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Improving our knowledge on the relative contribution of irrigation water, precipitation, and groundwater to tree
transpiration is necessary for an efficient and sustainable use of water resources in agriculture. For this purpose,
we applied deuterium (?H) enriched water to trace the uptake of irrigation water by apple trees under field and
pot conditions. 2H-enriched water was supplied to apple trees in an Alpine valley mimicking sprinkler irrigation.
Labeled water infiltration in the soil and presence in apple tree shoots was measured over a week. An ancillary
experiment using potted trees was performed to elucidate the role of irrigation water after soil saturation with
2H-enriched water. Under field conditions, 2H-enriched water infiltrated to a maximum depth of 0.6 m, where
most of the fine roots were present, and mixed with pre-irrigation soil water. Sprinkler irrigation water was taken
up by apple trees 2-4 h after its supply and its contribution to the shoot water content increased in the first 24 h,
then it leveled off. Tree water absorbed from the enriched soil layer represented on average 48 + 3% and 26 +
2% of the total water in shoot axes and leaves, respectively. The results of the pot experiment confirmed the
contribution of irrigation water to shoot water and allowed us to speculate that under field conditions
groundwater (ca. 0.9 m deep, with capillary rise expected up to 0.6 m depth) did not significantly contribute to
tree water uptake. Results indicate that a large fraction of shoot water (52-74%) did not derive from recent soil

water uptake, suggesting a rather limited water mixing within tree organs.

1. Introduction

Improving water management strategies in agriculture is pivotal to
face future scenarios characterized by an increased extension of irri-
gated crops and a concurrent decrease in freshwater availability
(Chartzoulakis and Bertaki, 2015). In this context, a better under-
standing of the dynamics of water uptake by crops and water use from
multiple water pools (e.g., precipitation, irrigation, groundwater) to
satisfy crop water requirements is highly necessary. Despite the exten-
sive literature on crop irrigation, the actual contribution of irrigation
water to plant transpiration is still uncertain. Similarly, the quantitative
contribution of the different water sources to the overall water uptake by
trees is unclear. Studies investigating these aspects have to face the
complexity of soil water processes, subjected to temporal and spatial
variability (Jackisch et al., 2020; Li et al., 2014).

Hydrogen and oxygen isotopes in the water molecule represent a
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reliable tracer of water source and its movements, providing informa-
tion about water fluxes in the soil-plant-atmosphere continuum (SPAC)
(Penna et al., 2020; Sprenger et al., 2016). In the last decades, many
authors studied the water uptake dynamics comparing the isotopic
composition of plant water and that of the main local water sources,
mostly through the application of mixing models (Rothfuss and Javaux,
2017). Several isotope-based studies analyzed root water uptake and the
proportional contribution of different water sources and/or irrigation
practices, in relation to plant species, growth stage, and the depth of
their root system (Cao et al., 2018; Liu et al., 2020; Mahindawansha
etal., 2018; Wu et al., 2018). However, the outcomes of these studies are
affected by several factors, including the sampling representativeness of
all the available water sources, the necessity for a sufficiently appre-
ciable difference in the isotopic composition of each water source, in
addition to methodological constraints (Berry et al., 2018; Beyer and
Penna, 2021; Orlowski et al., 2016a). Moreover, this approach is valid
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assuming that no isotope fractionation occurs during root uptake
(Ehleringer and Dawson, 1992). This assumption was questioned by
several authors, who measured an appreciable isotope fractionation in
several tree species in relation to water movements at the soil-root
interface and within plants (Ellsworth and Williams, 2007; Poca et al.,
2019; Zhao et al., 2016). Recently, water isotope heterogeneity both in
the soil pores and tree stems was found to contribute to soil-stem isotope
offsets, which might cause an incorrect interpretation of isotope data
(Barbeta et al., 2019, 2020, 2022). It is therefore evident that the
above-mentioned factors may hinder the identification of tree water
sources when different water pools exist, especially under natural
environmental conditions (Beyer and Penna, 2021).

The use of deuterium (*H) enriched water makes possible to artifi-
cially modify the isotopic composition of a water reservoir and trace its
uptake by plants, without altering the water chemical and physical
properties (Becker and Coplen, 2001). Being part of the water molecule,
2H is a conservative tracer and due to its low natural abundance (ca.
0.015%), small additions of heavy water (2H20) in a confined environ-
ment can be successfully monitored after equilibration with local water
(Becker and Coplen, 2001). Adding an excess of 2H overcomes also the
problem of potential isotope fractionation from the water source to the
tree organs, as the fractionation would result rather negligible compared
to the measurable artificial enrichment (Beyer et al., 2016; Rowland
et al., 2008).

In the past years, the application of 2H-enriched water in isotope-
based studies has encompassed several aspects related to ecohydro-
logical studies, including, among the others, soil water accessed by
plants (e.g. Bogie et al., 2018; Beyer et al., 2018; Rasmussen et al.,
2020), temporal dynamics of tree water (Seeger and Weiler, 2021),
water transport and distribution in trees under specific irrigation re-
gimes (Liu et al., 2014; Rowland et al., 2008), and soil water movements
(e.g. Mali et al., 2007; Koeniger et al., 2010; Griinberger et al., 2011).
Nonetheless, most of these studies were conducted in forest ecosystems,
with only a few applications regarding agricultural systems. To the best
of our knowledge, none of the previous studies provided an in-depth
analysis of the role of irrigation water compared to other water pools
in relation to plant water needs and, hence, the quantification and
comprehension of irrigation water uptake dynamics remain weak.

The present study is a follow-up of a previous research aimed at
identifying the prevailing water sources for apple trees in an Alpine
valley of South Tyrol in Northern Italy applying a stable isotope
approach (Penna et al., 2021). In this area, intensive apple cultivation is
widespread and, to guarantee high fruit yield and quality, irrigation
water is frequently applied for most of the growing season. To optimize
irrigation water use, it is necessary to evaluate its contribution to tree
water in comparison with other locally available water sources, such as
rainwater and groundwater. The latter — if shallow enough — might
positively contribute to soil water recharge in the root zone through
capillary rising processes (Grashey-Jansen, 2010). To better understand
the role of irrigation water in apple orchards and its contribution to tree
water requirements in the summer period, we designed two experiments
using 2H-enriched irrigation water. The two labeling experiments
addressed the following research questions:

1. What is the fate of the irrigation water in the soil?
2. To what extent do irrigation water and groundwater contribute to
the overall tree water?

