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Summary

There is growing evidence that changes in below-ground hydraulic traits are crucial
determinants of the extent of plant water stress at a given soil water deficit. However, this
relation heavily depends on the spatial distribution of root hydraulic conductance relatively
to remaining water resources. Since these distributions are largely unknown due to
limitations of existing measurement technologies, there is a missing link between soil drying
and the resulting plant water stress. Novel opportunity to address this issue is provided by a
recently developed highly precise soil water sensor, called soil water profiler (SWaP). By
establishing an experimental design combining the SWaP with shoot hydraulic
measurements and root system imaging, the aim of the present thesis was to analyze how
soil drying affects the hydraulic conductance of the root system, its spatial distribution
relatively to remaining soil water resources, and the resulting consequences for water flow
regulation in the shoot. | started with measuring to what extent root length distributions
determine water uptake profiles in well-watered soil. Then, | analyzed the effect of soil
drying on the total conductance of the root system and its interaction with stomatal
regulation. Lastly, | investigated how changes in root conductance were distributed over

depth and how this affected the overall plant water balance.

In well-watered soil, shallow roots not only were more abundant but also had a greater
intrinsic conductivity than deeper roots. Consequently, water was largely taken up from
upper soil layers. When irrigation was restricted, this resulted in an enhanced vertical
gradient in soil water potential with relatively drier layers in the top and relatively wetter
layers in the bottom. At a local soil water potential, far from the permanent wilting point,
the conductance of roots in the top 10 cm declined exponentially which was the primary
reason for plant water stress in form of a reduced plant water potential and stomatal
closure. Maize, with a lower exponential decline rate, could maintain higher stomatal
conductance compared to faba bean. This was partly due to local increases in root
conductance in deeper, relatively wet soil layers in maize, but not in faba bean.
Consequently, maize could mitigate water stress by a facilitated deep-water uptake which
considerably improved the overall water balance. The analysis presented in this thesis
emphasizes that alterations of the root conductance are the principal factors determining
the plant water balance under drought. Plants can reduce water stress by adjusting the

distribution of root conductance to the vertical soil water gradient.



Introduction

A continuous flow of water from soil through plants towards the atmosphere is vital for most
terrestrial plants. Besides a relatively small fraction used for plant growth, usually less than
5% of total water uptake (McElrone et al., 2013), the flow itself is essential as it regulates
plant temperature (Gates, 1968) and transports macronutrients such as K*, Ca?*, NO*, PO4s*
(Malone et al.,, 2002), amino acids (Fischer et al., 1998), and stress hormones (Jackson,
1997). Sustaining a continuous water flow at a certain rate requires a negative water
pressure in the plant, called plant water potential, which depends on the soil water
availability: When the soil is kept moist by regular rainfall or irrigation, soil water is easy to
extract, and only a moderately negative plant water potential is required. When soil water
becomes scarce, which, in recent years, has been the case for 39% (and rising) of croplands
world-wide (Liu et al., 2022), the plant water potential drops to more negative values to
sustain a certain water flow rate. A proceeding reduction in plant water potential comes
with impairments for various essential plant functions including water and nutrient transport
(H. Cochard & Tyree, 1990; Sevanto, 2014; Urli et al., 2013), CO; acquisition (McDowell,
2011), and various metabolic processes (Bartlett et al., 2012; Lawlor & Cornic, 2002).
Regulation of the water flow from leaves to atmosphere via stomata plays an important role
for the water stress level of the plant, and has been intensively studied to better understand
and improve plant tolerance to soil drying (Atkinson et al., 2000; Cominelli et al., 2005;
Gonzalez et al., 1999; Khan et al., 2007; Medrano et al., 2002; Qu et al., 2016; Sirichandra et
al.,, 2009). However, there is growing evidence that changes in the hydraulic properties of
the soil-root system are equally important, and might even drive water flow regulation in the
shoot (Bourbia et al., 2021; Carminati & Javaux, 2020; Martinez-Vilalta & Garcia-Forner,
2017; Rodriguez-Dominguez & Brodribb, 2020; Saliendra & Meinzer, 1989). A wide range of
mechanisms at different scales, with partly counteracting effects have been investigated in
this context: Processes like severe water depletion in the soil around the roots (Cai et al.,
2022; Carminati & Javaux, 2020; Hayat et al., 2020), root shrinkage (Carminati et al., 2009;
Duddek et al., 2022; Koebernick et al.,, 2018; North & Nobel, 1997), increased root
suberization (Cruz et al., 1992; North & Nobel, 1991), and a reduced amount of active
aquaporins (P. Martre, 2001; Rodriguez-Gamir et al., 2019) decreased the hydraulic

conductance of the soil-root system under drought, and thus hampered root water uptake.



In contrast, root mucilage exudation (Mutez A. Ahmed et al., 2014; Carminati et al., 2016),
increased aquaporin activity (Grondin et al., 2016; Johnson et al., 2014; Lian et al., 2004), or
directed root growth (Alsina et al., 2011; Asseng et al., 1998; Dubrovsky et al., 1998;
Rodrigues et al., 1995; Sharp & Davies, 1985) could increase the soil-root hydraulic
conductance and thus facilitate water uptake under drought. All these different mechanism
not only can change the total conductance of the root system, but may also change the
distribution of root hydraulic properties relatively to remaining soil water resources.
According to the theoretical work from Couvreur et al. (2012), this spatial relation is a major
factor determining the water stress level of a plant. Thus, it might account for varying
responses to soil drying among plants and could be a key target towards improved drought
tolerance. However, how roots and their hydraulic properties are distributed, and how this
distribution is affected by soil drying is unknown, mainly due to limitations of existing
measurement technologies. In this context, the development of a highly precise, non-
invasive soil water sensor, called soil water profiler (SWaP), which measures water uptake
profiles of entire root systems (van Dusschoten et al., 2020) has been a crucial step forward.
Based on this methods, the goal of the present thesis was to analyze how soil drying affects
the conductance of the root system, its spatial distribution relatively to remaining soil water
resources, and the resulting consequences for the water stress level of the plant. To this end,
| first determined how root water uptake rates are distributed relatively to root length in
well-watered soil by combining SWaP measurements with measurements of root length
distribution using MRI and scanning of harvested roots (Manuscript I). Second, | established
an experimental setup to simultaneously perform SWaP measurements, leaf water potential
measurements, and leaf gas exchange measurements. Using this setup, | quantified the
effect of soil drying on the total conductance of the root system, and the resulting
consequences for stomatal regulation and compared it between different species
(Manuscript ). Third, | analyzed how changes in the total root system conductance were
distributed over depth, relatively to remaining water resources, and how this influenced the
overall plant water balance (Manuscript lll). To narrow down the causes for the observed

change, | included modeling of the water potential at the root surface.

Water flow from soil through plants to atmosphere

The water source for most terrestrial plants is soil water, which is taken up radially by roots,

flows, mostly vertically, from roots towards the leaves inside xylem vessels, and evaporates



from the leaf interior into the atmosphere. According to the commonly accepted cohesion-
tension theory (Dixon & Joly, 1895), the main mechanism driving water flow in plants is as
follows: At the sites of evaporation inside leaves, water in liquid phase is in contact with air
spaces and forms menisci. In a process called transpiration, water from these menisci
evaporates into air spaces inside the leaves and then diffuses through pores, called stomata,
into the atmosphere. The inherent tensile force of the menisci pulls water towards the
surface to replace evaporated molecules. Due to the cohesive nature of water, the tensile
force propagates into the adjacent xylem vessels in the leaf veins and, along the water
column in the xylem vessels, towards the roots. This process persists as long as water
evaporates in the leaves, resulting in a continuous lift of the water column inside the xylem

vessels, which is supplied by soil water.

For quantification, water flow along the hydraulic pathway from soil through plant to the
atmosphere can be described by an analogue to Ohm’s law, similarly to the flow of electrons
in an electrical circuit (van den Honert, 1948): For any part of the pathway, the water flow
rate (Q) is determined as the product of the hydraulic conductance (K) and the gradient in

water potential (W) across that part:
Q=K-A¥Y (1)

The gradient in water potential is the driving force for water flow. Water potential is a
measure for the ability of a certain part of the hydraulic pathway to take up additional
water. The local water potential depends on different parameters, with varying importance
along the hydraulic pathway, which is elaborated below. Water potential is measured in
units of pressure and has negative values by convention. Water flow is directed from less
negative towards more negative water potential and thus, water flow from soil through
plants towards atmosphere requires Watmosphere < Wplant < Wsoil. Typical values for Watmosphere
are of the order of -100 MPa, and, in well-watered conditions, between -0.1 and -0.8 MPa
for Wyant and close to zero for Wsei (McElrone et al.,, 2013). The hydraulic conductance
(inverse of a resistance) describes the ease with which the hydraulic pathway conducts
water. The greater the conductance, the greater the water flow rate at a given water
potential difference, or the lower the water potential difference at a given water flow rate.
The hydraulic conductance is determined by two factors 1) the intrinsic conductivity,

depending on the water permeability of the conducting material, and 2) an extensive scaling



factor depending on size. Generally, eq. 1, in partly modified form, applies to each part of
the hydraulic pathway from soil through the plant towards the atmosphere: the
transpiration (T) from leaves to the bulk air through stomata, the axial water flow (Qx) from
the roots to the leaves through xylem vessels, and the radial water flow from soil into the
root xylem across different cell layers, called total root water uptake (Utot). Using the
conductance between leaf and atmosphere, (Kia), the vapor pressure in the leaf (ejear) and in
the air (eair), atmospheric pressure (P), the axial xylem conductance (Kx), the water potential
in root (Wroot) and leaf (Wieaf), the radial root conductance (Kroot), and the soil water potential

(Wsoil), the water flow equations write:

(eteaf—€air)
T =Kia '% (2)

Qx = Kx * (Yroot — l‘Uleaf) (3)
Utor = Kroot * (Wsoit — ¥root) (4)

In the following, the hydraulic conductance and water potential gradients in each part of the
hydraulic pathways are explained in detail, starting with the transpiration from leaves as the

origin of water flow.

Transpiration from leaf to atmosphere

Since transpiration is not a flow of water in liquid phase but in gas phase, the driving force is
not a gradient in water potential but in water vapor pressure between the evaporating cell
in the leaf and the bulk air around the leaf, normalized by the atmospheric pressure
(Farquhar & Sharkey, 1982). Following the approach of Gaastra (1959), it is assumed that the
intercellular air spaces inside leaves are fully saturated with water, and thus, ejear equals the
saturated vapor pressure at leaf temperature. Although this assumption is questioned by
studies indicating that under conditions of low (more negative) leaf water potential, vapor
pressure in leaves is considerably below saturation (Cernusak et al., 2018; Jarvis & Slatyer,
1970; Vesala et al., 2017), Kramer & Boyer (1995) point out that the consequent reduction in
eleaf Usually is negligible compared to the difference between ejeaf and eair. This ongoing
controversy is closely linked to the discussion about the principal locations of evaporation
inside leaves and their resistances (Buckley et al., 2017). Nevertheless, compared to the leaf
interior, vapor pressure of the bulk air around the leaf can deviate much stronger from

saturation, and eair increases with increasing relative humidity. Additionally, eair increases



with increasing temperature of the bulk air. However, the air temperature also influences
the leaf temperature. Since the vapor pressure in the leaf is close to saturation, it increases
much stronger with temperature than that the vapor pressure in the air (Kramer & Boyer,
1995). To conclude, the vapor pressure difference between leaf and bulk air, and thus the
driving force for transpiration not only increases with decreasing relative humidity, but also

with increasing ambient temperature.

The interface between the leaf epidermis and the bulk air is formed by the leaf cuticle, a
membrane largely impermeable for water. The cuticle is perforated by pores in the
epidermis called stomata, each formed by two guard cells. Stomata are the primary sites for
gas exchange between plant and atmosphere, which mainly involves CO; uptake and water
release. Transpiration of water from the leaf into the atmosphere almost exclusively occurs
through stomata (Bange, 1953). Only a minor fraction of water transport is realized via the
so-called cuticular permeance (Kerstiens, 1996), directly through the cuticle matrix past the
stomata. Therefore, the hydraulic conductance from leaf to air is largely determined by the
stomatal conductance (gs). Stomatal conductance, which is usually given in units normalized
by leaf area, depends on the stomatal density and stomatal aperture. The stomatal aperture
is regulated by guard cell turgor which in turn is responsive to atmospheric conditions, such
as photosynthetically active radiation, humidity, temperature or CO, concentration (Lawson
& Morison, 2004). By this regulation mechanism, plants are able to quickly adjust the
stomatal conductance, transpiration rate, and thus their water demand in response to
changing atmospheric conditions. For instance, in response to an increased light intensity
the increase in stomatal conductance peaked 5 to 60 min, depending on species, after the
light stimulus (McAusland et al., 2016). As explained in more detail below, stomata not only
respond to atmospheric conditions but also to the plant water status. In addition to the
stomatal conductance, which is in control of the plant, the conductance of the air boundary
layer adjacent to the leaf surface, which is largely determined by wind velocity and leaf

geometry also contributes to Kia (Kramer & Boyer, 1995).

Axial water flow from roots to leaves

Water flows from roots towards leaves through the vessels of the xylem tissue. These vessels
are formed by individual, longitudinally interconnected cells called vessel elements. Vessel

elements differentiate from stem cells from the procambium and cambium (Rudzicka et al.,
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2015): Primary xylem is derived from cells from the procambium, and consists of earlier
formed protoxylem with narrow vessel elements and later formed metaxylem with wider
vessel elements. In a second, lateral growth process in dicots but not monocots, cells from
the vascular cambium differentiate into secondary xylem. Both primary and secondary xylem
undergo a maturation process called xylogenesis, which is characterized by cell elongation,
secondary cell wall formation and lignification, and ultimately cell death (Samuels et al.,
2006). Fully mature vessel elements are dead, hollow cells without any cell organs. With
proceeding differentiation and maturation, the resistance for water flow through the vessel

elements gradually decreases (Heo et al., 2017).

The water potential gradient along the xylem vessels between root and leaf is generated by
transpiration which reduces the leaf water potential and thus drives xylem water flow.
Therefore, the water potential gradient is under control of the plant via stomatal regulation,
and, for a given transpiration rate, depends on the axial hydraulic conductance of the xylem
vessels. A common, straightforward approach to analyze Kx is interpreting the xylem vessels
as ideal hollow cylinders, and calculating Kx according to Poiseuille's law (Wind, 1955).
Following this model, Kx increases with the number of conducting vessels and the fourth
power of their diameter, while it decreases linearly with vessel length. However, the model
of xylem vessels as ideal, long cylinders is incomplete. This is especially due to perforation
plates between interconnected vessel elements, and pits in the vessel walls, which
considerably reduce the axial conductance (Choat et al., 2006; Schulte et al., 2015; Schulte &
Castle, 1993). If the Poiseuille-model takes into account the reduced conductance caused by
these structures, it reliably predicts measured values (Schulte et al.,, 1987; Sperry et al.,
2005; Zwieniecki et al., 2001). However, this model only works for fully mature xylem
vessels. Due to the induced anatomical changes, the axial conductance usually increases
with proceeding development and maturation of xylem vessels (Knipfer & Fricke, 2011;
Pierre Martre et al., 2000). This is especially relevant in young, growing roots. There is a
broad consensus about Kx generally increasing with increasing distance from the root tip, the
youngest and least developed part of the root (Aubin et al., 1986; Clément et al., 2022;
Frensch & Steudle, 1989; B Huang & Nobel, 1993; McCully, 1994, 1995; Melchior & Steudle,
1993; Meunier et al., 2018; Peterson & Steudle, 1993; Pierret et al., 2006; Sanderson et al.,
1988; Watt et al., 2008). The extent of variation in Kx and its relevance for water transport,

however, is controversially debated. While some authors suggest that water flow is limited
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due to a low Kx in non-mature xylem up to 20-50 cm behind the root tip (Aubin et al., 1986;
McCully, 1995; Pierret et al., 2006; Sanderson et al., 1988), others argue that Kx is limiting
only within the 5 apical centimeter without fully developed early metaxylem, while beyond
this region, Kx is much greater than the radial root conductance, and thus variation in Kx is
negligible (Frensch & Steudle, 1989; Melchior & Steudle, 1993; Steudle & Peterson, 1998). In
any case, as Kx decreases with path length, its influence on water uptake generally increases

with increasing distance from the plant collar.

Radial root water uptake

Radial root water uptake is driven by the difference in water potential between soil and root
xylem. The soil water potential is mainly composed of the matric potential, depending on
soil water content, and furthermore of osmotic potential, and gravity (Or et al., 2005). The
water potential in the root xylem is primarily set by the transpiration rate and additionally
depends on the soil water potential and the radial root conductance (Kroot). In contrast to the
axial water flow through xylem vessels, radial water flow must cross several cell layers,
namely the epidermis with root hairs which are in physical contact with the soil, followed by
the exodermis, the root cortex, the endodermis, and the xylem vessel walls. According to the
composite transport model (Steudle, 1994), three different pathways of radial root water
flow are realized simultaneously: Two pathways from cell to cell by either crossing cell
membranes (transcellular pathway) or within plasmodesmata (symplastic pathway), and one
pathway around protoplasts (apoplastic pathway). Water transport across the transcellular
pathway of the cell-to-cell pathway is facilitated by water channels in cell membranes called
aquaporins. As summarized by Javot & Maurel (2002), different studies on a wide range of
species showed that aquaporin inhibition using mercury caused a 32 —90% reduction in Kroot.
Studies using different inhibitors such as azide or hydroxy radicals found similar values,
ranging from 50-85% (Grondin et al., 2016; Rodriguez-Gamir et al., 2019). Although these
numbers should be carefully interpreted due to the potential side-effects of the inhibitors,
they indicate that root aquaporins play an important role for radial root water uptake. By
regulating the gene expression of aquaporins and their posttranslational modification, plants
are able to adjust Kot in response to external stimuli or diurnal patterns within timescales of
minutes (Meng et al., 2016; Sakurai-Ishikawa et al., 2011; Vandeleur et al., 2014). In contrast
to the facilitating role of aquaporins in the transcellular path, hydrophobic suberin structures

in hypodermal and endodermal cell walls function as partial barrier of the apoplastic
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pathway (Schreiber et al., 1999). Accordingly, the presence of cell layers containing suberin
structures was shown to considerably reduce the hydraulic conductance (Steudle &
Peterson, 1998; Zimmermann & Steudle, 1998). A major factor determining the level of
suberization is root maturity: The abundance of suberin structures usually is greater in more
developed, basal root parts while a small apical zone of several centimeter at the root tip is
not suberized (Gambetta et al., 2013; Melchior & Steudle, 1993; Ranathunge et al., 2017).
Two other factors associated with a reduced radial conductance are cortical senescence
(Schneider et al.,, 2017) and an increased radial path length (Bingru Huang & Eissenstat,
2000; Rieger & Litvin, 1999), resulting, for example, from secondary thickening in dicots.
Therefore, Kroot decreases during maturation of the root system. As discussed above, beyond
five centimeters from the root tip, Koot Usually becomes much lower than Kx, and thus,

limiting for water uptake.

The effect of soil drying on soil and plant hydraulic properties

Soil drying is a continuous reduction of the soil water content (8). Soil water is depleted due
to root water uptake, evaporation from the top soil, and water drainage towards deeper
layers (Ritchie, 1998). In absence of irrigation, these processes gradually lead to soil drying. 6
is a crucial determinant of the matric potential, and thus Wi, which becomes more negative
with decreasing 6. The exact relation between W, and 0 depends on additional soil
parameters, mainly pore size distribution, and thus varies among different soil types.
Generally, at a given 0, sandy soils have the least negative W, followed by silty soils, while
clay soils have the most negative Ws.il (Schelle et al., 2013). The curve describing the relation
Wsi(0) is called water retention curve which, especially in the dry regime, is highly non-
linear: small changes in water content cause great changes in water potential. The water
retention curve needs to be derived for each specific soil type by measuring Wsqi at varying 0
and fitting the measured data using a model (e.g. those developed by van Genuchten (1980)

or Brooks & Corey (1964)).

However, not only Wsqi but also the hydraulic conductance between soil and leaf (Ks.) can be
reduced: 1) in the soil around the roots, due to a severe soil water depletion zone (Abdalla et
al., 2022; Cai et al., 2022; Carminati & Javaux, 2020; Hayat et al., 2020), 2) at the root
surface, due to root shrinkage and a decrease in soil-root contact (Carminati et al., 2009;

Duddek et al., 2022; Koebernick et al., 2018; North & Nobel, 1997), 3) in the roots due to a
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modified gene expression or activity of aquaporins (Johnson et al., 2014; P. Martre et al.,
2001; Rodriguez-Gamir et al., 2019), suberization of different cell layers in the radial root
pathway (Cruz et al., 1992; North & Nobel, 1991), or hydraulic failure of fine roots (Cuneo et
al., 2016), and 4) in shoot and leaves due to xylem embolisms (Hervé Cochard, 2006; Ryu et

al., 2016).

The plant water balance in drying soils
Assuming that the total root water uptake rate, the total axial flow rate, and the
transpiration rate are equal (i.e. neglecting the capacitive function of the plant), a simplified

model of the plant water balance can be derived from eq. 2-4:

Uto
lPleaf = Yoir — ﬁ (5)

Uit is set by the transpiration rate, and therefore is primarily determined by temperature,
relative humidity, leaf area, and stomatal conductance (eq. 2). The leaf water potential,
generated for a given Ui, depends on the soil water potential and the hydraulic
conductance between soil and leaf (eq. 5). As described above, soil drying comes with a
reduction in Wi and Ksi. As long as the transpiration rate is sustained, this causes an
according reduction in the plant water potential, measured as Wi (€g. 5). A too negative
plant water potential can lead to xylem embolism, especially in larger vessels (H. Cochard &
Tyree, 1990), and subsequently to hydraulic failure (Urli et al., 2013), restricted phloem
transport (Sevanto, 2014), and a general impairment of enzymatic reactions due to cell
turgor loss (Bartlett et al., 2012). To prevent a severe drop of the plant water potential,
stomata partly close which reduces the water flow rate across the plant, and thus the
required water potential gradient. Since not only evaporation of water but also CO; uptake
occurs via stomata, reducing stomatal conductance comes with the drawback of a reduced
CO, uptake rate, up to carbon starvation (McDowell, 2011). How drought stress is
distributed between reduced plant water potential and reduced CO; uptake depends on the
sensitivity of the stomata to water stress, which varies among plant species (Tardieu &
Simmoneau, 1998). This variation in stomatal sensitivity led to the classification of plant
species into two ideotypes: Isohydric species keep their leaf water potential constant at a
certain threshold by gradually closing stomata. Anisohydric species keep their transpiration
rate constant, which leads to a gradually reduced plant water potential. However, this binary

classification is deprecated and it has been shown that species can rather be arranged on a
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continuous scale ranging from more isohydric to more anisohydric (Klein, 2014). The exact
mechanism leading to stomatal closure under water deficit is still under debate: In a recent
review, hydraulic signaling via leaf water potential was identified as the main cause for
stomatal regulation (Buckley, 2019). Nevertheless, there are also studies suggesting a direct
signaling cascade from roots to leaves involving hormones such as abscisic acid (Liang et al.,
1997), cytokinin (Blackman & Davies, 1985), or stringolactone (Visentin et al., 2016). In any
case, the demand for stomatal regulation strongly depends on how the hydraulic pathway
upstream towards the stomata, so from soil to leaf is affected by soil drying. A greater
reduction in Wi and Ks. requires a greater water potential gradient between soil and leaf to
achieve a similar water flow rate compared to well-watered conditions. This causes water
stress in form of a drop in 1) plant water potential (eq. 5) and/or 2) transpiration rate and

thus CO; uptake rate, depending on stomatal regulation.

Hydraulic model of spatially varying soil and root hydraulic traits

In well-watered soil, the vertical gradient in Wy is mainly determined by gravity, and thus is
of the order of 0.01 MPa m™. For cops with rooting depths of several meters, this vertical
gradient is small compared to the radial water potential gradient between soil and root
xylem. Under these conditions, root placement and the distribution of root conductance are
of minor importance for the water balance of a plant (Lobet et al., 2014). This changes when
soil is drying and significant gradients in soil water potential arise. Since upper soil layers
usually contain more roots, they dry faster than deeper layers. Therefore, there typically is a
vertical gradient in soil water potential with more negative values in shallow than in deeper
layers during droughts (Hillel et al., 1976; Kondo et al., 2000; Markesteijn et al., 2010). Under
these circumstances, a spatial component of water uptake by roots is required for an
appropriate quantification of the plant water balance. This requirement is emphasized by eq.
5 describing the plant water balance: Which is the right soil water potential to consider
when it is non-uniformly distributed along the root system? A solution for this issue can be
obtained using the hydraulic architecture approach which considers the spatial arrangement
of root hydraulic properties: Based on the quantitative description of water flow into single
roots (Landsberg & Fowkes, 1978), Alm et al. (1992) developed a finite element model,
separating individual roots into segments, each with specific radial, and axial conductivities
and water potential gradient between soil and root xylem. Doussan et al. (1998) scaled up

this approach to the root system level by interpreting the root system as a hierarchical tree
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made of nodes (radial water uptake) and edges (axial water transport) and derived a set of
linear equations describing the water flow into each root node. Using a similar approach,
Couvreur et al. (2012) were able to derive macroscopic parameters which consider the
spatial distribution of root hydraulic properties, and allow for a quantitative description of
water flow into the root system by only two equations. One crucial macroscopic parameter
is the normalized distribution of root water uptake rates along the root system under
conditions of a uniform soil water potential. Since this distribution only depends on the
spatial arrangement of root hydraulic traits, it is called here normalized plant-driven root
water uptake distribution (Up). Using Up, the equivalent soil water potential (Wseq) can be
derived which considers the distribution of root hydraulic conductance relative to the

distribution of soil water potential with depth z:
lpseq =2 ﬁP (2) " ¥sou (2) (6)

Due to the normalization of Up (¥, Up(2) = 1) Wseq is equal to Wsi at each depth under
conditions of a uniformly distributed Wsi. When Wegi is non-uniformly distributed, Wi in
layers with greater root conductance, and thus greater ﬁp, is weighted stronger than in
layers with smaller ﬁp. In layers without any roots, ﬁp is zero, and thus, the local W does
not affect Wseq. Using Wseq, €g. 5 can be extended such that it describes the plant water

balance under conditions of non-uniform soil water potential:

U,
lpleaf = lluseq - Kt:;t (7)

More detailed descriptions of the hydraulic model and the resulting water flow equations

are provided in the single chapters of this thesis.

The need and challenges of analyzing root water uptake distributions

The main factor influencing how a plant is affected by soil drying is the extent of water stress
in form of a reduced plant water potential, measured as Wear and reduced water flow rate,
measured as Uiwt. For a given soil water deficit, i.e. a reduction in soil water content
compared to a reference value, the extent of water stress depends on 1) the resulting drop
in the equivalent soil water potential, and thus on the distribution of root hydraulic
conductance, measured as ﬁp, relatively to remaining soil water resources, measured as Wi
(eq. 6-7), and 2) the resulting change in total conductance between soil and leaf, measured

as Ksi (eq. 7). Variation in Up, Wsi, and Ks. might explain variation in the water stress level at
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a given soil water deficit among different soil-plant systems, and thus account for varying
drought tolerance. However, theses parameters and their responses to soil drying are poorly

investigated, or, in case of ﬁp not known at all.

This is because ﬁp is challenging to measure, and some of these challenges cannot be
overcome by existing experimental methods: The root hydraulic conductance can be directly
measured using invasive pressure chamber or flow-meter techniques on entire root systems
(Lo Gullo et al., 1998; Martinez-Ballesta et al., 2003; Tyree et al., 1995). However, obtaining
spatial information with these techniques is difficult and requires excavating and measuring
root samples from different sites of the root system (Johnson et al., 2014; McLean et al.,
2011; Mu et al., 2006). This method can be used to detect local differences in root
conductance but is not suitable to derive the spatial distribution across entire root system. A
better suited approach is non-invasively measuring the distribution of root water uptake
rates and infer the distribution of root conductance. However, since the distribution of
water uptake rates is not only determined by the distribution of root hydraulic conductance,
but also by the distribution of soil water potential, the influences of these two factors need
to be separated. This comes with several key requirements for the measurement of root
water uptake rates. Previous studies have used neutron meters (Coelho & Or, 1999; Green &
Clothier, 1995) or time domain reflectometry (TDR) (Ehlers et al., 1991; Shein & Pachepsky,
1995) to measure root water uptake rates. However, the spatial resolution of these
techniques is limited as it requires one measuring device (neutron meter or TDR) at each
depth. This makes it almost impossible to achieve measurements which are continuous in
space, and thus, to obtain the total water uptake rate of the root system. Additionally, the
ability to detect small local changes in root water uptake rates is limited with TDR due to an
insufficient sensitivity (van Dusschoten et al., 2020). As explained below, both, high
sensitivity, and the continuous character of water uptake measurements are crucial
requirements for the determination of Up. A more advanced technique is imaging of the soil-
root zone using neutron radiography (NR). With NR, the spatial distribution of soil water
within a sample can be imaged at different time points to calculate root water uptake rates
(Dara et al., 2015; Esser et al., 2010). In combination with injection of deuterated water, NR
allows for direct tracing of water transport from soil into roots (Ahmed et al., 2016, 2018;
Zarebanadkouki et al., 2013, 2014). However, this approach requires expensive equipment

for imaging, which is rarely available. Additionally, the injection of deuterated water changes
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the local environment of the roots (increased soil water potential) which makes it difficult to

generalize and scale up observations to the root system level.

