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Summary

� A growing number of field studies report isotopic offsets between stem water and its poten-

tial sources that prevent the unambiguous identification of plant water origin using water iso-

topes. We explored the causes of this isotopic offset by conducting a controlled experiment

on the temperate tree species Fagus sylvatica.
� We measured d2H and d18O of soil and stem water from potted saplings growing on three

soil substrates and subjected to two watering regimes.
� Regardless of substrate, soil and stem water d2H were similar only near permanent wilting

point. Under moister conditions, stem water d2H was 11� 3& more negative than soil water

d2H, coherent with field studies. Under drier conditions, stem water d2H became progressively

more enriched than soil water d2H. Although stem water d18O broadly reflected that of soil

water, soil–stem d2H and d18O differences were correlated (r = 0.76) and increased with tran-

spiration rates indicated by proxies.
� Soil–stem isotopic offsets are more likely to be caused by water isotope heterogeneities

within the soil pore and stem tissues, which would be masked under drier conditions as a

result of evaporative enrichment, than by fractionation under root water uptake. Our results

challenge our current understanding of isotopic signals in the soil–plant continuum.

Introduction

Plant transpiration is the main flux returning water from the land
surface to the atmosphere (Jasechko et al., 2013), emphasizing
the importance of vegetation in the global water cycle. To trace
variations in land–atmosphere water fluxes it is necessary to iden-
tify the water pools accessed by plants and how these change over
time and space. Analysis of the natural abundance of stable iso-
topes in water is a commonly used technique for this purpose
(Dawson & Ehleringer, 1991; Barbeta & Pe~nuelas, 2017). This
technique is usually applied under the assumption that no iso-
topic fractionation occurs during root water uptake, as suggested
by a series of early observations conducted on plants grown
hydroponically (Washburn & Smith, 1934; Zimmermann et al.,
1967). Although hydroponic systems do not have the mechanis-
tic complexity and heterogeneity of natural systems (Penna et al.,
2018), the evidence for root water uptake not fractionating paved
the way for using water-stable isotopes to infer plant water
sources (White et al., 1985; Dawson & Ehleringer, 1991), and to
assess their spatiotemporal variability (Bertrand et al., 2014; Bar-
beta et al., 2015) and their ecological implications (Moreno-
Guti�errez et al., 2012; De Deurwaerder et al., 2018).

Improvements in the capability for higher throughput using
modern water extraction and isotopic determination techniques
have helped collect water isotopic datasets that are more compre-
hensive than ever before (Stumpp et al., 2018). Perhaps more
importantly, plant water source studies are no longer restricted to
either oxygen (d18O) or hydrogen (d2H) isotopic composition,
but routinely present data for both isotopes. An emerging feature
of studies using dual-isotope approaches is that oxygen and
hydrogen isotopes do not always agree in the attribution of the
source(s) of plant water. This is caused by isotopic offsets
between stem water and all potential water sources, that is, the
isotopic composition of stem water does not match any of the
considered sources in the dual-isotope space. These isotopic off-
sets have been observed in field sites encompassing a wide range
of soil types and biomes, including semiarid shrublands (Wang
et al., 2017), conifer forests (Brooks et al., 2010; Geris et al.,
2017), broadleaved forests (Bowling et al., 2017; Goldsmith
et al., 2018; Barbeta et al., 2019), urban gardens (Oerter and
Bowen, 2017), tropical rainforests (Brum et al., 2018; De Deur-
waerder et al., 2018) and rice paddy fields (Mahindawansha
et al., 2018). In such cases, the use of oxygen or hydrogen iso-
topes separately can lead to significantly different attributions of
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plant water sources (Lin & Sternberg, 1993; Evaristo et al., 2017;
Brum et al., 2018; Barbeta et al., 2019). Some authors acknowl-
edged this caveat and used either d2H or d18O to infer plant
water sources, or proposed and discussed potential mechanisms
and implications (Bowling et al., 2017; Evaristo et al., 2017; Bar-
beta et al., 2019; Oerter & Bowen, 2019; Oerter et al., 2019).
However, in many cases, soil–stem isotopic offsets are not
addressed.

