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Abstract

In high mountain areas, snowmelt water is a key—yet fading—hydrological resource,

but its importance for soil recharge and tree root water uptake is understudied. In

these environments, heterogeneous terrains enhance a highly variable availability of

soil and groundwater resources that can be accessed by plants. We conducted a

tracer-based study on a subalpine forest in the Italian Alps. We investigated the iso-

topic composition (2H and 18O) of snowmelt, precipitation, spring water, soil water—

at different locations and depths—and xylem water of twigs taken from alpine larch,

Swiss stone pine and alpenrose plants during bi-weekly field campaigns (growing sea-

sons of 2020 and 2021). Mixing models based on δ18O revealed a large contribution

of snowmelt to soil and xylem water, particularly during early summer. We investi-

gated the contribution of water from different soil depths to xylem water, using the

sap flow records to date back the end-member signatures. We found a flexible use of

shallow and deeper soil water by the investigated plants, with groundwater more

likely used by larger trees and during the late summer. Results based on isotopic data

were combined with geophysical observations of the subsurface structure to develop

a conceptual model about the different exploitation of water by plants depending on

their location (shallow soil on a slope vs. a saturated area). Our study highlights the

relevance of snowmelt in high-elevation terrestrial ecosystems, where heteroge-

neous substrates shape the water availability at different depths and, in turn, water

uptake by plants.
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1 | INTRODUCTION

Mountain environments are experiencing drastic climatic changes,

with rising temperatures, shifting precipitation patterns and modifica-

tions of the duration and timing of winter snow cover

(Beniston, 2003; Hock et al., 2019). For example, in the European

Alps, snow droughts increased in frequency and magnitude during the

last century (Colombo et al., 2023), even though long-term trends in

winter snow are highly variable depending on the area and elevation

(Bertoldi et al., 2023). Prolonged growing seasons and warmer sum-

mers can cause an increasing demand for tree transpiration, coupled

with potential water deficit for plants under dry conditions (Dolezal

et al., 2020; Bachofen et al., 2023; Obojes et al., 2018). Thus, under-

standing how different hydrological sources contribute to soil water

recharge and are used by plants is crucial to estimate the potential tra-

jectories of high-elevation ecosystems under a changing climate.

Received: 26 October 2023 Revised: 26 June 2024 Accepted: 2 July 2024

DOI: 10.1002/eco.2695

Ecohydrology. 2024;e2695. wileyonlinelibrary.com/journal/eco © 2024 John Wiley & Sons Ltd. 1 of 19

https://doi.org/10.1002/eco.2695

https://orcid.org/0000-0001-6111-2311
https://orcid.org/0000-0002-2125-0717
https://orcid.org/0000-0001-6915-0697
https://orcid.org/0000-0001-9840-0165
mailto:stefano.brighenti@unibz.it
https://doi.org/10.1002/eco.2695
http://wileyonlinelibrary.com/journal/eco
https://doi.org/10.1002/eco.2695
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feco.2695&domain=pdf&date_stamp=2024-07-17


Stable isotopes in the water molecule (18O and 2H) are useful

tools to investigate the soil–plant–atmosphere interactions within the

critical zone (Brooks et al., 2015; Kirchner et al., 2023; Sprenger

et al., 2016). These natural tracers are used in field studies to distin-

guish different water pools within the soil (e.g., Sprenger et al., 2018;

2019), to estimate the contribution of the shallow and deep soil water

to tree transpiration (e.g., Barbeta et al., 2019; Dubbert et al., 2019;

Penna et al., 2021) or to investigate the rock moisture and its signifi-

cance for plants (Hahm et al., 2020; Oshun et al., 2016). Ecohydrologi-

cal isotopic studies are subject to debated uncertainties related to

assumptions on natural processes (e.g., Amin et al., 2021; Barbeta

et al., 2019; Fabiani et al., 2022), sampling strategies, laboratory ana-

lyses and data processing (Beyer & Penna, 2021; Millar et al., 2022).

When estimating the root water uptake by plants, an overlooked issue

is accounting for travel times between the root water uptake and the

moment and location where the tree water is sampled (Giuliani

et al., 2023; von Freyberg et al., 2020). This time lag, spanning hours

to days and months, is particularly pronounced during the leaf out

stage (e.g., Nehemy et al., 2022), and it was addressed as the main

driver of the isotopic mismatch between soil and xylem waters in

gymnosperms from boreal latitudes (Tetzlaff et al., 2020). However,

we are not aware of any attempt to include this travel time lag in mix-

ing modelling analyses.

Some works used stable water isotopes to understand the sea-

sonal origin of soil and plant waters (e.g., Brinkmann et al., 2018). In

mountain settings, Zhang et al. (2021) used the seasonal origin index

developed by Allen et al. (2019) to demonstrate that larch trees use

more winter precipitation than spruce trees in an alpine forest. Simi-

larly, Zhu et al. (2022) highlighted the ecohydrological importance of

early summer snowmelt, whose pulse recharges the deep soil layers,

and it is then used by Picea cassiflora trees. Indeed, in alpine climates,

the snowmelt component is known to be a major constituent of water

transpired by trees, and it is crucial during the early phenological

stages (Nehemy et al., 2022). Despite a progressive mix and dilution

with rainfall seeping into the soil, the permanence of a snowmelt com-

ponent in soil and xylem waters can still be tracked until the end of

the growing season (Zhu et al., 2022). While the ecohydrological sig-

nificance of snowmelt was hitherto investigated in boreal environ-

ments (Nehemy et al., 2022), in semi-arid (Zhu et al., 2022) and

monsoon influenced (Zhang et al., 2021) mountains of South-Eastern

Asia, we are not aware of any similar work carried out in

high-elevation, subalpine ecosystems of the European Alps. In such

environments, summer precipitation is relatively abundant and evenly

distributed in time; hence, a rapid decrease of the snowmelt contribu-

tion to xylem water can be hypothesised during the growing season.

Although mountain catchments feature steep slopes with poorly

developed soils and rock outcrops, these areas can host abundant

groundwater resources (Somers & McKenzie, 2020; Hayashi, 2019).

