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Abstract

Identifying the vegetation and topographic variables influencing the isotopic variabil-

ity of xylem water of forest vegetation remains crucial to interpret and predict ecohy-

drological processes in landscapes. In this study, we used temporally and spatially

distributed xylem stable water isotopes measurements from two growing seasons to

examine the temporal and spatial variations of xylem stable water isotopes and their

relationships with vegetation and topographic variables in a Luxembourgish temper-

ate mixed forest. Species-specific temporal variations of xylem stable water isotopes

were observed during both growing seasons with a higher variability for beeches

than oaks. Principal component regressions revealed that tree diameter at breast

height explains up to 55% of the spatial variability of xylem stable water isotopes,

while tree species explains up to 24% of the variability. Topographic variables had a

marginal role in explaining the spatial variability of xylem stable water isotopes (up to

6% for elevation). During the drier growing season (2020), we detected a higher influ-

ence of vegetation variables on xylem stable water isotopes and a lower temporal

variability of the xylem water isotopic signatures than during the wetter growing sea-

son (2019). Our results reveal the dominant influence of vegetation on xylem stable

water isotopes across a forested area and suggest that their spatial patterns arise

mainly from size- and species-specific as well as water availability-dependent water

use strategies rather than from topographic heterogeneity. The identification of the

key role of vegetation on xylem stable water isotopes has critical implications for the

representativity of isotopes-based ecohydrological and catchments studies.
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Significance statement

Understanding water sources and water use by trees is critical for forest management and sus-

tainability especially in the context of global change. To date, there is no clear relationships
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between patterns of tree water uptake (informed by the isotopic composition of tree stems) and

variations of vegetation and topography in the landscape. Therefore, we sampled tree trunk

water of around 350 trees scattered across a forested area in Luxembourg to study how water

uptake differed between trees and how it was related to the vegetation (tree species and diame-

ter) and the topography (e.g. elevation and slope).

1 | INTRODUCTION

Vegetation critically affects soil water fluxes and the terrestrial water

balance (Brutsaert, 1988) through interception and root water uptake

for transpiration (Moore & Heilman, 2011; Rodriguez-Iturbe, 2000).

Global change poses a considerable challenge for forest and water

resource management due to shifts in precipitation regimes and tem-

peratures that may affect tree water uptake and plant water availability

(e.g. Capell et al., 2013), species composition and distribution (Tetzlaff

et al., 2013) and forest productivity (Boisvenue & Running, 2006).

Therefore, an improved understanding of the influence of biotic and

abiotic factors on tree water uptake is needed to better evaluate the

variations of tree water use (Frank et al., 2015) and manage forest eco-

systems to enhance their adaptive response to environmental stressors.

Stable isotopes of oxygen (ratio of 18O to 16O) and hydrogen (ratio

of 2H to 1H) of water have been widely used to understand hydrological

and ecohydrological processes in catchments (e.g. Bögelein et al., 2017;

Brinkmann et al., 2018; Fabiani et al., 2021; Goldsmith et al., 2012,

2018; Penna et al., 2018; Sprenger et al., 2016, 2018; Tetzlaff

et al., 2020). They are an important tool for describing the movement

of water through catchments and ecosystems (Kendall &

McDonnell, 1998; Klaus & McDonnell, 2013). Stable water isotopes

(SWI) have proved to be essential for investigating water fluxes in the

soil–plant–atmosphere continuum (e.g. Fabiani et al., 2021; Goldsmith

et al., 2012), flow paths and associated transit times of water in the

subsurface (Asadollahi et al., 2022; Knighton et al., 2019; Sprenger

et al., 2016), along hillslopes (Asano & Uchida, 2012) and in catchments

(Kuppel et al., 2018; Rodriguez & Klaus, 2019; Sprenger et al., 2022;

Wang et al., 2023) showing their potential to decipher water move-

ments in the critical zone. Analysing SWI in plant stem water (usually

assumed to be xylem water) is important for quantifying water sources

and water use by plants (Penna et al., 2018).

Xylem water is a mixture of the different water sources used by

trees (i.e. soil water from different depths and groundwater) (Penna

et al., 2018). The variations of xylem SWI are therefore related to varia-

tions in these sources and how they are taken up by trees. The tempo-

ral variability of xylem SWI is related to soil SWI that are themselves

modified via mixing with infiltrating rainwater with its own interstorm

and intrastorm variation in isotopic composition (Bertrand et al., 2014;

Sprenger et al., 2018). Additional temporal drivers of xylem SWI are

meteorological conditions (e.g. air temperature, net radiation and

humidity) that influence evaporation–fractionation of soil SWI

(e.g. Bertrand et al., 2014). Vegetation characteristics such as species,

forest type, tree height, diameter and above ground biomass

(e.g. Fabiani et al., 2021; Goldsmith et al., 2012, 2018; Snelgrove

et al., 2021) also influence xylem SWI. The effect of vegetation vari-

ables on xylem SWI is attributed to possible species-specific differences

in the timing and intensity of water use (Snelgrove et al., 2021) or depth

of water uptake (e.g. Brinkmann et al., 2019; Fabiani et al., 2021;

Goldsmith et al., 2022; Kahmen et al., 2021).

Some studies addressed the spatial variability of xylem SWI at

plot (Goldsmith et al., 2018), hillslope (Fabiani et al., 2021; Goldsmith

et al., 2012) and catchment (Gaines et al., 2016) scales relying on

12 to 60 trees sampled on the same day. Those studies showed that

xylem SWI were influenced by soil depth at the tree location, vegeta-

tion variables (e.g. Gaines et al., 2016) and the depth and lateral distri-

butions of soil SWI (Gaines et al., 2016; Goldsmith et al., 2018).

Spatial variations of soil SWI can themselves be related to topography

(e.g. aspect, slope and elevation) that affect water movement in soil,

energy inputs for evaporation and in consequence soil SWI. Topogra-

phy (e.g. elevation) can also influence patterns in vegetation, the

depth and accessibility of tree water sources and, in turn, tree water

uptake depth and xylem SWI. Beyer and Penna (2021) emphasised

that spatial data of xylem and soil SWI are scarce. For this reason, we

are lacking an understanding of the relationship between xylem SWI

and topographic and vegetation variables. Particularly, it remains

unclear what is the relative importance of topographic and vegetation

variables in explaining the spatial variability of xylem SWI.

