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Current capability and future needs of root water and nutrient
uptake modeling
I. Abstract
The importance of root function in water and nutrient transport is becoming increasingly
clear, as constraints on agricultural resources are imposed due to water limitations and
environmental concerns. Both are driven by the increasing need to expand the global food
production. However, the historical neglect of consideration of water and nutrient uptake
processes below ground has created a knowledge gap concerning the plant responses of
nutrient and water limitations to crop production. The review begins with sections on (1)
notation and definitions of water potential, to defuse wide-spread confusion about the
nature of the driving forces for water transport in plants; (2) the physical coupling of
plant transpiration and plant assimilation by way of the principles of diffusion of water
vapor and carbon dioxide between the plant canopy and surrounding atmosphere through
the stomata for both non-stressed and stressed environmental conditions (water and
nutrients); (3) apoplastic and symplastic water and nutrient pathways in plants; (4) active
and passive nutrient uptake, and (5) concludes with a discussion of the current state-ofthe-art in multi-dimensional soil water flow and chemical transport modeling. This
extensive introductory review is presented to facilitate modeling of potential dynamic
linkages of soil with plant systems. The subsequent review of water uptake, nutrient
uptake, and simultaneous water and nutrient uptake addresses shortcomings of current
theory and modeling concepts. The review concludes with an example, illustrating a
possible multi-dimensional approach for simultaneous water and nutrient uptake
modeling. Specific recommendations identify the need for coupling water and nutrient
transport and uptake, including salinity effects on root water uptake and the provision of
simultaneous passive and active nutrient uptake. It considers the requirement for multidimensional dedicated root water and nutrient uptake experiments to validate and
calibrate hypothesized coupled root uptake models.
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Current capabilities and future needs in modeling root water and
nutrient uptake

II. Introduction
Comprehensive reviews of water and nutrient uptake concepts have been written by Molz
(1981), Boyer (1985), Passioura (1988), Baker et al., (1992), van Noordwijk and van de
Geijn (1996), and others. However, upon reading these reviews one will notice that while
they aspire to address mechanistic description of mass transport in plant-soil water
systems, their focus is mostly on either the plant or soil side. There are only a few
reviews of the functional interactions between these two subsystems. Also, there has been
relatively little progress in the advancement of the basic understanding of transport
processes in plants, specifically regarding their control by interfacial fluxes at either the
root-soil or leaf-atmosphere interfaces. Both these observations may be a consequence of
the way that scientists conduct their research. That is, after being thoroughly taught our
scientific discipline of choice, we conduct our research business within its usual narrow
disciplinary boundaries without really wondering too much about other closely related
disciplines. Venturing too far outside ones own strictly-defined area is usually
discouraged for fear of discrediting yourself as being a generalist, and ending up knowing
a little about everything. Much more credit is usually given to addressing fundamental
issues in narrow disciplines. Moreover, large-scale funding to support all investigators in
multi-disciplinary research projects is sparse, whereas publication of research findings
with multiple authors is challenging and perhaps less appreciated.
Alternatively, one could argue that the quantitative plant physiology of plant water
transport has been lagging behind, relative to the environmental fluid mechanics studies
of soil physical and atmospheric processes. The small-scale processes of atmospheric gas
and

soil

water

movement

are

believed

to

be

well

understood

from

a

physical/hydrodynamic point of view. However, their connection with the plant at the
interfaces is not. Undoubtedly, this is a complex and complicated area of research.
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Accordingly, fluxes at the interfaces (plant-soil and plant-atmosphere) are mostly
empirically derived, rather than mechanistically, as might be preferred. In part, this is
likely caused by the increasing complexity of biological systems, with their functions and
mechanisms of internal transport of water and nutrients (xylem) and assimilates (phloem)
less well understood. Consequently, water and nutrient uptake in plant growth and soil
water flow models is mostly described in an empirical way, lacking a sound physiological
or biophysical basis. This is unfortunate, as the exchange of water and nutrients is the
unifying linkage between the plant root and surrounding soil environment. The simplified
sink-approach was adequate for non-stress plant growth conditions, and may work
adequately for uniform soil conditions. However, it has become increasingly clear that a
different approach is required if water and/or nutrient resources become limited in part of
the rootzone. Increasingly, recommended irrigation water and soil management practices
tactically allocate both water and fertilizers, thereby maximizing their application
efficiency and minimizing fertilizer losses through leaching towards the groundwater. For
example, there has been the rise of new water and nutrient management techniques such
as the simultaneous microirrigation and fertilization, or fertigation (Bar-Yosef, 1999),
drip irrigation, regulated deficit irrigation (RDI), partial rootzone drying (PRD; Lovey at
al., 1997; Stoll et al., 2000), and band application of fertilizers. It has been suggested that
the rhizosphere might also be responsible for accelerated breakdown of organic
chemicals by biodegradation (Walton and Anderson, 1990), or extraction of contaminants
by photo-remediation. As pointed out by van Noordwijk and van de Geijn (1996) in their
review of process-oriented crop growth models, the ‘new’ agriculture will be directed at
minimizing yield losses and crop quality, while keeping environmental side effects at
acceptable levels. We suggest that the effectiveness of these practices regarding their
effects on crop production and groundwater quality requires a thorough understanding of
plant-soil interactions and the plant’s regulatory functions in managing stresses. This
includes knowledge of the crops responses to the availability of spatially distributed soil
water and plant-available nutrients, using a multi-dimensional modeling approach.
It is our objective to integrate principles of soil and plant sciences, by way of reviewing
the soils and plant literature on water and nutrient uptake and transport concepts and
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processes, within the soil-plant system. In doing so, most of the atmospheric-plant
interactions literature is excluded, because we assume that the potential transpiration rate
is a priori known by prediction from independent measurements. However, there is no
doubt about the importance of stomatal conductance and its control on plant transpiration
and assimilation, and the importance of stomatal physiological response to changing
atmospheric, soil and plant environmental conditions. Excellent contributions in this
field have been presented by Jarvis and McNaughton (1986), Leuning (1995), and Wang
and Leuning (1998). The focus of the presented analysis is mostly on the description of
the physical mechanisms, likely overlooking some of the basic biological concepts.
Indeed, we admit that our background in plant biology is restricted to flow and transport
within the Soil-Plant-Atmosphere Continuum (SPAC). However, we strived to integrate
our understanding of the pertinent biological processes with physical principles.
Despite that we will direct the focus of the review towards spatially distributed root
functioning and integration of soil-plant interactions, this treatise does not discuss the
fundamental physiological and biogeochemical processes occurring in the rhizosphere.
Although it is becoming increasingly clear that rhizosphere processes play a major role in
root water and nutrient uptake and plant stress responses, their general understanding is
often incomplete, thereby making it difficult to integrate rhizosphere processes in the
macroscopic modeling of plant growth and associated root water and nutrient uptake. For
example, the root is considered the sensing organ of the soil environment, and
communicates with the shoot by chemical signals by transport of specific nutrients (e.g.
calcium) or plant hormones to the shoot (Läuchli and Epstein, 1990). As a result, root
signals play a major role in mediating soil water and salinity stress. Specifically, root and
shoot hormone levels of Abscisic acid (ABA) have been shown to increase as a response
to water and salinity stress (Davies et al., 2000; Stoll et al.; 2000), and induce stomatal
closure, whereas ethylene production is suggested to be related to drought resistance
(Kirkham, 1990; Amzallag, 1997). Also, differences in soil microbial populations and
chemical and physical properties between the rhizoshpere and the bulk soil are not
specifically treated, however, it is realized that plant growth, water and nutrient uptake
and availability can be largely determined by the local environment in the rhizosphere,
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including root-soil contact. Hence, measurement and modeling of processes in the bulk
soil may not reflect the environment experienced by the root system, Examples of the
influence of the rhizosheath on root growth and uptake processes were presented by
Pierret et al., (1999) and Watt et al. (1994). Importance of soil structure and biopores on
root and plant growth and nutrient uptake was considered by Passioura (1991), Volkmar
(1996) and Pierret et al. (1999). Their examples show that rhizosphere properties and root
functioning are different between the macropore and bulk soil, specifically related to
differences in microbiological heterogeneity and root soil contact. In addition, this review
largely ignores the role of mycorrhizae and their influence on plant water and nutrient
uptake, particularly regarding phosphorus adsorption (Krikun, 1996). The trend towards
the understanding of increasingly greater complexities of root uptake processes will
warrant their integration in predictive crop growth modeling in the near future, as new
experimental tools and better measurement methods are becoming more available. The
developments and applications of innovative measurement techniques were documented
by Clothier and Green (1997), Mmolawa and Or (2000), regarding the measurement of
multi-dimensional plant root-soil interactions, and by Asseng et al. (2000) and
Clausnitzer and Hopmans (2000), who demonstrated the application of noninvasive
measurement techniques to infer soil transport processes and plant root water uptake at
spatial scales of less than 1 mm.
This review of root water and nutrient uptake is cast within the context of crop and soil
water modeling. This is because simulation models are now almost solely the universallyaccepted translation mechanism allowing communication and understanding among basic
and applied scientists. The choice of computer models as a means to integrate the stateof-the-art of knowledge in root uptake mechanisms is especially advantageous when
considering the integrated and interdisciplinary approach required to conceptualize the
complex interactions between subsystems within SPAC. Moreover, simulation models
may allow keen interpretation of experimental results and they can be a useful tool to
help understand and quantify uptake and transport processes (Whisler et al., 1986).
Despite the usefulness of computer models, their development and application have
limitations, as has been highlighted by Passioura (1973 and 1996), Whisler et al. (1986)
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and Philip (1991). A major drawback of computer models is their apparent insatiable
appetite for complexities, thereby providing the computer programmer with the
opportunity to increase the number of a priori unknown parameters without limitations,
and thereby giving the user the ‘false’ appearance of mechanistic understanding of the
simulated system. In addition, Philip (1991) forewarned that the increasing application of
computer models might eventually substitute for experimentation, thereby preventing
their real-word application. It is in this regard that inverse modeling may prove to be
more effective simulation tool. This process requires the combination of accurate
experimentation with mechanistic modeling to yield appropriate measures of parameters,
along with their uncertainties. Applications of such parameter estimation techniques are
presented in Hopmans et al. (2001) for soil hydraulic characterization, and in Vrugt et al
(2001) for characterizing multidimensional root-water uptake.
Before considering root uptake mechanisms a number of related issues will be clarified in
the first part of this review. First, there appears to have been a general and widespread
confusion about the nature of the driving forces for water transport in plants. Even over
the past ten years, there has been a lively debate as to ‘how water moves through plants’.
Although this difficulty, regarding flow of water and solutes between and across plant
cells, is understandable, we interpret this confusion to be also an indication of the current
usage of different terminologies and notations. This has led to misunderstandings and
confusion between soil and plant scientists. Specifically, when considering water flow,
one must clearly distinguish between water potential and water pressure. Secondly, we
argue at the outset that there must be a clear understanding that the processes of plant
transpiration (driving root water uptake) and plant assimilation (driving nutrient uptake)
are physically connected by the concurrent diffusion of water vapor and carbon dioxide
through the stomata. In theory, assimilation and transpiration processes must be directly
linked, in both non-stressed and stressed soil environmental conditions. Clearly, this link
can be achieved by introducing the notion of transpiration efficiency, defined as the mass
of biomass produced per unit water transpired (Hsiao, 1993). It has been shown that this
relationship between assimilation and transpiration, although plant specific, is linear and
can be applied for both stressed and non-stressed conditions. Thirdly, a review of the
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analogies of water and nutrient pathways in plants between apoplastic - along cell walls and symplastic - between cells - is needed. These will define and allow interpretation of
the various plant resistances and control of the driving forces to be considered. It appears
that both pathways may occur simultaneously, in parallel, and that some reference to
partitioning between these two pathways is needed. Fourth, a general review and
definition of active and passive uptake and their differences is needed. In particular, the
literature generalizes these two uptake processes, without really describing their
differences. Their definition arises from thermodynamic considerations, describing
transport in terms of phenomenological transport equations. Finally, although short, we
review the current state-of-the-art in modeling soil water flow and chemical transport, so
that dynamic linkages with plant systems across multiple spatial dimensions can be better
understood.
After an introduction that elaborates on the research of the preceding five issues, reviews
of water uptake, nutrient uptake, and simultaneous water and nutrient uptake will be
followed by an example, summarizing a possible multi-dimensional approach, and a
section summarizing the findings, including a synopsis on future research needs in root
water and nutrient uptake. It must be pointed out that notation and symbolism used here
may not be familiar to everybody, as our backgrounds will vary. In the end, we introduce
various alternative uptake models that are consistent with the current state-of-the-art
mechanics that describe water and nutrient uptake by roots. These do not add much
additional complexity and data requirements to currently used crop growth and soil water
flow models.
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III. Water transport in plants
A. Soil Plant Atmosphere Continuum (SPAC)
Water is transported through the soil into the roots and plant xylem towards the
plant canopy where it eventually transpires into the atmosphere. In a macroscopic sense,
water transport within this Soil Plant Atmosphere Continuum or SPAC can occur only if
water is continuous between the soil rooting zone and the plant atmosphere; an
assumption that generally triggers little debate. Conceptually, water transport is
mathematically described by an Ohm’s Law type of relationship, expressing the flux or
mass flow rate of water (M L-2 T-1) as a function of a driving force (water potential per
unit distance), and a proportionality factor that defines the ability of the transmitting
medium to conduct water. In soil science, this relationship is known as Darcy’s law
(Darcy, 1856), and its modified form is widely accepted as a means to predict water flow
in unsaturated soils from (Buckingham, 1907)

Jw = −K

∆ψ t
∆x

,

where Jw denotes water flux density (LT-1),

[1]

∆ψ t
is defined as the total water potential
∆x

gradient (L L-1), and K is known as the unsaturated hydraulic conductivity (L T-1), if ψ t
is expressed on a per unit weight basis). In plant science a similar expression was stated
by van der Honert (1948) to define water flow in plants by

Q=

ψ rs −ψ x
Rr

,

[2]

where Q denotes the rate of volumetric water flow through the plant (L3T-1), ψrs and ψx
denote the total water potential at the root surface (rs) and in the root xylem (x), both
expressed in units of atm by van der Honert (1948), and Rr describes the overall root
resistance to water flow (dimension depends on units used for Q and ψ). These
mathematical expressions are based on the assumption that flow of water is steady, and
that the gradient is constant. Therefore, both equations [1] and [2] state that the water flow
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rate is constant with time at any spatial location within SPAC, i.e., flow must be at some
kind of dynamic equilibrium. In contrast, flow is most often transient, or water fluxes
change with time. Nevertheless, the steady state expression can still be applied as long as
the time period over which it is used is short, compared with the rate at which the changes
in time occur. The relation between flux and volumetric flow rate is determined by the
cross-sectional area of the bulk soil over which flow occurs. Although this area may be
well defined for soils, the actual flow area in plants is much more difficult to determine.
Therefore, in plants it is much straightforward to use volumetric flow rates on per unit
plant, or on a per unit leaf area basis. However, in soil water flow models, plant
transpiration is defined by dividing the volumetric flow rate by the area of the soil surface
represented by the plant. Also, the definition of the proportionality factor is different
between plant and soil systems and is caused by the difference in physical size of the
water-transmitting medium. A soil system is usually defined by the bulk soil, without
consideration of the size and geometry of the individual flow channels or pores. Therefore,
the hydraulic conductivity (K) describes the ability of the bulk soil to transmit water and is
expressed in dimensions of L3 L-2 T-1 (volume of water flowing per unit area of bulk soil
per unit time). However, in plants one may be more concerned with the conductive ability
of a single membrane or organ, where the dimensions of the system are uncertain.
Consequently, the water conduction is expressed by resistance, R =

∆x
, or conductance
K

C=1/R, with dimensions determined by the units of water potential. Rather loosely, the
conductance term is defined as a permeability coefficient, likely derived from the
terminology used in irreversible thermodynamics (Slayter, 1967).
B. Water potential
When considering flow in a soil-plant system it is imperative that the overall concepts and
notation are well-defined and universally applied. Flow mechanisms can be then be
understood from the same basic principles (see also Oertli, 1996). Recently, the cohesion
theory (CT) of water transport in plants has been questioned, in part because of the lack of
general consensus about notation and physical principles. The CT was introduced by
Dixon and Jolly (1895), who suggested that water moved as a continuous stream of water
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through the plant, driven by the capillary pressure in the leaf canopy, allowing water to
move up through tall trees against gravity (as reviewed by Canny, 1977). Recent studies
have either questioned this general concept, or have proposed alternative mechanisms
(Canny, 1995; Steudle, 1995; Wei et al., 2000) that were fueled by recent developments
allowing direct xylem water potential measurement (Tyree et al., 1995; Balling and
Zimmerman, 1990). Most controversies have centered on the origin of the driving force
and the sustainability of water transport under low water potentials without the onset of
cavitation (see section III.C.). The analogy of flow between plants and soils is drawn
because of their similarity in pore size ranges. For example, in plants water is transported
upwards through water-conducting elements in the xylem. There are two kinds of such
vessels: the tracheids which are spindle-shaped and up to 5 mm long and 30 µm in
diameter, and other vessels that are formed by coalescing rows of cells, creating structures
from a few cm to meters in length, and varying in diameter from 20 to 700 µm (Kramer
and Boyer, 1995). Water movement within the plant is facilitated by pits or narrow porewall spaces between xylem vessels. Moreover, water flow in cell walls occurs through
pores in the nanometer range (see section V.A).
In SPAC, the driving force for water to flow is the gradient in total water potential (ψt).
Soil water potential is formally defined as (Aslyng, 1963): " the amount of work that must
be done per unit quantity of pure water in order to transport reversibly (independent of
path taken) and isothermally to the soil water at a considered point, an infinitesimal
quantity of water from a reference pool. The reference pool is at the elevation, the
temperature, and the external gas pressure of the considered point, and contains a solution
identical in composition to the soil water at the considered point." In other words, the
water potential is decreased if the water is at a lower elevation, lower temperature, lower
pressure, or for water solutions with increasing solute concentrations. Adapting the Gibbs
free energy concept, both Nitao and Bear (1996) and Passioura (1980) demonstrated by
using the thermodynamic treatment of Bolt and Frissel (1960), that this formal definition
can be extended to include surface forces acting on the surrounding liquid. As a result of
this formal definition, mechanical equilibrium requires both chemical and thermal
equilibrium. Moreover, the total potential of bulk soil and plant water can then be written
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as the sum of all possible component potentials, so that the total water potential (ψt) is
equal to the sum of osmotic (ψo), matric (ψm), gravitational (ψg), and hydrostatic pressure
potential (ψp), or

