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4

Temperate tree species differ in their physiological sensitivity to declining soil moisture and
drought. Although species-specific responses to drought have often been suggested to be the
result of different water uptake depths, empirical evidence for such a mechanism is scarce.
Here we test if differences in water uptake depths can explain previously observed species-
specific physiological responses of temperate trees to drought and if the water uptake depth of
different species varies in response to declining soil moisture. For this purpose, we employed
stable oxygen and hydrogen isotopes of soil- and xylem water that we collected over the
course of three growing seasons in a mature temperate forest in Switzerland.

Our data show that all investigated species utilize water from shallow soil layers during times
of sufficient soil water supply. However, Fraxinus excelsior, Fagus sylvatica and Acer
pseudoplatanus were able to shift their water uptake to deeper soil layers when soil water
availability decreased in the top soil. In contrast, Picea abies, was not able to shift its water
uptake to deeper soil layers.

We conclude from our data that more drought resistant tree species are able to shift their
water uptake to deeper soil layers when water availability in the top soil is becoming scarce.
In addition, we were able to show that water uptake depth of temperate tree species is a trait

with high plasticity that needs to be characterized across a range of environmental conditions.

Introduction

Forests are predicted to experience an increased frequency and intensity of drought events as a

consequence of the changing climate (CH2011, 2011; Della-Marta et al., 2007; Schaer et al., 2004;

Seneviratne et al., 2012). Water is, however, a key resource for physiological processes in trees such

as transpiration, photosynthesis and growth. Drought-induced reduction of water availability for trees

can thus impair physiological processes in trees and — in extreme cases — lead to desiccation (and/or



carbon starvation) and tree death (Breda et al., 2006; Granier et al., 2007; Volkmann et al., 2016;

Williams et al., 2013).

Physiological responses of temperate trees to declining soil moisture and drought have been
shown to differ largely among species. For example, Hoelscher et al. (2005) found that sap flow
density of Tilia cordata, Fagus sylvatica, Acer pseudoplatanus and Carpinus betulus responds more
sensitively to declining soil moisture than sap flow density of Fraxinus excelsior. Similar species-
specific responses for temperate trees have also been found for Picea abies and Betula pendula
(Gartner et al., 2009), F. sylvatica, C. betulus and Quercus petraca (Leuzinger et al. (2005) and F.
sylvatica, P. abies, A. pseudoplatanus, and F. excelsior (Brinkmann et al. (2016). In summary, these
studies have clearly demonstrated that some temperate tree species respond particularly sensitive in
their water relations to declining soil moisture or drought periods, while other species are hardly

affected, even after prolonged periods without precipitation.

Different responses of different temperate tree species to declining soil moisture have — at
least partly — been explained by different soil water uptake depths of the different species. Species
with a deep rooting system are supposed to have access to deep and abundant soil water even during
dry spells, while species with a shallow rooting system seem to experience the lack of moisture

availability in the soil much earlier (Leuzinger et al., 2005; Zapater et al., 2013).

An useful approach to estimate soil water uptake depth of trees builds on the naturally
occurring variability of stable isotope ratios of oxygen (O) and hydrogen (H) in soil and xylem water
(Meinzer et al., 1999; White et al., 1985). Previous studies have shown that with a few exceptions
(e.g. Ellsworth and Williams (2007); Lin and Sternberg (1994)), no fractionation occurs during water
uptake via roots (Allison et al., 1984; Dawson & Ehleringer, 1991; Wershaw et al., 1966). Given
sufficient gradients in soil water 8'*O and 8°H with soil depth, a comparison of soil water 5'*0 and
& H values with those of xylem water allows estimating the soil water uptake depth of a tree (Dawson

& Ehleringer, 1991; Ehleringer & Dawson, 1992; White et al., 1985).