2. Materials and methods
2.1. Experiment 1 — field-grown apple trees
2.1.1. Site description
Experiment 1 was carried out in July 2019 in an apple orchard

(Malus domestica, cv. Pinova on M9 rootstock) located in the Munici-
pality of Laas/Lasa (German and Italian name, respectively) in the
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Vinschgau/Venosta Valley (South Tyrol, Italy) and close to the Adige
River channel (elevation 868 m a.s.1; size 5000 m?). The apple orchard
was planted in 2005 and was in full production in 2019 (ca. 70 ton
ha™1), with a north-south row orientation, perpendicular to the direc-
tion of the river flow. The tree spacing within single rows is 0.8 m, while
consecutive rows are 3 m apart. In summer, an overhead sprinkler sys-
tem normally provides 20 mm of water once or twice a week, depending
on the rainfall events, which are normally rather infrequent in summer
in this area (the long-term precipitation record is 480 mm year’l). Ac-
cording to the USDA classification, the soil has a silt loam texture (until
0.8 m depth), with 26.7% sand and 10.8% clay, on average (Table 1). A
recent investigation on apple root distribution in the same field revealed
that around 50% and around 90% of the fine roots are present in the
0-0.2 m and 0-0.6 m soil layers, respectively (Penna et al., 2021).

Meteorological data including air temperature, relative humidity,
precipitations, wind speed, and net radiation were recorded by a
weather station located at one edge of the orchard and are summarized
in Supplementary Table S1. Starting from meteorological data, the
reference crop evapotranspiration (ETy) was calculated at hourly time
steps applying the FAO modified version of the Penman-Monteith
equation (Allen et al., 1998, 2006).

2.1.2. Experimental design

Four consecutive tree rows were selected and, in the middle of each
row, a block of three trees was chosen (hereafter called experimental
unit). The selected trees were similar in tree height (ca. 3.5 m) and
crown volume (ca. 3.0-3.5 m3). The four experimental units had
approximately the same distance from the river (ca. 80 m) and we
assumed that the depth to groundwater table was the same for all the
trees. Each experimental unit included a control tree (not-irrigated tree)
and a tree to be irrigated with 2H-enriched water, separated by a buffer
tree (Fig. 1). A 1.3 m-long piezometer (not equipped with a level logger)
was installed outside one of the experimental units to daily measure the
depth of the groundwater table using a meter stick.

To create a moderate level of soil water deficit before the addition of
H-enriched water, infiltration of irrigation and rainwater was pre-
vented covering the soil of the four experimental units with an imper-
meable plastic sheet (length ca. 3 m, width per row side ca. 0.8 m) from
July 11 until July 23. The last irrigation cycle before covering the soil
occurred on July 5 and the last rainfall on July 6 (3 mm).

On July 23 at 9 AM CET, 2H-enriched water was poured into the soil
of the irrigated plots. Before starting the irrigation, the plastic sheets
were removed and the plots to be irrigated (1 m?) were delimitated by
plastic supports (0.1 m high) partially driven into the soil to prevent
water from spreading outside of the 1 m? plot. 2H-enriched water was
prepared in 20 L cans diluting 5 mL of 2H,0 (99.9%) into 20 L of local
water (5°H = —98.8%o) taken from an irrigation pipe close to the or-
chard, to reach a final 5°H value of 1544 + 29%o. Each tree received 40 L
of water on a surface of 1 m? (40 mm in 15 min). Irrigation water was
evenly distributed, using rain-shower watering cans, at a slow applica-
tion rate to minimize runoff. No irrigation was provided to the control
trees for the whole experimental period. After adding the labeled water,
the plastic sheets were placed back on top of the soil and kept until the
end of the experiment (July 30) to prevent irrigation water and rain-
water from entering the soil of the experimental plots. A rain collector
was placed at one edge of the apple orchard, outside of the tree rows, to
collect rainwater from precipitations fallen during the experimental

Table 1

Experiment 1. Soil texture at different depths.
Soil layer depth (m) Sand (%) Silt (%) Clay (%)
0-0.2 33 54 13
0.2-0.4 24 66 10
0.4-0.6 34 57 9
0.6-0.8 16 73 11
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Fig. 1. Experiment 1. Schematic representation of the experimental area within a single row.

period.

2.1.3. Field sampling

Experiment 1 lasted one week after the application of the 2H-
enriched water. During this period, water, tree, and soil samples were
collected periodically (Supplementary Table S2). Soil samples were
collected 2 h after the irrigation and then at 24 h, 48 h, and 7 days
(168 h) in the four irrigated and control plots using a single gauge auger
(length 1 m, diameter 2.5 cm) positioned each time at 0.4 m from the
tree trunk, towards one of the corners of the squared experimental plot,
to a depth of 0.8 m. The soil core was then divided into 8 layers, each
0.1 m long, and a soil aliquot was sampled from each layer.

Shoot samples were collected at 2, 4, 8, 24, 48, 72, and 168 h after
irrigation from the irrigated plots, both from the east and the west side of
the canopy (one shoot per side, length of 10-15 cm with ca. 8 leaves), at
1.5m and 2.5m from the ground. Shoots sampled at 1.5 m height
(hereafter referred to as “bottom” samples) were kept separate from
those collected at 2.5 m (hereafter “top” samples). Two fully expanded
apical leaves with petioles were immediately removed from the shoot
axes and both leaves and shoot axes were then transferred into separated
vials. Based on average values for the leaf area index of apple trees
cultivated in this area (ca. 2.5) and the actual tree density, we estimated
that the destructive shoot sampling reduced the leaf area by < 5%.
Hence, we assumed that such a difference did not significantly affect tree
transpiration. Control trees were sampled following the same procedure
used for irrigated trees at the beginning and the end of the experiment (2
and 168 h). Starting from 24 h after irrigation, tree sampling was always
performed around 1-2 PM.

Both before and after the experimental period, a groundwater sample
was collected from the piezometer. At the end of the experiment, rain-
water collected between July 26 and 28 was sampled from the rain
collector. All the collected samples were directly transferred into airtight
glass vials, with a screw cap and rubber septum, sealed and stored at

4 °C until processing.

The water content of leaves and shoot axes, sampled at the end of the
experiment (168 h) from both irrigated and control trees, was deter-
mined gravimetrically through the loss-on drying method (65 °C, 48 h)
and expressed on a wet weight basis. The same procedure was applied to
determine the moisture content of soil samples (105 °C, until constant
weight), expressed on a dry weight basis (gravimetric water content)
(Liu et al., 2020; Orlowski et al., 2016a).

2.1.4. Estimation of the water flux from the groundwater table

Using the soil moisture values measured in the irrigated plots at
different depths and adapting FEq. (1) to a silt loam soil as indicated by
Villalobos et al. (2016), the matric soil water potential at each soil depth
was estimated as follows:

—b
v, = We( % ) (€]

GSA T

Where W, is the air entry water potential, which is — 2.1 J kg™ for silty
loam soils (Villalobos et al., 2016), b an empirical parameter, which was
set equal to 4.7 ( Villalobos et al., 2016), 8y (%) and Osat (%) the
volumetric and saturation water content, respectively.