In this study, we address this need by exploring the temporal and

spatial variations of xylem SWI and their relationship with vegetation

and topographic variables in a mixed beech-oak forest. We measured

δ18O and δ2H of xylem water over two growing seasons (17 sampling

campaigns) in �350 trees in the Weierbach catchment, Luxembourg.

We went beyond the sampling strategy generally used in ecohydrolo-

gical studies (i.e. four tree individuals per species on average on each

sampling campaign; Goldsmith et al., 2018) and sampled on average,

for each sampling campaign, 10 tree individuals per species. To the

best of our knowledge, this was the first analysis with more than

300 xylem samples determining the relative importance of vegetation

and topographic variables in explaining the spatial variability of xylem

SWI and highlighting its interannual change. The high total number of

xylem samples taken within the 42-ha forested area provided a high

sampling density (>3.3 trees/ha per growing season) and variations in

vegetation and topography on which we based the spatial analysis.

Our research questions are guided by a perceptual model of the

influence of vegetation and topography on xylem SWI. We know that

species influence xylem SWI through its effect on tree water uptake

depth (e.g. Fabiani et al., 2021). We also know that tree diameter

at breast height (DBH) is associated with depth of tree water uptake

(e.g. Schoppach et al., 2021), and we thus expect DBH to influence
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xylem SWI. Specifically, in the Weierbach catchment, trees rely on soil

water with no significant uptake of groundwater (Fabiani et al., 2021).

Soil water availability is linked to vertical and lateral redistribution

mechanisms of infiltrating water along the hillslope (Hissler

et al., 2021; Rodriguez & Klaus, 2019), and we therefore believe that

elevation, TPI and slope influence tree water uptake depth and, in

turn, xylem SWI. We also expect these variables, along with aspect, to

influence xylem SWI by affecting evaporation–fractionation of soil

SWI. Multiple landscape variables can therefore affect xylem SWI,

and their possible interactions are challenging to untangle their

respective influence on xylem SWI. We hypothesize that xylem SWI

vary systematically following the perceptual model; we address this

hypothesis by investigating the following research questions:

1. How does the variability of xylem SWI over a growing season

change between species?

2. How do species influence the systematic spatial variation of xylem

SWI?

3. What is the relative importance of vegetation and topographic var-

iables in explaining the spatial variability of xylem SWI?

4. How do the relationships between xylem SWI and tree size,

species, and topographic variables differ between growing

seasons?

2 | MATERIALS AND METHODS

2.1 | Study area

The Weierbach is a 42-ha forested headwater catchment located in

the northwest of Luxembourg (Hissler et al., 2021) (Figure 1). The

region is characterised by gently sloping plateaus cut by deep

V-shaped valleys. Two landscape units are distinguished depending on

their subsolum type and their slope: plateaus (about 30 ha, slopes

between 0� and 5�) and hillslopes (about 12 ha, slopes between 5�

and 44�) (Martínez-Carreras et al., 2016). Furthermore, there is a small

riparian zone of up to 3-m wide surrounding most of the stream

network and representing about 0.4 ha (Glaser et al., 2020).

Detailed topographic variables were calculated from a high-

resolution (1 m) digital elevation model (DEM) (Luxembourgish air

navigation administration, 2017) and included aspect (�), slope (�), cur-

vature (�) and drainage area (m2) for each 1 � 1 m DEM pixel. The

aspect represents the direction the downhill slope faces (measured

clockwise from 0 (north) to 360� (north)), the slope represents the

steepness, the curvature indicates if the surface is upwardly convex

(positive value), concave (negative value) or flat (value of 0) and the

drainage area indicates the area from where water flows downslope

(Schoppach et al., 2021) (Table 1). Based on these variables, the topo-

graphic position index (TPI; �) and topographic wetness index (TWI;

ln(m)) were calculated (Wilson & Gallant, 2000) as follows:

TPI¼ E�Eavg50

where E is the elevation at a specific location (m) and Eavg50 is the

average elevation in a 50 m radius circle around this location (m). The

TPI value decreases from the catchment ridges to valley.

The TWI characterises terrain-driven propensity for saturation

and is calculated as follows:

TWI¼ ln
As

tanβ

� �

where As is the specific area (i.e. drainage area per unit contour length)

in m2 m�1 and β is the slope in �.

The bedrock in the Weierbach catchment consists mostly of

Devonian slate containing schist, phyllite, and quartzite (Juilleret

et al., 2011). Pleistocene periglacial slope deposits cover the bedrock,

and the soil developed from these deposits is Leptic Cambisol

(Juilleret et al., 2011) according to the World Reference Base classifi-

cation. The weathered and fractured bedrock starts on average at

about 140-cm depth, with fractures closing at approximately 5-m

depth (Gourdol et al., 2021).

The semi-oceanic climate at the Weierbach catchment is governed

by the interplay between seasonality in precipitation and evapotranspi-

ration (ET; Pfister et al., 2017). Precipitation averaged 783 mm/year

(2006–2018) and is rather uniformly distributed throughout the year.

The average annual stream discharge is 478 mm (2006–2014; Pfister

et al., 2017) with lower base flow occurring from July to September due

to higher losses through ET (potential ET annual average of 593 mm for

the period 2006–2014; Pfister et al., 2017). Snow can accumulate for a

few days in winter, but it generally melts within a few days.

The vegetation in the Weierbach catchment is dominated by

uneven-age deciduous hardwood trees (70% of the catchment area;

European Beech Fagus sylvatica and Oak Quercus petraea x robur) and

pure plantations of conifers (30% of the catchment area; European

Spruce Picea abies and Douglas fir Pseudotsuga menziesii) (Fabiani

et al., 2021; Hissler et al., 2021) located in some areas of the catch-

ment (Figure 1). The deciduous hardwood trees rely on soil water with

no significant groundwater uptake (Fabiani et al., 2021). Tree DBH of

selected trees was measured within a 360 m � 20 m inventory plot

located in the beech-oak stand (Table 1; Schoppach et al., 2021).

