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Summary

� Root water uptake is a key ecohydrological process for which a physically based under-

standing has been developed in the past decades. However, due to methodological con-

straints, knowledge gaps remain about the plastic response of whole plant root systems to a

rapidly changing environment.
� We designed a laboratory system for nondestructive monitoring of stable isotopic composi-

tion in plant transpiration of a herbaceous species (Centaurea jacea) and of soil water across

depths, taking advantage of newly developed in situ methods. Daily root water uptake pro-

files were obtained using a statistical Bayesian multisource mixing model.
� Fast shifts in the isotopic composition of both soil and transpiration water could be observed

with the setup and translated into dynamic and pronounced shifts of the root water uptake

profile, even in well watered conditions.
� The incorporation of plant physiological and soil physical information into statistical mod-

elling improved the model output. A simple exercise of water balance closure underlined the

nonunique relationship between root water uptake profile on the one hand, and water con-

tent and root distribution profiles on the other, illustrating the continuous adaption of the

plant water uptake as a function of its root hydraulic architecture and soil water availability

during the experiment.

Introduction

On a global scale, plants might be responsible for returning as
much as 80–90% of water from land surfaces to the atmosphere
(Jasechko et al., 2013). Consequently, plants have an important
influence on climate conditions, that is atmospheric moisture con-
tent and temperature as well as wind and rainfall patterns on a
local to global scale (Sheil, 2014). Root systems impact directly or
indirectly soil moisture, soil hydraulic conductivity and thus infil-
tration and runoff processes (Thompson et al., 2010), which, in
turn, influences water resource availability and the occurrence of
floods and soil erosion (Schlesinger & Jasechko, 2014; Ola et al.,
2015; Dubbert & Werner, 2018). Despite its importance, the
magnitude of root water uptake (RWU) and conclusively plant
transpiration rate is subject of ongoing debate and associated with
high uncertainties (Coenders-Gerrits et al., 2014; Sutanto et al.,
2014). This can be attributed to the multiple factors influencing
RWU, whose complex and dynamic interactions are currently not
thoroughly understood (Rothfuss & Javaux, 2017).

RWU and transport is a passive process driven by the water
potential gradient from soil through plants to the atmosphere
(Larcher, 2003). Thus, the magnitude and spatial distribution of
RWU result on the one hand from atmospheric conditions, for
example vapour pressure deficit (Dubbert et al., 2013; Volkmann
et al., 2016a) and from soil water availability (Lobet et al., 2014).
Conversely, plants also respond to heterogeneous hydric condi-
tions by adapting their physiological and morphological proper-
ties. The xylem diameter reflects the root segment history. It
tends to be smaller for shallow roots exposed to drought or freez-
ing conditions than for deeper roots (Gebauer & Vola�r�ık, 2013).
Root hydraulic conductivity changes on short time scales in
response to nutrient and water availability, even in the course of
diurnal cycles (Caldeira et al., 2014). At the leaf level, plants
actively regulate the trade-off between CO2 uptake and excessive
water loss through stomatal opening and closing (Blum, 2011).
Functional–structural models have demonstrated the impact of
such characteristics on uptake patterns (Couvreur et al., 2014).
However, ecological models incorporating RWU generally
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strongly simplify the aforementioned influencing factors by
assuming a direct link between the root density and soil water
content profiles with RWU distribution (Varado et al., 2006;
Schymanski et al., 2008).

The compositions of oxygen and hydrogen stable isotopes in
water differ between ecosystem compartments due to fractiona-
tion processes, which make them insightful tracers of water
movement (Marshall et al., 2008). It has been shown for a num-
ber of plant species that RWU as well as convective transport in
xylem vessels induce no measurable isotope fractionation (Wer-
shaw et al., 1966; Dawson et al., 2002). However, for cases in
which isotope fractionation was observed see for example Lin &
Sternberg (1993) and Barbeta et al. (2019). The isotopic compo-
sition of xylem water usually reflects the mixture of RWU and
thus across potential soil water sources. When transpiration
approaches isotopic steady state (ISS) under constant micromete-
orological conditions, the isotopic composition of transpired
water vapour equals that of liquid xylem water (Wang & Yakir,
2000; Dubbert et al., 2017). Therefore, the isotopic method con-
sists of comparing the isotopic composition of xylem water (or of
transpired water vapour at ISS) with those of the plant water
sources (i.e. a set of defined layers across the soil profile) and was
extensively used to identify water uptake patterns and strategies.
Studies conducted in a wide range of ecosystems provided
insights into, for example, resource partitioning and competition
between plant species (Meinzer et al., 1999), hydraulic lift (Sun
et al., 2014; Meunier et al., 2017) as well as rooting depths and
depth-dependent uptake dynamics (Beyer et al., 2016). The most
common approach for retrieving RWU from isotopic data is the
use of multisource linear mixing models embedded in a Bayesian
framework (Parnell et al., 2010). For examples see, e.g.
Asbjornsen et al. (2007); Prechsl et al. (2015); Volkmann et al.
(2016a). However, to increase the model’s predictive power, the
soil water isotopic composition profile should: First show a steep
gradient while remaining monotonic; and second provide
independent information for both monitored isotopes (Rothfuss
& Javaux, 2017). Third, only soil water pools identified as plant
water sources should be incorporated into the modelling
approach, that is soil water that is not accessible to the plant for
given ecophysiological reasons should be removed from the
analysis.

Novel monitoring methods based on laser spectroscopy and
gas-permeable membranes allow for a nondestructive determina-
tion of the isotopic composition of soil water (Rothfuss et al.,
2013, 2015; Volkmann & Weiler, 2014; Oerter et al., 2017) and
of tree xylem water (Volkmann et al., 2016b). They overcome a
number of limitations associated with destructive sampling of soil
and plant material and subsequent extraction of water in the lab-
oratory for isotopic analysis (Orlowski et al., 2016a) and notice-
ably increase the temporal resolution of collected data. The
possibility to measure water vapour continuously also allows for
directly determining the isotopic composition of the transpira-
tion flux (Wang et al., 2012; Dubbert et al., 2014).