Vertical water fluxes (Jy, kg m~2 5! and converted to mm day’l)
from the groundwater table to the unsaturated soil layers (from 0.8 m
depth to the topsoil layer) were estimated based on the following
equation (Villalobos et al., 2016):

dy¥,
w = —K(¥n n 2
o= k() (% e @
where K(¥p,) represents the hydraulic conductivity as a function of
matric potential (¥, KPa), which is 0.00019 kg s m~3 for silty loam
soils (Villalobos et al., 2016), z (m) is the vertical distance among two
soil depths, g (m s~2) is the gravitational acceleration.
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2.2. Experiment 2 — potted apple trees

2.2.1. Experimental design

Four apple trees (cv. Golden Delicious, rootstock M9, 3-years old) in
8 L pots filled with an organic substrate were transferred at the begin-
ning of June 2020 in an area covered with a transparent shelter, to
protect them from precipitation. During the preliminary phase of the
experiment (two weeks), trees were regularly irrigated with local tap
water (5°H = —80.8 =+ 0.4%o).

The experiment started on June 23, 2020, at 10 PM, with the addi-
tion of 2H-enriched water. The enriched solution was prepared in a
single tank just before the experiment (5°H = 1550 + 18%o). After a
thorough homogenization, 1.5 L of labeled water were applied - to the
pots using a rain-shower watering cans. After the irrigation, the soil in
each pot was covered with a plastic film to avoid evaporation from the
soil surface. Pots were lifted from the ground using a metal ring and
percolating water was collected in pot dishes. The following day, June
24, was sunny (11 h of sunshine) with maximum temperatures above
30 °C and ca. 50% relative humidity.

2.2.2. Potted tree sampling

Before pot irrigation, a soil sample was collected from each pot.
Percolated water (on average 0.5 + 0.1 L) was taken from each pot dish
at the end of percolation (ca. 30 min after irrigation). Tree samplings
were scheduled before the irrigation (0 h) and 6, 10, 14, 18, and 30 h
after the water supply. At each sampling, a single shoot (min. 20 cm
length) per plant was chosen, and two fully expanded apical leaves and
the shoot axis (without bark, differently from Experiment 1) were
collected. At the end of the experiment, soil cores were collected from
each pot to obtain a representative subsample. All the samples were
directly transferred into airtight glass vials, with a screw cap and rubber
septum, sealed and stored frozen until processing.

Before each sampling, the pot weight was recorded to estimate tree
transpiration. The water content of leaf, shoot axis, and soil samples was
determined gravimetrically, as previously described for Experiment 1
(Section 2.1.3).

2.3. Cryogenic vacuum distillation

Cryogenic vacuum distillation (CVD) was applied to recover water
from soil and tree samples collected during Experiment 1 and 2
following the method described by Koeniger et al. (2011) and reported
by Beyer et al. (2018) and Millar et al. (2018) with slight modifications.

The vials containing the frozen samples were connected to empty
vials, then vacuum sealed through stainless steel needles. The filled vials
were then placed in a thermoblock, heated through a hot plate (200 °C,
15 min), while the empty vials were immersed in liquid nitrogen. The
distilled water was transferred into 2 mL vials and stored in the refrig-
erator until analysis. Extraction efficiency was estimated comparing the
sample weight after CVD and subsequent oven drying (105 °C, 24 h).
Overall, the extraction efficiency was > 99%, in agreement with other
studies (Millar et al., 2018; Tsuruta et al., 2019; Wu et al., 2019). Such
an extraction efficiency is high enough to prevent artifacts due to water
isotope fractionation (Araguas-Araguas et al., 1995).

2.4. Laboratory isotope analysis

The isotopic composition (5°H) of water samples (PH-enriched water,
irrigation water, rainwater, groundwater) and water extracts from soil
samples was measured through cavity ring-down spectroscopy (CRDS
L2130-i, Picarro Inc.). The instrument is equipped with a vaporizer unit
for liquid water injection (vaporization module A0211, Picarro Inc.) and
an autosampler (A0325, Picarro Inc.). Injection volume was set at 1.8 pl,
sucked through a 10 pl syringe. Ten injections were performed for the in-
house water standards (calibrated against VSMOW and SLAP certified
reference materials) and seven for the water samples not subject to 2H
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enrichment. In analytical sequences including samples for which an
artificial 2H enrichment was expected, the number of injections was
increased to 15 and 12 for standards and samples, respectively. Stan-
dards were measured repeatedly, at the beginning, at the end, and after
blocks of 8-10 samples.

To deal with memory effect (sample-to-sample memory), the first
three (for the water samples not subject to 2H enrichment) or five (for
the 2H-enriched samples) measurements per sample were removed
before averaging the ratios (Groning, 2018; Penna et al., 2012). Results
were processed using the Picarro’s ChemCorrect post-processing soft-
ware package to identify samples affected by spectral interference of
organic compounds. Heavy contamination was detected in less than 3%
of the soil extracts. The isotopic ratios of these samples were excluded
from the data analysis.

The 6°H of plant water extracts (shoot axis and leaf samples), in
addition to all the samples from Experiment 2, was determined with a
Gas Bench II (Thermo Scientific) coupled to a Continuous Flow Isotopic
Ratio Mass Spectrometer (CF-IRMS, Delta V Advantage Conflo IV,
Thermo Scientific), due to the high organic content that would have
interfered with the CRDS analysis. The methodology with the Gas Bench
II foresees that 0.2 mL of sample is added to a vial and subsequently the
headspace flushed with an equilibration gas (2% Hs in helium). A
platinum stick was added to the vials as the catalyst for the equilibration
phase. After the required equilibration time (40 min) the headspace was
analyzed with the IRMS. Standards and blanks were analyzed within
each sequence at the beginning, at the end, and after each block of 8-10
samples. The number of injections was set to eight, and the average per
sample was calculated based on five injections.

Isotopic ratios were expressed relative to the VSMOW international
standard (Vienna Standard Mean Ocean Water) in per mil notation (%o)
(i.e. isotopic composition):

Rsampie
8*H(%o) = (7”’ -

standard

1> 1000 ©)

where Rgample and Rgandard Tepresent the heavy to light isotope ratios
(®H/'H) of the sample and the standard, respectively.

Instrumental long-term precision for CRDS and IRMS were evaluated
throughout the measuring period analyzing the in-house water stan-
dards. The precision, expressed as twice the standard deviation of
multiple injections, was 1.04%o for the CRDS and < 3.0%o for the IRMS,
in line with other studies (Beyer et al., 2018, 2016; Millar et al., 2018).
According to Beyer et al., (2016, 2018), for 2H—artiﬁcially enriched
samples, the standard deviation can be up to five times higher. Our data
are in agreement with this observation, as the standard deviation of
control samples was 0.27%o while that of enriched samples was 1.13%o,
on average. The comparison between the CRDS and IRMS isotope ratio
measurements performed on a set of water samples not subject to
organic contamination, reported in detail in a previous study (Penna
et al., 2021), showed only a negligible difference, close to the instru-
mental precision, between the measurements performed by the two in-
struments (Maruyama and Tada, 2014; Wassenaar et al., 2012).