ψ t = ψ o +ψ m +ψ g +ψ p

. [3]

This additive property of water potential assumes that water is in thermal equilibrium and
that physical barriers within SPAC behave as perfect semi-permeable membranes with a
reflection coefficient equal to one (see section V.A.). Moreover, it makes no distinction
between water solution and water as a component of the solution (Corey and Klute, 1985).
The negative water potential is effectively the result of suction forces on the water
solution towards the solid soil or plant cell surface, so it is often conveniently denoted by a
positive suction force. Whereas in physical chemistry, the chemical potential is usually
defined on a molar or mass basis, the macroscopic treatment of plants and soils expresses
potential with respect to a unit volume of water, thereby giving pressure units (Pascal, Pa).
When expressed per unit weight of water, the potential unit denotes the equivalent height
of a water column (L). Likely, the common practice to measure water potential by water
or mercury column height justifies expressing water potential in pressure terms, such as
osmotic pressure, capillary pressure and hydrostatic pressure. However, this notation can
lead to misinterpretation of the physical meaning of water potential, since gauge pressure
is defined relative to atmospheric pressure. Atmospheric pressure is caused by the weight
of the air at the earth's surface, and is roughly 1 bar (about 1033 cm of water column, or
about 100 kPa = 0.1 MPa) at sea level. Thus in the true sense of pressure, the absolute
water pressure can never be smaller than -1 bar relative to atmospheric pressure, or zero
absolute pressure. Nevertheless, internal forces within the water can create suction forces
that correspond to water potentials much lower than -1 bar. With the introduction of
pressure transducers, it is now physically possible to measure these forces that correspond
with negative water potentials, much smaller than the pressure equivalent of -1 bar. For
example, Steudle et al. (1988) and Ridley and Burland (1999) demonstrated the
application of pressure transducers to directly measure osmotic and matric potentials in
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soils down to -0.7 and -1.5 MPa (-7 and -15 bar, respectively) for prolonged times. These
negative water potential measurements are only possible if cavitation is prevented.
Contributions to the driving force for soil water flow may not only arise from gravity and
capillary forces, but total water potential may include osmotic and surface forces as well.
Flow by gravitation is caused by differences in vertical elevation, whereas osmotic
potential is caused by a non-zero solution concentration of the bulk soil solution outside
the diffuse double layer (ddl). The ddl is defined by the thickness of the water film, in
which the ion distribution varies with distance to a charged surface, as a consequence of a
balance between diffusive and adsorptive forces. Osmotic potential is effective only when
solutes are constrained relative to water mobility, such as by a semi-permeable membrane
in plant roots. Hence, without such membranes, the total driving force for water flow
should exclude the osmotic potential, however, its magnitude will depend on the leakiness
or reflection coefficient of the membrane.
Whereas the osmotic and gravitational components of the total water potential are
generally well understood, the definition of matric and hydrostatic pressure potentials and
their distinction require further attention.

The matric potential (ψm) is caused by a

combination of capillary and surface forces, resulting in a capillary (ψcap) and surface
force component to the total water potential. The following explanation of matric potential
considers the various forces with corresponding potentials within the water film around a
soil particle, hence considers a microscopic view point.
The capillary forces are caused by surface cohesion forces at the air-water interface,
combined with the solid-water adhesion forces, creating a concave interfacial curvature
and subsequent lowering of the water potential for an air-water interface. The surface
forces become important when liquid films are covering the entire solid surface, and they
can be composed of various component forces that are (1) molecular - short range
London-van der Waals forces, (2) electrostatic, and (3) osmotic. Except for the molecular
forces, the other two adsorptive forces are a consequence of a charged solid surface. The
electrostatic forces are due to the dipolar nature of water molecules that orient themselves
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because of electrical forces in the ddl of the water solution near the charged soil or plant
cell surface. These molecular and electrostatic forces combined create a negative water
potential, defined as the adsorptive potential (ψa), that is most negative at the solid surface
and increase towards zero at the end of the diffuse double layer, which is about 1
micrometer (µm) or smaller. The third force acting on water molecules in the double layer
is a result of the increasing ion concentration towards the solid surface, resulting in a
negative osmotic potential (ψo,ddl) that is caused by the constrained ions in the double
layer. The resulting osmotic potential due to ions in the ddl in excess to those in the bulk
soil solution, decreases from the pore water solution inwards. To attain mechanical
equilibrium, the adsorptive and osmotic potential combined are compensated by an
increasing pressure potential towards the soil surface, ψP, or ψm = ψo,ddl + ψa + ψP. For
clarification of this concept, a hypothetical water potential distribution within a truncated
ddl and a concave air-water interface (ψcap < 0 ) is presented in Figure 1, where the
various water potential components are shown as a function of distance to the soil particle
surface. For a truncated ddl, the water film thickness is smaller than the spatial extend of a
fully developed ddl.

ψP = ψcap + ψdp

+

Truncated ddl

Potential, ψ
Distance from soil surface

ψm

_

ψo,ddl
ψa

Figure 1. Spatial distribution of water potential components in a truncated diffuse
double layer (adapted from Koorevaar et al., 1983).
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The disjoining pressure concept (Derjaguin et al., 1987; Tuller et al., 1999) can be
included in this concept, by defining the pressure potential as the sum of capillary and
disjoining pressure (ψdp ), or ψP = ψcap + ψdp . Its value is maximum at the soil surface and
decreases towards the air-water interface or half-distance between solid surfaces for a
saturated soil pore (see Fig. 1). It is this disjoining pressure that result in repulsive forces,
causing clays to expand upon wetting. Additional explanations of the underlying concepts
and definition and application of matric potential were presented in Koorevaar et al.
(1983) and Dane and Hopmans (2001).
Finally, the last term of Eq. [3] to consider is the macroscopic hydrostatic pressure
potential (ψp). It is included separately, to distinguish its positive value from the other
negative matric water potentials (ψm). In soils, the hydrostatic pressure potential originates
from the hydrostatic pressure caused by saturated soil conditions, whereas in plant cells
the hydrostatic component is represented by the turgor pressure.
C. Cavitation
Cavitation starts when gas or vapor bubbles are formed in water under tension. Those
create embolisms by exceeding the tensile strength of water and disrupting the hydraulic
continuity of the conducting soil pore or xylem vessels and tracheids. They prevent the
xylem water from sustaining the low water potentials required to drive a given
transpiration stream. Vapor bubbles can be triggered at gaseous, or other hydrophobic
surfaces and by gas seeds already present on the pore surface. Water normally cavitates
when the absolute water pressure is slightly smaller than its vapor pressure. However,
higher tensions can be sustained if the radii of cavitation nuclei are sufficiently reduced
(Tyree, 1997; Guan and Fredlund, 1997)). The critical water pressure for cavitation (P*) to
occur is controlled by the radius of the seed bubble (r*), as determined from the capillary
presssure equation of Youngs and Laplace (Pbubble < Pxylem):

Pbubble − Pxylem =

2σ air − water 0.15
≈
r
r

[4]
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where σ denotes the temperature dependent surface tension of water in contact with air,
and P and r are expressed in cm units. Cavitation by gas bubble growth may occur if the
xylem water pressure, Pxylem on the left-hand side of Eq. [4], is less than P* for that
specific size bubble with radius r = r* (Pbubble ≈ 0, when equal to vapor pressure of water).
For example, if the gas seed has a radius r* = 0.21 µm, cavitation will be triggered only if
the xylem water potential is more negative than -0.7 MPa. Subsequently, if Pxylem becomes
larger than P*, the bubble will reduce in size or collapse. Because of the metastable state
of water, conducting pores with r < r* will remain conductive for Pxylem > P* (Tyree,
1997). Applying this theory to unsaturated soils may lead to situations of cavitation as
well, resulting in changes in entrapped air phase and unsaturated hydraulic conductivity in
soils, thereby affecting the unsaturated water flow regime. For example, Or and Tuller
(2001) suggest that bubble formation can significantly affect the drainage branch of the
soil water retention curve, depending on whether the soil is drained by positive gas
pressure or under tension. In addition to being formed from small-sized seeds already in
the xylem system, gas bubbles can also move into the water-conducting vessels by air
seeding from neighboring conduits through pore walls (Tyree, 1997), or by temperature
fluctuations. However, air access is prevented if these pore radii are small enough (r < r*),
or if their air-entry value is not exceeded. Consequently, although cavitation is likely to
occur to some degree in xylem vessels at low water potentials, it will disrupt flow only in
the larger vessels, which will reduce the xylem hydraulic conductivity. However, this is
not such a surprise, knowing that transpiration rates may be significantly reduced and be
close to zero anyway at sufficiently low xylem water potentials.
D. Commentary

In summary, the driving force for water flow in plants is the total water potential
gradient as it is in soils. However, in contrast to soils, the osmotic component must always
be considered for flow through the roots, since water can move through cell membranes as
a result of osmotic potential gradients. However, water movement along osmotic potential
gradients is by diffusion, and flow paths will likely be different than those followed by
water driven by matric potential gradients, with each flow path characterized by its own
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specific hydraulic conductance. Flow can be even more complex as water diffusion
through membranes by osmotic gradients in one direction might cause matric potential
and/or hydrostatic pressure potential gradients in the opposite direction. Within the xylem
vessels and tracheids, water and solute flow is likely by advection, so that osmotic
gradients will not have to be considered. However, it is specifically in the xylem system
that the gravitational component must be included. For example, to move water up a 25 m
tall tree, the total water potential change in the xylem from the roots to the tree canopy
must be equal to or larger than 2.5 bars. For conditions of low water potentials, cavitation
may cause embolisms in the xylem, thereby decreasing the axial conductance of water
flow through plants. However, water can bypass cavitated parts of the xylem by lateral
movement to other water-conducting vessels. Moreover, as in soils, water can move
through water films along the xylem cell walls by surface forces, creating adsorption
potential gradients (Canny, 1977; Amin, 1980).
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IV. Linking plant transpiration with assimilation
A. Integrating root uptake processes

Within the general framework of crop growth modeling, one must take the broad
plant-soil-atmosphere approach with linkages between individual system components. In
the past this was only limited done, when crop production research was viewed from the
plant perspective only. Rather, there was the development of empirical relationships
between yield and water and/or nutrient application (see Viets, 1962). Empirical
relationships were considered adequate for soil water and nutrient management, even in
the 1970’s, when plant productivity was still the main driver and justification for
agronomic research.

Crop water use research was mostly driven by the need for arid-

region irrigated agriculture where water is a scarce resource (Tanner and Sinclair, 1983).
However, the need to integrate plant physiology with environmental sciences such as soil
physics, micrometeorology and agronomy was noted by Slayter in 1967. He justified this
by acknowledging the control of plant cell water status on the plant’s environmental
surroundings by water exchanges. Moreover, there is increasing evidence that
photosynthesis is better correlated with soil water potential than leaf water potential
status, indicating that roots respond to stressed soil conditions by transmission of
hormonal signals to the shoot (Davies et al., 1994, Passioura, 1996; Johnson et al. 1991).
Although much progress was reported in the seminal review of plant responses to water
stress by Hsiao (1973),

still much more research is needed to improve feedback

mechanisms in soil and crop growth modeling (van Noordwijk and van de Geijn, 1996).
In part, the historical neglect of consideration of water and nutrient uptake processes
below ground has led to a knowledge gap between plant responses to nutrient and water
limitations and crop production. The importance of root function in water and nutrient
transport becomes increasingly clear, as constraints on agricultural resources are imposed
due to water limitations and environmental concerns such as caused by groundwater
contamination. Both of these are driven by the ever-increasing need to expand global
food production while taking better care of the environment. Contemporary agriculture is
directed towards minimizing yield losses and limiting the degradation of soil and water
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resources, so as to keep environmental effects of crop production within acceptable levels
(van Noordwijk and van de Geijn, 1996). This current state of sustainable agricultural
systems justifies the increasing need for combining soil knowledge with plant expertise,
in particular as related to root development and functioning. This development may result
in a better understanding of water and nutrient stress on crop productivity, in relation to
heterogeneous soils with spatial and temporal variations in nutrient and water availability
in combination with spatially distributed rooting systems. As was also clearly stated by
Clothier and Green (1997), roots serve as big movers of water and chemicals in soils, and
a much better understanding of root functioning and uptake mechanisms of roots is
needed to establish sustainable crop production protocols.
Soil scientists have paid much attention to water movement and chemical transport in the
absence of roots, but much less to soil processes that are influenced by root development
and function. In part, root systems are neglected because they are hidden below ground
and their extensive branching makes description difficult. For the plant physiologist, it is
mostly the above ground portion of the plant that has been the most intriguing. It is here
where photosynthesis takes place, and the leaves can be seen! Root growth and root
system nonetheless play a critical role in providing water and basic nutrients for leaf and
shoot growth and development (Hoogenboom, 1999). Our physiological knowledge of
root water and nutrient uptake and root-shoot interactions lacks a basic understanding,
especially when soil water or nutrients are limiting. Consequently, both crop simulation
and water flow models tend to treat root uptake mostly by empirically means, thereby
limiting their general application.
As stated earlier, the need for crop simulation models originally arose from the wish
maximize crop productivity. In a mechanistic sense, the driving force for these crop
growth models was generally the RUE - radiation use efficiency or biomass produced per
unit of photosynthetic active radiation or PAR. This has been coupled with plant canopy
coverage or LAI (leaf area index), and then extension growth was largely determined by
thermal time and leaf N-content (van Keulen and Seligman, 1987). Simulation models
that focus on crop growth simplify soil water flow and transport and water and nutrient
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uptake. They ignore the dynamics of soil water and nutrient availability and uptake. In
most models, relatively simple algorithms determine crop or soil control of nutrient
uptake by a switch, depending on values of cumulative uptake versus demand. Examples
of these model types are CERES (Ritchie and Godwin, 1999 and Godwin and Jones,
1991), APSIM (McCown et al. 1996; Keating et al., 1999) and NutriAce (GRAZPLAN
Project, 1997). Potential crop nitrogen demand is determined by growth-stage dependent
plant N-concentration and biomass production. Water and nitrogen stress are quantified
by “zero-to-unity” water or nitrogen supply factors that are computed from soil
availability to reduce RUE and LAI accordingly (van Keulen and Seligman, 1987).
Continued development of soil water modeling has traditionally been justified from the
water management point of view considering irrigation and groundwater table
management. However, this has been extended because water is the key transport vehicle
for dissolved chemicals in soils. In either case, plant growth is considered secondary,
although plant evapotranspiration (ET) is among the most important driving forces for
water flow in soils. Soil water flow models compute ET from atmospheric variables such
as net radiation, air humidity and wind velocity. These include soil evaporation (Ritchie,
1972) and consider crop-specific transpiration using reference crop ET using growthstage dependent crop coefficients (Doorenbos and Pruitt, 1977; Allen et al., 2000).
Uncertainties in water flow modeling mostly result from inherent spatial and temporal
variability in soil physical properties, and they often lead to preferential transport of
water and associated chemicals at much faster rates than predicted. Dynamic water flow
models, however, almost exclusively ignore crop-growth processes and associated
mechanics of water and nutrient uptake. The influence of the plant is included in the
water flow equation by way of a distributed root water uptake or sink term. The
magnitude of this form depends on root distribution and ET. Also, water flow models
generally apply “zero-to-one” stress factors to mimic the influence of water shortage,
and/or salinity buildup. The exception is those that include soil and plant resistances for
water flow, thereby allowing iterative computation of water uptake as controlled by plant
water status. Nutrient uptake is either absent, or simply coupled to the water uptake term,
with an additional “zero-to-one” factor to account for nutrient-specific mechanisms other
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than by passive uptake. Examples of these types of models are HYDRUS2D (Simunek et
al., 1999) and SWIMv2.1 (Verburg et al., 1996). In either the case of crop simulation or
soil-water flow modeling, simplified empirical expressions are applied to simulate the
effects of soil water and nutrient stress on ET, RUE and leaf growth rate.
B. Transpiration coefficient

When combining plant and soil-water simulation models, it is essential that net
radiation provide the driving force for both biomass production and evapotranspiration. It
allows the combined model to be calibrated using independently measured biomass and
ET data. Although plant species specific, this ratio of transpiration to assimilation has
been shown to be fairly constant (Hsiao, 1993). Despite that only about 60 percent of all
assimilates being used for biomass production, with the remainder lost by respiration,
about 95 percent of total water uptake is lost by transpiration. The transpiration to
assimilation ratio, TAR, may vary between 30-150 kg/kg depending on meteorological
conditions and plant species. Van Noordwijk and van de Geijn (1996) introduced the
Water Utilization Efficiency (WUTE), defined as the dry weight production per unit
volume of transpired water, reporting range of values between 3 and 7 g/kg.
Alternatively, one can define water use efficiency (WUE) or a transpiration coefficient
(TRC), both denoting the mass of water transpired per unit biomass produced (Hsiao,
1993). This constant ratio was already introduced by de Wit (1958), when he presented
crop-specific, unique relationships between crop yield and plant transpiration, after
correction for evaporative demand through division of actual transpiration by potential
ET. This almost constant ratio, even under water or nitrogen stress conditions can be
explained by the sharing of transport pathways by CO2 and water vapor as they pass
between the atmosphere and the intercellular leaf space. Also, this is in response to the
dominant control of leaf-intercepted radiation on both assimilation and transpiration,
although assimilation only uses the PAR part of total radiation (Hsiao, 1993). Variations
in TRC occur between plant species as a result of differences between C3 versus C4
plants, the types of stomatal control, and the size and number of leaf stomata. Also,
changes in environmental conditions, such as caused by variations in CO2 (by elevated
CO2 levels in atmosphere) and water vapor concentration gradients (by changes in plant
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leaf temperature) affect the magnitude of TRC (van Keulen and van Laar, 1986; Hsiao,
1993). The inclusion of the TRC concept in crop simulation modeling under stressed soil
water conditions was first introduced by van Keulen and Seligman (1987). Their
suggestion was to multiply potential assimilation rate (radiation limited for non-stressed
conditions) with the actual to potential transpiration ratio. However, current crop growth
or water flow simulation models that incorporate radiation control of both biomass
production and transpiration are few. Exceptions are the SWAP model (van Dam et al.,
1997) and RZWQM (Ahuja et al, 1999). The SWAP model combines a field-scale water
flow and nutrient transport model with a universal crop-growth simulator (Spitters et al.,
1989). In this combined model, plant transpiration is computed from potential ET and a
crop-stage dependent LAI, whereas potential photosynthesis is controlled by RUE and
LAI. Both ET and photosynthesis are then reduced by water and/or salinity stress factors
that are computed from the decreased root water uptake as computed from the water flow
model. RZWQM is an integrated physical, biological, and chemical one-dimensional
process model, simulating crop growth and movement of water, nutrients, and pesticides
over and through the root zone. The model includes a generic crop growth simulator,
estimates soil evaporation and plant transpiration, and links total root water and nutrient
extraction to atmospheric demand.
C. Commentary

