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Methods Maize plants were grown in contrasting 
soil textures (sand, sandy loam, loam) and exposed to 
soil drying. We measured the relationships between 
transpiration rate, soil water content as well as soil 
and leaf water potential. We used a soil-plant hydrau-
lic model to reproduce the experimental observations 
and infer the hydraulic conductance of the soil-plant 
system during soil drying.
Results We observed the impact of soil texture 
on plant response to soil drying in various relation-
ships. The soil water potentials at which transpiration 
decreased were more than one order of magnitude 
more negative in loam than in sand. The soil-plant 
conductance decreased not only abruptly but also 
at less negative soil water potentials in sand than in 
sandy loam or loam. Stomata closed at less nega-
tive leaf water potentials in sand than in loam. The 

Abstract 
Purpose Although the coordination between sto-
matal closure and aboveground hydraulics has exten-
sively been studied, our understanding of the impact 
of belowground hydraulics on stomatal regulation 
remains incomplete. Here, we investigated whether 
and how the water use of maize (Zea mays L.) var-
ied under hydraulically contrasting soil textures. 
Our hypothesis is that a textural-specific drop in the 
hydraulic conductivity is associated with a distinct 
decrease in transpiration during soil drying.
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model predictions matched well the experimental 
observations.
Conclusion The results elucidated that the critical 
soil water content and potential at which plants close 
stomata depends on the soil texture. These findings 
support our plea to include soil properties for under-
standing and predicting stomatal regulation during 
soil drying.

Keywords Belowground hydraulics · 
Transpiration · Leaf water potential · Soil drying · 
Water stress

Introduction

Plant water deficit occurs when the availability of soil 
water cannot match plant water demand for growth 
and transpiration (Draye et  al. 2010; Tardieu et  al. 
2018). Water flow across the soil-plant-atmosphere 
continuum (SPAC) is driven by transpiration, which 
creates a suction within the xylem. The suction drives 
the water flow from the soil to the roots along a gradi-
ent of potentials within the SPAC. The flow is pro-
portional to the differences in water potentials and 
the hydraulic conductance of the components of the 
SPAC. The transpiration rate is set by atmospheric 
conditions and, on a short timescale, is regulated by 
stomatal opening and closing (Ahmed et  al. 2018a; 
Brodribb et al. 2019; Buckley 2019). Plants are capa-
ble of altering the hydraulic conductivity of their 
compartments to adapt to changing environmental 
conditions. Examples for that would be the adapta-
tion of root hydraulic conductance by differential 
aquaporin expression, or stomatal conductance regu-
lation in response to abscisic acid (ABA), a key hor-
mone involved in plant response to water stress, and 
their interaction (Rodrigues et  al. 2017). Moreover, 
plant growth adaptation to different edaphic condi-
tions might change the hydraulics of above- as well 
as belowground compartments (Lynch 2019; Parent 
et al. 2009). However, our mechanistic understanding 
of this hydraulic acclimatization is rather incomplete.

Although more than 80% of terrestrial evapo-
transpiration passing through stomata and transpira-
tion represents by far the largest water flux globally 
(Jasechko et  al. 2013), we still lack a consensus on 
what triggers stomatal closure during soil drying. It 
was shown that stomata functioning is regulated by 

two main mechanisms: a passive mechanism induced 
by the hydraulic connection between epidermal and 
guard cells (Buckley 2019), and an active mechanism, 
the production of hormones, such as ABA (Brodribb 
and McAdam 2017). How soil drying impacts sto-
matal conductance has yet to be revealed and incor-
porated in existing models of stomatal response to 
drought in order to potentially improve their perfor-
mance (Anderegg et al. 2017).

In wet soil, it is generally believed that the plant 
hydraulic conductance is setting the limits to water 
flow (Hopmans and Bristow 2002; Passioura 1980). 
Under dry soil conditions, however, a texture-specific 
loss of soil hydraulic conductivity of more than 10 
orders of magnitude occurs (Draye et al. 2010), limit-
ing the water supply to the leaves. This is due to an 
enhanced water depletion in close proximity to the 
roots and a relatively high water flux near the roots 
(caused by the radial water flow into the roots), thus, 
leading to a large drop in matric water potential 
closer to the roots (Abdalla et al. 2021, 2022; Gard-
ner 1960). Carminati and Javaux (2020) hypothesized 
that this drop in matric potential is the primary driver 
of stomatal closure and supported this hypothesis 
by means of a meta-analysis and simulations. This 
hypothesis has been investigated in tomato (Sola-
num lycopersicon L.) (Abdalla et al. 2021) and maize 
(Zea mays L.) (Cai et al. 2021; Hayat et al. 2020). For 
instance, Cai et al. (2021) examined the response of 
maize (Z. mays L.), with and without root hairs, under 
two contrasting soil textures. The authors found that, 
in maize, soil texture rather than root hairs control 
water uptake and plant response to drought. Similarly, 
Rodriguez-Dominguez and Brodribb 2020 showed 
that, in olive trees, the loss of conductivity at the root-
soil interface was the main driver of stomatal closure 
during soil drying.

In the light of these recent findings, the overall 
objective of this study is to emphasize the need of 
including soil and root traits in predicting transpira-
tion behavior under soil drying (Atkinson et al. 2014). 
We measured the relationship between transpiration 
rate (E) and soil water content (θ), soil water potential 
(Ψsoil) as well as leaf water potential (Ψleaf) of maize 
(Z. mays L.) grown in four soil textures and exposed 
to soil drying. We used a soil-plant hydraulic model 
to reproduce the experimental observations to be able 
to quantitatively describe the main biophysical pro-
cesses of plant drought responsiveness as affected by 
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hydraulically differing soils. The soil-plant hydraulic 
model enabled us to infer the hydraulic conductance 
of the soil-plant system (Ksp, Carminati and Javaux 
2020). Our hypothesis is that belowground hydraulic 
properties have a major impact on transpiration dur-
ing soil drying. Specifically, we hypothesize that the 
drop in the soil hydraulic conductivity of the rhizos-
phere, the soil in the immediate vicinity of roots, is 
associated with the closure of stomata.