An isotopic offset between stem water and all potential water
sources cannot be attributed solely to methodological issues. For
example, contamination of soil- or plant-extracted water by
organic compounds can bias measurements of the stable isotopes
in water, especially when using laser-based instruments (e.g.
Schultz et al., 2011; Mart�ın-G�omez et al., 2015; Millar et al.,
2018). However, these contaminations are now routinely dealt
with using custom, post-measurement corrections and are
unlikely to cause a systematic bias, as isotopic offsets have been
found in studies using both mass spectrometers (Brooks et al.,
2010; Bowling et al., 2017; Brum et al., 2018; Goldsmith et al.,
2018) and laser-based instruments (Geris et al., 2017; De Deur-
waerder et al., 2018; Barbeta et al., 2019), and both types of anal-
ysers render similar and reproducible results on the same soil
water samples (Orlowski et al., 2018). Additional confounding
effects related to water extraction techniques should not be over-
looked (Thorburn et al., 1993; Walker et al., 1994; Millar et al.,
2018; Orlowski et al., 2018). For example, cryogenic vacuum
extraction (CVE) is the most widely used technique nowadays
but has been shown to give results sensitive to many parameters
such as soil texture, water content, extraction time or temperature
(Orlowski et al., 2018). Alternative soil and stem water extraction
techniques exist (Wassenaar et al., 2008; Munksgaard et al.,
2014) and comparative studies have often concluded that con-
trasting results were caused by differences in extraction yields
affecting the isotopic composition of the extracted water of soil
(Walker et al., 1994) and stem (Thorburn et al., 1993) via
Rayleigh distillation processes, or by large differences in organic
contamination of the extracted water (Millar et al., 2018). How-
ever, if well conducted, water extraction techniques such as CVE
lead to extraction yields > 99% and low amounts of organic con-
tamination (Orlowski et al., 2013; Millar et al., 2018). Another
possibility explaining soil–stem isotopic offsets is that the pools
of water extracted vary with different techniques, even though
some of these pools might be less relevant to the study of plant
water sources (e.g. water adsorbed on soil particles or plant stor-
age water). For example, a recent study on wheat showed that the
soil–stem isotopic offset was reduced when using direct vapour
equilibration on stems, compared with CVE (Millar et al., 2018).
Unfortunately, for woody species, direct vapour equilibration
presents additional problems related to the interference of volatile
organic compounds during isotopic determination and still needs
further development and testing (Volkmann et al. 2016; Rauler-
son, 2018). Regardless of the technique, a consistent pattern is
observed frequently across studies whereby stem water generally
plots below and to the right of any considered water source in the
dual-isotope ‘space’ (i.e. a graphical representation of d2H vs
d18O values) (Brooks et al., 2010). Such a systematic pattern is

unlikely to be attributed solely to soil and stem water extraction
artefacts but it remains to be tested whether it is reproducible
under controlled conditions.

Isotopic offsets between source and stem water have now been
reported in ecologically diverse plant species, but were firstly
observed in halophytic and xerophytic plants (Lin & Sternberg,
1993; Ellsworth & Williams, 2007). These drought- and salin-
ity-tolerant plants have a highly developed Casparian strip on the
radial cell walls of the root endodermis that impedes apoplastic
movement of water, forcing water to move symplastically across
cell membranes (Ellsworth & Williams, 2007 and references
therein). Water movement through the symplastic route has been
hypothesized to fractionate hydrogen isotopes in water, leading
to a 3–9& depletion of stem water compared with soil water in
halophytic and xerophytic plants (Lin & Sternberg, 1993;
Ellsworth & Williams, 2007). More recently, Poca et al. (2019)
showed that arbuscular mycorrhizal associations enhanced the
isotopic offset between soil and stem water (up to �15&) in pot-
ted seedlings of the xerophytic species Acacia caven. They pro-
posed that isotopic fractionation occurred during transmembrane
water transport via aquaporins, and that this mode of transport
must be enhanced in presence of mychorrizal associations. How-
ever, the impairment of the apoplastic pathway was not demon-
strated in this study. More importantly, this mechanism cannot
explain why other studies, including our own results from a tem-
perate deciduous forest (Barbeta et al., 2019), found similar iso-
topic offsets (a soil water excess of 8.4&) in plant species where
root water uptake through the apoplastic route should not be
impeded.

It is also increasingly recognized that soil water may exhibit
pore-scale isotopic heterogeneity created by water surface interac-
tion effects that leads to an isotopic depletion of adsorbed water
compared with bulk soil water (Oerter et al., 2014; Chen et al.,
2016; Lin & Horita, 2016; Lin et al., 2018; Penna et al., 2018;
Oerter & Bowen, 2019). Then, a depletion of stem water com-
pared with bulk soil water could indicate that trees take up water
adsorbed onto soil particles. However, we would expect roots to
take up the most mobile (i.e. gravimetric and capillary) soil water
(see the discussion in Bowling et al., 2017) which, in contrast to
adsorbed water, should be more enriched than bulk soil water
(Chen et al., 2016; Barbeta et al., 2019). Under low water avail-
ability and high evaporative demand, it has also been shown that
stem water loss via evaporation can create significant isotopic
enrichment of stem water (Bowling et al., 2017; Mart�ın-G�omez
et al., 2017), further complicating the inference of plant water
sources from stem water’s isotopic composition. Although such
evaporative enrichment of stem water should be easily detectable
in the dual-isotope space and is a process that needs to be consid-
ered when attempting to derive plant water sources, it cannot
explain why stem water is more depleted in d2H than any consid-
ered water source.

Isotopic heterogeneity in plant water pools was further pro-
posed by Zhao et al. (2016) as an alternative explanation for the
observed soil–stem water isotopic offsets. They directly extracted
sap (i.e. vessel water) from stems of the desert riparian trees
Populus euphratica and found that its isotopic composition

� 2020 The Authors

New Phytologist� 2020 New Phytologist Trust
New Phytologist (2020) 227: 766–779

www.newphytologist.com

New
Phytologist Research 767



matched that of groundwater. On the other hand, total water
from stem or root samples was systematically depleted in 2H with
respect to sap water and all likely water sources. They attributed
this observation to a putative discrimination during water trans-
port and redistribution within the plant. Unfortunately, repeat-
ing this experiment with other species or during the dry season is
very challenging, as it requires the xylem sap to be under positive
pressure to be collected. Only indirect evidence can be deducted,
once all other hypotheses have been discarded.

