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Abstract

Geelhoed, J.S., 1998, Phosphate availability in the soil-root system: integration of
oxide surface chemisiry, transport and uptake,

Doctoral thesis, Wageningen Agricultural University, The Netherlands.

ISBN 90-5485-862-1; 177 pages.

A study is presented on the adsorption of phosphate on goethite, the interaction of
phosphate with other adsorbing ions at the goethite surface, and the resulting
availability of phosphate to plants. The plant-availability of sorbed phosphate was
determined from phosphorus uptake of plants growing on an artificial substrate
containing goethite with phosphate. Uptake can be predicted from zero sink behaviour
of a growing root system, diffusion and mass flow in soil, and measured non linear
adsorption of phosphate on goethite. With high phosphate loading of goethite, the
equilibrium phosphate concentration in solution increased, which resulted in larger
phosphate availability. Competitive interaction between phosphate and sulphate on
goethite caused only a small decrease in phosphate adsorption at low pH, where
sulphate adsorption is strongest, but a considerable incrcase in the phosphate
concentration in solution. Experiments showed that phosphorus uptake by plants
growing on suspensions of goethite in the presence of sulphate was seven times larger
at pH 3.7 than at pH 5.5. Citrate competes more strongly with phosphate than sulphate,
and shows strongest interaction at pH 4.5-5. On account of the non linear adsorption
behaviour of phosphate, the relative increase in phosphate in solution upon competition
is much larger at low than at high phosphate loading of goethite. Therefore, competition
results in an apparent lower affinity of phosphate sorption on goethite. Adsorption of
the individual anions and competitive adsorption was described with the CD-MUSIC
ion adsorption model, which is based on a detailed description of the adsorbing surface
and the use of surface complexes identified in spectroscopic studies. The combination
of the ion adsorption model with the uptake model is a powerful tool to predict the
phosphate availability to plants. This was illustrated with a simulation study in which
the effect of citrate exudation from roots on the uptake of phosphate was predicted.

Additional index words: artificial soil, bioavailability, competitive sorption, CD-MUSIC
ion adsorption modelling, citrate, goethite, iron oxide, nutrient uptake model, organic
matter, pH, phosphorus, rhizosphere processes, root hair, speciation, sulphate, zero sink
uptake.
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Stellingen

L. Het gebruik van modelsystemen en mechanistische modellen is van grote
waarde voor het verkrijgen van inzicht in de processen die plaatsvinden in de
bodem,

Dit proefschrift.

2. Voor een goede voorspelling van de opname van fosfaat door plantenwortels
zijn meetdata van fosfaatadsorptie bij erg lage fosfaatconcentraties in oplossing
noodzakelijk.

Dit proefschrift.
3, Competitie voor adsorptie tussen fosfaat en anionen met een veel Jagere

affiniteit voor het goethite-oppervlak, zoals sulfaat, kan een grote toename van

de fosfaatbeschikbaarheid veroorzaken.
Parfitt R.L. 1982 Competitive adsorption of phosphate and suiphate on goethite
(0.-FeQOH): a note. New Zealand J. Agric. Sci. 25, 147-148.
Dit proefschrift.

4, Door adsorptie van kleine organische zuren in de bodem kan de mobilisatie
van fosfaat als gevolg van de uitscheiding van deze verbindingen door
plantenwortels veel langer doorgaan dan op grond van hun afbraaksnelheid in
oplossing kan worden aangenomen.

Jones D.L., A.M. Prabowo and Kochian L.V, 1996 Kinetics of malate transport
and decomposition on acid soils and isolated bacterial populations: The effect of
microorganisms on root exudation of malate under Al stress. Plant Soif 182, 239-
247,

Dit proefschrift.

5. Het gebruik van lineaire buffering in modellen voor de opname van fosfaat
door plantenwortels heeft niet te maken met het adsorptie/desorptiegedrag van
fosfaat, maar meer met het gebrek aan meetdata om de adsorptie/desorptie-
isotherm te beschrijven.

Barber 5.A. 1984 Soil nutrient bicavailability. John Wiley and Sons, New York.
Dit proefschrift.