Material and methods

This study evaluates two experiments, carried out 
at two different locations. The first experiment was 
carried out at the International Crop Research Insti-
tute for the Semi-Arid Tropics in Patancheru (ICRI-
SAT, Lat. 17.511100, Long. 78.275204), using two 
soils typical for the region. This experiment will be 
referred to as experiment 1 (exp. 1) in the following. 
The second part was conducted at the University of 
Bayreuth (Lat. 49.929858, Long. 11.579954), using 
another two soils. This experiment will be referred to 
as experiment 2 (exp. 2) in the following. The experi-
mental procedure and tested genotypes were the same 
in both sets of experiments, allowing us to analyze 
the results of four different soil textures in total. In the 
following, the differences in growth conditions and 
the definition of the water stress levels are described 
separately, whereas the experimental procedure is 
explained universally for both experiments.

Plant material and growth

Experiment 1  We used maize (Z. mays L. root 
hairless mutant rth3 and the corresponding wild-type 
B73) plants that were grown in glasshouse conditions 
under natural daylight oscillations and with day/night 
temperature averages of 31.2/25.7  °C and relative 
humidity of 79/67%. Plants were grown in pots (26.6-
27.5 cm in diameter) filled with 8 kg of two different 
soils: sandy loam, and sand (which consisted of three 
parts sand to one part sandy loam). The soils were 
sieved to a particle size smaller than 1 cm to ensure 
homogeneous soil packing. Di-ammonium phos-
phate at a rate of 2.5-3 g per pot was applied before 
sowing. A data logger (Tinytag Ultra 2 TGU-4500 
Gemini Datalogger Ltd., Chichester, UK) was posi-
tioned at plant canopy height to record glasshouse 

temperature and relative humidity (RH) % on a 
half-hourly basis. All pots were initially fertilized 
with 300  ml of nutrient solution [Macronutrients - 
 MgSO4(2.05  mM),  K2SO4(1.25  mM),  CaCl2.2H2O 
(3.3 mM),  KH2PO4 (0.5 mM), Fe-EDTA(0.04 mM), 
Urea(5  mM); and Micronutrients -  H3BO3(4  μM), 
 MnSO4(6.6 μM),  ZnSO4(1.55 μM),  CuSO4(1.55 μM), 
 CoSO4(0.12 μM),  Na2MoO4(0.12 μM)]. Additionally, 
pots filled with sand were fertilized a second time 
with two times 1 L of nutrient solution.

In total, there were four treatments: well-watered 
and three water stress levels, which differed in soil 
water content. Per water-stress level, only the most 
uniform plants (in terms of plant size in order to 
achieve similar stress levels in a given time) were 
considered for measurements, resulting in 5-7 repli-
cates per water-stress level. In total, this resulted in 
59 measured plants. The desired soil water contents 
of the water stress levels were reached by soil drying, 
meaning that when the targeted soil water content was 
reached, the related measurements were conducted 
(see below). The experimental design was completely 
random with the treatment as the first main factor, 
soil textures as the second main factor, and genotypes 
as subfactors.

Three water stress levels were determined from a 
dry down pre-experiment. Under comparable condi-
tions like the here presented main experiment, the soil 
textural specific critical soil water content at which 
plants started decreasing transpiration in response 
to soil drying was determined for the used soils by 
a linear plateau regression (Supplementary Fig.  1). 
Thus, the soil water content of the water stress levels 
at which leaf water potentials were measured refer to: 
soil water content in well-watered conditions (WW), 
soil water content shortly before the previously deter-
mined decrease in transpiration (e.g. Kholová et  al. 
2010) in response to decreasing soil water content 
(WS1), soil water content around the decrease in tran-
spiration (WS2) and soil water content shortly after 
the expected drop in transpiration (WS3).

Experiment 2 The same maize genotypes were 
grown in growth chamber conditions with a photo-
period set at 12 h/12 h and with day/night tempera-
ture averages of 22.6/18.8  °C and relative humid-
ity of 67/68%. Plants were grown in columns (7 cm 
in diameter, 25  cm height) filled with 1.1 (loam)-
1.3 (sand) kg of two different soil textures: a sand 
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substrate (mixture of 83.3% of quartz sand and 
16.7% of loam) and loam (100% loam). The soils 
were sieved to a particle size smaller than 1 mm. A 
data logger (Easylog USB Data Logger (EL-USB-1), 
Lascar electronics, Wiltshire, UK) recording tem-
perature and relative humidity (RH) % on a 10  min 
basis was positioned at plant canopy height. Ferti-
lizer was applied in different amounts for both soils 
in order to supply the plants in the different substrates 
with the same amount of nutrients. The following 
nutrients were added per soil texture: sand: 100  mg 
(nutrient)  kg−1 (soil)  NH4NO3, 80 mg  kg−1  CaHPO4, 
100  mg   kg−1  K2SO4, 50  mg   kg−1  MgCl2 x  6H2O, 
100 mg   kg−1  CaSO4x2H2O, 3.25 mg   kg−1  MnSO4 x 
 H2O, 0.79 mg   kg−1 Zn(NO3)2 x  4H2O, 0.5 mg   kg−1 
 CuSO4 × 5  H2O, 0.17 mg  kg−1  H3BO3, 3.25 mg  kg−1 
Fe-EDTA; loam: 50  mg   kg−1  NH4NO3, 40  mg   kg−1 
 CaHPO4, 50  mg   kg−1  K2SO4, 25  mg   kg−1  MgCl2 x 
 6H2O.

In total, there were four treatments; well-watered 
and three water stress levels. Per water-stress level, 
only the most uniform plants (in terms of plant size in 
order to achieve similar stress levels in a given time) 
were considered for measurements, resulting in 2-6 
replicates per water-stress level. In total, this resulted 
in 40 measured plants.