Recently, a measurement technology called soil water profiler (SWaP) (van Dusschoten et
al.,, 2020) has been developed, which overcomes the existing challenges and, for the first
time, allows for determination of Up. This is mainly due to the precision of the SWaP
sensors, which is about a factor 10 higher compared to TDR (van Dusschoten et al., 2020).
Additionally, the measurements are continuous in space, and thus the total root water
uptake rate can be straightforwardly calculated. These features, in combination with an
alternating light intensity, allow for separating water flow patterns driven by the distribution
of root hydraulic conductance and those, driven by the distribution of soil water potential.
This way, Up of entire root systems can be determined non-invasively, at a vertical
resolution of 1 cm. The next chapter provides a more detailed explanation on the
measurement principle of the SWaP, the associated theory, and some example
measurements. Additionally, the establishment of an experimental workflow that combines
SWaP measurements with leaf water potential measurements, leaf gas exchange
measurements, and measurements of root length distributions, will be described, which was

required to answer the central questions addressed in this thesis.

Aims of the thesis

The extent of plant water stress in form of reduced soil water potential and transpiration
rate depends on how the hydraulic conductance of the root system, and its distribution
relatively to remaining water resources are affected by soil drying. This effect is unknown
due to limitations of previous technologies for measuring root water uptake profiles. The
aim of this thesis was to establish an experimental setup, which combines a novel soil water
sensor technology with hydraulic measurements of the shoot and non-invasive

determination of root distributions to answer the following questions:

1) Which parameters determine the distribution of root water uptake rates and the
underlying conductance in well-watered conditions?

2) How relevant are soil drying induced changes in the total root system conductance
for the plant water balance and water flow regulation in the shoot?

3) How are these changes distributed across the root system, relatively to the remaining

soil water resources, and thus affect water uptake?
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Theory and practice of measurements with the soil water profiler

Recently, a highly precise soil water sensor, called soil water profiler (SWaP), has been
developed that can be used to non-invasively measure root water uptake profiles (van
Dusschoten et al., 2020). These measurements are fundamental for the analysis of the main
guestion addressed in this thesis: How does soil drying affect the hydraulic conductance of
the root system and its spatial distribution relatively to remaining water resources? Such an
analysis had not been done before, and part of this work was to develop a suitable
experimental design based on the SWaP. In principle, this involved: rebuilding and
recalibrating measurement hardware, adaptations of SWaP data processing, correction of
MRI-measured root length, establishing simultaneous measurements of root water uptake
profiles, plant water potential, and leaf gas exchange, refining data analysis. In this chapter,
descriptions from the Materials and Methods sections of the single manuscripts are
expanded, supported with additional data, and set into a larger methodological context, to
provide a comprehensive explanation on the SWaP measurements, the associated theory,

and the adaptations made during this project.
Measurement principle and basic data processing

The basis of the SWaP sensors is a resonant circuit, consisting of two opposing copper plates
forming a capacitor, connected to a coil. This resonant circuit is inductively coupled to a
vector network analyzer (VNWA), which allows for determination of the resonance
frequency. The two copper plates are glued on the inside of two hollow, 12 cm high PVC
cylinders, which are shielded by an aluminum frame. The inner diameter of the PVC cylinders
is slightly greater than the outer diameter of the pots used for plant growth, such that the
pots can be placed into the SWaP sensors (Fig. 1A). When a soil-filled pot is placed into the
SWaP sensors, the permittivity between the copper plates, and thus the resonance
frequency, is a function of the soil water content (0, %). Therefore, with all other parameters
kept constant, the resonance frequency is a measure for the soil water content. Relating the
measured resonance frequency to a certain soil water content requires calibration of the

sensors.

Attrition, mostly due to friction with the PVC pots, can gradually change the condition of the

sensors, especially of the copper plates. Therefore, one of the first steps of this work was to
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rebuild SWaP sensors. Since these were hand-made, some characteristics, such as the size of
the copper plates, or the distance between the coils used for inductive coupling, are subject
to variation, and so is the resulting resonance frequency. Thus, the newly build sensors were
recalibrated. For this, the soil substrate used was homogeneously mixed with a defined
amount of water, filled into 12 cm high pots at a given dry density, and sealed to avoid
evaporation. Then pots with soil were placed into the SWaP to measure the resonance
frequency. This procedure was repeated for varying defined soil water content, ranging from
2 to 30 % in 2 % steps. The measured data were fitted using a second order polynomial
(Online Resource 2 of the first manuscript of this thesis). The fitting parameters obtained for
a specific soil type at a specific dry density were used to convert measured resonance

frequencies into volumetric soil water content.

The SWaP is equipped with a stepper motor enabling automatic vertical movement of the
sensors along pots in 1 cm steps. At every step, the local resonance frequency, and thus the
local soil water content is determined. A complete scan gives the vertical profile of soil water
content. However, the local measurements of the resonance frequency are not only
influenced by the local water content of the 1 cm high soil layer at the center of the sensor,
but also by the water content of the adjacent layers. This is because the electrical field
between the copper plates is distributed across the entire 12 cm height of the sensor. Thus,
the measured resonance frequency is a convolution of the profile of electrical field strength,
and the resonance frequency of the 12 layers enclosed by the sensor. This especially
becomes important at the borders of the soil columns, where a sharp transition in
permittivity takes place. Using a deconvolution, the actual resonance frequency in each layer
can be determined from the measured, convolved signal. This requires the profile of electric
field strength, and the exact resonance frequency beyond the pot borders to be known.
Here, the pots were placed onto sockets, filled with watered soil. Five vials containing water
were put on top of the soil columns. The resonance frequency of both, the sockets, and a
pot containing the water-filled vessels, were measured. With this information, a numerical
deconvolution of the measured soil water profile can be performed. In a previous protocol,
this was done with a model-constrained deconvolution using a 7™ order polynomial for
approximation. Here, a novel method was established, not relying on model constraints but
using a regularization term which avoids overfitting, and thus reduces fluctuations of the

deconvolved profiles. Fig. 1B shows an example of a measured profile of soil water content
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with, and without deconvolution. Especially at the edges of the soil columns, correcting the

measured, convolved signal is essential.
Redistributive water flow in a soil column

For the setup used in this project (four parallel moving sensors with interlaced
measurements), a full vertical scan of 45 cm high soil columns took around twelve minutes.
For reasons of synchronization with a modulated light intensity, the scans were started every

15 minutes. Based on consecutively measured soil water profiles, the change in soil water
. . . 20 3Ly
content over time, called soil water depletion rate (E’ ml cm™ h), in each layer can be

determined. As shown in the following example measurement, this approach is, for instance,
suitable to analyze redistributive soil water flow (rSWF, ml cm™ h1) within a soil column. The
soil substrate used for this measurement was 80% (v) of a loamy sand collected at
Kaldenkirchen, Germany (Pohimeier et al., 2009) with additional 20% coarse sand. Addition
of coarse sand was required to avoid contraction of the soil column which the SWaP
measurement is sensitive for. A fixed amount of this soil substrate, yielding a dry bulk
density of 1.47 kg/I, was mixed with water and filled into the pots under gentle shaking. For
this measurement, four soil columns with a varying soil water content (5, 9, 14, and 20 %(v))
were prepared. The pots were placed into the SWaP and the soil water profiles were
continuously scanned for two days. Fig 2A shows the vertical profiles of soil water content at
the start, and after 40 h of measuring. In general, there is a similar trend among the four
different soil columns: The soil water content decreases in upper soil layers, while it
increases in deeper layers over time. Besides evaporation (of the order of 0.02 ml cm3 h),
these dynamics are caused by redistributive soil water flow along a vertical gradient in soil
water potential. For the setup used here, the two most important factors affecting the soil
water potential are 1) gravity, and 2) the matric potential depending on soil water content.
At the start, when the soil water was almost homogeneously distributed, the matric
potential was close to uniform, and the vertical gradient in soil water potential is dominated
by gravity. With ongoing water flow from upper towards deeper layers, the matric potential
decreases (becomes more negative) in upper soil layers and increases (becomes less
negative) in deeper layers. Thus, a vertical gradient in matric potential is established in
opposite direction to gravity. The vertical redistribution of soil water lasts until the gradient

in matric potential compensates gravity. At the end of the measurement, the extent of the
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vertical gradient is greater in soil columns with greater average soil water content. This is
because the water retention curve of the soil is non-linear: In the dry regime, a certain
difference in soil water content causes a greater difference in soil water potential compared
to the wet regime. Additionally, as shown in Fig. 2B, the rate of the vertical soil water flow at
the start of the measurement is greater for soil columns with greater water content. These
differences are caused by the soil water conductivity which increases with increasing soil
water content. A greater conductivity results in a greater water flow rate at a given water
potential gradient. Compared to the start of the measurement, the water depletion rates at
the end of the measurement decreased in all four soil columns. As explained above, this is
because the redistribution of soil water gradually reduced the vertical gradient in soil water
potential, and thus, the driving force for water flow. Fig. 2C shows the local soil water
content at different depths for each soil column over time. The soil water content decreases
in upper layers, due to evaporation and rSWF, while it is almost constant in the middle of the
pot and increases in deeper layers due to rSWF. The rate of soil water redistribution and the
resulting differences in local soil water content among layers at different depths increases

with increasing average soil water content.
Plant- and soil-driven water uptake distributions

The principal purpose of the SWaP measurements in this project is to determine the vertical
distribution of root water uptake rates and the underlying distribution of root hydraulic
conductance. Two factors basically determine the distribution of root water uptake rates
(RWU, ml h't) over depth: 1) the distribution of soil water potential and 2) the distribution of
root hydraulic conductance. Local root water uptake rates increase with increasing radial
water potential gradient (and thus less negative soil water potential at a given water
potential in the root xylem) and increasing radial root conductance. These two factors must
be separated from each other to obtain vertical profiles of root hydraulic conductance from
SWaP measurements. One option would be to measure root water uptake rates in soils with
a homogeneous vertical distribution of soil water potential. The resulting water uptake
profile would be fully determined by the distribution of root hydraulic conductance, and
thus represent an inherent plant characteristic that is independent of the soil water
distribution. This water uptake profile is called here plant-driven distribution of root water

uptake rates (Up, ml h't). However, generating and maintaining conditions of uniform soil
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water potential in soil columns containing transpiring plants is almost impossible. Thus, root
water uptake profiles usually deviate from Up. The difference between the actual root water
uptake profile and Up is determined by the distribution of soil water potential and is called

here soil driven root water uptake redistribution (Us, ml h'%).

The meaning of Up and Us can be illustrated by the following hypothetical scenario: Two
identical plants with identical distribution of root hydraulic traits, and identical total root
water uptake rates are exposed to two different soil water conditions: 1) a soil with
uniformly distributed soil water potential and 2) a soil with non-uniformly distributed soil
water potential but the same average water potential as in the uniform case. In the uniform
soil, Us is zero in all layers and RWU is equal to Up. In the non-uniform soil, root water uptake
rates in soil layers with a water potential below (more negative) the average water potential
are lower than in the uniform soil. The local Us is negative and thus, RWU is smaller than Up.
In contrast, in soil layers with a water potential above (less negative) average, water uptake
rates are greater than in uniform soil. The local Us is positive and RWU is greater than Up.
Across the whole pot, Up always sums up to the total root water uptake rate (Uiot, ml h?),
whereas Us sums up to zero: Compared to uniformly wet soil, the increase in water uptake
rates from relatively wet soil layers is equal to the decrease in water uptake rates from

relatively dry layers.

Mathematically, the separation of RWU into Up and Us can be derived using a simplified form
of the hydraulic network model developed by Couvreur et al. (2012). The 45 cm high soil
columns used here are interpreted as 45 vertically stacked layers of 1 cm height. Layers are
numbered with i=1,..., 45 from top to bottom. The upper boundary of each layer is at depth
zi=0,..., 45 cm. The entirety of roots in a layer has a specific radial conductance (Kgr(zi) , ml h!
MPal) , axial conductance (Kx(zi), ml h* MPa), and xylem water potential (Wx(zi), MPa).
Additionally, each layer has a specific soil water potential (Wsil(zi), MPa). The local root
water uptake rate (RWU(zi), m h') is determined by the radial root conductance times the

water potential gradient between root xylem and soil (Alm et al., 1992):

RWU(z;) = Kr(z) - (Wsoir(z1) — Px(21)) [1]

Wy can be approximated by the water potential at the plant collar (Wciar, MPa) under the

assumption of a much greater axial than radial root conductance. Wciar is determined by the
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total root water uptake rate (Uwt, ml h'), total root conductance (Kiot ml h'* MPa™), and the

equivalent soil water potential (Wseq, MPa) (Couvreur et al., 2012):

_ Utot
llucollar - lpseq - Kot [2]

Approximating Wx in eq. 1 by the expression for Wear in eq. 2 gives:

RWU(z;) = Kr(z) -

Uto
KZoZ + Kr(2) - (Wsour(zi) — lPseq) [3]

Eq. 3 shows that the distribution of root water uptake rates can be separated into the two

terms introduced above: 1) the plant-driven root water uptake distribution, Up(z;) =

KR(zi)-ZZZZ and 2) the soil-driven root water uptake redistribution Ug(z;) = Ki(z) -

(llusoil(zi) - lluseq)-
With these definitions, eq. 3 writes:
RWU(z;) = Up(z) + Us(z;) [4]

The distribution of Up along the 45 soil layers only depends on the distribution of root
conductance. Dividing Up by the total water uptake rate gives the normalized distribution of

plant-driven root water uptake rates (Up):

UP(Zi) _ Up(zi) _ Kr(zi) [5]

Utot Ktot

Alternating light intensity to separate water flow patterns

The SWaP in combination with an alternating light intensity offers an option to determine Up
without depending on conditions of uniform soil water potential. The basic principle of this
approach is that a light-induced change in the transpiration rate causes a fast change in the
local soil water depletion rate in each layer which is directly proportional to the fraction of
root conductance in that layer. This requires assuming that on short time scales changes in
Us and redistributive soil water flow (rSWF) are independent of changes in the transpiration
rate. To achieve this, changes in light intensity must be modulated at a sufficiently high
frequency. Additionally, the amplitude of the changes must be sufficiently high to induce
detectable changes of local soil water depletion rates. For the setup used here, a
photosynthetically active radiation alternating between 500 umolm™=s* and

1000 pmol m™2s™? in periods of 2 h was applied. The following example illustrates the
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approach using an alternating light pattern to derive ﬁp (Table 1): Assuming two halves (top
and bottom) of a soil column, with the top half at a soil water potential of -0.2 MPa and the
bottom half at -0.1 MPa respectively. The root conductance in the top half is 2 ml h* MPa,
and 1 ml h! MPa?! in the bottom half. At low light intensity, the transpiration would
generate a water potential of, for instance, -0.5 MPa in the root xylem. According to eq. 1,
this would result in a RWU of 0.6 ml h* in the top half, and 0.4 ml h'! in the bottom half. At
high light intensity, the transpiration rate increases, and thus Wx decreases to, for instance, -
1.0 MPa. Following eq.1, this would result in a RWU of 1.6 ml h'! in the top half and 0.9 ml h-
Lin the bottom half. Table 1 shows that the change in the local root water uptake rate in
relation to the change in total root water uptake rate, caused by the change in light
intensity, is equal to the ratio of the local and total root conductance. Therefore, the relation
between local and total changes in water uptake rates reflect the distribution of root

hydraulic conductance, and thus Up (eq. 5).

Table 1: Hypothetical example on how light induced changes of the local root water uptake rates relate to the local fraction
of root conductance. In this example the upper half (top) and lower half (bottom) of a soil column are treated separately.
Given values of the soil water potential (W), radial root conductance (Kg), and the xylem water potential (Wx) are arbitrary.
The resulting root water uptake rates (RWU) were calculated using eq. 1. The goal of this procedure is to determine how the
conductance in top and bottom half relate to each other using measured values on the local RWU and the total root water
uptake rate (Uiot).

Low light with | High light with
Wy =-0.5 MPa Wy =-1.0 MPa
ARWU | -~ Kag
Wi (MPa) | Kr (ml ht MPa?) | RWU (mlh?) RWU (ml h?) Up =
AUyt Kot
top -0.2 2 0.6 1.6 10_2 2
1.5 3 3
bottom | -0.1 1 0.4 0.9 05_1 1
15 3 3
total 3 1 2.5

Soil water depletion rates not only depend on RWU but also on redistributive soil water flow
(Fig. 2), which was neglected for the example given in Table 1. However, the principle works
similarly when redistributive soil water flow is present. This becomes obvious when a
constant soil water flow (e.g. 0.1 ml h't) from the wetter bottom half towards the drier top
half is added in Table 1. The resulting soil water depletion rates would be 0.5 ml h'! in both

halves at low light intensity, and 1.5 ml h™* and 1.0 ml h'! respectively in top and bottom half
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at high light intensity. Dividing the change in local soil water depletion rate by the change in

total root water uptake rate would still give UP.
Determining plant-driven root water uptake distributions of growing plants

In practice, determination of Up works as follows: The soil water profiles of pots with soil
columns, containing transpiring plants are continuously measured with the SWaP for 14 h
under conditions of alternating light intensity (4 high light phases and 3 low light phases of 2

h each). Based on these measurements, total root water uptake rates and local soil water

. 26(z;,
depletion rates ( (Zt‘t

: 20 .
> ), ml cm™ h't) are determined. s the sum of local root water uptake

rates (Up+Us) and redistributive soil water flow:

00(zyt) _ Up(z))+Us(z;)
at

+ rSWF(Zi) [6]

Division by the pot volume is required here to obtain the same units for % and RWU. Writing

Up according to eq. 5, and summarizing Us and rSWF as redistributive water flow through soil

and roots (Sg, ml cm3 h?) gives:

00(z;,t)

34 Ugor ()
5 = Ur(2) % + Sr(z;,t) (7]

00(z;t)

The continuously measured data on Y

and Ut show variation due to the alternating

light conditions. According to eq. 7, Up in each layer can be determined using a linear

a0 (Zi,t)

regression between o

and Uit Supplemental Fig. 2 of the second manuscript of this

thesis illustrates the data processing of SWaP measurements used to determine Up. As
pointed out above, one requirement for this approach is that the changes in Ut and in Us
and rSWF are independent. This is achieved by the comparably fast alterations of the light
intensity, such that the fast, light-induced effect on the local soil water depletion rates
always dominates the comparably slow effect of a gradually changing soil water distribution
which alter Us and rSWF. Additionally, the high precision of the SWaP sensor is a crucial
factor for this approach, since for younger plants, the local changes in soil water depletion
rate can be of the order of 0.1 ml h! and below. As pointed out by van Dusschoten et al.
(2020), if the precision of the SWaP was 10 times lower, which would be still high compared

to other methods, the approach described here would not work.
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Fig. 3A shows l7p profiles, of a maize plant at an age of two, three, and four weeks,
measured with the SWaP. With increasing plant age, the Up profile shifted towards deeper
layers. Since Up is a measure for the normalized distribution of root conductance, this shift
indicates that the hydraulic conductance in deeper layers increases relatively to the
hydraulic conductance in upper layers. One major factor influencing root conductance is root
length, and thus, changes in the distribution of roots can cause changes in Up. Therefore,
data on root length distribution are required to interpret data on UP. For the example
shown here, and any other measurement over time, root length distribution must be
determined non-invasively. This can be achieved using magnetic resonance imaging (MRI)
(van Dusschoten et al., 2016). Fig. 3B shows MRI images of the root system of the measured
maize plant at an age of two, three, and four weeks. Compared to the age of two weeks,
additional roots predominantly grew in deeper layers during the third and fourth week. This
additional root growth caused an increase in root conductance in deeper layers. If this
increase is greater than the increase in upper layers, it causes a shift in ﬁp towards deeper
layers as shown in Fig. 3A. Dividing Up by the distribution of root length gives the
distribution of intrinsic root hydraulic conductivity. In principle, vertical distribution of root
length can be directly determined based on MRI images using NMRooting software (van
Dusschoten et al., 2016). However, root detection with the MRI setup used was limited to
roots with diameter > 200-300 um (van Dusschoten et al., 2016). Part of this work was to
correct for the missing fine root fraction by comparative measurements of vertical root
length distributions using MRI and scanning of harvested roots. For this, plants of four
different species, barley, maize, faba bean, and zucchini were grown in soil filled pots and
root systems were imaged with MRI. Then, shoots were cut off, the soil columns with roots
were removed from the pots, and cut into 5 layers, each of 9 cm height. Roots of each part
of the soil column were separately harvested and scanned using WIinRHIZO software
(Regents Instruments). Using both, MRI and destructively measured root length, correction

factors were calculated, to correct for the missing fine root fraction of MRI measurements.
Simultaneously measuring hydraulic parameters at soil, root, and shoot level

The example shown in Fig. 3 highlights, that Up is a measure for how the root hydraulic
conductance is distributed along the root system but does not provide information about

the absolute root hydraulic conductance. This requires additional data on the total
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conductance of the root system (eq. 5). Furthermore, as this project aimed at analyzing the
interaction between below-ground hydraulic traits and water flow regulation at the shoot,
measurements of the stomatal conductance were needed. One possibility to determine the
total conductance of the root system is simultaneously measuring the total root water
uptake rate and the water potential gradient between soil and plant (eq. 2). Using the SWaP,
the total root water uptake rate can be measured. Additionally, if the water retention curve
of the soil is known, the soil water potential can be calculated from measurements of the
soil water content. However, one major drawback of the SWaP compared to an imaging
technique such as neutron radiography is, that the measurement is only one-dimensional.
This could become relevant during soil drying, due to the emergence of a severe water
depletion zone around the roots (Carminati et al., 2020). In such a scenario, the water
potential sensed at the root surface could differ considerably from the bulk soil water
potential as measured with the SWaP. Thus, part of this work was to correct for this water
depletion zone by modeling the water potential at the root surface following the approach
from Carminati et al. (2020). How this was done is described in Supplemental Method S1 of

Manuscript Il.

With this correction, the SWaP measurement allows for determination of the root system
conductance when the plant water potential is known. Thus, one crucial part of this project
was to establish combined SWaP and leaf water potential measurements using
psychrometers (ICT International). Psychrometer measurements work as follows: after
carefully abrading the leaf cuticle, the small chamber of the psychrometer, containing two
thermocouples, was attached to the water conducting tissue of the leaf and sealed. The
vapor pressure in the chamber, equilibrates with the vapor pressure of the conducting
tissue, which depends on the local water potential. Then, a cooling pulse is applied to one of
the thermocouples, causing water condensation, which then evaporates again. The change
in temperature, sensed by the thermocouple during evaporation, depends on the
evaporation rate, which is a function of the vapor pressure in the chamber, and thus, of leaf
water potential. The second thermocouple is used to correct for temperature gradients.
Using a calibration curve, obtained by psychrometer readings of filter paper soaked in salt
solution with varying, defined water potential, the leaf water potential can be determined.
Both, SWaP and psychrometer measurements are non-invasive, and thus suitable to detect

changes in living plants during soil drying. Dividing the total root water uptake rate by the
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gradient between the equivalent soil water potential and leaf water potential gives the
hydraulic conductance between soil and leaf (Ksi), which is mainly determined by root
conductance (Corso et al., 2020; Frensch & Steudle, 1989; Reid & Hutchison, 1986;
Rodriguez-Gamir et al., 2019). As explained in more detail in the second manuscript, the
dynamics of soil drying-induced changes in Ks. could be characterized using a single
parameter, which is related to the drought robustness of the plant. To analyze how changes
in the hydraulic parameters below-ground interact with regulation of water flow in the
shoot, data on stomatal conductance are needed. Here, we performed leaf gas exchange
measurements using a portable LiCor 6400 photosynthesis system. These three
measurement technologies, SWaP, leaf psychrometer, and LICOR do not interfere with each
other and thus can be performed at the same plant simultaneously (Fig. 4). The drawback of
this approach is its low throughput: The SWaP setup used here can measure four plants
simultaneously, which can be scaled up comparably easily. However, leaf water potential
and gas exchange measurement require one measurement device per plant, and especially
the LiCOR systems are relatively expensive. In this work, one LiCOR 6400 was used to
measure multiple plants in parallel, which is not ideal, since the SWaP measurement is
sensitive to vibrations in the climate chamber. Additionally, repetitively interchanging the
LICOR between plants is comparably time-consuming regarding an otherwise fully
automated measurement setup. Nevertheless, this experimental setup covers the complete
hydraulic pathway from soil to plant and atmosphere, and allows for determining a unique
data set, consisting of the following parameters: the vertical distribution of soil water
content and soil water potential, the normalized distribution of plant-driven water uptake
rates, the total root water uptake rate, the total conductance of the root system, the vertical
distribution of root hydraulic conductance, the leaf water potential, and stomatal

conductance. Using this setup, the central questions addressed in this thesis were analyzed.
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Fig. 1 (A) Sensors of the soil water profiler (SWaP) measuring the water uptake profiles of
soil-filled pots with plants. The resonance frequency of the sensors is measured using a
vector network analyzer (VNWA) and provides information about the local soil water
content. A stepper motor is used to automatically move the sensors along the pots. (B)
Vertical profiles of soil water content measured with the SWaP. To derive the actual
distribution of soil water content (dotted line), a deconvolution of the measured profile
(solid line) must be performed. Especially at the pot border with huge permittivity jumps,
the convolved and deconvolved data deviate strongly.
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Fig. 2 Soil water dynamics in four pots filled with soil at varying water content, as indicated
by the different colors. (A) Vertical profiles of volumetric soil water content at the start (solid
line), and 40 h after the start of the measurement (dotted line). (B) Vertical profiles of soil
water depletion rates at the start (solid line), and 40 h after the start of the measurement
(dotted line). (C) Volumetric soil water content over time in selected soil layers at different
depths, as indicated by different symbols.
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Fig. 3 The distribution of roots and their hydraulic properties of a maize plant at different
time points after germination. (A) Normalized plant-driven root water uptake distribution
over depth (Up) measured with the SWaP in combination with an alternating light pattern.
(C) Images of the root system of the maize plant, measured with MRI at three different time
points. MRl measurements and the equipment used are described in the materials and
methods sections of the manuscripts presented below.
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Fig. 4 Experimental setup established in this thesis. SWaP-, psychrometer, and LICOR
measurements were performed simultaneously on the same plant under controlled
environmental conditions in a climate chamber. The SWaP in combination with the leaf
psychrometer allows for determination of the hydraulic conductance of the root system and
its spatial distribution. Since both measurements are non-invasive, they are suitable to
observe changes in these parameters over time, e.g. in response to soil drying. By adding the
LICOR measurements of stomatal conductance, potential changes in the hydraulic traits
below-ground can be related to water flow regulation at the shoot. Using this setup,
measurements were performed on maize (A) and faba bean (B).
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term
Kr

Kst
Ktot
Kx
MRI
rSWF
RWU
Sk
SWaP
Up

Us
UtOt

VNWA

a0
ot

l'I'Jcollar
Wieat
l'I'Jseq
l'I'Jsoil

Wy

meaning

radial root conductance

hydraulic conductance between soil and leaf
total root sytem conductance

axial xylem conductance

magnetic resonance imaging

redistributive soil water flow

root water uptake distribution

Redistributive water flow through soil and roots
soil water profiler

plant-driven root water uptake distribution
normalized plant-driven root water uptake distribution
soil-driven root water uptake redistribution
total root water uptake rate

vector network analyzer

depth

volumetric soil water content

soil water depletion rate

water potential at plant collar
leaf water potential
equivalent soil water potential
soil water potential

root xylem water potential
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Abstract

Purpose Commonly, root length distributions are
used as a first approximation of root water uptake
profiles. In this study we want to test the underlying
hypothesis of a constant water uptake rate per unit
root length over depth.

Methods Root water uptake profiles were measured
using a novel sensor technology. Root length was
measured with MRI and by scanning harvested roots.
Experiments were performed with pot-grown barley
(Hordeum vulgare), maize (Zea mays), faba bean
(Vicia faba), and zucchini (Cucurbita pepo).