The present study’s central objective was to investigate from
nondestructive isotopic measurements the temporal dynamics of
root plasticity response to changes of water availability. We have

made quantitative observations of the link between soil water
availability (via the proxy of soil water content), root length den-
sity and RWU distribution.

For this: we (1) developed a full soil-plant atmosphere isotopic
monitoring experimental setup (diagram of the setup in Support-
ing Information Fig. S1) based on the combination of laser spec-
troscopy, gas-permeable tubing for sampling of the soil gas
phase, and a plant transpiration chamber (see, for example, Dub-
bert et al., 2014); and (2) chose Centaurea jacea, a perennial
herbaceous species well adapted to drought conditions. (3) We
used a multistep labelling approach to enhance the vertical gradi-
ent of soil water isotopic composition, while mimicking naturally
varying boundary conditions, for example due to precipitation
and rise of the groundwater level. (4) We ran the Bayesian multi-
source mixing model stable isotope analysis in R (SIAR; Parnell
et al., 2010) by taking into account additional (nonisotopic)
information to retrieve RWU profiles, which we finally con-
fronted to observations of soil water content and root distribu-
tion vertical profiles.

Materials and Methods

The hydrogen and oxygen isotopic compositions of water (d2H
and d18O) are reported in per mil (&) on the international
‘delta’ scale as defined by Gonfiantini (1978). Isotopic measure-
ments were performed with a cavity ring-down spectroscopy
(CRDS) analyser (L2130-i; Picarro, Santa Clara, CA, USA).

Measurement of the soil column and standards

RWU of Centaurea jacea was investigated using the experimental
design of Rothfuss et al. (2015). An acrylic glass column
(i.d. = 11 cm, height = 60 cm, volume = 5.7 l) was equipped at 1,
3, 5, 7, 10, 20, 40 and 60 cm depth with microporous polypropy-
lene tubing (length: 17.5 cm, Accurel PP V8/2 HF; Membrana
GmbH, Germany) positioned horizontally. The column was
filled with dry soil (silt loam, particle size distribution: 38% 2–
0.063 mm, 48% 0.063–0.002 mm, 14% < 0.002 mm, dry bulk
density: 1.11 g cm�3, porosity: 0.52 cm3 cm�3) and saturated
from the bottom with deionised water (d18O =�8.0� 0.1&,
d2H =�53.6� 0.9&) on 14 November 2017. The bare soil
column was then allowed to evaporate in the laboratory until
plant transplantation.

The experimental setup allowed for sampling water vapour in
thermodynamic equilibrium with soil liquid water twice a day for
30 min at each soil depth. For this, 50 ml min�1 of dry synthetic
air (20.5% O2, 79.5% N2; Air Liquide, D€usseldorf, Germany)
was directed into the permeable tubing. In addition, the sampled
soil water vapour was diluted with 30 ml min�1 dry synthetic air
close to the outlet of each sampling depth to prevent vapour con-
densation inside the sample lines.

For each individual measurement that showed a stable plateau
and SD smaller than 0.35& and 0.9& for d18O and d2H,
respectively, the soil water vapour raw isotopic compositions and
mixing ratio were averaged over the last 600 data points
(c. 10 min). Considering thermodynamic equilibrium between
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liquid and gaseous water, the isotopic composition of liquid soil
water (dsoil) was calculated from that of the sampled water vapour
using the temperature-dependent empirical calibration equations
of Rothfuss et al. (2013). For this, soil temperature (TS, °C) was
recorded at 3, 10, 40, and 60 cm depth with thermocouples (type
K; Greisinger electronic GmbH, Regenstauf, Germany, preci-
sion: 0.01°C). The analyser-specific dependency of isotopic read-
ings on volumetric water vapour mixing ratio (w) values was
accounted for (Schmidt et al., 2010). dsoil raw values were cor-
rected at w = 15 000 ppmv. These values were standardised
against those of two water vapour standards. For this, two acrylic
glass standard vessels, as described by Rothfuss et al. (2013) were
equipped with polypropylene tubing, filled with the same silty-
loam soil, saturated from the bottom with two isotopically
distinct waters (Slight: d18O =�19.7� 0.2&, d2H =�83.2�
0.5&, and Sheavy: d18O = 16.9� 0.1&, d2H = 35.1� 0.6&)
and placed in an insulated box where temperature was moni-
tored. Standards were each measured four times throughout the
day. Finally, standardised dsoil values were linearly interpolated in
time (at 17:00 h) to obtain daily dsoil profiles.

Plant measurements

To combine measurements of isotopic compositions in soil water
and plant transpiration, the whole aboveground part of the plant
was enclosed in a transparent plant chamber (volume = 22.6 l),
equipped with a set of five fans ensuring mixing of the air and a
sensor monitoring chamber air relative humidity (RH) and tem-
perature (Ta) (RFT-2; METER Group, Munich, Germany, pre-
cision: RH 2%, Ta 0.1°C). The chamber air was not in contact
with the soil surface, and the chamber walls were coated with
FEP foil (4PTFE, Stuhr, Germany) to minimise isotopic
exchange (Dubbert et al., 2014). Ambient laboratory air was run
through the plant chamber at a flow rate between 1.7 l min�1

and 4.5 l min�1, depending on soil water availability and plant
development. The water vapour mixing ratio of ambient labora-
tory air (win) and its isotopic composition (din) were determined
before and after each chamber measurement by sampling the air
provided to the plant chamber. Values were linearly interpolated
in time to obtain one value at the time chamber air outflow was
sampled. Chamber air outflow water vapour mixing ratio (wout)
and isotopic composition (dout) were measured three times each
day for 1 h with measurements ending at 12:00 h, 17:45 h and
23:30 h. The isotopic composition of the transpired water vapour
(dT) was calculated using Eqn 1 (Simonin et al., 2013; Dubbert
et al., 2014):

dT ¼ woutdout � windin
wout � win

� winwout dout � dinð Þ
wout � win

: Eqn 1

Note that, as for dsoil measurements, din and dout were cor-
rected for dependency of the laser spectrometer readings to w and
further standardised. Transpiration rate (T in mol m�2 s�1) was
calculated considering mass conservation with the molar flow rate
into the chamber (Eqn 2, u in mol s�1, calculated from chamber
air inflow in l min�1 assuming a molar volume of 22.41 l mol�1)

(Von Caemmerer & Farquhar, 1981) and scaled to the column’s
cross-sectional area (A = 0.0095 m2). As in Eqn 1, increased air
flow out of the chamber in consequence of addition of water by
T is corrected for using u (1� win) = uout (1 – wout):

T ¼ u

A

wout � winð Þ
1� woutð Þ : Eqn 2

Vapour pressure deficit (VPD, in kPa) was computed from
values of RH and Ta (Murray, 1966). At the end of the experi-
ment, roots were destructively collected from the soil column at
1, 3, 5, 7, 10, 20, 40 and 60 cm depth and analysed for root
length density (RLD; in cm root cm�3 soil) with the software
WinRhizo® (Regent Instruments Inc., Qu�ebec, ON, Canada).