In this context, we conducted a glasshouse experiment with
potted saplings of a temperate deciduous tree (European beech,
Fagus sylvatica L.) to quantify potential isotopic offsets between
plant and source water and to elucidate how these vary with water
availability, soil properties and plant physiological performance.
We chose this temperate tree species because it had been shown
in a previous field study that isotopic separation between source
and xylem water was likely (Barbeta et al., 2019). In the field, the
total extension of the root system is difficult to assess so the pres-
ence of unconsidered water sources can never be completely ruled
out (Barbeta et al., 2019; Oerter & Bowen, 2019). By contrast,
the advantage of potted plants is that the actual water source can
be characterized more thoroughly. We thus wanted to verify that
the isotopic offsets observed in the field between xylem and soil
water were reproducible under controlled conditions. Our experi-
mental design builds up on the hypotheses formulated by previ-
ous studies (Zhao et al., 2016; Mart�ın-G�omez et al., 2017;
Vargas et al., 2017; Barbeta et al., 2019; Oerter & Bowen, 2019)
and, more importantly, expands the range of soil water availabili-
ties tested to date. The isotopic offset between soil and stem water
reported by Vargas et al. (2017) was based on a glasshouse experi-
ment with potted Persea americana saplings subjected to a rela-
tively mild water shortage (matching the study species demands)
on two contrasting soil types. Here we not only explored much
harsher water shortages, but we also complemented our experi-
ment with a control treatment whereby plants were regularly
watered throughout the experiment to maintain the soil at field
capacity. By doing so, we were revisiting the early hydroponic
experiments at the origin of the idea that root water uptake is a
nonfractionating process, while adding the complexity of tex-
tured soils. After several weeks of regular irrigation to compensate
for water losses, fractionation during root water uptake (noted eU
in Fig. 1a) should lead to an isotopic enrichment of soil water
above irrigation water (dsoil = dP + eU) while stem water should
arrive at isotopic steady state and reflect exactly the isotopic com-
position of irrigation water (dsoil = dP), leading to a constant iso-
topic offset between bulk soil and stem waters (Fig. 1a). If soil
evaporation is not fully suppressed, soil water will become slightly
more enriched than dP + eU but the isotopic difference between
soil and stem water should not differ (Supporting Information
Fig. S1; Notes S1). Pore-scale isotopic heterogeneity in soil and
xylem water pools may be an alternative explanation for the
observed soil–xylem isotopic offsets (Fig. 1b). Under well-wa-
tered conditions, the adsorbed soil water would represent a small
fraction (fa) of total soil water and thus the isotopic composition
of bulk soil water (dsoil) would resemble that of irrigation water
(dP). In turn, the isotopic composition of bulk stem water (dstem)

would still be more depleted than dsoil (and dP) because of iso-
topic heterogeneity within the stem (i.e. isotopic differences
between vessel/sap water and water in nonconductive tissues;
Zhao et al., 2016). This would imply that these nonconductive
tissues are depleted compared with sap water, as sap would have
the signal of the water taken up (dP) (Fig. 1b). To test this alter-
native situation further, we also used three soil textures, including
one containing rock fragments, to play on the fraction of
adsorbed water in soils and help disentangle the separate roles of
soil water content and water potential on the isotopic offsets. To
sum up, our aim was to: test whether isotopic offsets between
stem water and their sources were reproducible in potted plants
with a unique source of water; and to identify the soil physical
and/or plant physiological mechanisms producing these isotopic
offsets.

Fig. 1 Illustration of the expected isotopic composition of bulk soil (dsoil)
and stem (dstem) water when irrigation (P, with a constant isotopic
composition dP) continuously compensates root water uptake (U) and
transpiration (T), and evaporation losses are negligible (i.e. control
treatments). (a) Scenario when root water uptake fractionates water
isotopes (fractionation factor eU); (b) scenario when adsorbed water in the
soil (fraction fa) and the stem’s storage tissue water (fraction fx) are
depleted with respect to mobile and capillary water in the soil
(fractionation ea) and the xylem’s vessel water (fractionation ex). Blue
arrows, irrigation–soil–plant–atmosphere water flux; white arrows,
exchanges between soil water pools; black arrows, exchanges between
plant internal water pools.
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Materials and Methods

Plant material and experimental design

From February to July 2018 we grew saplings of F. sylvatica L. in
a temperature-controlled glasshouse (Talence, France). Climatic
conditions inside the glasshouse were monitored with a tempera-
ture and humidity probe (HMP60; Vaisala, Vanta, Finland) and
a quantum sensor (SQ200; Apogee, Logan, UT, USA). Over the
study period (14 May to 20 June 2018, n = 38 d), mean air tem-
perature inside the glasshouse (� SE) was 20� 0.3°C during the
day and 16.3� 0.2°C at night. A shading cloth was permanently
deployed from 24 April 2018 and mean daily photosynthetic
photon flux density (PPFD) was 10� 0.9 mol m�2 d�1.