2.2 | Hydrometeorological monitoring and isotopic
measurements

Precipitation volumes (P) and air temperature (T) over the study

period were measured every 15 min at the Roodt station (Figure 1)

following the World Meteorological Organization standards (Sevruk

et al., 2009); we computed the daily total P and daily average T. Gaps

in the daily P time series (6% over 2019–2020) were filled using a lin-

ear regression between daily P at the Roodt and Holtz (located about

2.6 km from the Roodt station; operated by the Water Agency of

Luxembourg) stations (2015–2020; R2 = 0.47, p < 0.05). Total annual

P was equal to 1030 mm in 2019 (506 mm over the growing season—

1 April to 31 October) and 957 mm in 2020 (404 mm over the
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growing season) (Figure 2a). The annual average T was 9.6�C in 2019

(13.8�C over the growing season) and 10.9�C in 2020 (14.4�C over

the growing season) (Figure 2b).

Volumetric soil water content (SWC) was measured every 30 min

at six locations across the catchment (Figure 1) with CS650 reflectom-

eters (Campbell Scientific Ltd, Logan, UT, USA). At each location, eight

probes were installed parallel to the surface at 10, 20, 40, and 60 cm

depth (two probes per depth) (Hissler et al., 2021). For each location,

we calculated the mean SWC value across all depths and then the

daily mean SWC. Depth to groundwater level (DGWL) was measured

every 15 min at three locations across the catchment (Figure 1) with

OTT Orphimedes and CTD (Hissler et al., 2021); we calculated the

daily mean DGWL for each location. For SWC and DGWL, we deter-

mined the catchment daily average as the mean value of all locations.

The annual average SWC was 0.156 m3 m�3 in 2019 (0.129 m3 m�3

over the growing season) and 0.148 m3 m�3 in 2020 (0.114 m3 m�3

over the growing season) (Figure 2c). The annual average DGWL was

1.6 m in 2019 and 1.7 m in 2020 (1.8 and 1.9 m over the growing sea-

sons, respectively) (Figure 2d).

Precipitation was sampled fortnightly for SWI analysis at one

location in the catchment (Figure 1) using a 3-L Palmex rain sampler,

which minimises gas transfer between the bottle headspace and the

open atmosphere to reduce water evaporation (Hissler et al., 2021).

Additional higher frequency precipitation samples were collected with

F IGURE 1 Locations of sampled
beech and oak trees within the
Weierbach catchment during the studied
years 2019 (a) and 2020 (b). The map on
the upper left shows the location of the
Weierbach catchment in Luxembourg and
of the Roodt station (green symbol).

TABLE 1 Distribution of topographic
variables and vegetation characteristics
in the studied catchment and at the tree
sampling locations.

Range in the studied catchment

Range at the tree sampling locations

2019 2020

Topographic variables

Elevation (masl) 460–512 473–513 471–513

Aspect (�) 45–337 58–241 65–284

Slope (�) 0.6–31 2–27 1–27

Curvature (�) �9.8 to 8.1 �2.2 to 1.2 �0.8 to 1.5

Drainage area (m2) 3–29,735 6–12,700 10–12,329

TPI (�) �6.8 to 4.6 �0.5 to 0.3 �0.8 to 0.5

TWI (ln(m)) 2.4–14.1 0.1–6.9 0.3–7.0

Vegetation characteristics

DBH (cm) Beech: 3–75a Beech: 3–89 Beech: 24–71

Oak: 24–66a Oak: 29–91 Oak: 30–79

aMeasured within a 360 m � 20 m inventory plot.

4 of 15 FRESNE ET AL.
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a sequential rainfall sampler (SRS; cf. Kennedy et al., 1979) for

selected periods. The SRS collected samples in approximately 2.5-mm

precipitation increments, that is, a sampling interval of 23 h on aver-

age (Rodriguez & Klaus, 2019). All samples were filtered using

0.45-μm syringe filters and stored at 4�C until analysis. The δ18O and

δ2H isotopic composition of precipitation was determined using a Los

Gatos Research TIWA-45-EP. Analyses were carried out at the LIST

isotopic laboratory with an analytical accuracy of 0.1‰ (δ18O) and

0.5‰ (δ2H) and a precision maintained <0.1‰ (δ18O) and <0.5‰

(δ2H) (quantified as one standard deviation of the measured samples

and standards) (Hissler et al., 2021). The precipitation amount

weighted SWI values were interpolated between two consecutive

samples as being equal to the value of the next sample. The isotopic

composition is given as the relative difference in the ratio of heavy to

light isotopes of water samples (delta notation, ‰) to the Vienna

Standard Mean Ocean Water (VSMOW). The local meteoric water line

(LMWL; δ2H = 7.4*δ18O + 6.5; R2 = 0.97; Figure 3) was determined

from the fortnightly precipitation samples taken over the period

2011–2019. This is consistent with data from the closest IAEA GNIP

station in Trier (�60 km) with a LWML of δ2H = 7.6*δ18O + 3.9 for

the period 1978–2009 (Klaus et al., 2015; Stumpp et al., 2014).

2.3 | Xylem sampling

We focused our analysis on hardwood trees that dominated the

catchment. We sampled sapwood xylem from beech and oak tree

trunks with a Pressler corer across the catchment during the growing

seasons 2019 and 2020 (Figure 1). We transferred the sapwood

xylem samples into 30-mL glass vials sealed with caps and Parafilm®

and kept them at �22�C until xylem water extraction.

Samples were taken during nine campaigns in 2019 (14 May,

29 May, 5 June, 26 June, 10 July, 30 August, 20 September, 2 October

and 23 October) and during eight campaigns in 2020 (8 May, 25 May,

12 June, 6 July, 24 July, 11 August, 3 September and 22 September)

(Table 2). For each campaign, three different zones were sampled

(i.e. plateau, hillslope and riparian) in the hardwood stands (Figure 1).