Results  For barley, maize, and faba bean, we found
that roots in the top 15 cm had significantly greater
water uptake rates per unit length than roots in the
bottom 30 cm. For zucchini, the trend was similar
but not significant. Therefore, variation of root water
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uptake rates with depth could be explained only partly
(61-71%) by a variation of root length with depth.
Conclusion The common approximation of root
water uptake profiles by root length distributions
relies on constant water uptake rates per unit root
length. This hypothesis does not hold in our study,
as we found significantly greater water uptake rates
per unit length in shallower than in deeper roots. This
trend was consistent among species, despite the partly
strong variation in physiological parameters. We sug-
gest that this is caused by a decreasing axial transport
conductance with depth. This might result in a gen-
eral underestimation of water uptake rates in shallow
soil layers when they are approximated by the root
length distribution.

Keywords Root water uptake profiles - Root length
distribution - Uniform soil water potential - Root
hydraulic conductance - Soil water profiler - MRI

Abbreviations

A Water uptake rate per unit root length (ml
h™'m™

Kgr Local radial root conductance (cm?
h™' MPa™1)

Koot Total root conductance (cm® h™' MPa™)

L Root length distribution (m)

L Normalized root length distribution

MRI Magnetic resonance imaging
nMAE Normalized mean absolute error

@ Springer


http://orcid.org/0000-0002-6251-1231
http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-022-05650-8&domain=pdf
https://doi.org/10.1007/s11104-022-05650-8
https://doi.org/10.1007/s11104-022-05650-8

Plant Soil (2022) 481:475-493

476

rSWFE  Redistributive soil water flow (cm?
cm>h™h

RWU  Root water uptake rate (cm®*ecm™ h7h

SWaP  Soil water profiler

Up Plant-driven root water uptake distribution
(cm®*cm™h™)

i\]P Normalized plant-driven root water uptake
distribution

Ug Soil-driven root water uptake redistribution
(cm®> cm™ h7h)

U, Total root water uptake rate (cm’> h™")

z; Depth of soil layer i (cm)

0 Volumetric soil water content (cm® cm™)

% Soil water depletion rate (cm® cm™ h™!)

Y.  Water potential at the plant collar (MPa)

Yo Local soil water potential (MPa)

Yoeq Equivalent, or plant sensed soil water poten-
tial (MPa)

Introduction

Spatial information on root water uptake rates is often
required to describe soil-plant water relations. Since
root water uptake profiles are challenging to measure,
they are commonly approximated by the distribution
of root length with depth, especially in macroscopic
water uptake models (Coppola et al. 2015, 2019; Fed-
des et al. 2001; Wu et al. 1999). This approximation
implies constant root water uptake rates per unit root
length with depth. At the single root scale, however,
uptake rates per unit root length vary with root branch-
ing order (Rewald et al. 2012), root type (Ahmed et al.
2016, 2018), distance from the root tip (Ahmed et al.
2016, 2018; Meunier et al. 2018; Steudle and Peter-
son 1998), root cortical senescence (Schneider et al.
2017) and root age (Schneider et al. 2020). Most of
these parameters are related to root age, which is usu-
ally distributed along a vertical gradient, with older
roots in shallow layers and younger roots in deeper
layers (Koebernick et al. 2014). Therefore, one could
expect a systematic variation in water uptake rates
per unit root length with depth. Nevertheless, empiri-
cal studies, operating at a vertical resolution between
10 and 20 cm, generally suggest a good correlation
between profiles of water uptake rates and root length
(Ehlers et al. 1991; Sharp and Davies 1985; Shein
and Pachepsky 1995), which supports the common
assumption in macroscopic models. It needs to be
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considered, however, that usually, a homogenous soil
water potential distribution is a prerequisite for a rea-
sonable comparison between root length distributions
and water uptake profiles. This is highlighted by stud-
ies in which the strength of the correlation between
root length and water uptake profiles varied among
different soil water conditions (Dara et al. 2015; Sharp
and Davies 1985; Shein and Pachepsky 1995). Since
a homogeneous water potential distribution is difficult
to achieve in experiments with natural soil substrates,
approximating water uptake profiles by root length dis-
tributions still comes with uncertainty.

Generally local root water uptake rates (RWU) are
determined by the radial root conductance (Kg) and
the water potential gradient between soil (¥;) and
the root xylem (¥y). Focusing on the vertical axis
with depth z, this writes:

RWU(2) = Kx(z) - (¥,,4(2) — Px(2)) (1)

In our study, we measure a component of the water
uptake profile which is independent of W . This
is achieved by measuring the short-term response
of RWU to a change in light intensity which alters
Y but not ¥;;, and thus, according to Eq. 1, only
depends on Ky and W. The theoretical framework
for deriving a component of RWU which is independ-
ent of the soil water distribution has been developed
by Couvreur et al. (2012). In their study, the authors
show that local root water uptake rates (RWU) can
be disentangled into two terms which we call plant-
driven root water uptake distribution (Up) and soil-
driven root water uptake redistribution (Uyg):

RWU(2) = Up(z) + Ug(z) @

Up(z) is determined by the spatial arrangement
of root hydraulic conductance which depends on the
distribution of intrinsic hydraulic conductivities and
root length. Up(z) integrates to the total root water
uptake rate (U,,,) across the whole root system. Ug(z)
additionally depends on the distribution of soil water
potential (¥;) and can be interpreted as a redis-
tributive water flow through the root system from
relatively wet soil layers into relatively dry soil lay-
ers. Across the whole root system, Ug(z) integrates to
zero (Fig. 1A). Using the hydraulic network presented
in Online Resource 1, we show in Appendix 1 that in
a simplified form (compare Couvreur et al. (2012)),
Uy and Ug can be expressed as:
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Fig. 1 A Scheme of differ-
ent water flow patterns in
the soil root system, sepa-
rated into vertically stacked
layers. Local root water
uptake rates (RWU) are

the sum of the plant driven
root water uptake distri-
bution (Up) and the soil
driven root water uptake
redistribution (Ug). Up is
the local fraction of the
total root water uptake rate,
determined by the local root
conductance (K). Direct
water flow from wetter to
drier soil layers is called
redistributive soil water
flow (rfSWF). B Overview
of the measured parameters
and the tested hypotheses. L]
Normalized root water
uptake profiles (Up) were

drier: W, (z;) more negative soil layer i

depth z

z)

Ug(z) <0
RWU(z)
Up(z) >0

rSWF

wetter: W_(z) less negative

}Rwu(ziﬂ)

soil layer i+1
depth z,;

Uy(z;,,) >0
Up(z;,4) >0

determined with the SWaP,
normalized root length
profiles (L) were deter-
mined with MRI. Based on

B

root water uptake profiles

root length profiles

hypotheses

these profiles we calculated
the water uptake rates per
unit root length (A) over
depth. We tested the null

hypothesis (H) that A is
constant over depth, and the
alternative hypothesis of
systematic deviations of A
with depth (H; or H,)

depth

" Up(2)
Up(zi)= [};

Ho
Hi

——— =

_Lz)
Ltot

__Up(z))
A= L(z)

L(z)

K
Up(z) = Uy, - I?(Z)

tot

and Ug(z) = Kg(@) - (W30 (2) = Wiep)
3

In Eq. 3 we used the total water uptake rate
(Uyyp), the total root conductance (K,,), and the

plant sensed soil water potential (V). Note that
Ko and ¥, are not measured in our study but are
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introduced here, to describe the meaning of Up and
Ug. In case of a homogeneous distribution of soil
water potential (V¥ l(z):Tseq, in all layers), Ug
becomes zero throughout. Therefore, U, reflects
the distribution of water uptake rates in a soil with
uniform water potential distribution (corrected for
gravity). Deviations from a uniform soil water dis-
tribution are considered by Ug.

soi
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Due to its independence of the soil water distribu-
tion, Up is better suited than RWU to analyze how
well water uptake profiles can be approximated by root
length distribution. Recently, a method was introduced
to measure Up without actually depending on a uniform
soil water distribution, using a highly precise soil water
sensor in combination with a fluctuating light intensity
(van Dusschoten et al. 2020). With this technology, we
test the null hypothesis that root water uptake rates per
unit root length (A) are constant with depth:

Up(z)

H,: AR = I

= constant @)

As alternative hypothesis, we test whether water
uptake rates per root length vary systematically with
depth, indicating a spatial gradient of root conductivity.
Figure 1B gives an overview over the analyzed param-
eters and the tested hypotheses. Root system architec-
ture potentially affects our hypothesis, since a simu-
lation study predicted less variation in water uptake
rates per root length for taproot compared to fibrous
root systems (Javaux et al. 2013). We therefore tested
whether H,, is true across four different crop species:
two monocots with a fibrous root system, barley and
maize, and two dicots with a taproot system, zucchini,
and faba bean. We performed the following analysis for
each of the four species: In a first step, we analyzed to
what extent the variation of U, with depth is explained
by a variation of L with depth and to what extent by a
variation of A with depth. In a next step, we evaluated
H, by testing for significant differences between water
uptake rates per root length in shallow (upper third of
the pots) and deeper layers (lower two thirds). Potential
deviations from H;, would indicate a variation of root
conductivity. Since root conductivity is closely linked
to root diameter (Ahmed et al. 2016; Frensch and Steu-
dle 1989; Huang and Eissenstat 2000), we checked in a
third step, whether variations of A(z) can be explained
by root diameter distributions over depth.

Material and methods
Plant growing conditions
We grew four different plant species: the monocots

barley (Hordeum vulgare), and maize (Zea mays),
and the dicots faba bean (Vicia faba), and zucchini
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(Cucurbita pepo cylindrica). Seeds were germinated
for 2-3 days in the dark on moistened germination
paper. Seedlings were transferred into soil-filled
PVC pipes (50 cm high, Inner Diameter: 8.1 cm),
suitable for both MRI and SWaP measurements.
We used a sandy loam, collected in Kaldenkirchen,
Germany with 73.3% sand, 23.1% silt, 3.6% clay,
(Pohlmeier et al. 2009) mixed with 20% (v) coarse
sand (0.7-1.4 mm). Water saturation was reached at
volumetric soil water content (8) of 40.7%. The soil
type was selected because it wets easily and uni-
formly within half a day after rewatering. Addition-
ally, its water retention curve is relatively flat in the
wet regime, making it easier to avoid large vertical
soil water potential gradients. Note that even though
our measurement of Uy is independent of the soil
water potential distribution, vertical soil water flows
would introduce noise during the analysis process.
Furthermore, the soil type used leads to a good image
quality of the MRI measurements which is related to
the low silt, clay, and ferromagnetic content (Pflug-
felder et al. 2017). The pots were filled with soil to
a height of 45 cm, resulting in a total substrate vol-
ume of 2.32 1. Pots were filled under gentle shaking to
promote uniform compaction, achieving a bulk den-
sity of 1.47 kg/l. Four plants per species were grown
in the prepared pots in a climate chamber providing
a controlled temperature of 21.5 °C+0.2 °C and
a VPD,;, of 1.49 kPa. Plants were watered from the
top every 2" or 3" day to keep them well-watered at
an average 0 of above 20% (v/v). Before and during
water uptake measurements, plants were not watered
for approximately 24 h to minimize spatial gradients
of soil water potential during the measurement, as
confirmed by our measurements (Fig. 3). For ferti-
lization, NPK nutrient salt (Hakaphos Red; Compo
Expert; 8% N, 12% P, 24% K), diluted in water at
0.3% (v/v) was given to the plants once a week. The
total amount of fertilized water supplied to the plants
depended on the actual water use and varied between
30 ml (1% week) and up to 200 ml (4™ week). We
used a water-cooled LED panel (3200 K, 5x5 LEDs
4 20 W) for illumination. During the day, two levels
of light intensity alternated in periods of two hours
for 14 h in total (three low light periods and four
high light periods) for the full growing and meas-
urement period. Photosynthetically active radiation
of the lower level was 500 umol m~2 s~!, that of the
higher level 1000 umol m~2 s~!. The light intensity
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sums up to a daily light integral of 39.6 mol m—2 d~!.
This light fluctuation was required for the deriva-
tion of root water uptake profiles as described below.
Twenty-eight days after germination, we measured
the root water uptake profiles with the SWaP and the
root length distribution with MRI of each individual
plant. Within one day, we could measure all four rep-
licates of one species. Below, we describe the SWaP
and MRI measurements in detail.

SWaP measurement of ﬁp (Zi)

We measured ﬁp with a recently developed soil water
profiler (SWaP) (van Dusschoten et al. 2020). The
sensors of the SWaP basically consist of two oppos-
ing copper plates (7x5 cm?) in a 12 ¢cm high PVC
sleeve, shielded with aluminum. The sensors partially
enclose the pots with soil columns and are movable
along the z-axis. The copper plates form a capaci-
tor which is connected to a coil, forming a resona-
tor circuit. The resonance frequency of the circuit is
a function of the electrical permittivity of the mate-
rial in between the copper plates, which is largely
determined by the soil water content 6. Thus, meas-
uring the resonance frequency allows determination
of 0 as described below. A vector network analyzer
(DG8SAQ, VNWA3, SDR-Kits, UK) was used to
determine the resonance frequency of the circuit
by applying a frequency sweep between 150 and
220 MHz. The sensors move vertically along the
pots and measure the resonance frequency in equidis-
tant steps of 1 cm. A complete scan of four pots with
45 cm high soil columns simultaneously took around
12 min. To synchronize with light fluctuations, scans
were started every 15 min. For conversion of the res-
onance frequency into 6, we measured a calibration
curve. To this end, we filled 12 cm high PVC pots
with soil at a defined bulk density (1.47 kg/l, as used
for plant growth) and a defined 8 ranging from 2 to
30% and measured the resulting resonance frequency
with the SWaP. The data were fitted using a second
order polynomial (Online Resource 2). This proce-
dure enabled us to measure the vertical 8 profiles of
our soil columns in 1-cm steps.

For our analysis, we interpreted the 45 cm high soil
column as 45 stacked layers each of 1 cm height and
uniform 0. The layers were indexed i=1 (top layer),...,
45 (bottom layer) with the top of each layer at depth
z;=0 cm,..., 44 cm. Given the 12 cm height of the
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SWaP sensors, the measurement at each 1-cm layer is
not the precise 0 value in that layer, but a convolution of
(1) the electrical field strength between the copper plates
and (2) the 12 soil layers enclosed by the sensor. To
achieve a spatial resolution of 1 cm, a deconvolution was
applied. This procedure requires measuring the exact
O-values at the pot borders and the profile of the elec-
trical field strength. Given these values we performed a
numerical deconvolution. As this amplifies errors, we
constrained the deconvoluted result by a regularization
term which reduces fluctuations of the profile.

Given the deconvolved O profiles over time we
could, in a next step, derive the profiles of water
uptake rates. For that, we calculated the rate of
change in water content over time ( ) in each
layer. A change in water content in layer iis caused
by local RWU, redistributive soil water flow (rSWF)
between adjacent layers, and evaporation in the top
layer E(2):

E), z;,=0
0,z #0
®
Using Eq. 2 we can express RWU as the sum of Up
and Ug with Up (Zl, t) = w total pot volume
V and U, (1) = 245 ao(i 4 Neither Us nor rSWF
contribute to U,,, but sum up to zero across the whole
pot. We summarize these two terms as soil water
redistribution through soil and roots (S,) and write

Eq. 5 as:

00(z;,t)

e RWU(z;,t) + rSWF(z;,¢) + {

00(z;,t)

L tgt(t)
= U
0t

E 1), z;,=0
0,z;#0

6

To determine U p from Eq. 6, we make use of the
light intensity fluctuating between a lower and a
higher level at a period of two hours. The alternat-
ing light intensity induces a fast response of the tran-
spiration rate, via stomatal regulation, and thus U,.
Note that the transpiration rate and U, are almost
similar, and only differ by the shoot growth rate. The
response of Uy to a change of U, is much faster than
the response of S, as it takes time to generate water
potential gradients within the soil which drive both
rSWF and Us. Therefore, Up and S, can be separated
based on their response rate to fluctuating light inten-
sity. Biologically, this can be understood as follows:
A greater local root conductance leads to a greater

P(Zi) :

+&@ﬂ+{
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change in the water uptake rate when the light inten-
sity changes. Therefore, the stronger the local %
responds to a change in light intensity, and thus in
U, the greater the local root conductance, and thus
Up. Mathematically, ﬁp can be derived as slope of a
linear regression between 20 and U,,(t) according
to Eq. 6 (Online resource 3). Such a regression was
performed in each layer separately, using the data
acquired during a 12 h period (7.00 am to 7.00 pm)
covering three high and low light intensity periods of
two hours each.

Determination of soil water potential and
conductance

The soil water retention curve was measured using
the evaporation method (Peters and Durner 2008)
with the HYPROP setup (METER Group, Munich,
Germany). The characteristic parameters of the
water retention curve were obtained by fitting a
Brooks-Corey model (Brooks and Corey 1964) to
the measured data of the pressure head h (cm) for
varying 6:

0-0 \
h©) =a! r
(0) * <0s_9r>

with saturated water content 0, residual water content
0,, air entry pressure head a~! (cm), and a dimension-
less pore size index A. To obtain the soil water poten-
tial W, a gravity component was added to the pres-
sure head:

(N

5 MPa
cm

Y,,u(0(z)) = (h(B(2)) — 2) - 9.8 - 10~

with depthz =0cm,...,44 cm.

®)

MRI measurement and processing of root length

Roots were non-invasively imaged using MRI. For
logistical reasons, MRI measurements were either
shortly before or after the SWaP measurements.
Since plants were not under controlled conditions
during MRI, scanning was preferably conducted
during the night. The MRI setup consisted of a
4.7 T vertical wide bore (310 mm) magnet (Mag-
nex, Oxford, UK) and a gradient coil (ID 205 mm
(MR Solutions)) providing gradients up to 400
mT/m. The MRI experiments were controlled
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using an MR Solutions (Guildford, UK) console.
NMRooting software (van Dusschoten et al. 2016)
was used to analyze MRI data and calculate root
length. Data of the root system were arranged in 45
vertical layers of 1 cm height (across a pot diam-
eter of 8.1 cm). Using NMRooting, we obtained the
root length present in each layer. For a similar MRI
setup (van Dusschoten et al. 2016), a detection limit
for root diameters between 200 um and 300 pm was
reported.

Harvest and root scanning

To include the fine root fraction below the detec-
tion limit of MRI, roots were harvested after the
MRI or SWaP measurement respectively. Since
we were interested in the vertical distribution of
root traits, soil columns were taken out of the
pots and cut into five blocks of 9 cm height each.
The roots were isolated from the soil using sieves
with different mesh sizes (0.3 mm to 2.0 mm) and
stored in a solution of 70% water and 30% etha-
nol. Roots of each block were scanned separately.
We used WinRHIZO software (Regent Instru-
ments, Ottawa, Canada) to analyze total root
length and root length in 20 equidistant diameter
classes ranging from 0.0 mm to 2.0 mm (last class
included all roots thicker than 2.0 mm) for all 5
blocks per plant separately. Using the distribution
of harvested roots, we calculated correction fac-
tors for each 9 cm high soil block. The MRI meas-
ured root distribution was corrected accordingly.
Finally, we applied the same convolution and
deconvolution procedure to the root length profile
as to f]P to achieve a similar degree of smoothing
caused by this procedure. Normalized, corrected,
and deconvolved root length profile is called L.
Leaf area and shoot fresh weight were also deter-
mined at harvest.

Quantitatively explaining the variation in UP(z)

Here we use a concept which has been developed
to relate how important the variation of each of two
factors of a product is to explain the variation of the
product (Poorter and Nagel, 2000). For that we write
Uy as product of L and A:
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Up=L-A )
and apply an In transformation:
In(Up) =In(L-A) (10)
which can be written as:
In(L) In(A)
=, I, an

Given the Up, L, and A profiles of a plant or spe-
cies, each consisting of 45 values, we thus linearly fit-
ted the In of the 45 Uy values against the In of the
45 L or A values respectively. Then the two terms on
the right-hand side of Eq. 11 were determined as the
slopes of the linear fits. According to Eq. 11, these
two slopes add up to one, and are a measure for the
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Fig. 2 Characteristic parameters of the species at the day of
measurement: A shoot fresh weight, B leaf area, C total root
length, D total root water uptake rate, E Water uptake rate per
unit root length, F water uptake rate per leaf area, and G root-
to-shoot ratio, expressed as leaf are per root length. Height of
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relative importance of L, and A in explaining varia-
tion in Up.

Results
Characteristic plant and soil parameters

Maize and zucchini had significantly greater shoot
fresh weight than barley and faba bean (14-50 g)
(Fig. 2). In barley, also the leaf area was signifi-
cantly smaller than in maize and zucchini (199-576
cm?). The total root length of faba bean (27 m) was
significantly smaller than that of the other species
(82-94 m). During the 12 h measurement period, zuc-
chini took up significantly more water (95 ml) than
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the bars are species averages (n=4), error bars are standard
errors of the mean. Differences between species were consid-
ered significant if p-values of a Student’s t-test were <0.05.
Significant differences between groups are indicated by differ-
ent letters
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the other species (40 — 48 ml). The total water uptake
rate per unit length was significantly greater in faba
bean (1.7 ml d~' m™") and zucchini (1.1 ml1 d~! m™)
than in barley and maize (both 0.5 ml d~' m™!). How-
ever, water uptake per unit leaf area was significantly
greater in barley (0.20 ml d™' cm™) than in maize
and faba bean (0.11 — 0.15 ml d™' cm™). Shoot to
root ratio, expressed as leaf area per root length, was
significantly different among all species. It was lowest
in barley, followed by maize and zucchini and highest
in faba bean (2.5 — 11.3 cm?> m™).

For all species, we generally measured a verti-
cal gradient in ¥, ;; with more negative values at the
top and less negative values at the bottom (Fig. 3).
This gradient was more pronounced at the end com-
pared to the start of the measurement. At start, the
average ¥ ; with depth (_S,)ﬂ) was similar (-9 to
-11 kPa) among the four species. At the end of the

measurement, ¥, ;, for zucchini (-21 kPa) was signif-

icantly more negative than for barley (-12 kPa) and
faba bean (-13 kPa). For maize (-14 kPa), ¥, was
not significantly different from the other species. ¥

profiles of each individual plant are shown in Online
Resource 4.

Root length distribution explains 61 — 71% of
variation in water uptake profiles

Due to the higher abundance of roots in shallow soil
layers, water uptake profiles and root length were
both generally high in top layers and declined with
depth (Fig. 4). In maize, both profiles dropped rather
sharply within the top 10 cm but declined smoother
in barley and faba bean. In zucchini, both profiles
were generally flatter compared to the other species.
In barley, maize, and faba bean, U p was consistently
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Fig. 3 Distribution of ¥ at start (filled circles) and end (empty squares) of the SWaP measurements as species averages (n=4).
Error bars are standard errors of the mean. Mean values over depth (¥,,;,) at start and end of the measurement are given in the legend
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Shallow roots show significantly greater uptake rates

higher than L in the top layers but lower towards the
bottom. U p and L profiles of each individual plant are
shown in Online resource 5. We evaluated to what
extent variation in Up(z) is determined by variation
in L(z) and A(z) respectively using Eqgs. 9-11. This
analysis was performed for each individual plant sep-
arately. Table 1 shows the results as species averages
with standard errors of the mean. Between 61 and
71% of variation in Up(z) were explained by a vari-
ation in L(z), 29-39% were explained by a variation
in A(z) without any significant differences among

species.

Table 1 Relative importance of L and A in explaining varia-
tion in Up with depth, determined as slopes of the linear fits

between In(L) and In(Up), and In(A) and In(Up)
L a
barley 0.70+0.01 0.30+0.01
maize 0.61+0.08 0.39+0.08
faba bean 0.71+0.12 0.29+0.12
zucchini 0.67+0.14 0.33+0.14

Values shown are mean values with standard error of the mean

among the four replicates of each species. There were no sig-
nificant differences between species as tested by a one-way

ANOVA

per unit length than deeper roots

The findings reported in Table 1 indicate a vari-
ation of water uptake rates per root length over
depth, which implies deviations from our null
hypothesis, H,, of constant uptake rates per unit
root length with depth. In a next step, we analyzed
whether these deviations in A(z) followed a spa-
tial pattern (Fig. 5SA). The vertical orange lines in
Fig. 5A are the mean values over depth and repre-
sent Hy. In all four species, we observed that water
uptake rates per root length in the top 15 cm (blue
lines in Fig. 5A) were higher than in the bottom
30 cm (red lines), indicating a systematic devia-
tion. Profiles of A(z) of each individual plant are
shown in Online resource 6. To quantify this trend
of higher uptake rates per unit root length in top
layers, we compared A(z) between the top 15 cm
and bottom 30 cm in each individual plant, and
calculated the species averages (Fig. 5B). In bar-
ley, faba bean and maize, water uptake rates per
root length were significantly higher in the top
15 cm compared to the bottom 30 cm. Except for
one faba bean plant, this trend was found in each
single plant (Online resource 6). In zucchini, there
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«Fig.5 Root water uptake rates per unit root length (A).
A Complete A(z) profiles. Colored vertical lines are mean val-
ues over depth (n=4) for the whole pot (orange), top 15 cm
only (blue), bottom 30 cm only (red). Note that the orange line
represents the null hypothesis of constant water uptake rates
per unit root length. Data points are averages among species,
error bars are standard errors of the mean. Layers with a root
length below 10 cm caused considerable scatter of uptake rates
per root length and thus were dropped for this and the follow-
ing figure. This only concerned the bottom 5 cm of faba bean.
B A(z) separated into the top 15 cm and bottom 30 cm of the
pot. Height of the error bars are mean values among species
(n=4), error bars are standard deviations of the mean. For
each species, and all replicates we tested for significant differ-
ences between the top 15 cm and bottom 30 cm using a Stu-
dent’s t-test. Significant differences with a p-value below 0.05,
0.01, or 0.001 are indicated by *, **, or *** respectively

was no significant difference, and two individual
plants had higher, two had lower uptake rates per
length in top layers (Online resource 6). Among all
16 plants from the four different species, shallow
roots had a significantly higher water uptake rate
per root length than deeper roots (Fig. 5B).

Does the distribution of root diameter explain the
variation of water uptake per root length?

The observed deviations from the null hypothesis
indicate a vertical gradient in root conductivity with
higher conductivity in shallow roots and lower con-
ductivity in deeper roots. In a next step, we analyzed
whether this pattern is reflected by the distribution
of root traits (Fig. 6). Figure 6A exemplary shows an
image of a root system from each species, acquired
with MRI. Barley and maize have a fibrous root
system with thicker (yellowish and reddish pseudo
colors) seminal and nodal roots from which thinner
(blueish pseudo colors) lateral roots emerge. In both
species, the seminal and nodal roots were thinner
in deeper layers compared to shallower layers. Faba
bean and zucchini both have a taproot system with
one main root growing vertically and lateral roots
emerging from it. In faba bean, laterals in the upper
soil layers appear as thick as the taproot. The later-
als preferably grew horizontally and started spiraling
downwards when they reached the pot borders. In
zucchini, there was a clear trend of generally thicker
roots in deeper layers compared to shallower layers
for both, the main root and laterals. Note that the MRI
had a detection limit between 200 um and 300 pm.
The color-coded diameter in Fig. 6A suggests that,

64

except for faba bean and deep layers of zucchini, a
diameter of 0.5 mm is a reasonable threshold to dis-
tinguish between lateral roots and main roots. To
quantify the distribution of laterals, we therefore ana-
lyzed the fraction of fine roots with a diameter below
0.5 mm over depth, using data from harvested and
scanned roots (Fig. 6B). In barley, there was a con-
tinuous, significant decrease of this fine root fraction
from 94% in the top soil layer to 69% in the bottom
layer. In maize, the fine root fraction was greatest
in the second layer (88% at a depth between 9 and
18 cm) and also decreased towards the bottom. In the
deepest soil layer, it was significantly lower (66%)
than in the second layer. In zucchini the decrease
was even more pronounced, ranging from 92% in
the top layer to only 30% in the bottom layer. Note,
however that due to the general root thickening in
the bottom layers of zucchini, a diameter-based dis-
tinction between laterals and main roots is difficult
(Fig. 6A). In contrast to the other species, the fine
root fraction in faba bean significantly increased from
around 10% in the top 30 cm to 30% in the bottom
layer. As mentioned above, the distinction based on
root diameter in faba bean is questionable as laterals
were comparably thick as the main root (Fig. 6A).
Additionally, we analyzed the average root diameter
over depth which revealed a similar picture (Online
resource 7). For barley, maize and zucchini, the aver-
age diameter was almost constant in the top half of
the pot and increased towards the bottom. Such a root
thickening in deeper layers is typical for sandy soils
(Lippold et al. 2021; Qin et al. 2005) and might be
related to an increased ethylene concentration which
reportedly induced root thickening in compacted soil
layers (Pandey et al. 2021; Vanhees et al. 2022). For
faba bean, however, average root diameter was lower
in shallow than in deep soil layers.

