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ABSTRACT

Plant transpiration is the dominant water flux in the global terrestrial water balance and a key process in
the hydrological sciences. Stable isotopes have contributed greatly to this understanding but one difficult
assumption for plant water source quantification using hydrogen and oxygen isotopes is that no isotopic
fractionation occurs during water uptake and transport within the plant. Here we present a simple
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glasshouse experiment with two potted olive trees to test isotopic fractionation. We irrigated the trees

with labelled water and cryogenically extracted water from twigs, cores and roots. We found no
significant differences in the isotopic composition of water extracted from wood cores and twigs in
distinct parts of the trees as they reflected the signature of labelled water. However, significant differ-
ences were obtained between plant water and deep soil water. Our results suggest no isotopic fractiona-
tion in olive trees, under the specific experimental conditions, validating the traditional isotope-tracing

approach.

1 Introduction

Stable isotopes of hydrogen and oxygen (*H and '®0) are
powerful tools to investigate water pathways and determine
the water sources used by plants (Beyer et al. 2016, Hervé-
Fernandez et al. 2016, Volkmann et al. 2016, Orlowski et al.
2018b, Barbeta et al. 2019). Recently, many studies have
focused on quantifying the proportion of soil water and
groundwater exploited by plants for transpiration in forest
settings at the plot, catchment and global scale (e.g. Evaristo
et al. 2015, 2016, 2019, Barbeta and Pefiuelas 2017, Dudley et
al. 2017, Barbeta et al. 2019, Amin et al. 2020), as well as in
agro-ecosystems (Penna et al. 2020 and references therein).
Studies employing the stable isotope mixing model approach
assume that isotopic fractionation does not occur during water
uptake by plants and along the pathway from the roots up to
the leaves, i.e. that the original water source isotopic composi-
tion remains unaltered during uptake at the soil-root interface
and transport to the distal twigs (as shown in early studies:
Wershaw et al. 1966, White et al. 1985, Dawson and Ehleringer
1993, Dawson et al. 2002). However, factors such as the phase
change, i.e. from solid to liquid to vapour and vice versa
(Michener and Lajtha 2008), and the kinetic isotope effects
resulting from diffusion at the air-water interface (Horita et al.
2008) can play an important role in the alteration of the
isotopic composition of the transpired water. In addition,
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some other factors such as storage vessels, conduits dimen-
sions and diffusion of leaf water in the backward direction, and
even the direct absorption of atmospheric water, can affect the
xylem water isotopic signature (see references in von Freyberg
et al. 2020, Beyer and Penna 2021). The mixing of xylem-
phloem fluids across membranes is one of the proposed
mechanisms of xylem water enrichment along the stem,
branches and young plant tissues (e.g. Dawson and
Ehleringer 1993, Thorburn et al. 1993, Cernusak et al. 2005,
Lehmann et al. 2018). However, other processes that may
involve water exchange between phloem and xylem during
transport are still unclear.

Despite the large number of ecohydrological studies using
stable isotopes, there is not much research testing the assump-
tion of no or negligible isotopic fractionation of water taken up
by plants in controlled or uncontrolled vegetated environ-
ments. Early work by Ellsworth and Williams (2007) using
hydrogen (before dual-isotope analysis was common) showed
fractionation throughout the root water uptake pathway, i.e.
+3 to +9%o fractionation of §°H recorded in 12 xerophytic
species. Similarly, Lin and Sternberg (1993) used a greenhouse
hydroponic system experiment to show significant depletion of
8’H of about 10-11%o in stem water relative to the source
water in a salt-excluding halophyte tree species, and about 3%
in a salt-secreting species (Avicennia germinans).
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More recent work by Zhao et al. (2016) showed remarkable
8°H differences (up to 26.4%o) between xylem sap and twig
water, core water and root tissue water. Similarly, Poca et al.
(2019) tested the effect of mycorrhizal fungi on the xylem
water isotopic signal and reported a significant depletion for
both 8*°H (up to —24.6%o) and §'*0 (up to —2.9%o) isotopes in
xerophytic Acacia caven. Barbeta et al. (2020), in a recent
glasshouse experiment using potted beech saplings, found a
8°H depletion of stem water compared to soil water under wet
conditions when soil was maintained at field capacity (i.e.
control treatment). Conversely, a progressive 8°H enrichment
of stem water compared to soil water was observed during the
drought treatment.

It appears that some plant species do show evidence of
fractionation during stem transport, but there is also the issue
of potential alteration of the original isotopic signal of water
samples associated with the methods used for the extraction of
soil and plant water (Millar et al. 2018, 2019, Penna et al. 2018).
Despite the technological advancements in isotope analysis and
water extraction methods, testing isotopic fractionation in soil
and plant materials is still challenging due to several problems
such as physicochemical soil properties (Orlowski et al. 2018b,
Barbeta et al. 2020), soil water content (Oerter et al. 2014,
Orlowski et al. 2018a), and extraction times and temperature
leading to incomplete water extraction (Orlowski et al. 2013,
2016a, Gaj et al. 2017). Moreover, for plant materials, the like-
lihood of coextraction of various organic compounds can affect
isotopic analysis performed by laser spectroscopy (West et al.
2010, Martin-Gémez et al. 2015, Millar et al. 2018). A clear
example of these challenging issues is reported by Orlowski et
al. (2018a), who carried out an interlaboratory comparison of
soil water extraction methods and found large differences in the
isotopic composition of water extracted through the same
method from identical soil samples by different laboratories.

Henceforth, there is clearly a need for more experiments to test
whether tree species show or do not show fractionation associated
with transpiration. One issue is that in open field conditions there
are often too many variables and interactions to rule in or out the
cause of transpiration fractionation for a certain species. Secondly,
there are the conflating issues of extraction. Does one laboratory’s
extraction system show something different than that of another
laboratory? At present, we are yet unaware of any plant water
uptake studies comparing the isotopic composition of plant water
extracted by various cryogenic vacuum distillation systems devel-
oped in different laboratories.

