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Hydrological Processes

Abstract

Quantifying soil water storage, mixing and release via recharge, transpiration and evaporation is
essential for a better understanding of critical zone processes. Here, we integrate stable isotope
(*H and 'O of soil water, precipitation, and groundwater) and hydrometric (soil moisture) data
from five long-term experimental catchments along a hydroclimatic gradient across northern
latitudes: Dry Creek (USA), Bruntland Burn (Scotland), Dorset (Canada), Krycklan (Sweden),
and Wolf Creek (Canada). Within each catchment, six to eleven isotope sampling campaigns
occurred at two to four sampling locations over at least one year. Analysis for *H and 'O in the
bulk pore water was done for >2500 soil samples either by cryogenic extraction (Dry Creek) or
by direct equilibration (other sites). The results showed a similar general pattern that soil water
isotope variability reflected the seasonality of the precipitation input signal. However,
pronounced differences among sampling locations occurred regarding the isotopic fractionation
due to evaporation. We found that antecedent precipitation volumes mainly governed the
fractionation signal, temperature and evaporation rates were of secondary importance, and soil
moisture played only a minor role in the variability of soil water evaporation fractionation across
the hydro-climatic gradient. We further observed that soil waters beneath conifer trees were more
fractionated than beneath heather shrubs or red oak trees, indicating higher soil evaporation rates
in coniferous forests. Sampling locations closer to streams were more damped and depleted in
their stable isotopic composition than hillslope sites, revealing increased subsurface mixing
towards the saturated zone and a preferential recharge of winter precipitation. Bulk soil waters
generally comprised a high share of waters older than 14 days, which indicates that the water in
soil pores are usually not fully replaced by recent infiltration events. The presented stable isotope

data of soil water were, thus, a useful tool to track the spatial variability of water fluxes within
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42  and from the critical zone. Such data provide invaluable information to improve the

43 representation of critical zone processes in spatially-distributed hydrological models.

oNOYTULT D WN =

60 http://mc.manuscriptcentral.com/hyp



oNOYTULT D WN =

44

45

46

47
48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Hydrological Processes

Keywords: Isotopes, Soil Hydrology, Fractionation, Northern Environments, Evaporation,

Critical Zone
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1 Introduction

The critical zone is a key determinant of partitioning precipitation into evaporation, transpiration,
groundwater recharge, and soil water storage (Brooks et al., 2015). Investigating water storage,
mixing and release in the unsaturated soil between the atmosphere and groundwater is therefore
crucial for the understanding of processes and interactions within the hydrological cycle (Grant
& Dietrich, 2017). The function of the critical zone in providing water for vegetation growth and
recharging groundwater resources is increasingly relevant because of observed and projected
changes in rain and snow patterns due to climate change (Hartmann et al., 2013) and/or changes
in vegetation cover due to land management (Smith et al., 2016). Environments north of 40°N
are projected to be most affected by a temperature increase due to climate change (Serreze &
Barry, 2011), which can alter snow fall/melt dynamics, soil moisture and vegetation growth in
these regions (Holtmeier & Broll, 2005; Xu et al., 2013). As these changes affect the water
dynamics of the critical zone in northern latitudes, there is an urgent need for a better

understanding of the hydrological processes involved (Tetzlaff et al., 2013).

The upper critical zone, as the interface between soil, vegetation and atmosphere, plays a key
role in mediating evapotranspiration and recharge dynamics. Consequently, as vegetation and
atmospheric drivers change, the physical understanding of how these drivers affect hydrological
processes are pivotal to assess future changes of the critical zone water balance (Brooks et al.,

2015; Tetzlaff, Buttle, Carey, van Huijgevoort et al., 2015).
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Hydrological Processes

Since predictions of such water balance changes in the critical zone are usually based on
hydrological models, we need a sound understanding of the relevant hydrological processes
involved to adequately conceptualise them in models in a physically realistic way (Clark et al.,
2016). In addition to the hydraulic response of a system, tracers such as stable isotopes of water
(*H and '"®0) are known to be particularly valuable, since they provide insight into the velocity of
water particles and transport (celerity, e.g., measured in soil moisture) processes (McDonnell &
Beven, 2014). Accounting for flow velocities enables estimation of water ages (travel times,
residence times) in the critical zone, which are of particular interest for contamination transport
(e.g., Sprenger, Erhardt, Riedel, & Weiler, 2016) and weathering rates (Maher, 2010). In this
regard, the common assumption in tracer-aided hydrological modelling that soils are well-mixed
systems is rarely the case in nature (Fenicia et al., 2010; McMillan, 2012), especially when

considering the influence of evapotranspiration on the age of runoff (van der Velde et al., 2015).

Previously, field data of stable isotopes of bulk soil water revealed that the water in the
unsaturated zone is of varying age (Sprenger, Seeger, Blume, & Weiler, 2016) and that the soil
water isotope compositions vary markedly in near-surface soil where vegetation-atmosphere
interactions occur (see review by Sprenger, Leistert, Gimbel, & Weiler, 2016). A global analysis
by Evaristo, Jasechko, and McDonnell (2015) confirmed that the northern latitudes have not
been extensively researched regarding soil water isotope dynamics. Recent work has provided
the first insights into isotopic signals into mobile (Geris, Tetzlaff, McDonnell, & Soulsby, 2015;
Peralta-Tapia et al., 2016) and bulk soil waters (Geris, Tetzlaff, McDonnell, Anderson et al.,
2015; Geris, Tetzlaff, McDonnell, & Soulsby, 2017; Sprenger, Tetzlaff, & Soulsby, 2017a).
However, since these studies were limited to single catchments, comparison of how atmospheric

conditions and vegetation properties impact the storage, mixing and fluxes of water in the critical
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Hydrological Processes

zone at different sites across the northern latitudes is still missing (Tetzlaff, Buttle, Carey,

McGuire et al., 2015). We address therefore the following open questions in our study:

e How do atmospheric conditions across a hydroclimatic gradient affect the dynamics of
the stable isotopic composition of soil waters?
e Which role do vegetation, topography and elevation play in storage, mixing and flux of

water in the critical zone in northern environments?

Our objective is to bring together stable isotope data from five long-term experimental, higher
latitude catchments spanning a hydroclimatic gradient regarding their temperature and wetness.
We explain their soil water isotope variability in space and time in relation to the environmental
conditions. We further present differences and similarities in soil water mixing, percolation and
evaporation based on the isotopic signals in soil waters at sampling locations that differ in their
vegetation cover, topographic position and elevation. The comparative study reveals the potential

for stable isotopes to serve as a tracer to track water through the critical zone.

2  Methods

2.1 Study sites

The study sites are five long-term experimental catchments spanning a hydroclimatic gradient
across the northern latitudes: Dry Creek, Idaho, USA (43° 42' N 116° 10' W), Bruntland Burn in
the Scottish Highlands, UK (57°2' N 3°7' W), Dorset in south-central Ontario, Canada (45° 12' N
78° 49" W), Krycklan (sub-catchment C4) in northern Sweden (64° 14' N 19° 46’ E), and Wolf
Creek in Yukon Territory, Canada (60° 32' N 135° 18' W) (Figure 1). Within each catchment, we
sampled the soil water isotopic composition at two to four locations. The catchments are part of

the VeWa project (Vegetation effects on water flow and mixing in high-latitude ecosystems,
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Hydrological Processes

https://www.abdn.ac.uk/geosciences/departments/geography-environment/vewa-908.php)  and
their general hydroclimatic and isotopic characteristics have been compared in detail previously
(Tetzlaff, Buttle, Carey, van Huijgevoort et al., 2015). For the current study, we focus on the
description of the climate and the differences of the sampling locations regarding their soil,

vegetation and topographical features (Table 1).