The few existing studies that have estimated soil water uptake depth of temperate tree species
with stable isotopes have reported soil water uptake depths that indeed vary among species. Bishop
and Dambrine (1995) found for example soil water uptake depths of 0.03 m for P. abies, whereas
Pinus sylvestris was relying on water from 0.11-0.13 m soil depth. In another study, F. sylvatica and
Tilia sp. took up water from 0.3-0.5 m soil depth, whereas Fraxinus excelsior took up water from
0.2-0.7 m soil depth (Meissner et al., 2012). What complicates the interpretation of these water
uptake depths in the context of a tree’s physiological sensitivity to declining soil moisture is the
fact that recent studies have suggested that water uptake depths of temperate but also other tree
species can be quite variable and depend on community structure, tree size, soil water potential or
the time in the growing season (Asbjornsen et al., 2008; Gaines et al., 2016; Meissner et al., 2012;
Plamboeck et al., 1999). F. sylvatica, Tilia sp., and F. excelsior have for example been shown to
adjust their mean water uptake depth in mixed stands versus monocultures (Meissner et al.,
2012). In addition, P. sylvestris has been suggested to shift its water uptake to deeper soil layers
when soil water potential declined under artificial drought in a rain exclusion experiment
(Plamboeck et al., 1999). Also, Asbjornsen et al. (2008) suggested that the water uptake depth
varies throughout the growing season of the north American oak Quercus alba and Gaines et al.
(2016) found a trend towards a deeper soil water uptake depth with increasing diameter at breast

height in a mixed-hardwood forest in central Pennsylvania.

Given the indications of a variable water uptake depth for some tree species, we hypothesize
that the physiological sensitivity of temperate tree species to declining soil moisture and drought does
not necessarily depend on a consistent uptake of water from deep soil layers but rather on the ability
of a species to shift its water uptake to deeper soil layers when moisture in the top soil becomes
scarce. To test our hypothesis, we employed the natural variability of stable oxygen and hydrogen
isotopes in soil and xylem water to determine the soil water uptake depths of four common European
tree species (F. sylvatica, A. pseudoplatanus, F. excelsior, and P. abies) over a study period of three
years. In a previous study, we have shown that the water relations of these species differ substantially

in their sensitivity to declining soil moisture. By using changes in relative sap-flow rates as an



indicator for the stomatal control of transpiration and as a proxy for the sensitivity of a species’ water
relations, we showed that sap flow responded most sensitively in P. abies followed by F. sylvatica, A.
pseudoplatanus, and F. excelsior. Here we now test if the species that responded sensitively in their
physiology to declining soil moisture depend entirely on water uptake from shallow soil layers and if
species that are more drought resistant can shift their water uptake to deeper soil layers when moisture

in the top soil declines.

Materials and methods

Study site

We conducted our research at the research site Légeren, which is situated in the township Wettingen,
Switzerland (47°28°42.0” N, 8°21°51.8” E). It is located at 682 m a.s.l. on a south-facing slope at the
transition from the Swiss Plateau to the Swiss Jura Mountains. The most common bedrocks are
limestone and marl, starting 0.6-1 m below soil surface. The main soil types are rendzic leptosols (or
rendzinas) and haplic cambisols (Heim et al., 2009). Mean annual precipitation is 1110 mm
(MeteoSwiss stations Dietikon and Otelfingen) and mean annual air temperature is 9.4°C
(MeteoSwiss stations Ziirich Reckenholz and Zurich/Fluntern) (reference period: 1981-2010). The
vegetation of the study site is a mature mixed forest, with tree ages ranging from 105 to 185 years.
The overstory mainly consists of F. sylvatica with the companion species P. abies, F. excelsior, A.

alba Mill. and A. pseudoplatanus (Eugster et al., 2007).

Sample collection

Volumetric soil moisture was measured with dielectric soil moisture probes (Decagon ECH20 EC-20,
Pullman, WA, USA) at 0.1 m (n=1), 0.2 m (n=1) and 0.3 m (n=1) soil depths and was recorded with a
with data logger (CR1000, Campbell Scientific Inc., Logan, UT, USA) at 10-min resolution

throughout the study (2012-2014). We averaged volumetric soil moisture over all soil depths as all



probes responded to changes in water availability at the same time. Additionally, we calculated
averaged daily soil moisture values that we used in the relationships with water uptake depth. The
same procedure was used in (Brinkmann et al., 2016) and therefore allows a direct comparison of

results from this and the previous study.

We installed five precipitation samplers at the site from 2012 to 2014 to collect throughfall
precipitation for stable isotope analyses. The samplers were buried in the soil to ensure precipitation
samples remained cool (Prechsl et al., 2015). Precipitation that had accumulated in the samplers was
collected approximately every month. Samples were then put in 1.5 ml airtight glass vials (Macherey-

Nagel GmbH, Diiren, Germany) and stored cool for further isotope analysis.