6. Een goede beschrijving van ion adsorptic-edges met een model is van weinig
waarde als voor de meeste datapunten geldt dat vrijwel de totale hoeveelheid
van het toegevoegde ion geadsorbeerd is.
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Een risico bij het formuleren van stellingen is een gebrek aan nuance.

Om een verantwoorde keuze tussen producten le kunnen maken met betrekking
tot  hun milieu(on)vriendelijkheid, moeten de resultaten van de
levenscyclusanalyse bekend zijn bij de consument.

In de provincie Zeeland moet meer aandacht worden besteed aan de
ontwikkeling van bedrijvigheid in plaats van toerisme, zodat een meer
evenwichte omgeving wat betreft economiec, maatschappij en natuur kan
ontstaan.,

Lichamelijke inspanning zorgt voor geestelijke ontspanning.

Oren zijn niet alleen bedoeld om mee te horen, maar vooral om mee te
luisteren,

Stellingen behorend bij het proefschrift ‘Phosphate availability in the soil-root system:

integration of oxide surface chemistry, transport and uptake’. I.S. Geelhoed,

Wageningen, 12 juni 1998.
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General introduction

Phosphorus (P) is an important nutrient for plant production. In many, mostly
tropical soils, plant growth is limited by P deficiency. This may be caused by a very
low amount of native phosphorus present in soils and by the strong binding of
phosphorus to soil minerals. Even when considerable amounts of phosphorus in soils
are present, the strong binding of phosphorus in soils strongly limits the availability of
phosphorus for plants, and high rates of P fertilizer are needed to relieve P deficiency.
To reduce fertilizer need, P fertilizers are often applied to a relatively small volume of
soil close to the plant (Sanchez, 1976; Van der Eijk, 1997).

In soils that have received large amounts of P fertilizer over a long period of
time, e.g. in Western Europe and in part of the USA, high amounts of phosphorus
accurmnulate in the soil. Field experiments by Jungk et al. (1993) have shown that on
highly fertilized German loess soils, P fertilization could be withheld for at least 15
years without reduction in yield. In highly fertilized soils, phosphorus is less strongly
bound in the soil and phosphate concentrations in solution are relatively high. In this
situation, environmental problems may arise. Phosphate may leach to ground water and
surface water, affecting the water quality and causing eutrophication (Boers, 1996;
Mozaffari and Sims, 1996; Delgado and Torrent, 1997).

For both types of problems it is of importance to gain more quantitative insight
into the mobility and bioavailability of phosphorus in scils. A considerable amount of
knowledge exists on the binding of phosphorus in soils to various soil constituents,
such as metal (hydr)oxides. However, in the evaluation of the availability of soil P, soil
extraction methods are used, which are only to a very limited extent based on this
knowledge. The present study attempts to integrate fundamental physico-chemical
knowledge of the behaviour of phosphate in soils and the availability of soil P for
uptake by plants. The study will be restricted to phosphate bound on the iron oxide
goethite.

Accordingly, this introduction comprises a short overview of phosphorus in
soils, especially in relation to P adsorption on goethite, and on phosphorus uptake by
plants. Further, the approach and outline of the present research will be specified.

Phosphorus in soils

A scheme of the different sources of phosphorus in soil and their interrelations
is shown in Fig. 1.
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Fig. 1. Simplified scheme of interactions between different forms of phosphorus in seil and
inorganic phosphate in solution which can be taken up by plant roots.

Phosphorus in solution

Phosphorus concentrations in the soil solution are usually low compared with
other macronutrients. In tropical soils, P concentrations in solution are generally below
the detection limit of colorimetric methods (< 0.2 uM, Gillman and Bell, 1978; Naidu
et al., 1991), whereas in highly fertilized soils P concentrations in solution up to 0.12
mM have been measured (Delgado and Torrent, 1597). A substantial part of total
phosphorus in solution may be dissolved organic phosphate (Dalal, 1977). In Scottish
soils organically complexed phosphatec in solution ranged from 1.3-4.3 yM and
exceeded inorganic phosphate by up to 20 times (Shand et al., 1994).

Inorganic dissolved phosphate can be taken up by plant roots. However, the
concentration of dissolved phosphate in soils is normally much too small to ensure
good crop growth. Due to P uptake, dissolved phosphate is rapidly depleted from the
soil solution and will be replenished from the other P sources in soil (Fig. 1).