Here we present a simple experiment in a glasshouse to quan-
tify the isotopic fractionation of plant water source along the
transport pathway and to examine the possible effects of the
extraction method. Given the recent explosion of studies showing
fractionation associated with transpiration, we hypothesized that
plant water undergoes fractionation during uptake and transport
from roots to twigs pathway and that this effect is not compro-
mised by cryogenic extraction in different laboratories. We used
local tap water and labelled water to irrigate two olive trees (Olea
europaea), an evergreen tree species commonly cultivated in the
Mediterranean region. Then, we extracted replicate samples of
plant tissues and soils via cryogenic vacuum distillation systems
developed in two different laboratories (to test for any confound-
ing or conflating effects on our analysis). We then compared the

isotopic compositions of irrigation water with plant water
extracted from different tissues (i.e. twigs along branch; wood
cores along the trunk and roots) and soil water extracted from
various depths.

2 Material and methods
2.1 Set-up of the experiment

Two 6-year-old olive trees (O1 and O2), 0.06 m in diameter and
1.9 m in height, were placed in a glasshouse managed by the
Department of Land, Environment, Agriculture and Forestry of
the University of Padova (Italy). The trees were positioned in a 70
L drainage pot (Fig. 1) containing a soil mixture of 80% sandy
loam and 20% pumice. Both pots were tightly covered with
transparent plastic film to minimize evaporation from the soil
surface. Three holes were left on the top of the pot, covered with
aluminium foil, for recording daily soil moisture and irrigating the
plants. Plant readily available water was calculated based on soil
texture (Allen et al. 1998). For the two olive trees, potted in a soil
mixture of sandy loam and pumice and with a rooting depth of
0.35 m, the total adjusted plant readily available water was
approximately 21 mm. Shallow soil moisture (0-6 cm depth)
measurements were taken manually twice a day for seven weeks
using a soil moisture probe (ML2x type 2 Thetaprobe, Delta-T
devices Cambridge, UK) at three locations in each pot; at the end
of the experiment soil moisture readings were calibrated for
specific soil type. The two pots were also equipped with two
tension lysimeters (15 and 30 cm depth) to extract gravity-drained
soil water. A vacuum of about 60 kPa was applied to the lysimeters
for at least one hour before the collection of soil water each time.
Four drainage holes were present at the bottom of each pot to
measure the volume of drained irrigation water. The bottom out-
flow, flushed down from the drainage holes and collected in a plate
placed underneath, ranged between 10 and 400 mL during the
irrigation rounds.

Thermal dissipation sap flow sensors (Granier 1985) were
installed in both stems to record sap flow rate at five-minute
intervals (Fig. 1). Air temperature, relative humidity and global
solar radiation were measured at five-minute intervals by a
weather station installed inside the glasshouse, 1 m from the
two olive trees. Temporal dynamics of sap flow, air tempera-
ture, relative humidity and solar radiation were used to infer
the evapotranspiration temporal dynamics throughout the
experiment. The experiment lasted seven weeks. The period
was split into a two-week conditioning period beginning 14
May 2018 when the plants were irrigated with tap water,
followed by a five-week period during which both plants
were irrigated with labelled water.

2.2 The tracer experiment and sample collection

The two olive trees were irrigated with local tap water (§°H:
—52.3%o (average) + 1.8%o (standard deviation), 8180: =7.97%0
1 0.77%o, n = 3) during the set-up of the experiment (from 17
April until 13 May 2018) and the conditioning period (14-27
May 2018; Table 1). During the conditioning period the two
olive trees were irrigated with 3 L (i.e. 12.6 mm) of tap water
every two days.



SAPFLOW
SENSORS

TENSION

LYSIMETERI
(30 cm

—>

N

HYDROLOGICAL SCIENCES JOURNAL e 3

TENSION
LYSIMETER

4—(15 cm)

»

<«—PLASTIC
COVER

Figure 1. Sketch of the experimental set-up for each olive tree, including sap flow sensors, tension lysimeters, and holes for irrigation and soil moisture measurements.

Table 1. Number of samples collected throughout the sampling rounds during
the set-up, the conditioning period, and the experiment. Samples were grouped
based on their type, olive tree (O1 and 02), and laboratory for soil and plant water
extractions.

Sample size
LAB 1 LAB 2
01 02 01 02
Sampling rounds Soil Plant Soil Plant Soil Plant Soil Plant
Preliminary samplings 2 7 - 9 3 2 - -
Conditioning period 7 5 7 5 7 7 5 5
Tracer experiment 22 31 21 21 24 33 23 22

Last sampling (after cutting 8 22 6 5 12 25 9 5
down tree O1 entirely)
Total number of samples 39 65 34 40 46 67 37 32

On the first day of the experiment (28 May 2018), 5 L (i.e.
21 mm) of labelled water (8°H: —93.3%0 +1.8%o, 8'°0:
—12.75%0 + 0.50%0, n = 4; Table 2) was added to each pot.
The amount of water was increased subsequently from 3to 5L
during the experiment due to the high transpiration rates. Five

Table 2. The isotopic compositions (mean + standard deviation) of tap water and
labelled water used for irrigation.

Sample size 580 (%o) 8%H (%o)
Tap water 3 -7.97 £0.77 -523+1.8
Labelled water 4 —12.75 £ 0.50 -933+1.8

litres of labelled water were provided to each plant on Monday,
Wednesday and Friday each week until the end of the experi-
ment. The total amount of water added to each plant per week
was 15 L. The labelled water was much more depleted in heavy
isotopes compared to the tap water (difference of around
~41%o and almost —5%o for 8*H and §'®0, respectively). The
average d-excess of tap water was 11.4 + 4.4 (n = 3), and that of
the labelled water was 8.7 + 3.3 (n = 4).