From 2012 to 2014, we collected soil samples five to nine times per year and across the study
plot which was about 1 ha in size. At each sampling date, six soil cores were taken randomly to a
depth of 70 cm using a Piirkhauer soil corer with a diameter of 28 mm (Goecke GmbH & Co. KG,
Schwelm, Germany). The soil cores were divided into eight different soil depths (0-0.05 m, 0.05-0.1
m, 0.1-0.2 m, 0.2-0.3 m, 0.3-0.4 m, 0.4-0.5 m, 0.5-0.6 m, 0.6-0.7 m). Soil samples from each section
were sampled and stored in 10 ml airtight Exetainers (Labco, England) and stored on ice in the field

until they were stored in a freezer at -23°C prior to soil water extraction.

To determine the isotopic composition of xylem water, we collected twig samples in the tree
canopy on each sampling date with the help of tree climbers. Twigs were about 1.0 — 1.5 cm in
diameter. We sampled two species (F. sylvatica (n=4) and P. abies (n=4)) in 2012 and four species
(F. sylvatica (n=4), P. abies (n=4), F. excelsior (n=2) and 4. pseudoplatanus (n=2)) in 2013-2014.
Samples for deciduous tree species were only collected during the growing season, i.e. after leaf flush
and before leaf fall. The bark and phloem were manually removed from a twig sample and the
remaining xylem samples were transferred into 10 ml airtight Exetainers (Labco, England) and stored
on ice in the field and at -23°C in the lab until water extraction. Samples were collected from four
directions in the canopy (north, east, south, west) in 2012 and 2013 and two directions (south, west) in

2014. Since we did not find any significant differences in xylem water §'*0 or 6°H values among the



four directions in the canopy, we averaged the values from the four directions on each sample data to

a single value that we used for our calculations of soil water uptake depth.

Cryogenic water extraction

We extracted the water of soil and xylem samples using a cryogenic water line after Ehleringer et al.
(2000). Soil and xylem samples in glass Exetainers were submerged in an 80°C water bath.
Evaporated water was collected in U-tubes, which were submerged in liquid nitrogen (-197°C). We
extracted soil and xylem water for two hours under a vacuum of ¢. 0.03 hPa. After the extraction, the
U-tubes were removed, sealed and the extracted water therein was allowed to thaw, collected and

stored in 1.5 ml airtight glass vials (Macherey-Nagel GmbH, Diiren, Germany) until isotope analysis.

Isotope analysis

All samples were analyzed for both §'®0 and 6°H using a high-temperature conversion/elemental
analyzer (TC/EA; Finnigan MAT, Bremen, Germany) that was linked to a Delta Plus XP isotope ratio
mass spectrometer via a ConFlo III interface (Finnigan MAT; Werner et al. (1999)) following the
carbon reduction method by Gehre et al. (2004). Water was automatically injected with a GC PAL
autosampler (CTC, Zwingen, Switzerland). We followed the concept of Werner and Brand (2001) in
positioning the samples and the laboratory standards providing an identical treatment for all 5'°0 and
0 H measurements. In addition, all post-run offline calculations (i.e., offset, memory effect and drift
corrections) were carried out according to Werner and Brand (2001). Our long-term quality control
lab standard water (WP-0503-Z0010B) was 0.17%o for 8'°0 and 0.48%o for 6°H. All samples were

referenced to the internationally accepted Vienna Standard Mean Ocean Water (V-SMOW).



Calculation of water uptake depth

Different algorithms and statistical approaches exist to estimate soil water uptake depths of plants
from the stable isotope composition of soil- and xylem water. These are either based on a linear
approach (Bishop & Dambrine, 1995; Dawson, 1993; Ehleringer et al., 1991; Meinzer et al., 1999;
Walker & Richardson, 1991; White et al., 1985), or a mixing model based approach modified for
calculating water uptake depths such as done by Phillips and Gregg (2003) or Parnell et al. (2010).
The approaches differ in the type of information they deliver. While the linear approach provides a
distinct water uptake depth, the mixing model approach provides the proportion that water has been
taken up by the tree from different soil depths (Prechsl et al., 2015). In this study, we used the linear
approach and the mixing model approach developed by Parnell et al. (2010) to calculate water uptake

depths.