2.5. Assessment of the water sources in soil and tree samples

A two-component mixing model was applied to quantify the fraction
of 2H-enriched irrigation water present in soil (Eq. 4) and shoots (Eq. 5)
during the experiments. For soil water, the underlying assumption was
that sampled soil water was a mixture of pre-irrigation soil water
(considered to have the same isotopic composition of the soil water in
the control plot) and irrigation water. Analogously, for shoot water, the
assumption was that the sampled shoot water was a mixture of pre-
irrigation shoot water (considered to have the same isotopic composi-
tion than shoot water in the control trees) and irrigation water. The two
components sum up to 100% of water in the soil or shoot sample. Based
on these assumptions, the mixing model was applied as follows:
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o0°H w — 6°H control tree

(5)

fIW in shoots =

Where f is the fractional contribution of irrigation water (IW) in the
water sampled from the soil (Eq. 4) or shoot (Eq. 5) in the irrigated plots,
5%H of irrigated and control plots represents the isotopic composition of
the soil (Eq. 4) or shoot (Eq. 5) water sampled in the irrigated or control
plots, respectively. The uncertainty of the mixing models was calculated
according to Genereux (1998) at 95% confidence. For each component,
the uncertainty used to calculate the overall model uncertainty corre-
sponded to the standard deviation of the multiple injections for each
water extract (through IRMS or CRDS) multiplied by the corresponding
critical value of the Student’s t-distribution (two tails, 95% confidence).

Another mixing model was performed to quantify the fraction of leaf
and shoot axis water derived from soil water taken up by the trees during
the experiment. For this purpose, we considered only the 0-0.6 m soil
layer, as its 2H signature was significantly affected by the labeling pro-
cedure. The underlying assumption was that shoot water after irrigation
was a mixture of pre-event water (corresponding to water in control soil)
and soil water present in the 0-0.6 m layer after irrigation, and the sum
of the two components in the shoots was 100%. The following equations
were applied for shoot axes and leaves, respectively:

2 2
[ Hirrigatrd tree 12 Hcolm‘ol soil

5} 5}
0" Hirrigated soit — 0 Heontrol soit

(6)

Ssw in shoot aves =

2 2

6" Hiyrigated ree — 0 Heontrol iree
2 -2

0°H, irrigated soil — 1 Hwnzm[ tree

(7)

fSW in leaves =

Where f is the fractional contribution of soil water (SW) to tree water,
52Hirrigated tree and 6°Heontrol tree represent the isotopic composition of
water in shoot axes or leaves, and ZHirrigated soil and 2Heontrol soil the
weighted isotopic composition of soil water at 0-0.6 m depth, calculated
considering the water content and the 2H enrichment of each soil layer.
Due to fractionation processes related to transpiration, leaf water is
typically more enriched in 2H compared to shoot axis water (Benettin
et al., 2021; Beyer et al., 2016). Applying Eq. (7) instead of Eq. (6) for
leaves, and hence subtracting the 2H abundance in control leaves to
irrigated leaves, we excluded the attribution of this enrichment to a
fraction of artificially-enriched water absorbed from the 0-0.6 m soil
layer. The uncertainty of the mixing models was calculated as described
above for Eq. (4) and Eq. (5).

A two-component mixing model was also applied to data from
Experiment 2 to determine the isotopic composition of soil water (SW) at
the end of the experiment, given the isotopic composition of pre-
irrigation soil water (pre-SW), and the 2H-enriched irrigation water
(IW). The underlying assumption was that soil water was a mixture of
pre-irrigation soil water and irrigation water and that the sum of the two
components in the soil was 100%. The model was applied according to
the following equation:

8 Hsw — 8" Hppe_sw

PN T ®
52H[W - 52}1/7»‘e—SW

f}W in soil —

To calculate the fractional contribution of soil water (SW) to shoot
water (fsw in shoots) at each sampling, we applied Eq. (6) and Eq. (7)
comparing the isotopic composition of shoot and soil samples at the
beginning (0 h) with that measured at each sampling time.

2.6. Statistical analysis

Results are reported as mean =+ standard deviation (1 sd). Applying
the interquartile method, outliers were identified and removed from the
dataset. T-test and ANOVA with Tukey HSD post-hoc test were applied
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to identify significant differences among groups (control vs. irrigated
samples, different soil layers, sampling days), on normally distributed
and homoscedastic data. If the conditions to apply parametric tests were
not fulfilled, non-parametric tests were applied (Wilcoxon test instead of
t-test, Kruskal-Wallis test instead of ANOVA). When longitudinal data
were compared, namely data referred to the same sample over time, a
linear mixed model was applied. The significance level was set at 0.05.
The statistical analysis was carried out using the computing environ-
ment R version 4.0.3 (R Core Team, 2020).

3. Results
3.1. Experiment 1 - field-grown apple trees

3.1.1. Soil water dynamic

The groundwater table depth ranged between 0.9 and 1.0 m from the
ground surface in the first days of the experiment (July 23-26, 2019)
and, subsequently, it reached 0.84 m during the last sampling days in
response to a rainfall event that occurred on July 26-27, 2019 (Sup-
plementary Table S1).

Fig. 2 reports soil water content at the first and final sampling (2 and
168 h after irrigation), measured at different depths in the control and
irrigated plot. In both plots, soil water content decreased moving from
the top layer to 0.4-0.6 m depth and then increased again down to 0.8 m
depth (Fig. 2). Two hours after the irrigation, the highest difference in
water content between the control and irrigated plot was measured in
the shallowest soil layer (upper 0.1 m depth, 49.5 + 1.8% and 43.0
+ 1.6% respectively). Significant differences were measured also be-
tween 0.2 and 0.4 m depth, with higher water content in the irrigated
plot between 0.2 and 0.3 m depth and an opposite trend in the following
layer. In general, a gradual decrease of soil water content occurred from
the top layer to depth of 0.4-0.5 m, where it reached its minimum value
(29%). At depth between 0.3 and 0.7 m, soil water content was rather
stable (31.1 £ 2.0%), but it increased in the deepest investigated soil
layer (0.7-0.8 m, 37.2 + 2.6%). In the subsequent samplings no signif-
icant variation in the soil water content at different depths and between
irrigated and control plots was observed (Supplementary Fig. S1).

Applying soil moisture-derived values of soil water potential and the
soil physical properties (Eq. 1), the estimated values of water flow from
the groundwater table to 0.7 m and 0.6 m depth were 12.1 and
3.7 mm day !, respectively (Eq. 2). The capillary rise to soil layers
above 0.6 m was, on the contrary, negligible.

Fig. 3 reports the average 5°H of soil water extracts collected from
the irrigated and control plots, at the beginning (2 h, upper panel) and
the end (168 h, lower panel) of the experiment. In the control soil,
moving from the topsoil to 0.8 m depth, the values of §°H constantly
decreased towards more depleted values, from — 55.9 + 6.1%0 at 0.1 m
depth to — 87.5 4+ 1.4%0 at 0.7-0.8 m depth, on average. The water
extracted from the deepest soil layer (0.7-0.8 m depth) showed an
isotope composition similar to that of groundwater (5°H = —89.6
+ 1.0%o) collected from the piezometer. No significant change of 5°H
was recorded in the control soil during the experiment, indicating no
lateral water movement from the adjacent irrigated plots.