Soil and vegetation samples were taken at the end of each
week during the conditioning period and the experiment
(Table 1). Replicate samples of twigs were collected along the
entire length of each selected branch (see Supplementary
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material, Figure S1) and debarked quickly before being stored.
Soil cores (at three different depths, i.e. 0-5, 5-15 and 15-
25 cm) and roots (at the end of the experiment) were also
collected. All the samples were stored in 12 mL Labco
Exetainer® glass vials (Labco Ltd, Lampeter, UK). At the end
of the experiment (6 July 2018) additional soil and plant
samples were retrieved completely from O1 while the usual
sampling was carried out from O2 (considered a replicate).
The materials collected after completely cutting down O1
included debarked twigs, roots and wood cores (at four differ-
ent sections along the entire length of the trunk, i.e. close to the
ground, at 0.8 m, at 1.2 m, and close to the crown at 1.7 m). For
wood core sampling, a manual tree borer was first used, but the
olive wood was hard and therefore, to avoid any evaporation of
the wood sections we used the following method instead: the
trunk was first cut into four sections at the defined heights and
debarked, and then cores were immediately extracted by cut-
ting each of the sections horizontally with a woodcutter tool.
Irrigation water samples were collected from the tap water and
labelled water at the beginning and the end of the conditioning
period and the experiment. All the samples were stored in a
refrigerator until analysed.

2.3 Soil and plant water extraction by cryogenic vacuum
distillation

The extraction of soil water (except for that collected with tension
lysimeters) and plant water was carried out by cryogenic vacuum
distillation performed in two different laboratories, at the Faculty
of Science and Technology, Free University of Bozen-Bolzano
(Italy) (Lab 1), and the Global Institute for Water Security,
University of Saskatchewan (Canada) (Lab 2). Both laboratories
adopted the cryogenic vacuum distillation system developed by
Koeniger et al. (2011). The cryogenic extraction apparatus com-
prised a pair of Labco Exetainer® vials (12 mL each) serving as
independent extraction-collection units, connected by a thin
stainless steel capillary tube (2.00 x 0.95 mm) (Fig. 2). The first
step after the preparation of the extraction-collection vial unit for
each sample was to freeze the sample vials by immersing them in
liquid nitrogen (approx. —196°C) to prevent the loss of water
vapour during evacuation. Prior to heating the sample vials for
water extraction, the collection vials were evacuated to a baseline
vacuum pressure. Samples were then loaded in an aluminium
block and heated to a temperature of 200°C. All the individual
soil and plant samples were extracted at a temperature of 200°C
for an extraction time of 15 min per sample. After the water in the
sample had been quantitatively transferred to the collection vial,
the vials were removed from the cold trap, defrosted in perfect
sealed conditions at room temperature, wrapped tightly with
Parafilm®, labelled and stored in a refrigerator until the isotopic
analysis. During the cryogenic extraction process in both labs, soil
and plant samples were weighed pre- and post-water extraction
and after the oven-drying (24 h, at 100°C) for the computation of
extraction efficiencies. We found no differences between the post-
extraction weights and post-oven-drying weights of all the
extracted samples. We obtained average extraction efficiencies of
99.9% (soil, n = 83) and 99.5% (plant, n = 99) in Lab 1 and 99.9%
(n=73) and 99.7% (n = 105) in Lab 2 for all the extracted samples.

Figure 2. Cryogenic vacuum distillation system in Lab 1 (a) and Lab 2 (b).

Both cryogenic extraction systems (Lab 1 and Lab 2; Fig. 2)
were based on the same design and had the same characteris-
tics. However, differences were observed in handling amounts
of soil and plant materials considered for extraction, vacuum
pressure, calculations of extraction efficiencies, post-extraction
filtering method for soil and plant water extracts, and cleaning
of capillary tubes. The collections vials in Lab 1 were evacuated
to a pressure of 0.1 kPa but to 87.0 Pa in Lab 2. In Lab 2 the post-
extraction filtrations of plant water samples were carried out on
0.45 um Nylon disk filters and the filtered samples were always
transferred to 2 mL amber glass vials covered by polypropylene
screw-thread caps with septa and sealed tightly with Parafilm®.
In contrast, no filtration was done for plant water samples
extracted in Lab 1.

For the subsequent rounds of extraction, the capillary tubes
were cleaned each time with acetone and dried on a hot plate in
Lab 1. In Lab 2, before the next round of cryogenic extraction, the
capillary tubes were cleaned firstly by blowing air, and then leftin a



mixture of water and sulphuric acid (50%) over a vibrating plat-
form (Fisher Scientific, Hampton, USA) for 40 min, and then oven
dried for 1-2 h.

2.4 Isotopic and data analyses

The isotopic composition (§’H and §'°0) of all the plant water
samples was measured by IRMS at InnoTech Alberta (Edmonton,
Canada), while soil water and irrigation water samples (both tap
and labelled water) were transferred to the Faculty of Science and
Technology (Free University of Bozen-Bolzano, Italy) for isotopic
analysis via Picarro isotope analyser (cavity ring-down spectro-
scopy method, model L2130-i, manufactured by Picarro Inc.,
USA). Between-sample memory effects were minimized through
the procedure described by Penna et al. (2012). The analytical
uncertainty of the laser spectroscope was 0.20%o and 1.0%o for
8'%0 and 8°H, respectively (Marchina et al. 2020).

The 6°H of plant water samples was determined using a Delta
V™ advantage (Thermo Fisher Scientific, Waltham, MA, US) mass
spectrometer and an HDevice peripheral. A CTC Analytics auto-
sampler injected the water sample (1 pL) into an HDevice septum,
and a dual inlet peripheral produced H, gas from H,O using
chromium metal at 900°C (Morrison et al. 2001). The H, gas of
the water sample was introduced into the mass spectrometer by
dual inlet bellows, and the isotopic composition was measured
relative to pure hydrogen gas. The accuracy of the §°H measure-
ments was + 1%o. The §'°0 of plant water samples was deter-
mined using a Delta V advantage mass spectrometer and
GasBench II peripheral. Samples were equilibrated in sealed vials
and flushed with CO, (0.3%). As a result, the oxygen in the water
sample was exchanged with the oxygen of CO,. A CTC Analytics
autosampler sampled the headspace onto the GasBench II, where
multiple injections of the sample oxygen (as CO,) were measured
versus a pure CO, gas. The accuracy of the §'®0 measurements
was *+ 0.2%o. All the resulting isotopic compositions were reported
vs Vienna Standard Mean Ocean Water (VSMOW). A more
detailed description of this methodology can be found in Nelson
(2000).

