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A B S T R A C T

Improving or maintaining crop productivity under conditions of long term change of soil water availability and
atmosphere demand for water is one the big challenges of this century. It requires a deep understanding of crop
water acquisition properties, i.e. root system architecture and root hydraulic properties among other char-
acteristics of the soil-plant-atmosphere continuum. A root pressure probe technique was used to measure the root
hydraulic conductances of seven-week old maize and lupine plants grown in sandy soil. Unbranched root seg-
ments were excised in lateral, seminal, crown and brace roots of maize, and in lateral roots of lupine. Their total
hydraulic conductance was quantified under steady-state hydrostatic gradient for progressively shorter seg-
ments. Furthermore, the axial conductance of proximal root regions removed at each step of root shortening was
measured as well. Analytical solutions of the water flow equations in unbranched roots developed recently and
relating root total conductance profiles to axial and radial conductivities were used to retrieve the root radial
hydraulic conductivity profile along each root type, and quantify its uncertainty. Interestingly, the optimized
root radial conductivities and measured axial conductances displayed significant differences across root types
and species. However, the measured root total conductances did not differ significantly. As compared to mea-
surements reported in the literature, our axial and radial conductivities concentrate in the lower range of her-
baceous species hydraulic properties. In a final experiment, the hydraulic conductances of root junctions to
maize stem were observed to highly depend on root type. Surprisingly maize brace root junctions were an order
of magnitude more conductive than the other crown and seminal roots, suggesting potential regulation me-
chanism for root water uptake location and a potential role of the maize brace roots for water uptake more
important than reported in the literature.

1. Introduction

Global crop production is negatively affected by drought, which is
the most significant abiotic stress in agriculture (Cattivelli et al., 2008).
This stress can be defined as the plant's inability to take up and trans-
port water to the shoot at the rate required to sustain transpiration,
with such inability leading to stomata closure and reduced yield
(Farooq et al., 2009). The extraction of water from soil and supply to
the shoot to maintain the transpiration and the carbon capture for
photosynthesis is one of the major roles of the root systems (McElrone

et al., 2013). Recently, it has received increasing attention as a pro-
mising target for breeding drought-tolerant crops in a climate change
context (Comas et al., 2013; Hammer et al., 2009; Schoppach et al.,
2014).

Both architectural and hydraulic properties of the root system de-
termine the location and uptake rate of water (Leitner et al., 2014), and
by extension its availability (Couvreur et al., 2014). These properties
are captured in the concept of “hydraulic architecture” that facilitates
the water uptake that is driven by the transpiration demand of the at-
mosphere (Doussan et al., 1998a; Lobet et al., 2014). From the
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hydraulic perspective, the flow of water between soil-root interfaces
and xylem vessels is regulated by root radial hydraulic conductivity,
which depends on anatomical and physiological properties of the root
cross-section (Steudle, 2000). Beyond that point, water transfer up to
the shoot is controlled by root axial conductance (Passioura, 1980),
which depends on the size, the abundance and the maturation level of
the xylem vessels (Martre et al., 2000; Sanderson et al., 1988).

From the architectural perspective, root types and branching pat-
terns impact soil exploration and resource capture in a dynamic way,
with strategic consequences on plant fitness to its environment (Draye
et al., 2010; Lynch, 2013; Lynch and Brown, 2012). In plants with
adventitious root systems, such as maize, the root system consists of
four different root types classified as primary, seminal, crown, and
brace root (see left panel in Fig. 1, simulated in the software CRootBox
(Schnepf et al., 2017)). From these main root axes, the substantial
amount of lateral roots that branches out would play a critical role in
water acquisition (Ahmed et al., 2016). Lupine (Lupins Albus L.), on the
contrary, only develops a single primary “tap” root, which branches
into laterals of different orders (see right panel in Fig. 1, observed in
rhizotron (Zarebanadkouki et al., 2016)). How these root orders
translate into different root segment hydraulic properties is still not
clear from the literature (Vadez, 2014). In addition, as a result of dif-
ferent growth and maturation rates, these different types of roots will
also have a different evolution of their radial and axial hydraulic
properties along the axis as a function of their age (Vetterlein and
Doussan, 2016). The resulting combination of architecture and root
property distribution (called hydraulic architecture) will define the root
system conductance.

