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eleven depths was recorded daily in a non-destructive 
manner. The isotopic composition of plant transpira-
tion was inferred from gas chamber measurements. 
Vertical isotopic gradients in the soil column were 
created by adding labeled water. Daily root water 
uptake (RWU) profiles were computed using the 
multi-source mixing model Stable Isotope Analysis in 
R (Parnell et al. PLoS ONE 5(3):1–5, 2010).
Results  RWU occurred mainly in soil layer 
0–15 cm, ranging from 79 to 44%, even when water 
was more easily available in deeper layers. In wet 
soil, the transpiration rate was driven mainly by vapor 
pressure deficit and light intensity. Once soil water 
content was less than 0.12 cm3 cm− 3, the computed 
canopy conductance declined, which restricted leaf 
gas exchange. Leaf water potential dropped steeply 

Abstract 
Aims  We aimed at assessing the influence of above- 
and below-ground environmental conditions over the 
performance of Centaurea jacea L., a drought-resist-
ant grassland forb species.
Methods  Transpiration rate, CO2 assimilation rate, 
leaf water potential, instantaneous and intrinsic water 
use efficiency, temperature, relative humidity, vapor 
pressure deficit and soil water content in one plant 
and root length density in four plants, all grown in 
custom-made columns, were monitored daily for 87 
days in the lab. The soil water isotopic composition in 
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to around − 3 MPa after soil water content was below 
0.10 cm3 cm− 3.
Conclusion  Our comprehensive data set contributes 
to a better understanding of the effects of drought on 
a grassland species and the limits of its acclimation in 
dry conditions.

Keywords  Root water uptake · Water stable 
isotopes · Drought · Centaurea jacea · Non-
destructive monitoring

Introduction

In recent years, some researchers aim at investigat-
ing the strategies and mechanisms plants use to 
cope with dry soils and high temperatures from an 
ecohydrological perspective. That is, understanding 
the dynamic relationship between hydrological and 
biogeochemical processes within the plant commu-
nity and between soil and vegetation (e.g., Newman 
et  al. 2006; Dubbert et  al.  2014; Chitra-Tarak et  al. 
2021) and how these links are impacted by climate 
change. Grasslands are a popular subject in ecohy-
drological studies due to the marked dependency of 
biological processes to changes in hydro-climatic 
conditions in these ecosystems (Zwicke et  al. 2015; 
Yang et  al. 2016) and their rapid response to these 
changes by setting in motion ecosystem-regulating 
processes (Jentsch et  al. 2011). Centaurea jacea L. 
(brown knapweed), an ubiquitous forb native to grass-
lands, meadows and open well-lit spaces in Europe, 
North Asia and Northwest Africa (Hegi 1954) is well 
adapted to dry conditions and therefore a feasible 
study species for getting a mechanistic understanding 
of the feedbacks in the soil-plant-atmosphere contin-
uum in a water-scarce environment.

The difference between water potential in the 
soil and in the surrounding environment drives root 
water uptake (RWU) and the magnitude of this dif-
ference depends on the rate of plant transpiration 
(Carminati and Javaux 2020). Plants actively con-
trol transpiration rate by opening or closing the 
stomata to “limit the variation in plant water poten-
tial with soil moisture and evaporative demand” 
(Sperry et  al. 2002). It is an established belief that 
plant species in drying soil either set a relatively 
high leaf water potential limit by an “early” clos-
ing of the stomata (i.e., isohydricity) or display a  

less strict stomatal control and much lower leaf 
water potential values (i.e., anisohydricity) (Tar-
dieu and Simonneau 1998; Maseda and Fernández 
2006). The magnitude and timing of stomata clo-
sure is pivotal, because through this process plants 
avoid hydraulic failure (i.e., xylem embolism), but it 
also causes the reduction of photosynthetic activity 
(Cowan and Farquhar 1977).

Evaluating stomatal control and quantifying RWU 
assist in the assessment of the role of water and nutri-
ent availability, root distribution, radiation, tempera-
ture, relative humidity, among other factors, in the 
response of plants to dry conditions. Because many 
of these factors vary constantly in time and space, 
both stomatal control and RWU are highly dynamic 
processes. A single plant species might display iso- or 
anioshydric behavior depending on the environmen-
tal conditions and describing water uptake patterns 
might be challenging (Rothfuss and Javaux 2017), 
when relying on destructive sampling of soil and 
plant material at low spatio-temporal resolution. Non-
destructive water stable isotopic monitoring coupled 
with laser-based spectroscopy has shown its potential 
in helping to overcome this challenge. In this method, 
the isotopic composition of soil water - that is, the 
relative ratio between the least abundant, 2 H and 18O, 
and most abundant isotopes, 1 H and 16O, i.e. δ2H and 
δ18O, expressed in per mil (‰), is computed from 
the measured isotopic composition of sampled water 
vapor. This method can be used in saturated and 
unsaturated soils in both the lab and the field at dif-
ferent depths of the soil profile (Rothfuss et al. 2013; 
Quade et al. 2018).

According to Rothfuss and Javaux (2017), sev-
eral methods exist to quantify RWU using the iso-
topic composition of different soil layers or depths 
(“sources”) and the isotopic composition of plant 
transpiration (“product”). Multi-source (MS) mixing 
models with a Bayesian statistical approach do seem 
to outperform the graphical inference method and the 
two-end-member mixing model (Rothfuss and Javaux 
2017). The most popular MS mixing model embed-
ded in a Bayesian framework is the one developed by 
Parnell et al. (2010). The authors developed the Sta-
ble Isotope Analysis with R (SIAR) for dietary source 
partitioning, but it has proven quite suitable for RWU 
quantification (e.g., Prechsl et  al. 2015; Volkmann 
et  al. 2016; Beyer et  al. 2018). This tool coupled 
with non-destructive isotopic monitoring allows the 
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calculation of RWU profiles with a 1-cm spatial and 
daily temporal resolution.

Since RWU is a process that depends on both 
above- and below-ground processes, it is essential to 
obtain comprehensive data sets in which both envi-
ronmental and plant-related variables are simultane-
ously monitored. Comparing the evolution of these 
two types of variables can help in understanding the 
role of soil and leaf water status, and of root distri-
bution on RWU, especially during drought. Moreo-
ver, this comparison can also help in describing the 
direction and magnitude of the feedbacks between 
environmental demand and soil water status, and sto-
matal conductance and leaf gas exchange. Therefore, 
our main purpose was to assess the performance of 
the drought-resistant grassland species Centaurea 
jacea under varying above- and below-ground envi-
ronmental conditions. More specifically, we aimed at 
(i) linking leaf water status (i.e., leaf water potential) 
and gas exchange (i.e., CO2 assimilation rate, canopy 
conductance, transpiration rate) with changes in envi-
ronmental conditions (i.e., vapor pressure deficit and 
soil water content) and (ii) describe the role of root 
length density in RWU in both wet and dry environ-
mental conditions in the soil and the atmosphere.

Materials and methods

In the following subsections, our experimental set up 
is described in detail (a schematic view is presented 
in Fig. 1), as well as the measurement sequences and 
calculations used to determine and monitor above- 
and below-ground conditions and plant physiological 
variables. All calculations were done using the soft-
ware R (R Core Team 2020).

Soil columns and soil water isotopic measurements

Three columns made of polyvinyl chloride (PVC) and 
one acrylic column (11 cm diameter, 60 cm length, 5.7 l 
volume) were filled with loamy sand (standard soil 2.1, 
particle size distribution: 84.7% 2–0.063  mm, 11.4% 
0.063–0.002  mm, 3.9% < 0.002  mm; LUFA Speyer, 
Germany) from which the largest ferromagnetic parti-
cles were removed. This was done in a semi-automated 
custom-made system, in which the soil is spread in a 
thin layer and passes under a set of rare earth magnets 
(NdFeB, 9 × 4 × 1 cm3 size) on a conveyor belt (van 

Dusschoten et al. 2016). The removal of large ferromag-
netic particles is a critical step to avoid interferences in 
root observations with magnetic resonance imaging 
(MRI). The standard soil was used to be able to observe 
a higher percentage of roots measured with MRI in the 
PVC columns (referred to as “MRI columns” from this 
point onwards) (Pflugfelder et al. 2017). The dry bulk 
density was determined at 1.54 and 1.47 g cm− 3 for the 
MRI columns and acrylic column (referred to as “iso-
topic column” from this point onwards), respectively 
(Fig. 1).