All the plant and soil water isotopic data (both §°H and
8'%0) were tested for normality. Thereafter, Kruskal-Wallis
one-way analysis of variance test (significance level at .05)
was performed to assess the differences in the isotopic compo-
sition of plant and soil water across different plant tissues and
soil water depths. Subsequently, the Dunn multiple compar-
ison test was used to determine which groups were signifi-
cantly different (p < .05).

The deuterium excess (d-excess) for both soil and plant
water samples was computed following (Dansgaard 1964):

d — excess = 6°H — 8 x 8"%0 (1)

To assess the differences in the isotopic compositions of plant
and soil water samples determined at Lab 1 vs. Lab 2, Z-scores
were computed for each paired sample and isotope (Orlowski
et al. 2016b), as follows:

|Labl — Lab2|

D (2)

Z — score =

HYDROLOGICAL SCIENCES JOURNAL ‘ 5

where Labl is the §'°0 or §°H value of the samples extracted
cryogenically in Lab 1, Lab2 is the §'®0 or §°H value of the Lab
2 extracted samples, and SD is the typical standard deviation of
the measurements performed by the IRMS (1 and 0.20 for §°H
and 8'%0, respectively, and Picarro (1 and 0.20 for §°H and
8'%0, Penna et al. 2010, 2012). Based on Orlowski et al.
(2016b), for a Z-score < 2, the difference between the cryogenic
extraction systems was considered acceptable; for 2 < Z-score <
5, the difference was considered questionable; and for a
Z-score > 5 the difference was defined as unacceptable.

3 Results

3.1 Time series of meteorological variables, sap flow and
shallow soil moisture

The average relative humidity inside the glasshouse was 48%
(with diurnal changes from 18% to 83%), and the average
temperature was 29°C (with mean daily temperatures ranging
between 22°C and 33°C; Fig. 3a).

Sap flow rates for the two trees were quite similar, with a
maximum sap flow of about 0.68 L dm™ h™" (in O2) while the
minimum sap flows were close to zero at night when the tran-
spiration was null (Fig. 3b). However, some differences were
observed in the diurnal patterns of sap flow of the two trees. The
sap flow monitored in O2 was more stable during the entire period
compared to Ol (Fig. 3b). Daily sap flow dynamics were very
pronounced for both plants, indicating that they were transpiring
efficiently throughout the duration of the experiment. During the
conditioning period, we observed that shallow soil moisture
slightly differed in the two pots, with O1l’s surface soil having
higher moisture than the soil of O2 (Fig. 3c). However, during
the experimental period the measured soil moisture was much
more similar in the two pots. Shallow soil moisture showed clear
temporal dynamics of wetting up due to the input of irrigation
water and then drying down until the following irrigation
application.

3.2 Isotopic response of soil and plant water to the
labelled water

At the end of the conditioning period, §°H and §'®0 values of
cryogenically extracted soil water (CVD-Soil) and plant water
were similar to the isotopic signature of tap water, but some
samples (particularly CVD-Soil) remained enriched in heavy iso-
topes relative to tap water (Fig. 4 and Table 2). We found small
differences in the isotopic composition of soil (Mann-Whitney
rank sum test, p > .05 for §'*0 and p < .05 for °H) and plant water
(Mann-Whitney rank sum test, p > 0.05 for both 8'%0 and 8°H)
for the two olive trees in Lab 1 before the start of the experiment.
Absolute differences in the median isotopic composition of CVD-
Soil water in the O1 and O2 pots were 2.27%o (8"%0) and 8.1%o
(8°H) (see Supplementary material, Table S1). Absolute differ-
ences in the median isotopic composition of plant water collected
from twigs of O1 and O2 extracted in Lab 1 were 0.10%o (8"80)
and 2.1%o (5°H) (Table S1). We focus here mainly on results from
Lab 1, but similar findings were obtained for Lab 2 (see Figs 4, 6-9
and Table S1); a comparison of the two laboratories is presented in
section 3.4.
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Figure 3. Time series of environmental variables measured in tree 1 (01) and tree 2 (02). The average soil moisture (%) is shown with error bars representing the
minimum and maximum values. The vertical dashed pink line marks the start of the experiment with labelled water.

One week into the labelling, plant water retrieved from
twigs had a more negative isotopic composition than during
the conditioning period, and it plotted (both §°H and §'%0)
close to or together with the labelled water (Fig. 4). In
contrast to soil water, little difference was found in the
isotopic composition of plant water for the two olive trees
(see Table S2). During the experiment, the absolute differ-
ences in the median isotopic composition of CVD-Soil water
in the O1 and O2 pots were 0.69%o (8'%0) and 2.7%o (8°H)
(Table S2). Absolute differences in the median isotopic
composition of plant water collected from twigs of O1 and
02 and extracted in Lab 1 were 0.04%o (8'*0) and 0.1%o
(8°H) (Table S2).

Soil water extracted by tension lysimeters (LYS-Soil)
showed temporal dynamics in the isotopic composition quite
similar to that of plant water. The only exception was one LYS-
Soil sample collected on 20 June 2018, which was enriched in
heavy isotopes compared to labelled water (Fig. 4). Unlike

plant water and gravity-drained soil water, the cryogenically
extracted soil water sampled at different depths was not as
depleted in heavy isotopes as the labelled water. The isotopic
composition of CVD-Soil water varied greatly at different
depths after the start of the experiment, and it was more
similar to the labelled water towards the end of the experiment.
For soil water extracted in Lab 1, throughout the experiment,
more negative values of median §'®0 (~11.88%o in O1 and
~11.53%o in O2) and median §°H (~86.3%o in O1 and —85.4%o
in O2) were observed for soil water taken at 0-5 cm depth as
compared to 15-25 cm (Table S2). The temporal dynamics of
the CVD-Soil water isotopic compositions during the experi-
ment were quite similar for O1 and O2 (Figs 4 and 5).