The fractured bedrock beneath the soil can be an important water

pool, if trees can access it (Hahm et al., 2020). Furthermore, several

mountain landforms host unconfined aquifers where snowmelt/

rainfall waters are provisionally stored and from which they are slowly

released at springs (Hayashi, 2019; Reato et al., 2022). These

freshwaters may represent potential resources for soil recharge and

tree transpiration. Nevertheless, while the literature on the groundwa-

ter contribution to tree transpiration is relatively abundant

(e.g., Barbeta & Peñuelas, 2017; Engel et al., 2022; Evaristo &

McDonnell, 2017; Miguez-Macho & Fan, 2021), the groundwater use

by plants is understudied in mountain areas. In a subalpine forest of

the Canadian Rocky Mountains, trees showed a peak use of the satu-

rated zone water during early summer, thanks to shallow water table

conditions during the snowmelt pulse in a relatively deep soil (Langs

et al., 2019). However, the typical substrate heterogeneity of high

mountain areas induces a small-scale variability in terms of slope gra-

dient, soil depth and water content and groundwater presence. This

variability most likely drives spatially varying water use in trees at dif-

ferent locations (e.g., wetlands influenced by springs or well drained

soils). In this framework, geophysical methods can be used as a rela-

tively cheap and non-invasive tool to investigate the subsurface struc-

ture on these heterogeneous terrains (e.g., Christensen et al., 2020;

Harrington et al., 2018). These methods may support tracer-based

findings and aid the development of hydrological conceptual models.

In the present study, we investigated the ecohydrological dynam-

ics of a plot located within a subalpine coniferous forest in the Eastern

European Alps (Saldur river basin, South Tyrol, Italy) during two con-

secutive summers (2020–2021). We aimed to answer the following

research questions:

1. What is the contribution of snowmelt and rainfall inputs to soil

water at different depths and to xylem water collected from differ-

ent plants?

2. What is the relative importance of shallow and deep soil water,

including groundwater, to plant transpiration while accounting for

the xylem water age at the time of sampling?

3. How can geophysical observations improve the conceptualisation

of plant water use in the subalpine critical zone?

2 | MATERIALS AND METHODS

2.1 | Study area

The study area, hereafter referred to as Matscher Alm (Malga Mazia

in Italian), is an experimental plot located in South Tyrol/Alto Adige

(Eastern Italian Alps), in the upper Saldur catchment. It corresponds to

the F5 station of the Long-Term Socio-Ecological Research (LTSER)

site Matsch/Mazia (http://lter.eurac.edu), established and monitored

by EURAC Research (Table 1; Figure 1). Matscher Alm (2050–

2090 m a.s.l.) represents a typical subalpine European larch-Swiss

stone pine forest on a siliceous substrate (Figure 1b). Geologically, the

area belongs to the Ötztal unit (Austroalpine domain), and it is locally

composed of banded paragneisses (Autonomous Province of Bozen/

Bolzano [APB], 2023). Quaternary deposits are abundant in the catch-

ment underlain by Matscher Alm and include colluvial forms, rock gla-

ciers, moraines and wet meadows. A dense network of streams flows

out from these landforms onto a massive, ancient landslide body
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(APB, 2023), alternating surface and subsurface reaches. Among these

streams, the Matscher Alm borders the north-eastern limits of the

plot, which is delimited southward by a slope-hollow-slope morphol-

ogy. The hollow becomes more evident and incised downslope, with

two springs emerging at the lower part of the plot (Figure 1). The

upper spring feeds a small wet meadow (of ̴30 m2) before seeping

down into the ground, and it runs dry during late summer. A second

spring, where runoff is perennial, is located 25–30 m downstream

from the other one, and it represents the outlet of the plot

( ̴4000 m2).

The soil (sandy-loam) is shallow (<40–60 cm) and skeletal

(rocky clasts Φ = 5–50 cm) in the upper part (Obojes, unpublished)

and deep (>100 cm) with exclusive presence of fine grains at the wet

meadow.

The dominant tree species are European larch (Larix decidua Mill.)

and Swiss stone pine (Pinus cembra L.) that are typical high elevation

tree species in the Central Alps, present at different ages and heights.

The low density of trees allows the presence of an understory,

F IGURE 1 The Matscher Alm plot (a) in the European Alps and (b) within the upper part of the Saldur river basin (Google Earth rendering).
The main features of the plot (red frame) and of the Pleres catchment (dashed line) are listed in the right table. (c) Close-up of the plot (aerial
images retrieved from Autonomous Province of Bolzano/Bozen [APB], 2022), with highlighted locations of the surface waters and the monitored
trees (crown area, height and diameter at breast height—DBH listed in the right table), and a picture of the slope area. Dashed lines indicate the
ERT transects (September 2020), and the orange lines indicate the ones that were additionally measured with seismic refraction in June 2021.
AWS-F5 and AWS-M4s are the automatic weather stations, managed by Eurac Research.

TABLE 1 Meteorological conditions during the growing seasons
2020 and 2021.

2020 2021

Snowmelt (M4s) 31st of March–12th
of April

13th of April/3rd of

May

Onset of winter

snow

4th of December 27th of November

Growing season—
period

6th of May–17th of

October

30th of May–24th of

October

Growing season—
duration

164 days 147 days

Precipitation 501 mm 466 mm

Precipitation/day 3.6 mm 3.2 mm

Air temperature 8.1 ± 4.2 (8.6) �C 8.6 ± 3.5 (8.8) �C

Note: Total precipitation, precipitation/day and air temperature refer to

the growing season periods. Air temperature is provided as mean and

standard deviation, and median values are in brackets. The growing season

and the related number of days refers to the plant LarS (see main text).
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where dwarf shrubs are mainly represented by sparse alpenroses

(Rhododendron ferrugineum L.) and european blueberries (Vaccinium

myrtillus L.).

2.2 | Field activities

2.2.1 | Sampling campaigns

We conducted bi-weekly field campaigns during the growing season

(May–October) of two consecutive years (2020–2021) to collect

snow, snowmelt, precipitation, stream and spring waters and soil and

twigs samples. Snow and snowmelt water were collected during

springtime of both years, before and during the leaf out of larch trees,

as solid snow (n = 6) and as runoff and water dripping from snow

patches (n = 10) occurring at Matscher Alm or at adjacent locations.