Climatic conditions range from cold arid climate with dry summers (Bsk, according to the
updated Koppen-Geiger climate classification by Kottek, Grieser, Beck, Rudolf, and Rubel
(2006)) in Dry Creek, warm temperate fully humid climate with cool summers (Cfc) at
Bruntland Burn, to cold fully humid climates with either warm summers (Dfb) in Dorset or cold
summers (Dfc) in Krycklan, and a cold climate with dry and warm summers (Dsb) in Wolf
Creek. Thus, the catchments cover a wide range in air temperatures and precipitation amount.
Annual mean air temperature during the sampling period was highest at Dry Creek at 9.5°C and
lowest in Wolf Creek at about 0.7°C. Annual precipitation ranges from 440 mm year" at Wolf

Creek to 1332 mm year'1 at Bruntland Burn (Table 1).

The soils at Dry Creek are loam to sandy loam soils that developed on granite (Tesfa, Tarboton,
Chandler, & McNamara, 2010). At Bruntland Burn, Dorset, and in the freely draining locations
at Krycklan and Wolf Creek, podzols have developed on glacial till. The near-stream sampling
locations, S04 at Krycklan and RP at Wolf Creek, have considerably higher organic matter
content and are classified at Histosols and Alluvium, respectively (Table 1). Soils at all sampling

locations are generally of coarse texture ranging between loamy or silty sands to sand (Table 1).

The vegetation cover at each sampling location is listed in Table 1. The Dry Creek locations
have a mixed vegetation cover, and the sampling locations at Bruntland Burn are either covered

with Scots pine (Pinus sylvestris) (NF and SF) or Erica species (Calluna vulgaris) (NH and SH).
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Hydrological Processes

At Dorset, vegetation at three sampling locations is dominated by coniferous tree cover (Eastern
hemlock (7suga canadensis), Eastern white cedar (Thuja occidentalis), White pine (Pinus
strobus); He, Ce, Pw, respectively) and at one location (Or) by red oak (Quercus rubra). Norway
spruce (Picea abies) is dominant in low-lying areas and Scots pine (Pinus sylvestris) in upslope
areas at Krycklan, while birch (Betulaceae nana) and willow (Salix spec.) are dominant at Wolf

Creek.

Sampling locations are usually on hillslopes of low gradient, but both the S04 sampling location
in Krycklan and the RP sampling location in Wolf Creek are in the riparian zone with
groundwater levels < 30 cm (Table 1). Thus, S04 and RP provided a topographical contrast to the

upslope locations in the respective catchments: S22 at Krycklan and PL in Wolf Creek.

While the sampling locations within the Bruntland Burn, Dorset, Krycklan and Wolf Creek
catchments are at most few hundred metres from each other, the two locations in Dry Creek, one
at the catchment outlet (LG) and one at the tree line (TL) are approximately 5 km away from

each other and have an altitude difference of 600 m (Table 1).

Environmental conditions at the sampling locations allowed us to investigate the effects of
vegetation cover on the soil water isotopic composition at the Bruntland Burn and Dorset sites.
The topographical differences between the sites within the Krycklan and Wolf Creek catchments
allowed us to compare hillslope soil waters with soil waters in the riparian zone and the different

altitudes of the sampling locations at Dry Creek enabled comparison of elevation effects.

2.2 Available data

Soil sampling for the stable isotope analyses occurred between 6 and 11 times at each location

over at least one year (Table 2). Sampling during winter dormancy (leaf-off) took place only on a
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Hydrological Processes

few occasions. The maximum sampling depths at the locations varied between -20 cm at
Bruntland Burn and -70 cm at Dry Creek and depended mainly on the accessibility of the soil
which decreased over depth with increasing rock content. At Bruntland Burn, Krycklan and
Dorset soil samples were taken in 5 cm intervals down to 20, 30 or 50 cm depths, respectively.
At each depth five (Bruntland Burn and Krycklan) or four (Dorset) replicates within 10 m
distance were taken for every sampling campaign. However, due to the high rock content, it was
not always possible for four replicates to be taken at depths below 20 cm at the Dorset locations.
Sampling depths at Dry Creek were 10, 25, 45, and 70 cm and number of replicates varied
between 2 and 4 at each depth and sampling day due to varying rock contents. The sampling
depths at Wolf Creek varied between 2 cm for the shallowest and 40 cm for the deepest samples
and were therefore grouped into 10 cm intervals and the number of replicates varied between 1

and 3.

The stable isotopic compositions “H and 'O of soil water was sampled with the direct-
equilibration method proposed by Wassenaar, Hendry, Chostner, and Lis (2008) for Bruntland
Burn, Dorset, Krycklan, and Wolf Creek. A detailed description of stable isotope analyses as
done at the University of Aberdeen for the European samples was presented by Sprenger,
Tetzlaff, and Soulsby (2017b) and for the Canadian samples analysed at the University of
Saskatchewan was described by Hendry, Schmeling, Wassenaar, Barbour, and Pratt (2015). The
general procedure for the direct-equilibration method was as follows: disturbed soil samples
were stored in sealed bags and dry air was added to the bag in the laboratory. During 2 or 3 days
(University of Aberdeen and Saskatchewan, respectively) of storage at constant temperature, an
isotopic equilibration between the soil water and the headspace developed and then the vapour of

the saturated headspace was sampled directly via laser spectrometry (TWIA-45-EP LGR). Bags

http://mc.manuscriptcentral.com/hyp
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Hydrological Processes

with standard waters of known isotopic composition ranging the expected soil water isotopic
composition were also analysed the same way. These standard waters were used for calibration
to derive the isotopic composition of the liquid soil waters from the vapor measurements in
reference to the Vienna standard mean ocean water (VSMOW) as proposed by Wassenaar et al.
(2008). Water from soil samples taken at Dry Creek were cryogenically extracted at 100°C under
vacuum of < 30 millitorr over 40 minutes (McCutcheon, McNamara, Kohn, & Evans, 2016). The
accuracy of the direct-equilibration method was +0.31 %o for 80 and +1.13 %o for &°H
(Sprenger et al., 2017a) and +0.15 %o for 'O and +0.69 %o for 8°H for the cryogenic extraction
(West, Patrickson, & Ehleringer, 2006). Based on comparisons between the direct-equilibration
and cryogenic extraction method on field wetted silty to sandy soils (Orlowski, Pratt, Breuer, &
McDonnell, 2017; Sprenger, Herbstritt, & Weiler, 2015), we can assume that the differences
regarding the shape of the isotope depth profiles between these two methods are not significant.
The soil samples analysed with the direct-equilibration are more enriched in heavy isotopes than
the samples analysed with the cryogenic extraction. However, the differences plot along the
LMWL in a dual-isotope plot. Both analysis methods are not limited to sampling the mobile
water, but generally determine the stable isotopic composition of bulk soil water (Sprenger et al.,

2015).

Along with the soil water sampling, precipitation and snow melt from lysimeters were sampled
for their isotopic composition at each catchment. Daily precipitation samples were available at
Bruntland Burn and Krycklan. Daily to fortnightly data were available at Dorset, Dry Creek, and
Wolf Creek. Snow melt was sampled at Dry Creek, Dorset, Krycklan, and Wolf Creek with snow
lysimeters. Snowmelt is not relevant at the Bruntland Burn site. Isotopic analyses of precipitation

and snow melt were done on a Los Gatos DLT-100 laser isotope analyser for Dorset and Wolf

10
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Creek, a Los Gatos Liquid Water Isotope Analyzer (LWIA) for Bruntland Burn and Dry Creek,
and on a Picarro L1102-1 and L2130-I for Krycklan. The precision of the liquid water stable
isotope analysis is reported to be better than +£0.1 %o for 'O and +0.4 %o for 6°H. All isotope

data are given in delta-notation (Coplen, 2011) in reference to the VSMOW.