The d-excess values (Fig. 5) showed that most of the plant
water samples (e.g. twig water taken at different sections) fell
within the range of tap water (Table S1) and labelled water
(Table S2) thus providing evidence that no isotopic fractiona-
tion occurred in the twig water samples throughout the
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Figure 4. Time series of 8'°0 (panels a-d) and 6°H (panels e-h) of soil and plant water for samples extracted in the two laboratories. CVD-Soil represents the
cryogenically extracted soil water, while LYS-Soil is the gravity-drained soil water obtained via tension lysimeters. The two horizontal dotted lines with their respective
bands indicate the average and the standard deviation, respectively, of the isotopic composition of tap water (grey), and labelled water (pink). The vertical dashed pink

line marks the start of the experiment with labelled water.

experiment. Conversely, cryogenically extracted soil water
(CVD-Soil) samples at 15-25 cm depth had negative d-excess
(Fig. 5), suggesting that the deep soil water had an evaporation
signature compared to plant water.

3.3 Variability in the isotopic composition across plant
tissues and soil water

Labelled water, plant water (twigs, cores and roots) and grav-
ity-drained soil water (LYS-Soil) plotted on or close to the
global meteoric water line (GMWL) in the dual isotope

.
aai
=]

space, whereas most of the CVD-Soil water at >15 cm depths
plotted below and to the right of the GMWL (Fig. 6 and
Table S3).

The isotopic composition of wood core samples obtained at
different sections along the trunk, and of the twigs taken close
to the leaves, middle of the branch and trunk of O1 (Fig. 7 and
Table S4), was very similar to the isotopic composition of the
labelled water and gravity-drained soil water (LYS-Soil), while
few root water samples and cryogenically extracted soil water
samples collected at depths below 15 cm showed some

o]
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Figure 5. Time series for d-excess determined in soil and plant water for samples extracted in the two laboratories. CVD-Soil represents the cryogenically extracted soil
water, while LYS-Soil is the soil water obtained via tension lysimeters. The two horizontal dotted lines with their respective bands indicate the average and the standard
deviation, respectively, of the isotopic composition of tap water (grey), and labelled water (pink). The vertical dashed pink line marks the start of the experiment with

labelled water.
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experiment. The vertical dotted line with grey band indicates the isotopic composition of labelled water (mean * standard deviation).
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(CVD-Soil, 5-15 cm), 4.39%0 (CVD-Soil, 15-25 c¢m) and
2.67%o in LYS-Soil at 15 cm while ranges in §°H were 7.3%o,
17.3%o, 24.9%o and 9.6%o, respectively (Fig. 7).

The d-excess values of plant water samples (i.e. twigs, core
and root water) were close to those of the labelled water (Fig.
8). In particular, the d-excess values showed no enrichment of
plant water and soil water except for few soil samples (i.e.
CVD-Soil at >15 cm depths) (Fig. 8).

Results of Kruskal-Wallis one-way analysis of variance
showed no significant differences in the isotopic composition
of plant water samples (for both 8°H and §'%0 at p > 0.05).
Specifically, the isotopic compositions were similar for the twigs
and between the wood core water samples taken at different
heights along the trunk. However, significant differences were
found between plant water (twig, core), cryogenically extracted
soil water samples (CVD-Soil) and gravity-drained soil water
(LYS-Soil) (Kruskal-Wallis one-way analysis of variance,
p < .001 for both §®O and §°H). Dunn post hoc analysis
revealed that twig water, core water and gravity-drained soil
water were significantly different from cryogenically extracted
soil water samples (Fig. 9). Moreover, for the soil water samples
8’H enrichment was more evident compared to §'*0 for both
Lab 1 and Lab 2 (Fig. 7).

3.4 Differences in the isotopic composition of soil and
plant water cryogenically extracted in the two
laboratories

8’H and §'®0 of plant water and soil water extracted by
cryogenic vacuum distillation in the two laboratories showed
similar patterns (Figs 6 and 7). CVD-Soil samples at 5-15 and
15-25 cm were more enriched in heavy isotopes than all the
other plant samples (i.e. wood core, twig, and root), and they
plotted on the right side of the GMWL, highlighting a distinct
evaporation signature (Fig. 6). Slope values were close to 1 for
both §°H and §'°0 of plant and soil water samples (Table 3),
showing that the isotopic compositions of the samples cryo-
genically extracted in two laboratories were quite similar.

Plant water maintained an isotopic composition similar to
the labelled water throughout the experiment and similar
values were obtained for the two labs; the median §'°0 of
plant water taken from twigs was —12.49%o (Lab 1) and
—12.67%o (Lab 2), while the median 8°H was —92.8%o and
—93.0%o. The temporal dynamics of the plant water isotopic
composition were quite similar for O1 and O2 and for the
samples extracted in the two laboratories; §'°O values of plant
water taken from twigs were —13.72%o (minimum) and
—11.48%0 (maximum) in Lab 1 and —13.47%o and —11.61%o
in Lab 2, while §*H values were —97.8%o and —87.0%o in Lab 1
and —98.1%o and —87.7%o in Lab 2, respectively.

Table 3. Slopes and intercepts of the linear regressions between §'20, 6*H and d-
excess of plant tissue water and soil water of Lab 1 vs. Lab 2. Lab 1 is plotted
along the x-axis while Lab 2 is plotted along the y-axis. All values are in %.o.

(Lab 1 vs. Lab 2) Plant water Soil water

5'%0 8°H  d-excess &0  8°H  d-excess
Slope 0.92 0.96 0.74 1.08 0.97 1.21
Intercept -1.15 438 240 1.04 —2.44 -3.25
R? 0.94 0.97 0.62 0.92 0.96 0.70

Our results revealed similarities between Lab 1 and Lab 2 in
the isotopic composition (both §*H and §'®0) of soil water
(Wilcoxon signed-rank test, p > .10 for both 8'%0 and 6*H)
and plant water (Wilcoxon signed-rank test, p > .10 for both
8'%0 and &°H) at the end of the experiment. The isotopic
composition of plant water extracted from different tissues (i.
e. wood cores, twigs and roots) and soil water from shallow soil
depths (CVD-Soil at 0-5 cm and 5-15 cm) obtained by the
cryogenic extraction system developed at Lab 1 was compar-
able to that of Lab 2.