A rainwater sampler (Palmex ltd, Zagreb, Croatia) was installed to

collect precipitation in an open area of the plot. Two additional HDPE

containers, shielded with stones, were installed beneath trees to

gather throughfall water. All containers were emptied during each

field campaign, after the collection of water aliquots. We also col-

lected the water of the stream and the two springs and measured dis-

charge at the perennial spring by the volumetric method. All water

samples were collected in 50 PPE bottles with double cap and filled to

the brim.

During each field campaign, we used a soil auger to sample soil at

different depths (i.e., shallow: 5–10 cm, 10–15 cm; deep: 25–30 cm,

35–40 cm). During 2020, we collected soil samples in the upper part

of the plot, at the hollow and at the slope. During 2021, we also sam-

pled the area of the wet meadow, where the relatively deep soil could

be also investigated at an additional depth interval of 70–80 cm. Each

sample was collected in three replicates that were placed in 12-mL

Exetainer (Labco Ltd, UK) borosilicate containers with pierceable caps.

The same containers were used to collect bark-devoid twigs

(e.g., Landgraf et al., 2022; two replicates for each tree) from three

larch trees of different size (Figure 1) and location at the slope (LarS,

LarM) and at the hollow (LarL), respectively. During 2021, we also

sampled one larch tree dwelling on the wet meadow (LarW), as well as

one alpine stone pine (Pine) and one alpenrose shrub (Rhod) located

at the slope.

All samples were placed in thermal bags (<6�C) immediately after

their collection and taken to the laboratory where they were stored at

4�C until further processing (twigs and soil) and/or analysis (water).

2.2.2 | Automatic field monitoring

Data from two automatic weather stations (AWS), a phenocam and

sap flow records were made available by Eurac Research (Obojes

et al., 2022). Data on snow height (cm) were retrieved from the AWS–

M4s (2015 m a.s.l., operative from 2020), located close to the plot

(Figure 1b). Time series of air temperature (�C), precipitation (mm) and

soil water content (m3 m�3) at different depths (Campbell CS655

probes at 5, 20 and 50 cm) were retrieved from the AWS-F5

(2080 m a.s.l., operative from 2015), located within the plot

(Figure 1c). To increase the data on soil water content, we installed six

soil probes (TMS-4; Tomst Ltd., Czech Republic) recording electro-

magnetic time domain transmissions at 15-min resolution. These sen-

sors were installed during June 2020 at different depths (10 cm,

20 cm, 35 cm) in the upper part of the plot, at the hollow and at the

slope. We converted the electromagnetic data obtained with TMS-4

probes in volumetric water content values using the TMS Calibr Utility

and applied soil conversion factors based on the soil density and gran-

ulometric composition at different layers.

We also retrieved the data of sap flow records, measured with tis-

sue heat balance sensors (Cermak et al., 2004) EMS51 (EMS, Brno,

Czech Republic) located at breast height (1.3 m) at Pine, LarL, LarM

and LarS trees and managed by Eurac Research. These sensors mea-

sure the heat input power required to keep a one degree Kelvin differ-

ence between three heated electrodes and an unheated electrode

installed 10 cm below, which is directly correlated to sap flow. Initial

sap flow density provided in kg h�1 cm�1 of circumference unit was

converted into sap flow volumes (in L h�1) per tree by multiplying

them with the respective stem circumference (minus bark and phloem

thickness) according to Kučera (2010). Time series (10- to 15-min

records, depending on the parameter and sensor) were rescaled to

consistent hourly and daily intervals.

Daily images (hourly pictures from 9 AM to 5 PM) from a phenocam

(Plotwatcher Pro game camera; Columbus, GA, USA) focused on the

branches of one of the monitored larch trees (LarL) were investigated

to distinguish different moments of the growing season (simplified

from Migliavacca et al., 2008): leaf out (i.e., visible budburst—

maximum expansion of the needles), main growing season and the

decolouration phase (i.e., yellow spot decolouration—complete bronze

crown/needles lost).

2.2.3 | Geophysical investigations

To investigate the subsurface structure of the ground, we performed

electrical resistivity tomography (ERT) and seismic refraction

(SR) transects. The first technique was used to investigate the electri-

cal properties of the ground based on the propagation of electric cur-

rent in the ground and measuring the electrical potential at various

points along a section. We used Dipole–Dipole multielectrode profiles

with Syscal Pro Switch-48 (Iris Instrument, Orlèans, France) georesisti-

vimeter. Data acquisition was performed by placing the electrodes at

one-metre steps, in two longitudinal profiles (along the hollow and the

slope) and two cross-section (upslope and downslope) transects

(Figure 1c). Acquired data were processed with the dedicated soft-

wares Prosys II (Iris Instrument) and RESIPY (Blanchy et al., 2020). SR

was used to investigate the elastic properties of the ground based on

the compression wave velocities. This makes it possible to estimate

the mechanical and physical properties of soils and the compactness

of the materials that seismic waves pass through. SR was performed

along the hollow and two transverse transects used for ERT analyses,
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and geophones were placed into the ground every 2 m. Seismic sig-

nals were acquired with a 24ch DAQLink 3 with 24-bit resolution

from Seismic Source Co. All results are displayed in S1.

2.3 | Laboratory activities

At the Faculty of Science and Technology of the Free University of

Bozen/Bolzano (Italy), we used the cryogenic vacuum distillation tech-

nique (Koeniger et al., 2011) to extract the water from the soil and the

twigs (xylem water) samples. We used the same instruments, proce-

dure, heating temperature (200�C) and extraction times (15 min)

described in Zuecco et al. (2022). Exetainer vials were weighted before

and after the cryogenic distillation, and after oven treatment (48 h,

105�C), to estimate the extraction efficiency (Reff). We only analysed

water samples associated with Reff > 98%, and cryogenic distillation

was repeated on sample replicates if this minimum efficiency was not

achieved. Overall, Reff for the analysed samples was 99.3 (median 99.6)

± 0.6% (standard deviation) for twigs and 99.7 (99.8) ± 0.9% for soils.

