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Abstract

Background and aims Impact of drought on crop
growth depends on soil and root hydraulic properties
that determine the access of plant roots to soil water.
Root hairs may increase the accessible water pool but
their effect depends on soil hydraulic properties and
adaptions of root systems to drought. These adaptions
are difficult to investigate in pot experiments that
focus on juvenile plants.

Methods A wild-type and its root hairless mutant
maize (Zea mays) were grown in the field in loam
and sand substrates during two growing seasons with
a large precipitation deficit. A comprehensive dataset
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of soil and plant properties and monitored variables
were collected and interpreted using simulations with
a mechanistic root water uptake model.

Results Total crop water use was similar in both
soils and for both genotypes whereas shoot biomass
was larger for the wild type than for the hairless
mutant and did not differ between soils. Total final
root length was larger in sand than in loam but did
not differ between genotypes. Simulations showed
that root systems of both genotypes and in both soils
extracted all plant available soil water, which was
similar for sand and loam, at a potential rate. Leaf
water potentials were overestimated by the model,
especially for the hairless mutant in sand substrate
because the water potential drop in the rhizosphere
was not considered.
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Conclusions A direct effect of root hairs on water
uptake was not observed but root hairs might influ-
ence leaf water potential dependent growth.

Keywords Drought stress - Roots - Maize - Root
hairs - Field scale - Model

Abbreviations

CWL  Cumulative water loss

DAS Day after sowing

ET, Reference evapotranspiration
ETp Potential evapotranspiration
LAI Leaf area index

LWP  Leaf water potential

NRLD Normalized root length density
PSY Psychrometer

RLD  Root length density

RWU  Root water uptake

SB Scholander bomb

SEM Standard error of mean

WT Wild type

WUE  Water use efficiency

Introduction

Water is an important production factor for crop pro-
duction and droughts are an important cause of yield
declines. The increasing demand for food products
in combination with prognoses of more frequent and
severe droughts in the major agricultural produc-
tion regions push towards practices that increase the
water use efficiency. Increasing water use efficiency
is a multifaceted problem involving soil, crop and
irrigation management as well as the selection and
breeding of drought tolerant crops. In the search for
drought tolerant crops, the root system properties play
and important role. The concept of root system ideo-
types has been developed to identify optimal traits
of root systems with respect to water uptake (Lynch
2013) and model simulations demonstrated that these
optimal traits depend on soil and climate (Leitner
et al. 2014; Tron et al. 2015).

Root hairs are among the traits that are discussed
with regard to their function in water uptake. Root
hairs, tubular extensions of epidermal cells of roots,
occur in a defined zone of the root behind the elonga-
tion zone and dramatically increase the surface area
available for the absorption of water and nutrients.
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Although the important role of root hairs in nutrient
acquisition, especially phosphate, is well accepted,
their role in water uptake remains controversial. Car-
minati et al. (2017) made a conceptual model to eval-
uate the impact of root hairs on the plant water status
or leaf water potential. According to this model, the
impact of root hairs is expected to be larger for higher
transpiration rates, lower soil water potentials, and
in soils with very low soil hydraulic conductivity at
lower soil water potentials, such as sandy soils. These
results were confirmed in experiments with barley
(Carminati et al. 2017; Segal et al. 2008), showing
that root hairs facilitated root water uptake by increas-
ing the effective root surface area for water uptake and
by reducing the decline in matric potential at the root-
soil interface, especially at high transpiration rates.
Using the same barley genotypes in the field, Marin
et al. (2021) found that under soil water deficit, root
hairs enhanced plant water status and stress tolerance
resulting in a less negative leaf water potential and
lower leaf abscisic acid concentration. On the other
hand, results from other studies did not confirm the
suggested role of hairs on water uptake. Neither Dodd
and Diatloff (2016) found a difference in water uptake
between wild-type and mutant in barley nor Suzuki
et al. (2003) found that root hairs of rice contributed
to water uptake under different soil moisture condi-
tions. For maize, Cai et al. (2021) observed no effect
of root hairs on the relation between plant transpira-
tion and either soil or leaf water potential whereas
this relation was strongly dependent on the soil tex-
ture. Enhanced root length of hairless mutants might
have compensated for the lack of hairs and masked
their effect (Dodd and Diatloff 2016). Another reason
could be that root hairs lose their function in water
uptake in older roots or that they shrink and lose con-
tact to the soil at lower soil water potentials (Duddek
et al. 2022). Therefore, the role of root hairs in water
uptake is not yet fully understood and seems to differ
strongly depending on the soil properties, soil condi-
tions, root system and root hair properties, and atmos-
pheric conditions that drive the transpiration rate.
Most information on the impact of root hairs on
plant water status and transpiration stems from labo-
ratory experiments in which environmental condi-
tions can be controlled well. The size of the soil con-
tainers has an important effect on plant growth and
stress (Poorter et al. 2012) so that studies are mostly
limited to juvenile plants, especially for larger crops
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like maize. Variations in water content or water poten-
tial in the soil that are generated by spatially varying
root water extraction, which is small in soil contain-
ers where root distributions are more uniform, are
strongly reduced by capillary redistribution of water
over small distances in the soil container. Hence, root
distributions and soil water and soil water potential
distributions can be expected to be far more homo-
geneous than in natural field conditions. In order to
manage the experimental conditions and setup, condi-
tions in the plant chambers are regulated and follow
more regular patterns than the natural weather condi-
tions in the field. The conditions in lab experiments
are therefore not suited to investigate the role of root
system properties, among which the presence of root
hairs, how they adapt to environmental conditions
over the entire growing season of a plant, and how
they interact with the spatially variable water content
and water potential in a soil profile on the plant water
status and plant growth under natural field conditions.

In this contribution, we investigated how root
systems of two different genotypes of a maize, one
‘wild-type B73” (WT) and its hairless mutant (r#h3)
(Hochholdinger et al. 2008) develop in two differ-
ent soil types, sand and loam, over two entire grow-
ing seasons in the field. By monitoring soil variables,
i.e. soil water potentials and soil water contents, plant
development, i.e. root density and leaf area index,
and plant variables, i.e. transpiration and leaf water
potential, during the growing season, we collected
a comprehensive database that enables us to evalu-
ate the functioning of the root systems (Novick et al.
2022). Since conditions in the field vary consider-
ably with time and since crop development differs
among treatments, the observed soil and plant vari-
ables at a certain time cannot be compared directly
among treatments but must be put in context of the
prevailing weather conditions and crop develop-
ment. In order to link measured plant and soil vari-
ables and properties (soil hydraulic conductances,
root distributions and root hydraulic properties) to
root functioning, we used a mechanistic root water
uptake model (Couvreur et al. 2014; Couvreur et al.
2012; Vanderborght et al. 2021) that is coupled with a
soil water flow model (Cai et al. 2018b; Nguyen et al.
2022; Nguyen et al. 2020). Using this combination of
monitoring data and modeling, we tested the hypoth-
esis that the hairless mutant rth3 experiences water
stress and reduces its transpiration at less negative

soil water potentials leading to less soil water extrac-
tion, and less growth of the rth3 mutant than of the
WT, more so in the sand soil than in the loam soil.
Secondly, we alsotested the hypothesis that the root
systems adapt to the environmental (soil) conditions
and that the hairless mutant rth3 may compensate a
reduced water uptake potential by developing a more
dense root system.

Material and methods
Field experiment

The soil and plant measurements performed in this
study took place in the field plot experiment at
the research station of Bad Lauchstddt, Germany
(51°22'0” N, 11°49'60" E), from late April to early
October in 2019 and 2020 (for details see Vetterlein
et al. (2021)). During both years, the cumulative
reference evapotranspiration (ET() exceeded cumu-
lative rain inputs (Fig. 1). In 2019, the ET, [cm] for
the whole season (April-September) exceeded the
recorded ET, for the same period of time in the pre-
vious 8 years. The total rainfall over the growing
period was 17.15 and 20.50 cm in 2019 and 2020,
respectively. This is below the 2011-2018 aver-
age rainfall for the same months (25 cm). Look-
ing at the water deficit, (ET,-Prec), this amounted
to 40 cm in 2019 and 30 cm in 2020. In 2019,
1.03 cm of irrigation was applied, in 2020, 2.64 cm.
Monthly average temperatures during the months of
June and August in both years were slightly above
the 2011-2018 means. Conversely, in both 2019
and 2020, the month of May was slightly colder
than the 2011-2018 mean.