The linear approach assumes that soil water uptake depth can be calculated by a direct
comparison of 3'°0 and &°H values of xylem water with the respective values of soil water. The
strength of this approach (but at the same time its biggest weakness) is that it delivers a distinct soil
water uptake depth but does not consider a potential mixing of water from different soil depths in the
xylem. For the study we present here, we first had to linearly interpolate 5'*0 and 8°H values of soil
water between the measured values at 8 different depths to establish continuous soil profiles for both
elements. With each element, we then calculated the approximate soil water uptake depth for each
individual tree by relating a given xylem water 8'*0 or 8°H value to the corresponding soil water 3'*0
or 5°H value along the soil profile. As each soil water §'*O or 8°H value corresponds to a soil depth, it
was consequently possible to identify the soil water uptake depth of a tree at a given sampling date.
For the analyses, we averaged water uptake depth values for each species and for each sampling date
(F. sylvatica: n=4, A. pseudoplatanus: n=2, F. excelsior: n=2, P. abies: n=4). It was not possible to
calculate soil water uptake depth for each species at all sampling dates with the linear approach
because xylem water 5°H and 8O values sometimes fell out of the range of values that we

determined along the soil profile. These dates are reported in the Supporting Information.



To calculate the proportion of soil water taken up from different soil layers we employed a
mixing model approach and used the program “Stable Isotope Analysis in R” (SIAR) developed by
Parnell et al. (2010). SIAR is able to solve mixing models for stable isotopic data and allows to
estimate the proportion of soil water being taken up from a certain soil depth. SIAR is based on a
Dirichlet distribution treating each source (i.e., soil water isotope values at different depths)
independently and requires at the same time a summation to unity (Parnell et al., 2010). The model
fitting itself is done using the Markov chain Monte Carlo (MCMC) approach. As the mixing model
approach works best when the ‘sources’ are distinguishable from each other, we pre-selected the three
different soil depths for our calculations where isotope differences in the soil water were the largest
throughout the study period (0-0.05 m, 0.3-0.4 m, 0.5-0.6 m). These depths are also in the same range
as the water uptake depths detected for the four species with the linear model. To determine this, we
averaged the soil water isotope composition for each soil depth over the whole study period and chose
the three soil depths that differed most from each other. In the actual calculation of water uptake
proportions we used the 5'°0 and 5°H values and their standard deviation of soil water as ‘sources’
and 5'°0 and 8°H values of xylem water as ‘consumers’ that were obtained on the individual sampling
dates. Our model parameters were set with the Trophic Enrichment Factor (TEF) = 0, as no
fractionation during water uptake via roots is assumed (Allison et al., 1984; Dawson & Ehleringer,
1991; Wershaw et al., 1966), concentration dependence (concdep) = 0, iterations = 500’000, and a
burnin of 50’000, which is the number of initial iterations to discard. The mixing model was run with
both isotopes at the same time and for each species and individual separately. Due to the MCMC
fitting algorithm, we get slightly different results for each run with the same dataset. To resolve this,
we bootstrapped (100 times) the generated mode values of our model output for each individual tree,
using an ordinary resampling. This then allowed us to extract the uncertainty of the SIAR model (i.e.,

95% confidence interval, standard error).



Statistical analyses

To test the effect of tree species, mean soil moisture and year of observation on soil water uptake
depths calculated by the linear approach, we applied a Linear Mixed Model using the restricted
maximum likelihood method (REML) for 80 and &H values separately. First-order interactions
among the predictors were also included in our model. We found the best model fit by using the local
minimum AIC (Akaike’s Information Criterion). Tree species, mean soil moisture and year of
observation were treated as fixed effects, while day of year (DOY) was used as random effect against

which all F-ratios were tested for significance.

To test the influence of tree species, mean soil moisture content and year of observation on
the water uptake depths calculated by the Bayesian approach, we conducted a Linear Mixed Model
using the REML method for each of the three pre-selected soil depths (0-0.05 m, 0.3-0.4 m, 0.5-0.6
m) individually. The minimum AIC was used to select the best model fit, which treated year of

observation as random effect.

For all data processing, statistical analysis and graphics we used R 3.1.2 (R Core Team,

2014).

Results
Patterns of precipitation, soil and xylem water 6'°0 and 8 H

Annual precipitation in 2012, 2013 and 2014 was 966 mm, 843 mm and 812 mm, respectively. Mean
soil moisture content varied between 22.79 vol% in 2012, 22.91 vol% in 2013 and 23.64 vol% in
2014. Soil moisture decreased during the summer months (June, July, August until September) in all

years but in particular in 2013 (Fig. 1).