Although root hydraulic properties partially control water uptake
pattern in heterogeneous environments (Javaux et al., 2008;
Zarebanadkouki et al., 2016) and have an important breeding potential
(Schoppach et al., 2014; Vadez, 2014), their measurement remains
challenging, in particular for plants growing in soil. Yet, their accurate
determination would allow breeders to better understand how root
hydraulics combines to architectural traits, in the determination of
species and/or genotypes performances in water-limited environments
(Meunier et al., 2017; Meunier et al., 2016b; Tardieu, 2012; Tardieu
et al., 2015).

The objective of this study is to evaluate the variability of hydraulic
properties along different root types in maize and lateral roots in lu-
pine, as well as the conductance of junctions between the shoot and the
principal roots in maize (i.e. the particular zones connecting maize
main roots and the stem in the way of the sapflow towards the leaves).
This will improve the understanding of the contribution of specific root

types and root regions to the overall root conductivity, and their con-
sequences on water uptake patterns.

To do so, we develop methods to characterize root hydraulic
properties for different root types. A root pressure probe technique is
used to measure profiles of axial and total hydraulic conductances along
roots of maize and lupine plants grown in soil, as well as the con-
ductance of root-stem junctions in maize. These measurements are
combined with an inverse modeling scheme to retrieve the profile of
radial hydraulic conductivity of each root type. These values are finally
compared with direct and inverse measurements reported in the lit-
erature.

2. Materials and methods

2.1. Soil and plant material

Nine maize and nine lupine plants were grown in aluminium con-
tainers (size of 40×40×1 cm) filled with sandy soil (92% sand – 5%
silt – 3% clay). The aluminium containers consisted in two aluminium
plates of 40× 40 cm, which were held together at the edges by alu-
minium bars of 1× 1×1 cm. This construction enabled us to open the
container from one side and carefully dig out roots from soil. Maize
seeds were soaked in 10% H2O2 solution for 10min and then germi-
nated on moist filter paper for 48 h. One seedling was then planted at a
depth of 1 cm into each container and the upper soil layers were cov-
ered with a 1 cm layer of quartz gravel to reduce evaporation from soil
surface. The plants were grown with a daily light cycle of 14 h and 10 h
of darkness, a light intensity of 500 μmol m−2 s−1, day and night
temperature of 24 and 19 °C, respectively and relative humidity of 60%.
During the growth period, plants were irrigated every four days to keep
soil at an average water content of 0.20–0.25 cm3 cm−3. When plants
were seven-week old, the containers were opened from one side and
roots were carefully washed from the soil. Unbranched segments of
different root types of maize (lateral, seminal, crown, and brace roots)
and lateral roots of lupine were excised and connected to a pressure
probe to measure their hydraulic properties (Bramley et al., 2009;
Frensch and Steudle, 1989). The methodology was applied to the dif-
ferent species and root types. For lupine, we only considered the lateral
roots since the taproot is rapidly branched. For maize, we analysed
seminal, crown, brace and lateral unbranched roots as well as the
conductance of the root-shoot junction. Four to five replicates per root
type were considered. The procedure of root pressure probe experiment
was slow. Three to four root segments per day could be characterized.
To avoid age variation among the sampled roots, the nine plants were

Fig. 1. Schematics of maize (left) and lupine (right)
root systems, respectively simulated in CRootBox
and observed in rhizotron. Root nomenclature and
color code are consistent throughout the manuscript.
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grown at three days intervals.

2.2. Root pressure probe

A root pressure probe consists in a pressure transducer located
within a capillary connected to the basal end of an excised root; see
probe details in Steudle and Boyer (1985). The connection was sealed
with silicone material (Xantopren L blue, Heraeus Kulzer GmbH, Ger-
many), which ensured a tight connection without blocking the xylem
vessels. The pressure probe was positioned horizontally and the root
supported by a glass container (10× 30 cm) filled with water. Half of
the capillary (diameter of 600 μm) was filled with silicon oil and the
other half of the capillary facing the root was filled with water. The
movement of the meniscus between water and oil was controlled by a
metal rod, used to measure the water volume injected into or sucked
from the base of the root.

2.3. Root total conductance

Unbranched roots 5–40 cm long were successively connected to the
root pressure probe. When the root pressure reached a stable equili-
brium value (Ψ0) (it took around 30–120min for the different root
types), a series of pressure clamps was carried out (3–5 clamps) to in-
duce water flow across the root. The applied pressure was increased in
0.02–0.05MPa increments (Ψ1, Ψ2, …) and held constant at each in-
crement for 10–120 s by continually adjusting the metal rod inside the
pressure chamber of the probe (see left panel in Fig. 2). Only the cut end
of the root was exposed to the pressure application.