The isotopic composition (δ2H, δ18O) of snowmelt, precipitation,

stream and spring waters was determined with a laser spectrometer

(CRDS Picarro L2130i, CA, USA). The precision of the analyser was

0.5‰ for δ2H and 0.25‰ for δ18O. The memory effect (Cui

et al., 2017) was minimised following the procedure reported in Penna

et al. (2012). Xylem and soil waters were analysed with isotope-ratio

mass spectrometry (IRMS Delta V Advantage Conflo IV, Thermo

Fisher Scientific Inc., Waltham, Massachusetts, USA), with a precision

of 2.5‰ for δ2H and 0.25‰ for δ18O. All isotopic results were

referred to the Vienna Standard Mean Oceanic Water and expressed

in ‰ notation. The correlation of the isotopic values obtained with

the IRMS and the CRDS on 19 samples (internal standards and

throughfall water samples) showed a mean absolute error of 0.50‰

for δ2H and 0.06‰ for δ18O.

2.4 | Analysis of isotopic data

The isotopic deviation of the samples from the local meteoric water

line (LMWL, Rozanski et al., 1993) was calculated as corrected line

conditioned excess (Lc-excess*; Landwehr & Coplen, 2006). Lc-

excess* was computed as follows:

Lc�excess�¼ δ2H�a�δ18O�b
S

ð1Þ

where a and b are the slope and the intercept of the LMWL and S was

determined as follows:

S¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SD2

δ2Hþ a�SDδ18Oð Þ2
q

ð2Þ

SD are the typical instrumental standard deviation of both iso-

topes (2.5‰ and 0.10‰ for δ2H and δ18O, respectively; see also

Zuecco et al., 2022). We analysed differences in isotopic composition

between groups based on nonparametric pairwise comparisons with

the Wilcoxon signed rank test (SPSS Statistics software, v.27;

IBM, 2018).

2.4.1 | Snowmelt/rainfall contribution to
freshwaters, soil and xylem water

Based on δ18O measurements (less prone to fractionation than δ2H),

we used end-member mixing models to estimate the contribution

from snowmelt and rainfall to spring water, soil water at different

locations and depths and xylem water in different trees. We used the

package MixSIAR v. 3.1.12 (Stock et al., 2018; Stock &

Semmens, 2016) in R v. 4.1.2 (R Core Team, 2021). The end-members

estimation and the MixSiar specifications are described more in detail

in Data S2. To estimate the drivers of the seasonality in the snowmelt

component, we calculated the day of the year (DOY, i.e., days elapsed

from the New Year's Day), day after snowmelt (DAS, i.e., the day

elapsed from the complete vanishment of the snow cover at the AWS

– M4s) and day after leaf out (DAL, i.e., the day elapsed from the

onset of leaf out as spotted with the phenocam). Then, we followed

the procedure outlined by Stock et al. (2018) to choose the best indi-

cator of the seasonality in the snowmelt/rainfall components (Data

S2). To estimate the seasonality in the snowmelt contribution

(response variable) at different water compartments, we used the best

candidate among DAS, DOY and DAL continuous covariates, as a

smooth term in generalised additive models (GAMs), with AR1 autocor-

relation. We applied GAM beta regression with logit link function (betar

family in R mgcv package; Wood, 2023) on 0–1 normalised data.

2.4.2 | Contribution from different subsurface
depths to xylem water fluxes

Based on the soil water signatures (δ18O) of the location where each

tree was located (hollow, slope, wet meadow), we calculated the

contribution of shallow and deep soil water to xylem water in time-

variant (i.e., end-member signatures varying over time), linear end-

member mixing models. When the xylem water was isotopically more

depleted than the deep soil water, we considered as end-members

the groundwater resources and the bulk soil water (detailed method-

ology in Data S2). We applied three distinct scenarios to define the

end-members for each xylem water sample. Under a ‘synchronic’ sce-
nario, we used the soil isotopic values of the same day when the twig

samples were collected. Under a ‘delayed’ scenario, we used the

values of soil waters and groundwater belonging to the samples col-

lected during the previous sampling campaign (10–18 days earlier).

We assumed the signature of each soil depth as a linear combination

between those of the same sampling day and those of the previous

(linear regression) or previous two (polynomial function, n = 2) sam-

plings (depending on the modelled age of the xylem water). Under a

‘xylem water age’ scenario, we used the sap flux records to date back
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the isotopic signature of each end-member during the simulated (tree-

and date-specific) day of root water uptake from the ground. This sce-

nario could be applied only to the trees where we monitored sap flow.

For each tree, we converted the sap flow volumes (L h�1) into sap

velocities (mm h�1) considering the measured diameter as well as the

bark and the sapwood depths at breast height. Then, for each tree

and moment of sampling, we back calculated the time (h) that was

necessary for the xylem water to reach the sampled twig, using the

velocity records of the period antecedent the sampling (detailed

methodology in Data S3).

We accounted for gaussian error propagation (Genereux, 1998)

to estimate the uncertainties of the mixing model outcomes. The

F IGURE 2 Climatic and phenological conditions of the Matscher Alm during the years 2020/2021. (a) Series of daily precipitation and δ18O
values of integrated precipitation (dots), air temperature and snow cover height. The ‘X’ symbol represents periods of missing data; (b) volumetric
soil water content data at different depths in the hollow and slope soils. Series from different sensor types are coloured differently
(green = TMS-4; black = Campbell); (c) daily sum of sap flow of the monitored trees. Smlt = snowmelt period; LO = leaf out, VEG = main
growing season, DEC = decolouration phase.
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uncertainties of the xylem water age scenario are provided as mean of

the ones from the other two scenarios.

3 | RESULTS

3.1 | Meteorological series and tree phenology

Similar air temperatures and cumulative precipitation occurred in

2020 and 2021 (Table 1). Most precipitation (66% during 2020 and

63% during 2021) fell during the growing period (Table 1). The snow

cover period was 21 days longer in 2021 than in 2020. The period of

major tree transpiration started earlier during 2020 (24 days), even

though the 2 years had a comparable duration in terms of growing

period. Soil water content sensors revealed seasonal patterns related

to snowmelt wetting in spring and snow cover onset in winter

(Figure 2b), when soil water decreases due lack of liquid water input.

The winter soil water decrease in the surface layers is due soil freez-

ing. During the growing period, soil water recharge occurred when

snowmelt faded out throughout the soil column, and only rainfall

events transiently rewetted it.