We found strong seasonal patterns in troughfall precipitation 8'°0 and 5°H values throughout
all three years of our study (Fig. 2). The seasonal variation in throughfall precipitation 3'°0 and 8’H
values at our site was in strong agreement with the seasonal variation of precipitation 5'*0 and §°H
values at the two nearby GNIP stations Buchs/Suhr and Basel (Brinkmann et al., 2018). We also
found strong seasonal trends for soil water 3'°0 and 8H values. The magnitude of these trends
differed, however, with soil depth, where the seasonal trend in 8'%0 and 8’H values declined with
increasing soil depth. Xylem water 8'*0 and &°H values for the four species were less variable
throughout the growing season than throughfall precipitation or shallow soil water 3'°0 and &°H
values. In general, xylem water 3'°0 and 8°H values increased slightly towards the end of the growing
season for all species. Throughfall precipitation, soil and xylem water 8°H and 5'°0 value all plot

along the global meteoric water line (Fig. 3, for orthogonal regressions see Supporting Information).

On 29-Jul-2014 we observed an unusually narrow vertical profile in soil water 3'*0 and §°H
values (Fig. 2). This narrow soil profile was the result of a heavy rain event that occurred on July 22™
2014 and neutralized to a large degree the 80 and 8°H variability along the soil profile. As it is
difficult to estimate robust water uptake depths when variation of 3'*0 and 8°H values in soil water is

insufficient, we omitted this sampling data from further analyses of soil water uptake depth.

Water uptake depths calculated by the linear approach

Soil water uptake depth varied across all species and years between 0.03 m and 0.62 m from §'°0
inferred soil depths and 0.05 m and 0.72 m when using 5°H (Fig. 4). No overall seasonal trend in soil

water uptake depth was found for any of the four species over the three years (Fig. 4).

We tested the influence of species, soil moisture, the interaction of species and soil moisture,
year and DOY on soil water uptake depth of trees with a Linear Mixed Model separately for §'*O- and
0 H-derrived values of uptake depth. We found species and the interaction of species and soil

moisture to significantly affect soil water uptake depths inferred from soil- and xylem water 3'*0 and



8”H values (Tab. 1). We found no significant influence neither of year nor of DOY on the water

uptake depth of the different tree species.

To further illustrate species-specific responses in soil water uptake depth to declining soil
moisture, we tested the effects of soil moisture on soil water uptake depth individually for the four
species with linear regressions. For &’H-derived soil water uptake depths we found that A.
pseudoplatanus, F. excelsior and F. sylvatica shifted their soil water uptake to deeper soil depths with
declining soil moisture while P. abies continued to depend on soil water uptake from shallow soil
depths irrespective of declining soil moisture (Fig. 5). For 8'*O-derived soil water uptake depth only

F. excelsior showed a significant shift in soil water uptake depth with declining soil moisture.

Water uptake depths calculated by the mixing model approach

Across all species, the proportion of soil water uptake from 0-0.05 m, 0.3-0.4 m or 0.5-0.6 m soil
depth ranged from 0.02 to 0.63, 0.16 to 0.48 and 0.01 to 0.58, respectively (See Supporting
Information). We tested the influence of species, soil moisture, the interaction of species and soil
moisture and the date (as random effect) on the proportion of the three different soil depths (0-0.05 m,
0.3-0.4 m, 0.5-0.6 m) contributing to the water uptake of trees with three separate ANOV As for each
of the three soil depths (Tab. 2). We found that species, soil moisture and the interaction of species
and soil moisture had a significant effect on the proportion of soil water uptake at 0-0.05 m, whereas
species and the interaction of species and soil moisture showed a significant effect at 0.5-0.6 m soil
depth. No significant influence of the tested effects was found on the water uptake depth at 0.3-0.4 m.
To further illustrate species-specific responses of soil water uptake depth to declining soil moisture,
we directly related the proportion of water uptake of the four species and the three different soil
depths to soil moisture in linear regressions. We found no indication that the proportion of soil water
uptake shifts to deeper soil depths for P. abies when soil moisture declined (Fig. 6). In contrast, all

other species showed trends of increasing proportion of soil water uptake from deeper soil depths and



decreasing proportions of soil water uptake from shallow soil depths, when soil moisture declined

(Fig. 6).

Discussion
Stable isotope composition of throughfall precipitation and soil water

We found seasonal patterns in throughfall precipitation 8'*0 and 8°H values with enriched values in
summer and depleted values in winter. These signals were transferred to the soil water 8'*0 and 5°H
values at all soil depths so that the vertical soil water isotope gradients varied in strength and direction
with season (Fig. 1). In summer, soil water in shallow soil layers was 'O and *H enriched and soil
water in the deeper soil layers was '*O and *H depleted. In the winter, these patterns were reversed
(Brinkmann et al., 2018). Importantly, the isotope gradients that we detected in soil water were
sufficiently strong in all years to allow estimating water uptake depths of the different investigated
tree species. Interestingly, throughfall precipitation, soil and xylem water 3'°0 and &°H values all
plotted along the global meteoric water line. This suggests that only equilibrium fractionations derive
the observed variability in §'O and §°H within throughfall precipitation, soil and xylem water and

that evaporative 5'°0 and 5°H enrichment of water, e.g. at the top soil does not occur.