One-year old beech saplings (mean diameter of 2.1� 0.5 cm)
were obtained from a commercial nursery (Naudet p�epini�eres,
Leuglay, France) grown from seeds originating from the Armori-
can massif (Bretagne, France). On 20 February 2018, we trans-
planted 220 plants into 3.5 l squared pots filled with three soil
types. The three soil types consisted of a volume mix of
soil : sand : commercial substrate (2 : 1 : 1), soil : sand : commer-
cial substrate : crushed rocks (10 : 5 : 5 : 1) and soil : sand : com-
mercial substrate : clay (10 : 2 : 5 : 3). Substrates were: sandy soil
from a nearby pine plantation (Jones et al., 2017) (Cestas,
France), with a total organic C of 33 g kg�1 and a total
N < 1 g kg�1; washed river sand (Gedimat, Levallois-Perret,
France); commercial peat substrate for plant growth (‘Terrau
Gazon’; Soufflet Vigne, Martillac, France); crushed rocks
obtained from oven-dried (48 h at 105°C) limestone rocks col-
lected near the Ciron river (Pomp�ejac, France) and commercial
soil conditioner (bentonite clay; Magellan-bio.fr, Cysoing,
France). According to texture analyses, the first and second (with-
out the rocks) soil types were classified as coarse sand and the
third type was a sandy loam in the limit of sandy clay loam,
henceforth sandy clay loam. Soil water retention curves estimated
from pedotransfer functions (R package SOILWATER; Cordano
et al., 2007) are presented in Fig. S2. We transplanted 100 plants
onto the coarse sandy soil, 60 plants onto the coarse sandy soil
with rocks and 60 plants onto the sandy clay loam.

From February 2018 until 13 May 2018 all pots were watered
regularly to field capacity with tap water (d2H =�35.33� 0.25
and d18O =�5.90� 0.3) and soil water was allowed to freely
evaporate from the surface. Starting on 14 May 2018, we watered
all pots daily to field capacity for 3 d consecutively to ensure a
homogeneous soil water pool in each pot. A set of 12 plants from
each soil type continued to be watered to field capacity regularly
(control treatment), while watering was withheld for all other
plants from the 17 May 2018 until the end of the drying experi-
ment on 20 June 2018 (drought treatment). A plastic top was
placed on all pots to reduce soil water evaporation on 17 May
2018. Mean soil gravimetric water content (GWC) over time for
each treatment and soil type was calculated from the weights of 10
and five pots for the drought and control treatments, respectively,
for each soil type. Individual GWC and plant water contents for
sampled pots and plants were estimated from the soil and stem
samples used for cryogenic vacuum distillation. GWC was then

converted to volumetric water content (VWC) using the bulk
density of each soil type. Based on the retention curve of each soil
type, we determined the VWC corresponding to the permanent
wilting point (VWC at which soil matric potential is�1500 kPa).
For each sampled pot, we calculated hrel, the difference between
the VWC of a given pot minus the VWC at permanent wilting
point. Thus, positives hrel values corresponded to conditions in
which soil water can be taken up by roots whilst negative values
imply that soil water is not extractable by the plant.

In addition to the two watering treatments, we applied a low
vapour pressure deficit (VPD) treatment during the first two
sampling campaigns on a subset of plants from the drought treat-
ment with the rock-free coarse sandy soil. This treatment con-
sisted of covering five plants with a semi-transparent plastic bag
the evening before the day of sampling. The aim was to reduce
transpiration for individual plants over the course of 1 d to assess
its impact on potential isotopic offsets between soil and stem
water pools.

Ecophysiological measurements and destructive harvests

Over the course of the drying experiment, we performed five
campaigns of ecophysiological measurements and destructive har-
vests for water isotope analysis (1, 8, 15, 28 and 35 d after the last
watering event of the drought treatment on 17 May 2018). For
each campaign and each soil type, we harvested three plants from
the control and five from the drought treatment, except for the
first and second campaigns, where five additional plants from the
low-VPD treatment (on rock-free sandy soil) were also sampled.
For each pot, a soil core from the surface to the bottom of the
pot was taken, homogenized in a clean plastic tray and subsam-
pled for isotopic analysis. For each plant we cut two 5-cm-long
lignified segments, one from the root and one from the stem
(separated by at least 2.5 cm below the above-ground stem) and
peeled off the bark and phloem. Soil, root and stem samples were
rapidly transferred into screw-cap glass vials, sealed with
Parafilm® (Bemis Company Inc., Neenah, WI, USA) and stored
in a cool box until transported to the laboratory where they were
stored at 4°C until further analysis.

On the day of each destructive harvest (conducted in early
afternoon), ecophysiological measurements were also performed
on leaves from the harvested plants and included measurements
of stomatal conductance to water vapour (gs) and predawn (Ψpd)
and midday leaf water potential (Ψmd). Leaf water potential was
measured with a custom-made Scholander type chamber (DG
Meca, Gradignan, France) on one leaf per plant. gs was measured
at mid-morning (10:30–11:30 h, local time) with two cross-cali-
brated handheld porometers (SC-1 Leaf Porometer; Decagon
Inc., Pullman, WA, USA) on one leaf per plant. For the second
campaign, we measured gs with the two hand-held porometers
and with an infrared gas analyser (IRGA, Li-Cor 6400; Li-Cor,
Lincoln, NE, USA), on the same leaves and matching the condi-
tions inside the gas exchange chamber (temperature, humidity,
PPFD and CO2 concentration) to those prevailing in the
glasshouse. The significant correlation between gs measurements
showed that measurements from the hand-held porometers
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neither overestimated nor underestimated gs compared with the
IRGA (P = 0.001, R2 = 0.45, slope = 1.03� 0.25).