Manipulation of soil column water status and isotopic
composition

One Centaurea jacea individual was transplanted in the soil
column in a predrilled hole of 17 cm depth. It was provided with
a light source (V600 Reflector Series; Viparspectra, China; 16 h :
8 h, light : dark) automatically switched on daily at 09:15 h. The
plant’s leaf area increased roughly from 30 cm2 on Day of Experi-
ment (DoE) 1 to 80 cm2 on DoE 20, after which it remained
constant. To reduce evaporation from the soil surface, the
column was covered. After transplantation and from DoE 1–3,
the soil was irrigated with isotopically enriched water (Wheavy:
30 ml d�1, d18O = 9.6� 0.1&, d2H = 6.4� 0.2&) from the
top. From DoE 7 to 10, isotopically depleted water (Wlight:
125 ml d�1, d18O =�18.7 � 0.0&, d2H =�80.0� 0.3&) was
added from the bottom. The volume and isotopic composition
of the water introduced to the soil column provided the prerequi-
site for retrieving RWU profiles from stable isotope analysis. It
increased both soil water d18O and d2H depth gradients while
keeping the decrease of soil water d18O and d2H monotonic with
depth. Importantly, the isotopically labelled water was not added
at defined depths in the soil column (as in Moreira et al., 2000;
Stahl et al., 2013; Beyer et al., 2016) as the objective was to
mimic naturally varying boundary conditions, for example due to
precipitation and rise of the groundwater level. From DoE 35 to
38 irrigation from the top was repeated using the same isotopi-
cally enriched water as after transplantation, while increasing the
amount added (150 ml d�1). This should simulate a second rain
event and give insight into RWU plasticity with a more devel-
oped root system.

Soil volumetric water content (h, m3m�3) was recorded at 1,
10, 20, 40 and 60 cm depth with frequency domain sensors (EC-5;
Decagon Devices, Pullman, WA, USA, precision 0.02 m3m�3).
Soil water matric potential (Ψ, MPa) was calculated from h and the
retention curve parameters: residual water content (hr), saturated
water content (hsat) and the shape parameters a and n (Van
Genuchten, 1980). The values of hr (0.02 cm3 cm�3), hsat
(0.59 cm3 cm�3), a (0.022 cm�1) and n (1.22) were determined
using a laboratory evaporation method (HYPROP; METER
Group) (Peters & Durner, 2008) for the silt loam soil at bulk den-
sity of the soil column.
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For convenience, in the following the experiment is split into
three time phases, delimited by the consecutive isotopic labelling
pulses: DoE 1–6 (phase I), DoE 7–34 (phase II) and DoE 35–48
(phase III).

Statistical analysis

All values are reported as mean with their corresponding SD.
Building on the approach developed by Phillips & Gregg (2001),
the SD of processed data was calculated by means of error propa-
gation using Taylor series applied in every step of data processing.
Hereby, uncertainties of all variables were assumed to be inde-
pendent (compare also Braud et al., 2009 and Rothfuss et al.,
2010). On average calculated SD for d18O and d2H were 0.4&
and 1.0& as well as 0.8& and 2.0& for soil and transpiration
measurements, respectively.

Linear regressions between d18O and d2H for soil liquid water
(evaporation line, EL) were compared with those calculated for
dT during the different phases of the experiment. The intrusion
of isotopically depleted ambient air water vapour in the upper 3
cm of soil shifted the soil liquid isotopic composition away from
the soil evaporation line in a dual plot. Therefore, linear regres-
sions for the top and bottom of the soil column were calculated
separately. Data processing and statistical analysis were con-
ducted with R v.3.4.3 (R Core Team, 2018).

Modelling RWU with a statistical multisource mixing model

The contributions of the different sources (defined as soil water
from the eight monitored layers 0–2, 2–4, 4–6, 6–8.5, 8.5–15,
15–30, 30–50 and 50–60 cm) to RWU were estimated on the
basis of dsoil and dT and by using the multisource Bayesian infer-
ence mixing model stable isotope analysis in R (SIAR; Parnell
et al., 2010). For this, we assumed that transpiration was at ISS
(dT equals that of the xylem water, that is that of RWU). SIAR
allows for incorporating the uncertainty in source but not in tar-
get (i.e. transpired water vapour) isotopic composition measure-
ments. To cope with this limitation, each dT measurement
entered the calculation as a group of three values, representing
the mean isotopic composition as well as the mean plus and
minus the calculated SD (i.e. from error propagation).

The first dT measurement of each experimental day (2.5 h after
lights were switched on) often showed systematic deviations from
the other two, which is related to a violation of the steady-state
assumption (Dubbert et al., 2014). To verify this, we estimated
the leaf water turnover term s (Song et al., 2015, Eqn 3) with W,
leaf water content in mol m�2 and wi, saturated water vapour
concentration at chamber air temperature:

s ¼ W

T
1� win

wi

� �
: Eqn 3

For this calculation we used a generous assumption of the
plant’s leaf area (100 cm2) instead of scaling T to the column’s
cross-sectional area. With a mean value of W = 10.1 mol m�2

determined for the investigated species, the mean value for s was

1.0� 0.4 (range: 0.5–2.9 h). Chamber conditions were stable
from 12:00 h on. Assuming, it took 39 s for ISS to be reached
(F€orstel, 1978), the second and third daily transpiration measure-
ments (i.e. corresponding to 5.75 and 11.5 h of stable conditions,
respectively) should have been close to ISS, exception being for
the second measurement on DoE 34 with s = 2.9 h (all other days
s ≤ 1.8 h). We did however not exclude the latter data point
because its isotopic composition did not markedly differ from
that of the following measurement.