When considering d-excess (Fig. 8), similar trends were
observed for plant and soil water samples, i.e. there was no
significant effect of the extraction method developed in the
two laboratories on the sample d-excess (p > .05 for soil
and p > .10 for plant water, Wilcoxon signed-rank test). d-
excess varied among the samples; deep CVD-Soil samples
at 5-15 and 15-25 cm depths had negative d-excess, parti-
cularly at the end of the conditioning period, with median
d-excess values of soil water at 5-15 cm depth being —8.2
(O1) and 3.9 (O2) for analyses at Lab 1, while they were
-10.1 (O1) and -5.0 (O2) for analyses at Lab 2. A marked
evaporation signature was found only for CVD-Soil sam-
ples collected at 15-25 cm depth and for the extractions
carried out in Lab 2 (Table S2). The comparison of differ-
ent sample types of O1 and O2 between Lab 1 and Lab 2
showed that the plant water (i.e. twig and core) was iso-
topically different from cryogenically extracted soil water
(CVD-Soil) samples (Fig. 9, different groups were found by
Dunn post hoc analysis), and a similar pattern was found
for the two laboratories (Fig. 9).

The Z-score analysis (Fig. 10) showed that generally, the med-
ian of the differences between Lab 1 and Lab 2 in terms of §'*0
and 8°H values of plant water and 6°H values of soil water fell
within the pre-defined acceptable range of Z-scores < 2; the only
exception was observed for §'®0 values of soil water. Overall
computed Z-scores values were smaller for plant water isotopic
values than for soil water (Fig. 10). Nonetheless, Z-scores for both
8'80 and 8°H of plants and most of the soil plotted below the limit
for questionable (Z-score = 5) differences between the two cryo-
genic vacuum extraction systems, thus indicating small differences
in "0 and 8°H of the soil and plant water extracted from Lab 1
and Lab 2.

4 Discussion

4.1 Fractionation issues compared to previous controlled
experiments

Our main finding from this simple glasshouse experiment
was that there was no evidence of fractionation during
transpiration. Wood cores that were taken at different
sections of the trunk, and the twigs of the two olive
trees, showed no significant differences in isotopic com-
position; all samples reflected the composition of the
labelled water. Findings from previous controlled experi-
ments were highly equivocal in terms of the assumption
of “no fractionation.” Our results are in agreement with
previous research (although that research was based on
the application of 8°H only) by Dawson and Ehleringer
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Figure 10. Dimensionless Z-scores values for (a) '30 and (b) 6*H grouped by cryogenically extracted soil water (CVD-Soil), and plant water (samples from twigs, cores
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extracted samples.

(1991), who reported no isotopic fractionation in a study
carried out with Acer negundo in pots. Similarly, Walker
and Richardson (1991) reported no isotopic fractionation
with potted plants (barley and a range of native species).
Thorburn et al. (1993) showed that under controlled
environmental conditions (i.e. in a laboratory and green-
house set-up), there was no isotopic fractionation in plant
water collected from Eucalyptus spp. More recently,
Newberry et al. (2017) found that the isotopic composi-
tion of xylem water extracted from Salix viminalis cut-
tings reflected that of soil water quite well, except for a
small offset in §'®0 in a greenhouse study. Conversely,
other studies, such as those of Lin and Sternberg (1993)
and Ellsworth and Williams (2007), observed isotopic
fractionation involving *H in water extracted from plant

tissues of some halophytes and xerophytes. Our results
also contrast with the marked fractionation in *H found
recently by Vargas et al. (2017) and by Poca et al. (2019).
Our results are also in disagreement with Barbeta et al.
(2020) who reported marked depletion, as well as enrich-
ment of stem water 8*°H compared to soil water under
different water regimes (i.e. control and drought treat-
ment). Barbeta et al. (2020) explained that the §°H deple-
tion of stem water compared to the soil water when
watered regularly (control treatment) was due to depleted
storage water in the xylem tissue as compared to the sap
(i.e. vessel water). The depletion of stem water &*H
became more pronounced when storage water mixed
with vessel water during low transpiration rates.
However, Barbeta et al. (2020) found justification for
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more negative stem water 8°H, in contrast with the expla-
nation of Vargas et al. (2017) who attributed stem water
8°H depletion to the soil evaporation and isotopic discri-
mination during uptake by roots.

4.2 Why do olive tree data show no fractionation?

Our results showed no fractionation of transpired stem water.
The current results are similar to the recent work by Nehemy
et al. (2020) who reported no differences across the xylem
samples taken at different sections of stem.

Why did our olive trees show no sign of fractionation with
transpiration? One immediate answer might be that they are
small, indoors and have a very short transit time from roots to
shoots. But greenhouse experiments with even younger fast-tran-
spiring trees have found fractionation associated with transpira-
tion. For instance, Vargas et al. (2017) used two-year old seedling
trees of avocado (Persea americana) in an 18.9 L pot and found
depletion of both §'®0 and 8°H in stem water. Poca et al. (2019)
tested for isotopic fractionation by treating a plant seedling
(Acacia caven) with mycorrhizal fungi in a 0.5 L pot and also
found significant depletion of both §'*0 and §°H. Barbeta et al.
(2020) placed one-year old tree saplings of Fagus sylvatica, with a
stem diameter of 21 mm, in 3.5 L pots and found that stem water
was more depleted in §°H compared to soil water. By comparison,
our 6-year-old Olea europaea trees were both older and in larger
(70 L) pots. Our soil moisture values (varying between 8 and 39%)
were similar to those of Barbeta et al. (2020), which ranged
between 25 and 45% in their control treatment, but below the
10% water content values obtained in their drought treatment.
Vargas et al. (2017) reported soil moisture for different soil types
ranging from approximately 23% to 27% (simulated rainy season)
and from 19% to 23% (dry season), whereas in Poca et al. (2019)
soil moisture was 46 * 1.5%. Furthermore, compared to Vargas et
al. (2017), Poca et al. (2019) and Barbeta et al. (2020), we must
note that our labelled water was much more depleted in heavy
isotopes than their irrigation water (roughly —93.3 vs = 29.5%o, =
—25.9%0 and ~ —35.3 in 6°H for Vargas et al. (2017), Poca et al.
(2019) and Barbeta et al. (2020), respectively), and we continually
irrigated the two olive trees to avoid drought conditions. Based on
our data, we have no evidence relating the observed lack of
isotopic fractionation to the specific experimental conditions
inside the glasshouse. In any case, if isotopic fractionation had
occurred, we should have observed a clear depletion in 8°H
compared to labelled water, as found by Zhao et al. (2016),
Vargas et al. (2017), Poca et al. (2019) and Barbeta et al. (2020),
and less positive d-excess values in water extracted from the
various plant tissues compared to the labelled water.