Discussion

In the present study, we analyzed the common
approximation of root water uptake profiles (ﬁp)
by the distribution of root length (Z) in 4 weeks old
pot-grown crop plants. For that, we tested the hypoth-
esis of a constant root water uptake rate per unit root
length (A) with depth. We observed that only 61-71%
of the variation in Up with depth were explained by
a variation of L with depth. 39-29% were explained
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«Fig. 6 Distributions of characteristic root system traits meas-
ured with MRI and by scanning harvested roots. A Images of
the different species’ root systems and diameters acquired with
MRI and analyzed with NMRooting. Exemplary, the image of
one replicate per species is shown. Color code is root diameter
ranging from blue (0 mm) to red (1.5 mm). Column size was
80.5 mm in diameter and 450 mm in height. B Fraction of fine
roots with diameter below 0.5 mm over depth, derived by scan-
ning of harvested roots. Horizontal bars are species averages,
error bars are standard errors of the mean. Differences among
depth were considered significant if p-values of a Student’s
t-test were <0.05. Significant differences between different lay-
ers are indicated by different letters, starting with ‘a’ for the
greatest value

by a variation in A with depth. The hypothesis of a
constant A(z) did not hold as we found significantly
greater water uptake rates per unit root length in the
top 15 cm than in the bottom 30 cm of the pots in
barley, maize and faba bean. Also in these three spe-
cies, the fraction of lateral roots appeared to decrease
towards the bottom.

Since spatial data on root hydraulic traits are rarely
available, the approximation of root water uptake
profiles by root length distributions was established
in macroscopic water uptake models (Coppola et al.
2015, 2019; Feddes et al. 2001; Wu et al. 1999). Our
data suggest that this approximation comes with limi-
tations as only 61-71% (without significant differ-
ences between species) of variation in Up could be
explained by a variation in L (Table 1). These values
are generally lower than those reported by the few
quantitative, empirical studies on this topic (70-100%
in oat and faba bean (Ehlers et al. 1991), 91-100%
in oat and horse bean (Shein and Pachepsky 1995)).
One major difference between these studies and our
approach is that we measure a component of the
root water uptake profile, namely ﬁp, which reflects
the distribution of root hydraulic conductance and is
independent of the soil water potential distribution.
This was realized by measuring the fast response of
local water depletion rates to a changing light inten-
sity. The change in light intensity induces a change in
the root xylem suction while the soil water potential
at first stays constant. Therefore, how strong a change
in xylem suction affects the local water depletion rate
only depends on the distribution of root hydraulic
conductance (see Eq. 1), and thus ﬁp. Typically, as in
our measurements (Fig. 3), the soil water potential is
lower (more negative) in upper layers than in deeper
layers. This causes a redistributive water flow from
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lower to upper soil layers through the roots. There-
fore, Ug usually is in opposite direction to Up in upper
soil layers and in the same direction in deeper layers
(Fig. 1A). According to Eq. 2 this results in RWU
exceeding Uy in top layers and falling below it in bot-
tom layers. Thus, if we had measured RWU instead
of Up the water uptake profiles (blue lines in Fig. 4)
would have been closer to the root length profiles (red
lines in Fig. 4). From this we conclude, that in studies
measuring RWU instead of Up, the predictive power
of water uptake profiles by root length distributions
is artificially increased by the impact of vertical soil
water potential gradients on RWU. Approximating
root water uptake profiles by root length distributions
is equivalent to hypothesizing a constant water uptake
rate per unit root length with depth. We observed that
water uptake rates per root length were significantly
greater in shallow roots compared to deeper roots
(Fig. 5), emphasizing that the hypothesis does not
hold. Two previous studies using neutron radiography
to measure water fluxes into upper and lower parts
of lupine root systems reported similar trends (Dara
et al. 2015; Zarebanadkouki et al. 2013). Such a sys-
tematic deviation of water uptake rates per root length
over depth is problematic for the common approxi-
mation of root water uptake profiles by root length
distributions since it leads to a systematic underesti-
mation of water uptake by roots in top layers and an
overestimation in bottom layers. The trend of greater
water uptake rates per root length in top layers was
consistently observed for barley, maize and faba bean
plants (Fig. 5 and Online resource 6). Note, that dif-
ferent physiological parameters, such as shoot size,
root length, shoot-root ratio, and total water uptake
rate per unit root length and leaf area (Fig. 2) varied,
partly significantly, among these species. We there-
fore suggest that the trend of greater water uptake
rates per root length in shallow roots is valid for a
wider range of species and plants of different sizes
and should be considered when water uptake profiles
are approximated by root length distributions.

This leads us to the question of what caused the
greater water uptake rates per root length in shal-
low roots. One potential reason is the impact of
pot dimensions, which are known to constrain root
growth (Poorter et al. 2012). However, since root
length densities were greatest in shallow soil layers in
our experiments (Figs. 4, 6A) we would also expect
the strongest constrains in these layers. However,
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water uptake rates per root length were greater in
upper soil layers compared to deeper layers (Fig. 5).
This emphasizes that potential consequences of con-
strained pot dimensions, such as saturation effects or
limited root functioning, did not result in measurable
impairment of water uptake rates.

Mathematically, local root water uptake rates are
the product of the local radial root conductance and
the water potential difference between the root xylem
and the soil (Eq. 1). The radial root conductance
depends on the radial root conductivity, an intrinsic
hydraulic property, and root length. Therefore, uni-
form soil water potential distribution, uniform radial
conductivity, and sufficiently high axial conductance
to provide uniform water potentials in the root xylem
are requirements for constant uptake rates per unit
root length throughout the root system (Javaux et al.
2013). Given that Up is independent of the soil water
potential distribution, the difference in A(z) between
shallow and deep roots must be caused by differences
in the hydraulic parameters (i.e. radial root conduc-
tivity and xylem water potential) between the top and
bottom part of the root system. As summarized by
(Vetterlein and Doussan 2016), root radial conductiv-
ity depends on several root anatomical traits chang-
ing with root age, such as apoplastic barriers, cortex
thickness, or aquaporin density. Towards the root
tip, there usually is a lower degree of suberization
(Huang and Eissenstat 2000; Steudle 1994; Steudle
and Peterson 1998), thinner cell walls (McCormack
et al. 2015; Steudle and Peterson 1998) and higher
aquaporin expression (Gambetta et al. 2013), all of
which results in a greater radial conductivity. This
contributes to the generally high radial conductivity
in lateral roots (Ahmed et al. 2016) or roots with a
low branching order (Rewald et al. 2012). Our analy-
sis suggests a greater fraction of fine lateral roots with
a diameter below 0.5 mm in shallower than in deeper
soil layers for barley, maize, and zucchini (Fig. 6B).
If this fine root fraction indeed had a relatively high
radial conductivity, it might have contributed to the
greater water uptake rates per unit root length in shal-
low soil layers. However, as argued above, the ana-
tomical features causing greater radial root conductiv-
ity usually appear towards the root tip. Therefore, we
would expect a greater radial conductivity in deeper
layers, where roots are generally younger (Koeber-
nick et al. 2014). We can only speculate here, whether
the effect of an increased root diameter, and thus, a
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longer radial pathway outweighed the age-effect of a
lower suberization and greater aquaporin expression
in deeper roots. Note that for faba bean this quantita-
tive analysis of root type distribution was not possible
since lateral roots and main roots had a comparable
diameter (Fig. 6A). Additionally, the general thicken-
ing of roots towards bottom layers (Online resource
7) could have obscured the distinction of lateral and
main roots based on root diameter.

Another possibility is a less negative xylem water
potential (less water suction) in deeper roots due to
an insufficient axial conductance. The axial conduc-
tivity increases with increasing number and diam-
eter of conducting xylem vessels. In addition, the
axial conductance increases with increasing length
of the hydraulic pathway (Frensch and Steudle 1989).
In crops, both number and diameter of xylem ves-
sels usually decrease towards the root tip, and thus
with depth (Bramley et al. 2009; Clément et al.
2022; Frensch and Steudle 1989; Steudle and Peter-
son 1998; Watt et al. 2008). Note that in contrast,
trees usually have a greater number and diameter of
conducting root xylem in deeper layers (McElrone
et al. 2004; Pate et al. 1995; Wang et al. 2015). For
crops however, the root xylem anatomy, together
with the long hydraulic pathway, lead to a decreasing
axial conductance (Meunier et al. 2018; Zarebanadk-
ouki et al. 2016), and finally to a less negative xylem
water potential in deeper roots (Zarebanadkouki et al.
2016). In maize, the maturation of the late metaxylem
in the main root was shown to occur around 25 cm
from the root tip (Steudle and Peterson 1998) lead-
ing to increased axial conductance. This is spatially
correlated to the rather sharp drop in A(z) that we
observed within the top 15 cm in maize (Fig. SA). In
summary, the greater water uptake rates per unit root
length in shallow roots in barley, maize and faba are
most likely explained by a less restricted axial water
transport as compared to deeper roots. This might be
accompanied by the greater fraction of lateral roots,
potentially leading to greater radial conductivity in
shallow soil layers (Fig. 7).

In the field, greater water uptake efficiencies
of shallow roots could be beneficial regarding the
competition for rainwater in shallow soil layers. Our
study, as well as those two studies reporting simi-
lar results (Dara et al. 2015; Zarebanadkouki et al.
2013), were performed with pot- or container-grown
plants and, straightforwardly transferring the results
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to field-grown plants is difficult. Only limited data
on water uptake rates per root length from field
experiments are available in the literature, probably
because soil water conditions are barely controlla-
ble in the field, making a reliable measurement of
water uptake profiles even more challenging. Two
recent field studies in wheat suggest that root length
and water uptake rates are asymptotically related
due to a saturation of water uptake in upper soil lay-
ers with great root length densities (Gao et al. 2022;
Zhang et al. 2020), which is opposite to our find-
ings. It is possible that the restricted horizontal root
growth in our pots led to a stronger vertical gradient
in root system traits compared to field conditions,
which might have contributed to the reduced uptake
per root length in deeper layers. Further experi-
ments are required to determine the distribution of
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root hydraulic traits in field-grown plants, which
is, however limited by the current technologies for
measuring root water uptake patterns.

Concluding remarks

In the present study we tested the hypothesis of
constant root water uptake rates per unit root length
with depth to answer how reliably profiles of root
water uptake rates can be approximated by root
length distributions. We consistently found that in
well-watered soil, water uptake rates per unit root
length were significantly higher in shallower com-
pared to deeper roots. Since this higher root activ-
ity in top soil layers was consistently observed
among species which differed significantly in
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various physiological parameters, it seems to be an
universal trend. We suggest that it is explained by
a limiting axial conductance of deeper roots. The
greater uptake rates per unit root lengths of shal-
low roots need to be taken into account when water
uptake profiles are used to estimate root length dis-
tribution or vice versa.
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Appendix 1

In the following, we will derive how root water
uptake profiles can be separated into one part, solely
determined by root conductance (Up), and a second
one, additionally determined by the soil water poten-
tial distribution (Ug). For this purpose, we will use a
simplified form of the model introduced by Couvreur
et al. (2012), together with the following assumptions
and considerations: The soil columns used in the
experiments consist of 45 stacked, cylindrical layers
of 1 cm height and 8.1 cm. Each layer is indicated by
iwithi=1,..., 45. The top of each layer is at depth z;
with z;=0,..., 44 cm. RWU(z,) denotes the root water
uptake rate, Ky(z;) the radial conductance, Ky(z;) the
axial conductance, and W(z;) the water potential in
the xylem of the bulk roots in each layer. The water
potential of the bulk soil in each layer is ¥, ;(z;). The
hydraulic network used for the analysis is presented
in Online Resource 1.

With this, the root water uptake rate in each layer
can be described as follows:

RWU(Z,') = KR(Z,') : (Tsoil(zi) - lPx(Zi)) (1)

The total root water uptake rate (U,,) is the sum of
the root water uptake rates of all layers:

Uy = ). RWU(z,) @

U, can be expressed using the water potential
at the plant collar (¥, the total conductance
between soil and plant collar (K,,), and the equiva-
lent soil water potential (¥.,):

Utut = Klar : (lpseq - chollar) 3
‘Pseq, as used in Eq. 14, reflects the overall soil
water potential sensed by the plant. This parameter is
obtained by weighing the soil water potential distri-
bution by the distribution of root conductance (Cou-
vreur et al. 2012). Solving Eq. 14 for ¥, gives:
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U,

tot

K

tot

b d =Y

collar seq (4)

At this point, we assume that Ky(z;) is much higher
than Ky(z;) and therefore Wx(z;) is well approximated
by W .- Note that this assumption is not required
for the separation of RWU in Up and Ug as shown by
Couvreur et al. (2012), but used here to keep the deri-

vation concise. With this, Eq. 12 writes:

RWU(ZZ) = KR(Zi) : (‘Pxoil(zi) - lIIcr)llar) (5)

Using Eq. 15 to replace ¥, in Eq. 16 gives after

rewriting:

collar

Uo
RWU(ZZ) = KR(Zi) : ﬁ + KR(Zi) : (lpsail(zi) - lIlseq)

tot
(6)
In Eq. 17, RWU is expressed as sum of two terms,
of which the first one is independent of the soil water
potential distribution.
We define , - k,) - e a0UG) = K@) - (¥yite) - ¥
and write Eq. 17 as:

seq »

RWU(z;) = Up(z;) + Uq(z,) 7

Note that under the assumption Ky (z;) > > Ky(z)),
K, simplifies to the sum of the radial conductance
of all layers: K,,, = ). Kg(z;). Therefore, U, can be
normalized by division by U,

& _ KR(Z,') _ KR(Z,')
K 2 Kr(@)

Utot tot
Without the assumption Kx(z;)> >Kg(z), lA]P(zi)
would additionally depend on the axial and radial
conductance of other layers and thus on the overall
root hydraulic architecture. Nevertheless, it would
still be independent of ¥ ;(z;).

Up(z;) = (8)
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Online Resource 1 Model of the hydraulic network used in our study. The soil column is

interpreted as 45 stacked soil layers of 1 cm height and 8.1 cm diameter. The top of each soil

layer is located at depth z; with z1=0 cm,..., z4s=44 cm. The bulk roots in each layer are

assigned a radial conductance (Kr(zi)), an axial conductance (Kx(zi)), and a water potential

inside the xylem (Wx(zi)). The water potential in the bulk soil of each layer is denoted as

W.il(zi). The local root water uptake rate is called RWU(zj). U+ot is the total root water uptake

rate and Weonar the water potential at the plant collar.
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Online Resource 4 Soil water characteristics at start and end of the SWaP measurement.
Values are species averages (n=4) t standard deviation. Significant differences between
species are indicated by different letters. Differences were considered significant if p-values

of a Student’s t-test were <0.05

species Ostart (%) Bend (%) P art (kPa) Yeng (kPa)
barley 21+1a 19t1a -11+0a -13t1a
maize 20+2a 18+3ab -11+2a -14+4ab
faba bean 19+1a 18+1ab -11+1a -14+2a
zucchini 19+1a 15+2b -12+1a -19+3b
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Abstract

Although regulation of stomatal conductance is widely assumed to be the most important plant response to soil drying,
the picture is incomplete when hydraulic conductance from soil to the leaf, upstream of the stomata, is not considered.
Here, we investigated to what extent soil drying reduces the conductance between soil and leaf, whether this reduction
differs between species, how it affects stomatal regulation, and where in the hydraulic pathway it occurs. To this end, we
noninvasively and continuously measured the total root water uptake rate, soil water potential, leaf water potential, and
stomatal conductance of 4-week-old, pot-grown maize (Zea mays) and faba bean (Vicia faba) plants during 4 days of water
restriction. In both species, the soil-plant conductance, excluding stomatal conductance, declined exponentially with soil
drying and was reduced to 50% above a soil water potential of —0.1 MPa, which is far from the permanent wilting point.
This loss of conductance has immediate consequences for leaf water potential and the associated stomatal regulation.
Both stomatal conductance and soil-plant conductance declined at a higher rate in faba bean than in maize. Estimations
of the water potential at the root surface and an incomplete recovery 22 h after rewatering indicate that the loss of
conductance, at least partly, occurred inside the plants, for example, through root suberization or altered aquaporin gene
expression. Our findings suggest that differences in the stomatal sensitivity among plant species are partly explained by the
sensitivity of root hydraulic conductance to soil drying.

Introduction

To describe plant responses to soil drying, Feddes et al.
(1978) proposed the concept of a water stress curve which
still is the basis for most current root water uptake (RWU)
models (Dos Santos et al, 2017). In this approach, a reduc-
tion factor of the transpiration rate is related to the soil wa-
ter potential (‘\W,;; see Table 1 for abbreviations). Within a
specific range of reducing W, the transpiration rate is

sustained implying a steadily reduced plant water potential
to compensate for the reduced soil water potential. Below a
critical W, the transpiration rate is linearly reduced due to
a partial closure of stomata avoiding a too strong decrease
of the plant water potential. At the permanent wilting
point, usually assumed to be —1.5 MPa, transpiration ceases.
The exact shape of such a water stress curve depends on
the extent of stomatal closure at a given level of soil drying.
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Table 1 Abbreviations used in the article

Miillers et al.

Term Meaning Unit
gs Stomatal conductance mol H,O m™2s™"
h Soil matric potential cm
Kre Hydraulic conductance between root and leaf cmh™ Mpa™’
Keac Saturated soil hydraulic conductivity cms™
Kst Hydraulic conductance between soil and leaf cm h™' Mpa™’
Ksr Hydraulic conductance between bulk soil and root surface cm h™' Mpa™’
Ksoil Soil hydraulic conductivity cmd™
L Root length m
A Leaf area cm?
ro Root radius cm
IS Radial distance from the root center defining the start of the bulk soil cm
RWU RWU rate mLh™
SWaP Soil water profiler
Up Plant-driven RWU distribution with depth mLcm™>h™’
Up Normalized plant-driven RWU distribution with depth
Us Soil driven RWU redistribution mLcm™3h™
Ucor Total RWU rate mLh™’
Z; Depth of soil layer i cm
A Inverse of the air entry pressure cm™
0 Volumetric soil water content mLcm™
% Soil water depletion rate mLcm™ h™’
A Rate constant of the exponential relation between K or g; and W4 Mpa™"
Ap Dimensionless pore size index of the Brooks—Corey model
T Brooks—Corey parameter with T = —2-3 4
@ Matrix flux potential cm’s™
| o Equivalent water potential in the bulk soil Mpa
Yseq so Equivalent soil water potential at which the conductance (K, or g) was reduced to 50% of Mpa
its initial value
Y. Water potential in the bulk soil Mpa
Y, Water potential at the soil-root interface Mpa
Yeeq, s Equivalent water potential at the soil-root interface Mpa

Variation of this stomatal sensitivity among species led to
the classification in iso- and anisohydric species (Tardieu
and Simmoneau, 1998), which is used to explain varying
plant responses to soil drying (Pou et al, 2012; Sade et al,
2012; Hochberg et al, 2013; Attia et al, 2015). However,
characterizing the hydraulic response of plants to soil drying
by stomatal sensitivity only comes with limitations as sto-
matal control and leaf water potential regulation are not
necessarily related when compared across various species
(Martinez-Vilalta and Garcia-Forner, 2017).

One potential cause for these inconsistencies is that not
only the stomatal conductance, but also the hydraulic con-
ductance upstream toward the stomata, from soil to leaf
(Ksu) can be affected by soil drying. For each part of this
pathway, namely leaves (Cochard, 2002; Ryu et al, 2016),
stems (Cochard, 2006; Li et al, 2009), and the soil root sys-
tem (Saliendra and Meinzer, 1989; Nobel and Cui, 1992
Sperry and Saliendra, 1994; Cochard et al, 1996; Bourbia
et al, 2021), a loss of conductance at a reduced soil water
potential could be demonstrated. Potential reasons are air
gaps between soil and root (North and Nobel, 1997), altered
root aquaporin gene expression (Vandeleur et al, 2009;
Grondin et al, 2016), suberization of the root epi-, endo-,
and exodermis (North and Nobel, 1991; Cruz et al, 1992), or
xylem embolisms (Cochard, 2006; Ryu et al., 2016). Assessing
the importance of a declining Ks, for plant responses to soil

drying requires data on characteristic parameters notably
the decline rate, and the critical soil water potential at
which the decline starts. Depending on these parameters a
declining Ks, might contribute to varying plant responses to
soil drying among species and thus account for the reduced
validity of stomatal sensitivity in this context (Martinez-
Vilalta et al,, 2014; Martinez-Vilalta and Garcia-Forner, 2017).

Stomatal conductance and Ks, act antagonistically on the
plant water status, measured as leaf water potential (V\cap)-
This can be demonstrated by considering the equivalent soil
water potential (‘Ws.q) to describe the water flow from soil
to leaf. V., reflects the distribution of soil water potential
weighted by the distribution of root conductance (Couvreur
et al, 2012). Especially during droughts, when the soil water
potential usually becomes heterogeneous (Hillel et al,, 1976)
Wseq has a more direct relation to ‘¥, than the commonly
used average soil water potential. Using ‘¥, and the total
RWU rate (Ucor), Wiear can be written as

UtOt
Ks

lIlleaf = lI]seq - (1)

During soil drying, ‘¥'seq, Which depends on the soil water
content, is reduced. According to Equation (1), this would
lead to a drop in W\ A reduction of the stomatal conduc-
tance, and thus U, would dampen this drop whereas a re-
duction of K5 would increase it. In other words, a declining
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Noninvasive plant hydraulics

Ks. during soil drying potentially triggers stomatal closure by
amplifying the drop in W, Evidence for such a coupling
comes from two recent studies reporting a parallel decline
of the soil-plant hydraulic conductance and the stomatal
conductance during soil drying (Rodriguez-Dominguez and
Brodribb, 2020; Bourbia et al, 2021). Another study pro-
posed a strong water depletion zone around the roots to di-
rectly trigger stomatal closure (Carminati and Javaux, 2020).

Based on these findings, our study aims at answering the
following questions:

(1) Does soil drying cause a reduction in Kg?

(2) Does the sensitivity of Kg. to soil drying vary among
species?

(3) Does this variation partly account for the varying sto-
matal sensitivity among species?

(4) Does the variation in K, sensitivity occur in the soil or
in the plant hydraulic pathway?

We hypothesize that the differences in the stomatal re-
sponse to a reduced W, between two species are associ-
ated with differences in the reduction of Kg;. We tested this
hypothesis for two species, faba bean (Vicia faba), a dicot,
and maize (Zea mays), a monocot, with different root sys-
tems and water uptake rates per unit root length. Using a
highly precise soil water sensor, we continuously scanned
soil water profiles during several days of progressive soil dry-
ing and derived W,eq and Uy In combination with ¥ie,s
which was measured with psychrometers, we could derive
Ks. and compare it with measurements of the stomatal con-
ductance (Figure 1). To evaluate whether the conductance
between bulk soil and root surface (Ksz), or the conduc-
tance inside the plant, from root surface to leaf (K, ), caused
the decline in Ks;, we estimated the water potential at the
root surface (‘¥y,) using a model (van Lier et al, 2006, 2013;
Carminati and Javaux, 2020).

Results

On the first day, maize plants were significantly larger than
faba bean plants regarding both leaf area (A, 1.5-fold) and
root length (L, four-fold) (Table 2). Compared with maize,
the smaller faba bean plants had significantly greater water
uptake rates per leaf area (two-fold) and root length (six-
fold). The total water uptake rate was also slightly (1.2-fold),
albeit not significantly greater in faba bean. The hydraulic
conductance between soil and leaf (Ks, [mL h™ MPa™"]) was
similar for faba bean and maize. Assuming that in wet soil
most of the hydraulic resistance occurs in the radial pathway
of the roots, the radial root conductivity can be approxi-
mated by the ratio of K, and L which was four times greater
in faba bean compared with maize. As determined in a previ-
ous measurement, average root diameter was significantly
greater in faba bean (0.04 cm) than in maize (0.02 cm).
Figure 2, A, C, and E, shows boxplots of W.q Uop and
W\ear at selected time points on each day during soil drying
for faba bean and maize. For U, and W .. each, one time
point at low and one at high light were considered per day
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due to the strong light response of these two parameters.
Figure 2, B, D, and F, shows the continuous time courses of
the three parameters for one exemplary faba bean plant.
The red vertical lines mark those time points selected for
the boxplots. For faba bean, Y., decreased overall from
-0.015MPa on the first day to —0.12MPa on the last day
(Figure 2A). For maize, the reduction was lower, ranging
from -0.015 to -0.06 MPa. The reduction of ¥, mostly
happened during the diurnal period, at a rate increasing
from the first to the last day (Figure 2B). During the nights,
W,.q even increased slightly, resulting from a redistribution
of soil water which W, is sensitive to. U, decreased in
faba bean from the first day on (Figure 2C) from 5.7 (high
light) and 47mL h™" (low light) to 22 and 1.8mL h™' on
the last day. In maize, Uy, was initially lower (4.7 mL h™" at
high light and 3.6mL h™" at low light) compared with faba
bean and remained constant until the second day. From the
third day on it also decreased to ultimately 3.4 and
28mL h™" and thus remained higher compared with faba
bean. During the day, U, alternated between a higher and
a lower level in response to the two different light levels.
The differences in Uy, between the two light levels were
lower in faba bean, especially during the last 2 days, indicat-
ing a reduced response to varying light (Figure 2D). During
the night, U, remained constant at a low level but never
zero. Also, note that U, at the first high light period of a
day was similar to the last high light period of the previous
day. This indicates that U, declined during the day and
not at night, and thus followed the dynamics of Weeq. Wiear
decreased gradually in faba bean (Figure 2E) from -0.7 (high
light) and —0.6 MPa (low light) on the first day to —1.1 MPa
and —1.0 MPa on the last day. In maize, the initial values
were slightly higher (-0.6 MPa at high light and -0.5 at low
light) compared with faba bean. During the following 2 days,
W ear Only decreased slightly but more pronounced until the
last day to —1.1 and —0.9 MPa. Like Uy, W\ear changed with
the alternating light levels (Figure 2F). In contrast to Uy
however, W ;s did not remain constant but steadily in-
creased during the nights. This steady increase was faster
during the first compared with the last night. The first light
period of a day, W, was similar (second day) or even
higher (third and fourth day) compared with the last light
period from the previous day.

In a next step, we analyzed the effect of soil drying on
W,eq and the hydraulic conductance between soil and leaf,
Ks.. Ks. was derived by rearranging Equation (1). Figure 3A
shows an example K, (black dots) of a faba bean as a func-
tion of W, For the analysis, we considered four measure-
ment points per light period (28 points per day) excluding
data measured at night. After a short, initial phase of in-
crease, we observed an exponential decrease of Ks;. Among
all replicates, we found a ‘¥, of —0.025 MPa as a consistent,
critical point at which the exponential decline had started.
For selected plants, we additionally measured the stomatal
conductance g; with a portable LiCor 6400 photosynthesis
system. During the 4days of soil drying g (orange dots in
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Psychrometer

Figure 1 Experimental setup and hydraulic model used in this study. A, Scheme of the experimental setup and the different water potentials used
for the data analysis. The equivalent water potential in the bulk soil (W), at the root surface (‘Wseq, sr), and the total root water uptake rate
(Uyor) were derived from the SWaP measurements. The leaf water potential (‘\V(e.r) Was measured with psychrometers, the stomatal conductance
with a LICOR 6400. Root length was determined with MRI. B, Scheme of the hydraulic network from the bulk soil to the leaf. The overall conduc-
tance from bulk soil to leaf (Ks;) can be separated into the conductance from bulk soil to the root surface (Ksg) and from root surface to the leaf

(Kgv)-

Table 2 Characteristic plant parameters at the beginning of the water
restriction period as medians+median absolute deviation among all
measured replicates

Parameter Faba bean Maize

A (m?) 0.036+0.006 0.063 +0.007
L (m) 41+£9™ 162+8
Ugor (ML KT 50+0.7 41+09
Ks. (mLh™" MPa™") 83+12 78425
Ue A7 (MLh " m™) 138+9™" 64+11
Uor L' (MLA m™) 0.119+0.022"" 0.022 +0.005
K L' (mLh™ " MPa™ " m™’ 020+0.02" 0.05+0.02

Leaf area (A) and root length (L) were determined before the start of the measure-
ments. Uy, and Ks_ were averaged across the first day of measurement (four data
points per light period, excluding data from the night) for each plant. Asterisks indi-
cate significant difference between faba bean and maize. P-values were derived with
a Mann—Whitney U test. P-values < 0.05 are indicated as *, <0.01 as ** and <0.005
as ***.