The 2H enrichment after irrigation was particularly marked in the
upper soil layer (0.1 m depth). The maximum enrichment in this layer
was measured 2 h after irrigation (847 + 180%o), while in the following
days the measured ratio decreased and settled down to lower but still
highly enriched values (748 + 282%o, 611 + 252%0, and 635 + 49%o
after 24, 48, and 168 h from irrigation, respectively). The decrease in the
ratio of the first layer was followed by an increase of the ratio in the
subsequent layers, as mobile water slowly penetrated in depth. For
instance, the second soil layer (0.1-0.2m) had a 5°H equals to 89
+ 58%o at the first sampling (2 h after irrigation), it increased to 421
+ 280%o the following day, and then it settled down around 262
+ 108%o at the last sampling. The 52H measured in the subsequent layers
showed a similar trend, with a lower increment at increasing sampling
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Fig. 2. Experiment 1. Gravimetric soil water content measured in control and irrigated plots at different depths, 2 h (left panel) and 168 h (right panel) after
irrigation. Each bar represents the mean =+ sd of the layer. Asterisks denote significant differences between control and irrigated plot.
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Fig. 3. Experiment 1. Comparison of 6°H in control (C) and irrigated (I) soil water extracts at each depth for the first (2 h, upper panel) and the last (168 h, lower
panel) soil sampling. Each floating bar represents min to max & values and the vertical line the mean.

depth (Supplementary Fig. S2). The lowest 5°H variation was measured
in the deepest soil layers (0.6-0.8 m), where a not significant increment
was measured in the isotopic composition of soil water of the irrigated
plots compared to that of the control plots (—58 + 25%o and —87 + 2%,
respectively). No significant change in soil moisture or isotopic
composition was registered following field irrigation (20 mm, —98.8%o)
and rainfall events (19 mm, —40.2%0), hence their impact on our
experiment was very likely negligible.

Following Eq. (4), the fraction of soil water derived from 2H-enriched

irrigation water was estimated (Fig. 4). In agreement with the enrich-
ment measured in the different soil layers, the contribution sharply
decreased from 0 to 0.1-0.1-0.2 m, where it represented 54-43% and
9-18% of the total water at 2 h and 168 h after irrigation, respectively.
The contribution of irrigation water in the soil layer at 0.2-0.6 m depth
was significantly lower and constant, between 1% and 4% and 4-5% of
the total water at 2 h and 168 h after irrigation, respectively. In general,
the deepest layer (0.6-0.8 m depth) did not show a significant presence
of irrigation water (Fig. 4). A complete overview of the contribution of
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Fig. 4. Experiment 1. Percentage contribution of irrigation water to soil water (irrigated plots) as calculated applying a two-component mixing model (Eq. 4) 2 h (left
panel) and 168 h (right panel) after irrigation. Each bar represents the mean value of the four irrigation plots. Error bars indicate the standard deviation (red error
bar) and the uncertainty of the model (black error bar) calculated according to Genereux (1998). Asterisks denote mean values that are statistically different from

zero, considering a 95% confidence interval.

irrigation water, including intermediate samplings, is reported in Sup-
plementary Fig. S3. On average, the applied irrigation water in the
0-0.6 m soil layer at the first and last sampling was respectively ca. 12%
and 14% of the total soil water.

3.1.2. Tree water uptake

Within the experimental period, ETo was on average 3.25 mm day L.
ET(, was highest in the first two days (5 mm day_l), then it decreased.
The lowest value was recorded 5 days after irrigation (1 mm day ), on
a rainy day. After this event, ETy raised again to pre-rain values
(3.8 mm day ™}, on average). Daily ET, data are reported in Supple-
mentary Table S1.

On the last sampling occasion, control and irrigated trees had a
similar total water content; average values recorded in leaves and shoot
axes were 65.1 + 1.3% and 56.7 + 1.2% (on fresh weight), respectively.

The isotopic composition of the extracted water from leaf and shoot
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axis samples is shown in Fig. 5. In control trees, transpiring leaves were
more enriched in ?H than shoot axes (5°H on average —9.9 + 5.7%o and
—72.1 £ 5.6%o, respectively), with no difference given by the sampling
position. As observed in control trees, leaves of the irrigated trees had a
significantly higher §°H than that of shoot axes when sampled at 2 h
after irrigation. At this sampling time, irrigated and control trees had
similar §°H in both organs (Fig. 5). The following samplings highlighted
a gradual but significant increase of 5°H in both shoot axes and leaves
until reaching a plateau. No significant difference was observed
comparing samples collected at the bottom and top of the canopy. The
5%H of the shoot axes increased within the first 24 h after the water
supply and then remained steady for the entire experimental period
(53.9 4 10.8%o). The leaf 5°H steadily increased until 8 h after the water
supply and then leveled off (43.2 + 8.0%o), with the only exception of
the sampling at 72 h, significantly lower.

The application of the two-component mixing model (Eq. 5) returned

1001
501 4214&21 4ab
—_ bc
§/
% cd Z}Cd
S oA
T =
T
o
[Ze)
_50_
-1001
28 24 48 T2 168

hours after irrigation

Fig. 5. Experiment 1. 5°H in shoot axes (left panel) and leaves (right panel) collected at different times after irrigation, in irrigated trees. Each point represents the
mean =+ sd of the four trees and the two sampling positions (bottom and top part of the canopy). The shaded bands represent the average composition ( £ 1 sd) of
control shoot axes and leaves, and the dotted line is the average & value of control samples. Different letters indicate statistically significant differences and points

with no common letters are significantly different.
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the fraction of shoot axis and leaf water deriving from irrigation water
reported in Fig. 6. Irrigation water fractions were larger in the shoot axes
than in the leaves. When the §2H of tree samples reached a plateau
(Fig. 5), the amount of water coming from irrigation water was 7.8
+ 0.4% for the shoot axes and 3.3 + 0.5% for the leaves (excluding the
lowest value at 72 h after irrigation). Considering both the temporal and
spatial data variability, this was comparable to the estimated model
uncertainty (Fig. 6).

Considering that irrigation water infiltrated in the soil and mixed
with the soil water already present before irrigation, the fraction of 2H
present in the tree samples that derived from soil water was estimated
applying Eqs. 6 and 7 (Fig. 7). As discussed above, 2H-enriched irriga-
tion water infiltrated in the soil down to 0.6 m (Fig. 4), hence the
calculation was limited to the 0-0.6 m soil layer. Two hours after irri-
gation, the contribution of soil water in tree samples was less than 5%,
but it increased to 10-15% at 4 h after irrigation. When the 6°H of tree
samples reached a plateau (after 8 h for the leaves and 24 h for the shoot
axes, as reported in Fig. 5), the calculated water fraction coming from
the enriched soil layer was on average 48 + 3% for the shoot axes and
26 + 2% for the leaves. Such a contribution dropped at 72 h leaf sam-
pling (14%). Despite a large data variability among the four irrigated
trees, indicated by the red vertical lines in Fig. 7, the contribution of soil
water to shoot axes and leaf water was constant between 24 and 168 h
after irrigation, with a rather low estimated model uncertainty.

