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Abstract

The withdrawal of water from soil by vegetation, which in steady state conditions is equivalent to the transpiration rate, can be
written in terms of water potential in the form of an Ohm’s law analogy, known as van den Honert’s equation: The difference
between an effective soil water potential and the bulk canopy water potential is divided by an effective soil-plant resistance. This
equation is commonly used, but little is known about the precise definition of its parameters. The issue of this paper is to bridge
the gap between the bulk approach and a multi-layer description of soil-plant water transfer by interpreting the bulk parame-
ters in terms of the characteristics of the multi-layer approach. Water flow through an elementary path within the soil or the
root is assumed to follow an Ohm’s law analogy, and the soil and root characterisics are allowed to vary with depth. Starting
from the basic equations of the multi-layer approach, it is proved that the total rate of transpiration can also be expressed in the
form of an Ohm’s law analogy. This means that van den Honert’s equation holds at canopy scale, insofar as the assumptions
made on the physics of root water uptake hold. In the bulk formulation derived, the effective soil-plant resistance appears as a
combination of the elementary resistances making up the multi-layer model; and the effective soil water potential is a weighted
mean of the water potentials in each soil layer, the weighting system involving the complete set of elementary resistances. Simpler
representations of soil-plant interaction leading to Ohm’s law type formulations are also examined: a simplified multi-layer
model, in which xylem (root axial) resistance is neglected, and a bulk approach, in which soil-root interaction is represented by
only one layer. Numerical simulations performed in different standard conditions show that these simpler representations do

not provide accurate estimates of the transpiration rate, when compared to the values obtained by the complete algorithm.

Introduction

It is difficult to describe accurately the withdrawal of water
by plant roots because of the complexity of root systems.
To bypass this complexity, a bulk approach is generally
used which ignores details of the various paths of water
movement. In this approach it is assumed that, under
steady state conditions, the flux of water from soil to
canopy, i.e. the transpiration rate 77, can be expressed fol-
lowing an Ohm’s law analogy in the form

Tr = (¥ - ¥)/r5 @

¥¢ is an effective soil water potential, representing an
average value of soil water potential, ¥, is an average leaf
water potential and 7,° is an effective bulk resistance to
water transfer from soil to canopy. This equation, which
is often referred to as van den Honert’s equation (van den
Honert, 1948), has gained wide acceptance amongst plant
scientists (Cowan, 1965; Feddes and Rijtema, 1972; Katerji
et al., 1983; Lynn and Carlson, 1990), although little is

known about the precise definition and calculation of the
terms making up this equation.

In many models of soil-vegetation-atmosphere water
transfer, the soil-root interaction is represented by a set of
parallel layers, each one assumed to be horizontally homo-
geneous and characterised by mean properties such as
water content, water potential, root density, root potential
and resistance to water transfer from soil to root, etc. In
each layer, the Ohm’s law approximation is used to
describe horizontal transfer of water from soil to xylem
and vertical transfer through the xylem (Cowan, 1965;
Hillel ez al., 1976; Taylor and Klepper, 1978). The total
root extraction term (equal to the transpiration rate Tr
when there is no water storage in the vegetation) is com-
puted as the sum of the contributions from each layer.

May Eqn. (1) be used legitimately in a vertically
heterogeneous soil? In other words, can an Ohm’s law
analogy for canopy transpiration be derived from a multi-
layer description of the soil-root interaction? And if that is
the case, how are ¥¢ and ry° expressed in terms of the
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characteristics of each layer? These questions-will be the
topic of the study and the plan will be as follows. The first
section details the basic equations of the multi-layer
approach, specifying how each type of elementary resis-
tance can be expressed. The second section presents the
derivation of van den Honert’s equation with its effective
parameters in the general case. Also presented are addi-
tional simpler formulations of these parameters obtained
when certain approximations are made. The third section
compares numerically the performance of these simpler
expressions with respect to the exact solution.