In each zone, we took the coordinates (X, Y) of randomly selected

points. A similar number of uneven-aged beech and oak trees were

then randomly selected and sampled within a 15-m radius circle

around the points (X, Y). We sampled distinct trees during each cam-

paign. For the spatial analysis, we later generated a unique partial-

random set of coordinates (Xr, Yr) for each sampled tree based on a

measured angle and horizontal distance from the point (X, Y). For each

campaign, we sampled on average 10 trees for each species (the num-

ber ranged between 2 and 18 individuals) (Table 2). In total, 102 and

101 samples were taken from beech and oak, respectively, in 2019,

while 69 samples were taken from both tree species in 2020 (Table 2).

We measured the DBH of each tree sampled. The topographic

variables at each of the sampled locations and the DBH of each of the

sampled trees spanned the distributions observed in the Weierbach

catchment (Table 1 and supporting information Figure S1).

2.4 | Xylem water extraction and isotopes analyses

We extracted water from xylem samples using the cryogenic vacuum

distillation leak-tight line protocol (Fabiani et al., 2021; Orlowski

et al., 2016). We submerged the vials containing the xylem samples in

a 100�C oil bath and collected evaporated water in U-shaped tubes

submerged in liquid nitrogen (�197�C) for approximately 3 h. The

lines were connected to a pump that applied a vacuum to reach the

suction of 0.03 hPa below which there was no water left to extract.

Extraction was stopped 1 h after the suction reached the constant

value of 0.03 hPa. Water was then collected using a Paster pipette,

stored in 2-mL threaded vials with fixed 300-μL glass inserts and kept

at 4�C before laser spectrometry analysis.

Following extraction, we measured the δ18O and δ2H isotopic

composition of the water with a Picarro cavity ring down spectrome-

ter (CRDS) (L2140-i, Picarro, USA) coupled with a Micro-Combustion

Module TM (MCM) to remove organic compounds (ethanol, methanol

and/or other biogenic volatile compounds) (Martín-G�omez

et al., 2015). Each sample was analysed 10 times in a row for eradicat-

ing potential memory effect (Penna et al., 2012); an average isotope

signal was determined using the last four to five measurements. Four

to five standards were analysed at the start and end of each run

(10 injections per standard), and five standards were analysed every

ten samples (maximum of 20 injections per standard). Raw measure-

ments of each sample were finally corrected based on linear regres-

sions between three to four measured values of the previous and next

F IGURE 2 Time series of daily total precipitation amount
(P) (mm/d) (a), daily average air temperature (T) (�C) (b), daily average

soil water content (SWC) (m3/m3) (c) and daily average depth to
groundwater level (DGWL) (m) (d). The shaded bands in panels c and d
represent the standard deviation from the mean of all monitoring
sites. The vertical dashed lines delineate the two growing seasons
(1 April to 31 October).
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lab standards to avoid drift over the course of the analysis. The quality

control lab standard water was 0.02‰ for δ18O and 0.3‰ for δ2H

(Fabiani et al., 2021). The isotopic composition is given as the relative

difference in the ratio of heavy to light isotopes of water samples

(delta notation, ‰) to the Vienna Standard Mean Ocean Water

(VSMOW).

2.5 | Data processing and statistical analyses

Data and statistical analyses were performed using R Studio Version

4.2.1 (R-Core team, 2013).

2.5.1 | Temporal variability analysis

For each species, to test if the xylem SWI data from each campaign

were normally distributed, we performed the Shapiro–Wilk normality

test (Shapiro & Wilk, 1965) and a graphical check. We tested the

homogeneity of variance between campaigns using the Levene test

homogeneity of variance (Levene, 1960) and performed a graphical

check. Significance level for all tests was set at α = 0.05. The test

results generally indicated a nonnormal distribution of the xylem SWI

data from each campaign and their non-homogeneous variance. We

performed the nonparametric Kruskal–Wallis rank sum test (Kruskal &

Wallis, 1952) to test if the xylem water isotopic composition of each

species significantly varied between campaigns. We graphically evalu-

ated the changes in median xylem SWI values between campaigns.

When the Kruskal–Wallis rank sum test indicated a significant tempo-

ral change of the median SWI value, post hoc pairwise comparisons

were performed using the Wilcoxon rank sum exact test (Harris &

Hardin, 2013) with the Holm p-value adjustment method to control

type I errors.

2.5.2 | Time series detrending

We combined the samples of all the campaigns to have enough sam-

ples to carry out a spatial analysis, because the 2 to 18 samples of

each campaign were not sufficient for a robust spatial analysis for an

individual campaign. For this, we detrended the sampling data time

series using a second-order polynomial regression model using xylem

SWI as a dependant variable and the sampling date as an independent

F IGURE 3 Plots showing beech and oak xylem water dual isotopes values (δ2H and δ18O; ‰) for the growing seasons 2019 (a) and 2020 (b).
The solid line is the local meteoric water line (LMWL) (δ2H = 7.4*δ18O + 6.5) with the dual isotopes values of the fortnightly precipitation
samples taken during each studied year. Boxplots show the median (black line in box; the notch indicate the confidence interval), the interquartile
range (IQR; extent of the box), the range (lines) and the outliers (black points).

TABLE 2 Number of beech and oak sapwood xylem samples
taken during each campaign for the studied years 2019 and 2020.

Campaign

2019 2020

Beech Oak Beech Oak

1 16 15 10 10

2 18 18 10 10

3 8 8 10 10

4 12 12 8 8

5 18 18 8 8

6 10 10 7 8

7 2 3 8 8

8 7 7 8 7

9 11 11 - -

Total 102 101 69 69
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variable (supporting information Figures S2 and S3) to regroup the

measured values to the same time point. The models were fitted for

both monitored years individually (2019 and 2020) to account for

year-specific effects in seasonality. Normality and homogeneity of

variance were evaluated using the Shapiro–Wilk and Levene tests,

respectively. We tested first- and second-order models and lack of fit

using the F-test and assessed the variance explained by the models

using the adjusted R2.