Species-specific differences in soil water uptake depth

Overall, the linear and the mixing model approach yielded the same range of soil water uptake depths
where both models identified the upper 0-0.7 m as the soil depth providing most of the water to the
investigated tree species. These water uptake depths are in the range of previously reported water
uptake depths for P. abies (Bishop & Dambrine, 1995; Meissner et al., 2012) as well as for F.
excelsior and F. sylvatica (Meissner et al., 2012). No data on water uptake depth have previously been

published for A. pseudoplatanus.



Both approaches to calculate water uptake depth identified that the four investigated tree
species show general differences in their water uptake depth. Most importantly our data show that
species-specific differences in water uptake depth only occur when soil moisture was low (Figs. 5 &
6). When water supply was sufficient in the top soil, all four species utilized water from the shallow
soil layers and water uptake depths were indistinguishable among the four species (Fig. 4). With
declining soil moisture in the top soil, however, the three deciduous tree species F. excelsior, F.
sylvatica and A. pseudoplatanus were able to exploit deeper soil layers while P. abies was unable to

shift its water uptake to deeper soil layers.

Variable water uptake depth as a function of soil moisture can be explained by a rooting
system that is more extensive in the top soil so that water is mainly taken up from shallow soil layers
as long as moisture is abundantly available in this layer (Alder et al., 1996; Koecher et al., 2012). The
rooting system can extend, however, also into deeper soil layers from where the tree can extract
moisture if the matrix potential in the upper soil becomes increasingly negative. It seems from
our data that the deciduous tree species F. excelsior, F. sylvatica and A. pseudoplatanus have
such arooting system that allows the exploitation of shallow and deeper soil layers, but that the
rooting system of P. abies restricts this species to water uptake from shallow soil layers only.
Although, we had no equipment for estimating root profiles, our isotope data confirm the few
existing studies that described the root profiles (Bakker et al., 2008; Leuschner et al., 2004; Meinen et
al., 2009a; Schmid & Kazda, 2001). While P. abies — one of the commercially most important tree
species in Europe — has typically been referred to as a shallow rooting tree in the traditional forestry
literature, we provide here the functional evidence that P. abies depends more than the other three

investigated temperate trees on moisture that is available in shallow soil layers (Koestler et al., 1968).

Why do trees with deeper roots such as F. excelsior, F. sylvatica and A. pseudoplatanus
compete for water from the shallow soil with other species? The top soil is the zone of highest
microbial activity and thus nutrient supply to plants (Kreuzwieser & Gessler, 2010). The ability of a
tree to take up moisture from shallow soil layers ensures therefore that not only water but also

nutrients can be taken up from shallow soil layers at times of abundant moisture supply. This also



explains why the largest fraction of fine roots in temperate tree species can typically be found in the
top soil (Meinen et al., 2009b; Vogt et al., 1996). Yet, when water availability in the top soil declines
and the shallow roots are unable to extract sufficient water, the deeper roots of these species can
maintain the trees’ water supply from deeper soil layers so that the tree can remain physiologically

active despite declining moisture in the top soil (Brinkmann et al., 2018).

Implications of different soil water uptake depths for tree water relations and forest ecology

While the physiological and anatomical mechanisms for species-specific responses of
temperate trees to declining soil moisture remained previously unclear, the data we present here allow
to directly link the physiological sensitivities of the investigated tree species to their water uptake
depths. With declining soil moisture F. sylvatica, A. pseudoplatanus, and F. excelsior were able to
shift their water uptake to deeper soil layers and to maintain as such their water relations. This
explains why these species are less stringent in the stomatal downregulation of their sap flow than for
example P. abies (Brinkmann et al., 2016). P. abies is unable to use water from deeper soil layers and
cannot maintain its water supply at times of low top soil moisture. It is thus forced to maintain a
tighter stomatal control over its water relations during dry periods (Brinkmann et al., 2016). The
limited access to moisture in deeper soil layers makes the water relations of P. abies thus particularly
vulnerable to drought events such as anticipated for the future climate of central Europe (Gartner et
al., 2009). By directly linking the physiological sensitivity of different temperate tree species to
declining soil moisture with their water uptake depth we are able to show that the ability of a tree to
access moisture in deeper soil layers is a key requirement to remain physiologically active during
times of low moisture supply in the top soil. A key finding of our study is that the water uptake depth
of temperate species is not a fix species-specific trait but can vary in response to the availability of
water in the soil. Our study has therefore also important implications for the recent observations that
temperate forests with a diverse set of species are more productive and more resilient to disturbances