The experimental setup consists of 24 individual
plots of 11x3.1 m? surface. The plots were excavated
until 1 m depth; the bottom 25 cm were filled with
gravel and a drainage textile was placed on top. The
remaining top 75 cm of the profile were filled with
two different soil substrates characterized as sand
and loam, as reported in Vetterlein et al. (2021). The
van Genuchten Mualem hydraulic parameters of the
two substrates were characterized experimentally by
Hyprop method and are provided in Table 1 (see also
Fig. S1).

Two different maize (Zea mays) genotypes were
sown in the plots: the wild-type B73 whose roots
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Fig. 1 Daily precipitation (rain and artificial irrigation), cumulative reference evapotranspiration (ET), cumulative ET,, for 2011-
2018, cumulative rain and daily mean temperature during the growing seasons in 2019 and 2020 at Bad Lauchstidt research station

Table 1 Fitted hydraulic parameters for the bimodal Mualem-
van Genuchten model (Durner 1994). Table modified from
Vetterlein et al. (2021)

Parameter Unit Loam Sand
0, em? cm™ 0.411 0.337
6, em? cm™3 0 0

n - 3.103 9.221
a em™ 0.0334 0.039
n, - 1.108 1.198
a, em™ 0.1670 0.0250
W, - 0.833 0.321
K, emd™! 441 5

T - —-1.089 —-0.504

develop root hairs (WT), and the corresponding
root hair defective mutant (rth3) (Hochholdinger
et al. 2008). Maize was sown on the 24th of April
in 2019, and on the 28th and 29th of April in 2020;

@ Springer

harvest took place on the 8th of October in 2019,
and on the 8th and 9th of October in 2020.

Four treatments were investigated (soil type X
maize genotype), and each treatment was established
in 6 replicate plots. On the one hand, several plant
measurements such as root sampling, dry biomass and
leaf area were conducted in all 24 plots at four plant
developmental stages: BBCH14, BBCH19, BBCHS59
and BBCHS83, (Lancashire et al. 1991) correspond-
ing to four leaves unfolded, nine leaves unfolded, end
of tassel emergence and early dough, respectively
(which was equivalent to 6, 9, 14 and 22 weeks after
planting in 2019 and 2020). Details of sample collec-
tion are provided in Vetterlein et al. (2022).

On the other hand, soil water potential and con-
tent, transpiration flux and leaf water potential
measurements were only performed in 4 of the 24
plots due to resource limitations, time constraints
and the need to account for small scale variability.
The latter measurements were performed on a spe-
cific area of the plot, which remained without dis-
turbance, as indicated by Fig. 2.



Plant Soil (2022) 478:59-84 63
A 0.20m
IllIllllllllllllllllllllllllllllllllllli‘,llllllllllll
0.45m
EpEEEEEEEEEEENEEE EEEEEEEEEEEENENEEEENENENEENENEEEEEEEEEE
EEEEEEEEEEEE EEEEEEEEEEEEEEEEEENEENEENNEENEEENEEEEEEE
3.1m

Yy

0.2m |

0.4m

‘
06m | O e OB O - —

Fig. 2 A Plot design and dimensions. Green squares represent
individual plants, the large grey rectangle indicates the location
of data loggers — soil sensors were installed through the inter-
face of the logger pit with the field plot and extend 40 to 50 cm
into the plot (indicated by a blue rectangle). The red rectangle
designates the area where plant measurements were performed.

Soil measurements

Soil water content and soil water potential measure-
ments took place on one of the short edges of the plot
(Fig. 2). TEROS 10 sensors (Meter Group AG) were
used to measure soil water content every 10 min-
utes, and soil water potentials were measured with
TEROS21 (every 5 minutes) and TEROS31 (Meter
Group AG) (every 10 minutes). Three sensors of each
type were placed at different positions with respect to
the location of the maize plant and at four different
depths (10, 20, 40 and 60 cm). Soil water potential
and soil water content measurements were recorded
for the whole duration of the experiment.

Plant measurements
Leaf area measurements were only performed in

2020. The leaf area of individual plants was estimated
from length and width measurements of individual

[l Leaf water potential (Scholander)
B Leaf water potential (PSY)
B Sap flow (SGA 13, SGB 16, SGB 19)

B Soil moisture (TEROS10)
Soil water potential (TEROS21)
B Soil water potential (TEROS31, tensiometer)

. Root core sample

B Location of the above-ground plant measurements (sap flow,
and leaf water potential via Scholander bomb and psychrom-
eters), below-ground plant measurements (root core sampling)
and soil measurements (soil water content by TEROS10, and
soil water potential by TEROS21 and TEROS31). Modified
from Vetterlein et al. (2021)

leaves according to previous studies (Zhou et al.
2019):

LA=074 Y W, L, (1)
i=1

where LA is the leaf area [L?], k is the total number
of leaves in a plant, and W, and L; are the maximum
width and total length [L] of leaf i. The factor 0.74
accounting for the shape of the maize leaves was
obtained for the specific genotypes used in this study
and is the same or similar as other factors used in pre-
vious works (Mokhtarpour et al. 2010; Zhou et al.
2019). The leaf area index, or LAI, was then calcu-
lated by multiplying the mean LA by the plant density
(9.5 plants m™?).

Dry shoot biomass measurements were performed
in both 2019 and 2020. The shoots of three plants
per plot were sampled according to Vetterlein et al.
(2022). Root length density was determined for four
growth stages in both 2019 and 2020 for three depth

@ Springer
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intervals: 0-20 cm, 2040 cm and 40-60 cm using
soil coring as described in Vetterlein et al. (2022) .

Leaf water potentials were measured via two meth-
ods. On the one hand, in-site thermocouple psychro-
metric sensors (PSY1, ICT International, Armidale,
New South Wales, Australia) were installed on the
second or third elongated leaf and left to monitor
LWP until re-installation was necessary. Sensors were
re-installed, on average, once a week. Psychrometers
took measurements every 15-30 minutes, and were
used during the months of June, July, August and
September in both 2019 and 2020. Two to four sen-
sors were installed at the same time in separate plants
at each treatment plot. Insulation foam and covers
were used to thermally isolate the sensors from tem-
perature gradients during the day. On the other hand,
leaf water potential measurements were also taken
manually with a Scholander pressure bomb (Port-
able Plant Water Console model 3115, Soil moisture
Equipment Corp., Santa Barbara, California, U.S.A.).
Measurements were taken early morning, midday and
afternoon in 2020, whereas measurements on two
occasions were taken in 2019. At each measuring
time, the leaves of three maize plants per plot were
cut and immediately transported to the Scholander
bomb for measurement.

Leaf rolling observations were taken at different
times and dates during 2019 and 2020. Leaf rolling
is an adaptive trait to various forms of stress, includ-
ing drought stress (Baret et al. 2018; Kadioglu et al.
2012). Observations of the whole plot were catego-
rized into 3 classes: 1 for most plants showing totally
flat leaves without sign of rolling (no stress), 2 for
slightly rolled leaves (medium stress) and 3 for obser-
vation of rolled leaves all over the plot (high stress).

Finally, transpiration at the plant scale was meas-
ured via sap flow sensors (Dynamax Inc., Houston,
U.S.A, Campbell Scientific, Logan Utah). Dynagage
heat balance sap flow sensors, of various diameters
(SGA 13, SGB 16 and SGB 19) were installed on
the plant stem for about two to three weeks. Due
to plant growth, sap flow sensors needed reinstal-
lation. Sensors were installed in mid-end July, and
were removed in mid-September. Four technical rep-
licates within each plot/ treatment were installed (a
total of 16 sensors in the four treatments). In 2020,
there was insufficient power supply to 8 sensors and
thus data are only available for two treatments (loam
wild-type and sand rth3).