The water stress levels were determined from the 
decrease in transpiration. Plants were defined to be in 
well-watered conditions (WW) when their normal-
ized transpiration ratio (NTR, see definition of NTR 
in 2.3) was at one, meaning they transpired maxi-
mally, whereas the water stress levels were defined by 
a decrease in transpiration by: 20-30% (NTR 0.8-0.7) 
for WS1, by 40-50% (NTR 0.6-0.5) for WS2 and by 
more than 70% (NTR < 0.3) for WS3.

The contrasting genotypes were initially chosen in 
order to reveal the effect of root hairs in maize under 
soil drying. However, no genotype-specific differ-
ences were found on a behavioral level (transpiration 
response to soil drying) as well as on a molecular 
level (leaf ABA in water stressed conditions). There-
fore, we counted them as replicates for the same sam-
ple (Supplementary note S1).

Soil hydraulic properties

The soils were characterized by measuring their 
hydraulic properties using HYPROP2 (METER 

EVIRONMENT, München, Germany). The water 
retention was fitted using the bimodal porosity model 
of van Genuchten (Durner 1994):

with ∣h∣ (cm) being the absolute soil water potential, 
θrand θs being the residual and saturated soil water 
content  (cm3/cm3), respectively, k referring to the 
number of subcurves considered (k = 2), wi being the 
weighing factors between the subcurves, αi  (cm−1) 
representing the air entry capillary pressure inversely 
for a subcurve, and  ni and  mi being empircal param-
eters for the subcurves  (mi=1-1/ni). The fitted param-
eters can be found in Supplementary Table 1.

Further information regarding soil physical and 
chemical properties can be found in Pathak et al. (2013) 
for experiment 1 and in Vetterlein et  al. (2021) for 
experiment 2.

Transpiration and leaf water potential measurements

The soil was saturated and allowed to drain overnight. 
Additionally, a layer of plastic beads was applied on 
the soil surface to minimize direct evaporation from 
the soil. In the following, the plants determined to be 
measured in well-watered conditions remained con-
stantly watered up to around 80% field capacity, while 
the remaining plants were exposed to water stress by 
partially compensating for water loss from transpiration 
to prevent too rapid dehydration (Gahoonia and Nielsen 
2003). Pots were subsequently weighed every morning. 
Daily transpiration was calculated as the difference in 
weight of each pot on successive days plus the water 
added to the pot between two successive weighing 
(Devi et  al. 2010). Transpiration values were normal-
ized in two-steps to facilitate comparison. First, a tran-
spiration ratio (TRi [mg]) for each plant of each day was 
calculated by dividing the transpiration of each drying 
pot (Tdry [mg]) by the average transpiration rate of the 
control pots in well-watered conditions (TWW [mg]) to 
account for variabilities in transpiration rate among 
plants of the same genotype as (Kholová et al. 2010):

(1)
�(h) − �r

�s − �r

=
∑k

i=�
wi
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�

� +
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]mi
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(2)TRi =
Tdry

TWW
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In a second step, TRi was normalized to get the 
normalized transpiration ratio (NTRi) for each pot to 
account for plant growth over time. This was done by 
calculating the initial average transpiration ratio for 
each pot (TRav [mg])]) over the first four days after 
cessation of irrigation, when the plants were still in 
well-watered conditions. Daily TRi was divided by 
TRav as (Devi et al. 2010):

Values of soil water content were measured by a 
time-domain reflectometer (TDR, E-Test, Lublin, 
Poland, rod length: 10  cm) on days of leaf water 
potential measurements by inserting the TDR ver-
tically in the pot on the respective days. Leaf water 
potentials were measured on the day when the 
desired soil water content/ decrease in transpiration 
was reached in the course of soil drying. Soil matric 
potential (h [hPa]) was estimated from water con-
tent measurements by inverting the bimodal porosity 
model of van Genuchten (Durner 1994) towards the 
soil matric potential. Leaf water potential (Ψleaf) was 
determined at the 6th, 7th or 8th leaf stage (depend-
ing on availability) by day and under pre-dawn con-
ditions (ΨPD) using the Scholander pressure chamber 
(Field plant water status console, UGT, Müncheberg, 
Germany). Under pre-dawn conditions, transpiration 
is assumed to be zero and water potential in roots and 
soil are expected to be in equilibrium (Ritchie and 
Hinckley 1975). Therefore, it serves as a proxy for 
soil water potential (Ψsoil) as actually experienced by 
the plant.

The following morning, the procedure was 
repeated. Besides, transpiration was recorded every 
1.5 – 2  hours between 08:30 and 13:00 throughout 
the experiment. The experiment was terminated when 
the leaf water potential was determined to be meas-
ured. The leaf water potential was measured once the 
desired soil water content of the water stress levels 
was reached in the soil drying process. Mean val-
ues and standard deviation of the measured param-
eters can be found in Supplementary Table 2. Subse-
quently, the leaf area of the whole plant was measured 
using the leaf area meter (LI-3100C AREA METER, 
LICOR, Bad Homburg, Germany), as well as the dry 
weight of the single parts (Supplementary Table  3). 
The time required to reach the predescribed stress 

(3)NTRi =
TRi

TRav

level after the last application of irrigation water took 
22-27 (exp. 1) and 9-16 (exp. 2) days. By the end of 
the experiment, plants were 43-48 (exp. 1) and 37-47 
(exp. 2) days old and still in vegetative stage.

Soil plant hydraulic model and assumptions

A soil-plant hydraulic model was used to simulate 
the relation between water potentials in soil, xylem 
and leaves and the transpiration rate. The water flow 
equations across soil and plants were solved for each 
compartment of the SPAC, as explained in detail in 
Carminati and Javaux (2020), Cai et  al. (2020), and 
Hayat et al. (2020) and in Supplementary note S2 and 
supplementary Table 4.

The model assumes one single root to represent 
all roots active in water uptake. Root water uptake is 
taken to be uniform and described on the basis of a 
radial geometry. Soil water flow along a gradient in 
water potential from the soil to the leaves is calcu-
lated based on the premise that the hydraulic conduct-
ance of the components of the SPAC is proportional 
to the difference in water potentials.