The soil water vapor was sampled using the method 
described in Rothfuss et al. (2013) at eleven depths (1, 
3, 5, 7, 10, 20, 40, 50, 53, 55 and 59 cm) in the iso-
topic column through a 17.5  cm-long gas-permeable 
polypropylene tubing (Accurel® PV8/2HF, 0.155 cm 
wall thickness, 0.55  cm i.d., 0.86  cm o.d., 0.2  μm 
pore size; 3  M, USA). Temperature was recorded at 
the aforementioned depths using thermocouples (type 
K, 0.01  °C precision; Greisinger electronic GmbH, 
Regenstauf, Germany). The volumetric soil water con-
tent (θ, cm3 cm− 3) was recorded at depths of 1, 10, 
50 and 59  cm with frequency domain sensors (EC-
5, 0.001 m3 m− 3 precision; Decagon Devices, USA) 
(according to Bogena et  al. (2007), the accuracy is 
lower, around 1–2% volume, when temperature, elec-
tric conductivity and supply voltage effects on the 
readings are taken into account). The θ was recorded 
at depths 15, 25 and 34 cm with fixed capacitor sen-
sors, similar to the ones used in the soil water profiler 
(SWaP, accuracy of 0.002 cm3 cm− 3) described in van 
Dusschoten et al. (2020). A calibration curve for each 
and one of the sensors was obtained at the same tem-
perature, supply voltage and with the same soil used in 
our experiments by recording the sensors’ readings in 
soil with known volumetric water content.

The water vapor inside the tubing in each soil 
depth was sampled two times a day for 30 min with 
synthetic dry air (20.5% O2 in N2 with approximately 
20–30 ppmV water vapor; Air Liquide, Germany) at 
low flow rate (approximately 70 ml min− 1). The mix-
ture of dry air and water vapor was carried to a Cavity 
Ring-Down Spectrometer (CRDS, L2130-i; Picarro, 
Santa Clara, USA) for online isotopic measurements. 
The mean soil water vapor isotopic composition 
(δ2H or δ18O) value was calculated from the last 330 
readings of the plateau (representing approximately 
the last 5  min and 30  s out of the 30  min of meas-
urements). The corresponding liquid water δ-value was 
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calculated using the equations given by Majoube (1971) 
at the temperature measured at the observation depth, 
assuming a thermodynamic equilibrium between soil 
liquid water and water vapor. To account for the water 
vapor mixing ratio dependency of the CRDS measure-
ments, the liquid water mean δ-value was recomputed 
to a value of water vapor mixing ratio of 17,000 ppmV. 
Finally, this recomputed value was calibrated on the 
V-SMOW scale using two soil water vapor standards, 

as described in Rothfuss et  al. (2015) (Std1 and Std2 
in Fig. 1). Each standard consisted of a smaller acrylic 
glass vessel filled with the same type of soil as the four 
columns containing a piece of gas-permeable tubing. 
The soil in one of the vessels was saturated with iso-
topically enriched water (δ2H = 102.4 ± 1.4‰ and δ18O 
= 30 ± 0.3‰), whereas the soil in the second vessel 
was saturated with isotopically depleted water (δ2H = 
-78.4 ± 0.6‰ and δ18O = -18.8 ± 0.1‰).

Fig. 1   Piping and instrumentation diagram (PID) of the 
experimental setup placed in a climate chamber (tempera-
ture = 19 ± 0.22  °C and relative humidity = 64.7 ± 1.3%): one 
isotopic column (framed by a black empty polygon), three 
magnetic resonance imaging (MRI) columns (only one is 
depicted next to the isotopic column) and a plant chamber over 
each column (a total of four, the isotopic column plant cham-
ber framed by a black empty polygon and only one MRI col-
umn plant chamber are depicted). The relative humidity inside 
the isotopic column plant chamber was changed by increasing 
or decreasing the amount of water vapor saturated air from a 
water bottle mixed with compressed air (upper right section) 
entering the plant chamber. All soil water vapor isotopic meas-

urements were done online with a Cavity Ring-Down Spec-
trometer (CRDS) in the isotopic column and the rate and iso-
topic composition of plant transpiration was measured using 
the isotopic column plant chamber. The isotopic standards used 
were labeled Std1 and Std2. CO2 mixing ratio determinations 
in the isotopic column plant chamber were conducted with 
an Isotope Ratio Infrared Spectrometer (IRIS). The MRI col-
umns were used to monitor root distribution on day after seed-
ing (DaS) 237 and 307. The MRI columns and their respec-
tive plant chambers were not connected to the semi-automated 
water vapor sampling system and the MRI column plant cham-
bers were flushed with air circulating in the climate chamber 
using a membrane pump and a rotameter
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Plant chamber and leaf measurements

A custom-made cylindrical plant chamber (29  cm 
diameter, 35.5 cm length, 23  l volume) was used to 
determine the isotopic composition and rate of plant 
transpiration and CO2 assimilation of the plant grow-
ing in the isotopic column. The plants in the MRI 
columns were also enclosed each in a plant chamber 
with the same dimensions and were continuously 
flushed with ambient air using a membrane pump 
(Fig. 1). However, no isotopic or plant transpiration 
measurements were performed there. Each cham-
ber was equipped with an air relative humidity (rh) 
and temperature (T) sensor (RFT-2, rh = 2% and 
T = 0.1  °C precision; METER Group, Munich, Ger-
many) and enclosed a single plant individual. The 
soil surface of each column was covered with alu-
minum foil to avoid soil water evaporation. The air 
entering the plant chamber over the isotopic col-
umn (i.e., inlet airstream) was a mixture of ambi-
ent air and water vapor from a dew point generator 
(i.e., a water bottle equipped with an air diffuser, see 
Fig. 1). The outlet airstream from the plant chamber 
was a mixture of inlet airstream and plant transpira-
tion. The inlet and outlet airstream were kept con-
stant during each experimental period (Table 1) and 
were sampled six and three times per day for 31 min, 
respectively. The inlet airstream was sampled 
directly before and after each outlet airstream meas-
urement. The isotopic composition and mixing ratio 

of the water vapor in the inlet and outlet airstream 
were measured using the CRDS, and the mixing ratio 
of CO2 was determined using an Isotope Ratio Infra-
red Spectrometer (IRIS, Delta Ray™; Thermo Scien-
tific™, USA). These measurements were done five, 
eight and eleven hours after a fully programmable 
water-cooled LED panel (4 × 14 LED lamps à 20 W, 
3200 K; Cree LED, USA) was switched on.

Leaf water potential (Ψl, MPa) of the plant in the 
isotopic column was monitored every 30 min using a 
psychrometer (PSY1, 0.1  MPa precision; Armidale, 
NWS, Australia). A broad leaf was selected and the 
surface over the midrib was carefully rubbed with 
sandpaper to expose the xylem. Afterwards, the leaf 
was rinsed with distilled water and the excess water 
was wiped. Then, the chamber of the psychrometer 
with greased edges was placed over the exposed mid-
rib and fixed with a leaf clamp. The psychrometer 
was re-installed in this manner several times, because 
the leaf it was attached to had withered.

The vapor pressure deficit (vpd, kPa) inside the 
plant chamber was computed using Eq.  (1) (Murray 
1966).

where Tleaf (°C) is the leaf temperature measured 
with the psychrometer and rh’ (%) is the air relative 
humidity normalized to Tleaf calculated using Eq. (2).