Daily RWU fractions (fRWU, –) were modelled using the mean
isotopic composition from measurements two and three only.
Neglecting the time lag arising from water transport in the plant,
corresponding soil profiles were interpolated at 20:30 h, centred
between dT values two and three. In a field study, a minimum
leaf water potential of �3.5� 0.5MPa was measured in July
(peak drought) for the investigated species (data not shown). A
value of �4MPa was chosen as threshold below which soil water
was considered not available to this particular plant, and the
respective soil water source depths were excluded from the SIAR
simulations.

At each time step, the model output consisted of 10 000 possi-
ble combinations of source fractions. From this output, the most
frequent value (mfv, –) of each source fraction was determined
on the basis of 1% increments. The best run, defined as the com-
bination of source fractions minimising the root mean square
error (RMSE) of the set of mfv across all depths, was then
derived. The best run has the advantage over the set of mfv to
sum up to 1 and therefore close the water balance. To enable the
interpretation of spatial patterns, in figures we account for the
heterogeneous distribution of soil water probes across the soil col-
umn. Therefore, modelled RWU fractions were standardised to
the respective soil volumes to obtain values of the RWU fraction
per cm soil depth.

Investigating the temporal dynamics of root plasticity
response to changes of water availability

In a first step we checked for water balance closure at the column
scale. For this we verified if the difference of water head computed
between inputs (i.e. addition of water from the top/bottom of the
soil column) and output (i.e. transpiration losses) reflected the
changes of water head indicated by the soil water content sensors.
Water head is herein expressed in litre of water per unit of column
surface area (in m2) which corresponds therefore to mm water.

In a second step, we compared for each observation time and
across the column depths how well daily changes of soil water
content (defined as Δh/Δt and expressed in m3 water m�3 soil
d�1, with t the time variable) matched the simulated RWU
obtained with SIAR. RWU quantifies here the volume of water
extracted daily by the plant from a given soil layer of volume
Vsoil, is defined as the negative product �fRWU9 T/Vsoil, and is
also expressed in m3 water m�3 soil d�1. In-between irrigation
events, when soil water redistribution (for example by drainage
and capillary rise) is much lower in absolute value than RWU,
the temporal changes of soil water content should be almost
solely due to RWU.
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In a third step, we further selected 3 d when these conditions
were met and compared the RWU profiles with soil water con-
tent and root length distribution profiles in order to observe the
prevalence of the mechanism of root water compensation and, in
general, of the ecological concept of root plasticity to changes of
soil water availability.

Results and Discussion

In situ isotopic measurements of soil water and transpired
water vapour

The addition of water to the top and bottom of the column
resulted in pronounced changes of h, d18O and d2H along the
soil profile. Fig. 1 shows profiles in daily time resolution. Above
the soil profiles, corresponding daily values of dT are also pro-
vided. While below 20 cm depth, dsoil still reflected the isotopic
composition of the water used for the initial saturation of the
column during phase I, saturation from the bottom of the
column created a strong isotopic decrease with increasing depth
during phase II. During the latter phase, the aim of obtaining iso-
topically distinguishable soil depths was achieved. h at 40 and
60 cm depth increased strongly during saturation. However, at
40 cm depth this was not accompanied by a comparable change
in dsoil, suggesting that antecedent soil water was pushed upwards
by newly added water. This should have resulted in a sharp iso-
topic front (Gazis & Feng, 2004), which was not observed due to
limited spatial resolution. The missing instantaneous change of
dsoil at 60 cm depth on DoE 7 can be attributed to the time lag
needed for new water to replace old water in the micropores of
the polypropylene tubing (Rothfuss et al., 2013). After satura-
tion, capillary rise first led to a decrease of dsoil at 40 cm depth.
This effect was observed at all soil depths above 60 cm from
DoE 12 onwards. Progressively, isotopic diffusion reduced the
artificial dsoil gradients as also illustrated by the increase of dsoil at
60 cm depth (DoE 17–48). Irrigation at the beginning of phase
III led to an increase in h and dsoil in the first 20 cm of the soil
column. The strong initial isotopic enrichment at 20 cm
(DoE 35–38) points toward a preferential flow component dur-
ing water infiltration. Here, the predrilled hole for transplanting
Centaurea jacea that also featured soil compaction along its walls
and at its bottom was likely to have resulted in higher permeabil-
ity of the upper soil layers. Over the course of phase III evapora-
tive enrichment dominated the development of dsoil in the
columns top 10 cm. On DoE 35 values in 1 cm soil depth were
close to those of irrigation water with 5.3& and 6.1&. At the
end of phase III (DoE 48), values were 19.0& and 43.7& for
d18O and d2H, respectively.

Fig. 2 displays the time series of Ψ across soil depths, VPD
of the plant chamber atmosphere along with T and dT. The
difference of isotopic response of Centaurea jacea to the addi-
tion of water from the bottom (phase II) and the second irri-
gation from the top (phase III) reflected the difference of
plant development and capacity to extract water from the soil.
While T (respectively dT) gradually increased (decreased) from
DoE 3 onward, an increase of dT in the order of +20& and

+57& for d18O and d2H, respectively, was observed after
DoE 35. By contrast, T did not change abruptly, but progres-
sively with increasing h of the upper soil layers. The highest
value of T was observed 1 d after irrigation in phase III was
ceased. Only for the beginning of phase II the decrease in dT
translated into clear changes in the modelled RWU pattern.
The simultaneous evolution of dsoil due to the redistribution
of water across the soil profile provides an explanation. This
highlights the necessity for monitoring both dT and dsoil with
high time resolution, when investigating the dynamics of
RWU patterns with water stable isotopes.