For crop growth modeling purposes, there must be a clear and intuitive understanding that
plant transpiration and plant assimilation are physically connected by the concurrent
diffusion of water vapor and carbon dioxide between the plant canopy and surrounding
atmosphere through leaf stomata. Conceptually, assimilation and transpiration processes
must be directly linked in both non-stressed and stressed soil environmental conditions.
This is achieved in crop growth modeling by introduction of a water use efficiency
parameter, such as the transpiration coefficient (TRC).
A first attempt to a mechanistic, multi-dimensional root growth and root uptake modeling
approach was presented by Somma et al. (1998), by linking a three-dimensional transient
flow and nutrient transport model to a root growth simulator. The simulation domain was
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discretized into a grid of finite elements in which the soil physical properties are
distributed. Solute transport modeling included nutrient transport in the soil domain by
both convection or mass flow and diffusion. Root water uptake was computed as a
function of matric and osmotic potential, whereas absorption of nutrients by the roots was
calculated as a result of both passive and active uptake mechanisms. Genotype-specific
and environment-dependent root growth processes were described using empirical
functions. The most comprehensive modeling level included simulation of root and shoot
growth, as influenced by soil water and nutrient status, TRC, temperature, and the
dynamic allocation of assimilates to root and shoot. However, the extreme complexity of
the model has precluded the expected application for plant growth simulations.
Moreover, the physiological basis for biomass production and allocation as is generally
included in crop growth simulation models was lacking. Nevertheless, the Somma et al.
(1998) model included the essential features required for an integrated plant growth-soil
water simulation model.
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V. Transport of water and nutrients within the root
A. Plant root structure

Although variable in size between monocotyledons and dicotyledons, the general
structure of root apices is broadly similar for many plants (Russell, 1977). They contain
the vascular stele and root cortex (Figure 1). The inner center contains the stele, which
includes the xylem and phloem, which are surrounded by the pericycle. The cortex
consists of the inner endodermis, cortex, and hypodermis and is bounded by an outer
layer of epidermal cells from where root hairs develop. Some roots will include an
exodermis (Peterson, 1989), which is a specialized form of the hypodermis. If present, it
can also be a major barrier of transport of water and nutrients through suberization of cell
walls and presence of a Casparian band, as occurs in the endodermis. Roots are in
contact with the surrounding soil by a film on its surfaces or mucigel which can also play
a controlling role on water and nutrient absorption by the plant.

ENDODERMIS

HYPODERMIS

EPIDERMIS

PERICYCLE

STELE

CORTEX

Figure 2. Diagrammatic cross-sectional area of the apical zone of a plant root. The
stele includes xylem and phloem elements, surrounded by pericycle.

The radial pathways for water and nutrients in roots are either intracellular (apoplastic)
and/or intercellular (symplastic pathway). The separation of both pathways is controlled
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by the plasmalemma. The protoplasm of plant cells are connected through
plasmadesmata, which form continuous pathways between plant cells, allowing water and
solutes to move along the symplastic pathway between cells.
The apoplastic pathway occurs through cell walls that are constructed from bundles of
cellulose molecules (microfibrils), surrounded by other polymers with a combined size of
3-30 nm, providing a pore spaces of 4-8 nm diameter pores (Figure 3). Within this
matrix, water and solutes can move freely within the cell wall solution, unless prohibited
by the physical size of large, high-molecular weight molecules. The second kind of pore
space within the cell wall is much larger, about 50 nm, and forms a connection between
plant cells by plasmodesmata, providing a low resistance pathway for water and solute
movement between plant cells. The plasmodesmata are lined by the plasmalemma, and
contain protoplasm of cell material, thereby providing opportunity for symplastic
transport. Their frequency of presence appears to be well correlated with nutrient fluxes,
with a high abundance indicating dominant symplastic transport.

Figure 3. Diagram of apoplast (shaded) of a plant cell, and an enlarged view of cell
wall. (Written permission from P.J. Kramer and J.S. Boyer (1995), Water Relations of
plants and soils).
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The cell walls at a distance of about 1-2 mm from the root tip characteristically include
an endodermis, which consists of only one cell layer. However, it plays a major function
in the conduction of water and nutrients through the root. This functional aspect of the
endodermis is caused by the development of the Casparian band. This is a thickening of
the radial walls along the plasmalemma. The Casparian band is impregnated with suberin
and lignin between the microfibrils of the cell wall, thereby making the endodermal cell
wall hydrophobic and greatly reducing the porosity and permeability of their radial walls.
Since the only effective way to move from the cortex to the stele is through the
endodermal protoplast, the endodermis provides a major barrier to water flow, and acts as
a selective membrane for solute transport. When present, the endodermis completely
blocks water movement, thereby requiring water to move through the plasmalemma
before returning to the walls of the stele cells. Further away from the root tip, some 1- 20
cm from the tip, a secondary deposition of suberin lamellae forms over the entire
endodermal wall and creates an additional layer of hydrophobic material, preventing
exchange of water between cell walls and cytoplasm. This completely blocks the
apoplastic pathway, including the wall-to-cell flow route (Epstein, 1966). Consequently,
it is believed that the dominant pathways for water uptake occurs directly behind the root
tip, where the second layer of suberization is still lacking. However, at places
suberization may be less well developed, and the effectiveness of the endodermal barrier
may be reduced (Slayer, 1967), thereby opening the apoplastic pathways. Cell walls are
negatively charged by dissociated carboxyl groups, thereby creating a diffuse double
layer, as occurs in soils, along the cell wall. Therefore, the apoplast tends to exclude
anions and preferentially absorbs cations such as Ca and K. In addition, ionic interactions
within the cell wall slow down diffusion, and affect active ion transport by carrier
proteins (Clarkson, 1996). A schematic diagram showing flow from the cortex, through
the endodermis to the stele, is presented in Figure 4. One may distinguish at least 3
different pathways with differences between flow routes determined by the type and
number of membrane crossings.
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B. Apoplastic versus symplastic pathway

As one might expect, water flow through the cortex is mostly apoplastic, but
includes symplastic flow through the endodermis, as flow is diverted because of the
presence of the Casparian band. Approaching the endodermis, water flow may either (1)
Direction of flow

Plasmalemma

Plasmodesmata

Tonoplast
Casparian band
Cell wall
Symplastic- nutrients
Vacuole

Symplastic-water
Protoplasm
Apoplastic-water and nutrients

Cortex

Endodermis

Stele

Figure 4. Schematic representation of pathways for water and nutrients across root
cells from the cortex (left) through the endodermis (center) towards the stele (right).

move through the Casparian band by osmotic gradients or (2) bypass the endodermis,
moving through the cell wall and plasmalemma into the symplastic pathway, returning
back to the apoplast once the Casparian band has been passed. In either case, considering
water uptake across the whole plant, hydraulic equilibrium requires that the total water
potential in the apoplast and symplast are the same (Kramer and Boyer, 1995). However,
component potentials may differ, with generally much smaller osmotic potentials in the
symplast, resulting in positive hydrostatic water potential, whereas the high osmotic
potentials in the apoplast correspond with negative matric pressures in the apoplast. The
transport of solutes may occur by active transport (see section VI), such as by ion
channels and ion carriers (Russell, 1977) within the endodermis, so that plant nutrients
can effectively bypass the Casparian strip as well.
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In part, the question regarding the contribution of the symplastic and apoplastic pathways
to total transport has remained unanswered because transport appears to be dependent on
plant species, and ion type. Moreover, increasing experimental evidence (e.g. Weatherley,
1963) suggests that cell walls offer an important pathway for water movement by mass
flow, possibly because of the occurrence of osmotically-driven water flow across the
Casparian band or by the occasional absence or incomplete development of the Casparian
band. Molz and Ikenberry (1974) and Molz (1981) presented a mathematical development
for parallel water transport across roots by symplastic and apoplastic movement.
The physical-mathematical treatment of flow of water and solutes across roots for steady
mass fluxes of water (Jwater) and solute (Jsolute) can be described by (Steudle,

1994;

Zimmermann and Steudle, 1978; Dalton et al., 1975; Fiscus, 1975):
J water = L (∆P − σ ∆Π )

[5]

and
J solute = ω ∆Π + (1 − σ ) Csoil J water + J *

[6]

In this approach, the soil and root system is simplified to a two-compartment (soil solution
or apoplast, and cell solution or symplast) system, The compartments are separated by a
single effective semi-permeable membrane with a reflection coefficient, σ, representing
the effectiveness of the membrane complex (plasmalemma and Casparian band) for water
flow by a concentration gradient. Thus, if σ=0, the membrane is fully permeable to both
water and solutes. In this situation, the membrane can not function as a means of driving
water by a concentration difference, ∆c, between the comparments. The concentration is
here expressed by osmotic pressure, or Π = RTc . The parameter, L, reflects the effective
permeability of the membrane to water, sometimes also called the filtration coefficient.
Hence, in this formulation both apoplastic and symplastic pathways for water flow are
combined into a single equivalent membrane. Solute transport may occur by diffusion,
with ω denoting the effective diffusion coefficient or solute permeability of the membrane
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(ω=0, if σ=1), effectively allowing osmotic adjustment of the symplast to water stress
conditions (low matric potential in apoplast), or by advection (Jwater) or solute drag, or by
active uptake, J* (see section VI.A). Although these transport equations allow for a
simple mechanistic description of flow and nutrient transport by roots, the combined
expressions [5] and [6] fail to recognize that flow and transport may occur by different
pathways, with pathway-specific permeabilities and reflection coefficients. Nevertheless,
the adaptation of the two-compartment model with a single membrane can be justified
(Steudle et al. 1987; Steudle, 1994). Moreover, the proposed physical-mathematical model
of Dalton et al. (1975) that will be discussed in section X.A predicts that the value of the
root permeability is dependent on transpiration rate; a finding that has been experimentally
confirmed by many investigators (Fiscus, 1983).
Steudle et al. (1987) stated that effective root permeability, L, depends on the
contribution of the various root-conducting parts to overall water transport, since
different root tissues may have different hydraulic resistances. Consequently, root
permeability is expected to be plant species-dependent, and is a function of

the

developmental stage of the plant. Moreover, it was postulated that flow paths are
different depending on whether concentration (osmotic driving force) or water pressure
(matric pressure driving force) gradients are induced across the plant root. To investigate
water transport in plant roots, a root pressure probe was developed (Steudle et al., 1987;
Balling and Zimmerman, 1980) to measure directly root xylem water pressure. In the
experiments of Steudle et al. (1987), controlled gradients of water and osmotic pressure
were established to study the influence of different driving force type (osmotic or matric
pressure) on root conductivity. They concluded that the driving force effect was plant
species dependent, and that it is determined by differences in flow path mechanisms
between species. More specifically, it was shown for maize roots that water flow induced
by matric pressure gradients is mainly apoplastic, whereas a major contribution to
osmotic-induced flow is the cell-to-cell or symplastic pathway. The small contribution of
the apoplastic pathway was caused by the low reflection coefficient value of the
endodermis, causing a low permeabililty of the apoplast as induced by a concentration
gradient in Eq. [5]. Measured hydraulic conductivities between pathways differed by one
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order of magnitude or more. This new composite transport model with parallel transport
of water between plant cells along the symplastic pathway, and through cell walls
following the apoplastic pathway, was further refined in Steudle (1994). In their work,
the simplicity of the two-compartment plant root system was maintained, however, the
effective root membrane reflection coefficient was computed from fractional
contributions of cross-sectional areas of apoplastic and symplastic pathways, and their
respective permeability values (see section VIII.C.).
C. Commentary

Water and nutrient transport in the root is mechanistically described by a set of
coupled transport equations, describing simultaneous uptake of water and nutrient into
the roots. In this approach, the soil and root system is simplified by a two-compartmental,
system, separated by a single effective semi-permeable membrane, separating the soil
solution or apoplast from the cell solution or symplast. The driving force for water flow
in plants is the total water potential gradient. However, in contrast to soils, the osmotic
component must always be considered for flow through the plant roots as cell walls act as
a semi-permeable membrane. However, water movement by osmotic potential gradients
occurs by diffusion, so that water flow paths used as a result of matric potential gradients
are likely different than those driven by osmotic potential gradients. For example, it was
shown for maize roots that water flow induced by matric potential gradients is mainly
apoplastic, whereas a major contribution to osmotic-induced flow is the cell-to-cell or
symplastic pathway. Measured hydraulic conductances between pathways can differ by
one order of magnitude or more. Therefore, the mechanistic description of water flow and
nutrient transport through plant roots should consider this parallel transport through
symplastic and apoplastic pathways. Also, discrimination between mechanisms of
transport in the roots between water and nutrients may dictate differences between the
spatial distribution of the main water and nutrient uptake sites within a rooting system,
and their variation in time.
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VI. Nutrient uptake mechanism

Using Eq. [6] in section V.B, it is demonstrated that nutrient uptake and transport
within the root can occur by three different mechanisms. Firstly, transport is driven by
concentration gradients, causing nutrient movement by diffusion and is generally driven
by electrochemical gradients. Secondly, nutrients move into and through the root by mass
transport, when dissolved in water. This mechanism is generally designated as the
convective transport component of nutrient transport. It is computed from the product of
nutrient concentration and water flux density. Thirdly, active uptake occurs by nutrient
flows against concentration or electrochemical gradients. It is this third component of
nutrient uptake that is sometimes referred to as ‘magic uptake’, and therefore requires
separate treatment.
A. Active and passive nutrient uptake

As plant solution concentration of many macronutrients may be larger than in soil
solution (Epstein, 1960), their uptake may require specialized ion-specific uptake
mechanisms, against an electrical or concentration gradient. Active transport is by
definition a process in which energy, provided by respiration, is expended in moving ions
from a zone of lower to higher electrochemical potential or concentration. Energy
demand for ion uptake can be large and can consume as much as 35 % of the total
respiratory energy (Marschner, 1995).
The fundamental difference between passive and active transport is determined by the
description of coupled flow of water, solute, heat, and electrical charge, using the general
theory of irreversible thermodynamics. The resulting set of phenomenological equations
defines the flux of each physical unit as a linear function of all possible forces operating
in the system. Transport is defined passive, if the flux is the result of any of the gradients
included in these coupled transport equations. If, on the other hand, flux occurs
irrespective of the presence of the formulated forces, transport is defined as active. This
theory is applied in soil physics to describe the simultaneous transport of heat and water
in soils, allowing both water and heat transport by water potential and temperature
gradients (Taylor and Cary, 1964). When considering the transport of water and solutes
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in soil-plant systems, this theory leads to the coupled equations [5] and [6], neglecting the
influence of temperature on mass transport, with the cross or phenomenological
coefficients defining the influence of water potential gradients on solute transport and
concentration gradients on water flow. Plant root water uptake is generally considered
passive only, although some active water movement may occur by electro-osmosis and
other physiochemical mechanisms (Dainty, 1963; Slayter, 1967). However, the
distinction between passive and active uptake is not so clear and depends on which
driving forces are considered in describing total mass transport.
Differences between ‘passive or physical’ and ‘active or metabolic’ nutrient adsorption
was introduced by Epstein (1960). The two different mechanisms lead to transport ‘down
a gradient’ and ‘against a gradient’, respectively. Passive transport occurs in the root’s
free space (cell walls), and is kinetically-controlled by diffusion and mass flow, with ion
exchange occurring between solution and the negatively-charged cell walls.

Since

diffusion across the plasmalemma or the tonoplast (see Fig. 4) may be severely limited,
active transport mechanisms to move specific ions into the cytoplasm, across the
plasmalemma, and vacuole, across the tonoplast, are required. Specifically, transport of
water and nutrients is impeded by the presence of the Casparian band in the endodermis.
The active ion transport across the plasmalemma and tonoplast is driven by specific
energy-driven ion carriers or through ion channels embedded in slowly permeable,
hydrophilic lipids within the cell membrane. Cell membranes control transport of nutrients
from the apoplast (cell walls) to the symplast (cytoplasm and vacuole) and subsequently
into the xylem. Their capability of transport and its regulation is closely related to their
chemical composition and molecular structure. These membranes dominantly consist of
hydrophobic polar lipids, which are combined by extrinsic proteins on the outside of the
membrane with hydrogen bonds (see Fig. 5) to provide hydrophillic sections. In this way,
active ion transport is mediated across the membrane; however, ion movement is by a
diffusion type of transport. Alternatively, intrinsic proteins may be integrated into the
membrane, allowing movement of hydrated nutrients through small open spaces or voids
(< 0.4 nm) (Clarkson, 1974; Marschner, 1995), such as by ion pumping. In addition,
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protein channels within the membrane can provide pathways for specific ion movement
across the membrane. A possible generalized plasma membrane model with an
approximate thickness of 5-10 nm, is presented in Fig. 5 (Marschner, 1995).