2.5.3 | Spatial variability analysis

Analysis of spatial autocorrelation

We calculated the global Moran's I to test for the presence of spa-

tial autocorrelation in the xylem water samples of each tree spe-

cies. For this, we generated an inverse Euclidean distance matrix

for each year and tree species before performing Moran's I test

(significance level α = 0.05) for both SWI. When this test indicated

the presence of spatial autocorrelation, we constructed an empirical

variogram for both SWI and species to test how the difference

between samples of the same species changed as a function of the

distance between them. To do so, we used 10 evenly spaced bins

up to a cut-off lag distance ranging from 258 to 271 m fixed at

one third of the maximum point-to-point distance (ranged from

774 to 813 m depending on the species and year) (cf. Goldsmith

et al., 2018). Bin counts ranged from 41 to 324. Spherical, Expo-

nential, Gaussian and Matérn models were fitted to the empirical

variogram to identify the best models and determine the nugget,

partial sill and range.

Analysis of landscape drivers

We carried out principal component regressions (PCR) (Liu

et al., 2003) to reveal the landscape variables influencing xylem SWI

using a combination of vegetation and topographic variables. We

used species, DBH, elevation, aspect, slope, flow accumulation, cur-

vature, TPI and TWI as independent variables (p predictors) and the

detrended xylem SWI as dependent variable (outcome). First, we

recoded the categorical variable species using dummy coding

(beech: 0; oak: 1) and standardised all variables to a mean value of

0 to ensure that they all have an equal role in the principal compo-

nents (PCs) generated despite differences in ranges. Then, we car-

ried out a principal component analysis (PCA) with a 10-fold cross-

validation to replace the p predictors by p PCs, each PC being a

combination of the p predictors. We chose the k optimal number of

PCs (k < p) based on which model gave the highest cumulative per-

centage of variance explained in the outcome, the highest correla-

tion between the measured and the predicted values (R2) and the

smallest (root) mean square error in prediction ((R)MSEP). The

selected model was fitted on a training set (70% of the original set)

and tested on a test set (30% of the original set) to assess model

prediction error. Using the selected model, the raw data matrix

X with p predictors columns was replaced by a smaller matrix

T with k PCs columns:

T¼X�P

Finally, we fitted a multiple linear regression model using the non-

correlated k PCs of T as predictors and the detrended xylem water

isotopic composition ŷ as the outcome.

ŷ¼T�b

For each k PC, we calculated the percentage of variance in the

outcome explained by each predictor as the product of the variance in

the outcome explained by the PC and the loading of each predictor in

the same PC. The predictors with a loading >j0.45j(Hair et al., 1998)

were deemed to contribute largely to a PC. To determine the percent-

age of variance in the model outcome explained by each predictor, we

summed the respective results of each k PCs of the model. We calcu-

lated the error in prediction for each sampled tree in space as the dif-

ference between the predicted and the measured value. We then

tested for normally distributed errors in prediction (Shapiro &

Wilk, 1965) and calculated the mean absolute error (MAE) of the

model for further evaluation.

3 | RESULTS

3.1 | Precipitation and xylem SWI

Over the 2019 sampling period, precipitation median δ2H and δ18O

values were �37.6‰ and �5.9‰, respectively, while median values

were �32.7‰ and �4.6‰ over the 2020 sampling period

(Figure 4a,b,e,f). The variability of precipitation SWI was higher over

the 2019 than 2020 sampling period due to the 2019 sequential rain-

fall sampling that captured an isotopically depleted event in October.

Xylem water samples plotted below the LMWL determined for the

study area (Figure 3). Over the 2019 sampling period, beech xylem

water median δ2H and δ18O values were �69.3‰ and�7.6‰, respec-

tively, while median values were �61.1‰ and �7.5‰ for oak xylem

water (Figure 3a). Over the 2020 sampling period, beech xylem water

median δ2H and δ18O values were �66.0‰ and �7.2‰, respectively,

while median values were �60.5‰ and �7.3‰ for oak xylem water

(Figure 3b). The variability in δ2H and δ18O of xylem water differed

between tree species and years. For beech, the interquartile range

(IQR) of δ2H and δ18O values was greater during 2019 (6.3‰ and

1.4‰, respectively) than 2020 (3.4‰ and 0.7‰), while the interannual

variability was less pronounced for oak (IQR of 4.6‰ and 0.7‰ in

2019 for δ2H and δ18O, respectively, and 5.3‰ and 0.6‰ in 2020).

3.2 | Temporal variability of xylem SWI

Between the first and last 2019 campaign, median beech xylem water

δ18O value changed from �7.83‰ to �5.62‰ (Figure 4c) and from

�70.0‰ to �53.7‰ for δ2H (Figure 4g). Median oak xylem water

δ18O value changed from �7.24‰ to �6.35‰ (Figure 4c), while δ2H
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value changed from �60.0‰ to �51.9‰ (Figure 4g). The average

change in isotope value between two campaigns was positive and

higher for beech (+0.28‰ for δ18O, +2.04‰ for δ2H) than oak

(+0.11‰ for δ18O, +1.01‰ for δ2H). Xylem water was significantly

isotopically enriched at the end of October (ninth campaign) com-

pared with May–July (first to fifth campaigns) for both tree species

(supporting information Table S1).

Between the first and last 2020 campaign, median beech xylem

water δ18O value changed from �7.70‰ to �7.05‰ (Figure 4d) and

from �68.4‰ to �67.6‰ for δ2H (Figure 4h). Median oak xylem

water δ18O value changed from �6.99‰ to �7.58‰ (Figure 4d),

while δ2H value changed from �56.9‰ to �63.1‰ (Figure 4h). The

average change in isotope value between two campaigns was positive

for beech (+0.09‰ for δ18O, +0.11‰ for δ2H) and negative for oak

(�0.08‰ for δ18O, �0.89‰ for δ2H). Beech xylem water was signifi-

cantly isotopically enriched in June to early July (third and fourth cam-

paigns) compared with early May (first campaign). Oak xylem water

was significantly isotopically enriched in early July (fourth campaign)

compared with mid-August (sixth campaign) and late September

(eighth campaign) (supporting information Table S2).