Cryogenic water extraction and analyses of water isotopic
composition

The extraction of water from soil, stem, root and rock samples
was performed by cryogenic vacuum distillation using a design
and methodology proposed by Orlowski et al. (2013), as
described in Jones et al. (2017). At the onset of the extraction, up
to 24 samples kept in sampling glass vials were inserted in larger
extraction glass vials connected to a vacuum extraction line and
frozen in liquid nitrogen. The extraction line was then evacuated
down to an atmospheric (static) pressure of < 1 Pa and composed
of 24 glass U-shape tubes that were then inserted in liquid nitro-
gen to create a cold trap. Samples were then immersed in a water
bath at ambient temperature, and the water bath was gradually
heated up to 80°C (within 1 h) to start the distillation process.
Samples remained in the heated bath at 80°C for 2.5 h. Pressure
in the extraction line was continuously monitored with subatmo-
spheric pressure sensors (APG100 Active Pirani Vacuum Gauges;
Edwards, Burgess Hill, UK) to check that the lines remained leak-
tight throughout the entire extraction and that the water extrac-
tion had ended. Samples were weighed before and after the extrac-
tion and before and after being oven-dried for 24 h at 105°C to
assess extraction efficiency. GWC was estimated from each sam-
ple by using the weight measured before and after the cryogenic
extraction and again after oven-drying (Newberry et al., 2017).

The isotopic composition (d2H and d18O) of the extracted
waters was measured with an off-axis integrated cavity optical spec-
trometer (TIWA-45EP; Los Gatos Research, San Jose, CA, USA)
coupled to a liquid auto-sampler and vaporizer (LC-xt; PAL sys-
tems, Zwingen, Switzerland). All isotopic data reported here are
calibrated using two internal standards and expressed on the
VSMOW-SLAP (Vienna Standard Mean Ocean Water–Standard
Light Antarctic Precipitation) scale, as described in Jones et al.
(2017). Because the presence of organic compounds (ethanol,
methanol and/or other biogenic volatile compounds) in water sam-
ples can lead to large isotopic discrepancies in laser-based analyses
(Mart�ın-G�omez et al., 2015; Wassenaar et al. 2018), we developed
a post-correction algorithm for the presence of organic compounds
based on the narrowband (for methanol) and broadband (for
ethanol) metrics of the absorption spectra (Brian Leen et al., 2012).
Post-corrections relating how these metrics affect the isotopic com-
position of waters contaminated with known amounts of ethanol
and methanol were developed specifically for our instrument.
Overall, these post-corrections were usually higher for stem water
than for meteoric or soil water samples but always remained quite
small (i.e. < 1.5& for d2H and < 0.7& for d18O).

Data analyses

Statistical analysis was conducted in R (R Core Team, 2019)
using either general linear models (GLMs) or generalized linear
mixed models (for those cases where we set some of the factors as
random) from the R package LME4 (Bates et al., 2015). The effect

of soil type and drought treatment over the course of the experi-
ment on GWC, Ψpd, Ψmd, the difference between them (DΨ)
and the isotopic composition of the different water pools (soils,
stems, roots and rocks) was tested with GLMs with interactions
between all factors. In order to determine the most relevant fac-
tors explaining the variability in isotopic offsets (D18O and D2H,
calculated as the difference between plant and soil water isotopic
composition), we conducted a stepwise regression model. In the
saturated model, we considered, hrel, soil type, gs, Ψpd and Ψmd.
Based on the Akaike information criterion (AIC) (Akaike, 1974),
we progressively removed those variables that were not signifi-
cant, deciding to maintain this removal if the AIC decreased (bet-
ter compromise between goodness of fit and model simplicity).

Results

Manipulation effects on soil water content and plant water
use

Soil GWC decreased over time (P < 0.001) in the drought treat-
ment, while it was maintained in the control treatment (Figs 2,
S3). Soil type had a significant effect on the drying rate
(P = 0.001 for the soil type9 time9 treatment interaction), with
the fastest drying rates in the rocky sandy soil and the slowest dry-
ing rates in the sandy clay loam (Fig. S4).

Ψpd also decreased over time in the drought treatment while it
was maintained in control pots (P < 0.001, for the treatment
effect; Fig. 2). The impact of the drought treatments on GWC
was observed rapidly in the different soils, but differences in Ψpd

(P > 0.15 for soil type and its interactions) started to decline only
20 d after the last watering event (Fig. S4). Similarly, plants in
the drought treatment had more negative Ψmd and smaller DΨ
than plants in the control treatment (P = 0.04 and 0.001 for Ψmd

and DΨ, respectively), but with no significant difference between
soil types (Fig. S5). Plants in the control treatment had higher gs
than plants in the drought treatment (P < 0.001) (Fig. 2) and did
not show any difference in gs between soil types (not shown).
The deliberate reduction in VPD promoted by bagging the plants
overnight before the first two sampling dates successfully
increased gs, but did not affect Ψpd (not shown).

Plant water content was not sensitive to the drought treatment.
Both control and drought plants showed a progressive decrease in
root and stem water content (relative to total weight) over the
experiment, with no significant difference between treatments
(Fig. 2). Roots always had significantly higher water content than
stems. Overall, the drought treatment had a significant influence
on the plant water status only for the last two sampling cam-
paigns (i.e. when Ψpd fell below �1MPa), coinciding with signif-
icantly lower leaf gs and Ψpd despite similar root and stem water
contents, compared with the control plants.