Fig.5. Generalized model of a plasma membrane structure (Written permission from
Marschner, 1995).

The energy required for active nutrient transport is metabolically driven by reduction of
ATP to ADP through ATPases enzymes. This causes transport of ions across membranes
from the apoplast to the symplast, from the cytoplasm into the vacuole, or in opposite
directions. Specifically, ATP-driven proton pumps provide a major ion pathway through
transport of H+ from within the cell to the apoplast, thereby creating pH and electropotential gradients by which both cations and anions can move across respective
membranes by ion channels or carriers (Marschner, 1995). Thus, these proton pumps
provide the driving force for energized transport of ions along electrochemical gradients
across either the tonoplast or plasmalemma. Hence, proton pumps provide for active
transport of protons, thereby creating the necessary downhill electropotential gradients
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for passive nutrient transport. Charge separation by metabolically driven proton pumps
across the tonoplast can be described by:
nH+cytoplasm

ATPase

+ ATP

nH+vacuole + ADP + Phosphate

[7]

The resulting transport of protons causes a membrane potential difference and an
electrochemical gradient, which is changed or dissipated by resulting ion fluxes through
passive diffusion, thereby carrying the electrons. Hence, active nutrient uptake does not
only depend on concentration, but is primarily controlled by available energy and
transport kinetics. The movement of ions of one sign by this process can cause ions of the
opposite sign to move against a concentration gradient, but down an electrochemical
potential gradient. For example, proton pumping allows downhill transport of cations
along an electrical potential gradient, across the plasmalemma into the cytoplasm in
uniport (by carriers or ion channels) or symport (co-transport) by returning protons.
Alternatively, the generated H-gradients by proton pumping may move anions from the
apoplast

into

the

symplast

through

a

proton-anion

co-transport

mechanism.

Thermodynamically, no work is required to move these ions, and hence it might be
classified as passive. However, their diffusion is metabolically driven, because it requires
ion pumping first and is therefore defined as active transport. Thus, passive transport of
one ion by diffusion is controlled by the active transport of another.
In addition to the proton pump, many other ion-specific pumps may be active, as
illustrated in Fig. 6 for an ion pump, exchanging cations C+ and M+ between the inside and
outside of a hypothetical membrane (Clarkson, 1974). The rate of transport is controlled
by the flipping rate of the turning proteins, as while opening and closing a valve. This
particular ion pump is neutral, but others can be electrogenic, causing charge separation
across the membrane. In addition to ion pumps, the presence of immobile negativelycharged proteins within the cytoplasm can result in electrochemical gradients, causing
passive ion diffusion across the plasmalemma. However, even the formation of these
proteins requires metabolic energy, so that this passive movement can be interpreted as
active transport as well!
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Fig.6 . Schematic of a neutral ion exchange pump (from Clarkson, 1974).

The passive diffusion along electrochemical gradients, established by metabolically-driven
ion pumps, occurs by both ion carriers and ion channels. A review on ion channels and ion
carriers was presented by Hedrich and Schroeder (1989). Carrier-mediated co-transport
occurs by transport proteins or carriers that bind the specific ion, move it across the
membrane and subsequently release it. This transport dissipates the electrochemical
potential by the return of these protons or other carrier ions coupled to specific plant
nutrients, such as nitrate, potassium, calcium, phosphate, etc. Carrier-mediated transport is
highly ion-specific.
The role of ion channels in active nutrient uptake was reviewed by Tester (1990) and
Tyerman and Schachtman (1992). Specifically, ion channels maintain electrochemical
gradients via control of membrane potential using metabolic driven ion pumps, thereby
facilitating passive ion movement. Nutrient transport through ion channels can be through
co-transport systems, with driver ions and coupled solutes if opposite charges move in the
same direction, and by counter-transport systems when driver ions and nutrients are of
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equal valence and move in opposite directions (Sanders et al., 1984). Ion channels can be
cation or anion selective, however, much less so than carrier transport. They move ions
either inward or outwards, at order-of-magnitude larger ion fluxes than through ion
carriers. Active nutrient uptake may be up to 10 orders of magnitude larger than simple
diffusion. Nissen (1996) hypothesized that active nutrient uptake at low concentrations is
dominated by carrier-like properties at relatively low uptake rates, whereas active uptake
has channel-like properties at high uptake rates and large soil solution concentrations.
Maximum transport rates for a carrier protein are in the order of 104-105 ions per second,
whereas an ion channel can pass more than 106 ions per second.
B. Michaelis-Menten description of nutrient uptake

Active rate of uptake and transport within the plant, and its ion-selectivity, is
regarded as a kinetic process equivalent to that described by Michaelis-Menten (MM)
type kinetics, used for the description of ion-specific enzym-catalyzed reactions. As
shown by Sanders et al. (1984), who developed an algebraic model of facilitated ion
transport kinetics across membranes, the influence of concentration and concentration
gradients of carriers on substrate transport can be well characterized by the MMparameters, Km and Jmax. A single uptake model such as the MM model may characterize
active uptake (J*) for a wide range of conditions. In general, MM-kinetics are described
by:
J* =

*
J max
(c − cmin )
K m + (c − cmin )

[8]

where J*max is the maximum uptake rate, and Km denotes the Michaelis constant, whose
magnitude is inversely related to binding energy between substrate and enzyme, and
denotes the concentration where J* = 0.5J*max.

The concentration, cmin, allows for

inclusion of a minimum nutrient concentration where influx becomes operational (Figure
7). The dimensions of J* may vary depending on how nutrient uptake is measured,
whether by mass of nutrient/mass of root, or mass of nutrient/root area.
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Figure 7. Characteristics of Michaelis-Menten description of active nutrient uptake by
plant roots.

MM-parameters vary with plant species, plant age, nutrient type, nutritional status of
plant, and other conditions. Many different variations of Eq. [8] were introduced (Nissen,
1996), and include the addition of a linear term to [8] to account for a diffusion term at
high concentrations (Kochian and Lucas, 1982). Other similar uptake models include
different active uptake mechanisms that may occur in parallel or selectively, depending
on supply concentration. For example, the presence of multiple plateaus in measured
nutrient uptake curves, led to the introduction of the multi-carrier system concept
(Epstein and Rains, 1966. In contrast, the multi-step relationship between uptake rate and
external concentration was interpreted by Nissen (1986) as evidence of a multiphasic
uptake model. This is caused by a single active uptake mechanism with changing kinetic
characteristics of increasing Km and vmax values at increasing concentrations established
by discrete external concentration levels.
C. Commentary

Root nutrient uptake and transport through the roots can occur by (1) diffusion, (2)
advection, and (3) by active uptake. The active ion transport across the plasmalemma and
tonoplast of root cells is driven by specific energy-driven carriers and ion channels. Both
mechanisms require the creation of electrochemical gradients across membranes by
metabolically driven ion pumps. Active rate of uptake and transport within the plant and
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its ion-selectivity is regarded as a kinetic process, equivalent to that described by
Michaelis-Menten type of kinetics. Knowledge of the concentration-dependency of
nutrient uptake is especially useful when optimizing N-fertilization while minimizing
environmental effects (Bar-Yosef, 1999). Moreover, the intrinsic difference in uptake
mechanisms between passive and active uptake leads to different nutrient concentrations
in soil solution. Specifically, passive nutrient uptake by convective water flow does not
alter the soil solution concentration, whereas active uptake reduces the average nutrient
concentration in the soil. Moreover, a better understanding of ion-specific active root
uptake is key to the development of effective strategies for the success of heavy metal
removal in soils by phytoremediation.
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VII. Flow and transport modeling in soils

Before moving on for comprehensive descriptions of root water and nutrient
uptake mechanisms, it is pertinent to review what has been achieved in the modeling of
water flow and solute transport in soils. This review is rather short, but is intended to
appreciate the progress made in the physical-mathematical description and modeling of
flows and transport in soils towards plant root-soil interfaces.
A. Soil water flow

Numerous studies have been published addressing different issues in the modeling
water flow in the unsaturated zone using the Richards’ (1931) equation. In short, the
dynamic water flow equation is a combination of the steady-state Darcy expression and a
mass balance formulation. Using various solution algorithms, the soil region of interest in
discretized in finite-size elements that can be 1, 2, or 3 dimensional. In three dimensions,
this volume element can be defined as a voxel. Numerical solution requires that mass
balance be maintained within each small volume element within the soil domain at all
times. A comprehensive review of unsaturated soil water flow modeling was published
Milly (1988), whereas Mariño and Tracy (1988) offered an in-depth review of root-water
uptake modeling in combination with solving the Richards equation. The model by
Clausnitzer and Hopmans (1994) uses a finite-element, Picard time-iterative numerical
vimu°nek et al., 1999) to solve Richards' equation for soil water
scheme (Vogel, 1987; S
matric head ψm [L] (see section III.B) in multiple dimensions:

A 
∂θ
∂   A ∂ψ m
=
+ K i 3   − S ( x j ,ψ m ,ψ o )
 K  K ij

∂t ∂xi  
∂x j


[9]

where θ [L3L-3] is volumetric soil-water content, t is time, K [LT-1] is the unsaturated soil
hydraulic conductivity, K ijA is the generic component of the dimensionless anisotropy
tensor for the unsaturated conductivity (i, j = 1, 2, 3), xi is the spatial coordinate, and S
[L3L-3T-1] is the sink term, accounting for root water uptake. Boundary conditions can be
included to allow for specified soil water potentials and fluxes at the soil surface, and the
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bottom boundary of the soil domain. Whereas user-specified initial conditions and timevarying source/sink volumetric flow rates can usually be specified. Richards’ equation is
typically a highly nonlinear partial differential equation, and is therefore extremely
difficult to solve numerically because of the largely nonlinear dependencies of both water
content and unsaturated hydraulic conductivity on the soil water matric potential (ψm).
Both the soil water retention and unsaturated hydraulic conductivity relationships must be
known a priori to solve the unsaturated water flow equation. Specifically, it will need the
slope of the soil water retention curve, or water capacity C(ψm), defined as

C (ψ m ) =

dθ
dψ m

.

[10]

C(ψm) is always larger than zero, since a decreasing matric pressure head will reduce θ
for any soil as corresponding smaller-sized water-filled pores will drain. The water
retention curve is much dependent on the soil particle size distribution and soil texture,
and the geometric arrangement of the solid particles and soil structure. Although soil
water retention measurements are time-consuming, unsaturated hydraulic conductivity
data are even much more difficult to obtain from measurements (see Klute and Dirksen,
1986). Functional unsaturated hydraulic conductivity models, based on pore size
distribution, pore geometry, and connectivity, require integration of soil water retention
models to obtain analytical expressions for the unsaturated hydraulic conductivity. The
resulting expressions relate the relative hydraulic conductivity Kr, which is defined as the
ratio of the unsaturated hydraulic conductivity K to the saturated hydraulic conductivity
Ks, to the effective saturation to yield a macroscopic hydraulic conductivity expression.
Solution of the Richards’ equation provides values for water content, soil water matric
potential and water fluxes at any predetermined point in the soil domain, usually with a
temporal resolution of hours or less.
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B. Solute transport

A general transport model has been developed to solve the three-dimensional
form of the convection-dispersion equation (CDE) for solute concentration c [ML-3], as
vimu°nek et al. (1999):
fully described in S

(θ + ρ k )

∂c
∂ 
∂c 
∂c
=
−S'
θ Dij
 − J w,i
∂t ∂xi 
∂x j 
∂xi

[11]

where ρ [ML-3] is the soil bulk density, k [L3M-1] is the linear adsorption coefficient, Dij
[L2T-1] is the generic component of the dispersion coefficient tensor, Jw,i [LT-1] is the
Darcy water flux density component in the i-th direction, and S' [T-1] is the sink term to
account for root nutrient uptake. Many more rate constants can be added to the CDE, for
example to allow for reactions of the solute in the dissolved or adsorbed phase, such as
microbial degradation, volatilization and precipitation. Hence, the CDE allows for
nutrient adsorption to the solid phase (left hand term), diffusion and dispersion, and mass
flow (first and second terms on right hand of [11], respectively)of the nutrient. The
solution of Eq. [11] yields the spatial and temporal distribution of nutrient concentration
and fluxes at the same time resolution as Eq. [9], when solved simultaneously. Expanded
review of solute transport in soils can be found in Bear (1972), Jury et al. (1991), Fogg et
al. (1995), and Kramer and Cullen (1995).
C. Commentary

It must be pointed out that the solution of Eqs. [9] and [11] yields macroscopic
quantities, i.e., values for matric potential, concentration or flux density denote voxelrepresentative values, with voxel sizes usually much larger than root diameter and root
spacing. Moreover, because interpolation between simulated values is time-consuming
and prone to errors, the selection of a grid spacing (one-dimensional) or voxel size and
geometry (three-dimensional) is usually done a priori with the same grid spacings used
throughout the simulation. Consequently, voxel geometries cannot be adjusted so that
they coincide with root-soil interfaces.
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The integration of the Richards’ equation with root water uptake to solve for the
macroscopic soil water potential within a continuum domain has been presented by
Gardner (1960), Molz (1981), and Somma et al. (1998) for one, two and three spatial
dimensions, respectively. Moreover, some water flow models incorporate the concept of
Nimah and Hanks (1973), to allow for iterative solution of effective plant water potential
when computing water stress effects on plant transpiration (Verburg et al. 1996).
However, in all cases, integration with plant growth has been limited. In conclusion, it is
anticipated that the next step in soil water flow and chemical transport modeling for soilplant systems must be to include the integration of soil water movement and nutrient
transport with plant water and nutrient uptake in multiple spatial dimensions.
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VIII. Root water uptake

When considering root water uptake, we accept the continuum approach as
presented in Van den Honert (1948), assuming that flow through the Soil Plant
Atmosphere Continuum (SPAC) is at steady state for a unspecified time period, and that
water potential across the SPAC is continuous and determined by the cohesion theory
(CT). Hence, an Ohm’s law analog between water flow and electrical current is valid, so
that water flow within each section of the SPAC pathway is determined by the ratio of
water potential gradient and flow resistance within each section. Specific sections may
include ‘soil to root cortex’, ‘root cortex to xylem’, and ‘xylem to leaf’. In this approach,
the overall resistance is defined as the series combination of all resistances in SPAC
(Campbell, 1985), so that the the steady-state transpiration rate is controlled by the largest
resistance. Consequently, the volumetric water uptake rate (Q) can be computed from (in
analogy to Eq. [2]):

Q=

ψ m −ψ x
Rs + Rr

[12]

where Rs and Rr denote the soil and root resistance to flow, respectively, and ψs and ψx
define representative values for the soil matrix and xylem water potential. Although
diffusion of water vapor into the air will generally be the largest resistance term within
SPAC (certainly in non-stressed soil water conditions), it is excluded in Eq. [12]. This can
be done, if potential transpiration rate is assumed known from atmospheric demand.
Equation [12] is generally used to quantify water transport across a single root in a
microscopic approach, where Q denotes the volumetric uptake rate per unit length of root
or per unit root surface area. An excellent example of such an approach was demonstrated
by Molz (1981), where a similar form as Eq. [12] was used for a mechanistic description
of water flow between plant cells using parallel pathways of symplastic and apoplastic
flows. However, the Ohm-type of approach can be equally applied to the macroscopic
flow of water across a complete rooting system (Gardner and Ehlig, 1962). In this
approach, volumetric water uptake rate is expressed in water volume transpired per unit
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soil surface area, so that the dimension of Q in Eq. [12] is L T-1. Application of the van
den Honert concept assumes that water flow caused by heat and/or solutes is insignificant,
and that the osmotic component of soil water potential is not contributing to water flow
into the root (Passioura, 1984). As will become clear later, this latter assumption may not
hold. Finally, the electrical analog theory assumes that water flow occurs through a simple
series of constant, time-independent resistances, however, in reality the plant system is
much more complex, resembling more a series-parallel network of flow paths, each
characterized by different resistances. Plant resistance is also likely to vary with
transpiration rate (Slayter, 1967; Passsioura, 1988; Weatherley, 1963; Steudle et al.,
1987), and water potential gradients, e.g. due to reduced plant conductance by cavitation
(section III.C). A thorough review of the simplifications and implications of Eq. [12] was
presented by Philip (1966).
A. Macroscopic water uptake

The steady-state assumption when using Eq. [12] is valid at small time scales, but
is less likely to apply at time scales larger than a day. Nevertheless, the steady-state flow
assumption was used by Gardner (1960), to characterize flow towards a single cylindrical
root. Assuming radial flow, an analytical solution was obtained, elucidating the influence
of soil resistance on plant transpiration and the soil water matric potential distribution
around the root. However, although Gardner’s studies were insightful and stimulating, the
single root approach is not practical when a whole rooting system with complex
geometries must be considered. Moreover, flow processes in the SPAC can be highly
dynamic, thereby requiring a transient formulation of root water uptake. Consequently,
later studies of water extraction by plants roots have considered the macroscopic rather
than microscopic approach. In the macroscopic approach, a sink term, representing the
water extraction by plant roots is included in the Richards’ Eq. [9] (Whisler et al., 1968;
Molz and Remson, 1970; Clausnitzer and Hopmans, 1994, Verburg etl al., 1996). When
simplified to one spatial dimension (vertical z-direction), this equation is written as:
∂θ ∂ 
∂ψ 
=  K (ψ m ) t  − S ( z , t )
∂t ∂z 
∂z 

[13]

46

where the sink term S (L3 L-3 T-1, volumetric uptake rate per unit bulk soil volume and
time) is a function of soil depth and time, and when integrated over the root zone (RZ) is
equal to the actual transpiration rate (Tact).
One-dimensional numerical flow models to solve Eq. [13] compartmentalize the root zone
in layers, ∆zi, (i = 1,. . , Nl), solving the flow equation and soil water extraction for each
layer i, so that
Tact = ∫ Sdz = ∑ i =1 Si ∆zi
Nl

[14]

RZ

with the relation between potential (Tpot) and actual transpiration determined by a
reduction factor (RED):

Tact = RED(ψ m ,ψ x , Rr , Rs )Tpot

[15]

where RED describes the influence of water stress on plant transpiration, as caused by
local, or total root system changes in soil and root water potential, and flow resistances.
The value of Tpot is solely defined by atmospheric conditions (evaporative demand), and

needs to be corrected for soil evaporation (Allen, 2000). For non-stressed conditions, the
extraction term for each soil layer (Si) is defined by Smax,i, where
S max,i = Tpot ,i RDFi

[16a]

where Tpot,i represents the non-stressed water extraction rate (maximum ) for the ith soil layer,
and RDFi denotes the normalized active root distribution function (RDF) for layer i (L-1). It
characterizes the depth distribution of potential root water uptake sites, and must be equal to
one, when integrated over the whole rooting zone, so that
Tpot = ∑ i =1 S max,i ∆zi
Nl

.