To match the relationships between E and Ψsoil as 
well as E and Ψleaf, we inversely modelled this rela-
tion by adjusting the plant hydraulic resistance (Rp) 
and by fitting the active root length (L). The plant 
hydraulic resistance is inversely related to its hydrau-
lic conductance (Rp=1/Kp), which, in turn is equiva-
lent to the soil-plant hydraulic conductance (Ksp) 
in well-watered conditions and given by the ratio 
between E and the difference between Ψleaf and Ψsoil:

In this case, Ψsoil was taken to be indicated by 
ΨPD. Therefore, Kp was directly estimated from the 
the slope of the relationship between measured E 
and Ψleaf in well watererd conditions, while L was 
allowed to change to fit the named relationships. The 
confidence intervals of L have been determined by 
bootstrapping.

Simple hypothesis testing for goodness-of-predic-
tions could not be performed as the data do not ful-
fill the requirements of the errors being independent, 
identically and normally distributed (Supplementary 
Fig. 2). Therefore, the goodness of fit was calculated 
according to Barnston (1992):

(4)Ksp =
E

� soil − � leaf
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with N being the sample size, ŷ being the predicted 
value based on the soil plant hydraulic model and y 
being the actual measurements of the dependent vari-
able. In order to facilitate comparison between the 
goodness of simulations for different soils, RMSE was 
normalized (NRMSE) by the range of the scale of the 
dependent variable, when they differed (e.g. when TR 
has not already been normalized to NTR).

At any soil water potential, there is a critical E at 
which the slope of the relationship between E and 
Ψleaf becomes nonlinear, depending on the hydrau-
lic conductivities of the components of the SPAC. 
The onset of nonlinearity is defined as the point of 
stomata closure and hence downregulation of tran-
spiration. The linear and nonlinear parts have been 
divided as follows: first, a slope (Sleaf) of iso-poten-
tials is calculated for each soil water potential:

Secondly, the relative decrease in Sleaf is calcu-
lated by the ratio between Sleaf and the maximal 
slope (Sleaf, max(Ψsoil)). The threshold beyond which 
the drop in leaf water potential was considered sig-
nificant relative to a small increase in transpiration 
was set to 70% as:

The 70% was arbitrary but in a range of 70-90%, 
the suggested stomata closure shows little sensitiv-
ity to the chosen percentage (Carminati and Javaux 
2020).

Sensitivity analysis

We conducted a sensitivity analysis of the value 
of the active root length (L) to the plant hydraulic 
resistance (Rp=1/Kp) to evaluate the uniqueness of 
the solution. To get an appraisal of the confinement 
of L, the simulation of the E - Ψleaf relationship was 
generated using various possible values for Rp.

(5)RMSE =

�∑N

i=�

�
ŷi − yi

��

N
,

(6)Sleaf
(
� leaf ,� soil

)
=

�E

��leaf

|||||�soil

.

(7)
Sleaf

(
� leaf ,� soil

)

Sleaf ,max

(
� soil

) < ��%

Results

Due to differences in growth conditions between 
plants in the two sets of experiments, exp. 1 sandy 
loam and exp. 1 sand were compared to each other 
separately from the soils that have been tested in 
experiment 2.

In experiment 1, sandy loam had the highest gravi-
metric water (θ) content at any given matric potential 
(Fig.  1A). Water content in sandy loam decreased 
rather continuously, while the sand (exp. 1) showed a 
relatively steep decrease in water content over a small 
range of water potential (Fig. 1A). The two soils have 
similar hydraulic conductivity curves (Fig. 1B). How-
ever, considering both scales being logarithmic, even 
seemingly small differences express deviations of 
up to one order of magnitude. In sand (exp. 1), soil 
hydraulic conductivity (Ks) decreased at almost 3 fold 
higher (= less negative) Ψsoil (−0.0011  MPa) than 
in sandy loam (−0.0028  MPa) at a slightly higher 
rater (sand (exp. 1): −1.8679*10−08, sandy loam: 
−7.3363*10−09). For the soils tested in experiment 
2, sand (exp. 2) exhibits a much steeper water poten-
tial gradient with a lower water retention in general, 
compared to the loam (Fig.  1C). The soil hydraulic 
conductivities vary considerably. The sand (exp. 
2) shows a 2.6 times higher saturated conductivity. 
Ks decreased at slightly less negative Ψsoil in loam 
(−0.0021 MPa) than in sand (exp. 2, −0.0025 MPa), 
but the sand (exp. 2) exhibits a much steep decrease 
in hydraulic conductivity over a relatively small range 
of matric potentials (sand (exp. 2): −8.3194*10−07, 
loam: −8.0438*10−08, Fig. 1D) which is linked to the 
drainage of most soil pores in this range of potentials 
(Fig. 1C).

We observed a clear difference between the soil 
textures in their NTR response to declining θ in both 
experiments. In experiment 1, the output of the soil 
plant hydraulic model suggests a decrease in NTR at 
the highest water content in sandy loam (18 vol.-%), 
followed by sand (exp. 1, 11 vol.-%, Fig.  2A) . The 
confidence intervals of the observations and the pre-
dictions do not overlap between the two soil textures, 
indicating a pronounced difference between sandy 
loam and sand (exp. 1). In experiment 2, NTR drops 
at higher θ in loam (13 vol.-%) than in sand (exp. 2, 
11 vol.-%, Fig.  2B). The confidence intervals of the 
measurements largely overlap, suggesting no sig-
nificant difference between soil textures (Fig.  2B). 
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In both experiments, the data were well reproduced 
by the model as indicated by a relatively low RMSE 
(Supplementary Table 5).