Daily sums of sap flow were highly variable depending on solar

radiation and air vapour pressure deficit and did not reveal any

evidence of water deficit in the monitored plants during the growing

season (Figure 2c). In this period, sap velocities were about 1 m day�1,

with LarM (1.5 ± 0.8 m * day�1) having higher fluxes than LarS (1.1

± 0.6 m * day�1), LarL (0.7 ± 0.4 m * day�1) and Pine (0.3

± 0.3 m * day�1). Thus, assuming the sampling position at single trees,

during the main growing season, xylem water roughly required 1–

5 days to cross the trunk and reach the sampled twigs, with lower

transit times for LarS, Pine and LarM. In contrast, during the leaf out

period, all velocities were very low (in the order of cm day�1) so that

the age of the xylem water in the sampled twigs was in the order of

150–250 calendar days, that is, corresponding to the previous autumn

(Data S3).

3.2 | Spatial variability of the subsurface structure

Seismic and electric surveys revealed a pronounced spatial heteroge-

neity of the subsurface morphology (Figure 3). ERT lines showed con-

trasting resistivities based on location and depth. In the upper part

and the south-western lower part of Matscher Alm, where most of

the investigated plants were located, resistivity values were generally

high (>3000 Ω m) at all depths (i.e., down to 12 m below the ground).

Within the hollow, a ramp of lower resistivity values (500–1000 Ω m)

F IGURE 3 Results of the geophysical investigations conducted for the upstream, longitudinal and downstream transects. For each transect
(see Figure 1), the bidimensional representation of electrical resistivity (a) and propagation velocities of seismic waves (b) are displayed. As
reference, the intersections of the upstream (blue) and downstream (red) transect with the longitudinal profile are provided (PR01). The drop
symbol represents the location of the spring at the wet meadow.
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was gradually more surficial when moving downslope. At the springs

and the wet meadow, the shallow ground (<5-m depth) had resistivity

values in the order of 500–600 Ω m (Figure 3a). The results from SR

confirmed the large subsurface heterogeneity along the hollow, with

low wave velocities (500–1000 m s�1) in the shallow ground (<5-m

depth), increasing with depth (up to 2000–2500 m s�1 at 10- to 12-m

depth). Rather than a uniform gradient of increasing velocities with

depth, the propagation of waves was organised in pockets of low

velocities located in tables of higher velocities, bringing a disorganised

conformation of the seismic wave propagation (Figure 3b). Overall,

these analyses revealed a surface structure of a typical landslide body,

with fine-scale heterogeneity of loose and compact materials related

F IGURE 4 Isotopic overview of the waters analysed at the Matscher Alm. (a) Dual isotope plot of the main water types. The LMWL of the
Matscher Alm and its equation is very similar to that described by Penna et al. (2014; as δ2H = 8.1 δ18O + 10.3) for the Saldur river basin;
(b) boxplots of δ18O and lc-excess* categorised based on the main water types. (c) Ridgeline plots for δ18O and lc-excess* at different soil depth
classes (y-axis, in common), showing data distributions at different locations (slope, hollow and wet meadow). (d) Same type of ridgeline plots,
with the different sampled plants at the y-axis. Note: to allow graphical comparisons of soil and xylem waters, the scales of (c) and (d) are identical
and placed in line.
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to the organisation of boulders and finer materials. Below the first

couple of metres made of loose materials, the ground was progres-

sively more compacted, and the depth of the non-fractured bedrock

was assumed at 7–15 m, depending on the location in the hollow

(Figure 3b). Moreover, geophysical data revealed well the softer or

more wet soil in the hollow that is related to the spring (Figure 3a).

3.3 | Isotopic composition of the different
water pools

Different types of water had distinct isotopic composition (Figure 4).

Values of precipitation aligned on the dual isotope plot, shaping an

LMWL (Figure 4a) that almost overlapped with that described by

Penna et al. (2014) derived for the Saldur River basin. The intercept

and the slope of the LMWL were typical of an alpine climate (Putman

et al., 2019) with a major influence from Atlantic air masses (Penna

et al., 2014). The isotopic signature of precipitation had a unimodal

behaviour typical of the alpine seasonality, with more negative values

during May/June (interquartile range—IQR of δ18O = �16.1/

�10.5‰) and September/October (IQR δ18O = �15.5/�9.0‰)

enhanced by low air temperatures bringing rain/snow or snow events

during these periods (Figure 2a). The isotopic fingerprint of throughfall

was not significantly different to that of precipitation (Figure 4b).

Snowmelt samples had significantly lower (p < 0.001) isotopic values

and Lc-excess* when compared with precipitation and throughfall

(Figure 4b). The stream and the two springs showed overlapping iso-

topic signatures and little variability over time. The isotopic signature

F IGURE 5 Values of δ18O over time (day of the year—DOY) in the soil and xylem waters, at (a) the slope, (b) the hollow and (c) at the wet
meadow. In the latter, we also provide isotopic values and discharge at the lower spring.
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of the bulk soil water had a large spatial (Figure 4c) and temporal

(Figure 5) variability. At the slope and at the hollow, δ18O had a sea-

sonal asymptotic behaviour, a progressive isotopic enrichment from

May to July, and relatively steady values when moving towards

October. This was more evident at lower depths. In fact, there was a

tendency of decreasing isotopic values and increasing Lc-excess*

towards greater soil depths (Figure 4c), even if this was not true for all

sampling dates and locations (Figure 5). At the wet meadow, both the

xylem water and the soil water were generally more depleted in heavy

isotopes, and there was a tendency of increasing isotopic values with

depth and of isotopic overlapping between the deep soil and the

upstream spring isotopic values (Figure 4c).

Xylem water had a similar isotopic composition as soil water

(Figure 5c) and a comparable seasonal trend except during the period

of leaf out (Figure 5a–c). In fact, during this time, the investigated

larch trees had the highest isotopic enrichment on a seasonal basis

and in agreement with xylem samples from twigs collected during

wintertime (δ18O = �6.7/�8.4‰, not displayed), when no sap flow

F IGURE 6 Scatterplots of day of the year (DOY) and snowmelt contribution at soil depths and trees from different locations. Coloured
shades represent GAMs fitted to the data (without the covariate year; see Data S2 for the model outcomes and specifications).
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F IGURE 7 End-member contribution to xylem waters of different plants during each sampling, over a DOY gradient. If xylem water was more
depleted in δ18O than the most depleted soil water sample, soil/groundwater contributions were calculated. If xylem signature was more enriched
(+) or depleted (�) than any end-member value, mixing models could not be performed.
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was recorded (Figure 2c). The xylem water of LarW was more

depleted in heavy isotopes than that of larch trees located at the

slope and the hollow. On seven occasions, the isotopic values of

xylem water were outside the range of the soil water at the wet

meadow and intermediate between the soil at this location and those

at the slope/hollow (Figures 4 and 5). The xylem water of Pine and

Rhod was generally more enriched in heavy isotopes than that of larch

trees, except for the early season.