VPD followed a clear diurnal pattern and decreased to a con-
stant value around 1 kPa. In line with the change of VPD, dout
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Fig. 1 Soil isotopic composition and water content as profiles over depth
and time. Also displayed are daily mean isotope values in plant
transpiration of Centaurea jacea (dT). The time series was divided into
phases indicating the addition of isotopically distinct water. In phase I (a–c)
the column was irrigated from the top with water enriched in heavy
isotopes on Day of Experiment (DoE) 1–3 (30ml d�1, d18O = 9.6� 0.1&,
d2H = 6.4� 0.2&), on DoE 7–10 in phase II (d–f) the column bottom was
saturated with depleted water (125ml d�1, d18O =�18.7� 0.0&,
d2H =�80.0� 0.3&). The column was again irrigated from the top on
DoE 35–48 in phase III (g–i) with the same water used in phase I but with
increased amount (150ml d�1). Dashed lines show the isotopic
composition of water used for initial full saturation of the soil column.
Mean and SD for all soil measurements were 0.4& and 1.0& for d18O and
d2H, respectively.
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increased as a result of increased contribution from leaf transpired
water vapour after LED lights were switched on. A systematic iso-
topic enrichment of the first compared with the subsequent two
transpiration measurements of each day was clearly observable for
d18O. This cannot explicitly be related to diurnal variations in
RWU, which was observed by, for example, Doussan et al.
(2006). Instead, it is likely that higher d-values arose from a viola-
tion of the steady-state assumption. This seems contradictory to
recent studies. During daytime, Lai et al. (2006) and Dubbert
et al. (2013, 2014) observed a decrease of dT compared with tran-
spiration steady-state values. The increase of VPD was identified
as an underlying cause. In the present experiment, however, VPD
was lower during the photoperiod by contrast with a typical diur-
nal cycle under field conditions. Dubbert et al. (2017) investi-
gated isotopic adjustment of transpiration of different species in
response to an abrupt decrease in VPD, which led to an immedi-
ate increase in d18O and a subsequent species-specific return to
the isotopic composition of source water. Therefore, determina-
tion of the time for adjustment of investigated species in relation
to the fluctuations of their environmental conditions is needed
not only under natural conditions, but also in the context of labo-
ratory experiments. Next to VPD, also a change of dout impacts
the isotopic composition of leaf water and therefore dT (Farquhar
& Cernusak, 2005). An increase of dout would, however, result in
a decrease of dT. As the opposite was observed, it can be

concluded that the change of VPD outweighs the dout effect in
the present experiment.

Soil water and transpiration isotopic data in the dual
isotope space

The comparison of dsoil and dT in a dual isotope coordinate
system allows the identification of the water pools contribut-
ing to RWU (Fig. 3). For ease of understanding, experimental
phase II (DoE 7–34) was divided into two periods separated
by the data gap, that is phase II.1 (DoE 7–18) and phase II.2
(DoE 23–34).

Slopes of the d18O–d2H linear regressions for soil depth > 3 cm
decreased over time from 3.61 (phase I) to 2.82 (phase III). Slopes
of the transpiration lines were similar to those of the EL (for soil
depth > 3 cm) and spanned between 2.57 in phase III and 3.52 in
phase II.1. Influence of ambient water vapour on dsoil at 1 and
3 cm depth shifted soil water d18O and d2H values away from the
EL in a similar spatial pattern, as observed by Rothfuss et al.
(2015). Consequently, values of dsoil were enclosed in a narrow,
two-dimensional polygon (displayed in Fig. 3 in light grey). Nev-
ertheless, soil water d18O and d2H were linearly correlated during
the whole course of the experiment (minimal R2 = 0.96 in phase
II.2, P-value < 2.2e�16) due to active capillary rise and isotopic dif-
fusion. Thus, the aim of obtaining independent information from
d18O and d2H was only partly fulfilled. In future experiments, this
problem should be addressed, for example by adding tracers with
different d2H : d18O ratios to the soil profile.

dT plotted inside the area spanned by dsoil during experimental
phases II and III. This accordance indicates that dsoil reflected
water pools available for RWU for a wide range of Ψ. Addition-
ally, dsoil below 20 cm depth and deionised water used for initial
saturation agreed well before phase II. Therefore, no measurable
tension- and texture-mediated isotopic effect (Orlowski et al.,
2013, 2016b; Gaj et al., 2017) was found in this study. For the
soil used in the present experiment, this also contradicts the
recently controversially discussed hypothesis of two water worlds
(McDonnell, 2014) that explains observed differences between
plant and stream water isotopic compositions by conceptualising
the co-existence of two isotopically distinct water pools, one
available for RWU and one available for soil water flow. Compa-
rably, no isotopic distinction of soil water into ‘mobile’ and ‘im-
mobile’ fractions was found by Sprenger et al. (2016) and
McCutcheon et al. (2017).

Simulated RWU profiles and comparison to changes of soil
water content

Fig. 4 displays the evolution of modelled RWU profiles (fRWU is
the dimensionless fraction of root water uptake). For this visual
display we standardised modelled values to uptake per cm soil
depth to account for different soil layer volumes and enable the
interpretation of spatial patterns. As a reference point, the time
spans when water was added to the profile are indicated by
dashed white lines. Table 1 reports modelled fRWU of the SIAR
best run for the eight measured soil depths with the associated
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Fig. 2 Timeline of the isotopic composition of transpired water vapour (dT)
as mean values with SD (c). Also provided are transpiration rate (T) with
vapour pressure deficit (VPD) in the plant chamber (b) and water
potentials (Ψ) in different soil depths (a, logarithmic y-axis). As a
reference, the minimum water potential (MWP) for the investigated
species Centaurea jacea (Ψplant =�4MPa) is displayed as a dashed line.
Grey shaded areas indicate times when water was added to the soil
column. From Day of Experiment (DoE) 18 to 22 transpiration
measurements had to be discarded due to condensation inside the tubing.
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ranges. Despite the wide range of potential contributing fractions
across water sources, that is soil layers, of the model output
(Table 1), clear fRWU patterns were found.