when compared to species poor forests (Grossiord et al., 2014). Biodiversity effects on ecosystem



functioning are typically explained by asynchronous physiological responses of species to
environmental perturbations (Loreau & de Mazancourt, 2008), niche complementarity among
different species with respect to resource use (Loreau & Hector, 2001), or facilitation effects among
species (Cavard et al., 2011; del Rio et al., 2014; Forrester, 2014). We show here that the investigated
tree species can differ with respect to their water uptake niche. Importantly, however, niche
differences among different co-occurring temperate tree species with respect to water uptake depth
were most clearly developed when water became limited during a growing season. This suggests that
if ecological niches with respect to tree water uptake are to be characterized, it is important to
consider the plasticity of the realized niches in response to environmental conditions and that niche
differentiation of different tree species is characterized over an extended time period as we have done

here.

Differences in the use of 5'°0 and 6°H for calculating water uptake depth

The use of either 'O or &°H values in the linear and of both isotopes in the mixing model
calculations of soil water uptake depth produced similar overall patterns. However, we detected slight
but consistent differences when using either 3'°0 or 8°H values in the linear calculation of soil water
uptake depths. Here the use of §'*0 typically suggests the uptake of shallower water from the soil than
the use of 6°H. Also, when 8'°0 values were used in the linear approach, 4. pseudoplatanus and F.
sylvatica did not show a significant downwards shift of water uptake with declining soil moisture
(Fig. 5). Similar differences with respect to calculated water uptake depths based on the use of 3'°0O or
o H values were also found in other studies (Meissner et al., 2014; Oerter et al., 2014; Watkins et al.,
2013; Yang et al., 2015) and various explanations have been suggested for these differences: (i)
carbonates exchanging oxygen in an equilibrium reaction with soil water which would affect soil
water 8'°0 values but not soil water 8°H values (Meissner et al. (2014), (ii) interactions of soil water
with water hydration spheres that result in an '*O enrichment of bulk soil water and isotopic memory

effects in soil water that differ for 80 or °H values (Newberry et al. (in press); Oerter et al. (2014)),



(iii) isotopically distinct water pools in the soil that differ for 'O or §°H values that are cryogenically
extractable but are not accessible by plants (Brooks et al., 2010; Evaristo et al., 2016) (iv)
fractionations in the xylem water that affect xylem water 8°H but not 8'°0 values (Zhao et al., 2016).
Resolving these suggested effects and characterizing the confounding impacts on the use of soil and
xylem water 8'°0 or 8°H values to characterize soil water uptake depth is an active field of research
and beyond the scope of our study. Although we cannot explain why differences in the calculated
water uptake occur, depending on the use of 8O or 5°H values, we believe that these differences are
small compared to the overall patterns and effects that we observed in our study. In fact, we employed
two independent approaches, the linear and the mixing model approach, to estimate differences in
water uptake depths among the four species. Overall, both approaches yielded the same range of soil
water uptake depths and the same key ecological patterns, where water uptake depth differed across

species as a function of soil moisture (i.e., a significant interaction between species soil moisture).
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Tables

Tab. 1: The influence of tree species, mean soil moisture (SMC) (averaged from 0.1 m, 0.2 m, 0.3 m),

year of observation and day of year (DOY) on water uptake depth calculated from 50 and &°H

values by the linear approach was tested with a Linear Mixed Model over all study years. Shown are

mean square, number of degrees of freedom, denominator degrees of freedom, F ratio, p-value and the

significance level (with * < 0.05, ** < 0.01, *** < 0.001).