[16b]
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Hence, RDFi distributes the water uptake according to the relative presence of roots.
Traditionally, one would use root length density (RLD) distribution to represent RDF, however,
studies have shown that the root surface area rather than root length controls water uptake, and
that root water uptake is predominantly within 30 cm from the root tip (Varney and Canny,
1993). Moreover, active root distribution is not constant, but varies with time as roots grow and
decay, and new soil volumes are explored. Consequently, the modeling study of Clausnitzer and
Hopmans (1994) characterized temporal changes in RDF using dynamic simulations of threedimensional root-tip distribution.
Various empirical one-dimensional expressions have been developed to describe Smax or
RDF, of which many are listed in Molz (1981), Hoffman and van Genuchten (1983).
Other specific active root water uptake models include those reported by Hoogland et al.
(1981) and Raats (1974). In addition, multi-dimensional root density distribution functions
have recently been developed by Coelho and Or (1996) and Vrugt et al. (2001a and b). For
example, Vrugt et al (2001b) introduced the following three-dimensional root water
uptake model:

RDFi =

X Y βi

m m
X m Ym Z m

[17a]

∫ ∫ ∫ β dxdydz
i

0

0 0

where
 p

py

x

x 
y 
z  − x − xi + Ym
β i = 1 − i  1 − i  1 − i  e  X m
 X m   Ym   Z m 
*

y* − yi +


pz *
z − zi 
Zm


[17b]

and Xm, Ym, and Zm, denote maximum root exploration in directions of x, y, and z, respectively.
With empirical parameters px, py, pz, x’, y’, and z’, this single expression was shown to simulate
a wide variety of water-uptake patterns.
B. Root water uptake types I and II
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In general, two different approaches have been used to compute the time-variable
root water uptake needed to solve for spatial distributions of soil water content and soil
water matric potential by numerical solution of Eq. [13]. The first approach (type I) was
introduced by Nimah and Hanks (1973), and was further refined by Campbell (1985 and
1991). In either case, Smax,i is computed from solution of Eq. [12] for each soil layer, ∆zi,
when combined with the steady state equation of radial water flow to a root (Cowan,
1965; Gardner, 1960) to estimate depth-dependent soil resistances as a function of the
depth-specific unsaturated soil hydraulic conductivity. An effective xylem water potential
(ψx) is computed if the total estimated plant transpiration is larger than Tpot. For example,
using the Campbell (1985) approach, plant transpiration is estimated from (Verburg et al.,
1996):

Tact = ∑ Ti = ∑
i

i

ψ m ,i − ψ x
Rs ,i + Rr ,i

[18]

where RDFi is included in both Rs,i and Rr,i, so that Si =Ti/∆zi. If the computed xylem
water potential is lower than an a priori known minimum allowable value, a reduced
actual plant transpiration value (Tact) is calculated using that minimum xylem water
potential value. This than results in a reduction factor (RED) value, smaller than 1.
Applications (Verburg et al., 1996) exclude the possibility of return flow from the root
into the soil, if the computed xylem potential is larger than the soil water matric potential.
The advantage of this approach is that it is mechanistic, and results in effective timedependent xylem water potential values. Moreover, this approach allows for compensation
of water stress in one soil layer, by increased water uptake in other, non-stressed soil
layers. Osmotic contributions can be included by adding the osmotic term to the soil water
matric potential in Eq. [18]
The second approach is much more empirical (type II) and was introduced by Feddes
(1976). It assumes apriori knowledge of the so-called stress-response function, α(ψm),
defined by:
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Si = α i (ψ m ) Smax,i

[19]

The stress-response function, α(ψm), is defined by 5 critical matric potential values
(Figure 8), describing plant stress due to dry (ψ3l, ψ3h, and ψ4) and wet soil conditions (ψ1
and ψ2). Representative values for various crops are listed in Van Dam et al. (1997), with
ψ3-values varying between –200 and –1000 cm, depending on crop and Tpot. Specifically,
the water potential threshold at which water stress initiates reduction in root water uptake
is determined by Tpot, with water stress occurring earlier at a less negative value (ψ3h), if
Tpot is high. This type of functional dependence allows for less-favorable water-supplying
soil moisture conditions with increasing plant transpiration (van Dam et al., 1997). Similar
functional forms as shown in Fig. 8 were experimentally determined by Gardner and Ehlig
(1962), and were presented by Cowan (1965) from numerical solution of Gardner’s (1960)
model, investigating the influence of evaporative demand and water supply on plant
transpiration.

1.0
Tpot - low

α(ψm)

Tpot - high

-

0.0

ψ4

ψ3l

ψ3h

ψ2

ψ1

ψm
Figure 8. Stress response function (after Feddes et al, 1978).
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In this empirical approach, Eq. [19] is applied to each soil layer, substituting the same
known Tpot-value for each Tpot,i to compute Smax,i from Eq. [16a], so that water stress in
one layer cannot be compensated for by larger water uptake in non-stressed layers. The
empirical water extraction function inherently assumes that only soil resistance reduces
plant transpiration for ψm < ψ3. (Fig. 8). Although plant resistance may be larger than the
soil resistance for ψm > ψ3 , the resulting decreasing xylem water potential does not affect
Tpot. Osmotic stress can be included by multiplication of the right hand term of Eq. [19] by
a salinity stress response function, as demonstrated in van Dam et al. (1997) and Homae
(1999):
Si = α i (ψ m ) α i (ψ o ) Smax,i

[20]

where α(ψo) defines the salinity stress reduction function, also with values between zero
and one. Using the analogy of stress and crop yield (de Wit, 1958), an example of an
osmotic stress response function is presented in Fig. 9, where soil salinity is expressed by
electrical conductivity (EC) of the soil saturation extract (ECext), as defined by Maas and
Hoffman (1977).

1.0
α(ψo)

0

ECmax

ECext (dS/m)

Fig. 9. Stress response function for salinity stress (adapted from Van Dam et al., 1997)
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An alternative stress response function was presented by van Genuchten (1987):

α (ψ m ) =

1
  ψ p 
1 +  m ,i  
  ψ m,50  



[21]

where ψm,50 defines the soil water matric potential at which α(ψm) = 0.5. This model is
analogous to the expression introduced by van Genuchten and Hoffman (1984) that
included osmotic effects on plant water stress by adding the osmotic potential to the power
term in the denominator.
Both root water extraction types I and II were examined by Cardon and Letey (1992) to
investigate their sensitivity to salinity stress. It was concluded that the mechanistic
approach of the type I models, while including the osmotic potential in Eq. [18], was
insensitive to salinity with little reduction in Tpot for irrigation water salinities up to 6
dS/m. Moreover, the type I approach occasionally resulted in abrupt changes of plant
transpiration, from Tpot to zero, particularly under saline conditions. For such conditions,
Shani and Dudley (1996) proposed a combinational approach, using the type I model
(Nimah and Hanks, 1973) to account for soil water matric stresses, α(ψm), in combination
with a type II model (van Genuchten, 1987) to account for osmotic stress, α(ψo), on plant
transpiration and crop yield by replacing ψm in Eq. [21] by ψo. Using this combinational
approach, the effects of the osmotic and matric potential on crop yield were multiplicative,
rather than additive. This approach is similar to the one suggested by van Dam (1997),
using Eq. [20].
C. Other aspects affecting water uptake

The effect of soil salinity on water stress can be better understood by considering
the following uptake expressions (Slayter, 1965):
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J water = L '(∆P − σ ∆Π )

[22a]

J water = L(∆ψ m + σ∆ψ o )

[22b]

or

which are routinely used when considering flow of water and solutes across the
plasmalemma and tonoplast. The matric potential component may instead be replaced by a
hydrostatic pressure component if plant water pressure is positive, such as when turgor
pressure is considered for transport of water between vacuoles and the soil. The parameter
L denotes the effective hydraulic conductance of the root and σ is the effective reflection
coefficient of all water-transporting root membranes combined (section V.B). The
difference in adopted notation between L’ and L merely reflects the distinction in
dimensions between the applied driving forces ∆P (Eq. 22a]) or ∆ψm (Eq. [22b]). The
reflection coefficient value varies between one and zero. Its value is an indication of the
effectiveness of the osmotic potential as a driving force for water flow across roots. Using
a value of one, the osmotic potential gradient is equally effective as a matric potential
gradient. This is the case for a perfect semipermeable membrane, such as occurs in a welldeveloped endodermis. In contrast, a reflection coefficient of zero describes a completely
leaky membrane where osmotic potentials are not effective in moving water through the
roots, such as is the case within the xylem and across cell walls. The true value of the
reflection coefficient is a function of solute and plant species, with some values presented
in Table 3.2 of Kramer and Boyer (1995).
Whereas the formulation in Eq. [22] regards the root as a simple conduit for water
transfer, more recent research has demonstrated (see also section V.B) that there may be a
number of different flow paths for water to move through the root. Specifically, these are
the apoplastic and symplastic pathway, each characterized by their permeability and
reflection coefficient (see also Weatherley, 1963). Moreover, using detailed pressure
probe measurements, it was demonstrated by Steudle et al. (1987) and Steudle (1994) that
matric potential gradients move water predominantly through the apoplast with a
reflection coefficient close to zero, and that this is possible because the local endodermis
is not fully developed with an imperfect Casparian band. Moreover, Steudle (1994)
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determined from experiments in maize roots that the symplastic root conductance was
about 1 – 2 orders smaller than the apoplastic conductance. It was hypothesized that the
osmotic component drives water mainly through the symplast or cell-to-cell pathway, with
a reflection coefficient close to one, across the plasmalemma or tonoplast. Hence, this
composite transport model allows for a driving force dependent water flow pathway. For
such a system of two parallel pathways, Steudle (1994) defined a composite reflection
coefficient (σ=σc), which is a function of the fractional contribution of each pathway (f)
to the total effective root area, or f apo = Aapo / A and f sym = Asym / A , so that

σ c = f sym

Lsym
L

σ sym + f apo

Lapo
L

σ apo

. [23a]

In his formulation, the composite root conductance, L, is defined by:
L = f apo Lapo + f sym Lsym

, [23b]

where the subscripts sym and apo refer to the symplastic and apoplastic component of
conductance (L), reflection coefficient (σ) and fractional area of flow (f). Accordingly, the
composite reflection coefficient is a weighted mean of the reflection coefficients of the
two parallel pathways that each contribute according to their individual conductance. After
substitution of Eqs. [23a] and [23b] in Eq. [22b], the new formulation predicts that in the
apoplastic pathway the effective osmotic driving force is low when osmotic gradients are
applied to the root, despite its large hydraulic conductance, because σapo is close to zero.
Close inspection of the final attained composite expression after the stated substitutions
will also show that there is no differentiation between apoplastic and symplastic pathways,
if the Casparian band is fully developed everywhere. In that case all flow must pass
through the low conductive plasmalemma with conductance L. Hence, the composite
approach assumes that differentiation in flow paths and variability in root water uptake
within the rooting system is determined by the presence of undeveloped Casparian bands
(Dumbroff et al., 1971), or their complete absence. The composite flow theory might also
explain the dependency of the total hydraulic conductance on plant species, this being a
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function of the development of the endodermis and/or presence of suberization of cell
walls and Casparian band (Steudle et al., 1987).
The composite or 3-compartment approach of Steudle (1994) may explain the nonlinear
behavior of flow into roots, as inferred from apparent transpiration-dependent root
conductances (Fiscus, 1975, Passioura, 1984). Specifically, the dominance of the highresistance symplastic component for low flow uptake conditions causes a relatively low
conductance, whereas the osmotic component is obscured when flow is largely controlled
by matric potential gradients, resulting in a high flow conductance. The apparent high
flow resistance at low uptake rates is accordingly explained by the active transport of
solutes into the root stele, thereby causing high-resistance osmotically-induced water
uptake (Fiscus, 1975; Dalton et al., 1975). After partitioning of the absorbed water into
water used for expansive growth and transpiration, the analytical work of Fiscus et al.
(1983) showed the influence of this partitioning on the nonlinear whole plant water
transport behavior. Even more so, selective uptake of water by the roots for conditions
when σc is relatively large, may accumulate nutrients at the root-soil interface or apoplast,
causing reverse flow of water from the root into the soil by exudation. This is possibly
counteracted by diffusion into the roots (Stirzaker and Passioura, 1996; Canny, 1990).
However, as stated by Passioura (1984), this buildup of nutrients should increase with
transpiration rate thereby increasing the apparent root conductance. Using a 3compartment numerical model, the effect of changing driving force on root resistance,
causing nonlinear flow behavior and exudation of water by roots was also demonstrated
by Katou and Taura (1989).
Another aspect deserving attention is the flow of water from the plant and roots into the
surrounding soil, as may occur for dry topsoil conditions with deeper wet root zones, or
for wet top and dry deeper soil moisture conditions (Smith et al., 1999). This phenomenon
is defined as hydraulic lift (Caldwell and Richards, 1989), and can lead to accumulation of
xylem nutrients and xylem osmotic potential leading to root water pressure buildup
(Steudle, 1994). The reverse flow mechanism was experimentally confirmed by Molz and
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Peterson (1976), however, they determined that the resistance of the reversed flow was
much higher.
In the general Ohm-type root water uptake formulation, the soil-root resistance is
neglected, although it has been demonstrated from experimental work that soil and root
shrinking and contact resistance can significantly increase total water flow resistance
(Bristow et al., 1984; Herkelrath et al., 1977; Passioura, 1988). Thus, fitted water
extraction parameters represent effective values that may not be appropriate for conditions
outside the experimental range. In general, one must always caution when applying this
inverse-type of approach, where experimental data are fitted to a physical model. In
addition to the radial root resistance, the longitudinal or axial root resistance in the xylem
vessels may also contribute to the total root resistance. Various experimental studies (e.g.
French and Steudle, 1989) have shown that axial resistance is generally low. However, it
is also intuitively clear that axial resistance might be important in dry soil conditions when
cavitation in the xylem vessels can significantly reduce its conductance (Boyer, 1985;
Tyree and Sperry, 1989), or when the number of xylem containing roots is limited
(Passioura, 1988). Much research has been conducted to understand the relative
contribution of soil and plant resistance to root water uptake. In general, it is found from
both experimental and modeling studies that plant resistance is larger than soil resistance,
at least until the soil’s hydraulic conductivity becomes limiting (Gardner and Ehlig, 1962;
Reicosky and Ritchie, 1976; Landsberg and Fowkes, 1978, Rowse et al., 1978).

A

comprehensive review of root resistance, including a discussion on the root-soil interface
resistance, axial root resistance and measurement techniques was presented by Moreshet
et al. (1996).
Although it is generally accepted that both apoplastic and symplastic water moves through
pores, the exact bio-physical mechanisms of water transport in the root was not as evident
until the discovery of aquaporins (Maurel, 1997; Tyerman et al., 1999). These water
channel proteins within cell membranes facilitate the passive movement of water across
membranes by both pressure and osmotic gradients in either direction, thereby increasing
their conductance. Aquaporins may function like ion channels or ion carriers, however,
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water transport does not carry charge along with its movement. The presence of
aquaporins may explain the symplastic transport of water across the endodermis,
bypassing the Casparian band. Moreover, they can help explain the leakiness of semipermeable membranes, as indicated in Tyerman et al. (1999), and support the composite
theory of water transport along parallel pathways (Steudle, 1994; Steudle, 2000). Finally,
it was speculated by Steudle (2000), that water channels may be more operative under
conditions of water shortage, thereby allowing ABA signaling from the root to the shoots.
However, the molecular basis of water channel selectivity and their regulatory functioning
is yet unknown (Tyerman et all, 1999).
D. Commentary

Root water uptake has been described both at the microscopic and macroscopic
levels. The microscopic approach requires details about root geometry and soil
heterogeneity that is generally not available. In the macroscopic approach, a sink term,
representing water extraction by plant roots is included in the dynamic water flow
equation, allowing spatially and temporally variable uptake as controlled by soil moisture
and plant demand. Water stress is determined by either computing effective leaf water
potential (type I) or by introduction of a zero-to-one stress response function (type II).
Within the macroscopic approach it is possible to differentiate between apoplastic and
symplastic flow using the composite approach, implying pathway-dependent conductance
and reflection coefficient values. Moreover, in this composite approach, a distinction is
made between water uptake by matric and osmotic water potential gradients.
Within the general framework of the SPAC, we might have to reconsider the significance
of the plant-root resistance in relation to the atmospheric and soil resistances. In wet-soil
conditions, the largest hydraulic resistance occurs in the leaf with water vapor diffusion
into the surrounding air controlled by atmospheric conditions. Under these conditions,
plant transpiration is at its potential rate, independent of the flow resistance of the plant,
root, or soil. Transpiration is demand-controlled, rather than supply-controlled. As the soil
is depleted of water, its flow resistance increases, as controlled by the decreasing
unsaturated soil hydraulic conductivity and possibly by the decreasing root-soil contact.
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At a certain point the soil resistance becomes the dominant factor controlling plant
transpiration. Consequently, the potential transpiration rate is decreased by a factor RED.
In either case, the plant or root resistance was not considered. Likely, the root resistance
may be important to determine the timing of the transition from potential to reduced plant
transpiration, as it is applied in the type I approach of Nimah and Hanks (1973) or
Campbell (1985). In these cases its value may be needed for the accurate modeling of crop
growth.
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IX. Nutrient uptake