Fig. 5 shows the observed water head daily changes (in
mm d�1), as inferred from the temporal changes of h (x-axis) and

from the sum of transpiration and irrigation amounts (y-axis). In
between irrigation events, a good correspondence
(RMSE = 0.7 mm d�1, blue symbols) was obtained between the
two independent methods, meaning that the setup could prop-
erly catch the water dynamics at the column scale. However, at

Fig. 3 Isotopic composition in soil profiles
and transpiration of Centaurea jacea (dT) in
the dual isotope space. Data were divided
into the experimental phases with different
water input: (a) phase I, addition of water
from the top; (b, c) phase II, addition of
water from the bottom; (d) addition of water
from the top. Crosses indicate the SD of data
points as applied in the modelling approach.
The isotopic composition of water added to
the soil column over the course of the
experiment from the top (Wheavy) and from
the bottom (Wlight) is also provided. Dashed
lines show linear regressions through soil
measurements at the column top (depth 1–
3 cm) and the column bottom (5–60 cm),
solid lines represent linear regressions
through transpiration data. For comparison,
the blue solid line shows the Global Meteoric
Water Line (GMWL). Grey shaded areas
drawn for phases II and III illustrate the
possible spread of dT values.
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Fig. 4 Temporal evolution of root water
uptake fractions of Centaurea jacea (fRWU)
simulated by the multisource mixing model
SIAR for each of the eight considered soil
layers (0–2, 2–4, 4–6, 6–8.5, 8.5–15, 15–30,
30–50 and 50–60 cm). Values were further
normalised by the thickness of each layer and
expressed in cm�1. Soil layers coloured in
black indicate their exclusion as potential
sources for water uptake (fRWU = 0 for soil
water potential ≤�4MPa) before running
SIAR. Start and endpoints of time spans
when water was actively added to the
column are indicated by dashed lines.
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certain days (DoE 1–3, 7–13 and 35–38, red symbols), differ-
ences were observed, for example due to the spatial resolution of
the h sensors.

Fig. 6 shows the depth profiles of RWU (defined as the nega-
tive product �fRWU9 T/Vsoil, see the Materials and Methods
section, a) and of the temporal changes in h (Δh/Δt, b), both
expressed in m3 water m�3 soil d�1. As no efflux from the roots
was simulated by SIAR, it remained negative throughout the

experiment. Δh/Δt is the sum (soil water redistribution + RWU)
and was observed to be either negative or positive. When Δh/
Δt > 0, more water was brought to the soil layer by (re)distribu-
tion of moisture (for example by capillary flow or hydraulic lift)
than lost by RWU. This happened on irrigation days, for exam-
ple from DoE 7–10 (respectively DoE 35–38) between 30 and
60 cm (down to 30 cm depth). Interestingly, on DoE 39 an
increase of h was recorded in 50–60 cm depth which could

Table 1 Modelled root water uptake fractions for the investigated species Centaurea jacea per day of experiment (DoE) for each soil water source in % as
best runs with associated ranges.

Section DoE 1 cm 3 cm 5 cm 7 cm 10 cm 20 cm 40 cm 60 cm

I 1 22 (0–51) 16 (0–50) 19 (0–74) 11 (0–47) 8 (0–41) 7 (0–34) 9 (0–33) 9 (0–35)
2 20 (0–50) 24 (0–55) 19 (0–57) 5 (0–45) 8 (0–39) 9 (0–31) 7 (0–32) 9 (0–32)
3 22 (0–57) 20 (0–57) 19 (0–56) 13 (0–52) 6 (0–41) 9 (0–31) 6 (0–33) 6 (0–31)
4 15 (0–42) 15 (0–42) 13 (0–48) 14 (0–49) 16 (0–42) 7 (0–38) 11 (0–37) 11 (0–38)
5 6 (0–32) 8 (0–36) 14 (0–42) 18 (0–48) 9 (0–56) 17 (0–47) 15 (0–42) 14 (0–49)
6 14 (0–37) 8 (0–36) 6 (0–44) 8 (0–43) 12 (0–45) 18 (0–47) 19 (0–49) 15 (0–46)

II 7 14 (0–31) 4 (0–35) 12 (0–42) 3 (0–44) 13 (0–43) 17 (0–48) 19 (0–44) 17 (0–43)
8 7 (0–35) 10 (0–32) 6 (0–42) 12 (0–45) 16 (0–53) 17 (0–58) 18 (0–53) 14 (0–37)
9 6 (0–32) 7 (0–32) 4 (0–36) 15 (0–50) 15 (0–52) 20 (0–68) 19 (0–54) 15 (0–42)

10 5 (0–34) 6 (0–31) 7 (0–38) 8 (0–42) 4 (0–50) 22 (0–63) 22 (0–64) 24 (0–46)
11 3 (0–31) 8 (0–31) 7 (0–37) 6 (0–41) 6 (0–56) 23 (0–78) 24 (0–72) 24 (0–57)
12 6 (0–32) 5 (0–37) 6 (0–34) 6 (0–39) 0 (0–52) 22 (0–70) 26 (0–66) 28 (0–61)
13 5 (0–32) 5 (0–26) 5 (0–30) 7 (0–35) 5 (0–49) 22 (0–78) 24 (0–74) 27 (0–60)
14 4 (0–29) 5 (0–24) 7 (0–33) 7 (0–37) 5 (0–53) 24 (0–77) 24 (0–74) 25 (0–56)
15 4 (0–29) 7 (0–23) 6 (0–32) 7 (0–34) 2 (0–48) 24 (0–74) 24 (0–71) 26 (0–61)
16 5 (0–26) 4 (0–24) 3 (0–28) 6 (0–37) 8 (0–52) 25 (0–67) 15 (0–74) 33 (0–55)
17 3 (0–30) 5 (0–31) 6 (0–29) 5 (0–37) 4 (0–44) 25 (0–72) 22 (0–79) 30 (0–62)
18 na na na na na na na na
19 na na na na na na na na
20 na na na na na na na na
21 na na na na na na na na
22 na na na na na na na na
23 7 (0–35) 2 (0–30) 4 (0–31) 5 (0–34) 6 (0–42) 21 (0–69) 21 (0–69) 34 (0–62)
24 3 (0–29) 5 (0–26) 7 (0–33) 6 (0–41) 6 (0–47) 18 (0–70) 24 (0–76) 31 (0–64)
25 7 (0–44) 4 (0–31) 5 (0–34) 5 (0–35) 7 (0–44) 20 (0–71) 24 (0–75) 28 (0–62)
26 3 (0–36) 4 (0–31) 4 (0–34) 3 (0–37) 4 (0–47) 21 (0–74) 32 (0–73) 29 (0–62)
27 8 (0–31) 3 (0–30) 5 (0–36) 7 (0–36) 8 (0–48) 23 (0–62) 24 (0–65) 23 (0–56)
28 0 (0–0) 6 (0–33) 5 (0–39) 12 (0–45) 18 (0–54) 18 (0–58) 21 (0–62) 21 (0–47)
29 0 (0–0) 13 (0–30) 8 (0–42) 6 (0–47) 14 (0–49) 20 (0–58) 21 (0–55) 18 (0–48)
30 0 (0–0) 0 (0–0) 28 (0–47) 18 (0–58) 17 (0–71) 18 (0–66) 19 (0–58) 0 (0–0)
31 0 (0–0) 0 (0–0) 20 (0–51) 15 (0–67) 22 (0–74) 19 (0–80) 24 (0–65) 0 (0–0)
32 0 (0–0) 0 (0–0) 0 (0–0) 29 (0–67) 25 (0–87) 24 (0–78) 22 (0–77) 0 (0–0)
33 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 65 (1–98) 18 (0–91) 18 (0–97) 0 (0–0)
34 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 97 (0–100) 3 (0–100) 0 (0–0)