The distance that the metal rod had moved was used to calculate the
cumulative water volume, and retrieve the average water flow rates
across the root (Jx1, Jx2, …) [L3 T−1]. The slope of the linear regression
of flow rates plotted against the applied pressure differences yields the
root total conductance “Kroot” [L3P−1T−1] (i.e. conductance that in-
cludes both axial and radial components) for the current root length “l”
[L] (see right panel in Fig. 2):

=K J
ΔΨroot

x
(1)

where ΔΨ is the difference between the applied and equilibrated pres-
sure. For details, see Appendix A and Meunier et al. (2017).

As illustrated in Fig. 3(a), after proceeding to the measurement of
Kroot with root length l1, a small proximal root segment (2 cm) was cut
off with a razor blade, and the root was reconnected to the pressure
probe to carry out the measurement of Kroot for root length l2. This cycle
was repeated until the root tip.

2.4. Root axial conductance

The root intrinsic axial hydraulic conductance (kx) [L4P−1T−1] is a

local root property defined as the product of the length of a root seg-
ment (lseg) [L] by its axial hydraulic conductance. Each time a 2-cm root
segment was cut off from the root proximal end, its axial conductance
was measured with a series of pressure clamps after the new equili-
brium pressure was attained (see left panel of Fig. 2, and scheme of the
small root segment in Fig. 3a). The calculation process was similar to
that of Kroot, and the following equation applied (see Appendix A for
details):

=k
J l
ΔΨx
x seg

(2)

Note that the measured axial conductance was assigned to the
middle position of the root segment along the axis of distances to the tip
“z”; see for instance z1 in Fig. 3(a), in order to obtain a profile of kx as a
function of z. Again only the cut end of the root segment was exposed to
the pressure application.

2.5. Junctions to shoot conductance

A simple version of the high pressure flowmeter method was used to
determine the axial hydraulic conductance of root-shoot junction
(Tsuda, 2000). Both roots and shoots were cut at distance of 2 cm from
the junction points. Then the shoot was connected to a tube designed to
perfuse water into the base of the shoot with stepwise increasing
pressures. Twenty minutes after applying a given pressure, the volume
of water that passed through each root type (length of ca. 2 cm) was
determined by weighing a soft tissue before and ten minutes after ab-
sorbing water from cut end of roots. The outflow from each root seg-
ment was collected in a separate soft tissue placed in a vertex tip. The
slope of the linear regression of flow rate plotted against the applied
pressure yielded the axial conductance of the root segment. Four to five
replicates were taken for these experiments. Note that the axial con-
ductances measured here refer to axial conductance of root-shoot
junction of seminal, crown and brace roots at a distance of 58–65 cm,
45–52, and 30–40 cm from root tip, respectively. Here we were con-
strained to the maximum length of each root type. Fig. 3(b) shows how
we adapted the procedure to the root-shoot junction of maize roots.

2.6. Optimization

The objective of the optimization procedure was to obtain the dis-
tribution of root radial conductivity “kr” [L P−1T−1] along root axes of
different root types. First (scenario 1, Table 1), we optimized kx and kr
based on Kroot measurements only, assuming that they were unique
(uniform values for each root type). In this first scenario, the mea-
surements of kx were thus not used. In the next scenarios (2–6), we
assumed that kr and kx were functions of the distance to the tip.

The intrinsic axial conductance profile was independently fitted on
kx measurements, using linear piecewise functions of distance to the tip.

Fig. 2. Example of root total conductance measure-
ment. Left: A series of three successive clamps are
applied to a specific root. Right: The corresponding
water flow rates are recorded and plotted against the
imposed pressure differences. The slope of the linear
regression yields the conductance Kroot.
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Various types of functions were then used to optimize profiles of root
radial conductivity (scenarios 2–6, Table 1), with the objective of fitting
the root total conductance profiles. The chosen indicator of quality of fit
was the adjusted r-square, as the total number of model parameters is
scenario-dependent. Note that we calculated the adjusted r-square
based on the mean value of the repeated observations at each distance
from the tip, and not on individual observations.

The five considered kr functions were: constant, linear, exponential,
stepwise (max. 3 steps) and piecewise (max. 5 points). The scenarios
were selected for their simplicity, flexibility and their relatively low
number of parameters as compared to the number of observations.
More information about the chosen distributions is given in Appendix B
or in Zarebanadkouki et al. (2016) and in Meunier et al. (2016a). In
Table 1, the last column gives the range of total number optimized
parameters, which is the sum of the third (number of optimized

parameters for the axial conductance) and the fifth (number of opti-
mized parameters for the radial conductivity) columns.