We derived the local meteoric water line (LMWL) for each catchment, describing the linear
relationship between 8°H and 8'*0 values in precipitation samples as a regression line of slope a
and the intercept b: 8'H = a * 880 + b. Water samples plotting along the LMWL in a dual
isotope plot represent equilibrium fractionation (at 100% humidity) as described by Majoube
(1971). Water samples located below the LMWL are indicative of non-equilibrium (kinetic)
fractionation, which occurs during evaporation in open systems at humidity below 100% (Gat &
Gonfiantini, 1981). This deviation from the LMWL was defined by Landwehr and Coplen
(2006) as the line-conditioned excess (Ic-excess) as follows: lc-excess = 8°H — a * §'°0 — b,

using slope a and intercept b of the LMWL.

In addition to the isotope data, standard meteorological data including air temperature (T) and
precipitation amount (P) were available at each catchment. Further, potential evapotranspiration
(PET) was estimated using the Penman-Monteith equation (Allen, Pereira, Raes, & Smith, 1998).
From this, we generated mean values to characterize the hydro-meteorological conditions prior
to the soil sampling campaigns: P,, P7, P14, and P3: sum of precipitation and snowmelt input
over 2, 7, 14 and 30 days prior to soil sampling, respectively, PET3j: average potential
evapotranspiration 30 days prior to soil sampling, T3o: mean air temperature 30 days prior to soil
sampling, DDj3p: number of dry days in 30 days prior to soil sampling. Regarding T3, PET3y and

DDs, the time span of integration does not affect the analysis, as the 30-day indices correlate

11
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linearly with indices of time spans of 2, 7, or 14 days. As precipitation sums over 2, 7, 14, or 30

days do not necessarily correlate, we tested in our analysis different integration periods.

Daily soil moisture data based on continuous soil moisture measurements at 10 or 15 cm soil
depth were available for each soil water sampling location at Bruntland Burn, Dry Creek,
Krycklan, and Wolf Creek (Figure S1), representing the soil water storage in the top soil. For
Dorset, where only a few manual soil moisture measurements were available, daily soil moisture
data were derived from soil physical modelling as shown by Sprenger, Tetzlaff, Buttle, Laudon,
Leistert et al. (2018). The volumetric soil moisture (VSM, cm® cm™) data were used to assess the

hydrologic state (e.g., wetness) on the days of individual sampling campaigns.

2.3 Statistical analysis

Comparisons between differences in soil water 8°H and lc-excess in the upper 10 cm and soil
below 10 cm were done with the Wilcoxon rank sum test (Hollander & Wolfe, 1973) adjusting
p-values according to Holm (1979), as the data sets were not normally distributed according to
the Shapiro-Wilk test. We analysed linear relationships between average soil water 5°H, 5'°0, or
lc-excess of the sampling sites and weighted average of P &°H, P 'O, or P lc-excess,
respectively, using Pearson correlation, as the data sets were normally distributed according to
the Shapiro-Wilk test. The same applied to relationships of average P &°H and P §'®0 with
average air temperature at the catchments. Spearman rank correlation was used for analysis of
relationships of soil water &°H and Ic-excess with P30, T30, VSM, and P3 &°H or P30 lc-excess,

respectively, at each site, as normality could not be assumed for all data sets based on the

Shapiro-Wilk test.
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We used multiple linear regression (MLR) to assess which variables explain the variance of the
soil water lc-excess over time (over a year, spring, summer, and autumn) and space (between
sampling locations). For the MLR, we derived mean values for each sampling location for lc-
excess in the top 30 cm, as the upper 30 cm of soil has been shown to be most affected by
evaporation fractionation (Sprenger, Leistert et al., 2016). While the sampling depths were not
the same at Dry Creek and Wolf Creek as at the other sites, we still saw at all sites the highest
dynamics of lc-excess in the upper soil layer, which allowed inferring evaporation fractionation
from such data. Just like the lc-excess values, we calculated average values of the possible
predictors Py, P7, P4, P3g, T30, PET39, DD3y, VSM for all sampling campaigns considered, and
data taken in spring, summer, and autumn, respectively. We reduced the number of possible
predictors to P, Ps3g, T3p, and VSM as correlation diagrams revealed collinearity of T3y with
PET;p and P3y with DD3 (Figure S4, S5, S6, S7). Multiple linear regression analysis was then
applied (including interaction of the predictors) and non-significant predictors were discarded
subsequently to simplify the model. The significance of predictors was tested with ANOVA (p <
0.05). The final MLR model only considered significant predictors. All the data used in the MLR
were standardized to account for differences in the units and ranges of the predictors (z-scores
transformation). We also tested whether using logarithmic or exponential transformation of
variables improved the regression fit. The soil water lc-excess data were reciprocally
transformed for the MLR conducted on the entire data set and the subset of summer samples to
get normal distributions. The autumn data was not normally distributed and also transformation
did not result in normal distribution of lc-excess values. The relative importance of the
explanatory parameters in the MLR model were derived according to Gromping (2006). To

visualize relationships between potentially non-linear and/or statistically non-significant trends,
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we added LOWESS (Locally Weighted Scatterplot Smoothing) curves to scatter plots

(Cleveland, 1979).

We used Pearson correlation to assess the relationships between soil water 8°H at different
depths and the weighted precipitation 8’H values integrated over 2, 7, 14 and 30 days,
respectively, as the hypothesis of the data being normally distributed could not be rejected
(Shapiro-Wilk test). The average weighted precipitation input over 30 days prior to the sampling
showed highest correlation, which is why we also provide the slope of the regression for soil

water 8°H at different depths and P, input §’H compositions.

3 Results

3.1 Stable isotope dynamics in soil waters across a hydroclimatic gradient

3.1.1 Variability at each sampling location
Soil water isotopic composition (5°H and §'®0) across the five catchments reflected the isotopic

composition of the local precipitation input (P) (Figure 2,

Table 2). The average soil water 8°H and 8'°O values in the upper 30 cm at each sampling
location correlated significantly with the corresponding weighted average of precipitation (r =
0.94 and r = 0.92, respectively, and both p < 0.001). The weighted average of P 8°H was related
to the annual average air temperature across the hydroclimatic gradient between Bruntland Burn,
Dorset, Krycklan and Wolf Creek (r = 0.98, p = 0.02). The precipitation isotope data from Dry
Creek were excluded for this correlation, as precipitation mainly falls during winter leading to
depleted average precipitation/snow melt isotope compositions similar to Krycklan, despite the

air temperature being on average ~5 °C warmer in Dry Creek (Table 1).
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The seasonality of P 8°H and P 8'°0 was imprinted in the sampled soil water isotope depth
profiles (Figure S2). The soil water 8°H profiles showed more depleted values between late
autumn and early spring compared to sampling campaigns during summer and early fall that
were generally more enriched. The soil water 8°H and 8'*O of the upper 30 cm at the individual
sampling locations showed limited relationships with the potential explanatory variables: °H
P30, P30, T30, VSM (Table S1). Soil water Ic-excess dynamics at the individual sampling locations

also could not be related to lIc-excess P3g, P3o, T30, or VSM (Table S1).

At all sites, the top 10 cm were significantly more enriched in both 8°H and 8'*0 compared to
soil water below 10 cm (Figure 2b). Soil waters in the top 10 cm often plotted below the LMWL
and the Ic-excess showed that the evaporation signal was significantly more pronounced in the
top 10 cm than below 10 cm at Bruntland Burn, Dorset and Dry Creek during the growing season

when evaporative demand was highest (between mid-May and end of September, Figure 3).