3.3 | Spatial variability of xylem SWI

3.3.1 | Spatial autocorrelation

In 2019, beech and oak xylem water δ18O and δ2H showed significant

positive spatial autocorrelation, while only δ18O of beech xylem water

was significantly and positively spatially autocorrelated in 2020

(Table 3). The low Moran's I indicated a weak spatial autocorrelation

of these xylem SWI data. The empirical variograms showed a high var-

iance in the data that was as much as the nugget size (Figure S4); this

prevented the fit of any function to the variograms and the estimation

of the ranges.

3.3.2 | Landscape drivers

The xylem water δ18O value in 2019 was best predicted with nine

PCs (MAE = 0.28, RMSEP = 0.37, MSEP = 0.14, R2 = 0.25) that

explained 34% of the variance in xylem water δ18O across the study

area. This variance was mainly explained by DBH (13.0% of the vari-

ance in xylem water δ18O) and to a lesser extent by TPI and flow

accumulation (respectively 5.6% and 4.4% of the variance in xylem

water δ18O) (Figure 5a). Five PCs were needed to best predict xylem

water δ2H value (MAE = 1.86, RMSEP = 2.50, MSEP = 6.00,

R2 = 0.75); they explained 76% of the variance in xylem water δ2H

across the study area. DBH explained a large part of the variance in

xylem water δ2H (46.1%), while species, slope and elevation had a

lower influence (8.8%, 6.1% and 6.3% of the variance in xylem water

δ2H, respectively) (Figure 5b). The error in prediction was randomly

distributed across the study area and ranged from �0.94‰ to 0.88‰

(0–14% of error) for δ18O (Figure 6a) and from �7.00‰ to 5.86‰

(0–11% of error) for δ2H (Figure 6b).

The xylem water δ18O value in 2020 was best predicted with

five PCs (MAE = 0.28, RMSEP = 0.39, MSEP = 0.15, R2 = 0.39)

that explained 42% of the variance in xylem water δ18O across the

study area. This variance was mostly explained by DBH (24.8% of

the variance in xylem water δ18O) and species (15.8% of the vari-

ance in xylem water δ18O) (Figure 5c). Five PCs were needed to

best predict xylem water δ2H value (MAE = 1.83, RMSEP = 2.70,

MSEP = 8.00, R2 = 0.75), and they explained 82% of the variance in

xylem water δ2H across the study area. DBH (54.6% of the variance

in xylem water δ2H) and species (24.2% of the variance in xylem

water δ2H) were the main variables explaining this variance

(Figure 5d). The error in prediction was randomly distributed across

the study area and ranged from �1.24‰ to 0.80‰ (0–19% of

TABLE 3 Moran's I for beech and oak xylem water δ18O and δ2H
in 2019 and 2020.

Source
δ18O δ2H
Moran's I Moran's I

2019

Beech 0.15*** 0.13**

Oak 0.21*** 0.19***

2020

Beech 0.13* 0.08

Oak 0.06 0.06

***p < 0.001, **p < 0.01, and *p < 0.05.

F IGURE 4 Time series of precipitation δ18O (‰) (a, b), xylem
water δ18O (‰; boxplots, all measurements are shown with symbols)
(c, d), precipitation δ2H (‰) (e, f) and xylem water δ2H (‰; boxplots,
all measurements are shown with symbols) (g, h) over the two
growing seasons 2019 and 2020. Boxplots show the median (line in
box), the interquartile range (IQR; extent of the box) and the range
(lines).
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error) for δ18O (Figure 6c) and from �6.96‰ to 6.42‰ (0–12% of

error) for δ2H (Figure 6d).

4 | DISCUSSION

4.1 | Vegetation and topographic influences on the
temporal and spatial variations of xylem SWI

4.1.1 | Species-specific temporal variations of
xylem SWI

The different temporal variations of xylem SWI (Figure 4 and support-

ing information Tables S1 and S2) observed between beech and oak

(both having similar DBH ranges, Table 1) during both growing sea-

sons suggest different water use strategies. The results suggest that

beech exploit shallower and seasonally less stable (due to more expo-

sition to the evaporation-fractionation process) water sources than

oak, as observed by Fabiani et al. (2021) in the study area. It is consis-

tent with the findings of Fan et al. (2017) who reviewed tree rooting

depths and showed that oak commonly has a deeper mean root sys-

tem (5.23 m) than beech (0.83 m). It is also in agreement with previous

studies showing that adult beech develops a rather shallow, but inten-

sive, fine root system (Packham et al., 2012) with about two thirds of

the total fine root biomass contained in the uppermost 30 cm of the

soil profile in mature stands (Kirfel et al., 2019; Meier et al., 2018). In

contrast, oak is considered a deep-rooted species able to access dee-

per subsurface water (Lanning et al., 2020), as observed by Kahmen

et al. (2021) who found that oak used deeper water than beech.

The results further suggest that beech may use more various

water sources than oak in response to the varying hydrometeorologi-

cal conditions observed throughout the growing seasons (Figure 2).

This is in line with the recent observation that beech can change its

rooting patterns and water use strategy more easily than oak

(Goldsmith et al., 2022). This is also consistent with the finding that

beech has the same probability to use deep and shallow soil water,

while oak has a higher probability to use deep than shallow soil water

(Kahmen et al., 2021).

These species-specific water use strategies support the existence

of different water uptake niches between the two co-occurring tree

species, as recently suggested by Fabiani et al. (2021) in the study

area. These water use strategies also likely demonstrate the higher

niche plasticity of beech, as shown in previous research (Goldsmith

et al., 2022; Kahmen et al., 2021).