The optimizations were achieved in MATLAB with the Multistart
heuristic algorithm OQNLP (Optimal Methods Inc., USA) as global
solver. The analytical solutions of Landsberg and Fowkes (1978) and
Meunier et al. (2016a) were used to compute analytical solutions of Eq.
(A4) (see Appendix A) for scenario 1 and 2–5, respectively.

3. Results

3.1. Conductance results and fits

Good fits (r2 between 0.95 and 1) were obtained from the regression
between the water flow and the pressure transduced by the pressure
probe.

Fig. 3. Schemes of water pressures (equilibrium: Ψ0, applied: Ψ1, Ψ2, Ψ3) around excised roots during the measurement of their hydraulic conductance. Subplot a: Kroot is measured for
root length 1. A proximal segment is cut off, for which the axial conductance Kx is measured. The measurement of Kroot is then repeated for root length 2. Subplot b: Zoom on a brace root-
shoot junction where the hydraulic conductance is measured.

Table 1
Summary of the considered scenarios for fitting the measurements.

Scenario kx(z) function kx(z) parameters kr(z) function kr(z) parameters Unknown parameters in Kroot optimization

1 constant 1 constant 1 2
2 Linear piecewise 4 to 8 (separate fit) constant 1 5–9
3 Linear piecewise 4 to 8 (separate fit) Linear 2 6–10
4 Linear piecewise 4 to 8 (separate fit) exponential 2 6–10
5 Linear piecewise 4 to 8 (separate fit) stepwise 5 9–13
6 Linear piecewise 4 to 8 (separate fit) Linear piecewise 6 10–14
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Fig. 4 shows the profile of hydraulic properties along different root
types of maize plant. Subplots 4a and 4b show total and axial hydraulic
conductances obtained from root pressure probe measurements, re-
spectively (data presented as dots). Both total and axial hydraulic
conductances increase with increasing length or distance from root tip
and eventually reach a plateau. After simulation of water flow into
unbranched roots of varying length, the profiles of axial conductance
and radial conductivity were obtained for each root type (Fig. 4b and c,
respectively). Here, for given boundary condition, profiles were opti-
mized to best reproduce the measured profile of total and axial con-
ductance (solid line). The resulting total conductance with the local
hydraulic properties are plotted as solid lines in subplot a. The root
mean radii were 0.067, 0.052, 0.037, 0.03 and 0.042 for brace, crown,
seminal, maize lateral and lupine lateral roots, respectively. Note that
the brace roots data were already presented in Meunier et al. (2016a).

Then the ratio of root axial conductance and radial conductivity
along the root axis is plotted in subplot 4d. Throughout the whole
manuscript, we keep the same colours that represent the different root
types. Note that the units used in this study for length, time and pres-
sure are centimetre, day and hectopascal respectively, consistently with
the study of Couvreur et al. (2014) for example.

As shown in subplots b and c, the axial conductance and the radial
conductivity are increasing and decreasing, respectively, in all maize
root types. It leads to an increasing total root conductance for all root
types (subplot a) and a decreasing ratio of radial conductivity to axial
conductance (subplot d). Surprisingly, the axial conductance is the
largest for the brace roots which reveals a potential important role for
root water uptake despite the fact that these roots come quite late
during plant development and probably have access to a limited

amount of water. This could be due to the fact that no water stress was
applied during the experiment.

From subplot d, it is clear that conductivities ratios are noticeably
different in maize roots. This is of course due to the differences of axial
conductances (subplot b) and radial conductivities (subplot c). Around
15 cm from the tip for example, brace roots display a ratio ten times
larger than crown roots, mainly because of their larger radial con-
ductivity.

Similarly, hydraulic properties of lateral roots of lupine are re-
presented in Fig. 5. The y-axis limits have been kept the same as the
ones presented in Fig. 4 to easily compare the absolute values of
measurements between the two species. Similarly to the results ob-
tained for the maize roots, the axial conductance is increasing with
distance from the tip, while the best scenario for radial conductivity is
the constant one. As a consequence, the lupine total root conductance is
strictly increasing (Meunier et al., 2017) and the ratio of radial con-
ductivity to axial conductance strictly decreasing.”