Manipulation effects on the isotopic composition of water
pools

The isotopic composition of soil water was always equal to or
more enriched than (i.e. had higher d18O and d2H) irrigation
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water, even in the (regularly irrigated) control treatment (Figs 3,
4, S6). This isotopic enrichment above irrigation water of soil
water in the control treatment was stronger when the time
between the last irrigation and the date of sampling was longer,
and comparable to the enrichment in the drought treatment dur-
ing the first three campaigns. In the drought treatment, and
despite our attempt to prevent soil evaporation, the d18O of soil
water increased over time, especially over the last two sampling
campaigns (Fig. 3). By contrast, soil water d2H did not follow a
progressive enrichment as the soil dried, as is expected from soil
evaporative enrichment theory (Barnes & Allison, 1983). These
patterns were visible and reproducible amongst all soil types
(Fig. S7).

Root and stem water d18O broadly reflected the d18O of the
corresponding soil water (Fig. 3). By contrast, root and stem

water d2H from the control treatment was always more
depleted than soil water d2H (P < 0.001 and P < 0.01; Fig. 3).
A similar pattern was also visible in the drought treatment for
the first three sampling campaigns (i.e. until the drought treat-
ment had a significant influence on the plant water status; see
‘Manipulation effects on soil water content and plant water
use’ in the Materials and Methods section). However, for the
last two campaigns, root and stem water d2H started to
increase and became more enriched than soil water d2H
(Fig. 3). No significant difference was found between root and
stem water d2H.

Differences in the isotopic compositions of stem, root and soil
water described earlier were not affected by soil type (Fig. S7).
However, water extracted from limestone rocks was more
enriched than soil water in response to drought in both d18O
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(P < 0.05) and d2H (P < 0.001) but this did not affect the iso-
topic composition of plant and soil water pools (Fig. S7).

Isotopic offsets between plant and soil water pools

Although soil, root and stem water d18O and d2H behaved differ-
ently upon drying, a strong correlation between d18O and d2H
soil–plant offsets (D18O and D2H) for both roots and stems was
observed (Fig. 5). The slope of the orthogonal distance linear
regression (which accounts for errors on both axes) between
D18O and D2H was 7.9� 0.7 and 7.2� 0.8 for soil–stem and
soil–root offsets, respectively.

The d2H soil–stem water offset (D2H) was significantly differ-
ent from zero (P < 0.001) for control plants, with a mean value
of 10.6� 3.05&, indicating that stem water was significantly
more depleted than soil water (Fig. S8). In the drought treat-
ment, D2H shifted from positive to negative values over time
(P < 0.001; Fig. S8), indicating that stem water became signifi-
cantly more enriched in 2H than the corresponding soil water.
This shift occurred only when soil water content was below the
permanent wilting point, and when the drought treatment started
to have significant effects on leaf gs and Ψpd (Fig. 2). The d18O
soil–stem water offset (D18O) was not significantly different from
zero in both treatments (Fig. S8a,c), although D18O covaried
with D2H (Fig. 4). Therefore, stem d18O reflected soil water
d18O. Because root and stem water did not differ significantly in
their isotopic composition, soil–root isotopic offsets followed
similar patterns as soil–stem D2H and D18O (Fig. S8b,d). The
effect of hrel was significant and negative for D18O, but negligible
for D2H (Fig. 6). For both D18O and D2H, we found positive

effects of Ψmd and DΨ (Table 1). Leaf DΨ was the variable that
explained the largest part of the variance in D18O and D2H. The
larger the leaf DΨ, the larger the soil–stem isotopic offsets (Fig. 7;
Table 1). Finally, pots exposed to a low-VPD treatment had sig-
nificantly lower soil–stem D2H than ambient VPD plants
(P < 0.05), but not significantly different D18O (Fig. S9), albeit
they tend to have larger gs (Fig. S10). Plant water content, either
in roots or in stems, did not explain the isotopic differences
between treatments.

Discussion

Our results from a controlled experiment with potted F. sylvatica
saplings revealed that hydrogen isotope offsets between soil and
plant water pools (D2H) are consistent over a range of soil types
but highly dependent on plant water status. As long as soil water
remained above the permanent wilting point, stem and root
water were significantly more depleted in 2H than their corre-
sponding source water (Figs 3, S5), leading to a soil–stem iso-
topic offset in D2H of a similar magnitude to those observed in
the field for adult F. sylvatica and Quercus robur trees (Goldsmith
et al., 2018; Barbeta et al., 2019) and a number of other species
(Lin & Sternberg, 1993; Ellsworth & Williams, 2007; Brooks
et al., 2010; Zhao et al., 2016; Evaristo et al., 2017; Brum et al.,
2018; Oerter & Bowen, 2019). The reproducibility of this offset
in potted and irrigated F. sylvatica saplings demonstrates that
soil–plant isotopic offset is not restricted to halophytes (Lin &
Sternberg, 1993; Ellsworth & Williams, 2007; Eley et al., 2014;
Redelstein et al., 2018) or xerophytes (Ellsworth & Williams,
2007; Zhao et al., 2016) but is more general and can also occur
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in temperate forests. It further suggests that, in the field, soil–
plant d2H offsets cannot be solely attributed to a missing water
source (Oerter & Bowen, 2019; Oerter et al., 2019). Our results
showing that the isotope offset can be cancelled or even reversed
when Ψpd drops below �1MPa in F. sylvatica may also explain
why some field studies do not observe such an offset, especially in
semiarid sites (e.g. Grossiord et al., 2017) or in temperate sites
during the dry season (e.g. Bariac et al., 1990). The long-standing
principle that there is no isotopic fractionation during root water
uptake requires reconsideration, at least for d2H. Meanwhile,
oxygen isotope offsets (Δ18O) between soil and plant water were
also present and proportional to Δ2H (Fig. 5), although not
always significant (Fig. S5).

