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Introduction
Oxygen isotopes in tree rings have become an increasingly significant tool in obtaining
retrospective insight into plant physiological response to climate and other environmental variables
(e.g. Brienen et al. 2012; Danis et al. 2006; Edwards et al. 2008; Gessler et al. 2009; Kress et al.
2009; Kress et al. 2010; McCarroll & Loader 2004; Miller et al. 2006; Poussart et al. 2004;
Robertson et al. 2001; Saurer et al. 1997a; Saurer et al. 1997b; Treydte et al. 2007; Treydte et al.
2006). δ18O values are constrained by the isotopic ratio of the source water (Roden et al. 2000)
and locally integrate the stomatal response to vapour pressure deficit (VPD) via leaf water
enrichment, being coupled with transpiration (Barbour et al. 2004; Yakir & DeNiro 1990). The
possible mixture of xylem water and needle water as well as the exchange of carbonyl positions of
glucose during cellulose formation (Barbour & Farquhar 2000) makes it difficult to decipher
whether isotopic patterns of regional atmospheric circulation patterns through precipitation or local
short-term variations in air humidity dominate the tree-ring signal. Since no fractionation of oxygen
isotopes takes place during water uptake by the root system (Barbour 2007; Dawson & Ehleringer
1991), the water in the xylem should reflect the 18O-signature of the soil water and its vertical
seasonal variation. A number of studies have been conducted using this circumstance to
distinguish which water source is utilized by the tree (Darrouzet-Nardi et al. 2006; Dawson 1998;
Dawson & Ehleringer 1991; Valentini et al. 1994).
Here we present a highly resolved dataset of oxygen isotopes in soil and xylem water from two
alpine sites and tree species. This unique dataset is used to test how far the sampled soil water
reflects xylem water on a highly resolved seasonal basis and if a single isotope, two-source mixing
model (Brunel et al. 1995; Phillips & Gregg 2001) using two soil depths can be applied to estimate
xylem water δ18O. This should help to achieve a closer understanding of seasonal changes in the
water uptake and hence, the trees’ internal water cycle.
Material and Methods
Study design
The study region is the Loetschental (46° 24’ 38.48” N, 7° 49’ 43.67” E), an inner-alpine dry valley
in the Swiss Alps. Two sites were selected, one on a small ridge at the valley bottom (1300 m asl)
considered to be warm and dry, and the other, cool and moist, at the tree line (2100 m asl) of the
south-facing slope. Soil types are similar at both sites with about 60 cm depth from the surface to
the bedrock and are classified as podzolic cambisols.
At both sites four larch (Larix decidua MILL.) and at the lower site additional four spruce (Picea
abies H. KARST.) were selected. Each of the trees sampled grew in an open forest stand ensuring
a good exposition to sunlight. Sampling took place during the growing seasons 2008-2011, on a
weekly basis from March/April to November. Three twigs per tree of about 10 cm, with sun
exposition, at a height of approximately 5-8 m were cut with pruning scissors for xylem water δ18O
measurements. Needles, bark and phloem were peeled off the twigs to expose the xylem and then
all tissues were pooled tree-wise into air-tight glass tubes. In 2009, the pooling included all trees,
resulting in only one dataset for needle and xylem water respectively.
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Additionally, rain collectors were set up at each site, with the funnels of the collectors connected to
a 2 l storage bottle buried and covered by a PVC pipe to protect the sample from high
temperatures and solar radiation (O'Driscoll et al. 2005; Thimonier et al. 2005). The installation
was tested with water of known 18O/16O-ratio to ensure no evaporative enrichment. Soil water was
sampled with tension lysimeters at 10 and 60 cm depth. The lysimeters were custom-made. Glass
suction plates with 50 mm diameter (Schmizo AG, Zofingen, Switzerland) were used at 10 cm
depth whereas the soil water at 60 cm depth was sampled using high-flow porous ceramic cups
(Soil moisture Equipment Cop., Santa Barbara, USA). Both soil and precipitation water samples
were collected weekly. All samples (twigs, soil water and precipitation) were carried on ice during
fieldwork and later on stored at -21 °C in the laboratory prior to analysis.
Soil moisture was measured with ECH2O EC-5 Sensors (Decagon Devices, Inc., Pullman, USA) at
10 and 70 cm depth at the tree line and 10 and 60 cm depth at the valley bottom, respectively. The
hourly measured soil moisture data were averaged over the respective sampling period of
approximately seven days.
Xylem water for isotope measurements was extracted using a cryogenic vacuum line (Ehleringer et
al. 2000) at the Laboratory of Atmospheric Chemistry (PSI), Switzerland, where also the isotope
ratios were determined with a Delta Plus XP mass-spectrometer and a Thermo-Conversion
Elemental Analyzer TC/EA (Thermo Fisher Scientifics Inc., Waltham, MA, USA). Measurements of
the oxygen isotopic ratio of the soil water and the precipitation were carried out at the Central
Laboratory of the Swiss Federal Institute WSL, Switzerland, with a Delta V Advantage mass
spectrometer, Gas bench II (Thermo Fisher Scientifics Inc., Waltham, MA, USA).
Data analysis
A two-source mixing model was applied giving the fraction f of one of two possible source
partitioning with the following mass balance equation after Phillips & Gregg (2001):
δxyl = f*δsoil10 + (1-f)*δsoil60

