are needed for this purpose.
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Figure 9. Mixing-plot of 8 H vs. EC for different water sources sampled at ChA, ChB, BCC and RVC in the
period June to October 2011-2013 during no-rainy conditions. Soil water, shallow groundwater, snowmelt,
summer snow, winter snow and rain water are represented as averages, and error bars indicate the standard

deviation. The isotopic composition and EC of rainfall are weighted for the rainfall amount (from Penna et al.,
2017).

5. Summary of runoff generation processes at RVC and future research

The experimental activities carried out over 12 years in RVC and its subcatchments provided
new insights into the hydrological functioning of Dolomitic headwater catchments. The interaction
between the harsh topography, the fractured geology and the climatic forcing produces multiple
hydrological behaviours, including non-linearities (thresholds, hysteresis) and highly spatio-temporal
dynamic phenomena (expansion of saturated areas, hillslope-riparian-stream connectivity) that lead to
a complex internal functioning of this catchment. Long-term and high-resolution hydro-meteorological
and tracer measurements at nested scales offered a way to unravel part of this complexity and revealed
the different controls on the hydrological response of RVC. All these findings contributed to provide a
perceptual model of water flow pathways and runoff generation at RVC and its soil-mantled
subcatchments (i.e., BCC and LCC) that can be considered representative for many other headwater
mountain catchments. Considering the entire RVC and its nested spatial organization, snowmelt,
shallow groundwater and soil water were found to be the main contributors to stream runoff and spring
recharge, but with different relative importance in the different parts of the catchment. Soil water and
shallow groundwater are the dominant end-members in the soil-mantled subcatchments whereas
rainfall and snowmelt play a more direct role on stream runoff and spring water in the upper part of
RVC, characterized by rocky areas. A weak hydrochemical interaction between water input (rainfall
and snowmelt) and soil and rocks, and little and relatively fast subsurface runoff exist in the rocky
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subcatchments of RVC, characterized by waters with low EC and highly variable isotopic
composition. Conversely, rainfall and snowmelt are likely characterized by longer residence times in
the lower parts of RVC and in its soil-mantled subcatchments, and represent important sources for
baseflow and shallow groundwater recharge. These findings, coupled to hydrometric data and
geological observations, suggest the existence of two main water circulation systems at RVC that are
hydrologically connected through the principal channel. There is a likely presence of a smaller and
faster aquifer in the upper part of the catchment, and a deep and slow subsurface flow component in
the lower part, responsible for stronger hydrochemical interactions between shallow subsurface water
and soil (Penna et al., 2017).

The main processes generating streamflow in the soil-mantled subcatchments of RVC, as
BCC, where topography is characterized by steep slopes and a narrow riparian zone, include direct
channel precipitation, saturation overland flow from the riparian zone, and shallow subsurface flow
from the riparian zone and the hillslopes (Fig. 10). Channel precipitation and saturation overland flow
onto saturated riparian areas provide the most important contribution to streamflow during dry
conditions. This was revealed by 1) the observed decrease of stream EC during the initial parts of
rainfall events; ii) the increase of event water fractions in streamflow (as inferred from two-component
hydrograph separation based on water isotopes) at approximately the same time of the EC decrease;
and iii) the correlation between the magnitude of the EC decrease and the average event water
contribution during this first part of the streamflow response (Penna et al., 2016). During dry
antecedent moisture conditions, shallow subsurface flow develops mainly in the riparian zone, with no
or negligible response of hillslope groundwater. This reflects in small runoff ratios and low stormflow
values (Fig. 5), and small fractions of event water in the stream (Fig. 10a). Typically, the riparian zone
is only partially saturated during dry conditions but saturated areas expand with increasing wetness
conditions. Thus, during wet or very wet antecedent moisture conditions, such as large rainfall events
or snowmelt events at the peak melting season, overland flow develops on the entire riparian zone.
This reflects in higher contributions of event water to the stream (pie chart in Fig. 10b) compared to
dry conditions. Moreover, with increasing wetness, shallow subsurface flow develops in an increasing
number of riparian and hillslope locations, as shown by response of piezometers, and above a certain
threshold a larger area of the catchment contributes to streamflow, leading to a greater runoff
production (Fig. 5).
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Figure 10. Perceptual model of runoff generation processes at BCC during different wetness conditions. The
arrows indicate the water pathways. The longer the arrow, the larger the flux. The pie-charts indicate the typical
relative fraction of event and pre-event water in stream water during runoff events. The sketched catchment
display the expansion of saturated riparian areas from dry to wet conditions.
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The provided perceptual model shares some similarities with other models of hydrological
response in different mountain catchments previously documented in the literature but, at the same
time, it shows distinct features and original elements. For instance, findings on the expansion of
saturated areas during wet conditions (variable source area concept) and runoff production due to
precipitation falling onto them was already presented in the benchmark paper by Hewlett and Hibbert
(1967). However, this concept only partially agrees with what occurs in our study site, because it did
not report (McDonnell, 2003) the mechanisms of threshold behaviour of hillslope activation and the
sudden increase in runoff production described at BCC.