Water uptake depth (6'°0)

Mean Square NumDF  DenDF F ratio p-value  Sig
Tree species 539.82 3 125.33 8.7737 <0.001  ***
SMC 93.35 1 11.96 1.5173 0.2417
Year 109.99 2 10.77 1.7877 0.2136
Tree species:SMC 449.32 3 125.73 7.3028 0.0002 ok
SMC:Year 108.18 2 10.95 1.7582 0.2177
Residual 61.53
Water uptake depth (8§7H)

Mean Square NumDF  DenDF F ratio p-value  Sig
Tree species 1418.53 3 112.48  15.3889 <0.001  ***
SMC 97.98 1 11.49 1.0630 0.3237
Year 23.08 2 10.46 0.2504 0.7831
Tree species:SMC 921.74 3 113.00  9.9995 <0.001  ***
SMC:Year 37.87 2 10.58 0.4108 0.6732
Residual 92.18




Tab. 2: The influence of species, mean soil moisture content (SMC) (averaged from 0.1 m, 0.2 m, 0.3
m), the interaction of the two factors and date as random effect on the proportional water uptake at 0-
0.05 m, 0.3-0.4 m, 0.5-0.6 m soil depth, respectively calculated by the mixing model approach was
tested with a Linear Mixed Model over all study years. Shown are mean square, number of degrees of
freedom, denominator degrees of freedom, F ratio, p-value and the significance level (with * < 0.05,

**<0.01, *** < 0.001).

Proportional water uptake at 0-0.05 m soil depth

Mean Square NumDF DenDF F value p-value  Sig

Tree species 0.03 3 32.44 4.8896 0.0065 ok
SMC 0.05 1 16.45 7.7419 0.0131 *
Tree species:SMC 0.03 3 32.88 3.8907 0.0175 *
Residual 0.01

Proportional water uptake at 0.3-0.4 m soil depth

Mean Square NumDF DenDF F value p-value  Sig

Tree species 0.00 3 37.00 0.3367 0.7989
SMC 0.01 1 18.02 4.2545  0.0539
Tree species:SMC 0.00 3 37.48 0.4807 0.6977
Residual 0.00

Proportional water uptake at 0.5-0.6 m soil depth

Mean Square NumDF DenDF F value p-value  Sig

Tree species 0.02 3 32.35 4.5361 0.0092 o
SMC 0.01 1 16.41 3.4100 0.0829
Tree species:SMC 0.01 3 32.79 3.3218 0.0316 *

Residual 0.00




Figure legends

Fig. 1 Daily sum of precipitation and daily mean volumetric soil moisture (at 0.1 m, 0.2 m, 0.3m soil
depth and mean averaged over all soil depths) measured continuously during the years 2012-2014 at

the research site Lageren, Switzerland.

Fig. 2 (a) "0 and (b) 8°H values of throughfall precipitation at the L&geren research site and the two
GNIP stations Buchs/Suhr and Basel, of soil water at different depths and of xylem water of four tree
species (A. pseudoplatanus (n=2), F. excelsior (n=2), F. sylvatica (n=4), P. abies (n=4)) across three

study years (2012-2014). Shaded areas represent the main growing season: 15 May — 30 Sep.

Fig. 3 5'°0 and &°H values of throughfall precipitation, soil water and xylem water of the four tree
species (A. pseudoplatanus (n=2), F. excelsior (n=2), F. sylvatica (n=4), P. abies (n=4)) plotted in

dual isotope space.

Fig. 4 Linear estimation of soil water uptake depth using 8'0 and &°H of soil water and xylem water
of four tree species (A. pseudoplatanus (n=2), F. excelsior (n=2), F. sylvatica (n=4), P. abies (n=4))

across three study years. Shaded areas represent the main growing season: 15 May - 30 Sep.

Fig. 5 Linear relationships between the inferred water uptake depths (calculated with the linear
approach using §'°0 and 8°H) and mean daily soil moisture content [vol%] (averaged across 0.1 m,

0.2 m, 0.3 m) for A. pseudoplatanus (n=2), F. excelsior (n=2), F. sylvatica (n=4) and P. abies (n=4).



Fig. 6 Linear regressions between the proportional water uptake at 0-0.05 m, 0.3-0.4 m, 0.5-0.6 m
depth and mean daily soil moisture content [vol%] (averaged across 0.1 m, 0.2 m, 0.3 m) for A.
pseudoplatanus (n=2), F. excelsior (n=2), F. sylvatica (n=4) and P. abies (n=4) during the growing
season (15 May — 30 Sep). Black lines indicate highly significant (p=0.01-0.05) relationships between
water uptake and soil moisture content, dashed lines indicate marginally significant relationships

(p=0.05-0.1) of the linear regressions.
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Mean soil moisture content [vol%]
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Picea abies

Acer pseudoplatanus Fraxinus excelsior
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