3.4 | Snowmelt contribution to different
water pools

Rainfall (�8.8 ± 2.1‰, n = 18) and snowmelt (�16.9 ± 0.7‰, n = 15)

had significantly different values of δ18O (p < 0.001; Figure 4).

According to MixSiar analyses, the snowmelt contribution was highest

at the wet meadow system (73.9 ± 5.2%) than at the slope (37.8

± 2.6%) and at the hollow (34.9 ± 3.0%). In the latter two locations,

the snowmelt contribution was higher in the xylem (45.2 ± 2.9%) and

the deep soil (40.9 ± 3.5%) water than in the shallow soil water (23.6

± 3.8%). When considering the seasonal variability of snowmelt con-

tribution, the comparison of different continuous covariates

highlighted the variable ‘day of the year’ as a better explanatory vari-

able over ‘day after snowmelt’ and ‘day after leaf out’, with the

Akaike weight indicating 74% of probability that including DOY would

return the best model (Data S2). Also GAMs, performed using single

mixture values (uncertainties of 10.6 ± 3.6%), highlighted DOY as a

stronger smooth term for the snowmelt contribution (Data S4). Over-

all, ‘year’ was a significant covariate in the models with lower snow-

melt contribution during summer 2021 than that of 2020 (Data S4).

The snowmelt contribution to soil water showed a sharp season-

ality, with peak values in May, a decreasing proportion as summer

progressed and a return to some snowmelt contribution in October.

The seasonal decrease of snowmelt contribution was more evident

and quicker in the shallow than in the deeper soil and in the hollow

(Figure 6). A transient rise of the snowmelt contribution, more evident

at the slope than at the hollow, occurred in soil water during July/

August, after 7–10 days of dry conditions or soon after rain/snow or

hail events. At the wet meadow, after the progressive depletion of

snowmelt contribution during May and June, the soil water signature

stabilised around a 65–75% of snowmelt contribution, in rough agree-

ment with that of freshwaters. This phenomenon was particularly evi-

dent for the deeper soil (Figure 5). At each location, the seasonal

contribution of the snowmelt in xylem water reflected that of the soil

water with decreasing values as summer progressed. In contrast to

these common trends, samples from the early growing season of larch

trees exhibited a low/absent snowmelt contribution but later

increased in June (Figure 6).

3.5 | Xylem water components under different
travel time scenarios

The applied mixing models of soil/groundwater contribution to xylem

water provided slightly contrasting outcomes, depending on the tree

and on the scenario considered (Figure 7). Overall, the uncertainty of

the model outcomes was in the range of 1–11.5%; Data S5). The iso-

topic signature of xylem water was consistent with the use of a mix-

ture of shallow and deep soil water by the plants during most of the

sampling dates. When compared with the synchronic one, the xylem

water age scenario had a larger number of samples where groundwa-

ter contribution had to be considered (Table 2; Figure 8). This

occurred a higher number of times LarL, followed by LarM and Pine,

and by LarS and Rhod (Figure 8a). Groundwater contribution had to

TABLE 2 Comparison of the
outcomes from different mixing
modelling scenarios: synchronic, xylem
water age and delayed.

Synchronic Xylem water age Delayed

Upper (vs. lower) soil 35 ± 38 43 ± 35% 49 ± 38%

LarS 31 ± 34 45 ± 37 55 ± 38

LarM 35 ± 36 46 ± 35 56 ± 36

LarL 16 ± 18 15 ± 16 34 ± 35

Pine 46 ± 46 57 ± 38 48 ± 44

Rhod 32 ± 44 na 41 ± 42

LarW 67 ± 58 na 59 ± 58

Groundwater (vs. bulk soil) 11 ± 23% 15 ± 23% 12 ± 22%

LarS 5 ± 14% 7 ± 15 7 ± 15

LarM 10 ± 15 9 ± 15 9 ± 15

LarL 19 ± 27 24 ± 32 24 ± 33

Pine 15 ± 26 13 ± 28 14 ± 28

Rhod 2 ± 5 na 2 ± 7

LarW 18 ± 40 na 5 ± 18

Note: The leaf out period was discarded because the old ages of the xylem water hindered the

calculations for the delayed and xylem water age scenarios. The statistics were obtained considering zero

values of groundwater contribution when the shallow and deep soil waters were accounted for.
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be considered a higher number of times when moving towards the

end of the growing season (Figure 8b). When it was accounted for,

the groundwater (vs. bulk soil) contribution was strongly related to

the snowmelt contribution (Figure 8c) and decreased during the grow-

ing season (Figure 8d). For all plants, early season xylem water was

more enriched in heavy isotopes than the dominant end-member

water for at least two scenarios (Figure 7). Most of LarW xylem water

samples was more enriched in heavy isotopes when compared with

groundwater and the soil waters belonging to the wet meadow. Pine

and Rhod had a progressive decrease of the shallow water contribu-

tion as summer progressed, except right after rain events (not shown),

and a progressive increase of the deep soil water contribution or the

use of groundwater.

4 | DISCUSSIONS

4.1 | Ecohydrological setting of the subalpine
forest: A conceptual model

Landscape topography on steep slopes often entails a large heteroge-

neity in substrate morphology and soil texture, both influencing soil

water content and therefore the water uptake by plants (e.g., Brooks

et al., 2015; Dick et al., 2018; Fabiani et al., 2021; Nardini

et al., 2021). The investigated subalpine coniferous forest was charac-

terised by a slope/hollow conformation with a complex architecture

of the subsurface (Figure 9a). Along the hollow, a ‘ramp-like’ morphol-

ogy underlying the upper soil layers, made of compacted sediments,

acted as an aquitard conveying groundwater towards the wet

meadow and to the springs. Consequently, the isotopic fingerprint of

the soil water in this area was very similar to that of the spring water.