3.2. Experiment 2 — potted apple trees

3.2.1. Transpiration and shoot water content

Cumulative tree transpiration, expressed as kg of water lost during
the experiment, for the different sampling times is reported in Fig. 8. As
expected, the highest water loss occurred between 8 AM and 4 PM. On
average, ca. 85% of the irrigation water retained by the soil after irri-
gation was lost in 30 h by trees through transpiration. Nonetheless, the
gravimetric water content at the end of the experiment was still high
(195 4+ 10%), due to the large water holding capacity of the organic
substrate. The water content of leaves was higher than that of shoot axes
(without bark) (Supplementary Table S3), in agreement with Experi-
ment 1, and showed an expected pattern related to the sampling time
and tree transpiration, with the highest water contents during the night.

Agricultural Water Management 266 (2022) 107572

3.2.2. Soil and tree water isotopic composition

Percolated water was a mixture of both pre-irrigation soil water and
2H-enriched irrigation water, as indicated by the average 5°H value
(644 + 277%o). The variability of the isotopic composition of percolated
water among pots was likely related to differences in soil moisture
before the irrigation with H-enriched water.

The 5°H of soil water measured at the end of the experiment was
quite homogeneous among trees (712 + 51%q), and showed a high
enrichment compared to the pre-irrigation soil water (—79.9 £ 1.3%o).
The enrichment obtained for soil water attested that pre-irrigation soil
water was still present in the soil and the proportion between the two
water sources was similar. Irrigation water contributed to ca. 50% of
total soil water extracted with CVD (Eq. 8).

The isotopic composition of tree samples at the different sampling
times is summarized in Fig. 8. The leaf transpiration explains the iso-
topic composition of leaf samples being more enriched compared to
shoot axes before the addition of labeled water (—24 + 5%o, on average).
As observed in Experiment 1, the presence of labeled water in leaf
samples significantly differed from that in shoot axes. Water extracts
from the shoot axes (without bark) and leaves did not show the presence
of labeled water at the pre-dawn sampling of 4 AM (6 h after the water
supply), providing no evidence of significant water uptake and transport
to the canopy by root pressure during the night. The delta ratios slightly
increased 10 h after the irrigation cycle (8 AM), although they were not
significantly different from the previous sampling. Between 10 and 14 h
after irrigation (from 8 AM to 12 PM), the 5H values of both shoot axes
and leaves steeply increased and such increase continued until 4 PM,
then it leveled off, showing final values of 401 £ 21%o and 242 + 26%o
at the last shoot axis and leaf sampling (30 h), respectively. The increase
of 5°H values in both shoot axes and leaves matched the tree transpi-
ration rate (Fig. 8). The isotopic composition of tree samples was
significantly lower compared to that of soil water at the end of the
experiment (62H =712 £ 51%o).

Table 2 summarizes the soil water contribution to shoot water (shoot
axes and leaves), estimated by Eqs. 6 and 7. In agreement with the lack
of transpiration during the night, there was no contribution of soil water
to shoot water at the first two samplings after irrigation. At the last
sampling (30 h after irrigation), 61 + 3% and 36 + 4% of the total water
present in shoot axes and leaves was derived from root absorption. The
contribution of soil water uptake to total shoot axis and leaf water in
Experiment 2 (using both data at 18 and 30 h from the water supply,
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Fig. 6. Experiment 1. Fractional contribution of irrigation water (IW) to shoot axis and leaf water (Eq. 5). Data are reported as percentages. Bars correspond to the
average values of the four irrigated trees and the two sampling positions (bottom and top part of the canopy). Error bars indicate the standard deviation (in red) and

the uncertainty of the model (in black) calculated according to Genereux (1998).
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Fig. 7. Experiment 1. Fractional contribution of soil water from the 0-0.6 m soil layer to shoot axis and leaf water, calculated applying Eq. (6) and Eq. (7),

respectively. Data are reported as percentages. Bars correspond to the average values for the four irrigated trees and the two sampling positions (bottom and top part
of the canopy). Error bars indicate the standard deviation (red error bar) and the uncertainty of the model (black error bar) calculated according to Genereux (1998).
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Fig. 8. Experiment 2. Isotope composition of tree samples at the different sampling times (left axis). On the right axis, the average cumulative amount of transpired
water per pot at each sampling since the irrigation event (hours = 0) is reported. Points represent average values and bars the standard deviation of the four trees
(covered by symbols for the first points). Letters after symbols indicate significant differences of §°H between samplings for each organ.

Table 2) did not significantly differ from that quantified in Experiment 1

Table 2 (using data at 24 h, Fig. 7) according to a t-test for independent samples.

Experiment 2. Contribution (%) of soil water to shoot water, calculated applying

Eq. (6) and Eq. (7). Data are reported as mean =+ sd. . .
4. Discussion

Hours after irrigation Time of sampling f SW in shoot axes f Sw in leaves
6 4 AM 1.2 +0.4% 2.6 + 1.6% 4.1. Soil water dynamics
10 8 AM 0.2 + 1.5% 1.1 £ 2.6%
0, 0,
i; izp‘:/[M jg'i i g"g Of’ i;j i g'zof’ Root density data for the analyzed orchard indicate that about half of
R .0% . .2% . N . .
30 4 AM 61.4 + 3.3% 36.2 + 3.6% the fine root biomass was concentrated in the upper 0-0.2 m soil layer

and that more than 90% of the fine roots was present in the 0-0.6 m soil
layer (Penna et al., 2021). Soil moisture measured in control and irri-
gated samples during the experimental period was similar, despite the
lack of irrigation in the control plot. Based on soil moisture data, we
were not able to detect a temporal decrease in soil moisture caused by
tree transpiration, likely due to the different positions where samples
were taken on each sampling time. On average, soil moisture was
highest in the upper as well in the deepest soil layers, whereas the lowest
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values were observed at a soil depth of 0.4-0.5 m in both control and
irrigated plots. The presence of the impermeable plastic cover on the soil
surface most likely limited water evaporation from the soil surface,
maintaining high levels of soil moisture in the upper layer (Zheng et al.,
2017). Even the lowest soil moisture values measured at depth of
0.4-0.5 m, were on average higher than 30%, suggesting that roots did
not experience any water stress during the experiment. The inversion in
soil water content towards higher values measured in the deepest soil
layers can be related to the presence of the groundwater table at ca.
0.9 m depth. Data for a soil texture comparable to our case and with
groundwater depths between 0.8 and 1 m reported possible upward flow
rates up to 5-6 mm day ! but only up to 0.6 m depth (Doorenbos and
Pruitt, 1977), similar to the values of maximum capillary rise that we
estimated (12.1 and 3.7 mm day_1 at 0.7 and 0.6 m depth, respec-
tively). Our findings support the results of the study conducted by Penna
et al. (2021) in the same area, who compared soil measurements at two
depths (0.25 and 0.5 m depth) and reported constantly higher water
content and more depleted isotope signals in the deeper soil layer in the
orchard with the shallower groundwater table (same orchard of our
study), suggesting a possible groundwater contribution to soil water
recharge at these depths. The presence of a small portion of fine roots
below 0.6 m depth and the relatively high soil water content at
0.6-0.8 m depth justifies the hypothesis that part of tree water might
derive from the groundwater table.