Figure 3A) showed a similar dependence on W,.q as Kq: it
decreased exponentially below a W, of —0.025MPa. Note
that g; was only measured once per light period, at least
four times a day. We determined the rate constant /4 of the
decline by exponentially fitting the data starting from the
critical oo, of -0025MPa: Ky = A - eH(¥sat0025) o
g = A - (T 005) Note that W, is negative and thus a

positive A implies a decline of Ks. Measured data on Kg
and g, together with the exponential fit and the resulting 4
are shown in Supplemental Figures S1 and S2 for each repli-
cate separately. Both, Ks; and g, declined at a higher rate in
faba bean compared with maize (Figure 3B). One maize rep-
licate (bottom left panel in Supplemental Figure S2) had a
very low initial U, (25mL h™") leading to only moderate
soil water depletion and thus a narrow range of ‘¥4 along
which Ks and g were fitted. This caused the strong outlier
in Figure 3B. Excluding this outlier, the differences in A for
Ks. between faba bean and maize were significant (P-val-
ue < 0.05, derived with a Mann-Whitney U test). Among
faba bean replicates, A was similar for Kg (14.5MPa”") and
g (166MPa™"). Note that for K the median shown in
Figure 3B was calculated among all 12 replicates. Stomatal
conductance, however, was only measured for six of these
replicates. Considering those six replicates only, the median
of A for Kg, is 16.0 MPa™', which was not significantly differ-
ent from the /1 of g, In maize, A for g, (4.7 MPa™", Figure 3B)
was lower than for Kg (9.5MPa"). Considering only repli-
cates for which stomatal conductance was measured results
in a A of 7.8 MPa™' for Kg. This was significantly higher (P-
value < 0.05) than A of g, when the outlier mentioned
above was excluded.
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Figure 2 Reduction of the equivalent soil water potential (‘¥s.), total root water uptake rate (U, and leaf water potential (Vo) during 4 days
of soil drying. A, C, and E, Data of all replicates (faba bean n = 12, maize n = 10) as boxplots at selected time points. Different colors in (C) and (E)
refer to the two different light levels. Horizontal lines are medians, boxes reach from the first to the third quartile. Whiskers mark the minimal
(lower whisker) and maximal (upper whisker) data points within 1.5 times the interquartile range from the first and third quartile, respectively.
Circles are outliers beyond the whiskers. We tested for significant differences in W¢q Uror, and Wieo¢ between faba bean and maize at each selected
time point. P-values were derived with a Mann-Whitney U test. P-values <0.05 are indicated by *, <0.01 by **, and <0.005 by ***. B, D, and F,
The continuous time courses of the three parameters during the 4 days of soil drying for one example faba bean plant. Fluctuations of the ob-
served parameters are caused by the fluctuating light intensity. Red dashed lines mark those points used for the boxplots. Shaded areas indicate

the nonilluminated periods.

For an alternative interpretation of the decline rates 4, we
calculated the equivalent soil water potential at which the
initial conductance was reduced to 50% (Weq so), as indi-
cated by the vertical dotted lines in Figure 3A. Weq 5o Was
calculated as

In 2
-

For faba bean, Ks; and g, were both reduced by 50% at a
Weq of —0.07 MPa compared with the initial value at a 'V,
of -0.025MPa (Table 3). Maize with generally lower Zs,
showed lower (more negative) values: Wi q 50 was
-0.10 MPa for Ks. and -0.13 MPa for g..

To analyze how Ks behaves on a daily scale, we deter-
mined Ks_ as the slope of the relation between U, and
Wer at morning afternoon, and evening separately
(Supplemental Figure S3A). For faba bean, Ks; declined con-
tinuously during the day and was significantly lower in the

LPseq,SO = —0.025 MPa —
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evening compared with the morning on each day
(Supplemental Figure S3B). However, each morning Ks
tended to be greater than on the previous evening, consis-
tent with the increasing W during the nights (Figure 2B).
For maize, we also observed consistently lower Kg_ in the
evening compared with the morning of the same day, but
on some days Ks, slightly increased from morning to after-
noon or from afternoon to evening.

The hydraulic pathway from bulk soil to the leaf can be
separated into a soil part (from bulk soil to the root surface)
and a plant part (from root surface to the leaf). Here, we
want to estimate whether the observed reduction in Kg_
mostly happened in the soil or in the plant pathway.
Deriving the hydraulic conductance of each part separately
requires the water potential at the root surface W,q o to
be known. W, o can differ from W, (referring to the
bulk soil) due to a water depletion zone around the roots
which can be estimated using a model (Carminati and
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Figure 3 K and g, drop exponentially during soil drying at higher rates in faba bean than in maize. A, Example data of Ks; (black) and gs (orange)
at reducing W.q for one faba bean plant. Per light period we considered four measured data points of K, (black dots) and one measured data
points of g, (orange dots). Dashed lines follow an exponential fit of the form Ksi (Wseq) = A - eM¥seat0.025) or g (W, ) = A - e (Fsat0025) searting
at a W,q of —0.025 MPa. Vertical dotted lines mark the values of ¥4 at which K, or g were reduced to 50% of their initial values at a ‘¥4 of
-0.025 MPa. B, Variation of the rate constants 4 obtained from the exponential fits of K5 and g; among faba bean and maize replicates. / is a mea-
sure for the sensitivity of the conductance to soil drying. Characteristics of the boxplots are similar to Figure 2, A, C, and E. Numbers on the boxes
indicate the median values. The inserted figure includes all outliers which are only partly shown in the main panel. g; was only measured for six
replicates while K5, was measured for 12 (faba bean) and 10 (maize) replicates. Asterisks indicate significant differences (*P-value < 0.05,
*P-value < 0.01, **P-value < 0.005) between faba bean and maize, tested with a Mann—Whitney U test.

Table 3 Equivalent soil water potential at which Ks; and g; were re-
duced to 50% of its initial value

Parameter Faba bean Maize
‘l’seq_go (MPa) for Kg. -0.07+0.01 -0.10+0.03
‘Pseq,so (MPa) for g -0.07+0.02 -0.13+0.08

Note that “initial” refers to the start of the exponential decay at a ‘Piq of
-0.025 MPa. Values are medians + median absolute deviations.

Javaux, 2020). We estimated W,  for two different scenar-
ios: (1) the full root length is actively involved in water up-
take. (2) Only 50% of the root length takes up water.
Figure 4 shows an example calculated ¥, & in comparison
to W,eq for one faba bean (Figure 4A) and one maize plant
(Figure 4B). Generally, the difference between W, o and
W,eq increases with increasing water uptake rates per unit
root length and decreasing W.q. For faba bean, considering
100% root length (cyan), there was only a marginal differ-
ence between W, o and W, (black 1:1 line) (Figure 4A).
Conservatively assuming that only 50% of the root length is
active in water uptake led to a generally lower W, o
(blue). In this scenario, W, s showed some fluctuations at
the end of the measurement (Figure 4A) due to the depen-
dency on the transpiration rate and thus the alternating
light intensity. The difference between W, o and Weq was
still low (<0.02MPa) until a W,q of —0.10 MPa. At the end
of the measurement, ‘¥, o was 0.05MPa lower than ¥

For maize, in both scenarios, the differences between W, o
and ¥, were negligible.

Using the calculated W, 5, we could derive the conduc-
tance between bulk soil and root surface and between root
surface and leaf (Kg,) separately. For this, we divided the to-
tal water uptake rate by the water potential difference be-
tween bulk soil and root surface and root surface and leaf,
respectively. Since the estimation of W, . does not ac-
count for a loss of soil-root contact, the conductance of
the interface between soil and root is included in Kg,. In the
following, we compare Ky, to the overall conductance Kg,.
For one faba bean replicate, Figure 5A shows an example
Ks. (black, half-filled circles) and Ky, for 100% root length
(cyan, half-filled circles) and 50% root length (blue, nonfilled
circles). Over a broad range of W, Ks. and Kg_ were al-
most identical, both showing the above-described exponen-
tial decay. Only below a W, of —~0.18 MPa, K, (50% root
length) remained considerably higher than Ks_ and even in-
creased slightly. Note that at this point, K5, was already re-
duced by 75%. Analogously to K5 we quantified the decay
of Kg, by determining the decay rate 4 of an exponential fit.
A of K. was close to that of Kg, in all crops and simulated
scenarios (Figure 5B).

These results suggest that the decline in Kg is almost
completely explained by a decline in K, and the effect of a
reduced W, 5 was negligible. For further evidence, we cre-
ated the hypothetical, opposite scenario and tested how
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Figure 4 Estimated water potential at the root surface (P, <) as a function of the bulk soil water potential (‘F.q). Data are an example shown
for one faba bean (A) and one maize plant (B). Water potential at the root surface was calculated for the full measured root length and half of the
measured root length. Dotted line is the 1:1 line.
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Figure 5 Comparison between the hydraulic conductance between root surface and leaf (K, ) and K, throughout the soil drying period. A, Kg,
compared with K, as a function of W, example shown for one faba bean plant (same plant as in Figure 3A). Kg_ was determined using the cal-
culated water potential at the root surface for the full root length (cyan) or half of the root length (blue). We exponentially fitted the data (dashed
lines) to determine the rate constants A starting at a ‘¥q of —0.025 MPa. For reasons of clarity, we plotted only one data point per light period
here but derived the exponential fit using four data points per light period, analogously to Figure 3. B, Boxplots of the rate constants 4 obtained
from the exponential fits of Ks_ (black, same data as in Figure 3B) and Kg, considering the full root length (cyan) or half of the full root length
(blue) for faba bean (n = 12) and maize (n = 10). Characteristics of the boxplots are similar to Figure 2, A, C, and E. The main panel does not in-
clude all outliers which are shown in the inserted figure.

strong Wseq, s» would need to drop to fully explain the mea-
sured decline in Kg_ (Supplemental Figure S4). The theoreti-
cal Wseq o was calculated using a variation of Equation (1)
for the pathway between root surface and leaf:
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For this scenario, Kz, was assumed to be constant and ap-

proximated by the initial Kg at W q=-0.025MPa. The
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Figure 6 Recovery of different hydraulic parameters upon rewatering after 4 days of water restriction for one faba bean plant. Parameters are ¥,
(A), Plear (B), Uor (C), and Ky (D). Vertical dashed lines mark the time point of rewatering. Horizontal dashed line in (D) marks the initial value of
Ks at a Weq of —0.025 MPa (Ks o). Nights are indicated by the shaded areas.

calculation shows that if Kg. was constant, W, o would
need to decrease <-0.6MPa at a ¥, of -0.1MPa and
<-12MPa at a W, of -02MPa to account for the
reduction in Ks. Then, we tested how close the estimated
Wseq, s using the water depletion model, could get to this
hypothetical line by considering only a reduced fraction of
root length or root diameter (Supplemental Figure S4). For
none of the tested fractions, the estimated ¥, 5 was com-
parable to the theoretical one at constant K, either in
terms of amplitude or shape of the decline. This analysis
supports our conclusion that most of the decline in K did
not occur between bulk soil and root surface.

We compared the root architectures between faba bean
and maize to further elucidate the different responses to soil
drying between the species. As an example shown in
Supplemental Figure S5A, faba bean had a greater fraction
of root length in the top 10cm while in maize the fraction
<30cm was greater. For quantification, we determined the
depth D5, at which 50% of the total root length was
reached, which was significantly deeper in maize (20cm,
Supplemental Figure S5D) than in faba bean (12cm). The
resulting pattern of water uptake rates (Up) was initially
contrasting, with a greater fraction of water uptake in shal-
low layers for maize compared with faba bean
(Supplemental Figure S5B). This changed toward the last
day of measurement when the fraction of Up <30cm was
greater in maize than in faba bean (Supplemental Figure
S5C). These observations were confirmed by the D_50 of
Up, which was deeper in faba bean for the first day but
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shifted to a significantly deeper layer in maize for the last
day (Supplemental Figure S5D).

After 4days of soil drying, we rewatered four of the faba
bean plants to analyze how the measured parameters would
recover. The example in Figure 6 shows the data for one
faba bean plant. Within 30 min after rewatering, ‘¥, in-
creased from —0.14 to —0.01 MPa (Figure 6A) which is com-
parable to the initial value on the first day. Within 1h after
rewatering, W, increased from -13 to -0.8MPa
(Figure 6B) which was only slightly lower compared with the
initial W\e,s of —0.7 MPa. During the next 20 h, V¢ further
increased resulting in values of —0.6 MPa which is even lower
compared with the start of the measurement. In contrast,
the recovery of Uy, was slower (Figure 6C): 5h after
rewatering, U at high light level was similar to the high
light level before rewatering (around 1.9 mL h™"). Four hours
later, U, had increased to 3.1mL h™". During the following
night, Uy, further increased steadily and reached around
40mL h™' on the next morning (21h after rewatering)
which is around 40% lower compared with the initial values
on the first day (6.5mL h™'). Compared with the value at a
W,eq of —0.025 (horizontal dotted line in Figure 6D), Ks, had
declined to around 17% before rewatering (Figure 6D).
Upon rewatering, K steadily increased, up to 50% of the
initial value after 8 h. The next morning, within 20h after
rewatering, Ks; had recovered to around 85%. For the other
three rewatered faba bean plants, measurements were taken
only up to 5.5h after rewatering. Nevertheless, trends were
similar (Supplemental Figure S6, A-F): W,.; reached the
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initial value within several hours after rewatering while U,
recovered much slower. Data from a separate experiment
on two 6-weeks-old faba bean plants indicate that full re-
covery of Uy took 40h after rewatering (Supplemental
Figure S6, G—H).

Discussion

The hydraulic conductance between soil and leaf declined
exponentially with reducing soil water potential. In faba
bean, this decline occurred at a higher rate than in maize
which partly explains that faba bean closed its stomata
more quickly. Estimations of the water potential at the root
surface suggest that not only the soil conductance but also
the conductance between root surface and leaf dropped.
This was supported by an incomplete recovery, 22h after
rewatering.

We analyzed to what extent the hydraulic conductance
between soil and leaf (K, ) is affected by soil drying. For that
we continuously and noninvasively measured the total root
water uptake rate (U,.) and the equivalent water potential
in the bulk soil (‘W) with the soil water profiler (SWaP)
and the leaf water potential (W e,) on faba bean and maize
during 4 days of soil drying. The initial conductance at the
beginning of soil drying was higher in faba bean (83 mL h™
MPa~', or 3.5mmol m™? s~' MPa~' when normalized by leaf
area) than in maize (78 mL h™" MPa™' or 1.9mmol m™ s™"
MPa™"). These values fit in the range reported in the litera-
ture for lupine (Lupinus albus L) (13.7mL h™' MPa™'; Hayat
et al, 2019) Tanacetum cinerariifolium and Callitris rhomboi-
dea (both around 45mmol m™> s™' MPa~"; Bourbia et al,
2021) or olive (Olea europaea L. var. arbequina) (0.7 mmol
m~> s7' MPa™"; Rodriguez-Dominguez and Brodribb, 2020).
Among replicates, Ks; consistently declined exponentially as
a function of the equivalent soil water potential starting at a
Weq of —0.025MPa (Figure 3A). We determined the rate
constant / of this decline by exponentially fitting Ks (‘Wseq)-
The rate constant is a measure for how sensitive the
conductance is to soil drying: A high 4 reflects a fast decline
of the conductance and thus high sensitivity to a reducing
W Among faba bean replicates we found a 4 of
15MPa". This is equivalent to 50% reduction of K within
a range of W, from -0.025 to —0.07 MPa. In maize, A was
lower (10MPa™") and Ks; dropped to 50% only at a Weq of
—0.10 MPa. These high decline rates are probably caused by
the sandy soil substrate. Hayat et al. (2019) reported similar
values for lupine plants in a sandy soil (90% loss of conduc-
tance at a W q of —0.17 MPa). A study among different sug-
arcane (Saccharum spp. hybrid) cultivars reports an even
faster decline, with an almost complete loss of conductance
before W, reached -0.1MPa (Saliendra and Meinzer,
1989). On the other hand, slower declines have been ob-
served as well, ranging from a 50% loss of conductance be-
low a W, of —1.0MPa in T. cinerariifolium and Callitris
rhomboidei (Bourbia et al., 2021) to a 30%—-60% loss only be-
low a W, of —10 MPa in desert succulents (Nobel and Cui,
1992). The rate constants observed in our study highlight
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the impact of the Ks_ decline on the plant response to soil
drying: For faba bean, sustaining the initial transpiration
rate, and thus stomatal opening, would lead to a drop in
Wiear as little as —0.045 MPa to compensate the reduced
Wseq from -0.025 to -0.07 MPa. Due to the 50% reduction
of Ks, however, keeping the stomata open would result in a
much greater drop in W by —0.6 MPa (see Equation (1)).
Given these values, it is highly likely that the drop of Kg
affects stomatal conductance. Note that for the considera-
tions described above, we referred to the water potential in
the bulk soil. Whether a drop of the water potential around
the roots accounted for the observed drop in Kg is dis-
cussed further below.

The stomatal conductance (g;), measured with a portable
LiCor 6400 photosynthesis system for selected plants, also
declined exponentially starting at a ‘W, of -0.025MPa
(Figure 3A). Again, we quantified the exponential decay by
determining the rate constant /. In the case of g, 4 is an es-
timate for how strong the stomata respond to soil drying. A
higher A indicates a higher reduction of the stomatal con-
ductance at a given ‘¥, independent of how fast ¥, was
reduced. Like for Ks, the decline rate for g was lower in
maize compared with faba bean. This can be interpreted as
follows: at a given level of soil drying measured as W,
faba bean experienced a stronger reduction of water avail-
ability than maize due to the stronger decline of the hydrau-
lic conductance between bulk soil and leaf. This led to a
stronger reduction of the stomatal conductance. The exact
mechanism which couples Kg. and g, is still unclear.
Different, nonhydraulic signaling cascades such as enhanced
abscisic acid biosynthesis (Liang et al, 1997), reduced cytoki-
nin supply (Blackman and Davies, 1985), or suppressed
stringolactone biosynthesis (Visentin et al, 2016) have been
suggested to propagate from dehydrated roots to the shoot
and initiate stomatal closure. In this case, K5 and g5 would
be linked. A recent review, however, concludes that most of
the stomatal regulation happens hydraulically via the leaf
water potential (Buckley, 2019). We, therefore, postulate
that Ks; and g; are indirectly linked by the balancing of W|.¢
and the transpiration rate (Equation (1)) although our data
do not allow a clear distinction between transpiration rate
and g;. Both were closely linked since the VPD was kept
constant by the climate chamber control and water-cooling
of the LED panel. Irrespective of the above, our data suggest
that the variation of stomatal sensitivity among species can
partly be attributed to a variation of the Ks_ sensitivity.
Potential causes for the variation of the Kg  sensitivity
among species are discussed below. However, while in faba
bean, K5 and g, in agreement with several recent studies
(Rodriguez-Dominguez and Brodribb, 2020; Abdalla et al,
2021; Bourbia et al, 2021), declined almost in parallel, in
maize g; declined at a 50% lower rate than Ks (Figure 3B).
This indicates that in addition to its dependence on Kg, sto-
matal sensitivity is partly a species-inherent trait as com-
monly assumed (Tardieu and Simmoneau, 1998; Klein,
2014).
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We used W,.q as a measure for the extent of soil drying
that the plant is exposed to. W, is the distribution of soil
water potential weighted by the distribution of root conduc-
tance (Up) which is directly linked to the root distribution.
During the 4 days of soil drying, ‘¥..q was generally lower in
faba bean than in maize, especially on the last 2days
(Figure 1A). Since the total water uptake rates were compa-
rable or, during the last 2days even greater in maize
(Figure 1C), the differences in W, are most likely explained
by the different root architectures between the two species:
maize had a higher fraction of deep roots than faba bean
(Supplemental Figure S5, A and D) and thus was able to ac-
quire a higher fraction of water from deeper layers at the
later stages of the experiment (Supplemental Figure S5, C
and D). Since the soil water potential usually is less negative
in those deeper layers, the weighted ¥,., was less negative
in maize than in faba bean. Note that by using ¥, we ac-
count for the effect of root distribution on Ks_ which is not
case when the more common average soil water potential
or soil water content are used as a measure for soil drying.

Explaining the different rate constants between faba bean
and maize starts with determining which part of the hydrau-
lic pathway between bulk soil and leaf caused the observed
drop in Ks. Recently, a water depletion zone around the
roots has been proposed to account for a major loss of hy-
draulic conductance from soil to plant which could initiate
stomatal closure (Carminati and Javaux, 2020). The water
depletion zone would cause a much lower water potential
at the root surface g & than in the bulk soil ¥, Based
on a model by Carminati and Javaux (2020), W, s can be
calculated for given soil hydraulic properties. The difference
between W,.q & and W, increases with increasing water
uptake rate per root length, decreasing root radius, and de-
creasing \Veq. We observed a steeper decline of W, & with
W, in faba bean than in maize. Since the total water up-
take rates were comparable between the two species, the
differences in W, & are caused by differences in the total
root length and the average root diameter. Faba bean had a
greater average root radius but a smaller total root length
than maize (Table 2) which is typical since dicots usually
have a lower specific root length than monocots (Read
et al, 2010). As demonstrated in Supplemental Figure S4,
root length had a stronger impact on the estimated Vg, o
than diameter. Therefore, the steeper decline of Wy, o in
faba bean is explained by the much lower total root length
compared with maize. Nevertheless, the calculated difference
between W, & and W, (Figure 4) and thus the impact
on the decline of K5 was marginal for both faba bean and
maize (Figure 5). In another study, the drop of ¥, . could
explain experimental data on the loss of soil-plant conduc-
tance when only 0.7%-2.5% of the measured root length
was considered in the water uptake process (Hayat et al,
2020). From the magnetic resonance imaging (MRI) images,
we know that parts of the root system were close to the
pot borders in our experiment. This might have limited the
access to soil water leading to a reduction of the active root
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length, however, not to such a drastic extent. Nevertheless,
we tested the effect of halving the measured root length
which resulted in a considerably lower ¥, & for faba bean
at the end of the measurements (Figure 4) but had no re-
markable impact on K, (Figure 5). This indicates that even
though the soil conductivity around the roots drops sharply
(Supplemental Figure S7) at the measured soil water
regimes, it stays considerably greater than Kg,. Therefore,
our data suggest that most of the Ks, decline did not occur
in the soil zone close to the roots. Note that we used a total
root length and average root radius for the estimation of
Wseq, s and did not consider the spatial root distributions.
Nevertheless, our analysis shows that even though we prob-
ably overestimate local root length densities or root radius,
the model estimations of W, « are far from explaining the
decline in Ks; (Supplemental Figure S4).

To further clarify whether the drop of Ks; occurred inside
or outside the plant, we need to consider a potential loss of
the soil-root contact. Dehydration of root tissue in drying
soils can lead to root shrinkage and thus enhance the reduc-
tion of the soil-root contact (Nobel and Cui, 1992; North
and Nobel, 1997; Carminati et al, 2009). The estimation of
Weq, s does not account for a reduced root soil contact.
Therefore, the estimated decline of Ky, (Figure 5) includes
the decreasing conductance resulting from a potential
shrinkage of roots. Rodriguez-Dominguez and Brodribb
(2020) observed a reduced conductance of the soil-root in-
terface, attributed to root shrinkage, to mainly cause a 74%
drop in the overall plant conductance during soil drying.
Compared with our study, this drop is in the same order of
magnitude but occurred at a much lower water potential
(Wstem between -1.0 and —4.0 MPa (Rodriguez-Dominguez
and Brodribb, 2020) compared with W\, between -0.6 and
—-1.1MPa in our study (Figure 2)). However, X-ray CT studies
on lupin (Carminati et al, 2013), faba bean (Koebernick
et al, 2018), and maize (Duddek et al, 2022) revealed sub-
stantial root shrinkage leading to air gaps between soil and
root starting already at a relatively high ¥, of —0.01 to
-0.02 MPa. This is comparable to the critical W, of
—0.025 MPa at which the decline of K, started in our study.
Carminati et al. (2013) suggested that a slightly reduced soil
conductivity led to the initial dehydration and shrinkage of
the roots, which then, in a self-enhancing process, would
cause an additional drop of the conductance and thus addi-
tional root shrinkage. In turn, the temporary recovery of K
that we observed during the night (Supplemental Figure S3)
could result from root rehydration and thus a recovery of
soil-root contact. This would fit the observation of a diurnal
variation of root diameter with shrinkage during the day,
and swelling during the night (Huck et al, 1970). However,
in faba bean, root shrinkage was shown to be almost fully
reversed within 3 h after rewatering (Koebernick et al, 2018).
In our study, the Kg; of faba bean had not fully recovered
within 20h after rewatering (Figure 6D and Supplemental
Figure S6) while W, was almost fully recovered within
30min (Figure 6A). This suggests that a reduction of the
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conductance between bulk soil and root surface was not
the only reason for the reduced K.

It is, therefore, likely that the drop of Kg, partly occurred
inside the plant including the radial pathway from root sur-
face into the root xylem and the axial pathway from root
xylem into the leaf. Root aquaporin activity has been shown
to modulate the loss of root hydraulic conductance during
soil drying for various species (Martre et al, 2001; Aroca
et al, 2006; Galmés et al., 2007; Perrone et al,, 2012; Grondin
et al, 2016; Rodriguez-Gamir et al, 2019). Other studies re-
port a close linkage between a reduced radial root conduc-
tivity and suberization of the root endodermis (Cruz et al,
1992; Lo Gullo et al, 1998) or lacunae formation in the tis-
sue of fine roots (Cuneo et al, 2016) or both (North and
Nobel, 1991). Whereas the aquaporin contribution to root
conductance was shown to fully recover within 5h after
rewatering (Rodriguez-Gamir et al., 2019), lacunae formation
(Cuneo et al, 2016) and suberization (Lo Gullo et al, 1998)
are permanent and require growth of new roots to restore
Ksi. This could explain the incomplete recovery of Ks 20h
after rewatering (Figure 6D) in our study. The extent of re-
duced conductance caused by changes in gene expression
and root morphology varies among species. This is
highlighted by two grapevine cultivars, for which differences
in the reduction of root hydraulic conductance could be
assigned to a difference in aquaporin expression during
drought (Vandeleur et al,, 2009). Another study on two dif-
ferent grapevine rootstocks revealed a stronger decline of
root hydraulic conductance to correspond to a faster suberi-
zation (Barrios-Masias et al., 2015). If such variations occur
even within the same species, it is likely that the different
rate constants of K5, between faba bean and maize in our
study are partly caused by differences in root morphological
changes upon soil drying.

Although xylem embolism is predominantly observed in
trees below a stem water potential of —2.0 MPa (Cochard,
2006), some studies suggest that it also needs to be consid-
ered in crops: in maize, xylem embolism was shown to cause
a 25% loss of conductance in leaves at a W, of —0.25 MPa
(Ryu et al,, 2016) and 23% loss of conductance in stems at a
Wem of —1.0MPa (Li et al, 2009). Another study on maize
leaves, however, shows that the conductance loss due to xy-
lem embolism is less than 15% until a W, of —1.5MPa is
reached (Cochard, 2002). Since in our experiments, V.
mostly remained >-1.2 MPa (Figure 2E) and the decline of
Kg. started at a W,eq of —0.025 MPa, we conclude that a re-
duced xylem conductance due to embolism did not cause
the decline in K.

In summary, our estimations of W,  and the slow re-
covery after rewatering indicate that the decrease in K
partly occurred in the hydraulic pathway between root sur-
face and leaf, and thus inside the plant. This should not ob-
scure the fact that a reduction in the soil water potential
around the roots with, however only a marginal effect on
Ksy, is likely to be the initial cause leading to a decreasing
plant hydraulic conductance. The greater extent of water
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depletion around faba bean roots compared with maize
roots at a given W, (Figure 4) could have led to a stronger
response of Ks_ in faba bean. From this perspective, the sig-
nificant differences in root length densities (Table 2) might
be the crucial factor to explain the differences of the decline
in Ks, and ultimately in g, between the two species.
Additionally, faba bean generally had a greater initial stoma-
tal conductance than maize (Supplemental Figures S1 and
S2) which also contributed to the initially greater water up-
take rates per unit root length (Table 2). The resulting dehy-
dration of the root tissue could then have triggered a
decrease of radial root conductance by alterations in the
gene expression (aquaporins) or in root morphology (suberi-
zation) which amplifies the reduction of Kg. But why would
the plant initiate such a drastic decline of K5, when the wa-
ter supply toward the roots is only moderately constrained?
As suggested by Carminati et al. (2020), stomatal closure at
an early stage of water stress can prevent a severe drop of
the water potential around the roots. Since leaf water status
seems to be the principal factor regulating stomatal conduc-
tance (Buckley, 2019), we speculate that the decrease in Kg
is a mechanism to force stomatal closure by enhancing the
drop in W\ Such a strategy would amplify the initial water
stress but could be beneficial in the long-term by avoiding a
steep water potential gradient toward the root surface. In
addition, the decrease of Ks in roots in drier soil layers
could be accompanied by root growth in wetter soil layers.
This would lead to lower water uptake rates per unit root
length and thus help to avoid excessive rhizosphere drying.
However, it should be kept in mind that due to the poten-
tial loss of soil-root contact, it remains difficult to evaluate
to what extent the plant is in control of the Ks_ decline.
Despite this speculative aspect, our study clearly highlights
that how a plant responds to water stress, strongly depends
on how sensitive Kg is to soil drying. This has different
implications on the widely used Feddes model (Feddes et al.,,
1978; Feddes et al, 2001), at least when plants grow in a
loamy sand:

(1) The range of ¥, at which the transpiration rate is sus-
tained is very narrow because Ky, starts already declin-
ing at W eq = —0.025 MPa.