Differently, at the hollow and the slope, the soil water was not influ-

enced by groundwater, as testified by different isotopic conditions

when compared with those of the wet meadow. However, plants

were only slightly influenced by the sharp isotopic differences in the

soil between the two areas (Figure 5). Indeed, the xylem water of larch

trees located at the slope/hollow only slightly differed from that of

the larch located at the wet meadow. Plants located on very wet soils

should cope with physical constraints (e.g., anoxic conditions), even

limiting their rooting depth (Fan et al., 2017). Thus, plants that are not

physiologically pre-adapted to these limiting factors preferentially use

water from the vadose zone (Engel et al., 2022; Fabiani et al., 2021).

At Matscher Alm, the larch tree at the wet meadow was also very

close ( ̴2 m) to the slope. Hence, not surprisingly, we found evidence

F IGURE 8 Relation between key variables and groundwater (calculated against bulk soil water) contribution to xylem water. Percentage of
times that groundwater contribution was accounted: (a) for each tree; the size of each tree is related to its diameter at breast height, except for
Rhod for which we considered the diameter of the base trunk; (b) during each month, over the total of xylem water samples. Contribution of
groundwater to xylem water as a function of (c) snowmelt (calculated against rainwater) contribution to xylem water (linear regression lines are
fitted) and (d) DOY (with fitted polynomial equations, k = 2). Note: We only show those samples for which groundwater contribution was
considered. SYN = synchronic scenario; AGE = xylem water age scenario; DEL = delayed scenario.
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of root water uptake from both areas, as suggested by the intermedi-

ate isotopic values of xylem water between those of the wet meadow

and those of the slope/hollow soils.

The isotopic variability of soil and xylem water was strongly dic-

tated by seasonal dynamics (Figure 9). Within the soil, water from

shallow depths had a quicker isotopic enrichment as summer pro-

gressed, when compared with that from the deep soil. This can be

explained with a more efficient mixing of precipitation events occur-

ring during the early season in the shallow soil and a slower consecu-

tive water mixing in the deep soil (Sprenger et al., 2016). Even though

a similar isotopic enrichment was also observed seasonally for the

xylem water, there was an isotopic mismatch between the soil and

the xylem water for larch trees during the period of leaf out. During

this stage, sap velocities were very low in larch trees (cm day�1), and

the calculated xylem water ages were in the order of 100–250 calen-

dar days. This suggests the use of previously stored water reserves

for this species during the leaf out, as demonstrated by Nehemy et al.

(2022) in a boreal coniferous forest. However, different processes

may be responsible for isotopic enrichment in the xylem water during

winter. For example, Losso et al. (2021) found evidence of atmo-

spheric moisture absorption by branches in L. decidua and Picea abies

in a subalpine forest. We did not find evidence of a similar isotopic

mismatch for the stone pine and for the alpenrose during the early

growing season. This agrees with observations from a coniferous

mountain forest in China, where Zhang et al. (2021) found a larger

contribution of internal storage in deciduous larch trees than in

evergreen spruce trees during the early phenological stages. Indeed,

evergreen gymnosperms can start transpiration before the end of

snow cover (Bowling et al., 2018; Chan & Bowling, 2017; Lehner &

Lütz, 2003; Nehemy et al., 2022) and thus weeks before the seasonal

onset of transpiration by larch trees (Nehemy et al., 2022).

4.2 | Snowmelt contribution to different
water pools

At high elevations, precipitation occurs as snowfall during wintertime

and, occasionally, also during summer. Even though the isotopic signa-

ture of precipitation typically has a sinusoidal behaviour imparted by

climatic seasonality (e.g., Allen et al., 2019), only a very frequent

(e.g., event scale) sampling of precipitation can help discriminate the

snow and rainfall fractions of precipitation. Given the sampling fre-

quency (bi-weekly) of our investigations, we could not distinguish

snow and rain water fractions, and therefore, we used rainfall and

snowmelt end-members with fixed rather than time-variant values in

mixing models. Even the snowmelt signature can have a strong spatial

and temporal variability (e.g., Lee et al., 2010; Engel et al., 2016;

Schmieder et al., 2016; Beria et al., 2018; Zuecco et al., 2019), but the

relatively quick freshet occurring at a small scale (which also allowed

collecting snowmelt water only on a few occasions) suggests that this

variability may not be important for the isotopic composition of soil

water in the plot.

F IGURE 9 Conceptual model of the Matscher Alm critical zone. The subsurface heterogeneity of the area influences the use of water by
trees. During different timings of the season, trees tend to transpire different types of water. Soon after the leaf out of larches, the water in the
ground is highly available, and the snowmelt component is large (b,c). Consequently, trees take up water from a mixture of shallow and deeper
soil (a). As summer progresses, the snowmelt component of the soil water gradually fades out and more quickly at shallow depths (b). Therefore,
trees increasingly use deeper water resources in the ground, where water is more available. The use of water from the deep ground (‘unsampled
depth’) is higher for larger plants (a). By contrast, at the wet meadow location (c), trees use a combination of saturated zone and slope water.
Since the soil water at the wet meadow has a large snowmelt component, its contribution to tree transpiration remains large even during late
summer. Credits: Vanessa Arrighi.
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We found that snowmelt accounted for 75–80% of discharge at

the springs and the stream, with a very low seasonality. A similarly

high snowmelt contribution in soil water at the wet meadow (50–

70%) can be explained with the seepage of the spring water into the

ground (Figure 9c). Among all plants, the larch located at the wet

meadow had a higher share of snowmelt contribution to xylem water,

particularly during the second half of summer when this component

declined in the other plants but remained stable at 45–50% for this

tree. In a previous study carried out in a mountain environment in

China, Zhu et al. (2022) found that the snowmelt contribution to soil

and plant water rose during early summer (up to 60–70%) and gradu-

ally faded out towards autumn (down to 10%) and that there was a

consistency between the fraction of snowmelt/rainfall in the soil and

in the xylem waters. Similarly, in our work, the snowmelt component

in the upper part of the plot peaked during early summer (up to 70–

100%) and decreased towards autumn, and we found a more pro-

nounced and quicker drop in the shallow than in the deeper soil. In

the latter, we detected a transient increase of snowmelt contribution

during some sampling (Figure 9b). This transient pulse, occurring dur-

ing the period of major water deficit (July) and more evident at the

slope than at the hollow, might be related to the uplift of deeper (and

not investigated, see below) water resources, where the snowmelt

component would be larger. Key processes such as groundwater table

uplift, capillary rise (Orlowski et al., 2016) or water redistribution by

roots (Prieto et al., 2012; Wei et al., 2022) can be important drivers of

vertical rearrangements of the soil water (Sprenger et al., 2016), even

in coniferous forests (Warren et al., 2007). However, we did not

investigate these mechanisms that can only be hypothesised to occur

in the study area.