(1)vpd =
100 − rh�

100
0.61078e

17.27×Tleaf

Tleaf +237.3

Table 1   Measured mean values of air temperature (T, °C) 
and relative humidity (rh, %) inside the isotopic column plant 
chamber, light intensity (mmol s− 1 m− 2) and soil water content 

(θ, cm3 cm− 3), and computed values of vapor pressure deficit 
(vpd, kPa) inside the plant chamber and transpiration rate (Tr, 
mmol s− 1 m− 2) for the different experimental periods

Values of vpd and Tr were calculated using Eqs. (1) and (3)

Period (days after 
seeding - DaS)

T (°C) rh (%) vpd (kPa) Light intensity 
(mmol s− 1 m− 2)

θ (cm3 cm− 3) Tr (mmol s− 1 m− 2)

231–232 21.8 ± 0.0 73.2 ± 0.2 0.7 ± 0.0 ~ 500 0.22 ± 0.01 3.5 ± 0.1
234–235 21.8 ± 0.1 65.9 ± 1.7 0.9 ± 0.0 ~ 500 0.21 ± 0.01 4.2 ± 0.1
237–240 22.4 ± 0.2 70.5 ± 0.3 0.8 ± 0.0 ~ 500 0.21 ± 0.02 2.8 ± 0.4
243–248 22.5 ± 0.1 62.7 ± 1.4 1.0 ± 0.0 ~ 500 0.18 ± 0.01 3.4 ± 0.2
250–253 22.3 ± 0.2 43.0 ± 1.1 1.5 ± 0.0 ~ 500 0.15 ± 0.01 4.1 ± 0.3
256–267 22.4 ± 0.2 67.1 ± 0.6 0.9 ± 0.0 ~ 500 0.19 ± 0.02 2.9 ± 0.1
269–278 (HTr-I) 23.1 ± 0.5 50 ± 2.7 1.4 ± 0.1 ~ 1000 0.17 ± 0.02 6.5 ± 0.5
280–290 (HTr-II) 24.5 ± 0.0 67.4 ± 0.7 1 ± 0.0 ~ 1000 0.14 ± 0.01 4.7 ± 0.3
292–316 (LTr-I) 22.6 ± 0.2 68.8 ± 1.1 0.9 ± 0.0 ~ 500 0.17 ± 0.03 2.9 ± 0.1
318–323 (HTr-III) 24.4 ± 0.1 42.4 ± 2.2 1.8 ± 0.1 ~ 1000 0.10 ± 0.02 4.7 ± 0.5
325–327 (LTr-II) 22.7 ± 0.0 50.3 ± 2.5 1.4 ± 0.1 ~ 500 0.06 ± 0.00 1.3 ± 0.2
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where rh (%) is the air relative humidity, and Pair and 
Pleaf are the vapor saturation pressure at the air and 
leaf temperature (kPa), respectively. The plant tran-
spiration rate (Tr, mmol s− 1 m− 2) was calculated 
using Eq. (3) (von Caemmerer and Farquhar 1981).

where win (-) and wout (-) are the mixing ratio of the 
water vapor in the inlet and outlet airstream of the 
plant chamber, respectively; uin (mmol s− 1) is the 
molar flow of air into the plant chamber and s (m2) is 
the soil surface area of the column (0.0095 m2). The 
isotopic composition (δTr) of plant transpiration was 
calculated using Eq. (4) (Dubbert et al. 2014).

where δin and δout are the isotopic composition of the 
water vapor in the inlet and outlet airstream of the 
plant chamber, respectively. The CO2 assimilation 
rate (A, µmol s− 1 m− 2) was calculated according to 
von Caemmerer and Farquhar (1981) (Eq. 5).

where cin (-) and cout (-) are the CO2 mixing ratio in 
the inlet and outlet airstream of the plant chamber, 
respectively. The canopy conductance (Gs, mmol 
s− 1 m− 2) was calculated using Eq. (6).

where vpdl (kPa kPa− 1) is the air-to-leaf vpd 
obtained dividing vpd by ambient pressure in kPa. 
The instantaneous and intrinsic water use effi-
ciency (WUE and iWUE, µmol CO2 mmol− 1 H2O, 
respectively) were calculated using Eqs. (7) and (8), 
respectively.

(2)rh� = rh

(

Pair

Pleaf

)

(3)Tr =
uin(wout − win)

s(1 − wout)

(4)�Tr =
wout�out − win�in

wout − win

−
winwout(�out − �in)

wout − win

(5)A =
uin

s

[

cin − cout
(1 − win)

(1 − wout)

]

(6)Gs =
Tr

vpdl

(7)WUE =
A

Tr

Finally, the standard error in the calculation of Tr 
and A was computed using a first order Taylor series.

The average conditions inside the plant chamber 
are summarized in Table  1. The temperature inside 
the plant chamber was changed by (i) increasing or 
decreasing the light intensity of the LED panel and 
(ii) increasing or decreasing its vertical distance to 
the columns. The relative humidity was changed by 
increasing or decreasing the amount of vapor satu-
rated air (from the dew-point generator) in the plant 
chamber’s inlet airstream. The flow of air into the 
plant chamber ranged from 4.3 to 11.9 l min− 1.

Isotopic labeling and drought experiment

The soil in the MRI and isotopic columns was satu-
rated from the bottom with deionized tap water (δ2H 
= -51.6 ± 0.6‰ and δ18O = -7.7 ± 0.1‰) by apply-
ing a pressure head of around 1 m. Then, the columns 
were placed in a climate chamber (T = 19 ± 0.22  °C 
and rh = 64.7 ± 1.3%) under the programmable water-
cooled LED panel with a photoperiod of 14  h light 
and 10 h of darkness. The weight loss of the isotopic 
column was recorded (Plattformwaage DS, 0.2  g 
precision; Kern & Sohn GmbH, Germany) through-
out the experiment to calculate the transpiration rate 
gravimetrically. Centaurea jacea was seeded shortly 
after saturation at a density of ~ 20 seeds per 95 cm2. 
On day after seeding 6 (DaS 6), the first seedlings 
were observed and on DaS 34, one individual was 
selected, while all other seedlings were removed.

The objective of our isotopic labeling strategy 
was (i) to create differences in isotopic composition 
among the potential soil water sources for plant tran-
spiration in order to constrain the results of the mix-
ing model, and (ii) to obtain complementary infor-
mation from the δ2H and δ18O values by creating 
orthogonal profiles. The isotopic column was watered 
from the top using water low in δ2H and high in δ18O 
and from the bottom, using water high in δ2H and 
low in δ18O (Table  S1) from DaS 256 to DaS 312. 
The plants in the MRI columns were watered using 
deionized tap water following the same protocol in 
terms of irrigation and timing. From DaS 313 to 327 
no more water was added to the column in order 
to simulate a short drought period, during which  

(8)iWUE =
A

Gs
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vpd was changed by changing rh inside the plant 
chamber as explained at the end of “Plant chamber 
and leaf measurements” section and by changing 
light intensity (Table 1).

Root distribution measurements

Before (DaS 237) and towards the end (DaS 307) 
of the isotopic labeling period, the root system of 
the plants in the three MRI columns was monitored 
using a 4.7 T MRI magnet (Magnex, Oxford, UK). It 
was determined that roots with a diameter > ~ 0.3 mm 
were visible. The root length in 2.5 cm-thick soil lay-
ers was obtained by processing the MRI images using 
the NMRooting software according to van Dusscho-
ten et al. (2016). At the end of the experiment (DaS 
327), the roots of the isotopic column were harvested 
from the soil layers 0–2, 2–4, 4–6, 6–8, 8–11, 11–21, 
21–41, 41–51, 51–54, 54–56, 56–58 and 58–60  cm 
and scanned (Expression 10000XL Model J181A; 
EPSON, Japan). The images were analyzed using the 
WinRhizo™ (Regent Instruments Inc., Quebec, Can-
ada) software package for the determination of the 
total root length in each of the aforementioned soil 
layers. The root length density (RLD) in each soil 
layer in the MRI columns and in the isotopic column 
was calculated using Eq. (9)

where RLz (cm) is the total root length in soil layer z 
and Vz (cm3) is the soil volume of layer z.

Due to time and technical constrains, root distribu-
tion in the MRI columns was not measured with MRI 
at the end of the experiment (i.e., DaS 327), nor were 
the roots in these columns harvested and scanned. 
This decision did not limit the analysis of our results, 
since we did not aim at systematically comparing the 
scan and MRI methods.