Organic phosphorus

The organic phosphorus content of soils varies widely, and may constitute
between 20 and 80% of total phosphorus in top soils (Dalal, 1977). In forest soils, the
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portion of organic phosphorus may be as large as 95% of total phosphorus (Zech et al.,
1987). Because of their relatively strong resistance to decomposition, the group of
inosito]l phosphates, phosphate estered forms of inositol stereoisomeres, are the main
soil organic P compounds, contributing to up to 50% of total organic P. Of these
compounds, inositol hexaphosphate (phytic acid) and its derivatives are the most
abundant. Other organic P fractions in soils are nucleid acids, phospholipids,
phosphoprotein and sugar phosphates (Dalal, 1977; Anderson, 1980).

The availability of phytic acid to plants in soils is generally low due to the
precipitation of ¢.g. Ca and Mg phytate and the strong sorption of phytate on clay
minerals and metal (hydrjoxides (Anderson, 1974). Inorganic phosphate and phytic acid
compete for adsorption, suggesting the sorption sites of both P forms are the same
(Anderson et al., 1974; Evans, 1985). Soil organic phosphorus contributes to the P
nutrition of plants after being mineralized into inorganic phosphate by microorganisms
or after hydrolysis mediated by root-born phosphatase (Anderson, 1980; Tarafdar and
Jungk, 1987, Hiussling and Marschner, 1989).

Mineral phosphorus

Many minerals of phosphorus combined with calcium, aluminium and iron
occur in soils; above pH 7 calcium phosphates are dominant, whereas in acids soils iron
and aluminium phosphates are prevailing (Tisdale et al., 1985). Upon the addition of
P fertilizer to soils, precipitation of phosphoius may locally occur around the fertilizer
grains, due to very high phosphorus concentrations (Sample et al., 1980). In principle,
the chemical nature of the minerals that potentially are present and control phosphate
levels in solution can be derived from the composition of the soil solution. However,
hecause attaining equilibrium may be very slow, the solution may be over- or
undersaturated for certain minerals.

Dissolution of P-minerals is a prerequisite for the uptake of phosphorus from
this P source by plant roots. In the rhizosphere, dissolution is enhanced by the removal
of dissolution products through uptake by roots and by the excretion of organic anions,
which complex Al and Fe, and protons (Bolan et al., 1994, 1997).
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Adsorbed phosphorus

Phosphate ions are bound on edges of clay minerals and, more importantly, on
the surface of iron and aluminium (hydrjoxides. The surface charge of metal
(hydr)oxides can be positive or negative and depends on the pH and the composition
of the electrolyte solution. The interaction of phosphate with iron oxides has recently
been discussed by Torrent (1997). The sorption of phosphate in soils is influenced by
the total phosphate concentration, the amount of adsorbing surface area, the pH and the
composition of the soil solution (ionic strength, ionic composition). Other anions that
are specifically adsorbed compete with phosphate for binding on metal hydr{oxides).
Phosphate sorption has been shown to decrease in the presence of organic anions, e.g.
upon the addition of organic amendments (Iyamuremye and Dick, 1996), and in the
presence of inorganic anions, e.g. arsenate, molybdate, selenite (Hingston et al., 1971;
Murali and Aylmore, 1983; Roy et al., 1986).

After phosphate addition, phosphate sorption on metal (hydr)oxides is initially
fast, but some additional phosphate may be sorbed during the following weeks or even
months. Initial fast sorption kinetics is attributed to the reaction with surface sites which
are in direct contact with the solution phase, whereas the slow sorption reaction may
be explained by slow diffusion into pores and crystal defects. Accordingly, highly
crystalline goethites show little or no slow sorption. With increasing porosity and
impurities of ferrihydrite, an amorphous iron oxide, slow sorption processes increase
(Madrid and Posner, 1979, Willett et al,, 1988; Parfitt, 1989; Torrent et al., 1990, 1992;
Strauss et al., 1997). The same reasoning may explain the (very) slow desorption of
phosphate from oxides, resulting in apparent hysteresis of phosphate sorption and
desorption {Madrid and Posner, 1979; Colombo et al., 1994). In some studies, isotopic
exchangeability of phosphate could be related to the porosity of the (hydr)oxide which
confirms this idea (Cabrera et al., 1981; Madrid and De Arambarri, 1985). However,
in other studies no relation between isotopically exchangeable phosphate and crystal
properties was found (Torrent et al., 1992; Colombo et al., 1994). Another explanation
for slow P sorption and desorption may be the slow formation and dissolution of P-
containing mineral phases (Van Riemsdijk et al., 1984; Lookman et al., 1994, 1995).