While most of the plants had a relatively constant and low (10–

20%) snowmelt contribution during September/October, the same

component increased for xylem water of the large and medium sized

larches and for the stone pine, during the same period. A contribution

from meltwater from recent snowfall events can explain this behav-

iour, because a similar increase of snowmelt contribution was found

for the soil at the hollow. During the same period, the same pattern

was not detected at the slope, likely because (i) a higher canopy cover

hindering the snow to reach the soil at the slope and/or (ii) lower

snow accumulation/persistence than in the hollow.

The complex interplay between location in the plot and the use

of different ground compartments by the plants might have been

responsible for the fluctuating behaviour of the snowmelt component

superimposing on the seasonal trend. This contrasts with the steady

pattern observed by Zhu et al. (2022) in China, where soil was homo-

geneous and deep, and the occurrence of a rainy season enhanced

the dilution effect from successive rainfall events at depth.

Unexpectedly, the calendar day was a stronger explanatory vari-

able for the snowmelt contribution in GAMs, when compared with

the time elapsed after the snow cover ended. Snowfall events

occurred after the end of winter snow cover during early summer

2020. These events only slightly (15–16 mm) and transiently (3–5 h)

made the snow pack to rise at the meteorological station (and thus

are not displayed in Figure 2) and provided additional snowmelt

recharge to the ground. Similar early summer snowfall events did not

occur in 2021, when—not surprisingly—the snowmelt component in

the xylem and the soil water was slightly lower than in 2020 according

to GAM analyses. This again testifies the difficulty to distinguish the

water from the solid and liquid fractions of precipitation in alpine

environments.

4.3 | Xylem water components under different
travel time scenarios

Among the different travel time scenarios used to investigate the rela-

tive contribution of water from different soil depths to tree transpira-

tion, only the one accounting for the xylem water age returned all

mixture samples in the range of their potential water sources. Hence,

this method can be hypothesised as the most valuable to inform end-

member characterisation in mixing models. Nonetheless, we used a

simplistic method that, for example, assumed unidirectional sap fluxes

and considered the isotopic composition of soil water as a linear com-

bination between antecedent and posterior periods. Yet, accounting

for travel times seems to be crucial for gymnosperms, given the mag-

nitude (weeks to months) of the xylem water age (Tetzlaff

et al., 2020). For example, preliminary sap flow data may be used to

plan delayed sampling of soil water and xylem water.

Despite clear differences in percentage values of end-member

contribution, all travel time scenarios converged to a high likelihood

of deep soil and groundwater use by plants. This was particularly evi-

dent during late summer, when the snowmelt water reservoir was

depleted, and the upper soil was drier compared to the early growing

season. A greater use of groundwater by larger plants may be

explained by a deeper rooting system compared to smaller plants. In

the Canadian Rockies, a higher use of deep soil water by older trees

than by younger ones was attributed to the contrasting root develop-

ment at different depths (Langs et al., 2019). Similarly, Xu et al. (2011)

found a strong relationship between fine root distribution and the use

of groundwater resources in a Chinese subalpine forest. Unfortu-

nately, we did not investigate the root distribution of the studied trees

and cannot build on these findings.

4.4 | Groundwater as surrogate for an unsampled
end-member

In this work, we justified more negative isotope values of xylem water

than those of the shallow and deep soil water with the possible use of

groundwater by the plants. Unlike at the wet meadow location, where

the presence of (spring) groundwater in the soil was evident, the

groundwater component was only a surrogate of an unsampled water

resource at the slope and the hollow (Figure 9a). Indeed, the saturated

zone was most likely too deep (>5 m) to be accessible by the roots, as

revealed by the geophysical surveys. The excavation of a small trench

at the slope (performed after conducting this study) revealed the pres-

ence (below 30–50 cm) of a matrix of fine sediment, fractured
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bedrock and soil including abundant stones and boulders. While the

roots of the investigated plants could easily penetrate the interstices

among medium and large rocky clasts of this ground, our gravity corer

could not. For this reason, the isotopic composition of water from this

depth interval was not assessed, as different and more invasive sam-

pling strategies would have been required (e.g., trenches at key loca-

tions). This deep water at the intersection between the soil and the

regolith is hypothesised to cover the entire slope and the upper part

of the hollow, as suggested by geophysical surveys. In general, this

water may be important for forests located in similar mountain ter-

rains, as demonstrated for the rock moisture (Rempe &

Dietrich, 2018) and its significance for plants transpiration (Hahm

et al., 2020).

5 | CONCLUSIONS

Our work represents the first tracer-based characterisation of a sub-

alpine coniferous forest in the Italian Alps. To the best of our knowl-

edge, we offered a first attempt to use the outcomes of geophysical

surveys to aid the interpretation of the isotopic results. This com-

bined approach helped shape the conceptual model of the Critical

Zone in the study area, to be corroborated by future specific studies.

These might include boreholes validating the internal structure of

the ground, the monitoring of the spatio-temporal dynamics of the

shallow groundwater, increasing the number of investigated plants

and soil sampling locations and hydrological modelling of water dis-

tribution in the soil profile. All these integrated methods may sup-

port our findings on the relation between a large subsurface

heterogeneity and the isotopic composition in the soil and xylem

water at high elevations where snowmelt is a key ecohydrological

driver. Outside wet areas, the snowmelt component rapidly fades

out in the shallow soil after the freshet, but it persists until late sum-

mer in the deep soil. The seasonal decrease of the snowmelt compo-

nent in xylem water is dampened by the complex use of different

ground compartments by the plants. The use of deep water sources,

including those from a potential ‘stoney ground moisture’, is higher

for larger plants and, for each plant, during late summer. By compar-

ing different modelling frameworks, we found evidence that the iso-

topic mismatch between soil and xylem water can be caused by long

sap travel times. Our study represents a first preliminary attempt to

consider these travel times when estimating the depths of root

water uptake, which needs confirmation by additional independent

evidence.
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