As was already established in the previous section, the routes along which both
water and nutrients enter into the plant through the roots are likely to be different. Both
water and nutrients enter the plant root freely through the apoplast, but their pathways and
mechanisms of transport diverge when moving into the symplast. When addressing plant
nutrient uptake, we must distinguish between the soil and plant root transport mechanisms,
so that we can determine whether nutrient uptake is either supply-controlled or demandcontrolled. Demand-controlled nutrient uptake is regulated by plant parameters, whereas
nutrient supply to the roots is determined by soil nutrient transport.
A. Nutrient transport in soils

Excellent reviews on soil transport and uptake mechanisms of nutrients are
presented in Nye and Tinker (1977) and Barber (1984). Nutrient movement towards the
root surface occurs by the parallel transport of convective flow and diffusion, with the
latter mechanism including dispersion. Nutrient transport by convection describes
movement by the water as it moves through the soil. Hence, its magnitude is determined
by solution of the Richards’ equation [9], and is a function of soil water potential
gradients, the unsaturated hydraulic conductivity of the soil, and root water uptake.
Larger water flow rates, as for example induced by irrigation, will provide increased
access of dissolved nutrients to the roots, whereas small water flow velocities tend to
create depletion of nutrients near the roots. However, increasingly it is suggested that the
dominant process of water flow in soils is by preferential flow. This general phenomenon
causes accelerated transport of water and dissolved chemicals through the root zone,
thereby bypassing large portions of the soil matrix and associated root surfaces.
Dispersion and diffusion is caused by nutrient concentration differences near the roots, as
may occur because of active nutrient uptake. Alternatively, preferential water uptake may
cause accumulation of nutrients near the roots, resulting in their diffusing back into the
surrounding soil. The dynamics of nutrient transport in soils can be described by the
convective diffusion equation [11], including nutrient uptake, from which nutrient
concentrations can be computed at any time within any spatial location of the rooting
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system. Ion-specific nutrient diffusion is highly dependent on soil water content, with
diffusion rates decreasing as the water content decreases. The transport equation includes
a linear adsorption coefficient (k), characterizing the adsorption of the specific nutrient to
the soil’s solid surface, thereby largely influencing the proportion of total ion content
available for transport. Nutrient adsorption is generally described by the adsorption
isotherm, characterizing the amount of nutrient adsorbed in equilibrium with the dissolved
concentration, and is related to the buffering power or buffer coefficient of Nye (1966),
Nye and Tinker (1977), and Claassen and Barber (1976). Although mass flow in general
is not ion specific, differences in diffusion and adsorption coefficients between ions result
in differences in soil transport rate and root supply between nutrients. Since nutrient
uptake rates can be ion-specific, nutrient concentrations at the soil-root interface can be
either accumulating or depleting.
In addition to soil transport, nutrient uptake is controlled by the spatial distribution of
roots, as influenced by its architecture, morphology and presence of active sites of nutrient
uptake, including root hairs. For nutrients that are immobile (e.g. phosphorus) or slowly
mobile (ammonium), a root system must develop so that it has access to the nutrients, by
increasing their exploration volume. Alternatively, the roots may increase its exploitation
power for the specific nutrient by local adaptation of the rooting system, allowing for
increased uptake efficiency of the nutrient. In the case of non-adsorbing nutrients, nutrient
uptake is controlled by mass flow, as is the case of nitrate-nitrogen, which is hardly
adsorbed by the soil.
If the nutrient uptake rate or root absorbing power is supply-controlled, mechanistic
analytical and numerical solution of nutrient transport that include the various transport
mechanisms in soils can be used. Examples are presented in Olsen and Kemper (1968) and
were reviewed by Jungk (1996). However, most, if not all of these solutions, have severe
limitations regarding the portion of dynamics of flow and transport within the soil rooting
system. For example, the proposed analytical model for nutrient uptake by growing roots
given by Cushman (1979), which is based on Nye and Mariott (1969), assumes that
moisture content is constant, and the Yanai (1994) nutrient uptake model assumes steady
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state water flow with dynamic root growth. Under these commonly used nutrient supplylimiting conditions (as in Claassen and Barber, 1976), the soil supply is assumed equal to
the nutrient uptake rate per unit root, which is illustrated schematically in Fig. 10 (from
Jungk, 1996). An excellent review of the available mechanistic nutrient uptake models is
presented in Silberbush (1996). When considering the many complications and soil-rootnutrient interactions, the predictive ability of these supply-limiting mechanistic nutrient
uptake models have been remarkably good (Silberbush and Barber, 1994). This suggests
that there is a reasonable level of understanding of the dominant physical and chemical
processes of nutrient transport in soils.

Soil solution
concentration

Supply
Js = Js,conv + Js,diff

Distance from root surface

0

Active nutrient uptake (J*)

Figure 10. Schematic representation of the mechanistic description of soil-limiting
nutrient uptake (adapted from Jungk, 1996).

B. Nutrient transport in the root

The differences between transport processes in the roots become clear, when
considering that solution concentrations are generally much different from the xylem
concentrations, with transpiration stream concentration factors (TSCF) larger than one
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(Russell, 1977). This indicates that nutrients have been moved against their concentration
gradient. This type of transport is defined as active, metabolically driven transport. Active
transport is very much ion and plant species specific, and can move ions in either
direction. For example, plant species growing in seawater have Na and Ca concentrations
in the cell sap that are much smaller than in solution. Clearly, when the hydrophobic
Casparian band is absent, as is the case for the young root cells near the root apex, water
and nutrients can move through the cell walls towards the xylem by the apoplastic
pathway.

However, the differences in transport mechanisms become evident when

approaching the endodermis if the impermeable Casparian band is present. Water and
nutrient pathways converge again after both have reached the parenchyma cells of the
xylem, moving simultaneously upward towards the plant leaves. However, specific
nutrients can diffuse across most parts of the rooting system, independent of water
transporting pathways and age. This is possibly related to the presence of passage cells in
the secondary suberized plasmalemma of the endodermis (Clarkson, 1996).
When available at the root soil interface, nutrients must diffuse through the secreted
mucigel, the restricted unstirred water layer around the roots of the rhizophere, and across
the epidermis to arrive into the free space or apoplast (Clarkson, 1996). Because of their
large surface area, young root hairs provide for metabolically-driven active uptake,
through proton pumping across their plasma membranes. When in the apoplast, pores are
sufficiently large (3-4 nm) to permit unrestricted entry of water, hydrated inorganic ions,
and small organic molecules. The net negative charge of the cell walls tends to exclude
anions from the narrower pores of the apoplast, thereby likely reducing anion
concentrations near the plasmalemma. This subsequently affects magnitudes of active
uptake between anions and cations. Once accumulated in the inner spaces, active uptake
mechanisms provide for transport across the plasmalemma and other protoplasmic
membranes (Epstein, 1960). It is kinetically controlled by cell metabolism, the number of
binding sites or nutrient-transporting carriers, the external nutrient concentration and other
environmental factors such as temperature, pH. Moreover, active transport is ion-specific.
In principle, nutrients can be adsorbed into the symplast by the peripheral cell layers of the
cortex, or they can move across the plasmalemma in the endodermis, bypassing the
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Casparian band. An example of this was presented by Clarkson (1996), where Ca is
transported into the cytoplasm by calcium channels, and returns into the cell wall by
calcium pumping (Figure 11). Once past the endodermis and in the symplast, the main
pathway for the nutrients is through the cytoplasm and plasmodesmata of neighboring
parenchyma cells in the stele, thereby providing a low resistance pathway for both water
and dissolved nutrients towards the xylem.

Calcium pumping

Calcium channel

Figure 11. Possible transport mechansim of calcium through the sympast and apoplast,
bypassing the Casparian band (written permission from Clarkson, 1996).

The provision of energy for active nutrient transport occurs via cell metabolism by the
reduction of ATP. This reaction is an enzymatic reaction, so that the kinetics of active
nutrient uptake is traditionally described by Michaelis and Menten enzyme kinetics (see
section VI.B). Values for uptake parameters for a large group of crops are listed in Table
10.1 of Clarkson (1974). Generally, distinction is made between mechanisms I and II, with
the kinetic parameters of system I typical for carrier-type transport with the carrier having
a high affinity for the moving nutrient (Epstein and Rains, 1966). The type II mechanism
of uptake is operative in the higher concentration range, and is much less ion specific and
faster. These higher uptake rates would be typical for ion-channel type of uptake, and
almost acts as passive diffusion down an electrochemical potential gradient, since solution
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concentrations are usually larger than xylem concentrations. Instead of this dual-carrier
system, Barber (1972) proposed the dual isotherm hypothesis, suggesting that phosphate
uptake in the low concentration range (mechanism I) was by active uptake, with external
nutrient concentration lower than the tissue concentration. In contrast, he hypothesized
that phosphate uptake in the high concentration range of the external solution was passive
by diffusion, when the concentration gradient is reversed.
Most recently, Nissen (1996) suggested that nutrient uptake is universally active across the
whole external concentration range and proposed the multiphasic model with different
MM-parameters for each stage. Also Nissen (1996) proposed that uptake in the high
concentration range is increasingly less active and operates more like a diffusion process.
In summary, these results indicate that nutrient uptake is dominantly by active uptake at
low transpiration rates with the xylem nutrient concentration relatively high, whereas
passive uptake is likely favored at high transpiration rates when the xylem nutrient
concentration is low.
Macroscopic models of nutrient uptake for a whole rooting system, use a macroscopic
sink term S’, which when combined with the one-dimensional form of Eq. [11], predicts
nutrient uptake for each soil layer, ∆zi, where Si’ (mass of nutrient taken up per unit bulk
volume and time; M L-3 T-1):
Si' = RDFi J solute,i

[24]

where RDFi denotes the spatial distribution of active nutrient uptake area roots per unit
bulk soil volume (L2 L-3) and Jsolute,i defines the nutrient uptake per unit root area (M L-2 T1

) for each soil layer. The total nutrient uptake is computed from integration of Eq. [24]

over the whole rooting zone (e.g. Ran et al., 1994). For soil supply-limited conditions, the
resulting total nutrient uptake may be compared with plant demand, with the resulting
ratio defined as a nutrient stress factor, with a value between zero and one. This nutrient
stress factor then characterizes the effect of plant nutrient stress on crop biomass
production. The plant nutrient demand, for example expressed in mass of nitrate required
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per unit mass dry matter produced, can be computed from the nutrient use efficiency using
known values of the biomass produced per unit nutrient taken up (NUTE). This efficiency
parameter can be computed from plant tissue concentrations between the various plant
organs for unlimited nutrient supply conditions (Noordwijk and van de Geijn, 1996).
Total actual nutrient uptake must be distributed across the rooting zone according to the
spatial distribution of nitrate supply rate and active root uptake area. In addition to the
presence of roots, it has also been demonstrated that plant root growth responds to local
variations in nutrient supply (Robinson, 1994). For example, as was experimentally
determined by Drew and Saker (1975), localized proliferation of root growth can occur if
part of the rooting zone is supplied with an enhanced supply of nitrate, with other soil
environmental conditions non-limiting. The local high concentration of nitrate was able to
offset the limited nutrient supply available to other parts of the rooting system.
C. Nitrate uptake

In general, it has been found that NO3- uptake is independent of transpiration,
except for conditions when transpiration, and hence water uptake rate was small. Under
these conditions, nitrate levels in the xylem were high, caused by active nitrate uptake in
xylem, inhibiting continued active root uptake of nitrate (Shaner and Boyer (1976). Their
results demonstrated that the nitrate xylem concentration varied inversely with
transpiration rate, and that nitrate uptake is mostly a function of metabolic rate rather than
transpiration rate. Active nitrate uptake is considered to occur via NO3-/H+ cotransport, or
NO3-/H+ counter transport via carriers (Haynes, 1986), with the electrochemical gradient
generated by proton pumping. Increased values of Km with increasing nitrogen application
rate have been related to a corresponding increase in number of active nitrate carriers in
the plasmalemma (Oscarson et al., 1989), whereas Lee and Drew (1986) determined an
increased uptake response as quantified by MM parameters, as a result of increased nitrate
application after nitrate starvation. In another study, Pinton et al. (1999) determined from
experiments with young maize root seedlings that certain humic substances could increase
root nitrate uptake by enhanced production of the H+-ATPase. Van den Honert and
Hooymans (1955) experimentally showed a decrease in nitrate uptake with increasing pH
from 5 to 8, which can be explained by requirement of electron neutrality in the root cells,
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resulted in an efflux of OH- into the rhizosphere in proportion to nitrate uptake (Haynes,
1986). In addition, it has been hypothesized that the nitrogen metabolism rate through its
reduction to nitrite and ammonia might control uptake. That is, active uptake rate is
controlled by nitrate efflux from the symplast through nitrate reduction (DeaneDrummond, 1984). Although not strictly proven, it is generally proposed that active
uptake dominates in the low supply concentration range and under stress conditions,
whereas passive uptake and diffusion becomes more important at higher soil solution
concentrations.
When considering the rhizosphere dynamics of water and nutrient uptake, many more
mechanisms may have to be considered, including rhizosphere acidification and nitrogen
mineralization. Acidification of the rhizosphere occurs because of a cation-anion
imbalance of root uptake, resulting in the efflux or excretion of protons by the roots in the
surrounding soil, for example by root uptake of ammonium (Pierre and Banwart, 1973),
with degree of acidification variations between plant species, fertilizer type and
contribution from nitrogen fixation and ash alkalinity (Jarvis and Robson, 1983; Tang et
al., 1997).
D. Commentary

While reviewing the general literature on nutrient uptake by roots, it is indeed perplexing
that uptake has been considered in so many different and occasionally opposing ways.
Crop growth models (e.g., APSIM, CERES) generally assume little, or no, dynamics in
nutrient uptake, considering changes in the total available nutrient pool of the rooting zone
without discriminating between active and passive uptake. In contrast, dynamic water flow
and solute transport models (e.g., HYDRUS2D, RZWQM, SWAP) track spatial and
temporal changes in water content, solute concentration, and water and solute fluxes.
However, these model types regard nutrient uptake solely as a passive process, computing
nutrient uptake fluxes from the product of water flux density and soil solution
concentration within pre-defined small root zone volume elements with spatially
distributed root densities. In this approach, the nutrient uptake rate is corrected by
multiplying the passive nutrient uptake flux by a correction factor, to match predicted with
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observed total plant nutrient uptake. This correction factor can be both smaller or larger
than 1, depending on the magnitude of active uptake, relative to total nutrient uptake.
Finally, comprehensive plant nutrient uptake models (Nye and Tinker, 1977; Barber,
1984), although dynamic in root growth and nutrient uptake and transport through the soil,
generally assume steady-state water flow with time-independent water content and water
fluxes, and describe nutrient uptake by active uptake only. Moreover, if passive water
uptake through the apoplastic pathway is dominant, as is generally assumed, passive
nutrient uptake must occur simultaneously, possibly in parallel with active transport, and
most prominently for conditions of high transpiration rates.
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X. Coupled root water and nutrient uptake
A. Mechanistic formulations

Among the first to study the influence of water uptake on plant nutrient uptake
was Brouwer (1956). He found that ion uptake increased with transpiration rate when
transpiration was low, but that the coupling disappeared at the higher transpiration rates.
Using calcium chloride solutions, he concluded that about 70-80 % of total ion uptake
was by metabolism-dependent, active uptake. A seminal contribution to a better
understanding of the coupled uptake of water and nutrients to a single root for steady
state water flow conditions was presented by Dalton et al. (1975), showing that (1) solute
flux is related to the water flux, even when active uptake is dominant, and (2) a nonlinear
relationship existed between transpiration rate (or water flux through the plant) and water
pressure gradient. Applying the theory of irreversible thermodynamics to flow in plant
roots (Dainty, 1963), Dalton et al. (1975) solved the coupled flow equations [5] and [6],
repeated here for convenience:
J water = L (∆P − σ ∆ Π )

[25a]

J solute = ω ∆Π + (1 − σ ) C1 J water + J *

[25b]

and

Using the van ‘t Hoff expression to relate concentration to osmotic pressure (Π = RTC)
for dilute solutions, the selectivity coefficient (Se) was defined as:

Se =

σ − RTJ * /(Π1 J water )
1 + ω RT / J water

[26]

where Se = 1, if σ = 1, J* = 0, and ω = 0 (perfect semi-permeable membrane), and where
Se=0, if σ = 0 and J* = 0. Using subscripts 1 and 2 to denote nutrient and xylem
concentration, it was subsequently shown that
C2 = (1-Se)C1 and

Jsolute = (1-Se)C1Jwater

.

[ 27]

68

Eq. [27] also shows that the selectivity coefficient, Se, is negative, if the xylem
concentration is larger than the solution concentration, leading to a correction factor
larger than one, if total nutrient uptake is estimated from the product of solution
concentration and root water uptake (see section VIII.D.). Using this two-compartment
model it was demonstrated that the xylem concentration decreases and solute uptake rate
increases as the transpiration rate increased, even for a reflection coefficient as high as
0.975. Moreover, it was shown that there exists a nonlinear relationship between water
flux and pressure gradient for nonzero active uptake. This relation approached linearity, if
transpiration rates (Jwater) are high.
Using a similar approach, but assuming that nutrient uptake was by active uptake only,
and that the semi-permeable membrane was perfect, Fiscus (1975) arrived at similar
conclusions from

∆P =


J water
J* 
+ RT  C2 −

L
J water 


[28]

and their computation of the total resistance to water flow (slope of Jw in Fig. 10), being
equal to:
d (∆P)
1 RTJ *
= + 2
d ( J water ) L J water

.