Although our findings are in agreement with some literature
reporting no isotopic fractionation in plant water, we observed
differences between the isotopic composition of labelled water and
soil water (CVD-Soil) deeper than 15 cm extracted by cryogenic
vacuum distillation. However, gravity-drained soil water (Brantley
et al. 2017) extracted by tension lysimeters (LYS-Soil) showed
isotopic similarity with labelled water and plant water. It is inter-
esting to note that these observations are in contrast to field-based
studies where plant water showed isotopic signals more similar to
the cryogenically extracted matrix soil water than to the gravity-
drained soil water (Brooks et al. 2010, Hervé-Fernandez et al.

2016). Based on our simple experiment, we can relate the observed
similarity between LYS-Soil water and plant water to the environ-
mental conditions inside the glasshouse, which led the two olive
trees to preferentially take up gravity-drained soil water as com-
pared to presenting the signature of matrix soil water linked to
cryogenic extraction. As far as we know, this behaviour, which
appears opposite to the so-called “ecohydrological separation”
(McDonnell 2014), has not been observed elsewhere in natural
conditions and should therefore be explored in more detail. The
differences observed between the labelled water and deep soil
water were largest one week after the start of the experiment and
smallest during the last sampling (Fig. 4), indicating that there was
a slow mixing between the depleted irrigation water and the water
stored in the soil matrix close to the bottom of the pot. The
observed differences between soil water extracted by tension lysi-
meters and cryogenic vacuum distillation at similar depths
(15 cm) suggest different velocities in the water percolation and
the likely presence of preferential flow pathways in the soil.
Benettin et al. (2019) also found slower isotopic changes in soil
water in their lysimeter drainage water (which was strongly
affected by preferential flow pathways). However, compared to
their study, we found less isotopic fractionation of soil water and
negligible fractionation of our collected drainage water (8°H:
—89.8%o (average) + 1.6%o (standard deviation), 8'%0: —13.06%o
£ 0.33%o, d-excess: 14.6 + 1.2, n = 15). The greater isotopic
fractionation of both soil and drainage water for Benettin et al.
(2019) was probably due to the exposure of surface-ponded water
to evaporation. Geris et al. (2015) found negligible differences
between lysimeter-extracted gravity-drained soil water and water
obtained through cryogenic vacuum distillation, hypothesizing
that in the wet Scottish environments where they worked, soil
water stored in smaller pores was more likely to exchange or mix
with gravity-drained soil water.

Recent works on the application of cryogenic vacuum dis-
tillation for soil water extraction (e.g. MeifSner et al. 2014,
Orlowski et al. 2016a, 2016b; Fischer et al. 2019) suggest that
we cannot totally exclude the possibility that the differences
between the isotopic composition of soil water and the labelled
water could be due to the cryogenic extraction method itself.
Our results could have been different if we had used other
extraction techniques like centrifugation, bag distillation or
hydraulic squeezing. That said, our experimental soils had a
low clay content — often the main factor in cryogenic extrac-
tion problems (Orlowski et al. 2018b).

Our results showed that root water samples collected at the
end of the experiment had a more enriched isotopic composition
(particularly in 8°H and for extractions carried out in Lab 2) than
the labelled water but were similar to cryogenically extracted soil
water (CVD-Soil). Overall, the isotopic composition of root water
fell within the isotopic range of both CVD-Soil and LYS-Soil
water whereas water extracted from twigs and cores plotted
close to the depleted irrigation water (Figs 4 and 7). These
differences in the isotopic composition of plant water tissues
can be explained by the fact that the sampled roots were not
close to the percolation flows and did not take up the depleted
gravity-drained soil water that we extracted by tension lysimeters,
or shallow soil water extracted by cryogenic vacuum distillation.
Our findings are in agreement with an earlier study by Thorburn
et al. (1993), who found that in Eucalyptus spp. trees, root water



had an isotopic signature much more similar to soil water than to
water extracted from twigs and concluded that the sampled roots
were not taking up and transmitting significant quantities of
water to the tree canopy. Our work suggests that even in a small
70 L pot system, the isotopic composition of water obtained from
a few root samples may not be representative of the entire isotopic
variability of the water taken up by the root system of an olive
tree.

4.3 Effects of cryogenic vacuum distillation extraction on
the isotopic composition of soil and plant water

Currently, cryogenic vacuum distillation is the most com-
monly applied method for the extraction of water samples
from soils and plant tissues for isotopic analyses (Amin et
al. 2020). Despite the popularity of cryogenic vacuum dis-
tillation, due to its low cost and relative ease of construction
(e.g. Koeniger et al. 2011, Orlowski et al. 2013), this tech-
nique is still associated with much ambiguity regarding the
extraction of a representative transpiration water pool
(Penna et al. 2018, Beyer et al. 2020). For instance,
Orlowski et al. (2018a) found large differences in the
retrieved isotopic composition of soil water extracted by
cryogenic vacuum distillation systems developed in different
laboratories. Millar et al. (2018) compared various techni-
ques for plant water extraction and observed that the cryo-
genic vacuum distillation generally produced water more
depleted in 8*H and §'°0 compared to other techniques.