Calculation of RWU profiles

The relative contribution to plant RWU from the 
different soil layers was calculated at a daily reso-
lution using the Bayesian statistical model SIAR 
(Parnell et  al. 2010) using the δ2H and δ18O of 
the soil and plant transpiration. The function used 
inside the SIAR package, i.e. siarmcmcdirichletv4, 

(9)RLDz =

RLz

Vz

uses a Markov chain Monte Carlo algorithm to 
produce estimated proportions of the sources (i.e., 
δsoil water in the different soil depths) in the observed 
mix or product (i.e., δTr). The used prior distribu-
tion for the sources’ proportions in this function is 
the Dirichlet. The calculation of the sources’ pro-
portions or relative contributions of soil water at 
the eleven depths to plant transpiration from DaS 
270 to 327 are detailed in Appendix 1. The abso-
lute contribution of each soil layer or sink term 
(cm3 water cm− 3 soil day− 1) to plant transpira-
tion (referred to as “RWU profile” from this point 
onwards) was calculated as the product of transpi-
ration rate and the relative contribution for each 
analyzed day at each depth. This value is always 
positive and this is why RWU values in our study 
are a quantification of the amount of water flow-
ing only from the soil via the roots to the leaves 
on a daily basis. However, we did not quantify 
the overall uptake by the roots at a certain depth, 
which includes also the water uptake that may be 
redistributed via the root system to other soil layers 
(i.e., root water redistribution).

Additionally, RWU daily profiles were calculated 
using only δ2H or δ18O values and they were statis-
tically compared to the RWU profiles calculated 
with both δ2H and δ18O values. First, the Shapiro-
Wilk normality test was applied to every profile and, 
according to the result; either a paired t-test or the 
non-parametric paired Wilcoxon-test was used to 
compare the RWU profiles. The analyzed periods 
were DaS 270 to 278, 280 to 290, 292 to 316, 318 to 
323 and 325 to 327 referred to as HTr-I (high transpi-
ration rate I), HTr-II, LTr-I (low transpiration rate I), 
HTr-III and LTr-II, respectively.

Results

A brief summary of the evolution of measured and 
calculated variables is presented in the first subsec-
tion, followed by a description of the obtained iso-
topic profiles during and after the isotopic labeling. 
The series of calculations to obtain RLD profiles in 
the isotopic column and MRI columns is detailed in 
the third subsection. In the last subsection, we report 
on the observed RWU patterns of Centaurea jacea.
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Dynamics of environmental conditions and 
plant‑related variables

The temporal variation of directly measured (air 
temperature - Tair, Tleaf, rh, Ψl, and θ) and calcu-
lated variables (vpd, Tr, WUE, iWUE, A, and Gs) 
are shown in Fig. 2. In Fig. 2a the temporal variation 
of daily mean Tleaf, Tair and rh values are displayed. 
Tleaf was slightly higher than Tair in some periods (up 
to 0.8 °C). Tr dynamics was similar to the dynamics 
of vpd for most DaS (Fig. 2b), whereas A dynamics 
was similar to that of Gs (Fig. 2d). Note that Gs, Tr 
and A started dropping progressively to zero from 
DaS 319 onwards, a trend that will be discussed in 
depth in “Plant response to drought” section. Until 
DaS 322, Ψl was higher than − 1.5  MPa and after 
this point, it decreased more markedly compared to 
previous periods: it decreased from − 1.49  MPa to 

-3.19 MPa during the last six days of the experiment 
(Fig. 2c). The WUE remained constant until the end 
of LTr-I (DaS 313), after which it decreased until 
around DaS 320 (mid-HTr-III) with an again con-
stant period until the end of the experiment. On the 
other hand, iWUE values were constant during the 
experiment and even increased slightly during the 
last days (Fig. 2e). The water content of the bottom 
half of the isotopic column was higher compared 
to the water content of the top half until DaS 265. 
Afterwards, θ became more homogeneous across 
the whole soil column, ranging from 0.07 ± 0.01 to 
0.24 ± 0.08 cm3 cm− 3 (Fig. 2f).

Isotopic labeling

After the first labeling stage from DaS 270 to 
DaS 290 (Table  S1), the differences in δsoil water 

Fig. 2   Time series (DaS: days after seeding) of the daily 
measured air temperature (Tair, °C), leaf temperature (Tleaf, 
°C) and relative humidity (rh, %) (a); of vapor pressure deficit 
(vpd, kPa) and transpiration rate calculated from the isotopic 
column plant chamber measurements (Tr, mmol s− 1  m− 2) 
(b); of leaf water potential (Ψl, MPa) (c); of CO2 assimilation 
rate (A, umol s− 1  m− 2) and canopy conductance (Gs, mmol 

s− 1  m− 2) (d); of instantaneous and intrinsic water use effi-
ciency (WUE and iWUE, umol mmol− 1) (e); and of volumet-
ric soil water content (θ, cm3 cm− 3) at different soil depths (f). 
Filled black polygons mark the periods with high transpiration 
rate (HTr-I, HTr-II and HTr-III) and empty polygons, periods 
with low transpiration rate (LTr-I and LTr-II)
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values among layers were considerable only in layer 
7–50  cm (Fig.  3a). Increasing and decreasing the 
δ-value of the added labeled water (labeling stage 2 
and 3 in Table S1) resulted in a progressively steeper 
isotopic gradient in layer 7–50  cm (Fig.  3b and c), 
while a steep gradient in layer 50–60 cm was reached 
until labeling stage 3 (Fig. 3c). Nonetheless, the iso-
topic profile in layer 0–7 cm remained homogeneous 
from the beginning of the labeling until DaS 318. 
That is, no gradient was observed during the three 
labeling stages. After DaS 318, when no more water 
was added to the column, the isotopic gradient in 
layer 20–60 cm remained steep, whereas the isotopic 
profile in layer 0–10 cm evolved in a heterogeneous 
manner. The δ2H values at 1, 5 and 10 cm increased 
faster than those at 3 and 7 cm. Simultaneously, the 
δ18O values at 1, 5, and 10 cm decreased faster than 
those at 3 and 7 cm (Fig. 3d).

The highest and lowest δ2H values reached in the 
soil were 216.4 ± 0.7‰ at depth 59 cm (DaS 312) and 
− 69.9 ± 0.6‰ at depth 3 cm (DaS 313), respectively. 
The highest and lowest δ18O values were 24.5 ± 0.3‰ 
at depth 3 cm (DaS 313) and − 39.5 ± 0.3‰ at depth 
59 cm (DaS 312), respectively. That is, the minimum 
δ2H and the maximum δ18O values in soil water at 
the top of the column were measured the last day 
where labeled water was added (i.e., DaS 312). The 

maximum δ2H and the minimum δ18O values at the 
bottom were measured the following day (i.e., DaS 
313). The δsoil water values at 59 cm depth, were very 
similar to the δ-values of the labeled water added to 
the bottom (δ2H = 220‰; δ18O = -40‰, stage 3 in 
Table  S1). A larger difference between the δsoil water 
values at the top and the added labeled water (δ2H = 
-90‰; δ18O = 29‰, stage 3 in Table S1) was found. 
Most daily δTr values plot over the δsoil water values 
from the upper 10 cm of the column (Fig. 4b). From 
around DaS 310 onwards, the δTr values progressively 
plot closer to the δsoil water values in deeper soil layers 
(Fig. 4a). Since the labeling water was only enriched 
with one of the isotopologues at a time, δ2H and δ18O 
were negatively correlated (Fig. 4).