Also in the relationship between NTR and Ψsoil, 
pronounced differences between the soil textures 
become visible with soil drying. NTR decreases at 
higher Ψsoil in sand (exp. 1, −0.0158 MPa) compared 
to sandy loam (−0.0370  MPa, Fig.  3A) in experi-
ment 1. This trend is pronounced in the simulations 

as indicated by non-overlapping confidence inter-
vals. However, the overlapping confidence intervals 
of the observations suggest this difference not to be 
significant (Fig. 3A). In experiment 2, NTR drops at 
a more than one order of magnitude higher Ψsoil in 
sand (exp. 2, −0.0052  MPa), compared to in loam 
(−0.1239  MPa, Fig.  3B). This becomes clear in the 
predictions as well as in the observations. The con-
fidence intervals of the measurements as well as of 

Fig. 1  Soil hydraulic properties of the examined soil textures: (A) water retention- and (B) soil hydraulic conductivity curves for 
exp. 1 sandy loam and sand, (C) water retention- and (D) soil hydraulic conductivity curves for exp. 2 loam and sand

Fig. 2  Normalized transpiration ratio (NTR) response to 
decreasing soil water content (θ) between different soil textures 
as mean values of the measurements (dots), the empirical fit of 
the observations (dashed line with confidence intervals) and as 

predcited by the soil-plant hydrauic model (solid line with con-
fidence intervals) for: (A) exp. 1 sandy loam and sand, and for 
(B) exp. 2 loam and sand
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the predictions do not overlap, suggesting plants to 
respond significantly different to the varying soil tex-
tures (Fig. 3B). In both sets of soils, the model repro-
duced the experimental observation well as indicated 
by a relatively low RMSE (Supplementary Table  6) 
and the model simulation lying within the confidence 
intervals of the observed data (Fig. 3).

We used the conceptual and numerical model-
ling framework to reproduce the relation between 
mean transpiration rate and leaf water potential (Sup-
plementary Table  4) at different levels of soil water 
potential. Subsequently, we inferred the soil-plant 
hydraulic conductivity (Ksp, as shown by the slope of 
the E - Ψleaf relationship per water stress level which 
is indicated by the Ψleaf-intercept, Fig. 4) during soil 

drying. Overall, plants exhibited different Ksp in 
well-watered conditions and subsequently showed 
differences in the decrease in Ksp during soil dry-
ing (Fig.  4). The order of soils in their drop of Ksp 
with soil drying coincides with their order in the NTR 
response to declining Ψsoil (Fig.  3) and the order of 
their soil hydraulic conductivity curves (Fig. 1B and 
D), with NTR as well as Ksp decreasing at higher Ψsoil 
(see above) and/ or at a considerably higher rate in 
coarser textured soils during soil drying.

Specifically, in experiment 1, Ksp in well-watered 
conditions was highest in sandy loam, followed by 
sand (exp. 1, Table 1). In sand (exp. 1), plants have 
experienced a more severe drop in Ksp at relatively 
less negative Ψleaf than in sandy loam (Fig. 4A). In the 

Fig. 3  Normalized transpiration ratio (NTR) response to 
decrease in soil water potential (Ψsoil) between different soil 
textures as mean values of the measurements (dots), the empir-
ical fit of the observations (dashed line with confidence inter-

vals) and as predcited by the soil-plant hydrauic model (solid 
line with confidence intervals) for: (A) exp. 1 sandy loam and 
sand, and for (B) exp. 2 loam and sand

Fig. 4  Relation between transpiration (E) and leaf water 
potential (Ψleaf) at different soil water potentials (as indicated 
by the Ψleaf–intercept of lines/ circles), comparing mean values 
of measurements (circles) and the simulation outcomes of the 
soil-plant hydraulic model (solid lines with confidence inter-

vals, equivalent to soil-plant hydraulic conductance Ksp=
E

�� leaf

 ) 
during soil drying between different soil textures for: (A) exp. 
1 sandy loam and sand, and for (B) exp. 2 loam and sand. Note 
that the ranges of E between A and B are different as a result of 
differences in growth conditions
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soils used in experiment 2, the soil-plant system was 
4.5 times more conductive in loam than in sand (exp. 
2) in well-watered conditions (Table  1). While the 
conductance decreased rapidly with decreasing Ψleaf 
in sand (exp. 2), it happened more gradually in loam 
(Fig.  4B). As Ksp was experimentally determined at 
just two leaf water potentials, the turning point from 
a linear- to a nonlinear progression of Ksp could not 
be captured. Therefore, the model predictions do 
not match the measurements perfectly (NRMSE in 
Table  1). However, the predictions of highest and 
lowest Ψsoil (as indicated by Ψleaf at zero transpiration, 
Fig. 4) in different soil textures were captured well by 
the model.

Looking at the relationship between experimen-
tally determined soil-plant hydraulic conductivity and 
Ψsoil at which it got measured, it becomes obvious 
that in both of the experimental sets, Ksp decreased 
at higher Ψsoil and more steeply in sand, compared 
to sandy loam (in experiment 1, Fig.  5A) or loam 
(in experiment 2, Fig.  5B), respectively. Moreover, 
those curves resemble the soil hydraulic conductivity 
curves in their relation to each other (Fig. 1B and D).

The pre-dawn leaf water potential (ΨPD) did not 
match the soil matric potential (Ψsoil) as calculated 
from the measured soil water content (Fig. 6). While 
the measurements scatter around the 1:1 line for 
sandy loam, they deviate largely from it for the sand 
(exp. 1) as well as for the in experiment 2 tested loam 
and sand (exp. 2, Fig. 6A and B). Pre-dawn leaf water 
potential showed more negative values than the calcu-
lated soil matric potential. We will come back to that 
deviation in the discussion.