Soil-root water transfer basic
equations

THE MULTI-LAYER APPROACH: AN ELECTRICAL
ANALOGUE

Assuming horizontal homogeneity, the soil is divided into
several parallel layers, each with a thickness 0z;, where
subscript ¢ refers to the layer number, counted from 1 to
n from the soil surface to the deepest layer explored by the
roots (Fig.1); the sum of the 82; is z,, the rooting depth.
¥, is the mean water potential of soil layer 7 and ¥,; is
the mean water potential of root xylem within the same
layer. The whole system is depicted as an electrical circuit
where the flux of water replaces current and the driving
force is water potential (Cowan, 1965; Hillel ez al., 1976;
Taylor and Klepper, 1978). The elementary flux of water
extracted by the roots in each layer (the properties refer-
ring to a layer are termed ‘elementary’ as opposed to
‘bulk’) can be written as

O6Tr; = (Y, — ¥,,)/1e; with ¥, > ¥, (2)

rei is the soil-root resistance in layer i, considered to be
the sum of a soil resistance r;; (from the soil matrix to the
root surface) and of a root radial resistance 7,; (from the
root surface to the root xylem through the root cortex)

Yori = Tsi + Tyi (3)

The vertical flux through the root xylem emanating from
soil layer ¢ is written as

Tri = (Wyi — ¥ric))/ 150 4)

where r, ;; is the root axial resistance (or xylem resistance)
to vertical water transfer within layer / — /. Assuming there
is no water storage in the plant, the total flux of water
which enters the shoot above the soil surface (denoted by
Trp) can be expressed as the sum of the elementary fluxes
emanating from each layer

Ty = Y, 6T (5)
i=1

In the electrical analogue shown in Fig. 1 ¥, represents
the water potential in the stem right below the first leaves
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Fig. 1. Electrical analogue of water transfer processes within the soil-
root system: general case of the multi-layer approach.

of the canopy in order to avoid the additional complexity
generated by the foliage architecture.

EXPRESSING SOIL RESISTANCE 7y

The rate of water uptake per unit length of root can be
expressed as

g = A¥/p; (6)

where AW represents the difference of potential (expressed
in MPa) between the bulk soil and the root surface and p;
is the corresponding resistance per unit root length with
units of MPa s m~2 (because ¢ represents a flux of water
per unit length of root expressed in m> (of water) s m™!
(of root)). Root length density in layer ¢ is denoted by RD;
(expressed in m (of root) per m? of soil ), and L; is the total
root length within the same layer per unit area. Both enti-
ties are linked by L/ =RD;0z;. The total water flow Q;
entering the roots in layer i is calculated as the integral of
g over the total root length and is then given by

_ J.L,- qdl = (A¥ / p,)L; = A¥ /1,; with
g r; = p./(RDz;) (7)

The elementary resistance p; has been inferred from phys-
ical models. In the model of Gardner (1960), a single root
is taken to be a hollow, infinitely long cylinder of uniform
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radius 7, extracting water at a constant rate from an infi-
nite volume. Under steady state conditions, with water
flowing from a distance r2, p; is expressed as a function of
soil hydraulic conductivity K (assumed to be constant) as

ps = In(r2/ 1)/ 27K) ®)

Cowan (1965) developed a similar model, assuming that
the constant flux of water entering the root comes from the
volume surrounding the root (defined by 7} < r < 1), and
derived an expression for p; which is different from that of
Gardner. Hydraulic conductivity K is expressed as a func-
tion of soil water potential ¥; as (Campbell, 1974)

K= K( lIIS) = Ksat( 'Pmt/ ‘Ils)3/b+2 (9)

where ¥, is the soil water potential at field saturation and
K, is the corresponding maximum conductivity.
Assuming that r, is linked to root density RD by
r2=(mwRDY1/2, the volume v of root per unit volume of soil
is given by v=7m ri2RD=(r/r2)>. Taking into account
Eqgns. (7) and (8) the soil resistance can be rewritten in
terms of v as (Reicosky and Ritchie, 1976; Abdul-Jabbar et
al., 1984)

tsi = —ln(ltrzl,,-RD,-)/ (47L'K,‘RD,‘52,') = —lm);/ (47EK,'RD,'5.Z,‘)
(10)

The units of r;; are MPa s m™' when Kjis expressed in m?
MPa™' s, Zur et al. (1982), working on field soybeans
with limiting soil moisture, found that soil resistances cal-
culated from experimental results were four to six orders
of magnitude higher than theoretically calculated using the
Gardner model. They attributed this result to the fact that
the unsaturated hydraulic conductivity of soil adjacent to
the roots may be several orders of magnitude lower than
that of the bulk soil.