Evaporative enrichment of the soil water isotopes, given as lc-excess, was highest and most
dynamic in the top soil (Figure 2, Figure S3). The lc-excess usually decreased with soil depth
leading to regression lines in the dual isotope space with varying slopes over the seasons and
among sampling locations (Figure 4). The slopes of these regression lines were generally lower
than the slopes of the LMWL. The relationship between the average Ic-excess in the upper 30 cm
of soil and the average PET over 30 days prior to the sampling (PET3¢) revealed that the lc-
excess was not necessarily lowest during highest evaporative demand (summer), but lc-excess
was lowest after the peak PET3, (Figure 5). Thus, soil waters were still highly fractionated just
before the dormant season started. These patterns in Ic-excess dynamics indicate that there is a
memory effect regarding the evaporation fractionation in the soil waters. The relationship

between Ic-excess and PET3, was not necessarily linear, but there was a time lag with spring
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sampling campaigns often resulting in highest lc-excess (closest to the slope of the LMWL as
shown in Figure 4), even though PET3, values were already as high as during the autumn

samples (Figure 5).

3.1.2 Variability across sampling locations
Average soil water 8°H and 8'*0 values of the upper 30 cm at each sampling location could not

be explained in terms of corresponding antecedent temperature Tsg, evaporative demand PET3g
or VSM (r < 0.14, not shown). Antecedent precipitation volumes Pj3y showed significant
correlation with soil water 8°H and 8'°0O values across locations (r = 0.66 and r = 0.58,
respectively). However, the relatively dry summers in Wolf Creek and Dry Creek (relative to the
wetter locations at Bruntland Burn, Dorset and Krycklan), where the depleted snow melt and
spring precipitation is stored in the soil over the summer, appear to drive this relationship, rather

than a causal relationship between precipitation volumes and soil water isotopes.

Average soil water Ic-excess in the upper 30 cm at the sampling locations generally correlated
significantly with corresponding P3o and T3¢ (Figure 6). When limiting the data to spring, none of
the predictors showed a significant correlation with soil water lc-excess. For the summer
sampling dates, only P3, showed a significant relationship with soil water lc-excess, while the lc-
excess of autumn samples had a significant correlation to P3p and Tzp. VSM did not show a

significant linear relationship with soil water Ic-excess (Figure 6).

To assess the relative importance of controlling variables potentially explaining the soil water lc-
excess across the sampling locations, multiple linear regression was applied to the pooled data
sets. Results showed that P; explained 100 % of the variation in soil water Ic-excess when all
data was considered(Table 3). Soil water lc-excess during spring was mainly explained by P
(81%) and partially by T30 (19%). 83 % of soil water lc-excess variability during summer could
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be explained by P3o, while T3¢ explained 17 %. Most important in explaining the soil water lc-
excess in autumn was the combined effect of T3y and VSM (35 %) and both P3y and Tj
explained about 26 %, while VSM accounted for 9 % and the combination of Pz and Tj
explained just 3 % (Table 3). Using logarithmic or exponential transformations for the multiple

linear regression did not improve the regression fit.

3.2 Effects of vegetation

Vegetation cover had a significant effect on the soil water isotopic composition at the Bruntland
Burn sampling locations, which were of similar soil texture. Soil water beneath Scots pine was
generally more enriched in heavy isotopes (median + standard deviation 8*H = -50.9 + 10.6 %o,
lc-excess = -3.6 + 4.7%o) than soil water beneath heather (§°H = -52.4 +9.9%o, lc-excess = -
2.3+3.6%0). The vegetation effect on soil water 8°H was statistically significant in the upper 10
cm, where 80 to 90 % of the fine roots are located (Figure 7a). Regarding the lc-excess, the
evaporation signal was significantly more pronounced beneath Scots pine compared to soils

beneath heather, across the upper 15 cm of the profile (Figure 7b).

At Dorset, the soil water 8°H beneath broad-leaved trees (Red oaks, 8°H = -52.2+12.1 %o) were
not significantly different to soil water beneath conifer trees (8°H: -53.4+£10.6 %o) and soil water
8”H did not show a consistent pattern in the comparison between the two landscape units across
the soil profile (Figure 7c). However, the soil water lc-excess in the upper 50 cm was
significantly lower beneath conifers (Ic-excess = -4.1+6.3 %o) than beneath broad-leaved trees
(Ic-excess: -2.0£6.5 %o). The lc-excess values were consistently more negative beneath the
conifers across the soil profile, but significant differences were limited to 10-15, 15-20, and 25-

30 cm sampling depths (Figure 7d).
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3.3 Effect of topography

Soil waters of sampling locations in the riparian zone at Krycklan and Wolf Creek were
generally more depleted in heavy isotopes compared to the nearby upslope locations. Soil waters
at S04 were significantly more depleted in 8°H (-88.2+5.1 %o) than at S22 (8°H = -80.5+8.4 %o).
The soil water isotopes at S04 were more depleted and of lower variability at all sampled depths
compared to S22 (Figure 8a). In terms of lc-excess values, the soil waters at S04 and S22 did not
differ significantly; neither for the entire upper 30 cm (Ic-excess = -0.6+2.3 %o and Ic-excess = -
0.9£2.8 %o, respectively), nor for any depth of the sampled profiles, with the exception of 20-30

cm (Figure 8b).

At Wolf Creek, RP was significantly more depleted in its soil water 8°’H composition (-
159.8+8.8 %o) compared to the PL location (8°H = -154.6+11.2 %o). The differences across the
soil profile were significant for the 30-40 cm depth interval, but the PL median soil water §°H
values were generally more enriched across the entire profile and showed higher variability
(Figure 8c). Similar to the Krycklan locations, the soil water lc-excess did not differ significantly
(PL Ic-excess -5.5£15.2 %o and RP Ic-excess -8.3=13.7 %o) across the upper 40 cm nor at any

particular depth.

3.4 [Effect of elevation

Soil water isotopes at the lower elevation site in Dry Creek, LG, were significantly more
enriched in heavy isotopes than the higher elevation site at tree line, TL (6°H = -118.1£12.4 %o
and 8°H = -125.3£14.1 %o, respectively). Across the soil profile, the TL soil waters were
consistently depleted in 8°H compared to LG, but these differences were not statistically

significant (Figure 9a). However, the soil water lc-excess values were generally significantly
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different between the two locations, with median values of -15.0+17.0 %o at the LG location and
-8.5£17.7 %o at TL. Median Ic-excess values at each sampled soil depth were more negative at

LG than at TL (Figure 9b).

3.5 Mixing processes in the subsurface

We infer mixing processes from correlation analysis between soil water 8°H (8sw) dynamics and
weighted averages of the precipitation/snow melt 8’H signal prior to the sampling (Sp). The
relationship between Osw and Op generally decreased with depth at Bruntland Burn, Dorset,
Krycklan, and Wolf Creek (Figure 10). There was usually no correlation of dgw with the most
recent infiltrated water (P,). Also the infiltrating water over a week prior to the soil water
sampling showed little correlation with dsw and was often limited to the upper 5 to 10 cm. At
Bruntland Burn and S22, correlation between dsw and 0Op3p was generally high (r > 0.6).
However, at the S04 location, this relationship decreased sharply within the upper 20 cm and was
absent (r = 0) at 20-30 cm depth. At the Dorset locations and PL at Wolf Creek, the relationship
between stable isotopic composition in precipitation and soil water dropped below 25 cm soil
depth. At Wolf Creek RP and the Dry Creek locations, no relationship between antecedent

precipitation input and soil water response was evident.