Finally, the axial conductances of root-shoot junction of three main
maize root types were measured. We obtained (0.0089 ± 0.0026) cm3

hPa−1d−1, (0.0015 ± 0.00025) cm3 hPa−1d−1 and
(0.00054 ± 0.00025) cm3 hPa−1d−1 for brace, crown and seminal
roots respectively. These axial conductances refer to axial conductance
of root-shoot junction of seminal, crown and brace roots at a distance of
58–65 cm, 45–52, and 30–40 cm from root tip, respectively.

The brace roots have the largest axial hydraulic conductance and
the seminal roots have the smallest. Axial hydraulic conductances of
brace roots are 11.46 times larger than the ones of crown roots which
are, in turn 2.79 times larger than the ones of seminal roots. The brace
roots have a significantly better junction to the shoot (ANOVA test,

Fig. 4. Hydraulic properties of the different root types of maize. Subplots a and b: total and axial hydraulic conductances of different root types as function of distance from root tip,
respectively. Data presented as dots are average of 4–5 measurements and the error bars the standard divisions. Profiles plotted as solid lines are the best profiles obtained from simulation
of water flow into unbranched roots of varying length. Subplots c: best fitted profiles of radial conductivity that reproduces measured profiles of total hydraulic conductance. Subplot d:
ratio of radial conductivity to axial conductance derived from the analysis along the root axis. In subplot b the junction conductances of the different root types are shown as well.
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p < 0.01), than the two order main root types.

3.2. Quality of fit

The corresponding hydraulic (axial and radial) functions are given
in tables of Appendix C in the form of conductivity/position couples for
both species and all root types. The adjusted correlation coefficients for
best scenarios are indicated as well. They are all satisfactory higher for
the best fit of axial conductance profiles (0.93–0.99) and lower for the
best fit of radial conductivity profile (0.65–0.97). For the latter, the
scenario 4 is always privileged except for the maize and lupine lateral
roots where the constant radial conductivity profile reached the highest
adjusted r-square for both species.

The measurements and fittings are represented all together in Fig. 6
for both the axial conductances (bottom) and the total conductances
(top). The two general cases may be compared in terms of quality of fits:
the scatter plot represent the fitted scenario 0 and the crosses, the best
fitted function between the four other scenarios (1–4). The two simu-
lation sets reach similar fitting quality for the root total conductance (r-
square a little bit larger than 0.8) but have abilities of fitting the axial
conductances pretty contrasted. Since several orders of magnitudes of
differences were observed between measurements of axial con-
ductances along the root axes, constant scenarios could not catch such a
variation with satisfactory fitting.

4. Discussion

Interestingly, the measured total conductances (Kroot) of different
root types and plant species are in the same order of magnitude (see
Figs. 4 and 5, top). More strikingly, the evolutions of Kroot as a function
of root length are also generally similar (Fig. 4a). As expected (see
Meunier et al., 2017; Meunier et al., 2016a), a plateau of maximal

conductance is reached as the root grows.
The obtained value corresponds to an uptake of 1 cm3d−1 per ma-

ture root for a pressure difference of 1MPa, which makes sense we
compare the total transpiration of the plant and the total numbers of
roots observed. In contrast measured axial conductances differ sig-
nificantly (Fig. 6, bottom: more than two orders of magnitudes between
the smallest and largest measurements). The latter result is expected
when comparing roots of different orders and ages, the former is sur-
prising. The lupine root conductances are in average smaller but the
measurements correspond to smaller lateral root diameters. When
compared, the lateral roots of the two species are rather similar (r2 of
0.85) and the best fits were both obtained with homogeneous radial
conductivity functions. As a consequence the radial profiles of hy-
draulic conductivity are similar between the species.

In Fig. 7, we plotted the Standard Uptake Density (SUD, i.e. the
longitudinal profile of relative water uptake per unit root length in
conditions of homogeneous water potential at root surface, see Meunier
et al. (2017)) for the different root types. They were calculated using a
single root scenario just as in Zarebanadkouki et al. (2016). These re-
sults were further integrated to derive a cumulative fraction of the re-
lative water uptake along the different root types (subplots b and d).
These curves represent the cumulated percentage of water taken up
between the root tip and any position z along the root axis.