(2) The slope of the declining part of the water stress curve
is not expected to be constant anymore since it
depends on Kg (Couvreur et al., 2015).

(3) The point at which transpiration reaches zero is much
higher (less negative) than the permanent wilting point
of —1.5 MPa.

(4) The extent of reduced water availability at a given ¥
is not constant anymore but varies among species due
to a varying Ks,_ sensitivity to soil drying.

To obtain a more precise description of plant responses
to soil drying, the reduction of Kg_should be taken into ac-
count when calculating water stress curves. This could be re-
alized by the rate constant 4 of the declining Kg (‘Fseq)
which, however, varies among species.
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Conclusion

We observed a strong reduction of the hydraulic conduc-
tance between soil and leaf, K, at even moderately low soil
water potentials. This implies that the main hydraulic im-
pairment during soil drying does not only result from the re-
duced soil water potential but from the reduced hydraulic
conductance between soil and leaves. Therefore, how plants
respond to a gradually reduced soil water potential strongly
depends on the extent of the K, reduction. Here, we show
that between two species, faba bean and maize the sensitiv-
ity of K, differs as quantified by the rate constant of the ex-
ponential decline. In faba bean, this rate constant is higher
than in maize implying a faster reduction of the water avail-
ability at a given soil water potential and thus a stronger im-
pulse for stomatal closure. In agreement with that, also the
stomatal conductance declined at a higher rate in faba bean
than in maize suggesting that varying stomatal sensitivity
among species partly arises from a varying susceptibility of
Ks.. A potential origin for the differences in the Kg, suscepti-
bility could be the initial water uptake rate per root length
which was six times higher in faba bean than in maize. Our
data suggest that the Ks decline partly occurs inside the
plant which could be a strategy to avoid a severe water de-
pletion zone around the roots and thus improve plant per-
formance during a longer drought. However, additional
studies are needed to further disentangle the role of the soil
and plant in response to drought. This could be realized by
comparing the Ks; decline among plants grown in different
soils with varying hydraulic properties.

Materials and methods

Plant growing conditions and experimental design

Faba bean (V. faba, n = 12) and maize (Z mays, n = 10)
plants were grown in PVC pipes (50 cm high, inner diameter:
8.1cm) filled with a sandy loam containing 73.3% sand,
23.1% silt, 3.6% clay, as reported by Pohlmeier et al. (2009),
mixed with 20% (v) coarse sand (0.7-1.4 mm). The water re-
tention curve of the substrate is shown in Supplemental
Figure S7. A total substrate volume of 2.32L was filled into
the pots to a height of 45cm resulting in a bulk density of
1.47 kg/L. Plants were grown in a climate chamber at the
Research Centre Jllich under a constant temperature of
21.5°C+0.2°C and a VPD,;, of 1.49kPa. Until the start of
the measurements, plants were regularly watered to main-
tain an average volumetric soil water content (0) of around
20%. Once a week, plants were fertilized using an NPK nutri-
ent salt (Hakaphos Red; Compo Expert; 8% N, 12% P, 24%
K), diluted in water at 0.3% (v/v). Plants were illuminated
using a water-cooled LED panel (3200K, 5 x 5 LEDs 20W
each) for 14 h during the day. Within these 14 h, light inten-
sity was regulated to alternate in 2-h periods of a high
(PPFD of 1,000umol m™ s™") and a low light intensity
(PPFD of 500 pmol m™ s™") resulting in a daily light integral
of 39.6mol m™ d”". The alternating light pattern enabled us
to derive water uptake profiles with the SWaP as described
below. At an age between 4 and 5weeks after sowing
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selected according to a preferably similar water uptake rate
among replicates, root system of the plants were imaged
with MRI. Then, water supply was withheld for 4 days.
During these 4 days Ug and W, were determined with the
SWaP. Simultaneously, ¥ \.,s and the leaf gas exchange were
measured with a psychrometer and a LiCor 6400, respec-
tively. After the 4days of soil drying some of the plants
were rewatered to observe if Uiy Wseq and ‘Peqs recovered.

Root length measurement with MRI

Right before the start of the soil drying experiment, root
length distributions of the plants were determined using
noninvasive imaging with MRI. A 47T vertical wide bore
(310 mm) magnet (Magnex, Oxford, UK) and a gradient coil
(ID 205mm [MR Solutions]) generating gradients up to
400mT/m were used in our setup. An MR Solutions
(Guildford, UK) console was used to control the measure-
ments. MRI data were analyzed with NMRooting software
(van Dusschoten et al, 2016) yielding the total root length
and root length distributions at a 1-cm vertical resolution.
For a similar MRI setup, roots with a diameter <200-
300 um were below the detection limit (van Dusschoten
et al, 2016). In an earlier experiment with 4-weeks-old faba
bean and maize plants, grown under the same conditions,
we compared a destructive measurement (harvest and scan-
ning roots) of the total root length to the noninvasive mea-
surement with MRl and NMRooting. For faba bean, 70.5% of
the destructively determined root length was detected with
MRI. For maize with generally thinner roots, 18.0% were
detected. To correct for that, we multiplied the total root
length measured with MRI in this study by the respective
correction factors (1.4 for faba bean and 5.6 for maize).
Additionally, we obtained the average root radius (r,) of
both species from the scanning of harvested roots in the
earlier experiment.

SWaP measurements of U, and Vg

We used the recently developed SWaP (van Dusschoten
et al,, 2020) to continuously scan the profile of the volumet-
ric soil water content (0) which enabled us to derive both
Ucor and Weq. In principle, the SWaP measurement is based
on integrating the pots with the soil columns into a resona-
tor circuit and then determining the resonance frequency
which largely depends on 6. To this end, a sensor with two
opposing copper plates (7 x 5cm”) coupled to a coil par-
tially encloses the pots with soil. The resonance frequency is
determined by applying a frequency sweep between 150
and 220 MHz using a virtual network analyzer (DG8SAQ,
VNWAZ3, SDR-Kits, UK). The sensor moves upward the pots
in 1-cm steps and determines the resonance frequency at
each step. This yields a vertical profile of the resonance fre-
quency consisting of 45 values. The profiles were measured
every 15min which, for four pots simultaneously, took
around 11 min. The sensors were calibrated using soil sam-
ples with a defined 0 ranging from 2% to 30% in 2% steps
which enabled us to transfer the resonance frequency pro-
files into 6 profiles. Since the sensors have a height of 12cm
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and measurements were taken in 1-cm steps, the measured
0 value in each layer is a convolution of the sensors’ field
strength distribution and the 0 values from the adjacent
layers. We, therefore, applied a deconvolution of the mea-
sured 6 profiles. To avoid an error amplification by the
deconvolution, we used a regularization term to constrain
the deconvolved profiles.

For the following analysis, we treat the 45-cm high soil
column as consisting of 45 stacked soil layers of 1cm height,
each with a uniform 6. Since both evaporation from the
topsoil, which was covered with plastic, and water drainage
at the bottom of the pots were negligible we could derive
Utor as the sum of water depletion rates in each layer:

Umt (t) _ 2,421 69(62;, t) , (3)

with time t and depth of each layer z, ranging from 0 to
44 cm.

The equivalent soil water potential (‘*seq) as proposed by
Couvreur et al. (2012) is the distribution of soil water poten-
tial (W) weighted by the plant-driven RWU distribution
(Up) which is the distribution of root hydraulic
conductance:

Waog(®) = D7 Pz 1) Up(zi 1) @

Note that V., is defined for the pot as a whole and does
not depend on z Up in Equation (4) is equivalent to the
standard sink fraction used by Couvreur et al. (2012) which
is the profile of RWU rates under conditions of uniformly
distributed soil water potential. Note that Up is normalized
and thus Zf; UP(Z,‘, t) = 1. From Equation (4), we see that
the W, in layers with a higher root conductance (roughly
corresponding to a higher root length) contributes more to
Weq than the ¥ in layers with a lower root conductance.
In the case of a uniform W, distribution, Wq and ¥
are equal. In the following paragraphs, we explain how we
obtained ¥, and Up to calculate Yoo

The water retention curve of the soil substrate
(Supplemental Figure S7) used in our experiments was mea-
sured with an evaporation method (Peters and Durner, 2008)
and the HYPROP setup (METER Group, Munich, Germany).
We used the Brooks—Corey parameters determined by fitting
the soil water retention curve to derive the soil matric poten-
tial (h) and the soil conductivity (Ksy;) in each layer:

h(®, z) =o' (%) - .
Kei(0, 2i) = Kac - (00 h(6, 2))". ©)

The Brooks—Corey parameters are saturated water con-
tent O, residual water content 0,, air entry pressure head
o' (cm) which depends on the soil pore sizes, a dimen-
sionless pore size index A, the saturated soil conductivity
K. and T which is derived from A, with T = —2 — 3 Ay,
The values of all Brooks—Corey parameters of our soil
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Table 4 Brooks—Corey parameters of our soil substrate derived from
the water retention curve

Parameter Value

0, 04mLcm™
0, 0.0mLcm™
o 0.072cm™"
b 0.43

Kac 113.7cmd™
T -3.29

substrate are given in Table 4. The local ¥, was obtained
by adding a gravity component to h:

0. ) — ) 5).98.10-5MPa
Wi (0, ) = (h(8, z) —z)-9.8-10 pel @)

A detailed description on deriving Up from SWaP meas-
urements is provided by van Dusschoten et al. (2020) which
we will summarize here. The soil water depletion rate % in
each layer is the sum of the RWU rate (RWU)and redistribu-
tive soil water flow (rSWF) between adjacent layers:

66(2,-, t)
ot

= RWU(z, t) + rSWF(z, t). (8)

Analogously to the model of Couvreur et al. (2012), we
write RWU as the sum of Up and a second term which cor-
rects Up for vertical gradients in the soil water potential. We
call this second term soil-driven RWU redistribution (Us):

RWU(Z;7 t) = Up(Z;, t) + Us(Z,‘7 t)7 9)

with  Up(z;, t)zw, total pot volume V, and

Ut () = 3. ae(gt,,t)_ Note that Us is negative in layers with
Wit < Weeq (lower water uptake rates compared with con-
ditions of uniform W) and positive in layers with W ; >
W,eq (higher water uptake rates compared with conditions
of uniform W;). In total, the negative corrections just com-

pensate the positive ones and thus Zf’; Us(zi,t) = 0.
Similarly, also rSWF sums up to zero: >+, rSWF(z;,t) = 0.
We summarize Us and rSWF as soil water redistribution
through soil and roots (S,) and reformulate Equation (8):

66(2,‘7 t) A~ Umt(t)
ot = UP(Zi) : v + Sr(Zh t)7 (10)
00(z;,t)

o and Uy (t) can be directly derived from the SWaP
measurements of 0 (z;, t). The two terms in Equation (10)
react differently to a change in light intensity. While Uy
and thus the first term, responds within minutes, the re-
sponse of the soil-driven water flow, Sg, is much slower.
Therefore, the variation of ae(;‘t), induced by the fluctuating
light intensity, can be solely attributed to a variation of the
first term in Equation (10). Given these considerations, we
can derive Up(z,-) as slope of the linear relation between
% and Uy, (t) in each layer. SWaP data from 7.00 a.m.
(midpoint of first daily high light level) to 7.00 p.m. (mid-

point of last daily high light level) were used for the
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regression. The entire process of deriving Up(z,-) from the
SWaP measurements is exemplified by one faba bean plant
in Supplemental Figure S8. This analysis was performed for
each day of the soil drying experiment separately, resulting
in one Up profile per day. In contrast, ¥,; was determined
every 15 min. For the Acalculation of W.q we therefore line-
arly interpolated the Up profiles with the measured profiles
fixed at the center of the regression period at 12.00 a.m.
each day. Given both, ¥, and Up in each layer and point
in time, we derived W4 according to Equation (4).

Measurements of V., and stomatal conductance

We continuously measured W, on the youngest fully de-
veloped leaf using a thermocouple leaf psychrometer (ICT
International, Armidale, Australia). Before attaching the psy-
chrometer, the leaf cuticle was carefully removed with abra-
sive paper. For synchronization with SWaP measurements,
W ear Was recorded every 15 min. Stomatal conductance (g;)
was measured using a portable LiCor 6400 photosynthesis
system (LiICOR Inc, Lincoln, Nebraska, USA) with a transpar-
ent cuvette head. The cuvette was attached to a leaf adja-
cent to the leaf used for the psychrometer measurements.
Since we measured multiple plants at once with only one
LiCor 6400, measurements of g; were not performed contin-
uously but only once per light period at least 45 min after a
change in light intensity to allow g to reach steady state.
Stomatal conductance was measured at least during four
light periods a day and for six replicates per species only.

Calculating the water potential at the root surface
Carminati and Javaux (2020) recently suggested that with
proceeding soil drying strong water depletion zones around
the roots occur leading to a drop of the soil water potential
at the root surface. This local drop of the soil water poten-
tial was claimed to drive stomatal closure during drought.
The W, that we derived here with the SWaP is based on a
measure of the average water content in a soil layer. Thus,
W, better approximates the water potential in the bulk
soil than at the root surface. To estimate how strong Ks, is
affected by the hydraulic pathway from bulk soil to root sur-
face, the water potential at the root surface, ¥y, needs to
be known. To calculate ¥, we followed the approach de-
scribed Carminati and Javaux (2020) which is summarized in
Supplemental Methods S1 and derived in more detail by
Abdalla et al. (2022):

\Ijsr =

|:(I)sr'('f+1)'0(71:|m’ (11)

K

@, is the matrix flux potential at the root surface which is
given by

(12)

Ut (1o ,In(rp/ro
Oy =Qoik ——— (1> |
27rol \ 2 r, — o

where L is the root length, r, is root radius, and ry, is the ra-
dius defining the start of the bulk soil which is
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approximated by r, = \/% with the soil volume V. @ is
the matrix flux potential in the bulk soil which can be de-

rived from W analogously to Equation (11):

T

Do = 7
bulk (T+1)

'Ksat : \l[soill'+1 . (13)

According to Equation (12), the difference between @,
and @ and thus the difference between W, and W,
increases with increasing water uptake rate per unit root
length. For our analysis, we calculated the equivalent water
potential at the root surface (Wsq &) by using Wsq in
Equation (13) instead of W, With the calculated g,
we could derive the hydraulic conductance from bulk soil to
the root surface (Ksg) and from the root surface to the leaf
(Krp) separately:

Utor
Ksg = (14)
\I/seq - \l’seqﬁ sr
and
]
K, = = (15)
\Ijseq, st ‘*ljleaf

Ksg and Kpg, are related to K, as follows:

1 1 1

S (16)
Ko K Ko

Statistical analyses

We used Mann-Whitney U tests (Mann and Whitney,
1947) to test for statistical differences in several parameters
between faba bean and maize. The Mann-Whitney U test is
a nonparametric test for two independent samples, testing
the null hypothesis that each of two randomly selected val-
ues from two different samples have the same probability of
being greater than the other value. Mann—-Whitney U test
were performed using the SciPy package (Virtanen et al,
2020) in Python.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Methods S1.

Supplemental Figure S1. Relation between Kg (black)
and W4 and g, (orange) and W4 for all measured faba
bean plants separately.

Supplemental Figure S2. Relation between K (black)
and ¥4 and g (orange) and ¥, for all measured maize
plants separately.

Supplemental Figure S3. Daily trend of Kj,.

Supplemental Figure S4. Water potential at the root sur-
face (Wseq, &) as a function of the bulk soil water potential
(Wseq) for different scenarios.

Supplemental Figure S5. Distribution of root length (L)
and RWU rates (Up).

Supplemental Figure S6. Recovery of Uy, and W e,r upon
rewatering for different faba bean plants.
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Noninvasive plant hydraulics

Supplemental Figure S7. Water retention curve of the
soil substrate used in the experiments.
Supplemental Figure S8. Determination of Up profiles

ggom the SWaP data on the local soil water depletion rate
it
% and the total root water uptake rate U, (t).
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Supplemental figures

Supplemental Figure S1: Relation between Ks. (black) and Wseqand gs(orange) and Wseq for all

measured faba bean plants separately.

Supplemental Figure S2: Relation between Ks. (black) and Wseqand gs(orange) and Wseq for all

measured maize plants separately.
Supplemental Figure S3: Daily trend of Ks..

Supplemental Figure S4: Water potential at the root surface (Wse, sr) as a function of the bulk

soil water potential (Wseq) for different scenarios.
Supplemental Figure S5: Distribution of root length (L) and RWU rates (Up).

Supplemental Figure S6: Recovery of Uwt and Wier upon rewatering for different faba bean

plants.

Supplemental Figure S7: Water retention curve of the soil substrate used in the

experiments.

Supplemental Figure $8: Determination of Up profiles from the SWaP data on the local soil

water depletion rate and the total root water uptake rate Ut (t).

98



brooks corey model
10°
° f
2 o
=3 5
= =
101 - 4
-2 _
10771 e measured data S
L]
brooks corey model ¢
T T T T
0 0.05 0.1 0.15 0.2

O (v/v)

Supplemental Fig. 1 Water retention curve of the soil substrate used in the experiments.
Blue data points are the measured, negative matric potentials h (left y-axis). Blue line is the
fitted matric potential using the Brooks-Corey model (eq. 5). Orange line is the Brooks-Corey
model of the soil hydraulic conductivity (Ksoi, €qg. 6) (right y-axis). The obtained values of the
Brooks-Corey parameters are given in Table 4. X-axis is the relevant range of volumetric soil

water content © in our study.
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Supplemental Fig. 2 Determination of Up profiles from the SWaP data on the local soil water

69(Zi,t) 66(zi,t) |n

depletion rate Py

and the total root water uptake rate U (t). A) Response of

different depths (different colors, left y-axis) and Uit (black, right y-axis) to the fluctuating
light intensity. White areas indicate a high light period, grey areas a low light period. B)

a0(z;,t)
at

Determination of UP in each soil layer as slope of the linear relation between and Uot

according to eq. 8. C) Resulting ﬁp profile of one exemplary faba bean plant at the first day
of measurement. Note that this entire process was necessary to ultimately derive Wseq as a

precise measure for the level of soil drying sensed by the plant.
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Supplemental Fig. 3 Relation between Ks, (black) and Wseq and gs (orange) and Wyeq for all

measured faba bean plants separately. Dashed lines show an exponential fit of the data

starting at a Wseq of -0.025 MPa.
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measured maize plants separately. Dashed lines show an exponential fit of the data starting

at a Wseq of -0.025 MPa.
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Supplemental Fig. 5 Daily trend of Ks.. A) Relation between Uit and Wiea at three different

time intervals each day, exemplary shown for one faba bean plant. Four data points per low

light period (downward triangles) and high light period (upward triangles) in the morning

(green), afternoon (orange) and evening (blue) are shown. Ks is given as slope of the relation

between Uit and Wiear which we derived by linearly fitting the data from each time interval

separately (values in ml h'* MPa in the figure legends). B) Boxplots of Ks; derived as shown

in A) for all replicates. Characteristics of the boxplots are similar to Fig. 2 A, C, E. Significant

differences (P-value of a paired Student’s t-test <0.05) between the different time points are

denoted by different letters.
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Supplemental Fig. 8 Recovery of Uit (A, C, E) and Wit (B, D, F) for three faba bean plants
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day of measurement. The percentage difference between these two points is shown in the
figure legends together with the time passed between rewatering and the last measured
point. (G and H) Longer recovery period of Uit after rewatering for two six weeks old faba

bean plants from a separate experiment without measurements of Wier. In both plants it
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took around 41 hours of recovery for Uit to reach the maximum values from before

rewatering. Nights are indicated by the shaded areas.
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Supplemental Methods

Supplemental Method S1: Estimation of the water potential at the root surface
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A Kirchhoff transformation of the soil hydraulic conductivity (Ksoi) yields the matrix flux

potential () at a certain location x:

= f_woi Ksoir (l/))dllJ [1]

For a Brooks-Corey soil, this writes:

®, = f_lp; Ksqr - (a-)tdy [2]

with the saturated soil hydraulic conductivity Ksa;, the air entry pressure head a~! and a
fitting parameter t. Solving eq 2 results in a relation between the matrix flux potential and

the water potential.

a’l.'

P, = (t+1) *Ksoir - llile (3]

Solving eq 3 for W at the root surface gives

[CDST (t+1)«a 1"]‘r+1 [4]

Ksat

Additionally, the Kirchhoff transformation can be used to solve the radial 1D Richards
equation for water flow from bulk soil towards the root surface which yields a relation

between the matrix flux potential at the root surface (¢s) and in the bulk soil ($puik):

Uso In(ry/7o)
Cpsr:q)bulk_ = (Z_O_rorbzw) [5]

2mroL T =12
with root length L, root radius ro and the radius defining the start of the bulk soil rp, which is
approximated by 13, = \/%with the soil volume V. Given eq. 3-5, W, was derived as follows:
1. Calculating ¢dpui using eq. 3 and the measured bulk soil water potential together with
the Brooks-Corey parameters of our soil
2. Calculating ¢ with the derived ¢dpuik according to eq. 5

3. Calculating W, with the derived ¢s and the Brooks-Corey parameters according to

eq. 3.
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1 | INTRODUCTION

Johannes A. Postmal ® |

Hendrik Poorter? |

Abstract

Moderate soil drying can cause a strong decrease in the soil-root system
conductance. The resulting impact on root water uptake depends on the spatial
distribution of the altered conductance relatively to remaining soil water resources,
which is largely unknown. Here, we analyzed the vertical distribution of conductance
across root systems using a novel, noninvasive sensor technology on pot-grown faba
bean and maize plants. Withholding water for 4 days strongly enhanced the vertical
gradient in soil water potential. Therefore, roots in upper and deeper soil layers were
affected differently: In drier, upper layers, root conductance decreased by
66%-72%, causing an amplification of the drop in leaf water potential. In wetter,
deeper layers, root conductance increased in maize but not in faba bean. The
consequently facilitated deep-water uptake in maize contributed up to 21% of total
water uptake at the end of the measurement. Analysis of root length distributions
with MRl indicated that the locally increased conductance was mainly caused by an
increased intrinsic conductivity and not by additional root growth. Our findings show
that plants can partly compensate for a reduced root conductance in upper, drier soil
layers by locally increasing root conductivity in wetter layers, thereby improving

deep-water uptake.

KEYWORDS

MRI, plant water stress, root conductance, root hydraulic architecture, root water uptake, soil
drying, soil water profiler, water uptake compensation

(McDowell, 2011). In the first place, the reduced plant water

potential is caused by the drop in soil water potential. However,

Terrestrial plants exposed to drying soils suffer from a reduced water
potential which can lead to cell turgor loss (Bartlett et al., 2012),
hydraulic failure of xylem vessels (Urli et al., 2013) and impaired
phloem transport (Thompson, 2006). To mitigate this, plants close

stomata at the cost of reduced CO, gain, up to carbon starvation

the plant water potential additionally depends on how the hydraulic
conductance of the root system is affected by soil drying (Bourbia
et al, 2021; Nobel & Cui, 1992; Rodriguez-Dominguez &
Brodribb, 2020; Saliendra & Meinzer, 1989). In a recent study, we

showed that even moderate soil drying can induce an exponential
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DEEP-WATER UPTAKE UNDER DROUGHT

B9-wiLey— 2

decline of the total root system conductance (Miillers, Postma, TABLE 1 Abbreviations as used in the article.
Poorter, & van Dusschoten, 2022). Considering the distribution along Term Meaning Unit
the root system of such a net decline is crucial to understand its X X .
. h Soil matric potential cm H,O
impact on the plant water balance.
-1 -1
Soil drying is a highly nonuniform process and usually results in a Keomp Comper;sattory root water uptake mLh™ MPa
conductance
pronounced vertical gradient with relatively dry shallow soil layers and
. . . 1
relatively wet deep soil layers (Hillel et al., 1976; Kondo et al., 2000; kn Soil hydraulic conductivity cmh
Markesteijn et al., 2010). Under such conditions, water in deeper layers Kroot Radial root conductance mLhMPa™?
is much easier to extract, that is, a deep root requires a less negative Keoot Radial root conductivity mLh Y MPatmt
xylem water potential to realize a certain water uptake rate compared i
. L. . X . . Ksat Soil hydraulic conductivity at water cmh
with an otherwise identical shallow root. Following this rationale, saturation
effectively using deep water resources is a key to withstand droughts . .
. . K Hydrauli duct bet il Lh™ MPa~
(Wasson et al., 2012). However, several studies emphasize that plants st Y ;s; :Z;on uctance between sol m a
often fail to do so and experience severe drought stress despite a . .
relatively high water availability in deeper root zones (Gessler et al., 2022; Ksoi Sl iyl GameeETss LV
Passioura, 1983; Prechsl et al., 2015; Rasmussen et al., 2020). A major Ksr Local soil-root conductance mLh™*MPa™?
reason is that the root conductance (Kioot, see Table 1 for abbreviations) Ksr tor  Total conductance of the soil-root mLh tMPa?
in deeper layers usually is low since roots are less abundant (Haberle & system
Svoboda, 2015; Kemper et al., 2020; Righes, 1980) and less conductive L Root length m
compared with shallow roots (Dara et al., 2015; Muillers, Postma, .
. ro Root radius cm
Poorter, Kochs, et al., 2022; Zarebanadkouki et al., 2013). Therefore, a
more effective acquisition of deep water would require to locally "o Radial distance from the root centre cm
. . X X . . defining the start of the bulk soil
increase root conductance over time. This can be achieved by increasing
=il
root length via additional root growth in deeper layers, which has been RwWU Root water uptake rate mLh
often observed upon soil drying (Alsina et al., 2011; Asseng et al., 1998; SWaP  Soil water profiler
Dubrovsky et al., 1998; Rodrigues et al., 1995; Sharp & Davies, 1985). Up Tleritealvan meet mEEr v mlL em-3 h-t
Nevertheless, as root hydraulic traits vary among individual roots and distribution with depth
entire root systems (Ahmed et al., 2016, 2018; Clément et al., 2022; Op Normalized plant-driven root water
Miillers, Postma, Poorter, Kochs, et al, 2022; Rewald et al., 2012; uptake distribution with depth
Steudle & Peterson, 1998), local root length only partly determines a A
) & Y partly Us Soil driven root water uptake mLcm3h™t
plant's ability to use deep water. Additionally, plants can increase the redistribution
intrinsic root conductivity (conductance per length) by, for example, 3,1
. . . X Us' Hypothetical Us for assuming no local mLcm™h
increasing the amount of active aquaporins (Johnson et al., 2014; increases in K
root
McLean et al., 2011). U Total ¥ Lt
- . . otal root water uptake rate mLh™
While in deeper, wetter layers, increasing the root conductance fot i
is a reasonable strategy for an effective water usage, it might be the v Soil volume cm®
other way around in upper, drier soil layers. Unregulated water z; Depth of soil layer i cm
uptake from drying soil can result in a severe water depletion zone o Inverse of the air entry pressure em H.0 1
2
around the roots, strongly reduce the local soil conductivity, and thus
. . .. 0 Vol tri il t tent %
restrict water flow from the bulk soil towards the roots (Carminati & olumetric soff water conten °
. 2 ] : -3, -
Javaux, 2020). The drop of the local soil conductivity scales with the = Soil water depletion rate mLem™3ht
water potential of the bulk soil and the water uptake rate per unit Ao Dimensionless pore size index of the
root length. Therefore, locally decreasing root conductance, and thus Brooks-Corey model
water uptake rates, in drier soil layers might be beneficial to avoid an . Brooks-Corey parameter with
interruption of the hydraulic pathway between remaining water in T=-2-3),
the bulk soil and the root surface. Mechanisms like enhanced root . . 2, -1
® Matrix flux potential cm“h
suberization (Barrios-Masias et al., 2015; Cruz et al., 1992; Lo Gullo
et al., 1998; North & Nobel, 1991), or reducing the amount of open Weollar Water potential at the plant collar MPa
aquaporins (Martre et al., 2001; Rodriguez-Gamir et al., 2019) enable Wiear Leaf water potential MPa
plants to reduce root hydraulic conductance during droughts. W Water potential in the bulk soil MPa
Following these considerations, we analyzed how previously . . .
] . Woeq Equivalent soil water potential MPa
measured changes in the total root system conductance (Mdillers,
W, Water potential at the soil-root interface ~ MPa

Postma, Poorter, & van Dusschoten, 2022) are distributed over depth.
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2% | wiLey-53

Although this spatial aspect is highly relevant for the plant water
balance, it has been poorly investigated. The few studies measuring a
spatial component of soil drying-induced alterations of root hydraulic
traits used single roots, sampled at different depths (Johnson et al., 2014;
Wan et al,, 1994). Additional information comes from studies on partial
root zone drying in which root hydraulic traits were either measured on
single, sampled roots (McLean et al., 2011) or entire root systems
divided into halves (Hu et al., 2011). These studies generally suggest that
the conductance of roots in rather wet soil increases relatively to that of
roots in rather dry soil. However, how the full vertical distributions of
root hydraulic conductance change in response to soil drying is
unknown, probably due to limitations in the available measurement
technologies. Here, we used a recently developed, highly precise soil
water sensor, called soil water profiler (SWaP; van Dusschoten
et al.,, 2020), to noninvasively measure root water uptake profiles which
reflect the distribution of root hydraulic conductance. We hypothesize
that the root conductance decreases in upper soil layers while it
increases in deeper layers as an early response to soil drying by means
of active regulation by the plant. Such a response would reduce water
stress by facilitating deep water usage and sustaining a hydraulic
connection to remaining water resources in drier layers. In Figure 1, the
hypothesized effect of soil drying on the spatial distribution of root
conductance is summarized. The hypothesis was tested on pot-grown
faba bean and maize plants during 4 days of soil drying. These two

species were chosen because they differ in root system architecture,

well-watered soil

and water uptake rates per unit root length. Faba bean has a taproot
system with comparably great water uptake rates per unit root length,
whereas maize has a fibrous root system with comparably low water
uptake rates per unit root length. Both factors potentially affect the
distribution of remaining soil water under drought, and thus the

resulting alterations of the local root conductance.