Figure  7 shows the relation between daytime 
leaf water potential and daytime transpiration rate 
as obtained from the measurements and the model. 
The resulting curves for the individual soil textures 
represent the stress onset limit (SOL). The model 
assumes that transpiration is downregulated at the 

Table 1  Values of soil-plant hydraulic conductance (Ksp) in 
well-watered conditions, active root length (L) and normalized 
residual mean standard error (NRMSE) for the different soil 
textures (sandy loam, sand, exp. 2 loam, exp. 2 sand)

Ksp  [cm3/hPa/s] L [cm] NRMSE

sandy loam 2.28 ×  10−6 3630.4 0.1358
sand 1.00 ×  10−6 197.9 0.0531
exp. 2 loam 8.50 ×  10−7 2858.3 0.0366
exp. 2 sand 1.88 ×  10−7 3.2 0.0124

Fig. 5  Relationship 
between experimentally 
determined soil-plant 
hydraulic conductance (Ksp) 
and soil water potential 
(Ψsoil) as measured (dots) 
and empirically fitted (solid 
line) during soil drying 
between different soil tex-
tures for: (A) exp. 1 sandy 
loam and sand, and for (B) 
exp. 2 loam and sand

Fig. 6  Relationship 
between pre-dawn leaf 
water potential (ΨPD) and 
soil water potential (Ψsoil) 
for: (A) exp. 1 sandy loam 
and sand, and for (B) exp. 2 
loam and sand
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onset of hydraulic limitation, which is defined as 
a 30% decrease of Ksp from its maximum at a cer-
tain soil water potential. Beyond the SOL, a minor 
increase in transpiration leads to a disproportion-
ally large drop in leaf water potential. Therefore, it 
has been proposed (Carminati and Javaux 2020) and 
shown (Abdalla et  al. 2021) that stomata promptly 
close around the SOL (Abdalla et  al. 2022). Hence, 
the SOL can be seen as an indicator for stomatal clo-
sure and transpiration reduction. Note that the model 
predicts an upper boundary of transpiration, rather 
than an absolute value (Carminati and Javaux 2020). 
Predicted downregulation of transpiration (and hence, 
stomata closure) differs visibly between soil textures 
with plants decreasing their transpiration at the high-
est leaf water potentials (Ψleaf) in sand (exp. 1), fol-
lowed by sandy loam (Fig. 7A, solid lines) in experi-
ment 1, and at higher leaf water potentials in sand 
(exp. 2) than in loam (Fig. 7B, solid lines) in experi-
ment 2. Hereby, the decline of transpiration is scaled 
in the same order like the soil hydraulic conductiv-
ity curves (Fig. 1B and D). However, the predictions 
of the onset of hydraulic limitation have to be taken 
with caution as they do not match the measurements 
consistently. The measurements are scattered and 
show no obvious unique relationship between transpi-
ration rate and leaf water potential in dependence of 
soil hydraulic properties comparing sandy loam and 
sand (exp. 1) in experiment 1 (Fig.  7A, dashed line 
and confidence intervals). The difference between 
soil textures is more pronounced for the soils tested 

in experiment 2. Plants in sand substrate closed their 
stomata at less negative leaf water potential (Fig. 7B, 
dashed line). Potential reasons for those mismatches 
are discussed in the next section.

The sensitivity analysis showed that L did not vary 
with varying Rp (=1/Ksp in well-watered conditions, 
Supplementary Fig.  3), indicating the uniqueness of 
the solution and the insensitivity of the model output 
towards uncertainties in estimating Kp (= Ksp in well-
watered conditions) from the measurements.

Discussion

For determining the effect of belowground hydrau-
lics on soil-plant water relations during soil drying, 
we investigated whether and how the responsive-
ness of maize varied between plants that have been 
grown in four hydraulically differing soil textures. We 
combined soil drying experiments with a soil-plant 
hydraulic model to investigate how those variations 
are reflected in relationships that consider the plant 
perspective (E − Ψleaf) as well as the soil perspec-
tive (E − Ψsoil). We have found that: (i) differences 
in plant response to soil drying between soil textures 
became obvious in all displayed relationships, (ii) 
the predictions as suggested by the model match the 
experimental results very well from the soil point of 
view (Figs. 2 and 3), but they (iii) were not entirely 
consistent in combination with the experimental 
data from the plant’s perspective (Figs.  4 and 7). In 

Fig. 7  Relationship between transpiration (E) and leaf water 
potential (Ψleaf) at the onset of hydraulic limitation (SOL) in 
response to soil drying between different soils as measured 
for all replicates (dots), the empirical fit of the observations 
(dashed line with confidence intervals) and as predcited by the 

soil-plant hydrauic model (solid line with confidence intervals) 
for: (A) exp. 1 sandy loam and sand, and for (B) exp. 2 loam 
and sand. Note that the ranges of E between A and B are differ-
ent as a result of differences in growth conditions
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the following, we discuss the effect of soil texture, as 
belowground hydraulics impacting factor, on plant 
response to drought.

Transpiration behavior in dependence of declining 
soil water content as compared between soil textures

In maize, plants grown in different soil textures 
decreased NTR differently with declining soil water 
content (θ). The critical soil moisture level at which 
plants started decreasing NTR depends on soil tex-
tures. Transpiration decreased at lowest water 
contents in sand (exp. 1) followed by sandy loam 
(Fig. 2A) and then followed by loam (Fig. 2B). This 
result is not surprising and it reflects the shape of the 
water retention curve (Fig. 1A and C, Crawford et al. 
1995; Duursma et al. 2008; Hacke et al. 2000).

Transpiration behavior in dependence of declining 
soil water potential as compared between soil textures

As for the relationship between NTR and Ψsoil, maize 
plants grown in different soil textures responded con-
siderably differently to soil drying (Fig. 3). This result 
was surprising as this relationship is less commonly 
implied in models of transpiration response to soil 
drying (e.g. Agricultural Production Systems Simula-
tor (APSIM, Hammer 1998; Wang et al. 2003), Crop 
Modeling with Simple Simulation Models (SSM, 
Soltani and Sinclair 2012), Decision Support System 
for Agrotechnology Transfer (DSSAT, Jones et  al. 
2011)). However, earlier evidences of the depend-
ence of the relationship between NTR and Ψsoil were 
reported by Gardner and Ehlig 1963.