These correlation analyses reveal that the soil waters were mainly composed of a mixture of
older (more than two weeks) infiltrated waters. This is supported by the relatively low slopes of
the regression between dsw and dp3p. The soil water isotopic compositions were generally more
depleted in heavy isotopes than the infiltrating water (m < 1), which means that the soils pore
waters were dominated by isotopically depleted water infiltrated during winter or snow melt. For

all sites, this regression slope generally decreased over the upper 30 cm soil depth (Figure 10).
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At the top 5 cm of soil at the Bruntland Burn locations, the soil waters were closest to P3, while
the riparian zone locations, very rich in organic material, had generally low regression slopes
between dsw and Jdp3p. (S04 between 0.2 and 0; RP about zero). Also at Dry Creek, where very

little precipitation falls during summer and autumn, the slopes were close to zero, but partly <0.

4 Discussion

4.1 Hydro-meteorological controls on the stable isotopic composition of soil waters

Our results for the northern latitudes underline that the soil-vegetation-atmosphere interface is a
crucial area that needs to be incorporated at sufficiently fine resolution in soil water sampling
designs to understand water transport and mixing processes through the critical zone. As all sites
at the long-term experimental catchments had a significantly different soil water 8°H (and 5'*0)
signal in the top 10 cm compared to the soil waters below 10 cm, our study highlights the
importance of the upper critical zone as an important interface. The sampling depths and
sampling intervals over depth strongly influenced the interpretation of the soil water isotope data,
since intense interactions between soil, vegetation and atmosphere take place in the upper critical
zone. Our results showed that isotopic fractionation in the bulk soil water was highest within the
top 10 cm of the soil, which has important implications for ecohydrological studies when relating
the isotopic compositions of soil waters to plant waters to estimate root water uptake depths (see
review by Rothfuss and Javaux (2017)). Missing the highly fractionated soil waters of the top
soil, where fine root densities are often highest (Jackson et al., 1996; Zeng, 2001), can potentially
lead to misinterpretations in ecohydrological studies. As previously shown for Dry Creek and
Bruntland Burn, the isotope fractionation (Ic-excess < 0) can reach down to 70 cm (McCutcheon

et al., 2016) or be limited to the upper 15 cm (Sprenger et al., 2017a), respectively. However, an
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explanation of the temporal variability of the soil water lc-excess signal at the individual
catchments was impeded by the limited range of both the soil water isotopic signals and the

explanatory variables at each of the sites (Table S1).

Our study, therefore, benefitted from the unique data setof several sampling locations of varying
hydro-meteorological conditions, which provided an opportunity to analyse the factors driving
the temporal variability of soil water fractionation signals. While soil water §°H and 8'0 values
were generally related to the respective input signal of precipitation, the dual isotope approach of
using the lc-excess that describes the ratio between 8°H and 8'*O revealed new insights into the
isotopic fractionation due to soil evaporation. In line with findings by Hsieh, Chadwick, Kelly,
and Savin (1998), the kinetic fractionation of stable isotopes in soil water was negatively
correlated with precipitation sums and positively correlated with potential evaporation rates.
However, our multiple linear regression analysis revealed the relative importance of different
explanatory variables. We found that neither potential evaporation (PET3p) nor air temperature
(T30) were the most important factors to explain the lc-excess variability over time and space at
the different sampling locations. Instead, antecedent precipitation (P7) explained the variability
of soil water lc-excess values for the entire data set. Also for the spring and summer sampling
campaigns, the recent infiltration volumes (P;) for spring and the infiltration over the previous
month (Ps3p) for summer were with 80 % the most important factors. Thus, while soil evaporation
is necessary for kinetic fractionation of the soil water (Ic-excess < 0), the fractionation signal will
be diluted by newly un-fractionated precipitation input (lc-excess = 0). Such a dependency of the
fractionation signal on precipitation input was also shown for bulk soil waters in south-central
Chile, where the soil water lc-excess values approached zero during the rainy season (Hervé-

Fernandez et al., 2016).
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Soil moisture only affected the lc-excess signal for the autumn sampling campaigns. Therefore,
when evaporation rates decreased and little further fractionation took place in autumn, the
volume of the stored water had an influence on the evaporation signal of the stable isotope
compositions: The dilution of the evaporation signal established mainly during summer is slower
for soils that have higher soil moisture contents in autumn. That the dilution of the isotopic
fractionation signal took time - or more appropriately, needed more cumulative precipitation
input — is shown by the fact that the Ic-excess of the soil waters in the upper 30 cm were lowest
after the peak evaporation at all sites (Figure 5). Thus, the soil water isotopic fractionation
dynamics lagged the evaporation dynamics, resulting in a “memory effect” in the soil water of
the upper layer. Our data therefore supports recent theoretical considerations by Benettin et al.
(2018) that soil water isotopic compositions are most fractionated in autumn due to mixing of
waters. This has important implications for ecohydrological studies, as this implies that the soil
water is highly enriched during the plant water uptake just before dormancy of the vegetation.
This could potentially explain isotopically enriched xylem waters sampled after dormancy, as
presented by McCutcheon et al. (2016). Due to the interplay between transient soil moisture
content, fractionating evaporation output and fractionation-diluting precipitation input, there is
no linear relation between soil evaporation and the kinetic fraction signal of the bulk soil waters.
This lagged response of the bulk soil waters, not only to precipitation/snow melt infiltration, but
also soil evaporation losses, is in strong contrast to the relatively quick response in the waters of
the more mobile water, sampled with suction lysimeters at Bruntland Burn, Dorset, and Krycklan
(Sprenger, Tetzlaff, Buttle, Laudon, Leistert et al., 2018). Thus, an ecohydrological separation,
where mobile soil waters are isotopically different from bulk soil waters (Brooks, Barnard,

Coulombe, & McDonnell, 2010), is probably linked to different water ages. As our results show,
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the soil pores between 5 and 25 cm depth are usually composed of waters older than at least two
weeks and will therefore be obviously different from recently infiltrated water, sampled with
suction lysimeters. Latest simulations with a soil physical model underlined that the median
water ages in the upper 10 cm of soil at the Bruntland Burn, Dorset and Krycklan sites vary
between few days and up to 50 days during the growing season (Sprenger, Tetzlaff, Buttle,

Laudon, & Soulsby, 2018).

4.2 The role of vegetation, topography and elevation for storage, mixing and flux of water
in the critical zone

The soil water isotope data from the five different catchments provide insights into some of the
ways how the vegetation cover, topography and elevation influence the soil water isotope
composition. Regarding the vegetation influences found at Bruntland Burn and Dorset, the
impact of an altered infiltration signal due to isotopic fractionation of the throughfall can be
excluded as a comparison between stable isotopes of throughfall and gross rainfall did not show
a significant offset at these sites (Soulsby, Braun, Sprenger, Weiler, & Tetzlaff, 2017, Snelgrove,
unpublished data, 2017). As isotopic fractionation was generally higher for the soil waters
beneath the Scots pines compared to the soils beneath heather at Bruntland Burn, these
differences can be related to less dense canopy cover, lower humidity, and higher soil-
atmosphere vapor exchange in the forest (Sprenger et al., 2017a). Similarly, Zhang, An, Xu, Cui,
and Xu (2011) also related higher atmospheric humidity due to vegetation cover to decreased
isotopic fractionation of soil waters. At Dorset, Ic-excess was lower beneath the coniferous trees
than beneath the broadleaf Red oak, despite limited differences between the two vegetation types
in terms of canopy cover. However, the vegetation influence on the evaporation signal at both
Bruntland Burn and Dorset sites was limited to the top soil with no significant differences below

15 cm and 30 cm, respectively. Thus, variability of the isotopic signal across the soil profile was
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most intense in the upper layers of the unsaturated zone where the soil-vegetation-atmosphere

interactions take place.