(Eqn. 1)

where δxyl, δsoil10 and δsoil60 represent the oxygen isotope ratio of water sampled at the twig's xylem,
and soil depth of 10 and 60 cm, respectively. Equation 2 was rearranged to obtain f (Phillips &
Gregg 2001):
f = (δxyl - δsoil60)/(δsoil10 - δsoil60)

(Eqn. 2)

Values of f higher than one and lower than zero were set to one and zero, respectively. A f value of
zero indicates that the xylem water originates exclusively from soil layers at 60 cm depth or, since
negative values have been set to zero, deeper. On the other hand, f values of one indicate that
xylem water originates exclusively from shallow soil or even surface water.
Additionally, δ18O values of soil water at 10 cm and 60 cm depth were averaged for each sampling
week, weighted by their corresponding soil moisture values and compared with xylem water δ18O
of the same week. For the weighting only plant available water was used. Plant available water is
soil water content at field capacity minus soil water content at the permanent wilting point. Both
were determined after Teepe et al. (2003) using bulk density and soil texture.
Since the timing of the last sampling dates of every year varied, the mean δ18O value from
October 15 to November 15 of the respective year was used for calculations relating to the end of
these seasons.
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Results
Seasonal patterns of xylem water δ18O
All trees at a site and within both species show strong common xylem water δ18O variation with
distinct seasonal trends (Fig. 1). Common patterns are indicated by high inter-series correlations
(mean r) in 2008, 2010 and 2011 and low standard deviation (SD) within each of the three datasets
per sampling date (mean SD: larch at the tree line = 0.9‰, larch at the valley bottom = 1.3‰,
spruce at the valley bottom = 0.9‰). These strong coherencies among individuals point to
homogenous site conditions and suggest that the selected trees represent the population signal at
the site, therefore allowing averaging data on a site basis for subsequent calculations. Common
trends between trees are particularly seen in the low frequency, with a striking decreasing trend to
minimum values in early spring only seen in larch (mean difference from maximum to minimum:
12.9±0.7‰) and increasing trends of both species and both sites during the growing seasons. At
the tree line, the lowest values are observed around the end of June with an average minimum (all
years included) of -12.5‰. The xylem water δ18O values then increase until the end of the
sampling period (October 15 to November 15) to a maximum, all years included, ranging
from -9.9‰ to -6.7‰. Mean xylem water δ18O calculated for the growing seasons of all years is
similar at both tree line and valley bottom (-9.7‰ and -9.0‰, respectively). At the latter location,
minimum values for larch are observed in mid-May and range from -11.8‰ in 2010 to -13.9‰ in
2011. At the end of the growing season (Oct. 15 – Nov. 15) values are within the range observed
at the tree line with a mean δ18O of -9.5‰. Spruces in 2010 and 2011, in comparison with larch,
present the most 18O depleted xylem water at the beginning of the growing season (around the
beginning of April) with mean values of -12.3‰ and an increasing trend up to values from -9.7‰
to -6.2‰ at the end of the sampling period. Winter xylem water δ18O values between December
2010 and March 2011, measured four times for both species at the valley bottom and once for
larch at the tree line, suggest a slightly increasing trend reaching the maximum values in early
spring.