The variations in NTR - Ψsoil (Fig.  3) between 
plants grown in these contrasting soil textures cor-
respond well with their unsaturated hydraulic con-
ductivities (Fig. 1B and D), with NTR as well as Ks 
decreasing at less negative Ψsoil and/ or at a less steep 
rate in sand in both experiments. Despite the differ-
ences between the soil hydraulic conductivity in 
experiment 1 (Fig. 1B) not appearing to be consider-
able, soil specific features, like soil cracking and crust 
formation in sandy loam (Supplementary Fig.  4B) 
are likely to have increased those differences. They 
are also expected to have encouraged differential 
root growth- (as indicated by differences in root bio-
mass in experiment 1, Supplementary Table  3) and 
hence root hydraulic conductivity development (e.g. 

decrease in root hydraulic conductivity due to a loss 
of soil-root contact, Duddek et  al. 2022). For exam-
ple, soil cracking was shown to cause restricted root 
development and thereby accentuated drought stress 
(Bandyopadhyay et al. 2003). Moreover, the develop-
ment of cracks or soil shrinking, might have led roots 
in close proximity to those cracks to lose contact with 
the soil (Helliwell et al. 2019). In order to avoid the 
natural process of the development of soil structure 
with time in such experimental settings, it would be 
advisable to let the soil to be tested undergo a suc-
cession of wetting and drying to stabilize the soil 
structure and the soil hydraulic properties in future 
experiments.

Additionally, the measurements were well repro-
duced by the soil-plant hydraulic model. Those two 
findings support one of the major model implications: 
the importance of the decline in soil hydraulic conduc-
tivity and the associated drop in water potential around 
roots during soil drying (Carminati and Javaux 2020), 
as soil hydraulic conductivity determines soil-root 
resistance to water flow and root water uptake as well 
as transpiration, eventually (Abdalla et al. 2021, 2022).

Variation in soil-plant hydraulic conductance (Ksp) 
during soil drying with contrasting soil textures

Plants grown in different soil textures showed dif-
ferent Ksp in wet conditions and a differently rapid 
decrease in Ksp with decreasing Ψsoil (= Ψleaf-
intercept, Fig.  4). In general, the element with the 
lowest conductance within the SPAC has the strong-
est influence on the total conductance. At soil water 
potentials (Ψsoil) of −1  MPa, the soil is expected to 
become the limiting factor for the total conductance 
(Draye et al. 2010).

In wet soil conditions, it is well accepted that dif-
ferences in Ksp allude to differences in Kp as affected 
by different growth media (Maurel and Nacry 2020). 
The soil plant hydraulic conductivity (Ksp) was well 
fitted by the model in well-watered conditions (Fig. 4, 
Table 1) and showed soil-specific differences between 
the plant hydraulic resistance (Rp) and the active root 
length (L), which emphasizes the effects that soil 
hydraulic properties have on plant growth and plant- 
and root hydraulic conductivity development (Lynch 
2019; Parent et al. 2009). Note that L is an output of 
the model and therefore represents only a fraction 
of the total root length. Hence, it should rather be 
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taken as a fitting parameter that encompasses several 
rhizosphere processes that impact the development 
of water potential gradients around the roots during 
soil drying. This value will be impacted by the model 
assumptions, e.g. by assuming water uptake and Ψsoil 
along the roots to be uniform, or by the assumption 
that the rhizosphere soil is similar to the bulk soil 
in its hydraulic properties. However, in maize it was 
shown that not all roots are equally active in water 
uptake (Ahmed et  al. 2016; Ahmed et  al. 2018b). 
In fact, it has been shown that late metaxylem ves-
sels remain immature and non-conducting 20 or 
30 cm from the root tip (McCully and Canny 1988). 
This adds to the explanation of the small values of L 
(Table 1).

In contrast, in dry conditions, differences in Ksp 
emphasize the role of soil hydraulic conductivity in 
limiting the total hydraulic conductance. This is sup-
ported by the measured soil-plant hydraulic conduct-
ance being scaled with the soil hydraulic conductiv-
ity (Ks) of the different soil textures in the dry range 
(Figs.  1B, D and 5), and by the model having been 
able to fit the measurements at lowest Ψsoil sufficiently 
(Fig. 4).

Suitability of using pre-dawn leaf water potential as a 
predictor of soil water potential

There is a considerable offset between Ψsoil (as deter-
mined from soil water content) and ΨPD, with the cal-
culated Ψsoil being less negative than the measured 
ΨPD (Fig. 6). A deviation between soil matric poten-
tial and pre-dawn leaf water potential was reported in 
earlier studies (Abdalla et  al. 2021; Cai et  al. 2020; 
Carminati et al. 2017).

On the one hand, ΨPD might overestimate (in abso-
lute terms) the actual soil matric potential. One rea-
son could be that the night-time transpiration is not 
exactly zero in maize (Tamang and Sadok 2018 (in 
our case: 4-15%)), which might have induced fluxes 
and therefore a more negative ΨPD. Moreover, ΨPD 
is difficult to determine by the Scholander Bomb in 
well-watered conditions because of a low resolution 
below 1 bar. Additionally, ΨPD (absolutely) overesti-
mating Ψsoil hints towards the osmotic potential in the 
soil potentially having been more negative than in the 
xylem (in contrast to Abdalla et  al. 2022; Cai et  al. 
2020). In that case,the suction in the xylem would 
be higher than expected based on the soil matric 

potential. This is supported by the offset being even 
bigger in sand (exp. 2) than in loam in experiment 2 
(Supplementary Fig. 5B). More nutrients were added 
to the sand in both experiments and, nutrients are also 
generally more available in the soil solution in sand. 
Therefore, the sand (exp. 1 and exp. 2) is likely to 
have had the highest osmotic potential. On the other 
hand, Ψsoil as calculated from θ seems to underesti-
mate the actual Ψsoil (in absolute terms). This became 
especially pronounced in soils that exhibit a steeper 
soil water retention curve (e.g. exp. 2 sand, Supple-
mentary Fig.  5A). The underestimation of Ψsoil as 
calculated from θ can be related to a limited possible 
precision of the TDR measurements (accuracy of the 
used TDR = ±2%), leading to unncertainties in the 
determination of θ. Moreover, the soil water retention 
– and conductivity curves as derived from unplanted 
soil in the laboratory might differ from the actual soil 
hydraulic properties in the presence of roots in a pot. 
That said, in future studies, direct measurements of 
Ψsoil are essential to improve the model performance.