@ Springer

Data processing and statistics

Cumulative water losses from the soil were esti-
mated from volumetric water content measure-
ments. Assuming that water percolation out of the
soil profile could be neglected during the growing
season, the cumulative water loss, CWL [L], corre-
sponds with the cumulative evapotranspiration and
was calculated using a soil water balance from the
soil water storage change, ASWS [L], and the pre-
cipitation and irrigation according to:

CWL(1;) = ASWS(1;) - ; (P(5) +1(5)) = = ,Zl (E(R)+T(5) (2
where ASWS(t;) is the change in soil water storage
between the start of the experiment and the end of
day 1;, P(1;) is the precipitation and /(7;) the irrigation
during day t, and E( 1) and T{( tj) are the evaporation
and transpiration during day ¢ (all in length units).

A two-factorial ANOVA for factors soil type,
genotype and their interaction was performed for
the root-shoot ratio data in Fig. 11.

1D Hydrus simulations

The water fluxes in the soil-plant-atmosphere con-
tinuum in the experimental setup were simulated
with Hydrus 1D (§imﬁnek et al. 2016). Root water
uptake was simulated according to Couvreur et al.
(2012) as implemented in (Cai et al. 2018a). In their
approach, the volume of water taken up by the root
per bulk volume of soil, or otherwise known as the
water sink term (S(z) [T~']) is calculated as:

82) = Kyy (hrp = Py ear) SUF(2) + K, (hy(2) — by, ) SUF(2)

3)
where K, is the root system conductance [T~'], hy.
is the effective hydraulic head in the root zone [L],
hjeqr 18 the hydraulic head at the leaf [L], SUF(z)
is the standard root uptake fraction at depth z [L7'],
which defines the water uptake profile in a uniform
water potential, and h(z) is the hydraulic head at
depth z [L]. Hydraulic heads correspond with the sum
of the pressure head and elevation head, where heads
are water potentials or partial potentials that express
the energy or potential of water per unit weight and
correspond with a length. We will use the terms head
and potential as synonyms in the remainder of the
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text. The first term of the sum describes root water
uptake under uniform soil water potential distribu-
tion, whereas the second term describes compensa-
tory root water uptake that results from spatially vary-
ing soil water potential distribution (Couvreur et al.
2012). A positive sink (S>0) indicates water flowing
from the soil into the root system, whereas a negative
sink (S<0) means water is released by the root sys-
tem to the soil.

Transpiration is controlled by the critical leaf
water potential (Ag .4 crisicqr [L]) according to:

Krs (hT,e - hT,leaf) = Tp when hT,leaf > hT,leaf critical

K, (hT,e = M tear critical) = Tyer When hy e = Ry jeaf crivical

“

where A leaf [L] is the leaf water potential, T, [LTY
is the potential transpiration and 7, [L T~'] is the
actual transpiration flux. The effective hydraulic head
in the root zone is calculated as:

Lr
hy, = / hy(2)SUF(z)dz 5)
0

where L, [L] is the length of the root zone.

Set-up

The simulation set-up consisted of a 75 cm deep
soil profile with a vertical discretization of 1 cm.
A total of 22 weeks per each growing season were
simulated and changes on root length density per
depth interval, used to calculate root system param-
eterization, were updated weekly.

Boundary conditions

The reference evapotranspiration, E7T, [L T
was calculated according to the Penman Monteith

equation from weather data obtained at the research
station. The potential evapotranspiration, ET, [L T,
was obtained according to Allen et al. (1998):

ETp =K. ET, (6)

where K, is the crop coefficient dependent on the
crop and its development stage. The K. values used
in the 2019 and 2020 simulations are summarized in
Table 2. The K, values at a certain BBCH stage were
derived from an estimate of the crop cover. Data for
times in between the 4 development stages was lin-
early interpolated in the model implementation.

The ratio of potential evaporation to evapotranspi-
ration was obtained by using the Beer Lambert law as
described in Ritchie (1972):

E
Po_ e_k[ighr LAl

ET, ™
where E,, is the potential evaporation [L T, Kjigns 1
the light extinction coefficient [—], set to 0.45 based
on previous studies performed on maize (Awal et al.
2006; Flenet et al. 1996). LAI was estimated from a
genotype-specific relationship between shoot biomass
and LAI obtained from 2020 BBCH data.

At the soil surface, we imposed a flux bound-
ary condition corresponding to E, or to the irriga-
tion and rain inputs monitored at the research station
when the soil water pressure head at the surface was
between —16,000 and 0 cm. When the surface pres-
sure heads reached these threshold values, a constant
pressure head boundary condition was used to cal-
culate the actual flux from the deeper soil to the soil
surface (actual evaporation) or from the surface into
the soil (actual infiltration). At the bottom, a seepage
face boundary condition (no flux when the soil water
pressure head <0 and a constant pressure head 7=0
else) was chosen to represent the impact of the gravel

Table 2 Crop coefficient (K,) values at different development stages used in the 2019 and 2020 simulations

2019 2020
DAS Loam WT Loam rth3 Sand WT  Sand rth3 DAS Loam WT  Loam rth3 Sand WT  Sand rth3
BBCHI14 42 1 1 1 1 43 1 1 1 1
BBCHI19 63 1 1 1 1 65 1 1 1 1
BBCH59 98 1.2 1.2 1.2 1.2 100 1.08 1.07 1.07 1.03
BBCH83 154 1.2 1.2 1.2 1.2 156 1.2 1.2 1.2 1.2

@ Springer
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layer. At the plant root collar, the boundary condition
switches from a flux boundary condition, equal to the
potential transpiration flux, to a constant collar poten-
tial value set at iy, 141 criricqr = —16,000 cm.

Parameterization of the root system

Both root system hydraulic parameters (K,, and SUF)
were estimated from RLD measurements. The SUF
was assumed to be the same as the normalized RLD
(NRLD, [L™'])

NRLD(z) = LD(Z) 8)

Jy RLD(2)dz

This assumption can be made when xylem is
hydraulically non-limiting and radial root hydraulic
properties do not vary with depth. K, was estimated
as:

Krs = 2 RLD[ krs AZ[ (9)

i=1

where RLD; is the root length density in soil layer i
[L L], k,, is the root system conductance normal-
ized by the total root length below a unit of soil sur-
face area [L T~'] and Az, is the thickness of the cor-
responding soil layer [L]. A k,, of 8.64 107 cm d™!
was considered based on simulations (Meunier et al.
2018b) using a root architecture model for maize and
based on literature data of root segment radial and
axial conductivities.

In both years, soil cores were obtained until a
depth of 60 cm. However, based on experimental
data from maize grown in the field, roots usually
grow down to 100 cm depth. Since the RLD for the
60-75 cm interval was not measured, we estimated
it to be equal to the RLD in the 40-60 cm interval
in the simulations. In 2019, the RLD data obtained
at the four development stages were used directly in
the simulations. RLD data was linearly interpolated
between the 4 measuring times. The RLD at the start
of the simulation (DAS 0) was assumed to be equal to
that measured at BBCH14 since simulations cannot
run without any RLD data.

In 2020, the presence of dead roots from the
2019 growing season in the sand required correc-
tions. In the loam, the 2020 RLD data were similar
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to that in 2019 and samples showed no old 2019
roots. However, a larger presence of old roots was
observed in the sand treatments. Thus, we esti-
mated the degradation of 2019 old roots in the sand
in order to correct the 2020 RLD data in the sand
treatments.

The degradation rate at a given day i (u;) [T™Y
can be calculated as:

T! _T)‘ )

W=y O (10)

where u, [T~!] is the reference 1st order degradation
rate, and 7; and 7, are the actual and reference soil
temperatures [°C], respectively. The Q,, is the fac-
tor by which a chemical reaction rate increases with a
10 °C rise in temperature. In this study, Q,, was set to
2 [—] as this is a common value used for soil respira-
tion in crop models (Meyer et al. 2018). First, we cal-
culated the reference degradation rate in the 0-20 cm
layer from 25th September 2019 (BBCH83) to 10th
June 2020 (BBCH14) assuming the first data obtained
in 2020 were made of mostly old roots. The reference
1st order degradation rate is calculated according to:

( RLD )

In

RLD,

SO = an
At Y10y’

where RLD and RLD, are the root length densities at
the end and beginning of the winter period, respec-
tively; At is the time interval between day i and day
i+1 [d]. The mean soil temperature during this time
period is denominated as reference temperature (7}),
corresponding to 10.67 °C based on soil measure-
ments at 10 and 20 cm depth. Once g, is determined,
the RLD of old roots in different soil layers at day n
is given by:

Ty oc

RLD, = RLD, ¢ Zia @0 (12)

where T; is the soil temperature in day i measured in
the corresponding soil layer. The degradation results
as well as the RLD data for both 2019 and 2020 are
presented in Fig. S2.
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Results

First, we present a comparison between measured
and simulated data that allows us to validate the
evaporation and transpiration fluxes estimated by the
model, as well as the plant water status. This sec-
tion also includes a comparison between water losses
estimated from soil water content data and sap flow
sensors. Second, both simulated and measured data
are used to interpret the impact of soil substrate and
maize genotype on plant-water relations.