Figure 1: Seasonal trends of all three datasets of xylem water δ18O. Each point represents one tree at each
sampling date. Mean r is the inter-series correlation for each species, site and year. Grey areas highlight the
winter season.
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Soil water δ18O
In early spring of all four years, oxygen isotope values of soil water sampled at 10 and 60 cm depth
show similar and strongly 18O depleted values (-14.5‰ at the tree line and -14.2‰ at the valley
bottom, respectively) (Fig. 2). Rapidly, the isotope values of both soil depths diverge and show
different trends and offsets during the season. While water from the deeper soil layers shows
damped variations compared to the surface water and enriches slowly towards summer, the
surface water shows higher variations. A mean seasonal δ18O value of -8.6±1.7‰ at the tree line,
including all years, is close to the mean δ18O precipitation values measured in the study region
during the sampling season at both sites: -8.5±3.5‰; data not shown). At the valley bottom, the
soil is often dry during the summer preventing any water to be sampled as seen in 2009 and 2011.
However, 2008 and 2010 were sufficiently wet for soil water sampling. Mean δ18O value of soil
water during both growing seasons is -7.0±2.7‰, slightly enriched compared to δ18O precipitation
values as mentioned above. At the end of the sampling periods (Oct. 15 to Nov. 15 in 2009-2011)
the upper soil layer contains water depleted in 18O (-9.5±1.0‰) compared to the summer. The soil
water sampled deeper shows similar values (-11.0±0.7‰). In 2008, the sampling ended already in
September, (average for September: 10 cm: -7.5±0.8‰; 60 cm: -10.0±0.8‰), and therefore these
values were excluded from the subsequent calculations.

Figure 2: Seasonal trends of averaged weekly xylem water δ18O compared to weekly soil water δ18O of both
depths from April to November. Winter season 2010/11 is excluded since soil water was not collected. Grey
areas highlight the winter season.

The high δ18Oxyl values of larch at the beginning of all sampling periods strongly differ from the
highly depleted soil water values at the same time. After δ18Oxyl values have reached a minimum,
they generally follow the seasonal trends of δ18Osoil at the tree line with a closer dependency on the
deeper soil water. The relation between δ18O of the xylem and the deeper soil water cannot be fully
confirmed at the valley site due to large gaps in the soil water records.
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Source partitioning and influence of soil moisture
The fraction of soil water from 10 cm depth shows a high variability at both sites (Fig 3). Values for
f cover the full range from zero to one. However, the lowest value for spruce reached only 0.22.
Due to the low number of f-values at the valley bottom due to a low amount of soil water samples,
this site was excluded from any further calculations and interpretations.

Figure 3: Fraction of water (f) obtained from 10 cm soil depth with 0 and 1 values respectively meaning 0%
use of surface water (100% use of deep soil water (60cm depth)), and vice-versa. Each point represents one
sampling date whereas the median f is indicated by a bold line.

The difference between the weighted average of soil water and the average of xylem water shows
less variability than f during the growing seasons and stays most of the time within the range of
minimum and maximum values of the measured xylem water δ18O of each sampling date (Fig. 4A).

Figure 4: A) Difference between the weighted average of soil water δ18O and average xylem water δ18O
compared to the total range of measured xylem water δ18O during the four sampling periods at the tree line.
Negative values indicate xylem water values depleted in 18O compared to average soil water, positive values
indicate 18O enriched xylem water. B) Soil moisture of both sampling depths during the sampling seasons.
Values represent the average soil moisture during the sampling week.