As illustrated by the bottom line of Fig. 7, except for the brace root,
most of the water is taken up by the distal region (close to the shoot or
the mother root junction). This result is similar to the experimental
observation of Sanderson (1983) in barley. For brace, crown seminal
and lateral roots of maize, the half root close to the root tip takes up to
92%, 33%, 18% and 35% of the water taken up by the whole root,
respectively. Similarly for lupine lateral roots, only 35% of the water is
taken up by the half root closer to the root tip. For the principal roots of
maize, at least 80% of the water is taken up in the first 35 cm of the

Fig. 5. Hydraulic properties of the lateral roots of lupine. Subplots a and b: total and axial hydraulic conductance of different root types as function of distance from root tip, respectively.
Data presented as dots are average of 3–7 measurements and the error bars the standard divisions. Profiles plotted as solid lines are the best profiles obtained from simulation of water
flow into unbranched roots of varying length. Subplots c: best fitted profiles of radial conductivity that reproduces measured profiles of total hydraulic conductance. Subplot d: ratio of
radial conductivity to axial conductance derived from the analysis along the root axis.
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roots. This suggests that after the 35 cm then the root length is mainly
used to conduct water and not to take it up anymore.

From empirical observations reported in the literature, the opening
of early metaxylem vessels progressively occurs in the region from 4 to
beyond 14 cm from the root tip in maize (Frensch and Steudle, 1989;
Wenzel et al., 1989). Our measurements suggest that the timing of early
metaxylem vessels opening varies among root types. In brace roots, the
dramatic increase of root axial conductance related to early metaxylem
opening took place in the narrow range between 15 and 25 cm from the
apex. In contrast, our observations suggest that in crown roots early
metaxylem vessels start opening closer to the root tip and new vessels of
that type keep on reaching maturity beyond 30 cm from the apex.

Late metaxylem vessels reportedly reach maturity 40–50 cm from

the root tip in maize, increasing the axial conductance by an extra order
of magnitude (Doussan et al., 1998a; St. Aubin et al., 1986), and thus
were likely not open in our root samples.

Regarding the root-shoot junction conductances, it must be said that
cellulosic diaphragms, or “pit membranes”, that separate a branch from
its mother root xylem vessels were reported to filter out particles as
small as 5 nm (Shane, 2000), like common primary cellulosic walls
(hydraulic conductivity: 7 10−3 m2s−1MPa−1 (Steudle and Boyer,
1985)). Assuming 50× 50 μm connective xylem junction surface, and
1 μm thick diaphragms (Shane, 2000), yields a junction hydraulic
conductance of 1.7 10−3 cm3d−1hPa−1, which corresponds to the
range measured in our crown roots. Corresponding anatomical analyses
for brace roots were not documented in the literature. The higher

Fig. 6. Overall quality of fits for the root total conductances (top) and the
axial conductance (bottom). Scenario 1 (circles and lines) and best sce-
nario (crosses) are compared in terms of correlation coefficient.

Fig. 7. Standard Uptake Density (i.e. relative water
uptake along longitudinal axis) in the different maize
and lupine root types (top, subplots a and c);
Integrated Standard Uptake Density (i.e. integral of
SUD along the longitudinal root axis) in the different
maize and lupine root types (bottom, subplots b and
d).

F. Meunier et al. Journal of Plant Physiology xxx (xxxx) xxx–xxx

7



junction conductance of brace roots might for instance be due to larger
pore size in junction diaphragms as reported in the literature for various
plants (Sperry and Tyree, 1988; Van Alfen et al., 1983).

The optimized root radial conductivities (kr) tended to decrease
with distance from the tip in principal roots, and remained stable in
laterals. Longitudinal variations of kr were not always observed in
maize principal roots (e.g. (Frensch et al., 1996)). In cases they were,
anatomical features such as the systematic development of hydrophobic
barriers (Tylová et al., 2017) and aerenchyma were considered re-
sponsible for the kr spatial gradient (Doussan et al., 1998a; Fan et al.,
2007). Cell plasma membrane permeability was reported not to vary
longitudinally (Zimmermann et al., 2000) and would thus not con-
tribute to kr variations.

Maize laterals systematically form an endodermal Casparian strip,
but the development of other apoplastic barriers remains quite limited
when grown in well-watered soil (Tylová et al., 2017), which may ex-
plain why we do not observe variations of kr along laterals (Fig. 5). The
longitudinal kr gradients previously observed in lupine laterals
(Zarebanadkouki et al., 2016) may be the result of the sandy growth
media that is prone to generate water stress and foster the development
of suberin lamellae in both endodermis and exodermis, as demonstrated
experimentally in maize laterals by Tylová et al. (2017).