The topographic influences between hillslope and riparian zone on 8°H values were consistent at
Krycklan and Wolf Creek. At both catchments, soil waters closer to the stream were less variable
and generally more depleted in 8°H compared to the soil water on the hillslopes. These findings
indicate greater mixing of different flow paths and waters of different ages in the subsurface
towards the riparian zone, confirming their “isostat” behaviour described in Tetzlaff, Birkel,
Dick, Geris, and Soulsby (2014). This interpretation corresponds with other studies where a
lower variability of the stable isotope composition in soil waters in time (Asano, Uchida, & Ohte,
2002) or over the soil depth (Garvelmann, Kiills, & Weiler, 2012) was associated with greater
mixing towards the stream. In fact, isotopic composition of soil waters at the riparian zone
locations, S04 and RP, appeared to be disconnected from the isotopically variable precipitation
input (r < 0.2 below 15 cm soil depth, Figure 10). Since the 8°H values at these locations are
generally more depleted than the incoming precipitation (regression slopes 8°sw and 8%p3o <0.2,
Figure 10), we saw that depleted winter precipitation or snow melt is preferably recharging the
riparian zone. Hence, seasonal root water uptake during the growing season affects the long-term
isotope balance of the critical zone, which eventually governs the groundwater isotopic
composition (slightly above the LMWL, Figure 4). Additionally, the high organic matter content
at S04 and RP results in high pore volumes, which affect the mixing processes in the riparian

soils.

Our soil water samples at the plot scale support the interpretation of catchment scale isotope
studies in northern latitudes and/or regions with snow cover that the most intense recharge of

groundwater occurs from waters depleted in heavy isotopes such as snow melt (Dry Creek,
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Dorset, Krycklan, Wolf Creek) and winter rainfall (Bruntland Burn) (Jasechko, Wassenaar, &
Mayer, 2017; Scheliga, Tetzlaff, Nuetzmann, & Soulsby, 2017; Sprenger, Tetzlaff, Tunaley,
Dick, & Soulsby, 2017; Zapata-Rios et al., 2015). At Dry Creek, the soil pores get filled during
the snow melt in early spring and this melt water stays in the soil over the summer, since little
precipitation occurs then. Therefore, stable isotopic composition does not show a relationship to
the isotopic composition of antecedent precipitation input (Figure 10). Because of this intense
seasonality of precipitation/snow melt input at Dry Creek, mixing of soil waters with newly
introduced precipitation during summer is little, leading to high fractionation of the isotopes in
the soil water (Figure 3). Our data from northern environments showed no differences between
soil waters in the riparian zone and the hillslope regarding their evaporation fractionation signal.
In contrast, Simonin et al. (2014) showed that the uppermost (0-5 cm) soil layer was more
isotopically fractionated at the hillslopes compared to the valley bottom in a Mediterranean

environment.

The effect of elevation on the isotopic signal of precipitation is well documented (e.g., Ambach,
Dansgaard, Eisner, & Moller, 1968) and this altitude effect for the Dry Creek catchment was
approximately 1.8 %o depletion in 8°H per 100 m elevation (Tappa, Kohn, McNamara, Benner,
& Flores, 2016). This difference of the precipitation input signal between LG and TL is reflected
in the soil water 8°H depth profiles (Figure 9a). The lc-excess depth profiles are significantly
different for the two sampling locations, with higher fractionated isotopic composition at the
lower sampling location indicating higher soil evaporation losses. Due to the extended dry
periods and relatively high temperatures during summer, the soil water fractionation extends to
70 cm depth. Therefore, contrary to the effect of vegetation, the elevation effect is not limited to

the upper 30 cm, but results in significant differences in lc-excess values through the deeper soil
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profile. We explain these differences in soil water Ic-excess in terms of longer snow free periods,

higher evaporation, and less precipitation at LG compared to TL (Table 1).

The various controls on the soil water isotopic composition emphasise the spatial in addition to
the temporal variability in 8°H, 8'°0, and lc-excess of waters within the critical zone. These
varying isotopic signals result from different processes such as increased mixing along longer
flow paths (advection-dispersion) or soil evaporation in varying landscape units. Such
information can be used to calibrate (Sprenger, Seeger et al., 2016) or validate (Mueller et al.,
2014) water flow and transport simulations with soil physical models at the profile or the
hillslope scale (Windhorst, Kraft, Timbe, Frede, & Breuer, 2014). Stable isotope data of the
water in the critical zone of representative landscape units can further increase the physical
realism of spatially distributed tracer-aided catchment models (Soulsby et al., 2015; van
Huijgevoort, Tetzlaff, Sutanudjaja, & Soulsby, 2016). Regarding such modelling approaches,
crucially, the presented data can also help to assess water age dynamics in the critical zone, as
the dampening of the highly variable precipitation isotope compositions over the soil depth can
be related to the travel time (DeWalle, Edwards P.J., Swistock B.R., Aravena R., & Drimmie
R.J, 1997). It has been shown in several studies that this damping happens mostly within the
upper 30 cm (reviewed in Sprenger, Leistert et al., 2016). Usually, the isotopic signal of mobile
water (sampled with lysimeters) is used for travel time analysis in the soil (e.g., Muiioz-Villers &
McDonnell, 2012; Tetzlaff et al., 2014; Timbe et al., 2014). The data presented here are bulk soil
water isotopes including pore waters of potentially older ages compared to mobile waters that
were shown to have only little to no isotopic fractionation at Bruntland Burn (Geris, Tetzlaff,
McDonnell, & Soulsby, 2015), Dorset (Sprenger, Tetzlaff, Buttle, Laudon, Leistert et al., 2018)

and Krycklan (Peralta-Tapia, Sponseller, Tetzlaff, Soulsby, & Laudon, 2015). Considering the
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above discussed impacts of vegetation, topography and elevation on the bulk soil water isotopic
compositions, we can expect that such processes will affect the age dynamics of the soil waters,
resulting in different travel time estimates than limiting the analysis to the mobile water phase

(Sprenger, Tetzlaff, Buttle, Laudon, & Soulsby, 2018).

5 Conclusion

Stable isotope data of bulk soil waters at various locations in five catchments spanning a wide
range of hydro-meteorological conditions in northern latitude environments, provided a unique
insight into storage, mixing and release of waters within the upper critical zone. We showed the
benefits of examining a suite of data sets to cover a wider range of both response variables (e.g.
Ic-excess in top 30 cm) and predictors (e.g., P7, P3o, T30, VSM). While it is expected that higher
temperatures lead to higher soil evaporation that kinetically fractionates the soil water isotopes,
mixing with infiltrated precipitation that is un-fractionated was found to be the dominant driver
of the soil water Ic-excess signal amongst the 14 sampling locations. The resulting memory
effect in the isotopic compositions results in an evaporation fractionation of soil waters that is
most intense during autumn. The observed lag between isotopic evaporation signal in the soil
water and the evaporation rates lead to pronounced isotopic fractionation signals in the soil just
before vegetation dormancy. This can have important consequences for the interpretation of
ecohydrological studies relating the isotopic composition of soil and vegetation water dependent
on the timing and frequency of the sampling: Our findings underscore the need of sampling the
shallow soils as they are most dynamic as well as considering the seasonal variability of soil

water isotope compositions and their hydro-meteorological drivers.

We further showed that there are common effects of vegetation cover on the evaporation signal

of soil water with more pronounced differences between soils beneath Scots pine and heather
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than between conifers and Red oaks. Topography was also found to affect soil water isotopes,
indicating more mixing and greater contributions of older water towards stream channels.
However, also in shallow soil layers, the presented bulk water generally comprised waters older
than 14 days. This indicates that the pore water is usually not fully replaced by recent infiltration
events, but bulk and mobile soil waters are probably of different isotopic composition and thus
represent different water ages. In general, integration of such spatially variable stable isotope
data can help resolve the partitioning of precipitation in the upper soil zone and improve

estimates of travel times or root water uptake depths of the critical zone.
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Figures

Figure 1 Map of each of the five long-term experimental catchments showing the soil sampling
(black stars) locations, the elevation and the rivers. The location of each catchment is indicated

with the points on the world map (taken from: https://commons.wikimedia.org).