4.1.2 | Dominance of DBH and species as
landscape drivers of xylem SWI

The overall higher importance of DBH, and to a lower extent species,

in explaining the spatial variability of xylem SWI compared with topo-

graphic variables (Figure 5) further supports that trees use a species-

F IGURE 5 Percentage of variance (%) in xylem water δ18O and δ2H explained by each measured variable of the optimal model for 2019 (a, b)
and 2020 (c, d) (“Other” include the nonmeasured variables). The sign of the explained variance indicates if the variable is positively or negatively
correlated with the isotopic value.
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specific mixture of water sources from different depths. The notable

influence of DBH on xylem SWI is consistent with previous studies

that showed that tree diameter was associated with the depth of

water uptake, with larger trees using deeper water (Dawson, 1996;

Goldsmith et al., 2012; Phillips & Ehleringer, 1995). Different depths

of water uptake between larger and smaller trees can lead to differ-

ences in xylem SWI values due to vertical variations in soil SWI. These

variations can result from shallow soil water mixing with recent pre-

cipitation (Bertrand et al., 2014; Sprenger et al., 2018) and

evaporation–fractionation of soil SWI (Bertrand et al., 2014).

The smaller influence of species in explaining the spatial variabil-

ity of xylem SWI is nevertheless in line with earlier research. As dis-

cussed above, previous studies reported species-specific vertical root

access (e.g. Kahmen et al., 2021) and lateral root elongation and prolif-

eration that could lead to a greater access to soil water pools (Poot &

Lambers, 2003) with depth-specific isotopic compositions (Goldsmith

et al., 2012). Similar to our finding based on xylem from tree trunks, a

species-specific spatial variability of xylem SWI in tree branches has

previously been observed (Goldsmith et al., 2018).

The remarkable lower influence of topographic variables on xylem

SWI, compared with vegetation variables, is consistent with previous

findings of Gaines et al. (2016) who found a relationship between

xylem SWI and tree DBH and height but no effect of the slope posi-

tion on xylem SWI. Similarly, in the same study area, Fabiani et al.

(2021) did not observe significant differences in xylem SWI between

hillslope positions. However, these studies were carried out in areas

with a small elevation range (about 50 m), and we may expect a higher

contribution of topographic variables in explaining the spatial variabil-

ity of xylem SWI in areas with higher topographic variations. Indeed,

topography influences plant water status (Looker et al., 2018) and

may, in turn, affect tree water source partitioning and associated

xylem SWI in steeper areas, in addition to elevation effects of

precipitation SWI.

The variance in δ2H explained with the PCR models was much

higher than the explained variance with models of δ18O (Figure 5).

The low spatial variability of xylem water δ18O explained by the com-

bination of vegetation and topographic variables used in this study

demonstrates the need for further investigation. Since the data were

standardised before performing the PCR, the differences in ranges

between δ2H and δ18O (Figure 3) cannot explain these results. The

findings suggest that variables other than the topographic and vegeta-

tion variables we investigated affect xylem water δ18O to a higher

F IGURE 6 Spatial variability of the error in prediction (‰) of xylem water δ18O and δ2H for 2019 (a, b) and 2020 (c, d).
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degree than δ2H. The dominant influence of vegetation variables on

xylem SWI indicates that vegetation processes are critical and that

the differences in the variance explained by the δ18O and δ2H models

may be linked to other vegetation variables (e.g. wood density, canopy

density and foliage cover). Nevertheless, the random distribution of

the error in prediction of both xylem water δ18O and δ2H (Figure 6)

demonstrates the ability of the PCR models to reproduce the overall

spatial patterns of xylem SWI across the Weierbach catchment well.

Despite our sampling density that was not high enough to reveal

the extent to which xylem SWI were spatially autocorrelated, the

low Moran's I suggest that there is little spatial structuration of xylem

SWI. This appears to be independent of the water availability for

trees as we observed low Moran's I for the wetter and the drier

growing seasons. Future investigations of the spatial patterns of

xylem SWI should however preferably follow a spatially nested

sampling design.

4.1.3 | Influence of water availability on the
temporal and spatial variations of xylem SWI

The clear lower temporal variability of xylem SWI (Figure 4 and sup-

porting information Tables S1 and S2) observed during the drier

(2020) than the wetter (2019) growing season suggests that trees

adapted their water uptake depths in response to drier hydrological

conditions. This change is supported by the respective presence,

although limited, and quasi absence of spatial autocorrelation of xylem

SWI in the wetter and drier growing season(Table 3). This adaptation

is also in line with the respective increase and decrease of the influ-

ence of vegetation and topographic variables on xylem SWI across

space observed between the wetter and the drier growing season

(Figure 5).

During the wetter growing season (2019), precipitation was

approximately 100 mm higher than during the drier growing season

(2020) and the water volume available for tree uptake was higher

(average SWC was equal to 0.129 m3 m�3 in 2019 and 0.114 m3 m�3

in 2020) and more evenly distributed across the catchment. With

these conditions, trees had more easily access to shallow soil water—

that is seasonally more variable—(Goldsmith et al., 2012) and were

less water-limited, leading to a higher temporal variability of xylem

SWI compared with drier conditions. The higher use of shallow soil

water by trees during wetter than drier conditions also led to a higher

influence of topography on xylem SWI and to the spatial autocorrela-

tion of these isotopes, although limited. Topographic variables such as

slope influence the amount of rainwater infiltrating in soils and, in

turn, soil water mixing with rainwater (Klaus et al., 2013) and in conse-

quence soil SWI (Bertrand et al., 2014; Sprenger et al., 2018). Eleva-

tion, slope and aspect can influence air temperature and humidity that

affect shallow soil SWI evaporation-fractionation (Bertrand

et al., 2014). It has also been observed that the topographic index was

spatially autocorrelated over a wide range of spatial extents (Cai &

Wang, 2006); this may explain the spatial autocorrelation of xylem

SWI observed during wetter conditions.

On the opposite, with drier conditions, trees had to adapt their

water uptake strategies (e.g. depth of water uptake, related to DBH;

Dawson, 1996; Goldsmith et al., 2012; Phillips & Ehleringer, 1995)

and use a higher fraction of deeper and seasonally more stable water

sources (Goldsmith et al., 2012). This shift in tree water source led to

a lower temporal variability of xylem SWI and a higher influence of

vegetation variables on xylem SWI in drier than wetter conditions.