Root length distribution

The objective of the MRI measurements of the MRI 
columns on Das 237 and 307 was to non-destructively 
produce RLD profiles inside the isotopic column at 
these same dates. The comparison between the MRI 
pictures from the MRI columns and the scanning 
of the roots of the isotopic column at the end of the 
experiment (DaS 327) showed that root length meas-
ured with WinRhizoTM in the isotopic column was 
around ten times higher than root length measured 

Fig. 3   Temporal changes in 
soil water (circles) and plant 
transpiration (triangles) δ2H 
and δ18O values during the 
isotopic labeling stage 1 
(a, day after seeding (DaS) 
256–290), stage 2 (b, DaS 
291–304) and stage 3 (c, 
DaS 305–312) and when 
the soil was drying (d, DaS 
313–327)
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with MRI in the MRI columns (compare x-axis of 
Fig.  5a and b). In order to assess the magnitude of 
this discrepancy, a ratio was calculated for five soil 
horizons (0–10, 10–20, 20–40, 40–50 and 50–60 cm). 
This ratio was obtained by dividing the scan-derived 
RLD values measured on DaS 327 in the isotopic col-
umn by the MRI-derived RLD values measured on 
DaS 237 and DaS 307 (Table S2) in each MRI col-
umn. The mean of the ratios was 10.8 ± 2.9 and no 
systematic differences across soil layers or columns 
were identified.

The maximum root length density on DaS 237, 307 
and 327 was observed at depth 59 cm (3.0 ± 2.6 cm 
cm− 3, 3.7 ± 3.1 cm cm− 3 and 52.2 cm cm− 3, respec-
tively). In all profiles, RLD values in layers 0–10 cm 
and 50–60 cm were higher than the RLD values in the 
middle section of the column (i.e., layer 10–50 cm). 
The higher RLD values at depth 59  cm are most 
likely the product of pot-bound roots, which could be 
a consequence of the extended time the plants grew in 
the columns.

Daily RWU profiles

The RWU profiles obtained using both δ2H and δ18O 
input data (referred to as “δ2H-δ18O-derived”) in days 
with high Tr (i.e., HTr-I, -II and -III) compared to 
days with low Tr (i.e., LTr-I and -II) were very similar 
(Fig. 6a). RWU was highest in layer 0–15 cm, second 
highest in layer 45–60  cm and lowest in the middle 
section of the column (i.e., 15–45 cm). In LTr-I and 
LTr-II, an average of 79 ± 4% and 44 ± 4% of the total 
RWU, respectively, was extracted in layer 0–15  cm, 
while 13 ± 4% and 44 ± 4% in the same respective 
periods was extracted in layer 45–60 cm. An average 
of 69 ± 5% in HTr-I and HTr-II, and 56 ± 9% in HTr-
III of the total RWU was extracted in layer 0–15 cm, 
while around 22 ± 5% in HTr-I and HTr-II and 
35 ± 8% in HTr-III was extracted in layer 45–60 cm. 
Note that during the last two periods (i.e., HTr-III 
and LTr-II), RWU in layer 0–15 cm was lower and in 
layer 45–60 cm was higher compared to RWU in the 
same soil layers in previous periods.

Fig. 4   Temporal (a) and 
spatial (b) dynamics in 
the relationship between 
δ2H and δ18O in soil water 
(circles) and plant transpira-
tion (triangles) from day 
after seeding (DaS) 270 
to 327. The global (solid 
black line) and local (dotted 
black line) meteoric water 
lines (GMWL and LMWL, 
respectively) are included 
as a reference. In panel a, 
the temporal dynamics of 
plant transpiration and soil 
water δ-values from DaS 
270 to 327 are represented 
by a color scale from cold 
to warm tones. In panel b, 
the spatial dynamics of the 
soil water δ-values in eleven 
soil depths from the top to 
the bottom are represented 
by a color scale from yellow 
to red
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The RWU profiles obtained using either δ2H or 
δ18O input data (referred to as “δ2H-derived” and 
“δ18O-derived”, Fig.  6b and c, respectively) were 
not statistically different from the δ2H-δ18O-derived 
RWU profiles (except between δ2H- and δ2H-δ18O-
derived profiles in DaS 245, Table S3). In general, the 
RWU in layer 0–15 cm and 45–60 cm in the δ2H- and 
δ18O-derived profiles was slightly lower than RWU 
in δ2H-δ18O-derived profiles in the same layers. Con-
sequently, RWU in layer 15–45  cm in the δ2H- and 
δ18O-derived profiles was slightly higher than RWU 
in the δ2H-δ18O-derived profile (Fig. 6a-c).

As already mentioned in “Dynamics of environ-
mental conditions and plant-related variables” sec-
tion, θ was rather homogeneous along the column 
from DaS 265 onwards, that is, for all days where 
RWU profiles were calculated. However, some differ-
ences in the water saturation between soil layers are 
visible in Fig. 6d. For example, there was consistently 
less water in layer 30–55  cm than in the rest of the 

layers from around DaS 285 until around DaS 307. 
Afterwards, the θ profile was more homogeneous 
with a decreasing trend. Due to our labeling strategy, 
soil layers 0–5 cm and 55–60 cm were wetter than the 
rest of the layers from DaS 270 to DaS 312.

Daily changes in RWU profiles did not match 
those of θ for some periods. In LTr-I, the RWU was 
higher in layer 0–20 cm than deeper in the soil profile 
(Fig.  7a). However, θ in this layer did not decrease 
much faster than deeper in the soil profile (Fig. 7b). 
In HTr-III, θ in layer 10–60  cm decreased slightly 
faster than in layer 0–10  cm (Fig.  7d), even though 
the RWU in layer 0–10 cm was higher than in the rest 
of the column (Fig. 7c).

Discussion

In the first two subsections, we describe the response 
of Centaurea jacea to dry conditions through correla-
tions of the environmental and plant-related variables 
and a simple hydraulic model. In the last subsection, 
we link RWU changes of C. jacea and the dynam-
ics of above- and below-ground environmental con-
ditions and root distribution. We observed a stricter 
control of the stomata by C. jacea when vpd was 
high and the soil was drying. The increasingly dry 
soil seemed to set off stomatal closure. Under varying 
hydro-climatic conditions, most of the water extracted 
by C. jacea came from the soil layer 0–15  cm (up 
to 79%) and the second greatest contribution (up to 
44%) came from the soil layer 45–60  cm. In most 
days, water availability and root distribution seemed 
to be the main drivers of RWU.

Plant response to drought

The statistically significant correlations between 
measured and calculated variables are displayed in 
Fig. 8. In general, we interpret changes in the cor-
relations between canopy conductance, Gs; tran-
spiration rate, Tr; vapor pressure deficit, vpd; and 
soil water content, θ, as a stricter control over tran-
spiration rate by Centaurea jacea through stomatal 
closure when both above- and below-ground condi-
tions were dry. Before DaS 319, the relationships 
between θ and Tr, and between θ and Gs were not 
unique (i.e., there were several Tr or Gs values for 

Fig. 5   Mean root length density (RLD, cm3 root cm− 3 soil) 
profile derived from the non-destructive magnetic resonance 
imaging (MRI) measurements on day after seeding (DaS) 237 
(squares) and 307 (circles) in the MRI columns (a) and RLD 
derived from the destructive root scan measurement at the end 
of the experiment on DaS 327 in the isotopic column (b)
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one single θ value) and seemed to depend on vpd 
(empty circles in Fig. 8c and e, respectively). After 
DaS 319, both Gs and Tr decreased markedly with 
small changes in θ (filled circles in Fig.  8c and e, 
respectively). Interestingly, both CO2 assimila-
tion rate, A; and Tr were positively correlated to 
Gs (Fig. 8d and f, respectively). However, only the 
correlation between Gs and Tr changed with vpd: 
the higher the vpd, the higher the slope (0.002 for 
vpd < 1  kPa, 0.01 for 1 < vpd < 1.5  kPa and 0.02 
for vpd > 1.5  kPa in Fig.  8f). We also observed a 
different and significant correlation between vpd 
and Tr when comparing the data before DaS 319 
(slope = 4.14, r2 = 0.68, p-value = 2.2 × 10− 16) 
and after DaS 319 (slope = 5.87, r2 = 0.86, 
p-value = 6.2 × 10− 4).