We found a rather high variability of labeled soil water values among
different irrigation plots (Figs. 3 and 4), which might be due to the soil
sampling procedure (single soil core at each sampling) and to an uneven
soil infiltration pattern (Clothier et al., 2007; Gazis and Feng, 2004;
Zhang et al., 2018). The effect of this variability was also propagated to
the results of the mixing models that we applied to estimate the fraction
of soil water absorbed by the trees and present in the shoots. Indeed,
results obtained applying the mixing models (Eqgs. 6 and 7) showed a
rather high variability considering the independent experimental units,
while the goodness of the model itself was rather high, as indicated by
the low estimated uncertainty (Fig. 7). This means that our estimations
suffered more from soil spatial heterogeneity rather than from analytical
factors related to isotope ratio measurements (Beyer and Penna, 2021).

A key point of soil water studies is the choice of soil water recovering
techniques to collect a water pool that is representative of the soil water
bioavailable for root uptake. As reported in numerous studies (Di Bonito
et al., 2008; Orlowski et al., 2016a, 2016b), soil water extraction rep-
resents a critical step of the procedure: applying different techniques
often involves a different water extraction capacity, affected also by the
soil type (Orlowski et al., 2016b; Tsuruta et al., 2019). Cryogenic
extraction allows the recovery of the whole amount of water present in
the soil. Only a fraction of this water can be effectively absorbed by
roots, depending on the potential gradient applied by plants, with water
held by the soil at low potentials being inaccessible for plants. Moreover,
interactions between mobile, bound, and tightly bound water in soil are
difficult to quantify and variable depending on soil physical properties
(Adams et al., 2020; Sprenger et al., 2019; Thielemann et al., 2019;
Vargas et al., 2017).

Based on soil water isotopic composition 2 h after irrigation, most of
the water was found in the first 0.2 m of soil. In the following days,
irrigation water penetrated to deeper soil layers, to a maximum of 0.6 m
depth (Supplementary Fig. S2 and S3), and mixed with pre-irrigation
soil water. Such mixing occurred with different intensities along the
profile, but no significant enrichment was measured below 0.6 m depth
(Fig. 4). Despite water movements between topsoil and deeper layers,
irrigation water represented ca. 12-18% of the total soil water present to
0.6 m depth during the experimental period (Fig. 4 and Supplementary
Fig. S3). Considering that no more water was added to the experimental
units after the irrigation with ?H-enriched water and that the soil cover
prevented evaporation from the surface, a stable condition was estab-
lished in the soil-tree system during the field experiment.
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4.2. Water uptake dynamics by field-grown apple trees

Soil and leaf water content suggests an adequate water availability
for tree requirement in both the irrigated and the control plots during
Experiment 1. The summer climate at this Alpine site is also relatively
mild with ETy values not particularly high (Supplementary Table S1)
compared to apple production areas at lower elevation in the same re-
gion (Montagnani et al., 2018; Zanotelli et al., 2019, 2022).

Analyzing the tree water isotopic composition, we were able to
delineate more precisely the dynamics of water uptake. Trees were
irrigated at 9 AM on a sunny summer day when tree transpiration was
already ongoing. As reported in Fig. 5, a slight increase in the water §2H
(compared to the control trees) extracted both from shoot axes and the
leaves was already visible after 2 h, but it was more evident at the 4 h
sampling, indicating a rapid uptake of the irrigation water soon after its
distribution. The fact that fine root density was highest in the upper
0-0.2 m soil layer might have contributed to the rapid uptake of labeled
water. The time lag between the irrigation water supply and the pres-
ence of irrigation water in the tree transpiring organs is of practical
importance in irrigation management. Although irrigation water might
only represent a relatively low fraction of total leaf water, its rapid
transport from roots to the leaves could allow the recovery from drought
stress conditions.

Within the first sampling day, shoot isotopic composition continued
to increase, showing a progressively higher contribution of irrigation
water to shoot water (Fig. 5, Fig. 6, and Fig. 7), following the
transpiration-driven root water uptake. Interestingly, shoot isotopic
composition reached a plateau and remained rather constant from 24 h
after irrigation to the end of the experiment, without showing any
additional significant increase in both leaves and shoot axes in the
following six days, except for leaves at 72 h from irrigation. The low
isotopic composition of leaf samples at this sampling point might have
been determined by the low transpiration rate registered on that day
(Farquhar et al., 2007; Gan et al., 2002; Sheshshayee et al., 2005).
Additionally, the night before this sampling, trees were irrigated by an
overhead sprinkler (roughly 20 mm). We hypothesized that part of the
irrigation water (5°H = —98.8%0) fallen on the leaf surface might have
been absorbed (foliar water uptake) (Berry et al., 2019; Schreel and
Steppe, 2020), determining a decrease in the leaf isotopic composition.
Similarly to what was observed in the field experiment, the 2H abun-
dance in potted trees sharply increased from 8 AM to 12 PM, but then it
tended to level off at the two successive sampling occasions, following a
trend similar to transpiration rate (Fig. 8). Seeger and Weiler (2021),
who collected xylem sap at different heights from the stem of 90-100
year-old Fagus sylvatica L. trees after the application of labeled water to
the soil, also found that tree isotopic composition gradually increased
until reaching a plateau approximately 6-14 days after water distribu-
tion; such a delay with respect to our experiment might be explained by
the different size of the trees.

Both shoot axes and leaves were characterized by a significantly
lower isotopic composition (with maximum §-value around 50-60%o)
compared to that of soil water. The estimated fraction of irrigation water
present in the shoot axes and leaves was 7.8 £ 0.4% and 3.3 £ 0.5% of
the total water, respectively. Applying Eqs. 6 and 7, we estimated that
the maximum contribution of the water taken from the >H-enriched soil
layer (0-0.6 m depth) to total plant water was 48 + 3% and 26 + 2% in
shoot axes and leaves, respectively (Fig. 7). Based on these results, a
significant water fraction did not derive from the soil layer where irri-
gation water had infiltrated. Similar results were obtained by Rowland
et al. (2008), who applied 2H-enriched irrigation water to evaluate
water use in a peanut cultivation: applying a two-component mixing
model, they calculated that the fraction of irrigation water present in the
peanut stem (collected through CVD) was ca. 40%, but they did not
discuss the origin of the remaining water fraction.
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4.3. Origin of the shoot water

To explain the limited fraction of shoot water deriving from the
0-0.6 m soil depth during the experimental period, we put forward two
possible explanations:

1. trees absorbed a significant amount of water in the deeper soil layer
(0.6-0.8 m depth) that had not been significantly enriched by
labeled water;

2. a significant fraction of the cryogenically-extracted shoot water was
already present before the starting of the experiment (pre-event
water) and it mixed at very low rates with the recently absorbed
labeled water.