III 35 38 (0–87) 36 (0–81) 9 (0–66) 3 (0–53) 6 (0–43) 4 (0–42) 4 (0–38) 0 (0–0)
36 24 (0–83) 21 (0–72) 21 (0–55) 22 (0–60) 4 (0–49) 3 (0–56) 4 (0–49) 0 (0–0)
37 24 (0–73) 21 (0–64) 17 (0–57) 22 (0–52) 3 (0–49) 9 (0–51) 5 (0–45) 0 (0–0)
38 22 (0–75) 23 (0–69) 17 (0–50) 17 (0–53) 14 (0–52) 2 (0–49) 4 (0–44) 0 (0–0)
39 31 (0–90) 10 (0–58) 10 (0–58) 11 (0–61) 13 (0–53) 15 (0–55) 11 (0–41) 0 (0–0)
40 63 (0–81) 16 (0–68) 4 (0–56) 5 (0–43) 5 (0–45) 4 (0–36) 3 (0–38) 0 (0–0)
41 44 (0–78) 28 (0–78) 7 (0–58) 6 (0–49) 6 (0–47) 4 (0–44) 6 (0–29) 0 (0–0)
42 36 (0–76) 24 (0–77) 8 (0–54) 7 (0–54) 6 (0–57) 9 (0–44) 10 (0–42) 0 (0–0)
43 30 (0–67) 25 (0–71) 12 (0–57) 11 (0–53) 7 (0–50) 7 (0–36) 8 (0–33) 0 (0–0)
44 21 (0–59) 21 (0–67) 18 (0–70) 19 (0–50) 9 (0–50) 7 (0–46) 4 (0–30) 0 (0–0)
45 23 (0–52) 19 (0–53) 19 (0–58) 14 (0–54) 13 (0–52) 4 (0–49) 7 (0–34) 0 (0–0)
46 15 (0–46) 21 (0–58) 12 (0–62) 18 (0–66) 18 (0–59) 15 (0–53) 0 (0–0) 0 (0–0)
47 4 (0–45) 20 (0–51) 21 (0–60) 14 (0–64) 20 (0–64) 21 (0–66) 0 (0–0) 0 (0–0)
48 6 (0–47) 6 (0–59) 13 (0–76) 28 (0–66) 20 (0–78) 27 (0–64) 0 (0–0) 0 (0–0)

From DoE 18–22 transpiration measurements had to be discarded due to condensation inside the tubing. Values on these days are displayed as not
available (na).
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point to either preferential flow, enhanced by the development
of the root system (e.g. Ghestem et al., 2011), or redistribution
of moisture by the roots (e.g. Meunier et al., 2017) from shal-
lower, wetter layers (Ψ >�0.1MPa) to the deeper and much
drier bottom soil layer (Ψ <�10MPa). On DoE 26, 29 and
48, the difference of water volumes lost by the soil column
derived from the two methods was smallest, specifically < 2% of
transpiration. On these specific days, there was an overall signif-
icant linear correlation (R2 = 0.45, P-value < 0.01) between pro-
files of water head (in mm d�1) (Fig. 7a). Nevertheless,
discrepancies between soil water content temporal change and
RWU arose at given soil layers. This is particularly visible at
1 cm depth on DoE 26 and 29, where RWU was always signifi-
cant even though h was low (h < 0.16 m3 m�3, Ψ <�2.7MPa;
Fig. 7b). Concurrently, almost no change in h was recorded.
On the opposite, from 30 to 60 cm depth, changes of h were
always higher than the simulated RWU.

Ecohydrological interpretation of simulated RWU

In the beginning of the experiment, especially during DoE 1–3
when the column was irrigated from the top, RWU mainly
occurred in the soil column’s top 6 cm and fRWU decreased with

soil depth. As water was available to the plant in the entire soil
profile, this presumptively reflected the RLD profile (Draye et al.,
2010), which typically shows an exponential shape in vertically
homogeneous soils (Gregory, 2006). However, a change in the
uptake pattern towards a more evenly distributed uptake was
observed immediately after irrigation was stopped, when Ψ at 1
and 10 cm decreased, but were still well above field capacity
(DoE 1: Ψ1 cm =�0.1MPa, Ψ10 cm =�0.3 MPa, DoE 6:
Ψ1 cm =�0.3MPa, Ψ10 cm =�0.4MPa). This indicates that
RWU could be more sensitive towards changes in Ψ and less
associated with RLD than previously assumed. Accordingly, no
unique relationship between RWU and RLD profiles (Fig. 7c)
was found. These results contradict ecohydrological models that
usually assume a strong connection between RWU and the RLD
profile, only incorporating information on Ψ when soil water is
strongly limited (Feddes et al., 2001; Varado et al., 2006; Schy-
manski et al., 2008).