Figure 2 Dual isotope plots showing precipitation (left) and soil water (right) isotope data at the
five long-term experimental catchments (colour code). The soil water samples are split into
samples taken in the upper 10 cm (shown in dark with black contour colours in box plots and as
triangles in dual isotope plot) and below 10 cm (bright colours in box with grey lines in box plots
and circles in dual isotope plot). Note that the samples in the upper 10 cm for all sites are
significantly more enriched in heavy isotopes compared to the samples below (Mann-Whitney-U

test, p < 0.05).

Figure 3 Soil water Ic-excess between mid-May and end of September (growing season at the
study sites) for each site divided into samples from the upper 10 cm (black lines and dark
colours) and below 10 cm soil depth (bright colours and grey lines). The stars indicate significant

differences between the subset at each site (Mann-Whitney-U test, p<0.05).

Figure 4 Dual isotope plot for each study site showing all soil water samples for different seasons
(colour code). Regression lines through the samples for each sampling day are shown. Black
lines show the GMWL and the dashed lines show the LMWL for the individual catchments.

Black squares indicate the long-term groundwater signal (no data for Dorset).

Figure 5 Time series of the average potential evapotranspiration over the 30 days prior to the
sampling (PETj3, dashed lines) and the average Ic-excess of the soil samples in the upper 30 cm.

All data are unity-based normalized to get values between 0 (minimum value) and 1 (maximum
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value). Note that the axis of Ic-excess is inverted and that a smaller value of lc-excess indicates

higher kinetic fractionation.

Figure 6 Relationship between soil water Ic-excess signal in the upper 30 cm of soil with the
precipitation sum over 30 days prior to each sampling (P3o, 1* column), the average temperature
over the 30 days prior each sampling (T3, o column), and the volumetric soil moisture (VSM,
3 column) for all samples (1% row) and for the samples taken in spring (2" row), summer (3™
row), and autumn (4th row). Colours represent the catchments and the marker style represent the
sampling locations within individual catchments. Coefficient of determinations (r?) are given,
linear best-fit lines are shown for significant regressions (p < 0.05) and locally weighted

regressions (LOWESS filter) are plotted as dashed line.

Figure 7 Effects of vegetation on the soil water isotopes with examples from Bruntland Burn (a
and b) and Dorset (c and d). Points represent the individual samples and the violin plots show the
distribution as a kernel density estimation of the soil water (a and ¢) 8°H and (b and d) lc-excess.
The vertical dashed lines within the violin plots represent the 25", 50", and 75" quartiles. “X”
next to the violin plots indicates significant differences between vegetation types (Paired

Wilcoxon rank sum test, p < 0.05).

Figure 8 Effects of topography on soil water isotopes with example from Krycklan (a) and b))
and Wolf Creek (c) and d)). Points represent the individual samples and the violin plots show the
distribution as a kernel density estimation of the soil water (a and ¢) 8°H and (b and d) lc-excess.
The vertical dashed lines within the violin plots represent the 25™, 50", and 75" quartiles. “X”

next to the violin plots indicates significant differences between slope positions (Paired

30

http://mc.manuscriptcentral.com/hyp

Page 30 of 56



Page 31 of 56

oNOYTULT D WN =

644

645

646

647

648

649

650

651

652

653

654

655

656

Hydrological Processes

Wilcoxon rank sum test, p < 0.05). Note, for Wolf Creek, only sampling days in parallel were

considered and depth intervals were constructed.

Figure 9 Effects of altitude on soil water isotopes with example from Dry Creek. Points represent
the individual samples and the violin plots show the distribution as a kernel density estimation of
the soil water (a) 8°H and (b) lc-excess. The vertical dashed lines within the violin plots
represent the 25", 50", and 75™ quartiles. “X” next to the violin plots indicates significant

differences between altitudes (Paired Wilcoxon rank sum test, p < 0.05).

Figure 10 Correlation coefficient r of the relationship between the soil water 8°H at different
depths and the 2-, 7-, 14-, and 30-day weighted average precipitation or snowmelt 8°H input (P,
P7, P14, P30, respectively). For Ps, also the slope of the regression between soil water &°H and Ps

is given. The color code represents the scale between -1 and 1 as given in the color bar on the

bottom left.
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Tables

Table 1 Environmental characteristics of each study site: Average values of precipitation sum
(P), air temperature (T), potential evapotranspiration (PET), and number of dry days for 12
months during the sampling period (Table 2); soil type, soil texture description, vegetation cover,
elevation and groundwater depth at the sampling locations within the five long-term

experimental catchments. OM = organic matter content.

Table 2 Isotope sampling design (number of sampling campaigns, sampling period, maximum
sampling depth, and total sample number), mean volumetric soil moisture at 10 cm (VSM) and

isotopic characteristics of the precipitation (P) and soil waters in the upper 30 cm.

Table 3 Results of multiple linear regression models to explain the soil water Ic-excess data
pooled for each sampling site over different time periods: all available data, spring, summer, and
autumn (as shown in Figure 6). The significance level for each parameter is given according to
ANOVA of the linear models. *** = p<0.001; **=p<0.01; *=p<0.05, *=p<0.10, n.s. indicates
parameters that were not significant for the model. Percentage in brackets show the relative
importance of the explanatory parameter. Note that the Ic-excess data was reciprocally
transformed for “All data” and “Summer” to get normal distributions and that the lc-excess of

the samples taken in autumn was not normally distributed.
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Table 1: Environmental characteristics of each study site: Average values of precipitation sum (P), air temperature (T), potential
evapotranspiration (PET), and number of dry days for 12 months during the sampling period (Table 2); soil type, soil texture
description, vegetation cover, elevation and groundwater depth at the sampling locations within the five long-term experimental
catchments. OM = organic matter content.

P PET Dry . . Groundwater
. T Soil . Elevation
Catchment Location [mm o [mm days Vegetation cover depth
] [°C] 1 | texture [ma.s.l.]
year | year | year [m]
Loam to Ponderosa pine (Pinus
LG 496  9.549.1 695 246 ponderosa) and Douglas-fir 1150 >2
Dry Creek sandy .
loam (Pseudotsuga menziesii)
TL 787  8.1£9.5 671 245 Willow dominated 1610 > 2
NF Scots pine (Pinus sylvestris) 260 >0.5
NH Loamy Erica species .(Calluna 260 ~05
Bruntland 1332 70447 488 116 sand, vulgaris)
Burn SF T OM =5-  Scots pine (Pinus sylvestris) 270 > 1
0 : .
SH 20% Erica species (Calluna 270 > 1
vulgaris)
Or Red oak (Quercus rubra) 365 >0.5
He Sandy Eastern hen;lod'( §T suga 370 > 0.5
Dorset 1125 67+11.1 898 249  loam,OM m“’ﬁft e”S(’lz  (Thig
Ce = 4% astethy whtte cecal LW 365 >0.5
occidentalis)
Pw White pine (Pinus strobus) 365 >0.5
304 Sinéi(,) ((;M Norway sg‘uc;e (Picea 267 ~ 0.3
Krycklan 687 3287 462 249 0 anies
S22 N 5’fy Scots pine (Pinus sylvestris) 270 >0.5
- 0
Silty sand, .
PL OM =7 % Birch (Betulaceae nana) 1440 0.6-2
Wolf Creek 440  0.28+£8.4 432 280 Silty sand,
RP OM =170 Willow (Salix spec.) 1370 0.1-0.3
%
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1
2
3 Table 2: Isotope sampling design (number of sampling campaigns, sampling period, maximum sampling depth, and total sample
: number), mean volumetric soil moisture at 10 cm (VSM) and isotopic characteristics of the precipitation (P) and soil waters in the
6 upper 30 cm.
7 . .
8 ' ' Sampling Sampling Max.. Total VSM P 52 Soil 2Water Soil water
9 Site Location campAiens eriod sampling sample [em® em™] (%] O°'H lc-excess
10 palg p depth [em]  number o0 [%o] [%o]
1 2011-06-29 —
g Dry LG 9 2012-09-13 0 119 0.25+0.08 -105.2+25.0 -118.1+12.4 -18.1+18.0
Creek 2011-08-11 — )