The first explanation would be plausible if a large part of the root
system developed below 0.6 m depth, as it happens when vigorous apple
rootstocks are used (Song et al., 2018). In our experiment, however,
trees were grafted on the dwarfing M9 rootstock and most of the roots
were located in the 0-0.6 m soil layer, as reported for this apple orchard
by Penna et al. (2021). Measuring the water stable isotopic composition,
these authors showed that the tree isotopic composition partially over-
lapped with the isotopic composition of the topsoil (0.25 m depth),
which was significantly different from that of groundwater, suggesting a
negligible contribution of the latter.

The results of Experiment 2 shed additional light on the low likeli-
hood of the first possible explanation. Experiment 2 was designed to
create a simplified model, under pot conditions, where the sources of
tree water were only two, namely the water already present in the shoots
before starting the experiment and the soil water. As the contribution of
soil water uptake to total water in both the shoot axes and leaves was
similar in the two experiments, we speculate that the water uptake from
the deepest soil layers (<0.6 m depth) did not account for a significant
fraction of shoot water that was not derived from the 0-0.6 m soil layer.
We cannot, however, rule out the possibility that the capillary rise
contributed to the transport of some water from the water table to the
deepest part of the 0-0.6 m soil layer. To be able to quantify this process,
groundwater should be labeled, which is challenging under field con-
ditions. A major flux of water due to capillary rise, however, would have
caused a decrease in the shoot isotopic composition over time, which
was not observed (Figs. 3 and 5).

According to the second possible explanation, our results could be
explained considering that a significant fraction of the cryogenically-
extracted shoot water was not ascribable to recently root-absorbed
water. This explanation is plausible if it is assumed that, to a certain
extent, water is compartmentalized within tree organs (Cernusak et al.,
2016; Zwieniecki et al., 2007). To support this explanation, the mech-
anisms of water transport and distribution within plants need to be
examined. It is reasonable to assume that water moves inside the tree
mainly through an apoplastic pathway, even though transcellular and
symplastic movements are also plausible and the extent of each mech-
anism may vary according to several factors including plant species
(Sack and Holbrook, 2006). In Experiment 1, the shoot axes (collected at
9 AM) contained an amount of water similar to its dry weight (56.7%
FW): part of that water might have been contained in the xylem vessels,
while it is reasonable to assume that another water fraction was present
in the other secondary xylem tissues, namely the fibers, the
fiber-tracheids, and the ray-parenchyma, as well as in the cambium, the
secondary phloem and the bark (Pratt, 1990). In the leaves, the main
xylem vessels split into progressively smaller veins, embedded in leaf
mesophyll. Water movements along pathways outside the veins are
rather complicated and still partially unknown (Barbour et al., 2017).
Similarly, a precise identification of the position of evaporation sites is
difficult, although most of the evaporation processes occur at the
intercellular spaces, with the resulting water vapor diffusing to the at-
mosphere through the stomata (Cronquist, 1971). In Experiment 1, the
leaf (collected at 9 AM) water content was 65% of the leaf fresh weight,
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and it is likely that most of the water was present in the veins, the pal-
isade cells, and the spongy mesophyll, with the latter two tissues ac-
counting for most of the apple leaf volume (Pratt, 1990).

If an equilibrium process existed in the soil between pre-event and
recently absorbed water, considering the potential evapotranspiration
during the experimental period of the field experiment in the range of ca.
7 Lday ! tree™!, we would have observed a gradual increase in the
isotopic composition of shoots from day 1 to day 7, with a final isotopic
composition close to that of soil water at 0-0.6 m depth. Since this was
not observed, we speculate that in the short period, apple trees featuring
no water stress dis did not significantly exchange and mix pre-event and
recently absorbed water, neither in the shoot axes nor in the leaves. In
light of this explanation, the fact that the total water content of leaves
was around 9% higher than that of shoot axes could explain the lower
52H values found in the leaves as compared to the shoot axes. To which
extent water mixing processes within tree organs depends on the fact
that trees did not suffer limitations in water supply and were not
exposed to a high evaporative demand deserves further investigation.

This study represents a first attempt to trace irrigation water in an
apple orchard and to quantify the contribution of irrigation water to tree
water during the summer season. We are aware that factors such as the
local soil texture, climate, as well the type of irrigation system make our
results site-specific, and thus further studies in different settings are
needed before our conclusions can be generalized to other apple
orchards.

5. Conclusions

The two labeling experiments with 2H-enriched water under field
and pot conditions shed light on the fate of the irrigation water in the
soil and the apple tree in an Alpine orchard. As expected, most of the
irrigation water was present in the 0-0.2 m soil layers, but the labeled
water also infiltrated until 0.6 m depth.

The uptake of irrigation water by apple trees in the field was rather
rapid as indicated by the presence of labeled water in the shoots at
1.5-2.5 m height already after 2-4 h after the water supply. The pres-
ence of a superficial root system might explain the rapid uptake of
labeled water. The contribution of irrigation water to shoot water
increased during the first day after the irrigation, but then leveled off,
reaching a maximum of 7.8% and 3.3% in shoot axes and leaves,
respectively. Such low values are not surprising considering the large
water pool in the soil and the fact that irrigation water mixed with pre-
event soil water. Considering that the labeled water was localized in the
0-0.6 m soil layer, where also around 90% of the fine roots were present,
we estimated that at the end of the experiment shoot axes and leaves
contained, on average, 48 + 3% and 26 + 2% of labeled water taken up
from such a layer, respectively. As indicated by the ancillary pot
experiment a significant fraction of the cryogenically-extracted shoot
water was already present before the starting of the experiment and it
mixed at very low rates with the recently absorbed labeled water,
probably due to the combination of low transpiration rates and the
presence of highly available soil water. It is unlikely that the water
fraction unaccounted by the water uptake from the 0-0.6 m soil layer
largely derived from unlabeled water taken up by the roots in the
deepest soil layer (> 0.6 m), although the capillary rise from the shallow
water table could have contributed to the soil moisture at the bottom of
the 0-0.6 m soil layer.

In light of our results, it is evident that water mixing processes at the
soil and tree level are still not fully understood. This knowledge gap
affects the ability to elaborate appropriate eco-hydrological models
useful both for environmental studies and a sustainable irrigation
management.
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