Comparison between simulated and measured data

The evolution of the root system conductance, K,,
and LAI over time in the two different growing sea-
sons is shown in Fig. 3. K,,, which was calculated
from the root length density profiles, was larger in
the sand than in the loam and larger for the WT
than for the rth3 mutant. Larger K,, were calcu-
lated for 2020 than 2019. The LAI was similar in
the loam and sand but larger for the WT than for
the rth3 mutant. The LAI development was faster in
the loam than in the sand and faster in 2019 than
in 2020. Figure 4 shows the volume of water in the
soil estimated from soil water content measure-
ments for each treatment and year. The horizontal
grey lines indicate the water volume in the soil at
the permanent wilting point, and thus the differ-
ence between the colored and grey lines shows the
plant available water. Although the water volume in
the loam was larger than in the sand, the amount of
plant available water in the soil profile at the start
of the season was similar between both substrates in
both years and was about 7 to 8 cm. Thus, despite
differences in water holding capacity between the
two substrates, the imposed boundary condition at
the bottom of the soil profile led to similar amounts
of plant available water in both substrates. The
plant available water in the soil profile was smaller
than the reference (based on the reference ET))
water deficit, which amounted 40 cm in 2019 and
30 cm in 2020 (see Fig. 1). As a consequence, the
crop experienced drought stress during both grow-
ing seasons. At around DAS 100, the plant avail-
able water in the soil profile was almost completely
consumed for all treatments so that the crop relied
completely on rainfall and irrigation after DAS 100.
The larger irrigation, slightly higher rainfall, and
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Fig. 3 Evolution of the root system conductance, K, (d_l),
and leaf area index, LAI, over time in the 2019 (solid lines)
and 2020 (dashed lines) growing season for the different sub-
strates (L-loam, S-sand) and genotypes (wt-wild-type, rht3
root hairless mutant)

lower transpiration demand in 2020 resulted in wet-
ter soil conditions after DAS 100 in 2020 than in
2019. Towards the end of the growing season, the
soil profile was wetted up by rainfall events which
led to apparently larger increases in water storage in
the sand than in the loam soil profiles.

Simulated and measured cumulative water losses
(CWL) from the soil, which correspond with the
cumulative actual evapotranspiration, show an overall
good agreement for all treatments and years (Fig. 5).
However, according to measured data, cumulative
losses were similar between treatments and differ-
ences between simulated losses in different treat-
ments could not be confirmed by the measurements.
For instance, simulations showed an earlier soil water
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2019

Water in soil [cm]

0 50 100 150
Time [DAS]

Fig. 4 Water in the soil profile [cm] estimated from water con-
tent measurements for the different substrates (L-loam, S-sand)
and genotypes (wt-wild-type, rht3 root hairless mutant). The
solid colored lines indicate the mean values, whereas the

2019

0 50 100 150
Time [DAS]

Fig. 5 Simulated (solid lines) and measured cumulative
(dashed lines) water losses (CWL) from the soil in 2019 and
2020 for the different substrates (L-loam, S-sand) and geno-
types (WT-wild-type, rht3 root hairless mutant). Measured
losses are computed based on a water balance derived from

loss in the loam than in the sand in 2019 but this was
not confirmed by the measurements (Fig. 5).

There are times at which the measured CLW increased
(see sand treatments in 2019), which would mean that
the increase in water content in the soil was larger than
the amount of precipitation. This is not possible since
lateral and upward flow are restricted in the field plots.
However, this artifact could be caused by the location of
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shaded areas denote the standard error of the mean (SEM). The
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soil at the permanent wilting point calculated from the water
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water content measurements. Simulated losses correspond to
the sum of evaporation and transpiration fluxes. Lines indicate
mean values, whereas shaded areas denotes the standard error
of the mean (SEM)

the water sensors in preferential flow pathways where a
larger increase in water content is measured than in the
average soil volume. This artifact was most significant
in the sand treatments, where unstable flow may occur
caused by different processes such as textural layering,
air entrapment, water repellency or unstable wetting
(Hendrickx and Flury 2001). The artifact implies that the
average of the soil moisture measurements may deviate
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much more from the average water content in the plot
than the standard errors of the mean of the sensor meas-
urements, which assumes uncorrelated and independent
Sensor measurements, suggest.

The model relies on estimates of potential evap-
otranspiration from meteorological data and plant
development (K, factors) and it predicts how evapo-
ration and transpiration are reduced (or downregu-
lated) when the soil water content decreases. The
dependence on soil water content differs between
both processes with soil evaporation depending
mainly on the water content of a thin surface layer
and transpiration depending on the water content in
the entire root zone. The comparison between meas-
ured and simulated cumulative soil water losses
allow us to validate the estimations of evapotran-
spiration. During the first 50 days after sowing, LAI
was low and most water was lost via soil evapora-
tion. The water lost by evaporation was compen-
sated by precipitation so that the soil water storage
did not decrease over time (Fig. 4, data only avail-
able for 2019). The potential evaporation during this
period (17 cm) was larger than the actual water loss
due to evaporation (7 cm) and the simulation model
reproduced the downregulation of the soil evapora-
tion when the soil surface dries out accurately. After
50 DAS, LAI increased substantially and transpira-
tion and root water uptake became more important
than evaporation. Roots can extract water from the
whole soil profile, which led to a drying out of the
soil (Fig. 4). The simulations reproduce also the
cumulative water losses after DAS 50 (Fig. 5), which
were mainly caused by plant transpiration. Sap flow
measurements correspond with root water uptake and
plant transpiration and are additional information
that can be used to validate the simulated crop tran-
spiration. Figure 6 shows the sap flow measurements
for the different treatments together with the simu-
lated transpiration, the measured soil water losses,
and the simulated evapotranspiration for the time
periods that sap flow data were available (roughly
after DAS 75). Taking into account the relatively
large uncertainty of the sap flow measurements due
to between plant variability, the transpiration derived
from sap flow measurements is consistent with the
evapotranspiration derived from water balance meas-
urements, with the exception of the sand wild-type
treatment in 2019 where the sap flow measurements
seem to overestimate the water loss from the plot

considerably (Fig. 6). The good agreement between
sap flow measured transpiration and the evapotran-
spiration derived from the water balances (except
for the sand wild-type treatment in 2019) supports
simulated results, which predicted that the largest
fraction of evapotranspiration losses comes from
crop transpiration during this time period. Due to its
lower LAI, this simulated fraction was a bit lower for
the rth3 mutant. However, the precision of sap flow
measurements was neither high enough to differenti-
ate evaporation from evapotranspiration fluxes nor to
differentiate between different treatments.

The model simulates lower transpiration fluxes
than the sap flow measurements in the loam treat-
ments in 2019 (both WT and rth3), whereas simu-
lated and measured transpiration fluxes match for
the sand rth3 treatment in 2019 and 2020 and for the
loam WT in 2020. In both years, we can also observe
that for some periods, while the measurements show
an increase in cumulative transpiration, the model
predicts no transpiration flux, which is later resumed
once water becomes available in the soil. Examples
of these disagreements between measured and simu-
lated transpiration can be seen in 2019 between 120
and 125 DAS, as well as between 128 and 134 in all
treatments, and between 92 and 97 DAS in 2020 for
the loam wild-type treatment (Fig. 6).