[29]

General results are shown in Fig. 12, which was adapted from Figure 2 of Fiscus (1975),
with an external solution osmotic potential of Π1 = 1.0. From either expression it is clear
that the resistance to flow is nonlinear, becoming linear as Jwater increases, as caused by the
changing driving forces rather than a changing flow resistance. Figure 10 also shows that
there is nonzero uptake, even when ∆P is zero. This flow is caused by the osmotic
contribution, which decreases as transpiration rate increases because of the reduction of
the osmotic component with decreasing xylem concentration. As is evident from the Eq.
[27], linear relationships between water and solute uptake fluxes are expected if the active
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uptake term is zero. Moreover, Fiscus (1975) pointed out that the positive relation between
water and solute flux is controlled by the relative magnitude of the diffusive and
convective components of Eq. [25b]. A similar two-compartment system was presented
by Zimmerman and Steudle (1978), however, they split the osmotic terms into two

Π 2 (atm)
0

Π1= 1.0

0.5

4
∆P
(atm)

Jw
2
Π2

0

1

2

Jwater, (cm sec-1 ) x 107
Fig. 12. Qualitative relationship between applied pressure, water uptake and internal
osmotic pressure (adapted from Fiscus, 1975).

components, whereby ∆Πi

and ∆Πp are the osmotic pressure differences of the

impermeable (i) and permeables (p) solutes for which σ < 1, or
J water = L ( (∆P − ∆ Π i ) − σ ∆ Π p )

[30a]

so that the effective osmotic pressure effect on water flow is less than that of the total
solute concentration (see also Dainty, 1963). The corresponding solute uptake flux
equation then allows for diffusive transport for the permeable solute fraction only, or

70

J solute = ω ∆Π p + (1 − σ )C1 J water + J *

[30b]

Rather than a 2-compartment model, a 3-compartment model could possibly more
realistically describe the cortex-symplast-stele pathway, with the compartments separated
by 2 distinct membranes with different membrane transport properties. These membranes
could be arranged in either series, or in parallel, from which composite membrane
conductance and permeability values are determined. This was done by Celentano et al.
(1988) and Zimmerman and Steudle (1978). The 3-compartment concept was also
suggested by Passioura (1988) to account for non-zero uptake at a zero pressure gradient,
allowing for active solute uptake into the stele, thereby generating osmotic- driven water
flow. Also, Katou and Taura (1989) used the 3-compartment approach by applying their
double-canal model as a means to explain nonlinear water flow as caused by osmotic
gradients.
B. Other considerations

A major limitation of current nutrient uptake models, when integrated with
dynamic soil water flow models, is their general omission of the influence of soil salinity
on nutrient uptake. Specifically, salinity may reduce plant growth by its osmotic effect
and/or through toxic effects (Maas and Grattan, 1999; Pasternak, 1987), and reduce water
permeability of root cell membranes ((Mansour, 1997). Whereas the solute effect on root
water uptake is considered to be a function of the total solute concentration or osmotic
potential of the soil solution, uptake of specific nutrients will depend on the specific ion
concentration in solution, but can be a function of total salinity as well. Moreover, solute
interactions can occur in the soil through the soil’s cation exchange capacity (CEC),
making specific nutrient availability functionally dependent on other ions in solution.
Mathematical models describing such interactions as between K+ and Na+, and Ca2+ and
K+ were developed by Bouldin (1988) and Silberbush et al. (1993). Whereas Bouldin
(1988) emphasized the importance of ion exchange processes and the control of partial
soil CO2 pressure on cation uptake, Silberbush et al. (1993) proposed a theoretical model
for K+ uptake in saline soils, considering soil chemical ion exchange and ion-specific
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uptake mechanisms, both active and passive, depending on ion concentrations while
maintaining total ion charge neutrality.
Another factor that requires attention is the apparent accumulation of salts at the root-soil
interface, resulting in rhizophere salt concentrations much higher than in the bulk soil. The
salt accumulation or filtering is caused by salt transport towards the roots by mass flow
through the soil. This is followed by preferential adsorption of specific nutrients by active
uptake, thereby excluding most other salts at the root-soil interface or in the root apoplast.
This salt buildup is expected to increase with transpiration rate, but is moderated by back
diffusion into the soil or into the roots. Experimental evidence of salt accumulation was
presented by Hamza and Aylmore (1992) from x-ray computed tomography and sodium
microelectrode measurements around lupin and radish roots. The salinity buildup in the
rhizosphere can lead to large osmotic pressure gradients across the roots, thereby
effectively reducing root water uptake. We hypothesize that this rhizosphere effect may
explain failure of the additive stress concept. Specifically, it has been determined (section
VIII.B.) that salinity stress can not be predicted by simply adding the osmotic component
to the soil water matric potential component in Eq. [21]. To describe the salinity buildup
and its effect on nutrient uptake, it is imperative that uptake is considered as a nutrient
specific process, and that distinction is made between root uptake of the specific nutrient
and total salinity. It is of further interest to note that nutrients and water may be taken up
by different parts of the root system, so that salt accumulation may occur only at the active
water uptake sites, while nutrients are taken up elsewhere within the rooting system
(Stirzaker and Passioura, 1996).
C. Multi-dimensional approach

Although many models (see sections VII and VIII) have been developed to
simulate root growth and its interactions with soil water and nutrients, most of these
models use simplified forms of the governing equations of soil water flow and solute
transport, most notably they are limited to one spatial dimension, and assume steady state
flow of water. Moreover, root uptake dynamics is usually related to measured distributions
of root length density, ignoring uptake control by root surface area and root age.
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Consequently, these models will likely fail in predicting spatial variations and the
dynamics of soil water-nutrient- and plant growth interactions. An alternative is to
characterize root water and nutrient uptake by a coupled dynamic approach, linking
nutrient extraction to water uptake, controlled by the transient and locally-variable supply
of water and nutrients to the roots.
As an example of this type of approach, van Noordwijk and van de Geijn (1996)
specifically addressed the need for detailed root water and nutrient uptake models that
include root growth and its response to changing local soil conditions, such as water
content, nutrient status, and mechanical impedanc. They related water and nutrient stress
to water use and biomass production. Local variations in water and nutrients occur
naturally because of inherent large soil heterogeneity, but can also be imposed when using
pressurized irrigation systems for fertigation purposes (Hagin and Lowengart, 1996). For
such conditions, we must better understand the dynamics of changing patterns of nutrient
and water availability and uptake. For example, roots can adjust their uptake patterns,
thereby compensating for local stress conditions by enhanced or preferential uptake in
other regions of the rooting zone with less stressful conditions. As a result, plants can
temporarily deal with local stress, and may be more effective in using water and nutrient
resources under such conditions. Moreover, an improved understanding of these dynamic
processes may provide guidelines in hot spot removal of specific toxic ions from soils as
for bioremediation purposes (e.g. Ben Asher, 1994). Preferential root uptake may
minimize spatial variations in water and nutrients, thereby reducing drainage losses and
chemical leaching below the rooting zone towards the groundwater. Mmolawa and Or
(2000) pointed out that drip irrigation has an enormous potential to improve water and
nutrient efficiency, but that improper management may compound salinity problems and
pollute groundwater resources. The main consideration in the management of pressurized
irrigation systems is a priori knowledge of the interactions of irrigation method, soil type,
crop root distribution, and uptake patterns and rates of water and nutrients or solutes.
During water infiltration and redistribution, soil water content varies both spatially and
temporarily, affecting soil solution concentration, composition, and spatial distribution by
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its control on mass flow and diffusion of solutes, soil exchange processes, and chemical
reactions.
Excellent contributions to the significance of multi-dimensional treatment of water and
nutrient transport in soils have been presented by Clothier and Sauer (1988), Green and
Clothier (1995), and Clothier and Green (1997). The transport theory of Clothier and
Sauer (1988) showed the prediction of ammonium and nitrate fronts, relative to the water
fronts when using fertigation by a drip irrigation system. They also showed the negative
consequences with prediction of a pH drop in the wetting zone under the emitter. The
interaction of root water uptake and soil moisture and their spatial variations within the
root zone of a kiwifruit vine was demonstrated in Green and Clothier (1995). It was shown
experimentally that following irrigation, preferential uptake of water shifted to the wetter
parts of the soil within periods of days, away from the deeper drier parts of the root zone.
Upon rewetting, plant roots recovered and showed enhanced activity by new root growth.
A similar shifting of root water uptake patterns was observed by Andreu et al. (1997),
using three-dimensional soil water content measurements around a drip-irrigated almond
tree. The derived three-dimensional water uptake for a one-week period following
irrigation is shown in Fig. 13. The water and chemical trapping mechanisms by roots were
illustrated in Clothier and Green (1997), designating roots as ‘the big movers of water and
chemical in soil’. In this uniquely well written justification for root-soil research, their Fig.
2 is reproduced in our Fig. 14. It shows that the overall functioning of the plant and its
transpiration is controlled by the complicated variations in root water uptake rates along
supply-active root segments within the whole root system. The challenge then is to
integrate local uptake variations to total plant uptake, which requires better understanding
of the link between root architecture and morphology, and the functioning of root water
and nutrient uptake.
Based on the analysis so far we conclude that a multi-dimensional approach be developed
to allow for analysis of the influence of multi-dimensional distribution of root water and
nutrient uptake sites within the root zone on crop growth. In part, nutrient and water
supply rates to the roots are controlled by diffusion and mass flow induced by both spatial
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Fig. 13. Three-dimensional root water uptake distribution during a one-week drying
period around an almond tree (written permission from Andreu et al., 1997)
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Figure 14. Diagram linking spatial variations of active root water uptake sites to plant
transpiration (Q). With written permission from Clothier and Green (1997).

and temporal variations in soil water and nutrient status within the root zone. However,
the extent and shape of the rooting system and their changes with time also play a major
role in determining uptake patterns. Therefore, along with the characteristics of the soil
nutrient supply, it is important to understand root growth dynamics and activity (van
Noordwijk and de Willigen, 1991) as well as their spatial variability. This is caused by
differences in root adsorption within the rooting zone as caused by root length or root area
variations within and between soil layers, spatial variations in root-soil contact due to
local soil moisture changes, as well as by variations in root uptake as caused by root age
and branching order.
1. Example of multi-dimensional approach

It is only recently that multi-dimensional root water uptake models have been
introduced (Coelho and Or, 1996; Vrugt et al., 2001a). In the past few years, computing
capabilities have significantly improved the effectiveness of multi-dimensional soil water
flow models to study spatial and temporal patterns of root water uptake. A multidimensional approach in root water uptake is needed if uptake is varying in space thereby
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allowing a more accurate quantification of spatial variability of the soil water regime,
including water flux densities below the rooting zone. As an example, Fig. 15 shows the
predicted three-dimensional soil water content and root water uptake rates applying the
three-dimensional root water uptake model in Eq. [17] of section VIII.A. to measured
time-changes in water content for a sprinkler-irrigated almond tree (Koumanov et al.,
1997), providing data similar as presented in Fig. 13.
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Figure 15. Simulated three-dimensional volumetric water content and potential root
water uptake distributions at three times during the monitoring period (Vrugt et al.,
2001b).

Corresponding root water uptake parameters (as defined in Eq. [17]) were obtained from
inverse modeling (Vrugt et al., 2001b), minimizing the residuals of measured and
simulated water content values around the almond tree. Simulated water content values
were obtained using the transient three-dimensional HYDRUS-3D model (Simunek et al.,
1995), from which drainage fluxes below the rooting zone were computed.
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The effect of multi-dimensional root water uptake in an otherwise uniform soil can be
illustrated by considering the resulting spatial variation in drainage flux, when calibrated
to the almond tree soil moisture data of Andreu et al. (1997). For example, Fig. 16 shows a
detailed two-dimensional contour plot of the spatial variability of cumulative flux density
(mm) during the monitoring period of the data in.
Cum.
Flux density

[mm]

YY
Y

X
Figure 16. Two-dimensional contour plot of spatial variability in cumulative drainage at
the 0.55 m soil depth during monitoring period. From Vrugt et al. (2001).

Evidently, spatial variability of the drainage rate is large, with values increasing as
corresponding root water uptake values decrease. Also, variability analysis showed
(Vrugt et al., 2001b) that the spatial variation in drainage rate and root water uptake
decreased significantly when simplifying multi-dimensional soil water flow and root
water uptake to decreasing spatial dimensions. The increasing accurate spatial description
of root water uptake and soil water flow with increasing spatial dimension is essential to
improve model predictions of water fluxes and contaminant transport through the vadose
zone. Moreover, total chemical load to the groundwater will depend on local
concentration and fluxes, and their spatial variability. Specifically, the actual chemical
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load can be much larger than the average chemical load, when computed from average
flux and concentration values using strictly one-dimensional simulations. For example,
this is the case if the local regions in Fig. 14 with high drainage rates corresponded with
high nutrient concentration values.
D. Commentary

In summary, it is clear that root transport is the result of various root membranes
with distinct transport properties that can be nutrient and plant species dependent.
Moreover, the formulation of an effective composite membrane allows one to capture the
essential membrane characteristics that have been demonstrated under different
experimental conditions.

This coupled formulation allows prediction of the

experimentally-measured decrease in xylem nutrient concentration with increased
transpiration rate. It also considers the effect of active ion uptake on the hydraulic pressure
gradient required for a given transpiration rate, and accounts for the experimental evidence
of the effects of nutrient concentration, active uptake and transpiration rate on plant
nutrient uptake. The nonlinear relationship between xylem matric potential and
transpiration rate allows for temperature effects on active nutrient uptake (Baker et al.,
1992).
Root water uptake may lead to salt accumulation at the root-soil interface, resulting in
rhizophere salt concentrations much higher than in the bulk soil. This salt accumulation is
caused by salt transport towards the roots by mass flow through the soil, followed by
preferentially adsorption of specific nutrients by active uptake, thereby excluding most
other salts at the root-soil interface or in the root apoplast. The salinity buildup can lead to
large osmotic pressure gradients across the roots with corresponding high salinity stress,
thereby effectively reducing root water uptake much more than originally believed. To
describe such salinity buildup and its effect on water and nutrient uptake, distinction must
be made between nutrient-specific concentration and total salinity.
The coupled transport approach of water and nutrients is certainly more complicated than
the much simpler uncoupled and passive uptake approach, but is necessary if we intend to
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progress our understanding and ability to improve predictive capabilities of crop growth
models. Although its extrapolation to the whole three-dimensional root zone scale is yet to
be fully tested and confirmed, the coupling of water flow with nutrient transport is needed
to simulate plant response to stresses in water, nutrients and salinity, and to predict the
space and time distribution of soil solute concentrations that is controlled by the
contribution of active nutrient uptake to total uptake. At the same time, the results of
these multi-dimensional studies can be used to develop ‘simpler’ models that capture the
effective uptake behavior more correctly for their application in crop management and
decision models.
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XI. Comprehensive example

What follows now are suggestions of the types of water and nutrient uptake modeling that
are needed to help us better understand soil-plant interactions, especially in conditions of
limited water and nutrient supply. The presented example can be found in two of our
research papers (Clausnitzer and Hopmans, 1994; and Somma et al., 1998), and is
extensively described in Somma et al., (1997). The final result was a transient model for
the simultaneous dynamic simulation of water and solute transport, root growth, and root
water and nutrient uptake in three dimensions. The model includes formulation of
interactions between plant growth and nutrient concentration, thus providing a tool for
studying the dynamic relationships between changing soil-water, nutrient status,
temperature, and root activity. The model presented offers the most comprehensive
approach to date in the modeling of the dynamic relationship between root architecture
and the soil domain. The essential components of the soil-crop model are presented in
Fig. 17.
The convection-dispersion equation used for the simulation of nutrient transport was
considered in its comprehensive form, thus allowing a realistic description of solute fate
in the soil domain. Soil-water uptake was computed as a function of matric and osmotic
potential, whereas absorption of nutrients by the roots was calculated as a result of
passive and active uptake mechanisms. Uptake and respiration activities varied along the
root axis and among roots as a result of root age. Genotype-specific and environmentdependent root growth processes such as soil moisture, nutrient concentration and soil
temperature, were included using empirical functions.

The water flow and solute

transport model used for the transient three-dimensional flow and transport was described
in section VII.B. Here, we are mainly concerned with the dynamic growth of roots and
the resulting water and nutrient uptake distributions. In concept, the modeling approach
followed the requirement that plant transpiration and assimilation are directly coupled
through the water use efficiency term (see section IV). The root and soil parameters of
root length, surface area, age, soil water content, temperature, and nutrient concentration
are computed within priori-selected volume elements at any desired temporal resolution.
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Root water and nutrient uptake was computed at the same time and space scales, and
were dynamically controlled by root and soil parameters in both unstressed and stressed
conditions (soil resistance, temperature, water and nutrient stress).