Through stomatal closure in dry conditions, 
C. jacea displayed a slightly more efficient water 
use in laboratory conditions. We observed a slight 
increase in intrinsic water use efficiency, iWUE 
and a constant instantaneous water use efficiency, 
WUE (Fig.  1e). Similarly, Kübert et  al. (2021) 
observed an increase in iWUE and no change or 
a small decline in WUE of C. jacea in dry condi-
tions in the field. In our experiment, WUE and vpd 
were significantly and negatively correlated (slope 
= -3.70, r2 = 0.63, p-value = 1.2 × 10− 9) during the 
drought period. Yet, several studies reported higher 
WUE values in grassland species during drought 
(e.g., Judson et  al. 2006; Gang et  al. 2016; Yue 
et  al. 2020). These contradictory outcomes could 
be attributed to differences in temporal and spatial 
scales: the studies of Gang et  al. (2016) and Yue 
et  al. (2020) encompassed data at a global scale 
and from several years. Alternatively, they could 
be attributed to the fact that, in the experiments 

Fig. 6   Temporal changes in the sink term profiles (cm3 water 
cm− 3 soil day− 1) in the isotopic column calculated with both 
soil water δ2H and δ18O profiles (a, δ2H-δ18O-derived), with 
δ2H profiles only (b, δ2H-derived) and with δ18O profiles only 
(c, δ18O-derived) during isotopic labeling and until the end 
of the experiment. The temporal changes in volumetric soil 
water content profiles (θ, cm3 cm− 3) during the experiment is 
shown in panel d. Filled black polygons mark the periods with 
high transpiration rate (HTr-I, HTr-II and HTr-III) and empty 
polygons, periods with low transpiration rate (LTr-I and LTr-
II). The gray downward arrows represent water added to the 
top of the column and the upward gray arrows, water added to 
the bottom. Thicker arrows represent a higher amount of water 
added

▸
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conducted by Kübert et al. (2021) and in this study, 
lower θ (< 0.1 cm3 cm− 3) and higher vpd (> 1 kPa) 
values were observed than those reported by Judson 
et al. (2006).

According to Sperry and Love (2015), water 
flux from the soil to the leaves can be mathemati-
cally described by a “supply function”, in which Tr 
is expressed as a function of canopy xylem pres-
sure (Pcanopy) at constant θ. The slope of the rela-
tionship (also referred to as soil-canopy conduct-
ance by the authors) is positive and relatively linear 
at high xylem pressure (i.e., close to zero) and 
low to medium Tr, and decreases with decreasing 
xylem pressure (i.e., more negative) and increas-
ing Tr. The slope approaches zero at high Tr and 
low Pcanopy, while Tr approaches a constant maxi-
mum value referred to as a critical Tr value (asso-
ciated with a critical Pcanopy value) after which 
hydraulic failure takes place. In drier soils, the 

Tr(Pcanopy) relationship is “flatter” than in wet soils 
and therefore, the critical Tr value is lower than in 
wetter soils. The authors argue that through sto-
matal closure the plants avoid reaching the critical 
Tr and Pcanopy values, especially when vpd is high 
and the soil is dry. We hypothesize that the drop in 
Gs in our experiment observed at DaS 319 might 
have occurred to counteract the effect of high vpd 
and low θ. In other words, to avoid approaching 
a theoretical non-linear region of the relation-
ship between Tr and leaf water potential, Ψl (i.e., 
slope ≈ 0 at higher Tr and lower Ψl values beyond 
the shown linear trend in Fig. 9). Additionally, the 
supply functions for DaS 322–327 (filled circles in 
Fig.  9) might have been flatter than those for the 
previous days, since vpd remained high and the soil 
had dried out significantly (Fig. 2b and f) after the 
stomatal closure on DaS 319.

The fact that the simultaneous drop of Gs and Tr 
occurred a few days before the relationship between 

Fig. 7   Temporal changes 
in the sink term (cm3 water 
cm− 3 soil day− 1) (a) and in 
volumetric soil water con-
tent profiles (θ, cm3 cm− 3) 
(b) during period of low 
transpiration rate I (LTr-I) 
and during period of high 
transpiration rate III (HTr-
III) in the isotopic column
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Tr and Ψl deviated from a relatively linear trend 
observed until DaS 321 (empty circles in Fig.  9) 
further supports our assumption of stomatal clo-
sure as a strategy to avoid hydraulic failure. Hayat 
et  al. (2020) also observed a concomitant reduc-
tion in soil-canopy conductance, stomatal conduct-
ance and Tr in maize plants when the soil was dry-
ing. They also argued that reducing Tr through 

stomatal closure following a reduction in soil-can-
opy conductance is an attempt to avoid what they 
call “non-linearities” in the Tr(Pcanopy) relationship 
(i.e., approaching the critical Tr value). Investigat-
ing the temporal and spatial dynamics of the soil-
canopy conductance and of hydraulic characteristics 
at the root-soil interface during our experiment (as 
done by Rodriguez-Dominguez and Brodribb 2020;  

Fig. 8   Minimum leaf water potential during day (light panel 
on) (Ψl−day, MPa), canopy conductance (Gs, mmol s− 1  m− 2) 
and transpiration rate (Tr, mmol s− 1 m− 2) as a function of soil 
water content (θ, cm3 cm− 3) (a, c and e, respectively). Ψl−day, 
CO2 assimilation rate (A, µmol s− 1 m− 2) and Tr as a function 
of Gs (b, d and f, respectively). The correlations in panels d 
and f were significant (i.e., p-value < 0.05). The dashed gray 
line in panels a, c and e marks the soil water content value 
(θ, cm3 cm− 3) on day after seeding (DaS) 319, when canopy 

conductance started dropping steadily to zero. Empty circles 
represent days before this drop (pre Gs drop) and filled circles 
represent days after DaS 319 (post Gs drop). The color of the 
symbols represents vapor pressure deficit (vpd, kPa): blue for 
days with vpd below 1 kPa, green for days with vpd between 1 
and 1.5 kPa, and red for days with vpd higher than 1.5 kPa. In 
panels b, d and f, the symbol size represents the mean θ along 
the isotopic column (i.e., the bigger the circle, the higher the θ 
value in that day)
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Sperry et al. 2002 and as suggested by Carminati and 
Javaux 2020) would have helped further substantiate 
our assumptions.

Moreover, reductions in soil-canopy conductance 
(followed by reductions in stomatal conductance and 
Tr) reported by Hayat et  al. (2020) started at rela-
tively high θ values (0.12 cm3 cm− 3). In our study, 
θ was relatively high (around 0.12 cm3 cm− 3) when 
Gs, Tr and A, started decreasing on DaS 319 (Fig. 1b 
and d, f). Ψl was around − 1.5  MPa at this point, a 
value observed on other DaS with higher θ and Gs 
values (empty circles in Fig.  8a and b). The results 
of Hayat et al. (2020) and our own potentially agree 
with the hypothesis of Gollan et  al. (1985) that leaf 
gas exchange might be limited when a critical value 
of θ (alternatively, a critical value of soil water poten-
tial) is reached rather than when a critical leaf water 
potential is exceeded. Leaf gas exchange in the last 
days of the experiment was limited by both a drying 
soil and increasingly negative Ψl values: Gs values 

decreased steadily with decreasing Ψl values after 
DaS 319, while no trend was observed before this day 
(Fig. 8b).

Iso‑ or anysohydricity

Similar to Kübert et  al. (2021), we observed that C. 
jacea could maintain relatively high Tr in dry soils 
and at high vpd by withstanding very low Ψl values 
(Fig. 7). This pointed towards an anisohydric behav-
ior. However, a deeper analysis of the Ψl values dur-
ing the experiment revealed that this conclusion 
might be incomplete.