Figure 7 shows simulated and measured leaf water
potentials (LWP) with psychrometers (PSY), and an
assessment of the plant water stress based on appear-
ance or presence of rolled leaves. A comparison
between LWPs measured by the psychrometers and
the Scholander bomb (SB) method in Fig. S3 shows
that both measurements are consistent with each
other with PSY measuring less negative LWPs than
the SB. Considering that the model simulates plant
stress when the critical LWP (—1.6 MPa) is reached,
the times when the model simulated stress seem to
match with observations of rolled leaves. In 2019,
rolled leaves appeared in the loam soil at around
DAS 90 which is consistent with the simulated drop
in LWP around that time. At the time stress became
apparent in the loam soils, no rolled leaves were
observed in the sand yet, which is consistent with the
simulated LWPs which dropped around 10 days later
in the sand. In 2020, rolled leaves were observed at
the same times in all treatments except for the rth3
mutant in the sand, which showed a later appear-
ance of rolled leaves. This was consistent with the
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Fig. 6 Simulated (black lines) and measured (colored lines)
cumulative transpiration (dashed lines) and evapotranspira-
tion (solid lines) during sap flow measurements for 2019 and
2020. Regarding the measured data, lines denote mean values,

simulated LWPs which dropped later in this treat-
ment. Regarding LWP measured with PSY, these
measurements show values that fall below the
—1.6 MPa threshold value defined in the model.

A larger data set of measured LWP is available in
2020 and PSY LWPs did not drop to such low values
as in 2019, probably due to the lower potential tran-
spiration or atmospheric demand for water in 2020
than in 2019. During times when the model simulates
LWPs above the stress threshold value of —1.6 MPa,
the PSY measured leaf water potentials were lower
than the simulated ones and more so in the sand than
in the loam and for the rh3 mutant than for the WT
(Fig. 8).

Setting the threshold LWP, Ay ,u¢ criricarr @t Which
the model switches to a constant LWP potential
and starts reducing transpiration, to -2 MPa led to
a slight improvement in the agreement between
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whereas the shaded area depicts the standard error of the mean
(SEM). Light and dark shaded areas refer to the SEM of meas-
ured transpiration and evapotranspiration, respectively

measured and simulated LWP (see Fig. S4). How-
ever, this had little to no impact on the timing of the
onset of stress nor on the transpiration fluxes. This
shows that the model is able to predict the water
dynamics in the soil and crop and the occurrence
of low leaf water potentials causing leaf rolling but
was not able to model plant water potentials accu-
rately in the time period before plant transpiration
reduced due to water stress. Since the model simu-
lations provide a continuous dataset of water fluxes
and water potentials for all treatments throughout
the whole growing season and provide a dataset
that is consistent with weather conditions and crop
development, which differ between years and treat-
ments, we base the comparison among treatments
on the model simulations.
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Fig. 7 Simulated and measured leaf water potential (LWP)
and qualitative stress level at midday derived from leaf rolling
observations. Qualitative stress levels are indicated at 74, 84,
111, 126 and 134 DAP in 2019, and 42, 65, 93, 97, 104 and

Comparison among treatments

Figure 9 shows the cumulative potential transpiration,
actual transpiration and evaporation fluxes simulated by
the model. The values displayed in the figure indicate
the times when the actual transpiration deviates from
the potential transpiration, thus the onset of stress. For
the sand WT, the onset of stress is simulated more or
less at the same time in both years. For the other treat-
ments, simulations predict an earlier onset of stress in
2019 than in 2020 (Fig. 9). This is difficult to confirm
with rolled leaves observations (Fig. 7) since we did not
carry out observations at the same times in both years.
The model predicts that stress occurred earlier in
loam than sand treatments in both years. This is sup-
ported by rolled leaves observations in 2019, and in
2020 for the rht3 mutant. The predicted earlier onset
of stress in the loam treatments is linked to the faster
development of the shoot biomass in this substrate
(see Vetterlein et al. (2022) and LAI in Fig. 3).
Figure 9 shows that evaporation was the main
driver for water loss from the soil during the first
50 days of the growing season. Total evaporation

114 DAP in 2020. The vertical bars in the bottom left corners
of the plot represent a LWP measurement =+ the standard error
of the mean

losses were quite large in all treatments, ranging
from half the amount of water transpired by the
plant to about the same amount. With respect to
soil type, evaporation losses were larger in the loam
than in the sand in both years.

Potential transpiration, estimated from LAI and
reference evapotranspiration (E7,) using Kc fac-
tors was larger for the WT than for the mutant rth3
in both years (Fig. 9). The faster shoot development
and faster increase of LAI and larger final LAI were
the underlying causes of the larger potential transpira-
tion of the WT compared to the r#h3 mutant. Smaller
differences in potential transpiration were simulated
between soil substrates, with plants growing faster
in the loam than in the sand. Larger potential tran-
spiration was simulated in 2019 than in 2020 (Fig. 9)
due to a larger reference ET, (Fig. 1). In both 2019
and 2020, discoloration in the sand substrate early
in the season (BBCH14 ~45 DAP), indicated P defi-
ciency. This is supported by measurements of P in
leaves (Vetterlein et al. 2022). Figure 4 shows high
plant available water in the soil up until 45 DAS in
all treatments. Thus, early differences between the
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Fig. 8 Comparison between simulated and measured leaf
water potential at midday during the 2020 growing season
when the simulated LWPs were above the critical thresh-
old value hy 14 ¢risicr=—1.6 MPa . Red lines represent a lin-
ear fit through the origin. Measurements of LWP larger than

development in the two soils are not due to reduction
in plant water uptake and transpiration.

The differences in potential transpiration between
the different soils, genotypes and years reflect the
impact of the crop development and the climatic con-
ditions on the water demand by the crop. Looking at
the simulated actual water uptake or transpiration by
the crop, it seems that these differences in demand
are not followed by differences in actual uptake. In
the loam, despite larger potential transpiration in
2019 than in 2020, the model predicts larger actual
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—0.5 were included. Even though the psychrometer measure-
ments above —0.5 MPa are not precise, they provide informa-
tion about the leaf water status and indicate that the leaf water
potentials are high (these are plotted as grey dots)

transpiration in 2020. In 2019, plants relied on less
rain and only one irrigation event. In contrast, in 2020
rain inputs were larger and the plots were irrigated
twice (Fig. 1). The simulated actual transpiration was
closer to the potential transpiration in 2020 than in
2019, suggesting that plants suffered less from water
stress in 2020 than in 2019. Despite the larger poten-
tial transpiration of the WT than the r#h3 mutant, due
to a difference in growth and shoot development, the
simulated actual transpiration by both genotypes was
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Fig. 9 Simulated cumulative fluxes for 2019 and 2020 grow-
ing seasons. Actual transpiration fluxes (t,,) are depicted in
dark colored areas, evaporation fluxes (evap) in light colored

similar in 2020 and even slightly higher for the rth3
mutant than for the WT in 2019.

The similar or even larger simulated actual tran-
spiration by the 7723 mutant than by the WT together
with a lower shoot biomass of the rth3 mutant is obvi-
ously translated in a lower water use efficiency (WUE)
of the mutant (Fig. 10). In the loam, the WUEs tend
to decrease with time whereas they increase or remain
constant over time in the sand. At BBCHS83, no sys-
tematic soil type effect on the WUE can be observed.
It should be noted that WUEs were calculated based
on simulated transpiration and the measured shoot
biomass. When evaporation losses are added to the
transpiration losses, the WUEs are roughly halved and
they are the smallest at the beginning of the growing
season when evaporation is the largest share of evapo-
transpiration. Looking at the root-shoot ratio (Fig. 11),
there is clear soil type effect with a higher root-shoot
ratio in the sand than in the loam. Generally, larger
root-shoot ratios were observed for the rth3 mutant
than for the WT, although this tendency was found to
be not significant. The genotype differences in WUE
can therefore at first sight not be explained by differ-
ences in root development that was expressed in terms
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areas, and potential transpiration fluxes (t,,) in dashed line.
The time at which t,. deviates from t,,, i.e. the onset of stress,
is indicated on the plot

of total root length. A more detailed evaluation of
WUE should include the actual root biomass instead
of the root length and also root exudation. Thicker
roots were observed in the sand than in the loam
which would amplify the observed soil type effect on
root-shoot ratios.