The higher use of deeper soil water by trees during the drier growing

season is also in line with the quasi absence of spatial autocorrelation

of xylem SWI. These observations are consistent with previous stud-

ies demonstrating that trees could shift their water sources from shal-

low to deep soil water (Brinkmann et al., 2019; Lanning et al., 2020)

depending on the water availability to meet water requirements and

regulate water status. Brinkmann et al. (2019) showed that beech was

particularly able to adapt its water uptake depth depending on

the SWC.

4.2 | Implications for ecohydrological and
catchment studies

4.2.1 | Isotopes-based ecohydrological studies

Our results suggest that, in the Weierbach catchment, tree species

and size (DBH) explained more variations in xylem SWI than the topo-

graphic variables we evaluated. Similarly, a recent study in the same

area showed that species and DBH were the main drivers of the spa-

tial variability of sap velocity (Schoppach et al., 2021).

Robust descriptions of the spatial variability in xylem SWI in eco-

hydrological studies are critical to provide reliable isotope-based esti-

mates of water sources for vegetation root water uptake (Beyer &

Penna, 2021). The results of our study suggest that, in the Weierbach

catchment, the sampling of xylem in a set of trees with a large distri-

bution of DBH would aid in capturing the heterogeneity of xylem SWI

values across this area. Nevertheless, additional variables describing

vegetation and forest structure (e.g. tree position in the canopy,

crown density, leaf area index and canopy density) should be inte-

grated to refine the understanding of vegetation influences on xylem

SWI. These vegetation variables likely influence the spatial patterns of

tree water uptake via competition between tree individuals. The role

of vegetation variables in influencing xylem SWI should also be stud-

ied in a wider range of hydroclimatic and SWC conditions.

Previous analyses of the spatial patterns of xylem SWI have been

carried out at the plot scale (Goldsmith et al., 2018), while other eco-

hydrological studies investigated the role of hillslope or topographic

position (Bertrand et al., 2014; Fabiani et al., 2021; Gaines

et al., 2016). These limitations may have hidden the effects of larger

(for plot scale studies) or smaller scale (for hillslope scale studies)

topographic heterogeneities on xylem SWI. Although topographic var-

iables did only influence xylem SWI to a small degree in the Weier-

bach catchment, further examinations of the role of the position of a

plant in the landscape for xylem water isotopic composition should be

carried out in a wider range of landscape types (e.g. mountainous and
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plateau). These investigations would improve our understanding of

topographic influences on xylem SWI and our field sampling

approaches.

4.2.2 | Isotopes-based catchment transit times
studies

Currently, the isotopic signals of evaporation and transpiration as well

as the age composition (i.e. transit time distributions) from state-of-

the-art model applications (e.g. Hrachowitz et al., 2015; Rinaldo

et al., 2015; Rodriguez et al., 2018, 2020; Soulsby et al., 2016; van der

Velde et al., 2015; Wang et al., 2023) are more often only indirectly

constrained by calibrating models to observed isotopic signals of

stream flow. This implies that the relationship between the isotopic

composition of the water in storage and the water that is evaporated

and/or transpired from this storage remains unclear (Benettin

et al., 2022). Recent development in the calibration of such models

involved the use of soil and/or xylem SWI from a limited number of

tree individuals, species or locations (e.g. Asadollahi et al., 2022;

Knighton et al., 2019; Kuppel et al., 2018; Sprenger et al., 2022).

Our results suggest that, to better reflect the vegetation behav-

iour compared with these studies and to account for the importance

of species in influencing xylem SWI across space, the spatially distrib-

uted xylem SWI data from our study can be used to determine

species-specific isotopic signals associated with transpiration. These

signals can be exploited in lumped model approaches (e.g. using a

weighted mean isotopic signal of the species-specific signals) to fur-

ther constrain lumped hydrological models developed for the Weier-

bach catchment and calibrated so far exclusively using discharge and

stream SWI data (Rodriguez & Klaus, 2019). Species-specific isotopic

signals associated with transpiration can also be exploited in semi-

distributed models (e.g. separating beech/oak, douglas and spruce

zones) (e.g. Kuppel et al., 2018).

For these purposes, a good understanding of the forest composi-

tion and structure (species, DBH) in the Weierbach catchment is

required to design an optimal sampling strategy that provide a repre-

sentative isotopic signature. Further work is needed in other catch-

ments to improve the quality of the xylem SWI data used in

hydrological models.

5 | CONCLUSION

In this study, the measurement of beech and oak xylem SWI during

several campaigns in the Weierbach catchment revealed a higher vari-

ability over the growing season of the beech xylem water isotopic sig-

nature compared with oak. Using spatially distributed xylem SWI

measurements and PCR, we identified DBH and species as the domi-

nant variables influencing the spatial variations of xylem SWI; topo-

graphic variables had a minor role in explaining these variations. We

also noted a minor presence of spatial autocorrelation between xylem

samples, but our sampling density was not high enough to reveal its

extent. By way of sampling xylem over two growing seasons, we

observed a respective increase and decrease of the influence of vege-

tation and topographic variables in explaining the spatial variations of

xylem SWI between the wetter and the drier seasons.

Our results suggest that, in the study area, the spatial variations

of xylem SWI arise mainly from size- and species-specific as well as

water availability-dependent water use strategies rather than from

topographic heterogeneity. Trees can also adapt their water use strat-

egies in response to lower water availability.

Overall, our findings highlight the importance of vegetation vari-

ables in influencing xylem SWI. We demonstrate the importance of

accounting for different tree diameters and species in field sampling

protocols to accurately capture the isotopic variability existing within

a study area. However, there is still a need for evaluating the role of

additional vegetation and forest structure variables to refine our

understanding of vegetation influences on xylem SWI. This informa-

tion will improve the accuracy of the lumped isotopic signal associated

with transpiration used in hydrological models and will help to better

predict how catchments will respond to future changes in land cover,

vegetation or stand properties associated with global change.
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