Compared to previous research, our results show that water
extracted from the various plant tissues in the two different
laboratories had a statistically similar isotopic composition
(Figs 7 and 9), which was also similar to that of the labelled
water, the soil water extracted by tension lysimeters, and the
water extracted from shallow layers by cryogenic vacuum dis-
tillation (Figs 4, 7 and 9). Although we observed some differ-
ences in sample handling, preparation and after-extraction
filtering in the two laboratories involved in the comparison,
we found no significant effect of the cryogenic system on the
isotopic composition of either soil or plant water (Fig. 9). The
observed small differences in the isotopic signature of the
extracted soil water in the two laboratories (Figs 9 and 10)
could be related to the relatively wet conditions (mean soil
moisture varying between 8 and 39%) and the soil type (80% of
soil with a sandy loam texture, and 20% pumice), which was
different from the more problematic clayey soils (Orlowski
et al. 2018b).

4.4 Limitations of the study

Our findings contribute to answering the pressing questions
surrounding fractionation issues during transpiration that are
critical to consider in isotope-based studies of root water
uptake (Vargas et al. 2017, Orlowski et al. 2018b).
Nevertheless, we acknowledge some limitations associated
with the experimental set-up that may impact the interpreta-
tion of the results.

Firstly, it is important to consider this study as a pilot
experiment aimed at testing the isotopic fractionation of
plant water sources during uptake and within the plant. We
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used two 6-year-old olive trees growing in 70 L pots. The
reason for using large trees in pots was to mimic a field
situation and to obtain enough plant samples through weekly
sampling of twigs. However, managing issues with such large
trees in potted conditions limited the number of experimental
plants to two, and further work involving a larger number of
trees is needed, to increase the sample size and overcome
possible individual tree variability.

Secondly, the structure where we placed the potted trees was
made of glass, which can make the internal environment even
more extreme, especially when temperatures rise above 30°C. The
purpose of keeping the plants in the glasshouse was to avoid any
variation in the plant water source due to external environmental
conditions (e.g. rain, wind). However, the average temperature of
29°Cinside the glasshouse was not too high for olive tree species as
they can tolerate very high temperatures and are normally culti-
vated in areas where temperatures range from 10 to 40°C
(Lockwood 2009, Sebastiani 2018). Despite the very high-tem-
perature conditions inside the glasshouse, the daily sap flow rates
were very pronounced for the two olive trees, indicating that both
trees were transpiring well throughout the entire duration of the
experiment.

Thirdly, the practical difficulty in obtaining adequate root
samples resulted in a relatively small number of samples that
may not be representative of the entire root system of the olive
trees. This could limit the assessment of any possible differ-
ences between root water and xylem water isotopic composi-
tion. However, an observed rapid change in the isotopic
signature of plant water (i.e. twig and wood core water)
which matched almost identically with the irrigation water,
gravity-drained soil water and cryogenically extracted matrix
soil water at shallow soil depths indicates that the isotopic
mismatch of root water is likely due to root water isotopic
variability and the sample replicates and not the isotopic
fractionation during water uptake at the soil-root interface
(Thorburn et al. 1993).

Finally, the likely short transit time from roots to leaves in our
young potted trees might be the reason for the negligible fractio-
nation we observed. In forest trees, however, the time lag between
root water absorption and transport to other plant parts is much
longer; in fact, it can take days to weeks depending on the tree
species (Brinkmann et al. 2018, Allen et al. 2019, Amin et al. 2020),
making xylem water possibly more prone to fractionation. Thus,
the results of our experiment yield some important conclusions,
but further experimentation on other plant species under fully
controlled environmental conditions (such as greenhouse hydro-
ponic systems; Orlowski et al. 2018b) and in natural environments
are needed to further test the working hypothesis of “no fractiona-
tion in plants.”

5 Conclusions and future research

We explored the variability of isotopic composition and pos-
sible isotopic fractionation in soil and plant water in a simple
irrigation experiment carried out in a glasshouse, using water
of known isotopic composition. We also tested the reliability of
the cryogenic vacuum distillation systems developed in two
different laboratories for the extraction of plant water for our
isotopic analyses.
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Our experiment showed that about one week after the start
of the experiment, plant water extracted from twigs had an
isotopic composition similar to that of labelled water used for
irrigation. Unlike plant water and gravity-drained soil water
(LYS-Soil), cryogenically extracted soil water (CVD-Soil) at
depths below 15 cm reflected the signature of the labelled
water only towards the end of the experiment, suggesting a
slow mixing of irrigation water from the large to small pores.
This behaviour also suggests that due to the conditions inside
the glasshouse, plants were preferably taking up gravity-
drained soil water rather than matrix soil water obtained
cryogenically. Interestingly, this behaviour is opposite to
what was observed in other studies that led to the development
of the so-call “ecohydrological separation” hypothesis
(McDonnell 2014, Brooks et al. 2020), and therefore deserves
more experiments and tests.

We found isotopic differences between soil water extracted
by tension lysimeters and cryogenic vacuum distillation at
similar depths (at 15 cm), which suggest different velocities
in the water percolation due to soil heterogeneity, even in pot
conditions. At the end of the experiment, we did not observe a
significant difference in the isotopic composition of water
extracted from the different plant tissues (i.e. wood cores and
twigs from different parts of the tree). The similar isotopic
composition of plant water to that of the labelled water and the
gravity-drained soil water, and the positive d-excess of plant
water, leads us to conclude that no isotopic fractionation
occurred during the root uptake and transport of water
through the stem of the two olive trees. We further found no
significant effect of the different cryogenic systems on the
isotopic composition of both soil and plant water.

Despite the specified conditions, we were not able to resolve
the mechanisms behind the isotopic differences in soil water
deeper than 15 cm, compared to the labelled water. Even though
recent studies performed under control conditions have reported
that some plants do fractionate the transpired water, the isotopic
fractionation during transpiration could be tree species-specific,
or condition-specific. Our results, although obtained from only
two trees of a single species, and under specific experimental and
environmental conditions, add evidence to existing studies
reporting no isotopic fractionation during water absorption and
transport. Hence, we suggest that further research under con-
trolled and natural conditions, and on different species, is needed,
including testing other plants and soil water extraction methods.
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