Despite differences in root development in differ-
ent soils and differences in WUE between the two
genotypes, simulation results indicated that plants did
not experience water stress in any treatment until the
plant available water was close to 0 (Fig. 12). Fig-
ure 12 shows the simulated hourly ratio of actual to
potential transpiration (i.e. stress) as a function of the
simulated plant available water content in the soil.
This figure shows that the root system, regardless of
soil type or genotype, was very effective in taking up
water. We observed that once plants emptied the soil
from water and reached stress, transpiration relied on
water supplied by irrigation or rain events.

Finally, Figs. 13 and 14 display the simulated
water volume extracted per volume of bulk soil per
day (water sink) at midday and midnight, respec-
tively. Data are only presented for the loam WT
treatment (data for all treatments can be found in the
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Fig. 10 Impact of substrate (loam - L, sand - S) and maize
genotype (wild-type—WT, root hair mutant rth3) on water
use efficiency (WUE) at different stages of plant develop-
ment (BBCH 14, BBCH 19, BBCH 59 and BBCH 83) in the
first (2019 — colored bars) and second (2020 — white bars)

Supplementary material, Figs. S5 and S6). A posi-
tive sink indicates water flowing from the soil into
the root system, whereas a negative sink denotes a
flow from the root to the soil. Due to later arrival of
roots in the deeper soil layer, the RWU starts first in
the upper soil layers. In 2020, RWU in lower layers
started earlier than in 2019 due to the earlier pres-
ence of roots (Fig. 13). However, since we did not
sample below 40 cm at BBCH19 in 2019, we might
have underestimated the presence of roots deeper in
the soil at the beginning of the growing season. Also
after 100 DAS, when the root system was almost
completely developed, the model simulates that
RWU after an irrigation or rainfall event starts first
in the upper layer whereas it resumes later deeper in
the soil profile. In both 2019 and 2020, the model
simulates water redistribution via the root sys-
tem. Early in the season in both years, we simulate
hydraulic lift, i.e. water redistribution via the root
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year. Cumulative transpiration and evaporation per plant were
obtained from simulations, while dry shoot biomass was
obtained from field measured data. WUE is provided for tran-
spiration (T) and for evapotranspiration (ET)

system from bottom layers towards the top during
night, (Fig. 14). Later in the season, once the soil
gets depleted of water, water redistribution from top
layers to the bottom is simulated after rain or irriga-
tion (Fig. 14). The water released to the soil in the
bottom layer is later taken up by the plants. Between
50 and 80 DAS, the simulated volume of water
redistributed via the root system in the loam treat-
ments amounted to 10-15% of the volume of water
transpired, whereas in the sand treatments the ratio
was about 20-25%. Simulated water redistribution
from 80 to 110 DAS ranged from 30 to 40% of the
transpired water in the WT treatments, to 20-30% in
the rth3 treatments.
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Fig. 11 Impact of substrate (loam — L, sand - S) and maize
genotype (wild-type—WT, root hair mutant rth3-rth3) on the
root-shoot ratio (cm root per g of dry shoot biomass) at differ-
ent stages of plant development (BBCH 14, BBCH 19, BBCH
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Fig. 12 Simulated stress
defined as the ration of
actual to potential transpira-
tion (Tact/Tpot) versus

the plant available water
content in the soil

T_ T
act

0.2

0 —
L WT L rth3 S WT S rth3

[e]
[e]
o
o

75
BBCH 59 BBCH 83
12000 F g gwx 12000 | g¥x g
gns. gns. gns. gns.
XNn.s. Xxns. Xn.s. xn.s.
10000 |- 10000 |-
8000 8000
6000 6000
4000 4000 -
2000/ 2000 | _ =

0 0
LWT L th3 SWT S rth3 LWT L rth3 SWT S rth3
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Discussion

We discuss first the observed and simulated root
water uptake and water losses and the amount of
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water that could be extracted by the root systems,
which was surprisingly similar for the different
substrates and similar for the two genotypes with
and without root hairs. We relate this finding to
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root and shoot properties and how they changed
during the growing seasons in the two different
substrates. In a second part, we discuss the differ-
ences between simulated and observed leaf water
potentials and speculate how these differences are
associated with rhizosphere processes and influ-
enced by root hairs. In the third part, we discuss
how the observed water uptake processes could
have been impacted by nutrient deficiency in the
substrates. Finally, we compare the results of our
field study in maize with a similar field study in
barley.

The measured total water extraction from the soil
showed that the accuracy of our soil moisture meas-
urements was too low to observe differences between
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treatments. Despite a high precision, i.e. a low stand-
ard error of the mean, of our soil moisture measure-
ments, the placement of water content sensors in
preferential flow pathways might have led to artifacts
in the estimation of water losses from the soil. The
effect of maize rows on lateral variations in water
content has been documented in several studies (Beff
et al. 2013; Hupet and Vanclooster 2005; Michot et al.
2003) and might explain why the accuracy of the soil
moisture measurements to represent mean soil mois-
ture content in the plot was lower than the precision.
Due to the high root system conductance, which
was estimated from the root density, the root systems
in the simulation model were very effective in extract-
ing all water in the soil profile that was accessible to
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plants. A root system conductance in the order of
1073 d~! (Fig. 3) and a critical leaf water potential
of —1.6 MPa or—1.6 10> m hydraulic head implies
that a transpiration rate of 16 mm d~! (corresponding
with a maximal rate at midday when the average daily
transpiration is 4 mm d~') can be sustained when only
10% of the total root length is within wet soil (with
hydraulic head close to 0 m) and taking up water
whereas the other fraction of the total root length is in
dry soil (where soil water hydraulic head is equal to
—1.6 10> m). According to the simulations, the crop
could redistribute the water uptake within the root
zone so that the distribution of both water and roots
in the root zone hardly affected the total root water
uptake and uptake was not limited until the average
water content in the root zone reached a critical value.
These results are consistent with a study by Guswa
et al. (2002) who showed that when the fraction of
roots in wet soil required to take up the transpiration
demand is small (10%), the water distribution in the
root zone hardly affects the root water uptake.

The simulated redistribution of root water uptake
towards deeper soil layers during the first phase of the
growing season, when there was still water present in
these layer, was facilitated by the high root densities
deeper in the soil profile, which could be interpreted
as an adaptation of the root system to the dry soil con-
ditions (Amos and Walters 2006; Kondo et al. 2000).
Our measured root-shoot ratios are quite large when
compared with other maize data, which is another
indication of the adaptation of the root system. Root
and shoot data gathered from different locations in
the Midwest (US) by Ordonez et al. (2020) show a
mean root-shoot ratio of 880 cm/g during the grain
filling stage, which should correspond to our data at
BBCH59 (98 DAS). In addition, our measured RLD
data in loam is generally larger than that reported in
other studies about maize (Gao et al. 2010; Morand-
age et al. 2021). The root length normalized root sys-
tem conductance used in the simulation, 8.64 107° cm
d~!, was within the lower range of conductances
reported for several crops by Belmans et al. (1979)
(1077 t0 107 m 57" or 8.64 107" to 8.64 10™* cm
d™!) and similar to the value reported by Cai et al.
(2018b) for winter wheat, 2.5 107 cm d~!. The high
root system conductances used in our simulations,
i.e. in the order of 107> d~!, which were in the higher
range of root system conductivities for Maize calcu-
lated by Meunier et al. (2019) (ranging between 10~

and 1077 m®> MPa~! s7! plant™! corresponding with
a range between 8.64 107® and 8.64 107> d~! for 10
plants m~2) are therefore attributed to the high root
densities of the maize crop in all treatments. The
high root system conductance despite the relatively
low root length normalized conductance is also in
agreement with the sensitivity analysis performed by
Meunier et al. (2019) showing that more than 2/3 of
the variability of root system conductances of maize
plants could be attributed to variability in root archi-
tecture, which includes root length, whereas only %4 of
the variability was attributed to root segment hydrau-
lic properties. However, the analysis of Meunier et al.
(2019) neither included the impact of root hairs nor
the impact of rhizosphere conductivity and only
focused on the root system hydraulic conductance.