Fig. 17. Concept of comprehensive SPAC modeling (written permission from
Clausnitzer and Hopmans, 1994).
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In order to solve the flow and transport equations
[9] and [11] in section VII, the soil domain was
discretisized into a rectangular grid of finite
elements, each defined by 8 nodes, with the
element size defining the spatial resolution of the
soil environment. Root growth, architecture, and
age is simulated starting from a germinating seed
that ‘grows’ at user-defined time intervals with
new segments added to the apex of each growing
root. The flow and transport model was integrated
with the root growth model (Fig. 18), allowing
soil-plant root interactions through water and
nutrient uptake as a function of root properties
(size and age) and soil properties (water content
and nutrient concentration). Moreover, soil water

Fig. 18. Discretization of soil domain
(written permission from
Clausnitzer and Hopmans, 1994).

content, resistance, nutrient concentration, and
temperature affected root growth and architecture directly. The model tracks each
segment by recording its topological position within the root system, and its spatial
location within the model domain, as well as its age, mass and surface area.
Root growth was simulated as a function of mechanical soil strength, soil temperature
and solute concentration. Root axes were generated at user-defined times. Branching
time and spacing were described by user-defined functions of root age and branching
order. A root growth impedance factor was calculated for each growing root apex as a
function of the local soil strength, nutrient and temperature conditions at each time t to
reduce the length of the growing segment from its potential (unimpeded) value. The
impedance factor varies linearly between zero and unity (unimpeded growth).
Consequently, root growth rates were unaffected by nutrient availability, as long as the
latter are maintained within an optimal concentration range. Because the optimal range
and minimum and maximum concentration are both genotype- and nutrient-specific,
nutrient-concentration effects were simulated using a piecewise linear impedance
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function, varying linearly between zero (c ≤ cmin or cmax ≤ c, no growth) and unity
(optimal concentration range). In a similar manner, other impedance functions were
defined to simulate effects of soil strength and soil temperature on local root growth.
The sink term S(xj, ψm, ψo, t) in Eq. [9], describing root water uptake was computed at
each time step from:
S(xj, ψm, ψo, t) = α(ψm, ψo, t) RDF(x, y, z, t) Tpot

[31]

where RDF(x, y, z, t) denotes the normalized nodal distribution of water uptake sites, as
derived from root length or root area distribution or from the spatial distribution of root
apices. When integrated over the root zone domain (RZ), its value is equal to one, or

RDF ( x, y, z, t ) =

∫

β ( x, y, z, t )
β ( x, y, z, t )dr

[32]

RZ

The localized form of the water-extraction function α (ψm, ψo, t) , accounting for the
local influence of soil-water potential on root water uptake rate, included both the effects
of soil water osmotic and matric potential on root water uptake, and uses the expression
introduced by van Genuchten (1987)

α (x,y,z,t) =

1 + (ψ /ψ )
m
m ,50


p1

1
 * 1 + (ψ /π )p2 
0
0,50
 


[33]

where ψm,50 and ψ0,50 denote the soil-water matric head and the osmotic head at which
the uptake rate is reduced by 50%, respectively, and p1 and p2 are fitting parameters, here
both assumed to be 3 (van Genuchten and Gupta, 1993). Alternatively, if osmotic effects
do not need to be considered, a simplified form of Eq. [33], such as the stress response
function of Fig. 8 can be used.
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Distribution of potential root water uptake sites within the soil domain was lumped into
nodal values of a function β (x, y, z, t). At any time, the β-value of a particular node
increases as the number of active root segments and their respective lengths within its
neighboring elements increase, and the distances from the element nodes to the
centerpoints of those segments decrease. To account for root-age effects on water uptake,
piecewise linear weighting functions were defined, which allow for variations in root
water uptake for each branch segment depending on age and branching order. Depending
onthis weighting factor, whose values vary between unity and zero, each segment in the
root system can fully contribute to uptake, or is partially or totally excluded.
Root nutrient uptake was lumped into nodal values of the sink term S'(x,y,z,t) of Eq. [11]
S' = f1S c + f2 A

[35]

where f1 and f2 are partitioning coefficients that distribute total nutrient uptake between
passive and active uptake (terms S and A, respectively). Active nutrient uptake was
considered to be described by the sum of MM-uptake and a linear, diffusive uptake
component term (Kochian and Lucas, 1982), or:

A=(

J max c
+ χ ) Rd
Km + c

[36]

where Jmax [ML-2T-1] is the maximum nutrient uptake rate, Km [ML-3] the MichaelisMenten constant, Rd [L2L-3] the root area as computed from the cumulative root segment
surface area within each volumetric element, and χ [LT-1] is the first-order rate
coefficient allowing for a linear/diffusive uptake component.
Little is known about the relative magnitudes of the partitioning between passive and
active uptake (f1 and f2), however, it is expected that they are plant and ion specific,
whereas their values might depend on nutrient availability and plant nutrient demand or
deficit. For example, the active uptake contribution may be low if crop demand is low,
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whereas the contribution of active uptake may increase if either nutrient concentration in
soil solution or transpiration rate is low. Therefore, instead of the Somma et al. (1998)
approach, using a partitioning factor to quantify active nutrient uptake, we may chose to
define potential active root nutrient uptake, Apot (M T-1)
Apot =

∫ J*

[37]

RZ

so that the local maximum active uptake (Amax,i) is computed from:
Amax,i = RDFAi Apot

[38]

where RDFAi defines the spatial distribution function of active nutrient uptake sites (L-3)
between elements within the root zone. It is defined as the RDF for water uptake in Eq.
[32], but the relative spatial distribution of the nodal values may be different between
water and nutrient uptake. Similarly, as was done for root water uptake, a reduced local
active nutrient uptake (M L-3 T-1) can then be defined, or
Ai = α (?)i Amax,i

[39]

where the reduction function α(?) may be a function of soil temperature, pH, or other local
environmental condition, and is plant and ion specific. Finally, by integration over the
whole root zone domain, the total actual active nutrient uptake (Aact) is obtained.
An example of the possible influence of NO3-N concentration on root growth is presented
in Fig. 19, which was taken from Somma et al. (1998), assuming passive nitrate uptake
only. Both water and NO3-N were supplied through a dripper, at the soil surface.
Figures 19a and 19b show the simulated root system grown under non-limiting and
deficient NO3-N supply, respectively, at the end of the growth period (25 days). In both
cases the soil-water content was such that soil strength did not limit root growth. Root
density is presented to the left of each root system, with the NO3-N concentration profile
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is shown on the right. In the example of Figure 19a, NO3-N was applied continuously
with the irrigation water throughout the growth period (non-limiting N case).

The

predicted N-concentration was higher in the upper part of the soil domain. Similarly, the
predicted root density decreased with increasing depth. In Figure 19b, NO3-N was
applied only during a limited time interval at the beginning of the growth period
(deficient N case), with the total amount applied equal to the non-limiting case. Once N
application stopped, the subsequent irrigations by the dripper moved the N plume
downwards, causing a greater root density in the central part of the root zone where the
NO3-N content was higher. Indeed, the higher predicted root density in the center of the
root system was fostered by the higher N amounts transported downwards earlier, thus
explaining the slight offset between root density and soil N.
The downward movement of the N plume promoted root development at increasing
depth, but resulted in a smaller average root density than for the nonlimiting-N case.
Complementary simulations that included water and nutrient uptake, for both the
nonlimiting and N-limited case, also showed clearly the concomitant leaching of nitrate
for the N-limited case. This was a result of the single early application of nitrate thereby
limiting nutrient availability and potential nutrient uptake in the subsequent growing
period.
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Fig. 19. Simulated three-dimensional root architecture with corresponding root density
and nitrate concentration distribution for (a) non-limiting and (b) deficient nitrogen
supply conditions (written permission from Somma et al., 1998).
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Although the multi-dimensional and mechanistic modeling approach appears attractive, it
is limited by the need of much more additional soil and plant parameters. It is therefore,
that dedicated experiments, such as presented in Andreu et al. (1994), are needed. Such
data can then be effectively used to obtain soil and plant parameters for conceptual uptake
models, as was done in Vrugt et al. (2001b) by indirect estimation of three-dimensional
root water uptake parameters using inverse modeling. It is suggested that a similar inverse
approach may be used to improve the mechanistic description of nutrient uptake by roots,
using dedicated facilities as the Wageningen Rhizolab (van de Geijn et al., 1994), or large
fully-instrumented lysimeters.
With nitrates being the most problematic and widespread among potential groundwater
contaminants (Keeney, 1989; Canter, 1997) in crop production, their uptake in relation to
availability is especially important. The fate of NO3-N in cropping systems is determined
by the interplay between nitrification, plant uptake, immobilization, denitrification and
mineralization, and is controlled by availability of soil microbes and soil organic carbon
and their spatial distribution within the root zone. Most of the transformation processes of
nitrogen compounds are fairly rapid, and must be considered when nitrogen fate is studied.
Since degree of soil saturation and its variability partly governs these microbial processes,
nitrate availability and leaching can be accurately predicted only if soil moisture processes
are taken into consideration. However, the nitrogen cycle is a complex system, and
simplifications in the experimental designs will be needed to accurately quantify nitrate
uptake, its partitioning between passive and active uptake, and its spatial variability as
determined by soil moisture, temperature, solution concentration and root distribution.

89

XII. Prognosis

This final section is a summary, specifically addressing the major findings and
recommendations. In general, we found that water and nutrient uptake in plant growth
and soil water flow models is mostly described by empirical means, lacking a sound
physiological or biophysical basis. This is unfortunate, as the exchange of water and
nutrients is the unifying linkage between the plant root and surrounding soil environment.
In part, the historical neglect of consideration of water and nutrient uptake processes
below ground has led to a knowledge gap between plant responses to nutrient and water
limitations and crop production, especially for conditions when soil water or nutrients are
limiting.

•

The simplified approach for description of water and nutrient uptake was
adequate for unstressed plant growth conditions, and may work adequately for
uniform soil conditions. However, it has become increasingly clear that a
different approach is required if water and/or nutrient resources become limited
in part of the rootzone.

Increasingly, recommended irrigation water and soil management practices tactically
allocate both water and fertilizers, thereby maximizing their application efficiency and
minimizing fertilizer losses through leaching towards the groundwater. Likely,
sustainable agriculture will be directed at minimizing yield losses and crop quality, while
keeping environmental side effects at acceptable levels. This current state of sustainable
agricultural systems justifies the increasing need for combining soil knowledge with plant
expertise, in particular as related to root development and functioning.

•

We suggest that the effectiveness of these practices regarding their effects on
crop production and groundwater quality requires a thorough understanding of
plant-soil interactions and the plant’s regulatory functions in managing stresses.
This includes knowledge of the crops responses to the availability of spatially-
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distributed soil water and plant-available nutrients, using a multi-dimensional
modeling approach.
For crop growth modeling purposes, there must be a clear and intuitive understanding that
plant transpiration and plant assimilation are physically connected by the concurrent
diffusion of water vapor and carbon dioxide between the plant canopy and surrounding
atmosphere through leaf stomata. Conceptually, assimilation and transpiration processes
must be directly linked in both non-stressed and stressed soil environmental conditions.

•

This is achieved in crop growth modeling by introduction of a water use efficiency
parameter, such as the transpiration coefficient (TRC), defined as the mass of
water transpired per unit biomass produced.

The driving force for water flow in both soils and plants is the total water potential
gradient, as caused by matric, gravity, and hydrostatic pressure forces. However, in
contrast to soils, the osmotic component must always be considered for flow through the
roots, since water can move through cell membranes as a result of osmotic potential
gradients.

•

For conditions of low water potentials, cavitation may cause embolisms in the
xylem, thereby decreasing the axial conductance of water flow through plants.
However, water can bypass cavitated parts of the xylem by lateral movement to
other water-conducting vessels. Moreover, as in soils, water can move through
water films along the xylem cell walls by surface forces, creating adsorption
potential gradients.

Water and nutrient transport in the root is mechanistically described by a set of coupled
transport equations, describing simultaneous uptake of water and nutrient into the roots. In
this approach, the soil and root system is simplified by a two-compartmental system,
separated by a single effective semi-permeable membrane, separating the soil solution or
apoplast from the cell solution or symplast.
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It has been shown in maize roots that water flow induced by matric potential gradients is
mainly apoplastic, whereas a major contribution to osmotic-induced flow is the cell-tocell or symplastic pathway. Measured hydraulic conductances between pathways can
differ by one order of magnitude or more. Flow can be even more complex as water
diffusion through membranes by osmotic gradients in one direction might cause matric
potential and/or hydrostatic pressure potential gradients in the opposite direction. Within
the xylem vessels and tracheids, water and solute flow is likely by advection only, so that
osmotic gradients will not have to be considered.

•

The mechanistic description of water flow and nutrient transport through plant
roots should consider this parallel transport through symplastic and apoplastic
pathways. Also, discrimination between mechanisms of transport in the roots
between water and nutrients may dictate differences between the spatial
distribution of the main water and nutrient uptake sites within a rooting system,
and their variation in time.

Root water uptake has been described both at the microscopic and macroscopic levels.
The microscopic approach requires details about root geometry and soil heterogeneity that
is generally not available. In the macroscopic approach, a sink term, representing water
extraction by plant roots is included in the dynamic water flow equation, allowing
spatially and temporally variable uptake as controlled by soil moisture and plant demand.

•

In this macroscopic approach it is possible to differentiate between apoplastic and
symplastic flow using the composite approach, implying pathway-dependent
conductance and reflection coefficient values. Moreover, in this composite
approach, a distinction is made between water uptake by matric and osmotic water
potential gradients.

The bio-physical mechanisms of water transport in roots include the role of aquaporins.
These water channel proteins within cell membranes facilitate the passive movement of
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water across membranes by both pressure and osmotic gradients, thereby increasing their
hydraulic conductance.

•

The presence of aquaporins in roots may explain the symplastic transport of water
across the endodermis, and the leakiness of semi-permeable membranes.
Moreover, they support the composite theory of water transport along parallel
pathways.

Within the general framework of the SPAC, we might have to reconsider the significance
of the plant-root resistance in relation to the atmospheric and soil resistances. In wet-soil
conditions, the largest hydraulic resistance occurs in the leaf with water vapor diffusion
into the surrounding air controlled by atmospheric conditions. Under these conditions,
plant transpiration is at its potential rate, independent of the flow resistance of the plant,
root, or soil. Transpiration is demand-controlled, rather than supply-controlled. As the soil
is depleted of water, its flow resistance increases, as controlled by the decreasing
unsaturated soil hydraulic conductivity and possibly by the decreasing root-soil contact.

•

Hence, while in wet soil conditions the maximum resistance for plant transpiration
occurs in the leaf-atmosphere, the soil resistance becomes the dominant factor
controlling plant transpiration in dry soil conditions. In either case, the plant or
root resistance is not considered.

Crop growth models generally assume little, or no, dynamics in nutrient uptake,
considering changes in the total available nutrient pool of the rooting zone without
discriminating between active and passive uptake. In contrast, dynamic water flow and
solute transport track spatial and temporal changes in water content, solute concentration,
and water and solute fluxes. However, these model types regard nutrient uptake solely as a
passive process, computing nutrient uptake fluxes from the product of water flux density
and soil solution concentration within pre-defined small root zone volume elements with
spatially distributed root densities
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•

While reviewing the general literature on nutrient uptake by roots, it is indeed
perplexing that uptake has been considered in so many different and occasionally
opposing ways.

Nutrient uptake by the roots can occur by diffusion, advection, and active uptake.
Prediction of the relative contribution of the advective component requires knowledge of
the partitioning between apoplastic and symplastic water uptake components of root water
uptake. Active nutrient uptake is driven by specific energy-driven carriers and ion
channels, and requires the creation of electrochemical gradients across membranes by
metabolically driven ion pumps.

•

In the macroscopic approach, active nutrient uptake and transport within the roots
is considered a kinetic process, equivalent to that characterized by MichaelisMenten type of enzyme kinetics.

Also nutrient transport in roots is the result of various root membranes with distinct
transport properties that can be nutrient and plant species dependent. The formulation of a
single effective composite membrane allows one to capture the essential membrane
characteristics that have been demonstrated under different experimental conditions.

•

Specifically, the coupled formulation of water and nutrient uptake accounts for the
experimental evidence of the effects of nutrient concentration, active uptake and
transpiration rate on plant nutrient uptake.

The coupled transport approach of water and nutrients is certainly more complicated than
the much simpler uncoupled and passive uptake approach, but is necessary if we intend to
progress our understanding and ability to improve predictive capabilities of crop growth
models.
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Root water uptake may lead to salt accumulation at the root-soil interface, resulting in
rhizosphere salt concentrations much higher than in the bulk soil. This salt accumulation is
caused by salt transport towards the roots by mass flow through the soil, followed by
preferentially adsorption of specific nutrients by active uptake, thereby excluding most
other salts at the root-soil interface or in the root apoplast. The salinity buildup can lead to
large osmotic pressure gradients across the roots with corresponding high salinity stress,
thereby effectively reducing root water uptake much more than originally believed.

•

To describe such salinity buildup and its effect on water and nutrient uptake,
distinction must be made between nutrient-specific concentration and total salinity.

Knowledge of the concentration-dependency of nutrient uptake is especially useful when
optimizing N-fertilization while minimizing environmental effects. Moreover, the intrinsic
difference in uptake mechanisms between passive and active uptake leads to different
nutrient concentrations in soil solution.

•

Moreover, a better understanding of ion-specific active root uptake is key to the
development of effective strategies for the success of heavy metal removal in soils
by phytoremediation.

Although many models have been developed to simulate root growth and its interactions
with soil water and nutrients, most of these are limited to one spatial dimension, and
assume steady state flow of water. Moreover, root uptake dynamics is usually related to
measured distributions of root length density, ignoring uptake control by root surface area
and root age.

•

Consequently, these models will likely fail in predicting spatial variations and the
dynamics of soil water-nutrient- and plant growth interactions. An alternative is to
characterize root water and nutrient uptake by a coupled dynamic approach,
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linking nutrient extraction to water uptake, controlled by the transient and locallyvariable supply of water and nutrients to the roots.

•

Although the extrapolation of the coupled uptake to the whole three-dimensional
root zone scale is yet to be fully tested and confirmed, the coupling of water flow
with nutrient transport is needed to simulate plant response to stresses in water,
nutrients and salinity, and to predict the space and time distribution of soil solute
concentrations that is controlled by the contribution of active nutrient uptake to
total uptake.

At the same time, the results of these multi-dimensional studies can be used to develop
‘simpler’ models that capture the effective uptake behavior more correctly for their
application in crop management and decision models.
In part, nutrient and water supply rates to the roots are controlled by diffusion and mass
flow induced by both spatial and temporal variations in soil water and nutrient status
within the root zone. However, also the extent and shape of the rooting system and their
changes with time play a major role in determining uptake patterns. Moreover, it has been
shown that multi-dimensional root water uptake in an otherwise uniform soil can cause
large drainage rate variability, with local values increasing as corresponding root water
uptake values decrease. Variability analysis has demonstrated that the spatial variation in
drainage rate and root water uptake decreased significantly when simplifying multidimensional soil water flow and root water uptake to decreasing spatial dimensions.

•

The increasing accurate spatial description of root water uptake and soil water flow
with increasing spatial dimension is essential to improve model predictions of
water and contaminant fluxes and total chemical load of plant nutrients to the
groundwater.

Although the multi-dimensional and mechanistic modeling approach appears attractive, it
is limited by the need of much more additional soil and plant parameters. It is therefore,
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that dedicated experiments are conducted. Such data can then be effectively used to obtain
soil and plant parameters for mechanistic uptake models.

•

As was demonstrated, estimates of three-dimensional root water uptake parameters
can successfully be obtained using inverse modeling. It is suggested that a similar
approach may be used to improve the mechanistic description of nutrient uptake by
roots, using dedicated facilities such as large fully-instrumented lysimeters.
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