The correlation between Ψl−day (i.e., minimum Ψl 
while the LED panel was on) and Ψl−night (i.e., max-
imum Ψl while the LED panel was off) was below 
1 (slope = 0.89, r2 = 0.86, p-value = 2.2 × 10− 16) 
during the experiment, indicating an isohydric 
behavior (Martínez-Vilalta et  al. 2014; Zhao et  al. 
2021). However, when considering the data before 
DaS 321 when θ dropped below ~ 0.10 cm3 cm− 3 
only, the computed slope is above 1 (slope = 1.78, 
r2 = 0.58, p-value = 2.8 × 10− 9), pointing to an 
anisohydric behavior. Furthermore, the variation 
in ∆Ψl = Ψl−day - Ψl−night was comparable to the 
variation observed in the anisohydric plant in the 
study of Zhao et al. (2021) (~ 0.40 MPa). Though, 
the median ∆Ψl in our experiment (-0.47  MPa) 
was closer to the value calculated for the isohydric 
plant (~-0.77  MPa) of the same study (the value 
for the anisohydric plant was ~-1.70  MPa). Also, 
there was no significant correlation between Gs and 
Ψl−day (Fig.  8b), another characteristic of aniso-
hydric behavior according to Zhao et  al. (2021), 
and Ψl steadily dropped when θ decreased (see 
period HTr-II in Fig.  1c), also pointing towards 
anisohydricity.

The analysis presented in the last paragraph sup-
ports the idea that isohydric and anisohydric behavior 
should be viewed as a more or less continuous spec-
trum rather than a dichotomy (Martínez-Vilalta et al. 
2014) and that it is possible for a species to display 
both behaviors. Alternatively, there have been recent 
calls to abandon the iso- and anisohydricity terms 
and instead assess plant performance during drought 
through parameters such as maximum transpiration 
rate, hydraulic conductance and critical leaf water 
potential (Hochberg et al. 2018). According to Hoch-
berg et  al. (2018), by using these parameters, the 

Fig. 9   Plant transpiration rate (Tr, mmol s− 1  m− 2) as a 
function of minimum leaf water potential during day (light 
panel on) (Ψl−day, MPa). The correlation is significant (i.e., 
p-value < 0.05). Empty circles represent days before day after 
seeding (DaS) 319, when canopy conductance started drop-
ping steadily to zero (pre Gs drop). The filled circles represent 
days after DaS 319 (post Gs drop). The numbers next to two of 
the filled red circles are the DaS of the observation point. The 
color of the symbols represents vapor pressure deficit (vpd, 
kPa): blue for days with vpd below 1 kPa, green for days with 
vpd between 1 and 1.5 kPa, and red for days with vpd higher 
than 1.5 kPa. The symbol size represents the mean soil water 
content (θ, cm3 cm− 3) along the isotopic column (i.e., the big-
ger the circle, the higher the θ value in that day)
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effect of environmental factors could be eliminated 
when comparing the response of plant species or gen-
otypes to drought.

RWU dynamics and drivers

In the following paragraphs we (i) describe the role 
of root distribution (i.e., root length density or RLD) 
in root water uptake (RWU), (ii) the impact of above- 
and below-ground dry conditions on RWU, and (iii) 
water movement processes through the soil and the 
roots observed in our experiment.

RLD monitoring and its role in RWU​

Using MRI to monitor root distribution and growth 
requires careful selection and preparation of the soil 
(e.g., removal of ferromagnetic particles), and char-
acteristics of the pot (a bigger diameter decreases 
the signal-to-noise ratio of the images, and thus 
thin roots are not visible). By comparing root mass 
and length obtained from MRI and from destructive 
sampling (e.g., root extraction and scanning) using a 
particular soil, plant and pot size, we can determine 
a root-diameter threshold (van Dusschoten et  al. 
2016), differences in root diameter in the soil profile 
and we can correct θ measurements (van Dusscho-
ten et al. 2020). The ten-fold difference between the 
MRI- and scan-derived RLD profiles could primar-
ily stem from the fact that the average root diame-
ter along the isotopic column was 0.36 ± 0.04  mm, 
right above the lower detection limit of MRI with 
the used coil and measurement settings (~ 0.3 mm). 
Beyond these differences and limitations, the RLD 
profiles from the MRI analysis agreed well with 
those obtained with WinRhizo™. This fact high-
lights the potential of MRI to monitor at a much 
higher temporal resolution (e.g., daily) and with a 
higher repeatability root development in the same 
plant individual.

In some studies, root distribution and RWU pro-
files are rather similar (e.g., for grass species in 
Mazzacavallo and Kulmatiski 2015), whereas in 
other studies there is no clear and consistent asso-
ciation (e.g., Kühnhammer et  al. 2020). In our 
study, RWU at the bottom of the isotopic column 
(45–60  cm) was consistently lower than RWU at 
the top (0–15  cm), even if the percentage of total 

root length and root volume in the same soil layers 
was comparable. On DaS 307, 33.9% and 31.5% 
of the total root length and volume, respectively, 
were located in the soil layer 0–15  cm, whereas 
37.9% and 39.2% of the total root length and vol-
ume, respectively, were located in the soil layer 
45–60  cm. On DaS 327, the soil layer 0–15  cm 
contained 34.8% and 39.4% of the total root length 
and volume, respectively, whereas the soil layer 
45–60  cm contained 35.8% and 32.9% of the total 
root length and volume, respectively. Our observa-
tions, like the results of Kulmatiski et  al. (2010) 
regarding the overestimation of root activity from 
root mass, potentially confirms the conclusion 
drawn by Schenk (2008): most plants will develop 
the “shallowest possible” root and water extraction 
profile. This fits our observation that RWU from C. 
jacea was highest in layer 0–15  cm under varying 
hydro-climatic conditions. However, since we could 
not quantify root-mediated soil water redistribution 
(i.e., hydraulic lift) with our isotope-based method-
ology, we do not entirely rule out a potential under-
estimation of water extraction by deep roots (see 
Redistribution of water in the soil section).

RWU dynamics under varying above‑ 
and below‑ground environmental conditions

The comparison made between the δ2H-δ18O-, 
δ2H- and δ18O-derived RWU profiles assisted us 
in assessing potential isotope-specific (2 H or 18O) 
fractionation during root water uptake or artifacts 
during the non-destructive sampling of soil water 
vapor and plant chamber water vapor. We did not 
observe neither isotope-specific fractionation dur-
ing RWU nor methodological artifacts, since no 
statistically significant differences between RWU 
profiles were generally found, to the single excep-
tion of DaS 245 between δ2H- and δ2H-δ18O-
derived RWU profiles. This is why we will only 
discuss the dynamics of δ2H-δ18O-derived RWU 
profiles in this section.

The calculated RWU profiles in periods with 
high and low Tr were very similar in well-watered 
and dry conditions: up to 79% of RWU happened 
in the soil layer 0–15  cm and up to 44% of RWU 
happened in the soil layer 45–60  cm (see Daily 
RWU profiles section). Hayat et  al. (2019) also 
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obtained similar relative RWU profiles from maize 
under uniform θ conditions when Tr was high and 
low. However, the RWU in their study shifted (i.e., 
was higher) to deeper wetter soil layers in non-uni-
form θ conditions. The investigation conducted by 
Warren (2011) also shows evidence of this RWU 
shift in Centaurea diffusa towards deeper soil lay-
ers when the shallow ones had dried out. There are 
numerous studies reporting higher water extraction 
from deeper wetter soil layers by trees (e.g., Ehler-
inger and Dawson 1992; Volkmann et  al. 2016). 
Nonetheless, there are some studies that reported 
no such shift in some tree species during drought 
(e.g., Gessler et al. 2022). In the case of grassland 
species, it has been observed that some still extract 
water from the top soil, even if θ is approaching 
permanent wilting point (Kulmatiski et  al. 2010; 
Bachmann et  al. 2015; Prechsl et  al. 2015). Küh-
nhammer et  al. (2020) proposed that significant 
RWU by C. jacea from shallow soil layers, even if 
water is available deeper in the soil profile, might 
be a strategy for maximizing the use of rainwater, 
especially when drought conditions prevail. Even if 
we did not observe a marked shift in RWU to wet-
ter deeper layers (i.e., highest RWU values in lay-
ers with the highest θ values), we did observe an 
increase of RWU in wetter deeper layers when the 
soil layer 0–15  cm was drying out and when tran-
spiration rate was high.