Vargas et al. (2017) performed a similar experiment on potted
Persea americana plants and found soil–stem isotopic offsets that
were comparable to those reported here. Their soil–stem Δ2H
and Δ18O showed a linear relationship with a slope of
10.6� 3.8, that is, in the same range as the ones reported here
(7.9� 0.7 for soil–stem offsets). However, because they explored
a narrower range of soil water availability, they did not detect the
sign inversion in both Δ18O and Δ2H as found here when Ψpd

fell below �1MPa (Fig. S5). Vargas et al. (2017) explained the
observed soil–stem isotopic offset by a putative isotope fractiona-
tion process during root water uptake (see the Introduction).
However, our results from the control treatment do not support
this hypothesis, as theoretically this would result in an enrich-
ment of soil water whilst stem water would reflect irrigation water
(Fig. 1a; see the theoretical framework in Supporting Informa-
tion Notes S1). By contrast, we found a strong depletion of stem
water d2H compared with irrigation water in the control treat-
ments that cannot be explained by root discrimination and/or

soil evaporation (see Supporting Information Notes S1). A more
likely explanation for the isotopic depletion of bulk stem water
compared with soil water in our experiment (and that of Vargas
et al.) is that storage water in the xylem tissue is depleted com-
pared with vessel water (i.e. sap) (Fig. 1b).

Such isotopic offsets between bulk stem water and vessel (sap)
water have been reported in woody plants (Zhao et al., 2016). In
addition, large isotopic differences between leaf water pools from
the multiple epidermis (storage tissues) (White et al., 1985) and
the spongy parenchyma (photosynthetic tissues) of the CAM
plant Peperomia congesta (HBK) have also been documented
(Yakir et al., 1994). The isotopic difference between storage and
photosynthetic tissues was comparable to the isotopic offsets
reported here between soil and stem water (i.e. > 10&). Interest-
ingly this isotopic difference was maintained only under turgid
conditions and vanished under water limitations (Yakir et al.,
1994). This is coherent with our findings that the isotopic offsets
between soil and stem water vanish around the permanent wilting
point (Fig. 6). However this would imply that, under low tran-
spiration, the mixing of the storage and vessel water in the stem
becomes more pronounced, resulting in a lower fractionation
between the two water pools (ex in Fig. 1b). Such a reduction of
ex under water limitations would need to be tested using tech-
niques that allow isotopic determination of vessel and stem tissue
water separately. However, a reduction in ex cannot explain why
stem water becomes more enriched than soil water below the per-
manent wilting point (Fig. 6). A plausible explanation for this
pattern is that, when water is limited, stem evaporation (Ex)
enriches stem water above the values of soil water, because the
transpiration stream cannot replenish the stem tissue at a fast
enough rate (Mart�ın-G�omez et al., 2017).
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It remains to be explained why, in the drought treatment, soil
water d18O increases continuously while its d2H counterpart
remains constant or even decreases once permanent wilting point
is reached (Fig. 3). A very similar pattern had already been
observed on wheat and sunflower, and had been interpreted as a
possible effect of plant organic matter decomposition (Allison
et al., 1984). Vargas et al. (2017) rejected this idea on the basis
that, in their experiment, potted cut stems (that had decaying
roots and no transpiring canopy) did not produce any depletion
in soil water d2H. However, soil water in pots with live plants
was not depleted in their experiment either and, as mentioned
earlier, they did not explore the full range of water potentials that
were explored in this study or in Allison et al. (1983). Our data
demonstrated that only once the permanent wilting point had
been reached and Ψpd dropped below �1MPa, did soil water
d18O and d2H start to exhibit clear opposite trends. Thus, we
hypothesize that Vargas et al. did not observe the same trends as
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Fig. 6 Effect of soil moisture on soil and Fagus sylvatica plant water isotopic compositions. Relationships between soil volumetric water content (VWC)
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Table 1 Output of the stepwise regression models for the soil–plant
isotopic offsets in Fagus sylvatica.