Another example of perceptual model of catchment functioning in mountain settings is
provided by Inamdar et al. (2013) for a site with humid, continental climate. They found that during
wet conditions, groundwater depths were closest to the soil surface and there was considerable mixing
and exchange of solutes between the soil and groundwater end-members, whereas when the catchment
dried out an increasing level of hydrological decoupling between near-surface soil moisture and
groundwater occurred (Inamdar et al., 2013). These findings are analogous to ours. However, these
authors noted that in their site, during wet conditions, there was a strong expression of surficial
catchment sources whereas we found that during wet conditions water from subsurface sources
(mainly from the hillslopes) dominated the hydrograph (Penna et al., 2016).

Klaus et al. (2015) reported for three forested catchments characterized by hot summers and
relatively mild winters that the disconnectivity between the hillslopes and the riparian-stream systems,
likely sustained by precipitation and groundwater, was a key element to explain baseflow runoff
generation. However, they reported significant degrees of isotopic enrichment in the different water
sources, with the slope of the dual isotope regression line decreasing from precipitation, to subsurface
stormflow to streamflow, indicating isotopic fractionation and the dominance of evaporation in the
water balance (Klaus et al., 2015). This is not in agreement with the isotopic signal observed in the
Rio Vauz Catchment. Here all water sources show a very limited deviation from the precipitation line,
except for shallow soil water, and a slope of the regression line much closer to that of the precipitation
line (Penna et al., 2017), indicating that evaporation is not a dominant hydrological process.

All the experimental results obtained at RVC significantly contributed to extend our
knowledge of the hydrological functioning of mountain headwater catchments. However, there are still
cloudy aspects that need to be clarified and are waiting to be investigated. For instance, we need to
better understand: i) the controls on the high spatial variability of the hydrochemical signal of shallow
groundwater and, in turn, the role of spatially-variable shallow subsurface flow in different areas of
the catchment at different temporal scales; ii) the controls on the temporal variability of hysteretic
patterns between streamflow and stream water EC during snowmelt- and rainfall-runoff events by
continuous monitoring of groundwater EC; iii) the role of rain-on-snow events on the hydrological
response of the catchment through multi-tracer experiments; iv) the role of snowmelt on groundwater
recharge and storage at annual time scales by sampling piezometers and bulk soil water over different
seasons and years; v) the interplay of hydrogeological controls that determine the connectivity
network, regulate water flows and link different aquifers; vi) the spatial distribution of transit times
and their role in governing subsurface water movements through coupled tracer and modelling
exercises. All these issues can be more effectively addressed by an integrated experimental (e.g., by
multi-tracer tests at high temporal resolution) and modelling approach that can offer more in-depth
perspectives on the observed processes. This can help to unravel the intrinsic heterogeneity of these
environments and to provide a more detailed and accurate overall view on the hydrological
functioning of mountain headwater catchments.
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