Not only water availability, root distribution (see 
RLD monitoring and its role in RWU​ section) and 
environmental factors (i.e., vpd or light intensity) 
were driving RWU, but also nutrient availability 
might have played a significant role in our experi-
ment (Kulmatiski et  al. 2017). Nutrients in irriga-
tion water were added at the top and the bottom 
of the column before the isotopic labeling started, 
and most probably, the amount of irrigation water 
was not sufficient to reach the middle section of the 
column and a gradient in nutrient content along the 
column was established. Alternatively, the addition 
of water for about 57 days on a daily basis from 
the top and the bottom in relatively small amounts 
could have been a driver of RWU of C. jacea, 
since θ was locally and temporally very high at the 
top and at the bottom (Fig.  6d). A better strategy 
would probably be to add smaller amounts of water 
with a much higher δ-value for a shorter period at 

different depths, so that the changes in θ are homo-
geneous along the soil column and, to some extent, 
negligible.

Redistribution of water in the soil

Mismatches between θ and RWU profiles, like the 
ones described in other studies and in “Daily RWU 
profiles” section, are to be expected, since changes 
in θ are not only due to RWU, but also to soil water 
redistribution (Zarebanadkouki et  al. 2013). This 
redistribution can happen through capillary forces 
or even through hydraulic lift (Meunier et  al. 2017; 
Couvreur et  al. 2020). Kühnhammer et  al. (2020) 
described such mismatches in an experimental setup 
comparable to ours. For example, for some periods 
they observed daily changes in θ greater than daily 
changes in estimated RWU in depth 30–60  cm and 
almost no changes in θ in depth 1 cm, even though 
RWU there was high.

Soil water redistribution could also be the rea-
son why the isotopic profile in layer 0–10  cm 
became progressively non-monotonic from DaS 
318 onwards (Fig.  3d). Contrary to our observa-
tions, water diffusion promoted solely by the iso-
topic and soil water content gradients would have 
resulted in a gradual and homogeneous shift of the 
entire isotopic profile towards the middle. That 
is, the changes in the isotopic profile in the soil 
layer 0–30 cm would have been similar to those in 
the isotopic profile in the soil layer 30–60  cm. In 
a scenario where hydraulic lift took place, water 
extracted by the roots from the deepest soil layers 
(i.e., 55–60 cm characterized by a higher soil water 
potential, Fig. 7d) could have been released locally 
in soil layer 0–10 cm. This would have resulted in 
a greater increase of δ2H and a greater decrease of 
δ18O from day to day in soil layer 0–10 cm than in 
layer 10–55 cm. Such changes in the isotopic profile 
are observed in Fig. 3d, which could be evidence of 
hydraulic lift. In this case, calculation of the sink 
term using transpiration rate and soil water iso-
topic composition may lead to an underestimation 
of water uptake from the roots at the bottom of the 
column, since water extracted by these roots might 
have been released at the top and later taken up by 
the shallow roots. However, process-based mod-
eling (i.e., where hydraulic redistribution by roots 
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can be simulated) is necessary to test the validity of 
this hypothesis (Rothfuss and Javaux 2017), that is, 
distinguish between soil- and root-mediated water 
redistribution.

Conclusion

In the present study, we were able to obtain root 
water uptake (RWU) profiles of Centaurea jacea 
with daily and centimeter resolution, and to assess 
the ability of this plant to acclimate to challenging 
environmental conditions. The coupling between an 
automated experimental system and the latest soil 
and plant water isotopic monitoring and root imag-
ing techniques allowed for a fully non-destructive 
approach. The control of gas exchange at the leaf 
level in response to drought was proven mostly aniso-
hydric, although at other moments during our experi-
ment stomatal control could be described as isohy-
dric. Under dry conditions, leaf water potential in 
this plant species reached low values, which allowed 
C. jacea to maintain high transpiration rates and rela-
tively constant intrinsic water use efficiency values 
without causing hydraulic disruption in the soil-plant-
atmosphere continuum. However, we also observed a 
decline in canopy conductance that potentially lim-
ited transpiration and carbon assimilation rates before 
leaf water potential and soil water content markedly 
decreased. Under well-watered conditions, transpira-
tion rate was mainly driven by vapor pressure deficit 
and light intensity.

Under laboratory conditions, up to 79% of RWU 
by C. jacea occurred in shallow depths and up to 
44% of RWU, in deeper soil layers. We were able to 
explain the adaptation of RWU patterns with both 
root distribution and water availability profiles. Even 
though C. jacea displayed effective adaptation strate-
gies to a dry environment, its apparent and consistent 
reliance on water in shallow soil depths could nega-
tively affect the performance and competitiveness of 
this species in a future climate, projected to be asso-
ciated with more frequent and prolonged drought 

periods. Nevertheless, the significance of the activ-
ity of deep roots in the adaptation of C. jacea to dry 
conditions might have been underestimated, since we 
only quantified root water extraction for plant transpi-
ration, but not soil water redistribution through the 
roots.

Appendix 1 Calculation of the relative 
contribution of soil water to plant transpiration 
profiles in SIAR

We ran the function siarmcmcdirichletv4 1,000 
times for each day from DaS 270 to 312. The num-
ber of iterations and values for burn-in and thinning 
in each of the runs were set at 500,000, 50,000 and 
15, respectively. That is, in each run, 30,000 iterations 
out of 500,000 were considered for calculating the 
vector of most frequent relative contribution value for 
each depth (i.e., mfv). Since the mfv vector did not 
add up to one as each and one of the iterations did, 
the iteration (i.e., “best iteration”) with the “greatest 
probability of occurrence” (as defined by Couvreur 
et al. 2020) was identified. The “best iteration” (or bi) 
was the vector of relative contribution values with the 
lowest root mean square error (RMSE) when com-
pared with the mfv vector. That is, the bi minimized 
the following objective function (OF) in Eq. (A1) 
(Couvreur et al. 2020)

The aforementioned process was performed 1,000 
times and a “best run” out of the 1,000 “best itera-
tions” was identified. A new mfv vector from the 
1,000 “best iterations” was calculated and the vector 
of relative contribution values for a particular day 
was identified as the one with the lowest RMSE when 
compared with this new mfv vector.

(A1)OF =

�

∑11

J=1
(mfvJ − biJ)

2

11
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Table 2   List of 
abbreviations and symbols

Abbreviations 
and symbols

Description Unit / Dimension

A CO2 assimilation rate μmol s-1 m-2

cin CO2 mixing ratio of the water vapor in the inlet airstream -
cout CO2 mixing ratio of the water vapor in the outlet airstream -
CRDS Cavity ring-down spectrometer -
DaS Days after seeding -
Gs Canopy conductance mmol s-1 m-2

HTr High transpiration rate -
IRIS Isotope Ratio Infrared Spectrometer -
iWUE Intrinsic water use efficiency μmol mmol-1

LED Light-emitting diode -
LTr Low transpiration rate -
Lz Thickness of soil layer z cm
MRI Magnetic resonance imaging -
MS Multi-source -
Pair Vapor saturation pressure at air temperature kPa
Pcanopy Canopy xylem pressure P
Pleaf Vapor saturation pressure at leaf temperature kPa
ppmV parts per million volume -
PVC Polyvinyl chloride -
rh Air relative humidity %
rh’ Relative humidity normalized to leaf temperature %
RLD Root length density -
RLz Total root length in soil layer z cm
rRLD Relative root length density -
RWU​ Root water uptake -
s Soil surface area of the column m2

SIAR Stable Isotope Analysis with R -
SWaP Soil water profiler -
Tair Air temperature °C
Tleaf Leaf temperature °C
Tr Plant transpiration rate mmol s-1 m-2

uin Molar air flow into the plant chamber mmol s-1

vpd Vapor pressure deficit kPa
vpdl Air-to-leaf vapor pressure deficit kPa
V-SMOW Vienna standard mean ocean water -
Vz Soil volume of layer z cm3

win Mixing ratio of the water vapor in the inlet airstream -
wout Mixing ratio of the water vapor in the outlet airstream -
WUE Instantaneous water use efficiency μmol mmol-1

δTr Isotopic composition of plant transpiration ‰
δsoil water Isotopic composition of soil water ‰
θ Volumetric soil water content cm3 cm-3

Ψl Leaf water potential MPa

Appendix 2

Table 2 
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