2 | MATERIALS AND METHODS
Data used in this study were obtained during an experiment

described previously in Millers, Postma, Poorter, and van
Dusschoten (2022). Below, we shortly summarize the experimental
design and explain the determination of the distribution of root

conductance and root length in more detail.

2.1 | Experimental design

We germinated seeds of faba bean (Vicia faba, n = 10) and maize (Zea
mays, n = 10), and transferred them into soil-filled PVC pipes (80% of
a loamy sand collected in Kaldenkirchen, Germany (Pohlmeier
et al., 2009), mixed with 20% coarse sand). PVC pipes had an inner
diameter of 8.1 cm and were filled to a height of 45 cm resulting in
2.32L of soil substrate at a bulk dry density of 1.47 kgL 2. Plants

adjusted K,

high ©
hlgh Kroot

high 6
low Koot

high 6
low Koot

decreased K,

high 8
increased K,

FIGURE 1 Hypothesized alterations of the spatial distribution of root hydraulic conductance (K,ot) in response to soil drying. Usually, soil
water content () is reduced faster in upper than in deeper soil layers. Increasing the root conductance in deeper layers could facilitate deep
water uptake while a decreasing root conductance in upper layers might prevent an interruption of water flow from the bulk soil towards the

root surface.
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DEEP-WATER UPTAKE UNDER DROUGHT

were grown in a climate chamber at a constant temperature of
21.5+0.2°C and a VPD,;, of 1.49 kPa. We used a water-cooled LED
panel (3200K, 5x5 LEDs & 20 W) for controlled illumination of the
plants. Light intensity alternated between a higher (1000 pmol m™2
s7Y) and lower level (500 umol m™2s7%) in periods of 2 h. Each day,
four high and three low light periods were applied resulting in a total
of 14 h illumination and a daily light integral of 39.6 molm™2day™ ..
The alternating light levels were required to determine root water
uptake profiles as described below. Plants were regularly watered
from the top to keep the average volumetric soil water content
around 20%. For fertilization, once a week an NPK nutrient salt
(Hakaphos Red; Compo Expert; 8% N, 12% P, 24% K), was diluted in
water at 0.3% (v/v) and used for watering. At an age between 4 and
5 weeks (thereby selecting for similar total plant water uptake rates),
plants were imaged with MRI and then placed into the SWaP for
continuous measurement of soil water profiles. From that moment
onwards, plants were not watered anymore. Simultaneously, leaf
water potential was continuously measured with a psychrometer (ICT

International). After 4 days, plants were imaged with MRI again.

2.2 | Determining the normalized distribution of
plant-driven root water uptake rates

For the following analysis, we interpret the 45 cm high soil columns with
roots as 45 vertically stacked layers of 1cm height. Layers are
numbered with i=1, .., 45 from top to bottom. Upper boundary of
each layer is at depth z; =0, ..., 44 cm. The volumetric soil water content
(6(z)) in each layer was measured with the so-called SWaP (van
Dusschoten et al., 2020). The SWaP is sensitive for the permittivity of
the soil which is determined by 0. Using a calibration curve, values
measured with the SWaP were converted to the local 6(z). Sensors of
the SWaP were automatically moved along the pots with soil columns,
which allowed for measuring 6-profiles in equidistant vertical steps of
1cm every 15min. The SWaP measurements and required data
processing, is explained in more detail by van Dusschoten et al.
(2020), and Miillers, Postma, Poorter, Kochs, et al. (2022).

Using this methodology, we could derive the soil water depletion
rate (ﬁ%ﬁ) for each individual soil layer. % is determined by local
root water uptake rates (RWU(z;t)) and redistributive soil water flow

(rSWF(z;, t)) between adjacent layers:

% = RWU(z, t) + rSWF(z, t). (1)

Following the hydraulic model developed by Couvreur et al.
(2012), the distribution of RWU is determined by one term, solely
depending on the distribution of root hydraulic conductance, and a
second term additionally depending on vertical soil water gradients.
We call the first term plant-driven root water uptake distributions (Up),

and the latter term soil-driven root water uptake redistribution (Us):

RWU(z) = Up(z) + Us(z). ()
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Under the hypothetical conditions of a uniform soil water
potential over depth, Up is equal to RWU. Across the whole pot, Up
integrates to the total root water uptake rate (Uoy). Us is a correction
term which is negative in relatively dry soil layers (local soil water
potential below pot average) and positive in relatively wet soil layers
(local soil water potential above pot average). Across the whole pot,
Us integrates to zero. Using these definitions and summarizing Us and
rSWF as soil water redistribution through soil and roots (Sg), Equation
(1) writes:

0(z,t) -

Uot (t
= = Up(2) tot (t)

+ Sp (Z,‘, t). ()

In Equation (3) we used the normalized plant-driven root water
Up(z;

uptake distribution (Up) with Up(z) = Um’) and the total pot volume V.

t
Given a data set with varying Uy, Up, according to Equation (3), can
a0 (zj,t)
at

be derived by a linear regression between and Uy if variations
in Uiot and Sk are independent. Decoupling of variation in Ui and Sg
is achieved by the fluctuating light intensity in periods of 2h.
Assuming that changes in the soil water distribution are negligible on
short time scales, a change in light intensity causes a rapid response
in Uit without affecting Sg. Thus, for data measured during a
fluctuating light intensity, the slope of %Zt"’t) (Uto) s Up. Since Up is
determined by the distribution of root conductance, this can be
understood as follows: The greater the root conductance in a specific
soil layer, the greater the change in the local soil water depletion rate
induced by a change in transpiration rate. The linear regression, and
thus determination of Up, was performed at each day separately,
covering data from 12 h of alternating light. Supporting Information:
Figure 1 shows the process of deriving Up profiles from the SWaP
data for an exemplary maize plant at Day 1 and Day 4 of the soil
drying period.

2.3 | Determining the distribution of soil water
potential

The soil matric potential (h) was calculated from 6 values measured with
the SWaP, using a water retention curve, fitted with a Brooks-Corey
model. This water retention curve has been reported in Miillers, Postma,
Poorter, and van Dusschoten (2022). To obtain the distribution of soil
water potential (W), h was corrected for gravity.

2.4 | Determining the distribution of root hydraulic
conductance

To derive the spatial distribution of root hydraulic conductance (K;oo1), the
normalized Up, containing the spatial component of Koo, Needs to be
multiplied by the total conductance of the root system. Table 2 shows
data on Uy, leaf water potential (We41), the equivalent soil water potential
(Weeq), and the resulting total conductance between soil and leaf (Kg)
separately averaged across each day of the measurement. A detailed
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TABLE 2 Total root water uptake rate (Uiot), leaf water potential (Wie.¢), equivalent soil water potential (W.eq), and the resulting, total
conductance between soil and leaf (Ks,), averaged for each day of soil drying.

Faba bean Maize
Day Urot (ML h™%) Wiear (MPa) Utot (mLA™) Wiear (MPa)
1 4.85+0.41% -0.62+0.05° 4,09 +0.582 -0.55+0.05°
2 3.75+0.70° -0.76 +0.04° 3.94+0.77° -0.64+0.14°
3 2.47 £0.42° -0.93+0.07° 3.51%0.54%" -0.71+0.17°
4 1.64+0.31¢ -1.11+0.09¢ 3.10+£0.43° -1.05+0.19°
Faba bean Maize
Day W, (MPa) Ks. (mL h™*MPa™) W,., (MPa) Ks. (mLh™*MPa™?)
1 -0.02+0.012 8.27+1.12° -0.02+0.00° 8.73+4.07°
2 -0.04+0.01° 5.15+1.30° -0.030.01° 6.55 +£2.43°
3 -0.08 +0.02° 2.87 +0.56° -0.05+0.01¢ 5.67 +2.21%°
4 -0.12+0.03¢ 1.57+0.37¢ -0.07 £ 0.03° 3.34+1.45P
Note: Values are species medians with median absolute deviations.
analysis of these data, especially of the exponential decline in Kg in Keoot @) = Kst-Up (). (5)

response to soil drying, is provided by Miillers, Postma, Poorter, and van
Dusschoten (2022). In the present study, the data on Ks_ were used to
approximate the total conductance of the root system. For this, we
assumed that the axial conductance of the shoot between root system
and leaf is much greater than the total conductance of the soil-root
system (Ksg, tot)- This assumption is justified in wet soil, where radial root
conductance is usually limiting water uptake (Frensch & Steudle, 1989;
Reid & Hutchison, 1986; Steudle & Peterson, 1998). During soil drying,
the axial shoot conductance can be reduced due to xylem embolism, and
thus become an important determinant of Ks.. However, considerable
reduction of the axial conductance due to xylem embolism in maize were
measured at a soil water potential of -0.25 MPa (Ryu et al., 2016), stem
water potential of -1.0 MPa (Li et al., 2009) and leaf water potential of
-1.5 MPa (Cochard, 2002). Comparable values of W, were not reached
in our measurements (Table 2), indicating that axial shoot conductance
was not limiting for a large part of the measurement, similar to the
findings of two recent studies (Corso et al, 2020; Rodriguez-Gamir
et al,, 2019). Therefore, we can approximate Kgi_ by Ksg, tot, and derive the

local soil-root conductance (Ksg) in each layer:

Ksg (z) = Ks.-Up (2). (4)

For an overview of the hydraulic network model and the
terminology used here, see Supporting Information: Figure 2. Ksg is
composed of the local soil hydraulic conductance (Ks.;), and the local
root conductance (K;qot), connected in series. In Supporting Informa-
tion: Appendix 1, we explain two different methods to estimate the
hydraulic conductance of K,;. These estimations indicated that for a
large part of the measurement, K; in each layer was much greater
than Ksg (Supporting Information: Figure 3), and Ksg was largely
determined by Koot Thus, Koot Can be reliably approximated by Ksg,
as determined in Equation (4):
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Supporting Information: Appendix 1 also provides a more
detailed discussion in Supporting Information: Figure 3 and the

resulting conclusions.

2.5 | Determining the distribution of root length
and root conductivity

Before and after the SWaP measurement, root length profiles of the
plants were determined noninvasively using MRI. The MRI setup
consisted of a 4.7 T vertical wide bore (310 mm) magnet (Magnex)
and a gradient coil (ID 205 mm; MR Solutions) generating gradients
up to 400 mT/m, controlled with an MR Solutions console. We used
NMRooting software (van Dusschoten et al., 2016) to derive root
length profiles at a vertical stepped-down resolution of 1 cm from the
MRI

intermediate day between the two MRI measurements, we applied

data. To estimate the root length distribution at each
an exponential interpolation in each layer separately, assuming
exponential root growth during the 4 days. Since the MRI setup
has a detection limit of roots with diameter around 200-300 um we
used correction factors to account for the distribution of fine roots.
These correction factors were derived in a previous experiment
comparing root length profiles measured with MRI and with scanning
of harvested roots (Miillers, Postma, Poorter, Kochs, et al., 2022).
Plants in that study and the present study were of the same age and
grown under similar conditions until the onset of water stress. Root
length profiles (L(z)) were used to determine how the intrinsic root
hydraulic conductivity (conductance per root length, k.oot) was

distributed along the root system:

Kroot (21)

Lz) ©

kroot (z)) =
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In layers with both, small conductance and small root length this
calculation can lead to erratic results. Therefore, for determination of
kroot» We neglected soil layers with few roots (root length <1 cm) or
root conductance <0.001 mL™*h MPa™%,

2.6 | Statistical analysis
Generally, for data analysis of a certain parameter X, we considered
its median value (X) among replicates of each species. Variability

within the data set is given as median absolute deviation (MAD):
MAD = median(]X; - X|), (7)

with X; being the measured values from each individual replicate. For
each species separately, we used Wilcoxon sign tests (matched pairs)
to test for statistically significant differences in each soil layer among
the 4 different days. The tested null-hypothesis was that there are no
significant differences among the 4 days. If not stated differently,
significant differences refer to a p value of 0.05. To test for significant
differences between species, we used Mann-Whitney U tests. Both,
Wilcoxon tests and Mann-Whitney U tests were performed using the
SciPy-package (Virtanen et al., 2020) in Python.

We used a log transformation of Equation (6) to quantify to what
extent measured changes in Ko over time were associated with a
change in root length and to what extent with a change in root

conductivity:

In (Kroot) = In (L) + In (Kroot)- (8)

Following the approach described by Poorter and Nagel (2000),
the relative contribution of a change in L to a change in Koo (C) was

calculated as:

_ Aln (Kroot)

G = Aln (L) @

In Equation (9), the difference A refers to the measured
differences between two points in time. The relative contribution

of a change in koo (Cy) is then given as:

C=1-C. (10)

3 | RESULTS
Withholding water for 4 days resulted in a progressive, significant
reduction in both the soil water content (8) and soil water potential
(W.on) averaged over depth (Table 3). For both species, & decreased
from 16 mLcm™ at Day 1 to 8 mLcm™ at Day 4. Wy, decreased
from -0.01 MPa at Day 1 to -0.09 MPa (faba bean), and -0.07 MPa
(maize) respectively, at Day 4.

Figure 2 shows how these reductions were distributed over depth.
At Day 1 after withholding water, for both species, there was a vertical
gradient in 6 with drier soil layers in the top and wetter layers in the
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TABLE 3 Volumetric soil water content and soil water potential
averaged over depth and across each day of the experiment.

Ifaba bean Maize
Day 0 (%) "W (MPa) 0 (%) "Wl (MPa)
1 16.1£2.0° -0.01+0.00° 16.0£20° -0.01+0.00°
2 12.9+1.2° -0.03+0.01° 134:25° -0.02+001°
3 9.9+1.2° -006+0.01° 10.7+2.0° -0.04%0.01°
4 80+12¢ -0.09+0.03¢ 7.8+19¢ -0.07+0.03¢

Note: Values are species medians with median absolute deviation. For
each species separately, we tested for significant changes of each
parameter among the 4 days using Wilcoxon rank tests. Different letters
indicate significantly different values (p < 0.05).

bottom (Figure 2a,c). 6 ranged from 12mLcm™ (at 5cm depth) to
20mLcm™ (44 cm) for faba bean and from 12mLcm™ (6cm) to
23 mLcm™ (44 cm) for maize (Table 4). In each individual soil layer, 6
was significantly (p < 0.01) reduced from each day towards the next one
for both species. At Day 4, 6 ranged from 5mLcm™ (7cm) to
11mLcm™ (38) cm for faba bean and from 5mLcm™ (5cm) to
10 mLcm™3 (38 cm) for maize. Like 6, W in each individual soil layer
decreased significantly (p < 0.01) from each to the next day for both
species (Figure 2b,d). At Day 1, W,,; was almost uniformly distributed,
with only a slight vertical gradient (around -0.02 MPa in the upper half
of the pot, and -0.01 MPa in the lower half for both species). However,
proceeding soil drying led to an increase in the vertical gradient: At Day
4, W, ranged from -0.23 MPa (at 7 cm depth) to -0.03 MPa (38 cm) for
faba bean, and from -0.14 MPa (5 cm) to -0.04 MPa (38 cm) for maize.
In conclusion, although the vertical gradient in 6 even decreased during
soil drying, the gradient in W, increased strongly. This is due to the
nonlinear character of the water retention curve: in the dry regime, a
small reduction in 6 causes a strong reduction in Wg;.

In the next step, we analyzed how the changes in W, affected root
water uptake patterns measured as the normalized plant-driven root
water uptake distributions (Up), using the SWaP. At Day 1, for both
species there was a vertical gradient in Up with greater values in upper
soil layers and lower values in deeper layers (Figure 3). Up was not
constant over time: Generally, Up decreased in the drier, upper soil
layers, while it increased in relatively wetter, deeper layers. For the
parameters described below, in deeper layers we observed a consistent
trend from Days 1 to 3, reversing from Days 3 to 4. Therefore, we
primarily tested for significant differences between Days 1 and 3. As
indicated by a different background colour in Figure 3, we observed the
following significant changes: For faba bean, Up decreased in the top
8cm (p <0.01) and increased between 11 and 38 cm depth (p < 0.05 at
11-13 cm depth, <0.01 at 13-38 cm depth). For maize, Up decreased in
the top 10cm (p<0.05 at 10 cm depth, <0.001 else) and increased
below 20 cm depth (p < 0.05 at 20-23 cm depth, <0.01 below).

Alterations of Up are caused by a shift in the distribution of root
hydraulic conductance (K.oot). To derive the distribution of Kot
over depth, we multiplied the daily average of the total conduct-
ance, as determined in a previous study (Midillers, Postma, Poorter, &
van Dusschoten, 2022) (Table 2), with the daily Up(z), according to
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FIGURE 2 Distribution of soil moisture parameters over depth during 4 days of soil drying. (a and c) Show volumetric soil water content (6),
(b and d) show soil water potential (W,;). Data points are median values among all faba bean (a and c) and maize (b and d) replicates (N = 10).
Error bars are median absolute deviations. A Wilcoxon rank test was used to test for significant differences among the 4 days of soil drying at

each depth separately. In each soil layer, both, 6 and W, decreased significantly between each of the 4 days.

TABLE 4 Maximal and minimal values of soil water content and soil water potential over depth, at each day of the measurement.

Day

A W

Day
1

2
3
4

Faba bean
emin (%) em.'ax (%)
12.0+3.1° 20.3+4.0°
6.9+1.2° 16.8+3.2°
54+0.7¢ 13.9+1.7°
4.5+0.7¢ 11.4 +2.0¢
Faba bean

Weoits min (MPa)
-0.02+0.017
-0.09 +0.03°
-0.15+0.05¢
-0.23+0.08¢

Wooi, max (MPa)
-0.01+0.00°
-0.01+0.00°
-0.02+0.00°
-0.03+0.01¢

Maize
emin (%) emax (%)
12.4+2.1° 23.3+6.8%
9.7+2.9° 18.0+5.1°
6.8+1.9°¢ 13.7 £4.3°
5.4+1.6¢ 9.8+3.1¢
Maize

Weoity min (MPa)
-0.02+0.012
-0.04 +0.02°
-0.09 +0.05¢
-0.14 +0.10¢

Wooi, max (MPa)
-0.01+0.00°
-0.01+0.01°
-0.02+0.01¢
-0.04 +0.03¢

Note: Values are species medians with median absolute deviation. For each species separately, we tested for significant changes of each parameter among
the 4 days using Wilcoxon rank tests. Different letters indicate significantly different values (p < 0.05).

Equation (5). The total conductance at the 1st day was similar for
faba bean and maize (8-9 mLh™* MPa™* Table 2). At Day 1, for both
species, there was a vertical gradient in Koot With greater values in
upper soil layers (54% in the upper 10 cm for faba bean, 47% for

117

maize) and lower values in the bottom (13% in the bottom half for
faba bean, 21% for maize) (Figure 4). Withholding water for 4 days
resulted in a strong reduction of K.t in upper soil layers with more
negative W,,: For faba bean, Koot significantly decreased from
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FIGURE 3 Normalized plant-driven root water uptake distribution (Up) over depth during 4 days of soil drying. Data points are median values
among all faba bean (a) and maize (b) replicates (N = 10). Error bars are median absolute deviations. Background colour in each layer indicates a
significant decrease (pink), increase (blue), or no significant change (yellow) between Days 1 and 3, tested with a Wilcoxon rank test. Days 1 and
3 were chosen as reference points, because the parameters analyzed below showed a consistent trend within this period.

Days 1 to 3 in the entire upper half of the pot (p <0.01) by, on
average, 72% (Figure 4a). In the lower half, K., did not change
significantly. For maize, Kot significantly decreased from Days 1
to 3 in the upper 16 cm of the pot (p <0.01 above 12 cm depth,
<0.05 else) by, on average, 66% (Figure 4b). However, between a
depth of 31 and 41cm, Koot increased significantly (p <0.01 at
35-37 cm depth, <0.05 else) by, on average, 107% (Figure 4c). With
proceeding soil drying from Days 3 to 4, K,.ct decreased again in
these layers, such that it was not significantly different compared
with Day 1.

The temporarily increased Koo: in deeper parts of the maize root
systems supports the uptake of deep soil water resources. We
estimated the relevance of this facilitated deep water uptake by
calculating how much it contributed to the total root water uptake
(Figure 5). For maize, the measured increases in Koo contributed 5% to
the total root water uptake rate at Day 2, 11% at Day 3, and 21% at Day
4. In different words, without the enhanced Koo, only 80% of the
measured water uptake rate might have been realized at Day 4. Note
that the hypothetical uptake rates (grey bars in Figure 5) were calculated
by setting all measured increases in Koot to zero and assuming that this
would not affect the leaf water potential, implying a strict stomatal
control of the plant water status. More realistically, a lack of the
increases in Koot Would not be fully reflected in a reduction in total
water uptake rate, but also partially in leaf water potential. However,
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mitigation of both, the drop in total root water uptake rate and in leaf
water potential comes with reduced plant water stress. For faba bean,
measured increases in Koo at each day contributed significantly less to
the total root water uptake rate compared with maize (p < 0.05).

The determination of K¢, along with the associated increases in
deeper layers for maize (Figures 4 and 5), are based on a correct
separation of Up and Us by the SWaP measurements (Equations 1-3).
Otherwise, the local increases might also be explained by an altered
soil water distribution and the resulting compensated root water
uptake. Although theoretically, Up and Us were separated using the
fluctuating light intensity, we evaluated the potential effect of
compensated root water uptake on Up by comparing the changes in
Up and Us between Days 1 and 3 in deeper layers for maize
(Supporting Information: Appendix 2 and Figure 4). Below 20cm
depth, the measured Up increased between Days 1 and 3 (Supporting
Information: Figure 4A,D). Below 30 cm depth, this increase was of
the order of 0.2 mLh™? (Supporting Information: Figure 4C,F). At the
same time, the estimated Us also increased in these layers
(Supporting Information: Figure 4B,E) indicating enhanced compen-
sated root water uptake. However, Us at Day 3 was only of the order
of 0.02mh™%, and thus a factor 10 smaller than the increase in Up.
Calculation of Us assuming no local increases in Kuot (Us',
see Supporting Information: Appendix 2) gave even smaller values
(Supporting Information: Figure 4B,E). In conclusion, even if Up and
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FIGURE 4 Distribution of root conductance (Koot over depth during 4 days of soil drying. Data points are median values among all faba bean
(@) and maize (b) replicates (N = 10). Error bars are median absolute deviations. Significant differences between Days 1 and 3 in each layer are
indicated by the background colour, analogue to Figure 3. (c) Shows a magnification of (b) for layers with a significantly increasing K, between Days
1 and 3. Values next to data points are percentage increases compared with Day 1.

Us were not separated correctly by our approach, contribution of Us
to the increased Up in deeper layers was marginal, such that the
increase in Koot (Figures 4 and 5) remained.

We analyzed whether the locally enhanced Koot in maize was
caused by additional root growth or an increase in root conductivity
(conductance per length, k.oot). Root length distributions at each day
were derived from MRI images before and after the 4 days, making
use of exponentially interpolating the data (Figure 6a-c). Then we
derived koot profiles at each day by dividing K.t by the root length
distributions (Figure 6d-f). Initially, faba bean roots had a much
greater conductivity (0.19 mLh™*MPa*m™! on average over depth)
than maize roots (0.05mLh™*MPa™*m™ on average over depth).
Like for the other parameters analyzed above, at Day 1, there was a
vertical gradient in k,oot. Shallow roots of both species had a greater
conductivity than deeper roots. Withholding water for 4 days
resulted in a decreasing koot Of shallow roots, in the faster drying,
upper soil layers. In faba bean, k.ot decreased significantly from Days
1 to 3 in the upper 29 cm of the pot (p < 0.01) by, on average, 76%
(Figure 6d). Below 30 cm, koot remained mostly constant. In maize,
kroot decreased significantly from Days 1 to 3 in the upper 15 cm of
the pot (p < 0.01 above 12 cm depth, <0.05 else) by, on average, 66%
(Figure 6e). Between a depth of 27 and 35cm, however, koot
increased significantly (p < 0.05) by up to 81% (Figure 6f). Like Koot
kroot from Days 3 to 4 decreased again in these layers. Distributions
of kyoot for each individual maize plant during the 4 days are shown in
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Supporting Information: Figure 5. For each plant, there were local
increases in koot indicated by green dots, during the 4 days. The
depth and day at which these increases occurred, however, varied
strongly among the different replicates, causing the limited signifi-
cance observed in Figure 6e. Using Equations (8-10), we calculated
how much changes in root length, and k..ot contributed to the
significantly increased Kot at 31-41 cm depth for maize (Table 5). In
each of these soil layers, the increase in Koot Was primarily caused by
an increase in koot (relative contribution >0.75 in 8 out of 10 layers).
Note that in some layers, root length even decreased slightly, causing
the negative values for the contribution of root length and values >1

for the contribution of root conductivity in Table 5.

4 | DISCUSSION

The spatial distributions of root hydraulic traits and how they are
affected by soil drying has important implications for the plant water
balance. The strong reduction of soil water potential in upper soil
layers led to a significant reduction of the local root hydraulic
conductance. In maize, this was partly compensated by an increased
conductivity (conductance per length) in deep roots. This enabled
plants to maintain an estimated 20% greater total water uptake rate
local increases in root

compared with a scenario without

conductance.
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FIGURE 5 Effect of increases in root conductance on the total root water uptake rate (Uy) during 4 days of soil drying. Grey bars are
hypothetical uptake rates, calculated by setting all measured local increases in Kot to zero. Blue parts of the bars are the fractions of total water
uptake rates attributed to the measured increases in Koot Blue values give the relative contribution of these fractions to the measured uptake
rates. Total water uptake rates are the temporal averages across the illuminated period at each day. Height of the error bars are medians among
faba bean (a) and maize (b) replicates, error bars are median absolute deviations (N = 10).

Initially, root conductance in upper soil layers was much greater
(87% in upper half of the pot for faba bean, 79% for maize) than in
deeper soil layers (Figure 4). This is typical for well-watered
conditions since shallow roots are usually more abundant (Haberle
& Svoboda, 2015; Kemper et al.,, 2020; Righes, 1980) and more
conductive than deeper roots (Dara et al., 2015; Miillers, Postma,
Poorter, Kochs, et al., 2022; Zarebanadkouki et al., 2013). Conse-
quently, withholding water resulted in a considerable vertical
gradient in soil water potential with more negative values in the
top and less negative values in the bottom (Figure 2). In response to
soil drying, we observed a significant decrease in Koot in upper,
relatively dry soil layers for both species (Figure 4). One plausible
reason for this decrease is a partial loss of soil root contact due to
root shrinkage, which was shown to be initiated at a soil water
potential of around -0.02 MPa for faba bean (Koebernick et al., 2018)
and maize (Duddek et al., 2022). Therefore, in upper soil layers, the
relatively low (more negative) W,.; might have induced root shrinkage
in our study, resulting in the observed reduction in K.ot, Whereas in
deeper layers, W, was still sufficiently high (less negative). Never-
theless, the critical W,,; at which we observed significant reductions
in Koot Was around -0.04 MPa (compare Figures 2 and 4), and thus
slightly more negative than reported by the two studies mentioned
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above. Besides a loss of soil-root contact, K,..: can also decrease due
to enhanced root suberization and reducing the amount of active
aquaporins, two mechanisms which are under biological control of
the plant. Soil drying reportedly led to a decreased expression of
aquaporin genes in shallow roots (Johnson et al., 2014), and an
enhanced suberization of, especially, basal root parts (Kreszies
et al, 2019) which predominantly reside in the top soil. Both
processes might have contributed to the observed reduction in Koot
in upper soil layers (Figure 4).

We assumed that the soil conductance was much greater than
the root conductance to approximate Koot by Ks, (Equations 4 and 5).
Estimations of K (Supporting Information: Appendix 1) showed that
this approximation was justified for a large part of the measurement
(Supporting Information: Figure 3). Only in upper soil layers for faba
bean at Day 4, K, was of the same order of magnitude as Koot
(Supporting Information: Figure 3l). There, up to 8% of the decline in
Koot from Days 3 to 4 as shown in Figure 4 were caused by a
reduction in Ksq;. Nevertheless, this effect was of minor importance,
as Koot Was already reduced by 72% on average between Days 1
and 3 in the upper half of the pot.