The high root system conductance assumed in the
simulations resulted in low sensitivity of the simu-
lated cumulative transpiration and soil water bal-
ance to stomatal regulation of transpiration, i.e. the
presumed relation between stomatal conductance
and leaf water potential. In our simulation, this rela-
tion was a very simple relation that corresponds with
a step function of stomatal conductance versus leaf
water potential. Using a more negative threshold of
the critical leaf water potential did not influence the
simulated cumulative transpiration considerably.
Based on the water retention curves (Fig. S1), we
anticipate that a less negative threshold, e.g., —1 MPa
instead of —1.6 MPa would not have a big impact on
the simulated cumulative transpiration either. How-
ever, the abrupt stomatal regulation that we consid-
ered in our model, i.e., no regulation until a thresh-
old leaf water potential is reached and a perfectly
isohydric behavior when this threshold is reached, in
combination with the high root system conductance
led to an abrupt decrease in simulated transpiration
when the threshold leaf water potential was reached.
Such a drastic cease in transpiration predicted by the
model during stress periods was not observed in the
sap flow measurements (Fig. 6). This might indicate
that the studied maize genotypes started closing sto-
mate already at less negative leaf water potentials
saving soil water and avoided a complete closure of
stomata and strong reduction in transpiration at more
negative leaf water potentials. However, the effect of
this more gradual regulation of stomatal opening as a
function of leaf water potential was hardly noticeable
in the soil water balance.
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In all treatments, the simulated evaporation of
water from the soil surface at the beginning of the
growing season when the crop did not fully cover the
soil surface was a considerable fraction of the total
amount of water lost during the growing season by
evapotranspiration ranging between roughly 30% and
50% of the total amount of water lost. The contribu-
tion of evaporation to the total evapotranspiration
losses in maize can vary considerably depending on
climate and irrigation practices (e.g. sprinkling irriga-
tion) and Kool et al. (2014) report values of measured
evaporation to evapotranspiration ratios for maize
between 0 and 0.78. Consequently, when this evapo-
rative water loss was considered, the WUE of the field
plots was drastically reduced compared to the WUE
of the individual plants. The evaporative losses were
larger in the loam as compared to the sand, which is a
consequence of the higher unsaturated hydraulic con-
ductivity of the loam so that water can be transported
by capillary flow over a larger distance from the wet-
ter subsoil to the evaporating soil surface than in the
sand. Simulated evaporative losses were also larger
for the mutant r#h3 than for the WT which is a con-
sequence of the lower LAI of the mutant so that more
radiation reaches the soil surface and can be used to
evaporate water. The approach that we used to model
evaporation from the soil surface as a function of
LAI is very crude and does not account for the aero-
dynamic transfer resistance in the canopy. In order to
simulate how much water lost from the plot is actu-
ally used or transpired by the plant, it is important to
estimate the crop cover or LAIL

In our study, we did not simulate LAI or crop
cover but derived it from observations. Especially for
maize, leaf elongation depends strongly on leaf water
potential and lower leaf water potentials may impact
leaf development before they have an impact on sto-
matal closure (Chenu et al. 2008). This is consistent
with concepts used in crop models such as Aquacrop
(Hsiao et al. 2009; Raes et al. 2009; Steduto et al.
2009) that consider an impact of water stress on
leaf elongation and canopy development that sets on
for less dry soil conditions than stomatal closure. It
should be noted that Aquacrop does not consider the
link between soil water content, plant water status
and plant hydraulics. The impact of root hairs on crop
transpiration and water use might be via the effect on
leaf water potential before stomatal closure occurs
and the consequent effects on plant growth. Before
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simulated stomatal closure (i.e., before the transpira-
tion rate was reduced compared to the potential tran-
spiration rate), the measured leaf water potentials
deviated more from the simulated leaf water poten-
tials for the rth3 mutant than for the WT in both soil
types (Fig. 8). This indicates that, after putting the
measured leaf water potentials in context of the dif-
ferent crop development of the two genotypes, the
rth3 mutant showed lower leaf water potentials than
the WT. We speculate that these lower leaf water
potentials associated with a lack of root hairs were
caused by a poorer soil-root contact and a larger con-
tact resistance at intermediate soil moisture contents.
This might be one reason for the slower development
and lower LAI of the rth3 mutant than the WT. A
more accurate simulation of the leaf water potentials
during the early stages of the crop development con-
sidering rhizosphere processes and the impact of root
hairs on plant water potentials would in this respect
be important to improve the prediction of LAI and
crop development before water stress leads to stoma-
tal closure and reduces potential transpiration. The
high root system conductances for both the wild type
and root hairless mutant made that stomatal closure
was simulated only when the soil was dry, the soil
conductivity became limiting, and the impact of the
enhanced soil-root contact by the root hairs was lost
(the contact may be lost also due to root hair shrink-
age (Duddek et al. 2022)) so that the wild type and
the hairless mutant reduced transpiration at similar
soil water contents.

The comparison between simulated and measured
leaf water potentials in 2020 indicated that the model
overestimated leaf water potentials (simulated val-
ues were less negative) for all treatments. One reason
could be that we overestimated the root conductance
since a substantial share of aerenchyma was observed
in the cortex of the main root axis already at BBCH
19 (Vetterlein et al. 2022). Another reason could be
the soil-root conductance, which was not included in
the model. This is supported by results reported by
Cai et al. (2022) who compiled data from several lab
experiments and found that, especially in sandy soils,
a low soil-root conductance generates a drop in soil
water potentials from the bulk soil to the soil-root
interface and leads to a strong decrease in leaf water
potentials (Abdalla et al. 2021). The drop in soil water
potential depends on the unsaturated hydraulic con-
ductivity of the rhizosphere, which decreases strongly
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when the soil dries out. Since the unsaturated hydrau-
lic conductivity decreases much more with decreas-
ing soil water potential in sand than in loam, the drop
in water potential between the bulk soil and the root
surface for a given water flux to the root surface is
considerably larger and emerges at higher bulk soil
water potentials in sand than in loam (Cai et al. 2021).
Local drops in the soil water potential around roots
can lead to a more negative soil water potential felt
by the plant than the bulk soil water potentials, and
thus more negative leaf water potentials as compared
to simulated ones (which did not consider this drop in
water potential between the bulk soil and the soil-root
interface). This drop in water potential increases with
the water flux to the root surfaces. Higher root length
density and larger root radii in the sand than in the
loam reduce these local fluxes and mitigate the poten-
tial drops that are caused by the reduced soil hydrau-
lic conductivities in the sand. Therefore, the impact of
soil hydraulic properties on plant water status and leaf
water potentials should be assessed considering also
the root system properties and architecture.

Including the rhizosphere in the model there-
fore seems to be important to improve the predic-
tions of the leaf water potentials and the plant water
status and how they depend on soil and root system
properties. This would allow one to account also for
modifications of the rhizosphere properties that are
induced by roots, e.g. compaction and loosening of
the soil around roots and the impact of root exudates
on rhizosphere properties (Landl et al. 2021) and to
account for the effect of root hairs on soil-root con-
tacts and the mitigation of water potential drops in
the rhizosphere. Efficient numerical approaches have
been implemented in 3D root architecture models to
simulate the impact of rhizosphere processes on water
and nutrient uptake (Khare et al. 2022; Mai et al.
2019; Schroder et al. 2009) showing that including
rhizosphere processes in simulation models leads to
lower predictions of water and nutrient uptake. The
model that was used in this paper and that is based
on the approach introduced by Couvreur et al. (2014)
is an upscaled 1D version of the detailed 3D root
models and therefore considers root hydraulics and
reproduces processes like root water uptake compen-
sation, redistribution and hydraulic lift. But it does
not consider rhizosphere processes and we are cur-
rently testing and developing approaches to upscale
coupled rhizosphere and root hydraulic models to 1D

simulation models. Despite not considering rhizo-
sphere processes, the model predicted the onset of
water stress, here defined as the time when the tran-
spiration rate was reduced, quite accurately.. These
simulation model comparisons as well as lab experi-
ments investigating the role of rhizosphere processes
considered non-growing root systems, a single dry-
ing cycle, and a uniform initial soil moisture distri-
bution. Root system development with roots growing
into wetter regions of the soil, water redistribution by
root systems after rainfall events, and water uptake
redistribution as a consequence of root hydraulics
when the soil water is not uniformly distributed in
the root zone might therefore mask the impact of
local rhizosphere processes on the crop stand water
balance. Whether this masking also implies an over-
ruling of local rhizosphere processes still requires
further investigation. A water isotope labeling study
showed that the redistribution of water and hydrau-
lic lift via the root system were overestimated when
the rhizosphere conductance or resistance was not
included in the model (Meunier et al. 2018a). But
again, the importance of these rhizosphere processes
and the role of root hairs in it for the soil water bal-
ance remains to be investigated further.