Transpiration response to decreasing leaf water 
potential under soil drying as compared between soil 
textures (E - Ψleaf)

The onset of hydraulic limitations in the E - Ψleaf 
relationship serves as an indicator for the upper 
limit of stomatal closure (Carminati and Javaux 
2020). The predictions suggest that the same plants, 
grown in different soils, close stomata and thereby 
decrease transpiration at different leaf water poten-
tials (Fig.  7). This points towards stomata reacting 
flexibly to different soil hydraulic properties and 
supports our hypothesis that there is a link between 
stomata and belowground hydraulics (Abdalla et  al. 
2021). These results are in line with the recent find-
ing in tomato with contrasting root system (Abdalla 
et al. 2022).

However, the model outcomes should be taken 
with caution, given the comparison with the experi-
mentally determined data. Theoretically, before the 
soil dependent line of stomata closure, all leaf water 
potential-transpiration combinations are possible but 
plants should not cross the line (Fig. 7) as the model 
predicts an upper boundary to transpiration (Carmin-
ati and Javaux 2020). The simulation of the onset of 
stomata closure is well reflected in the actual meas-
urements in some soils (e.g. exp. 1 sandy loam and 
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exp. 2 loam) and less well in others (e.g. exp. 1 sand 
and exp. 2 sand). There are multiple potential reasons 
for that.

The deviations between model simulations and 
measurements might stem from the uncertainties that 
are involved in: (i) the indirect determination of soil 
water potential (and therefore Ks) from soil water con-
tent due to the nonlinear nature of their relationship, 
and (ii) in the determination of the stress onset limit 
from measuring Ψleaf at just two E per soil moisture 
level. This stresses the importance of measuring Ψsoil 
directly by installing sensors in the soil rather than to 
inversely obtain them from soil water content meas-
urements, and Ψleaf at more than two VPD levels in 
order to more safely predict the relationship between 
transpiration and leaf water potential for each water 
stress level. Lastly, the mismatches between predic-
tions and observations in Fig.  7 might be related to 
(iii) the applied soil-plant hydraulic model solely cap-
turing the impact of hydraulic processes on transpira-
tion response to soil drying. However, active mecha-
nisms are also known to impact stomatal closure and 
transpiration reduction (e.g. hormonal signalling, 
Brodribb and McAdam 2017; Buckley 2019). There-
fore, including a stomatal model into the soil plant 
hydraulic model might improve the predictions of the 
E - Ψleaf relationship (e.g. Wankmüller and Carminati 
2022).

However, no obvious unique relationship between 
transpiration and leaf water potential in dependence 
of soil hydraulic properties in the experimental data 
might (Fig.  7, dashed lines and confidence intervals 
of the observations) suggest that plants can react flex-
ibly to changes in soil- and plant water potential by 
altering the hydraulic conductivity of the rhizosphere. 
Multiple examples could be proposed for that: xero-
branching (Orman-Ligeza et al. 2018), hydrotropism 
(Dietrich et  al. 2017), hydropatterning (Bao et  al. 
2014), root length (Abdalla et  al. 2022), root hairs 
(Carminati et  al. 2017), exudation of mucilage 
(Ahmed et  al. 2014), aquaporin expressions (Chau-
mont and Tyerman 2014), association with arbuscu-
lar mycorrhizal fungi (Abdalla and Ahmed 2021) or 
plant growth adaptation like circadian oscillations 
(Caldeira et  al. 2014) of root hydraulic conductance 
(Tardieu et  al. 2017). The applied model does not 
account for such dynamic properties at the soil-root 
interface which might be a reason for the mismatch 
between measurements and model predictions.

Taken together, investigating stomata response to 
drought in soils exhibiting different hydraulic prop-
erties clearly hinted towards stomata reacting to 
changes in belowground hydraulic conductivity.

Conclusion

In conclusion, the soil-plant hydraulic model empha-
sizes the power of soil hydraulic conductivity and 
root distribution and -properties for predicting and 
interpreting transpiration reduction under edaphic 
drought. The data, in most of the cases, were well 
reproduced by the model, which supports the link 
between a soil-specific loss of belowground hydraulic 
conductivity and stomata regulation.

We identified Ksp as a key hydraulic parameter 
that is central to understand plant adaptation to vary-
ing atmospheric and edaphic conditions. It should be 
measured in more than two VPD levels in order to 
successfully predict plant response to soil drying.

Moreover, getting the soil water potential and soil 
hydraulic conductivity right is crucial but not trivial, 
considering the nonlinear nature of that relationship 
with soil drying. Indeed, soil moisture has typically 
been normalized by its maximum (at potting mois-
ture holding capacity) and minimum value (at the 
wilting point) for comparing crop performances in 
response to drought, and for evaluating related plant 
traits, independently from soil texture (e.g. Sinclair 
2005). However, our experimental results emphasize 
the effect of belowground hydraulics on transpiration 
behavior with soil drying. Therefore, this normali-
zation potentially hides the adaptation and response 
of plants to different edaphic environments, includ-
ing root hydraulics related traits. Hence, it might be 
worth to consider investigating belowground traits in 
the context of phenotyping experiments (Atkinson 
et al. 2014; Cai et al. 2022).

An additional complexity is introduced by a drop 
in the hydraulic conductivity at the soil-root interface 
as a consequence of roots and root hairs losing contact 
with the soil due to shrinking with soil drying (Dud-
dek et  al. 2022). Therefore, including the dynamic 
properties of the root–soil interface appears important 
to properly understand belowground limitations. We 
conclude, that predictions of transpiration response 
to drought need to consider soil-root hydraulics as 
well as plant traits, as roots and the soil-root-interface 
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are key hydraulic regions that plants can alter to effi-
ciently adapt to water limitations.
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