EXPRESSING ROOT RADIAL RESISTANCE 7, ;

The radial movement of water from soil to xylem occurs
through the cortical tissue, partly in the water-filled free
space of the cell wall, and partly within the symplasm,
which is the connected protoplasm within the cell mem-
brane (Jones,1983). A unit radial resistance, p,, can be
defined as the root cortex resistance per unit length of
root (with the same units as p;), linked to the radial resis-
tivity p,° (resistance per unit area of root) by
P=p,°/(27r1), r1 being the root radius. The flux of water
entering the root per unit root length is given by an equa-
tion similar to (6): 4=A¥/p,, where A¥ represents the
potential difference between the surface of the root and
the xylem, assumed to be constant for a given layer. In a
very similar way to the previous section, it can be shown
that the total water flow Q; entering the roots from soil
layer i is written as

L
0, = J qdl = A¥ /1, with
0
t; = p,/(RD0z;) = P? /Q2mi;RD,6z;) (11)

r,,; has the same units as r,; (MPa s m™!). Herkelrath ez al.
(1977) give an average value for p, of 1.2 X 10'© MPa s
m2, For young maize plants Steudle ez 4/. (1987) evalu-
ated the radial resistivity (p,°) of excised main roots and
found an average value of about 2 X 10° MPa s m™! (which
means that p, = 3 X 10! MPa s m2 for a root radius of
1 mm). In the case of onion roots grown hydroponically
Melchior and Steudle (1993) found a value of about 7 X
10¢ MPa s m™! for p ,° at distances between 30 and 150
mm from the root tip: In this case p, = 101 MPa s m™2
for a onion root radius of 0.1 mm. These authors, how-
ever, specified that p,° was considerably larger in more
basal root zones.

EXPRESSING ROOT AXIAL RESISTANCE (XYLEM
RESISTANCE) 7y ;

The pathway for axial or longitudinal flow is the xylem.
The conducting elements are primarily the non-living and
lignified tracheides and xylem vessels (Jones, 1983). It is
assumed that the flux, ¢, of liquid water between two
points along a set of xylem elements in a primary root
(defined as a root which crosses a layer from bottom to top,
i.e. which transfers water vertically) can be expressed in
the form of an Ohm’s law analogy (Denmead and Millar,
1976; Taylor and Klepper, 1978)

qg=AY/r with r= p,d (12)

AY is the potential difference and 4 the distance between
the two points; p; is the resistance of xylem elements per
unit length expressed in MPa s m™ (because ¢ is expressed
in m3 (of water) s, A¥ in MPa and d in m (of root)). Let
m; be the number of primary roots which cross the soil
layer i of thickness dz; per unit surface and Q; the total
water flow through the roots for the elementary volume (1
X 6z;). Applying Eqn. (12) to each primary root crossing
the layer (counted from j=1I to j=m;) and considering that
AY is the same for all the roots leads to

m;

* AP & 1
= == — 3
Q= Péé (13)

j= *

For the sake of convenience the primary roots are assumed
to cross layer / with a mean angle ; to the vertical. This
means that 4=03z,/cosw;, and Q; can be rewritten as

Q; = A¥/r,; with r,; = p,0z;/(m cosw) (14)

Introducing the primary root density function, denoted by
RD, ;, which represents the length of primary root per unit
volume (m m™3) in layer ¢, the following relationship can
be written

RD, 5 = ' d; = mz; / cos w; (15)
2y J
j=1

which means that m,=RD, ; cos®; . This leads to the fol-
lowing expression for 7, ;

7y = Px0%i/ (RDy icos? @) (16)
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