An equally important factor as the water stress,
which influences the development of the two geno-
types in the two different soils, is nutrient stress since
all treatments were sub-optimally fertilized. Our large
root-shoot ratios and root length density data might
indicate a response of the plant to nutrient deficiency.
Early P and K deficiencies which increased with time
more in sand compared to loam might have driven
larger investment into root growth in sand. This was
accelerated by the general stronger dependency on
surface applied fertilizer in sand due to the lower ini-
tial nutrient content of sand which could explain the
higher root density near the soil surface in the sand
versus the more uniform root density distribution
in the sand (detailed discussion in Vetterlein et al.
(2022)). It is likely that both factors (P starvation
and lack of irrigation) led to large root-shoot ratios
in our study, thus leading to a very efficient root sys-
tem in taking up water compared to canopy demands.
This is supported by a study by Mollier and Pellerin
(1999) showing that phosphorus starvation as well as
a lower number of irrigation events led larger root-
shoot ratios as compared to control treatments. Fur-
thermore, larger root-shoot ratios in the rth3 genotype
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compared to the WT might also suggest a response
of the plant to compensate for the lack of root hairs
and was consistent with lab scale experiments of
the same treatments (Lippold et al. 2021). Nutri-
ent deficiencies might also trigger aquaporin (water
transporters in cell membranes) gene expression and
activation, which increase the radial conductance of
root segments and improve water uptake. During the
field experiments, aquaporin gene expression was
monitored over the growing season and in the differ-
ent treatments (ongoing work). Gene expression was
primarily affected by plant development, with some
minor differences between substrates. Aquaporin
gene expression was higher in sand compared to loam
substrate but root hair formation did not significantly
affect aquaporin gene expression patterns. Because
of the high root system conductance due to the high
root length density, the root distribution in the soil
profile does not have an important impact on the total
water uptake from the root zone (in the same way as
the water distribution does not have a large impact).
Since the sensitivity of root water uptake and crop
growth to the root system conductance becomes small
when the conductance becomes large (Nguyen et al.
2022; Nguyen et al. 2020), the effect of differences
in aquaporin activity between the different treat-
ments and within the root zone is hard to disentan-
gle. Therefore, we do not expect that more root devel-
opment in the top layer of the sandy soil and larger
aquaporin gene expression in the sand had an impor-
tant additional impact on total water uptake. Whether
removal of water stress by irrigation or more rainfall
will result in better crop development when nutrient
stress is not alleviated by extra fertilization remains to
be further investigated. A two factorial experimental
study with rice grown under different combinations
of P and water deficiency showed that under deficient
P supply, irrigation did not increase P uptake and
growth whereas under optimal P supply, irrigation
had an effect on P uptake and growth (De Bauw et al.
2020). The prediction of root water and P uptake in
that study depended strongly on the root system that
differed considerably among the different treatments.
When comparing our results with those of Marin
et al. (2021), who carried out a two-year field experi-
ment, one year with normal precipitation without
drought stress and one year with very low precipita-
tion with drought stress, in two soils: a sandy loam
and a clay loam, with different barley genotypes
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including genotypes without root hairs, we found
similarities but also a few differences. In both stud-
ies, a longer total root length was observed in the
coarser soil. The shoot biomass of barley (Marin et al.
2021) was larger in the coarser soil whereas no dif-
ference in final biomass of maize between the two
soils was observed in our study. The shoot biomass
of the hairless mutant was generally lower than that
of the WT in both studies. During the dry year, lower
leaf water potentials of barley were observed in the
coarser soil than in the finer soil and the hairless bar-
ley mutant had lower leaf water potentials than the
WT in the finer soil. In our study, the direct compari-
son of maize leaf water potentials between genotypes
and soil types required a more careful interpretation
since the crop development and the evolution of the
transpiration differed considerably between the differ-
ent treatments. Maize development and transpiration
increased faster in the finer soil and for the WT so
that these two factors resulted in an earlier emergence
of stress. Comparing leaf water potentials in the dif-
ferent treatments at the same time reflects the crop
status at that time but not whether a certain combina-
tion of factors reduced or increased water stress.

Conclusions

One of our starting hypotheses was that root hairs
influence root water uptake and that a genotype lack-
ing root hairs would reduce transpiration at less neg-
ative soil water potentials than the WT, especially
in sand. This hypothesis would correspond with
an earlier reduction in transpiration by the hairless
mutant than the wild type and, since the plant avail-
able water that was stored at the time of sowing was
similar in sand and loam, earlier in the sand than
in the loam. The opposite was observed. Based on
simulations, the earlier reduction of water uptake in
the loam than in the sand for both genotypes could
be attributed to a faster shoot and leaf area develop-
ment and hence a larger water consumption in the
loam. However, the total water use over the whole
growing season, simulated and observed, was simi-
lar in both soil types and genotypes. Simulations of
root water uptake that were based on observed root
length densities and root length normalized root
conductance derived from literature data, showed
that the root systems of the WT and the hairless rth3
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mutant could extract almost all plant available water
in both the sand and loam, which was confirmed
by the observed soil water depletion. Therefore,
we could not confirm our hypothesis that root hairs
influence root water uptake. These findings are in
line with recent lab experiments using the same soil
types and genotypes (Cai et al. 2021).

A second hypothesis was that plants adapt their
root system to the environmental conditions and
that a root hairless genotype could compensate a
presumed reduction in root water uptake by grow-
ing more roots. We found that both genotypes grew
more roots in the sand than in the loam supporting
this hypothesis, but the hairless r#h3 mutant grew
less roots than the WT, which does not confirm our
hypothesis. For all treatments, simulations sug-
gested that root systems were ‘oversized’ for water
acquisition since the water demand by the shoot
could be extracted when only 10% of the total
root length was in wet soil and active in root water
uptake. Therefore, the root system could redis-
tribute the uptake to wetter zones in the root zone
and compensate for a lower uptake from drier soil
layers. This enables the root system to effectively
extract water from a soil profile with a non-uniform
water distribution, i.e., with more water in the sub-
soil at the start of the growing season and higher
water contents near the soil surface by incom-
ing rain or irrigation later in the growing season.
The model also simulated a considerable amount
of water that was redistributed via the root system
from wetter to drier soil layers bypassing the soil
pore volume. The role of this water redistribution
within the soil profile for the water availability to
the crop needs to be investigated further.

The shoot growth differed between the two geno-
types with larger shoots for the WT. This difference
between genotypes could point at the role of root
hairs in nutrient uptake and growth since nutrient
concentrations, especially P, were suboptimal in
both soils, as was also evidenced by the observation
of purple discoloration of leaves. Another explana-
tion could be the lower leaf water potentials in the
rth3 genotype than in the WT, which might affect
leaf expansion and growth. The model simulations,
which did not consider rhizosphere processes and
the potential role of root hairs in improving the
soil-root contact and reducing water potential gra-
dients between the bulk soil and the root surface,

overestimated the leaf water potential and more so
in the hairless rth3 mutant and in the sandy soil.
Including these rhizosphere processes and how they
are influenced by root hairs in the simulation model
may therefore be important to predict plant water
status at intermediate soil wetness and less nega-
tive leaf water potentials before onset of water stress
(i.e., reduction in transpiration) better and, linked to
it, plant growth. Under these conditions, soil-root
contact is influenced by root hairs whereas it breaks
under dry conditions. The extent to which the root
systems could dry out both soils before transpiration
was reduced, depended less on this soil-root contact
and could be simulated based on root density, root
distribution, root conductance, and root growth.
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