Estimate SE t-value P-value R2

D18O Intercept 0.12 0.43 0.76 0.79
hrel �2.59 1.01 �2.56 0.01 0.08
Ψmd 0.81 0.19 4.32 < 0.0001 0.19
DΨ 1.57 0.28 5.60 < 0.0001 0.24
Model R2 0.36

D2H Intercept 6.36 2.27 2.81 < 0.01
hrel 3.87 5.30 0.73 0.47 0.007
Ψmd 5.91 0.98 6.05 < 0.0001 0.32
DΨ 9.6 1.47 6.55 < 0.0001 0.36
Model R2 0.55

Effects include volumetric water content (VWC) relative to VWC at the
permanent wilting point (hrel), leaf midday water potential (Ψmd) and the
daily difference between predawn (Ψpd) and midday water potential (DΨ).
SE, SE of the mean.
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here because the drought treatment they applied was too mild. In
addition, we propose an alternative explanation to that of Allison
et al. (1983) and suggest that this pattern in soil water isotopes
under dry conditions results from surface isotope effects. Indeed,
as soil dries, adsorbed water becomes an increasingly larger frac-
tion (fa) of total soil water (Tuller & Or, 2005; Chen et al., 2016;
Lu, 2016). In the two last sampling campaigns of our experi-
ment, soil GWC was < 0.1 g g�1 (11% VWC) in the drought
treatment (Fig. 2). According to Lu (2016), adsorbed water can
range from 1.7% VWC in sandy soils to 12.8% VWC in silty
clay soils. It is thus reasonable to assume that the isotopic frac-
tionation associated with adsorbed water can dominate the iso-
topic composition of dry soils. Meanwhile, under sustained
drought, the remaining bulk soil water would still become pro-
gressively enriched because of soil evaporation (Es). Depending
on the balance between the enrichment caused by evaporation
and the depletion caused by the higher fraction of adsorbed
water, the isotopic composition of bulk soil water could show dif-
ferent trends during drying periods, either positive or negative.
Because soil evaporative enrichment creates a relatively stronger

enrichment in 18O than in 2H (i.e. the slope of the evaporation
line in the dual-isotope space is lower than the slope of the mete-
oric water line) and surface isotope effects are much stronger for
2H than for 18O (Chen et al., 2016; Lin et al., 2018), it is plausi-
ble that soil water d18O enriches while soil water d2H becomes
depleted, at least when the soil water balance is dominated by
root water uptake. In the field, this opposing trend between soil
water d18O and d2H may be harder to observe as capillary rise
may compensate water losses, minimizing the influence of
adsorbed water, and the depletion of soil water above the evapo-
ration front may be dominated by the back diffusion of (de-
pleted) atmospheric vapour into the soil (Barnes & Allison,
1983).

In conclusion, we propose the following explanation for the
dynamics of soil–plant isotopic offsets reported here and in other
studies. This is the most plausible explanation, but it is still
untested in a qualitative sense. Plants take up mobile and capil-
lary soil water during transpiration. In wet conditions (control
treatment), this soil water pool constitutes a large fraction of bulk
soil water with an isotopic composition (dm) close to that of
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Fig. 7 Effect of Fagus sylvatica plant DΨ (daily difference between predawn (Ψpd) and midday leaf water potential (Ψmd)) on water isotopic compositions.
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irrigation water. However, bulk stem water is depleted compared
with mobile and capillary soil water (Zhao et al., 2016) because it
comprises a mix of vessel water that reflects mobile/capillary soil
water, with storage water that is depleted compared with vessel
water (Fig. 8a). The origin of this depletion of storage water in
the stem is unknown, but could be related to surface processes on
plant organic surfaces (Chen et al., 2016). By contrast, during
dry conditions (drought treatment), adsorbed water represents an

increasingly larger fraction of bulk soil water, creating a signifi-
cant depletion of bulk soil water compared with mobile/capillary
water, and thus compared with vessel water in a transpiring plant.
Bulk stem water remains depleted compared with vessel water
but, as plant transpiration becomes strongly reduced under pro-
longed drought, Ex increasingly enriches bulk stem water above
the composition of soil mobile/capillary water (dm) (Fig. 8b).
Our findings that the isotopic offsets between soil and stem water
increase with plant transpiration proxies, such as the diurnal
amplitude of stem water potential DΨ (Figs 7, S11) or gs
(Fig. S10), indicate that soil–stem isotopic offsets also reflect the
competition between transpiration and stem evaporation
(Mart�ın-G�omez et al., 2017) and the matric potential of soil and
plant water pools (Gaj & McDonnell, 2019).
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Fig. 8 Illustration of the proposed effects on the isotopic composition (d)
of bulk soil (dsoil) and stem (dstem) water in the present experiment, where
soil (Esoil) and stem (Estem) evaporation are not fully suppressed. (a) Control
treatment with regular irrigation (P with constant isotopic composition, dP)
compensating water losses through Esoil and root water uptake (U, further
lost via transpiration T and Estem). Here, the isotopic composition of soil
mobile and capillary water (dm) and water inside the xylem vessels are
expected to reflect dP with a possible enrichment as a result of soil
evaporation occurring between irrigations events (≥ dP), while soil capillary
water (fraction fa) and stem storage tissue water (fraction fx) are depleted
with respect to mobile soil water (fractionation ea) and to water inside the
xylem conduits (fractionation ex). (b) Drought treatment with water losses
via T, Esoil and Estem not being compensated with P. Here, dm becomes
progressively more enriched (as a result of soil evaporative enrichment)
while the fraction of soil capillary water (fa) increases. The resulting dsoil
becomes either more enriched (following dm) or more depleted (following
fa), depending on the balance between the two processes. Meanwhile,
dstem becomes progressively more enriched, following dm because fx varies
proportionally less than fa along the experiment (Fig. 2). Blue arrows,
irrigation–soil–plant–atmosphere water flux; white arrows, exchanges
between soil water pools; black arrows, between plant internal water
pools.
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