Samples in August 2008 and the whole season 2009 were pooled and thus, do not allow much
interpretation. Strong negative and positive differences are obvious.
A strongly negative difference would be the minimum in September/October 2009 where xylem
water δ18O is -4.3‰ lower than average soil water. Another minimum is reached at the end of July
with a difference of -2.1‰ compared to average soil water. In 2011, the xylem water δ18O is two
times below the average of soil water: -2.3‰ in July and -2.4‰ in September. Here, the values of
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the average soil water are outside the range of xylem water δ18O. In November 2010 and 2011, the
xylem water is much more enriched compared to the average soil water (4.2‰ for 2010 and 2.7‰
for 2011, respectively).
During the sampling seasons at the tree line, the soil in both depths is usually moist, close to field
capacity, (Fig. 4B). During dry periods, the soil moisture decreases in the upper soil (10 cm depth),
such as in October 2009, July 2010, and July and October 2011.
Discussion and Conclusions
Regarding the seasonal variation of xylem water δ18O of larches, two phases can be distinguished:
(i) a pre-seasonal phase, where xylem water is highly 18O enriched compared to isotopically
depleted soil water at the same dates, suggesting a decoupling between δ18Osoil and δ18Oxyl during
that period, and (ii) the growing season, where xylem water δ18O values are comparable to those
of the soil water, which undergoes a positive trend from early spring to late autumn towards more
important enrichment. This phase starts every year at the absolute minimum of xylem water δ18O,
being also the date of bud break. At the end of the sampling season, the δ18O values of xylem
water start being above the soil water again. Therefore, xylem water δ18O values at that time might
already be a part of the pre-seasonal phase. The processes behind the appearance of this winter
enrichment are not fully clear yet, but freeze-thaw events, which occur during wintertime (Mayr et
al. 2006) might be the main driver. While twigs above the snow surface experience strong radiation
during day time in winter and can heat up accordingly (Mayr et al. 2012; Tranquillini 1976), the
transpiration stream within the tree has stopped. This might lead to a slow enrichment, especially
during late winter, when daily radiation becomes stronger every day.
The soil water δ18O sampled in spring is generally depleted at both soil depths. These values show
the strong influence of water from snowmelt, which soaks the ground. From this time on, the soil
water from the upper soil layers becomes quickly enriched, partly due to the mixing with
precipitation during the growing season, but also the influence of evaporative processes at the soil
surface. The soil layer in 60 cm depth plays a key role in melt water storage and suggests a
gradient from enriched to depleted water from surface to deep soil layers. The δ18O values in
60 cm depth represent therefore an older and more integrated signal dominated by winter snowfall.
The fraction f of soil water represented in xylem water varies strongly over all seasons, from 0-1,
suggesting that source partitioning from the upper soil layers, reflecting precipitation, to the deep
soil layers, is possible. The existence of groundwater with a differing δ18O signal can be excluded
at both sites. Since the difference in δ18O values of both soil layers becomes smaller during the
season, we might not be able to assess the source partitioning after August or September.
Looking at the comparison between moisture weighted soil water and xylem water, it becomes
clear that a direct uptake of precipitation is unlikely. For this, xylem water should be markedly
higher than averaged soil water. An exception is the late season in 2010 and 2011, where xylem
water is already strongly enriched. In this time larches already lost their needles at the tree line and
this enrichment would be a first indicator for uncoupling from soil water signal and could be already
accounted for during the pre-seasonal enrichment phase.
During the growing seasons, soil and xylem water stay within the same range almost all the time.
During summer and autumn only, xylem water δ18O decreases below soil water. This is always
accompanied by dry soil conditions. Plants take up water where it is most available (Dawson
(1998), especially larches with their expansive root system, which can reach water from shallow
soil down to deeper layers, resulting in a mixture controlled by soil water potential. Surface water or
precipitation seems not to have a direct influence on xylem water, since it is never markedly
enriched compared to average soil water. Rain is integrated in the upper soil layer and therefore
has surely an indirect influence. Fog as a potential source is seldom at our study site at the tree
line and is therefore not taken into account. The acquisition of water from soil layers deeper than
60 cm, which are unfortunately out of reach for measurements, during drier periods suggests a
stronger influence of depleted water from the winter season. This was the case in autumn 2009. In
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combination with the occurring exchange of sugars with xylem water during cell formation (Barbour
& Farquhar 2000), the depleted xylem water could have an increasing dampening effect during
periods with a high VPD and therefore on the originally strong δ18O enrichment during
photosynthesis. So the weighted average of soil water is a possibility to calculate the
corresponding xylem water. To get better results, a more precise soil water model that incorporates
deeper soil layers is in the test phase. In addition, another site where the lower soil is continuously
saturated with water characterized by a relatively constant δ18O value was installed at the valley
bottom. Data compilation for this new wet site has just started and will be presented in a later
manuscript.
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