14 + - + -125+ -8.5+
s TL 7 2012-09-07 132 0.15+0.07 113.8+25.7 125+14.1 8.5+17.7
16 NF 11 215 0.46+0.05 -52.0+11.1 -3.6+4.9
17 Bruntland NH 11 2015-09-29 — 10 218 0.33+0.03 252 8495.0 -51.1£10.8 -2.0£3.6
18 Burn SF 11 2016-09-23 214 0.46+0.05 ' ' -50.5+£10.2 -3.7+4.5
19 SH 11 211 0.33+0.03 -53.1+£8.9 -2.743.6
2 Or 6 193 -522£12.1 2.0£6.5

He 6 2015-10-26 — 187 -55.1£9.9 -3.7+6.7
22 - -
- Dorset Ce 6 2016-11-04 30 151 028009 T6TE63 - gigi110 42451
24 Pw 6 182 -51.5+10.8 -4.5+6.7
25 S04 7 2015-09-22 — 164 0.72+0.07 -88.2+5.0 0.4+2.2
26 Krycklan 559 7 2016-09-20 -0 149 0.19:0.04 102825 05484 02427
28 PL 9 2015-08-25 - -85 49 0.12+0.12 -154.6£11.1  -5.4£15.7
29 Wolf 2016-09-20 1438

Creek 2015-06-27 — '

30 - - -
3 RP 10 2016-09-19 40 52 0.42+0.11 159.8+8.8 8.3+14.1
32
33
34
35
36
37
38
39
40
41
42
43
44
45 http://mc.manuscriptcentral.com/hyp
46
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Table 3 Results of multiple linear regression models to explain the soil water lc-excess data pooled for each sampling site over
different time periods: all available data, spring, summer, and autumn (as shown in Figure 6). The significance level for each
parameter is given according to ANOVA of the linear models. *** = p<0.001; **=p<0.01; *=p<0.05, *=p<0.10, n.s. indicates
parameters that were not significant for the model. Percentage in brackets show the relative importance of the explanatory parameter.
Note that the lc-excess data was reciprocally transformed for “All data” and “Summer” to get normal distributions and that the lc-
excess of the samples taken in autumn was not normally distributed.

Multiple linear model All data Spring Summer Autumn
Multiple r? (adjusted) 0.88 (0.87) 0.74 (0.70) 0.87 (0.84) 0.98 (0.97)
Factors Estimate
Intercept -0.75+0.238 1.89+0.53 -0.43+0.18 9.84+0.79
p 0.31£0.04*** -0.01+0.16***
30 (83 %) (27 %)
p 0.23 0.80+0.15
! (100 %) (81 %)
T 0.42+0.15* 0.12+0.04* -3.2240.23%**
30 (19 %) (17 %) (26 %)
-3.36+0.26**
VSM n.s. n.s. n.s. 9 %)
-0.21+0.07**
P30:T30 n.s. n.§. (3 %)
2.2340.16%**
T30:VSM n.s. n.s. n.s. (35 %)
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Soil r m . Soil m .
depth | P, P, Py Py | P | depth | P, P, Py Py | P|
10 [0.54 069 0.30 0.00]0.00 2.5 |067 0.80 0.77 0.82]0.36

25 |-0.05 0.00 -0.29 -0.74(-0.15| & | % 7.5 |031 026 025 0.64]0.23

45 |-0.05 0.06 -0.33 -0.77|-0.15 8 -12.5 | 0.07 0.27 0.33 0.49 [ 0.19

-10 [-0.23 -0.23 -0.16 -0.37|-0.07 > -17.5 [-0.24 021 013 0.22|012| 2

25 |-023 -0.23 -0.17 -0.37|-007| Q| & 22,5 |-0.29 -0.31 -0.24 0.16 | 0.08

45 [0.09 0.09 0.01 0.09]|0.04 -27.5 |-0.15 -0.20 -0.13 0.310.16

2.5 [0.23 0.590.89 0.77 32,5 |-0.17 -0.30 -0.24 0.27|0.14

7.5 |0.18 041 0.78 087|066/, 2.5 [041 080 077 0.46]0.26

-12.5 | 0.18 0.30 0.68 0.86|0.61| < 7.5 |0.27 039 064 067|047

-17.5 | 0.13 0.19 0.47 | 0.79] 0.53 12,5 | 0.26 0.26 0.54 0.720.65

2.5 [0.25 058)0.89 0.71]0.92 -17.5 [-0.01 0.17 0.54 0.65|0.56| O
-7.5 | 021 0.43 0.78 0.64|0.60| — | € 22,5 |0.03 -0.05 0.30 0.57|0.50

-12.5 | 0.25 0.37 073 0.67]050| Z | 3 -27.5 |-0.04 -0.14 023 0.49 | 0.43 -
-17.5 | 030 0.39 0.72 0-78% T 32,5 |-0.15 -0.22 0.11 0.340.35 &
2.5 [0.28 062091 0.78 =z 2.5 [0.85 0.96 0.89 0.89]0.67 S
7.5 |0.24 052 0.80 0.87(073|, | = 7.5 |0.70 0.79 0.74 0.90] 0.47

-12.5 (039 0.48 0.69 0.87|0.66| | o -12.5 (032 0.41 041 0.69]0.39

-17.5 | 0.46 0.46 0.74 0.92| 0.69 -17.5 | 0.28 032 034 070|040| &
2.5 [0.16 056/0.89 0.74]0.87 225|024 017 022 068]0.34

7.5 |0.09 037 0.76 0.85|0.63 | -27.5 |0.13 0.06 0.1 0.57[0.35

12,5 |0.05 0.11 042 0.760.48|Y -32.5 |-0.04 0.00 -0.06 0.30|0.17

-17.5 | 0.14 0.20 0.47 0.78 | 0.50 2.5 (002 065 0.83 068]0.34

2.5 [0.88 0.80 0.38 | 0.97] 0.64 7.5 |-0.16 021 057 0.69]0.38

7.5 |0.67 0.77 0.35 0.96] 0.59 -12.5 |-0.22 -0.01 0.43 0.57|0.38

-12.5 | 0.75 0.80 0.15 [ 0.92 0.59 & -17.5 |-0.35 -0.06 039 047032 3
-17.5 | 0.48 0.72 0.01 0.83|0.56 - 22,5 |-0.27 0.02 0.41 058|0.44

-25.0 | 0.63 | 0.86 0.16 0.81 [ 0.46 = -27.5 |-0.19 -0.11 0.28 0.58 | 0.44

2.5 [0.78 0.96 0.43 0.92] 0.32 S -32.5 |-0.32 -0.25 0.40 0.44|0.36

75 |0.16 067 013 049]017| A 5 |o041 039 052 0.71]0.28

-12.5 | 027 070 002 034|010|Q -15 [0.00 006 056 0.59|043| _, | %
-17.5 |-0.02 0.45 -0.09 0.22|0.07 25 |063 072 074 0.70|0.40| & g
-25.0 |-0.22 0.29 -0.18 -0.01 0.00 35 [0.07 026 034 0.06]0.02 -
Color -5 [-043 001 -0.19 0.15|0.03| o §
bar: [-1.00{ 0.00 0.50- 15 |0.12 004 016 -0.01|-0.01] =
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