In order to evaluate the radial and axial root hydraulic properties
derived from the pressure probe experiments, we compared them to
root radial and axial conductivities from the literature (Figs. 8 and 9,
see Appendix D for references). In these graphs, all the studies are
sourced in the bottom panels and the colours correspond to the plant
species: blue for maize plant (any genotype), red for lupine (any gen-
otype) and black for other herbaceous species. Most of the presented
values of Fig. 8 come from the reviews of Draye et al. (2010) and Rieger
and Litvin (1999).

Bars indicate ranges of variation observed in the corresponding
studies. The range of radial conductivity observations covers four

Fig. 8. Comparison of the root radial conductivity obtained in
this study and the ones measured in the literature for maize
(blue), lupine (red) and other herbaceous species (black). (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 9. Comparison of the root axial conductance obtained in this study and the ones
measured in the literature for maize (blue), lupine (red) and other herbaceous species
(black). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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orders of magnitude (see Fig. 7). The kr values in our study are rather
low as compared to other values for the same species, but correspond
on average to observed radial conductivity values of herbaceous plants.
The lower limit of the range observed in this study is due to proximal
segments of brace roots that were not included in other studies, because
too low and not influencing water uptake.

Root conductance (Kroot) is frequently assumed to be a linear
function of root length for sake of simplicity (Ehlert et al., 2009; Hachez
et al., 2012). Here we show empirically that the Kroot(length) function
saturates for all of the considered root types, which was demonstrated
theoretically to be a consequence of axial hydraulic limitation (Meunier
et al., 2017). Hence the typical empirical assumption that kr is the
measured Kroot per unit root surface could generate substantial bias
(underestimation of kr), particularly for long roots.

More than five orders of magnitudes difference exist between the
lowest and highest observed root axial conductances, even in herbac-
eous species (see Fig. 9). Including woody plants would have further
enlarged this range. Again, the axial conductances obtained from our
experiments are in the overall range of non-woody species even though
they are rather equivalent to the lowest values of the corresponding
species.

In our study, it was systematically impossible to fit simultaneously
the root axial and total conductances with uniform hydraulic functions.
While pretty good results can be obtained for root total conductances
alone (see Fig. 7, top), axial measurements highlighted the xylem
conductivity changes while the roots grow and develop. It indicates that
measuring root conductances with different root lengths is not suffi-
cient to successfully reproduce the conductivity profiles along the roots:
it would have been impossible to discriminate a constant hydraulic
model from complex ones from these measurements only. The combi-
nation of axial and root total conductances only allows one to do so.

When comparing the root-shoot junction conductances with the
axial conductances measured from the root tips (the former must be
multiplied by the sample length, i.e. around 2 cm, see Fig. 4b), we see
that only for the crown roots different values appear, with a probably
large water flow reduction due to this bad junction issue. For both the
brace and the seminal roots, the junction hydraulic conductivity is si-
milar to the axial conductivity of the corresponding roots close to this
point. It suggests a potential plant regulation mechanism for root water

uptake location.
All together the measurements derived from this study give a

complete description of the hydraulic properties of the maize plant.
Combined with architectural properties, it allows building root system
hydraulic architecture models fully parametrized that would tackle
open questions such as root water uptake distribution in growing root
systems and relative roles of the different root types in contrasted en-
vironments. These issues will be further investigated in future studies.

5. Conclusion

Root total and axial conductances of maize and lupine unbranched
roots were measured using a pressure probe technique. The metho-
dology allowed us to compute root water flows in single roots under
different scenarios of radial and axial hydraulic conductivity profiles.
The best scenarios fitted the measurements pretty well for both axial (r-
square between 0.93 and 0.99) and total (r-square between 0.65 and
0.99) conductances. While the axial properties revealed significant
differences between root types and species, the root total conductances
were rather similar which implies changes of root radial conductivity
between root order and ages. The analysis showed that the root-shoot
junction conductances deeply depended on the maize root type with the
highest values for the brace roots. Regulation mechanism for location of
root water uptake could be the cause of such contrasts between root
types. Comparison with the literature unveiled discrepancies between
studies for both radial and axial root properties within and between
species. Our results were in the low middle.
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Appendix A. Water flow equation in roots

The local root water uptake in a cylindrical root of radius r [L] and length l [L] is usually represented by a membrane-like conceptual model
(Landsberg and Fowkes, 1978). The radial flow of water per root length − −q L L T[ ]r

3 1 1 along the root axis z [L] is driven by the water potential
difference between the xylem vessels and the soil-root interface, hereafter referred to asΨ P[ ]x andΨ P[ ]0 , respectively. It depends also on the inherent
radial conductivity of the root tissues − −k LP T[ ]r