Simulated RWU deeper in the soil profile increased during
experimental phase II. Here, the cumulated fRWU for 30–60 cm
depth (sum of the two soil water layers with measurements in 40
and 60 cm depth) consistently exceeded 45% for DoEs 10–27.
Plants often optimise their root growth to prevailing environ-
mental conditions in order to maximise the use of available
resources (Topp, 2016; Rothfuss & Javaux, 2017). This direc-
tional growth of the root system, also known as root plasticity,
could have been induced by the increasing difference of h across
the soil profile in reaction to the saturation from the bottom.

Even though dT and associated RWU profiles changed, T
stayed constant for most of phase II, which highlights the preva-
lence of the compensation mechanism, meaning RWU is relo-
cated to soil regions where water is less tightly bound (�Sim�unek
& Hopmans, 2009). This mechanism drives RWU in case of spa-
tially heterogeneous water availability (Couvreur et al., 2012). In
the present experiment, VPD inside the plant chamber stayed on
a constant level following the step change after lights were
switched on. This indicates that T was often limited by the ambi-
ent conditions and not by soil water availability. Thus, under
field conditions that usually feature a faster removal of water
vapour from air surrounding the leaf, T could presumably change
more dynamically in reaction to changes in the RWU pattern.

From DoE 30 until the end of phase II, water availability
became a limiting factor and thus T decreased (compare Fig. 2a,
b). Consequently, an increasing number of soil layers were
excluded from modelling as contributing soil water sources (com-
pare Fig. 4). On DoE 34, we restricted the modelled RWU to 20
and 40 cm soil depth only. This clearly affected modelling results
compared with the purely statistical approach, that is without
restricting soil water sources (see Fig. S2). In the latter approach,
RWU increased in the soil top (0–8.5 cm) from DoE 30 until the
end of phase II, which contrasted with low Ψ in these soil depths.
Analogously, on DoE 34, the highest fRWU (24%) was simulated
for the soil layer 50–60 cm, even though it had the lowest Ψ
(�13MPa). Because plants usually show a minimal water poten-
tial (�3.5MPa for the investigated species) to avoid xylem cavita-
tion that ultimately leads to hydraulic failure (Maherali et al.,
2004), this result disagrees with plant physiological concepts.
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Accordingly, setting fRWU = 0 for layer 0–2 cm (30–60 cm) on
DoE 29 (respectively DoE 48) noticeably improved the correla-
tion between profiles of water head in comparison to the RWU
model without restriction (R2 = 0.26, P-value < 0.1). This high-
lights difficulties associated with purely statistical RWU models
and illustrates the need for accounting for plant physiological
knowledge in simulations (Mahindawansha et al., 2018). An
incorporation of actual, dynamic values for Ψplant instead of a
minimum threshold value likely further increases the disagree-
ment between purely statistical and restricted RWU model.

The plant showed an immediate reaction to the irrigation from
the top in phase III, when it entirely shifted its RWU to 0–8.5 cm.

Directly after water addition, RWU was especially high at 1 and
3 cm depth, despite the fact that soil water was available to the
plant at least in the top 20 cm. Together with the fast change of T
and RWU location, this could illustrate a strategy of the drought-
adapted Centaurea jacea to efficiently use as much as possible of,
for example, short but intense summer rains before water becomes
limiting again and thus entail a competitive advantage.

Even though the RLD profile certainly changed throughout
the experiment, variations in the physical rooting system cannot
provide a complete explanation for temporal shifts in the RWU
profile due to the velocity of observed changes. In general, RWU
seemed to be preferentially associated with water availability
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rather than with RLD, as also concluded by Kulmatiski et al.
(2017). This again is visible at the end of the experiment where
the simulated decrease of fRWU in 1–6 cm depth is in line with
the pronounced decrease of h at these depths. If and to what
extent observed disagreements between RWU and h profiles arise
from uncertainties in the modelling approach or an insufficient
understanding of RWU dynamics and the complex interplay of
its underlying mechanisms cannot be answered conclusively. This
highlights the necessity for the development and validation of
process-based modelling approaches (Meunier et al., 2017; Roth-
fuss & Javaux, 2017).

Conclusion

We successfully combined in-situ methods quantifying the stable
isotopic composition in plant transpiration and across soil water
sources in the laboratory during a multistep labelling experiment.
Overcoming previous limitations, the combination between plant
and soil isotopic datasets allowed for modelling RWU profiles at
high temporal resolution. There was no unique relationship
between RWU, h and RLD profiles, illustrating that the plant
continuously adapted its uptake distribution as a function of its
root hydraulic architecture and soil water availability. Neverthe-
less, it can be concluded that trends in RWU patterns did overall
match better with water availability across the soil profile than
with RLD distribution. Furthermore, RWU could be even more
dynamic in reaction to Ψ than previously assumed. Even on days
when water balances (from daily transpiration and changes of h)
matched well, water head profiles from both independent meth-
ods differed. We therefore conclude that using changes in h as a
proxy for RWU (MacFall et al., 1991) or hydraulic redistribution
(Domec et al., 2010) leads to biases arising from the simultane-
ous water redistribution by the soil matrix and/or through plant
roots as also observed in a modelling study conducted by Van-
doorne et al. (2012).

To increase the explanatory power of statistical mixing models,
efforts should be directed at further (artificially) decorrelating the
d2H–d18O linear relationship in soil water, thus diversifying
information derived from both monitored water stable isotopic
signatures. The present work illustrated also the potential to elab-
orate statistical RWU models by including mechanistic knowl-
edge, that is, plant and soil physical and physiological
information. This approach should be further developed in
future studies. Obtained datasets could be used for validating
hypotheses made in mechanistic modelling approaches. Possible
applications range from implicit models with high computational
speed (Couvreur et al., 2012) to models incorporating 3D root
systems, root development and the influence of highly resolved
soil properties in space and time (Javaux et al., 2008).
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