Theoretically, unregulated water uptake from drying soils can
lead to steep water potential gradients in the soil around roots and
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TABLE 5 Contribution of changes in root length and
conductivity to the significant increase in maize root conductance
between Days 1 and 3 at 31-41 cm depth as shown in Figure 4c.

Relative contribution Relative contribution

Depth (cm) root length conductivity
31 -0.09 +0.31 1.09 £0.31
32 -0.05+0.39 1.05+0.39
33 -0.02+0.48 1.02+0.48
34 -0.00£0.49 1.00 £ 0.49
35 0.08 +0.45 0.92+0.45
36 0.38+0.40 0.62 +0.40
37 0.41+0.44 0.59 +0.44
38 0.22+0.40 0.78 £0.40
39 0.15+0.50 0.85+0.50
40 0.20+0.54 0.80+0.54
41 0.24+0.56 0.76 £0.56

Note: Data were calculated using the log-transformed differences
between Days 1 and 3. Values are median values with median absolute
deviations. Values <0 for the contribution of root length (and >1 for the
contribution of conductivity) are caused by a decrease in root length
between the two points in time.

thus interrupt the hydraulic pathway from the bulk soil towards the
roots, and force stomatal closure (Carminati & Javaux, 2020). Our
estimations of the water potential at the root surface (Supporting
Information: Figure 3A,C) emphasize that such a severe water
depletion zone did not occur during the measurements presented
here. Most likely, the early local reduction in Koo, due to the
mechanisms discussed above, and the resulting stomatal closure,
could prevent an incisive drop in the local K. These conclusions on
the effect of Ky initially apply only to the soil type used in this study,
a loamy sand. In this context, a recent study showed that the total
conductance between soil and plant decreased at a less negative W
in a sandy soil compared with loamy soil, probably because the loamy
soil sustained a greater conductivity at a given W,; (Cai et al., 2022).
Additionally, the effect of a reduced soil-root contact depends on soil
texture, and might be more pronounced in the loamy sand used here,
compared with a sandy soil (Carminati et al., 2009).

Despite the potential benefit of preventing a severe water
depletion zone around the roots, the strong reduction in Koot in
upper soil layers (76% reduction in faba bean, 66% reduction in maize
[Figure 4]) comes with different impairments for the plant: A
reduction in Koot hampers the hydraulic redistribution of soil water
from relatively wetter towards relatively drier soil layers through the
roots (Neumann & Cardon, 2012). Moreover, as demonstrated in a
previous study, the reduction in Koot amplifies the drop in plant
water potential (Mdllers, Postma, Poorter, & van Dusschoten, 2022).
One possibility to partly compensate for this is deep-water uptake.
Up until Day 3, water in the bottom third of the pots was much easier
to access (W, less negative than -0.03 MPa) than water in shallow
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soil layers (W locally as low as -0.15MPa [faba bean] and
-0.08 MPa [maize] [Figure 2]). However, in agreement with other
studies (Clément et al., 2022; Dara et al, 2015; Zarebanadkouki
et al., 2013), effectively taking up deep water was initially limited by a
low local Koot (Figure 4). With proceeding soil drying, maize, but not
faba bean was able to significantly increase K,,o: in deeper,
comparably wet soil layers. The deep-water uptake, facilitated in
this way, contributed up to 20% to the total root water uptake rate
in maize (Figure 5) and thus, at least temporarily, alleviated the drop
in plant water potential.

Deep-water uptake under drought can increase due to a local
increase in root conductance, but also due to compensated root water
uptake, quantified as Us. This happens when the local W, drops less
than the global W, which was the case in deeper soil layers in our
study (compare Figure 2 and Table 2). Theoretically, we had separated
Up and Us using the fluctuating light intensity which, on short time
scales, only changes Up but not Us. To not fully rely on the success of
this separation, we additionally estimated which impact it had for our
conclusions on Kot if compensated water uptake had influenced the
measured Up (Supporting Information: Appendix 2). Since the estimated
Us at Day 3 in deeper layers in maize was a factor 10 smaller than the
measured increase in Up (Supporting Information: Figure 4), we conclude
that the measured local increases in Koot largely remained, even if the
separation of Up and Us had failed.

Normalization by root length indicated that the increase in Koot
was mainly caused by a significantly increased root conductivity
(conductance per length) (Figure 6). One potential reason for this
phenomenon is directed, enhanced aquaporin gene expression, as
observed by Johnson et al. (2014) or McLean et al. (2011). By relating
empirical data on Wy, ABA concentration in roots, and its impact on
aquaporin expression, Couvreur et al. (2015) estimated a 250%
increase in k.oo: between a local Wy,; of -0.005 and -0.1 MPa. This
effect would lead to a net increase in k..o as long as it is not
outweighed by a reduced soil-root contact and other forementioned
processes reducing k.oot. The fact that increases in koot only occurred
above a W,; of -0.04 MPa in our study (compare Figures 2 and é6e,f)
fits these considerations. Furthermore, the different abilities of faba
bean and maize to increase K;..: might be explained by root aquaporin
regulation as well: Under nonstressed conditions, radial water uptake
in bean occurs predominantly via the cell-to-cell pathway, mediated by
aquaporins, whereas in maize, the apoplastic pathway contributes
considerably (Javot & Maurel, 2002; Steudle & Brinckmann, 1989;
Steudle & Frensch, 1989). This fits the initially greater conductivity of
faba bean roots compared to maize roots (Figure 6a,b at Day 1). To
compensate this, maize had a greater root length (Figure 6b,c), thus
achieving a similar initial conductance (compare Figure 4a and 4b at
Day 1) with a greater flexibility and potential for local increases via a
facilitated cell-to-cell water transport.

However, the observed increase in koot could have also been
caused by xylem maturation. As summarized by M. McCully (1995),
maturation of the late metaxylem can occur far behind the root tip
(up to 10-50cm) for various species, including maize (St. Aubin
et al., 1986) and soybean (M.E. McCully, 1994). Since maturation of
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the metaxylem results in an increase in axial conductivity, the
measured increase in koot in Mmaize possibly reflects the development
of xylem vessels. This would imply that the axial conductivity had
initially limited root water uptake in deeper soil layers, as suggested
by previous studies (Clément et al., 2022; Sanderson et al., 1988;
Strock et al., 2021). However, the strong increase in local koot (Up to
82%) indicates a simultaneous response of all roots of various growth
stages within the respective soil layers, rather than a continuous
developmental process. Additionally, Steudle & Peterson (1998)
reported for maize that even though the late metaxylem is not fully
developed within 25 cm from the root tip, axial conductance is orders
of magnitude greater than radial conductance, except for a small
apical region without developed early metaxylem. We conclude that
an increased amount of active aquaporins is a plausible explanation
for the measured local increases in koo, Which could have been

enhanced by other mechanisms, such as xylem development.

5 | CONCLUSION

We analyzed the effect of soil drying on vertical profiles of root
hydraulic conductance in faba bean and maize. Withholding water for
4 days resulted in a pronounced vertical gradient in soil water
potential with drier layers in the top and wetter layers in the bottom.
In drier, shallow soil layers, the reduced soil water potential caused a
strong decrease in root conductance, which on the one hand
prevented a severe drop in soil hydraulic conductivity around the
roots, on the other hand amplified water stress and forced stomatal
closure. To partly compensate for this, maize, in contrast to faba
bean, was able to facilitate deep water uptake by locally increasing its
root conductivity. This increase improved the overall water uptake
rate, and thus is an effective plant strategy to reduce water stress

during soil drying.
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Appendix 1 Estimating the influence of soil hydraulic conductance on root water uptake.

Appendix 2 Estimating the impact of compensated root water uptake on measured water flow
profiles.

Suppl. Fig. 1 Determination of Up using data measured with the SWaP at day 1 and day 4 of the
drying period for an example maize plant.

Suppl. Fig. 2: Scheme of the hydraulic model used in this study.

Suppl. Fig. 3: Comparison between the soil conductance (Ks.;), estimated by two different methods,
and the root conductance (K:oot)

Suppl. Fig. 4: Comparison of the changes in plant-driven root water uptake distribution (Up) and soil-
driven root water uptake redistribution (Us) between day 1 and day 3 for maize.

Suppl. Fig. 5: Distribution of root conductivity (conductance per root length, ko.t) over depth during
four days of soil drying for each single maize plant.
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Appendix 1: Estimating the influence of soil hydraulic conductance on root water uptake

Assuming a much greater axial conductance between root system and leaf, multiplication of
the normalized plant-driven root water uptake distribution (Up) by the total hydraulic
conductance between soil and leaf (Ks.) yields the local hydraulic conductance between bulk

soil and root xylem (Ksg).

Ksr(z:) = Ks1 - Up () (1)

Table 1 in the main article shows the used terminology, their abbreviations, and units. Ksg is
composed of the local soil conductance (Ksoil) between bulk soil and root surface, and of the
local root conductance between root surface and root xylem (Kroot) (Suppl. Fig. 2). Since Ksoil

and Koot are connected in series, the sum of their reciprocals gives the reciprocal of Kgg:
-1 -1 -1
Ksg = = Ksoir ~ + Koot (2)

To separate the contribution of the soil and the root to Ksg, we used two different methods

to estimate Ksoil.
Method 1: Estimation of the water potential at the soil-root interface (Ws)

As suggested by Carminati and Javaux (2020), soil drying can lead to a severe water
depletion zone around the roots, and thus a strong difference between the water potential
in the bulk soil (Wsi) and at the root surface (Ws). The difference between W and Wy, is
directly proportional to the hydraulic conductance between bulk soil and root surface, and
thus Ksoil. Therefore, estimation of Wy, together with data on W, (measured with the SWaP)
can be used to determine Ksoil. Estimating W, requires the soil hydraulic parameters derived
with the water retention curve, root water uptake rates (RWU), root length, and root
diameter to be known. Generally, W, decreases with increasing water uptake rates per unit
root length and decreasing Ws.i. Below, we show the basic equations used for the estimation
of Wy, following the approach described in more detail by Carminati & Javaux (2020) or

Abdalla et al. (2022).

First, the matrix flux potential at the root surface (s) is calculated as:

D, (2;) = Ppye(2) —

RWU(z;) (T_o 2 ln(Tb(Zi)/To(Zi))) (3)

2mro(z)Lz) \2 0 r2(z)—1o(z)?
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with root length L, root radius ro and the radius defining the start of the bulk soil rp. rp is

approximated by with the soil volume V in each layer. ¢puikis the matrix flux potential

%
L(z;)

in the bulk soil which, for a Brooks-Corey soil, is given by:

Ppuk = % *Ksar  Wsou(z)™1 (4)

with the Brooks-Corey parameters derived from the water retention curve: inverse of the air
entry pressure a, saturated soil conductivity Ksat, and a dimensionless parameter based on
the pore size index T. Using eq. 3 and 4, we calculated @, for each soil layer separately
using the locally measured Wsoi and L. The local RWU in eq. 3 was estimated by Up * Uyt
Note that this comes with an overestimation of RWU in drier soil layers and an
underestimation in wetter layers. Therefore, the difference between W and Wgy is
overestimated in drier soil layers. We considered average values of ro for the entire root
system with ro=0.04 cm for faba bean and ro=0.02 cm for maize as determined by (Miillers et
al., 2022). Given the calculated ¢, W, could be derived in each soil layer. For a Brooks-

Corey soil, the relation between s, Wy, is given by:

1

Psr(z) (T+D)-a” " [e+1
W (z) = [FEE e ()

Ksat

Suppl. Fig. 3 A and C show the estimated W, profiles (filled circles), compared to the W
profiles (non-filled squares) measured with the SWaP. In general, throughout the four days
of measurement, W, and Wi were very similar. Only at day 4 in upper soil layers in faba
bean, W, was notably more negative than W (around 0.1 MPa difference). The difference
between Wy, and Wy is directly related to Kseii, and can be calculated as follows: The local
root water uptake rate is the product of the soil-root conductance, and the water potential

gradient between soil and root xylem (Woot) (Landsberg & Fowkes, 1978):
RWU (Zi) = Kgp (Zi) ' (‘psoil(zi) - Lproot(Zi)) (6)

Assuming steady state water flow, the flow rate across the whole pathway from bulk soil
into the root is constant (Alm et al., 1992). Under these conditions, the water flow rate in eq.

6 is equal to the water flow rate from bulk soil towards root surface:
Ksr(Z) * (Ws0i(Z1) = Wroot (2i)) = K01 (2i) * (Wsoir(2) — Wer(2)) (7)

After rewriting, eq. 7 gives an expression for the soil hydraulic conductance:
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__ Ksr (1) (Wso0it(Z))—Proot)
Ksoil (Zi) N (Wsoi1(zi)—Wsr(21) (8)

In eq. 8, Wsoil is @ measured parameter, Ksg was calculated using the measured ﬁp and Ks_
according to eq. 1, and W, was estimated using the model described above. W, oot was
approximated by the measured leaf water potential (Wiea) under the assumption of much
greater axial than radial root conductance. This assumption is discussed in the discussion of
the main article. With this, data on K1 as shown in Suppl. Fig. 3 B and D could be calculated.
According to these data, Ksii was of the order of 103 ml h't MPa! and 10* ml h'! MPa™, for
faba bean and maize respectively, at day 1. During the four days of withholding water, Ksoi
was strongly reduced, especially in the upper soil layers. At day 4, the minimum Ksoi over
depth was as low as 0.9 ml h'l MPa!l in faba bean and 14 ml h MPa! in maize. Before
evaluating the resulting effect on Kgs, we first describe an alternative method to estimate

Ksoil-
Method 2: Estimating an effective soil conductance

Following the approach from Nobel & Cui (1992), Ksil can be calculated as an effective soil
conductance, based on Darcy’s law of water flow from bulk soil towards the root surface. For

water flow through a cylindrical root surface, Ksoii writes:

2nL(z;)
%kh(zi) (9)
rolog (—=)

To

Ksou(z)) =

In eq. 9, kn is the soil hydraulic conductivity, and the other parameters are equivalent to

those used in eq. 3. For a Brooks-Corey soil, ky is given as:
kn(z) = Keqr * (@ - Weou(z:))* (10)

with the Brooks-Corey parameters as described above. Using this method, Ksi as shown in
Suppl. Fig. 3 E-F was calculated. The data were similar to those obtained by method 1 (Suppl.
Fig. 3 B and D): While at the first day, Ksi was of the order of 103 — 10* ml h'! MPa? it
dropped by more than a factor 100 towards the last day of the measurement in upper soil

layers.

Determining the influence of Ksii on Ksg

Ksr

To quantify the impact of Ksoii on Ksg, we calculated the ratio . This ratio is equivalent to

soil

the contribution of the soil resistance (reciprocal of conductance) to the total resistance
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between soil and root xylem. The greater this contribution, the greater is the impact of Ksoi
on Ksg, in relation to the impact of Koot 0N Ksg. Suppl. Fig. 3 G and | shows for faba bean, that
up until day 3, the local soil resistance only contributed up to 5% (method 1), or 10%
(method 2) respectively, to the total resistance between bulk soil and root xylem. This
means that Ksoi was 19 times, or 9 times respectively, greater than Koot. For this period, even
in the driest zones deviations between Ksg and Koot Were negligible, which justifies the
approximation used for eq. 5 in the main article. At day 4, however, the local soil resistance
contributed up to 20% according to method 2, meaning that K was only 4 times greater
than Kioot, and thus becomes an important determinant of Kszg. We therefore discuss the
contribution of Ksi to the observed changes at day 4 in the discussion of the main article.
For maize, Suppl. Fig. 3 H and | show that by either method, the estimated contribution of
the soil resistance remained below 4% during the four days, and thus the impact on Ksg was

negligible.
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Appendix 2: Estimating the impact of compensated root water uptake on measured water

flow profiles

In the present study, we analyzed how the distribution of root conductance changes during
soil drying by measuring root water uptake patterns with the soil water profiler (SWaP). A
key for this approach is separating the distribution of root water uptake rates (RWU) into
one part which is solely determined by the distribution of root conductance (plant-driven
root water uptake distribution, Up) and a second part which additionally depends on the
distribution of soil water potential (soil-driven root water uptake redistribution, Us). As
described in the main article, this was achieved by a fluctuating light intensity which induces
a rapid change in plant water potential, and thus changes Up but not Us on short time scales.
Using this separation, and a measure for the total conductance of the root system
(approximated here by the total conductance between soil and leaf, Ks), we could
determine the distribution of root conductance. The reported increase in the local root
conductance in deeper layers in maize (Fig. 4) is based on the measured increase in the local
Up and thus relies on a correct separation of Up and Us. Although this is theoretically
achieved by the fluctuating light pattern, we want to clear up doubts, and estimated which
effect it had if Up and Us would have not been separated correctly. As explained below, this

was done by estimating Us and comparing it to the measured increase in Up.

Following the approach derived by (Couvreur et al., 2012), the local Us, using our

terminology, is given as:

US(Zi) = Kcomp ’ (lpsoil (Zi) - lIjseq) ' UP (Zi) (1)

with the compensatory RWU conductance (Kcomp), local soil water potential (Wsoil), equivalent

soil water potential (Wseq), and the normalized Up (ﬁp = 5—’)). Wseq is the distribution of soil
tot

water potential weighted by Up:
Wseq = 2z ¥sou(2) - ﬁP(Zi) (2)

Eg. 2 shows, that the local Us, and thus the local RWU, increases when the difference
between the local soil water potential and the equivalent soil water potential increases. This
usually happens in deeper soil layers, where Wy, drops less than Wseq. In upper, relatively
drier layers, it is the other way around, causing a decrease in the local RWU. This process,

usually referred to as compensated root water uptake is quantified by Us. If we had not
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correctly separated Up and Us by our method, part of the measured increase in Up in deeper
layers in maize between day 1 and day 3 (Fig. 4) could have been caused by an increased

difference between the local Wi and Weeg.

To test this, we estimated Us for day 1 and day 3 using eq. 2. Since the total root system
conductance reliably predicts Kcomp (Meunier et al., 2017), Ks. was used here to approximate

Kcomp. The resulting Us profiles are shown in Suppl. Fig. 4.

Calculation of Us is based on the measured Up, which could be problematic since Up is the
parameter to evaluate by this procedure. What are the consequences of this dependency? If
indeed Us had influenced the measured Up, Up would be overestimated in deeper layers.
Then, the multiplication of Up in eq. 1 would contribute to an overestimation of Us in deeper
layers. However, it also causes an overestimation of Wseq (greater Up in deeper, wetter layers
results in a less negative Wsq (eq. 2)), and thus underestimation of the local difference
between Wsqi and Wseq. This would contribute to an underestimation of Us in deeper layers.
The overall effect of an overestimation of Up on Us is therefore difficult to predict. To
address this uncertainty, we additionally calculated Us using a hypothetical Up for which all
measured increases in the local root conductance were set to zero. The resulting profiles,

called Us', are also shown in Suppl. Fig. 4 B.
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Suppl. Fig. 1 Determination of Up using data measured with the SWaP at day 1 and day 4 of

the drying period for an example maize plant. (A) shows the local soil water depletion rates
(g) at different depths (left y-axis) and the total root water uptake rate over time (Uiot, right
y-axis). Shaded areas indicate a low-light intensity period, non-shaded areas a high light
intensity period. (B) linear regression between % and Ut at different depths, using the data

shown in (A). The slope of the linear regression in each layer is the local Up(z). (C) Complete

l7p profiles at day 1 and day 4, determined by a linear regression in each layer as shown in

(B).
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K, -

root

Suppl. Fig. 2: Scheme of the hydraulic model used in this study. (A) The total conductance
between soil and leaf (Ks.) is composed of the shoot conductance (Kshoot), and the total
conductance of the soil-root system (Ksg, tot). (B) The local soil-root conductance (Ksg) in each

layer is composed of the local soil conductance (Ksoil) and the local root conductance (Kroot).
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Suppl. Fig. 3: Comparison between the soil conductance (Ksoil), estimated by two different
methods, and the root conductance (Kroot). Ksoil Was determined by estimating the water
potential at the soil root interface using a steady state model (method 1, A-D) and
estimating an effective soil conductance (method 2, E-F). Both methods are explained in
Appendix 1. Data points are median values, error bars are median absolute deviations
among replicates per species. For each, one faba bean, and maize replicate with very low
local soil water content at day 4, estimations of K partly yielded negative values. Only data
from the other nine replicates were used for this figure. A and C show the estimated water
potential at the root surface (filled circles) and the water potential in the bulk soil (non-filled
squares, similar to Fig. 2B and D). Differences between the water potential at the root
surface and in the bulk soil were used to calculate Ksoii as shown in B and D. Additionally, Ksoil
was estimated as effective soil conductance according to eq. 9 in Appendix 1 (E-F). In B, D, E,
F, X-axes are scaled logarithmically. Values in the top left corners in B, D, E, F are minimum
values over depth at day 4. To quantify the effect of soil conductance on Ksg, Ksg was divided
by the estimated data on K., using both methods (G-J). The resulting values give the
contribution of the soil hydraulic resistance to the total resistance between soil and root

xylem. In G-J, faba bean and maize have different X-axes scaling.
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Suppl. Fig. 4: Comparison of the changes in plant-driven root water uptake distribution (Up)
and soil-driven root water uptake redistribution (Us) between day 1 and day 3 for maize. (A)
Ur was derived by multiplying the normalized plant-driven root water uptake distribution
(Fig. 3) by the daily averaged total root water uptake rate (Table 2). (B) Us was estimated
using the distribution of soil water potential and the distribution of root conductance as
described in Appendix 2. Us'" was calculated under the assumption that the local root
conductance had not increased in deeper layers between day 1 and day 3. (C) Changes in Up
(filled circles) and Us (non-filled circles) over time, calculated as differences between day 3
and day 1. Data points are median values among all maize replicates (N=10). Error bars are
median absolute deviations. D, E, and F show a magnification of A, B, and C respectively,

below a depth of 20 cm.
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Suppl. Fig. 5: Distribution of root conductivity (conductance per root length, kroot) over depth
during four days of soil drying for each single maize plant. Layers with a greater, koot as
compared to the previous day are indicated by green dots. Missing values were not

considered due to too small root length or Up as described in the methods section.
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Conclusions and outlook

The goal of this thesis was to analyze the effect of soil drying on the hydraulic conductance
of the root system, its spatial distribution relatively to remaining soil water resources, and
the resulting consequences for the plant water balance. To perform such an analysis, |
established an experimental setup, based on spatially resolved root water uptake
measurements using the recently developed soil water profiler (SWaP, (van Dusschoten et
al., 2020)). This involved some methodological adaptations and combining SWaP
measurements with leaf water potential measurements using psychrometers, and leaf gas
exchange measurements using a portable photosynthesis system. Additionally, MRI
measurements of root length distributions were included which | corrected for the missing
fine root distribution. This unique experimental setup allowed for analyzing how soil drying
affects the hydraulic conductance of the root system, its distribution over depth relatively to
remaining water resources, the underlying distributions of root length, and intrinsic root

conductivity, and how all these changes impact water flow regulation in the leaves.

The results | have presented here emphasize that alterations of the hydraulic conductance
between soil and leaf (Ks.) play a key role for plant responses to water stress: Starting in
moderately dry soil, Ks. declined exponentially which was the main cause for plant water
stress in form of a reduced plant water potential and stomatal closure. Therefore, the rate
constant (A) of this exponential decline, which significantly differed between the two species
tested, faba bean and maize, is a principal factor determining the extent of water stress. This
parameter A might explain differences in the drought robustness among different soil-plant
systems and should be considered in future studies on plant water stress. Here, plants with a
greater A tended to have a greater decline rate in stomatal conductance. Probably, there is a
general relation between the decline in Ksu and a plant’s ability to sustain a high
transpiration rate and CO; uptake rate at a given soil water deficit. This hypothesis needs to
be tested among a wider range of species. Variation in A might also account for the lack of
correlation between leaf water potential and stomatal regulation that has been observed
across different species (Martinez-Vilalta & Garcia-Forner, 2017). More generally, the
potential correlation between stomatal regulation and A raises the question whether A
affects crop production under water deficit: Are crop lines, previously found to be

comparably high-yielding under drought (Cabello et al., 2013; Carvalho et al., 2014; Dencic¢ et
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al., 2000; Khalili et al., 2013; Menezes et al., 2014; Oya et al.,, 2004), characterized by a

comparably low decline rate of the soil-leaf hydraulic conductance?

Analysis of the spatial distribution of root water uptake rates and the underlying
conductance revealed that most of the decline in Ks. occurred within the upper 10 cm of the
soil-root system, where roots were exposed to much drier soil compared to deeper layers.
Consequently, the remaining soil water in these upper soil layers was difficult to extract.
Since estimations of the water potential at the root surface indicated that the loss of
conductance did not occur between bulk soil and root surface, it must have been caused by
a reduction in soil root contact, or by a molecularly modified root conductivity. Since the full
recovery of Ks. upon rewatering took more than 24 hours it is likely that not only a reduced
soil-root contact, but additional, plant-controlled mechanisms, such as downregulation of
active aquaporins or root suberization, were involved. To what extent these different
mechanisms contributed needs to be clarified in future studies: The contribution of
aquaporins can be quantified using inhibitors like mercury (Martre, 2001), NaNs3 (Grondin et
al., 2016), or hydroxyl radicals (Rodriguez-Gamir et al., 2019), and measuring Ks_ in inhibited
and control plants, before and after exposure to drought stress. Furthermore, the decline
rate in Ks. could be compared between control plants and mutants with an aquaporin
isoform knocked out (Ding et al., 2020). The level of suberization before and after drought
stress can be analyzed using fluorescence microscopy of harvested, stained root samples
(Cruz et al., 1992; Kreszies et al., 2019; North & Nobel, 1991), but a quantitative analysis is
challenging. One approach to evaluate the contribution of altered soil hydraulic properties is
testing the effect of different soil types on drought-induced changes in Ks.. Alternatively, the
experiments described above could be combined with quantitative measurements of the
soil-root contact. For this purpose, NMR micro-coils, enclosing single roots, were tested as
part of this project. A more established method used in this context is X-ray tomography

(Carminati et al., 2013; Duddek et al., 2022; Koebernick et al., 2018).

In their theoretical work, Couvreur et al. (2012) point out that at the root system level,
plants exposed to drought stress have two different options to maintain relatively high water
uptake rates 1) increasing the total root system conductance 2) shifting its distribution more
towards relatively wet soil layers. Since the total conductance of the root system decreased
in the experiments presented here, the second option becomes even more important. While

the conductance strongly decreased in upper layers, it simultaneously increased in deeper
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layers for maize, but not for faba bean. This increase partly compensated the decrease in
upper soil layers, and contributed to the lower decline rate of Ks, and thus greater drought
robustness in maize compared to faba bean. The local increase in conductance would not
have been detected when the total conductance of the system was analyzed, which
highlights the need for spatially resolved data on water uptake rates. Since the local soil
water content also decreased in the respective deeper layers, although much less compared
to upper layers, the increase in conductance must have occurred in the roots, due to a plant-
controlled mechanism. Although, xylem maturation could have contributed, it is likely that
regulation of aquaporin gene expression and their posttranslational modifications was
involved. To clarify this, aquaporin activity before and after drought needs to be analyzed.
However, such an analysis must be performed locally, since an average across the entire root
system would be dominated by mechanisms that caused the reduced conductance in upper
soil layers. A local analysis would require harvesting roots from the identified area (between
30 and 40 cm depths for the setup used here) under controlled and drought-stressed
conditions, and either comparing the contribution of aquaporins to the hydraulic
conductance by aquaporin inhibition (Johnson et al., 2014) or comparing the abundance of

aquaporins using immunoassays (McLean et al., 2011).

The findings discussed above show that the response of the root system conductance
depends on both, the global water balance of the plant, and the local soil water status.
Therefore, the vertical gradient in soil water potential influences the response of the plant to
soil drying. The extent of this gradient depends on the initial root hydraulic architecture in
well-watered soil: Among all species tested, shallow roots were more abundant and had a
greater intrinsic conductivity compared to deeper roots, resulting in a much stronger water
depletion in upper soil layers. Upon water restriction, this strongly enhanced the vertical
gradient in soil water potential. The observed alterations in root system conductance
suggest that the plant tries to adapt the distribution of root conductance to the altered soil
water conditions: In non-stressed conditions, greater root conductance in upper layers might
be beneficial to compete for nutrients and rainwater. In water limited conditions, a greater
conductance in deeper layers is required to better access the easily extractable deep water,
while in upper layers, reducing the root conductance could prevent a hydraulic interruption

between remaining bulk soil water and the root surface.
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Abbreviations

term meaning unit

Kst hydraulic conductance between soil and leaf ml h* MPa™
SWaP soil water profiler

A rate constant of the exponential decline in Ks, with reducing soil MPa™

water potential
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