1 1 :

= − −q z πrk z Ψ z Ψ( ) 2 ( )( ( ) )r r x 0 (A1)

All the state variables here may vary along the root axis except for the soil-root interface potential that is considered as uniform because in our
experiments the roots were entirely immersed in the same water solution. The root axial flow −J L T[ ]x

3 1 that takes place within the xylem vessels is
driven by the water potential gradient in these conduits and is regulated by their axial conductance − −k L P T[ ]x

4 1 1 :

= −J z k z dΨ z
dz

( ) ( ) ( )
x x

x

(A2)

Mass conservation implies that the radial flux as described by Eq. (A1) leads to incremental changes of the axial flow given by Eq. (A2):

=d
dz

J z q z( ) ( )x r (A2)

Combining Eqs. (A1)–(A3) yields the most general form of the water flow equation in an unbranched root in homogeneous soil potential ():

⎛
⎝

⎞
⎠

= −d
dz

k z dΨ z
dz

πrk z Ψ z Ψ( ) ( ) 2 ( )( ( ) )x
x

r x 0
(A4)

Eq. (A4) is a potentially non-linear differential equation of the second order that can be solved either analytically for several root hydraulic
conductivity distribution (constant, linear, exponential or any complex combination of these three functions (Meunier et al., 2016a,b) or numerically
for any complex shape of root hydraulic properties (Alm et al., 1992; Doussan et al., 1998b). Solving Eq. (A4) requires two boundary conditions.
Here we consider the case of a constant water potential applied at the proximal end (z= l), Ψ P[ ]i , and a no-flux at the distal root end (z= 0):
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⎧
⎨⎩

= =
= =

J z
Ψ z l Ψ

( 0) 0
( )

x

x i (A5)

The solution of Eq. (A4) with particular boundary conditions A5 to the xylem potential distribution Ψx that, in turn, provides the radial flux and
axial flow along the root axis through Eqs. (A1) and (A2), respectively. The water flow can be written as:

= − =J l K Ψ Ψ K ΔΨ( ) ( )x root i root i0 (A6)

with − −K [L P T ]root
3 1 1 being the root total conductance and = −ΔΨ Ψ Ψ( )i i0 .

When the root is cut, the methodology (pressure clamps and flow measurements) is also applied to the short root segment to compute the axial
conductance. For short excised root segments of length lseg[L], we can neglect the radial flow and consider that the root hydraulic properties are
homogeneous, Eq. (A4) becomes.

=d Ψ z
dz

( ) 0x
2

2 (A7)

That, solved with the following boundary conditions,

⎧
⎨⎩

= =
= =

Ψ z Ψ
Ψ z l Ψ

( 0)
( )

x

x seg i

0

(A8)

it leads to the solution:

= =J l k
l

ΔΨ K ΔΨ( )x seg
x

seg
i x i

(A9)

where we noted =Kx
k

l
x

seg
.

Appendix B. Hydraulic conductivity functions

In this section, we used five kinds of functions to fit the measurements: constant, linear, exponential, stepwise and linear piecewise functions.
They are all illustrated in Fig. B1 except for the trivial constant function. In this figure, corresponding function parameters are indicated as well. The
number of parameters depends on the number of steps and points for the stepwise and the linear functions. Subplots 3 and 4 are plotted for 2 steps
and 2 points, respectively.

Corresponding formula are noted in Eqs. (B1), (B2), (B3) and (B4), respectively.

= +k k az0 (B1)

=k k exp az( )0 (B2)

= ⎧
⎨⎩

≤
>

k
k z z
k z z

,
,

0 1

1 1 (B3)

=

⎧

⎨

⎪
⎪

⎩
⎪
⎪

+ ≤

+ − > ≤

+ − >

−

−
−

−
−( )

( )
( )k

k z z z

k z z z z and z z

k z z z z

,

,

,

k k
z

k k
z z

k k
z z

0 1

1 1 1 2

2 2 2

1 0
1

2 1
2 1

3 2
3 2 (B4)

For the piecewise functions, initial distance to tip z0 and final distance to tip z4 (for two points) are taken as 0 and root length, respectively.

Fig. B1. Illustrations of the analytic functions used in this analysis in addition to the trivial constant function (from left to right, linear, exponential stepwise and linear piecewise
functions). Parameters of corresponding functions are indicated as well.
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Appendix C. Best fit values

See Tables C1 and C2

Appendix D. References for the hydraulic conductivity meta-analysis
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