Lookman et al. (1995) determined P desorption from sandy soils with a high
P load and suggested that all oxalate extractable P, an estimate of total inorganic P in
soils (Van der Zee and Van Riemsdijk, 1988), is desorbable. The rate of desorption, and
the relative size of the fast desorbing pool decreased with lower P loading of metal
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{hydr)oxides. Desorption of phosphate due to P uptake by plant roots also decreased
with lower phosphate loading, which can be explained from the increasing affinity of
phosphate for the surface when the phosphate loading is lowered (Parfitt, 1979; He et
al., 1994). Similarly, the desorbability of phosphate from various metal (hydr)oxides
decreases with high affinity of phosphate for the oxide (Colombo et al., 1994; Guzman
et al., 1994). Parfitt (1979} showed that no phosphate could be taken up by ryegrass
when the P saturation of goethite was below 40%, indicating the very strong binding
of phosphate on goethite at low phosphate loading. The low recovery of P fertilizer due
to strong binding of phosphate at low loading of metal (hydr)oxides has been referred
to as P fixation (Sanchez, 1976).

Phosphorus uptake by plants was shown to be related to P sorption and to the
amount of extractable Fe and Al in both acid and calcareous soils, indicating phosphate
desorbed from metal (hydr)oxides is an important source of P for plant growth (Solis
and Torrent, 1989a,b; Soltan et al.,, 1993).

Because the various forms of phosphorus in soils show different relations to
¢.g. the phosphate concentration in solution and pH, the behaviour of soil phosphorus
is very complex. Therefore, this research will focus on a single form of soil
phosphorus, viz. phosphate adsorbed on metal (hydr)oxides, in particular goethite,
Goethite is the most abundant iron (hydr)oxide in soils and its structure is well known.

Tropical acid weathered soils contain large amounts of metal (hydrloxides
which largely determine the soil P behaviour. Generally the P availability in these soils
1s low and often limits crop growth. In soils containing relatively high amounts of other
soil P forms, the behaviour of P sorbed on metal (hydroxides will be concealed.
Furthermore, P sorption behaviour may be affected by e.g. the presence of organic
matter and relatively high Ca concentrations.

Phosphate adsorption on goethite

The properties of goethite (a-FeOOH) depend strongly on the circumstances
during the production of the oxide (Torrent et al., 1990; Strauss et al., 1997). The
goethite that is used in this study consists of monodomainic crystals and is well
crystalline and non porous (Hiemstra et al., 1989b). The production of this goethite is
well reproducible.
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Fig, 2. Effect of pH and ionic strength on the surface charge of goethite.

The charge of the goethite surface depends on the pH and the ionic strength
of the solution (Fig. 2). The charge of the surface is neutralized by an equal amount of
opposile charge from electrolyte ions present in the diffuse double layer. The electrolyte
ions approach the surface to a distance equal to the size of the hydrated water or O(H)
ligands. In indifferent electrolyte solution, the Stern layer between the surface and the
head end of the diffuse double layer is charge free. The pH at which the surface is
uncharged in the absence of other specifically charged ions than H" and OH' is called
the pristine point of zero charge (PPZC). The PPZC is found from the common
intersection point of charging curves at different ionic strength. The PPZC of the used
goethite is 9.2 and the specific surface area is about 95 m® g

At the gocthite surface various types of surface groups are present, differing
in the number of bonds with underlying Fe atoms in the goethite crystal and differing
in the degree of protonation. Depending on the number of bonds with underlying Fe
atoms (r) these surface groups are denoted singly (n=1), doubly (n=2) and triply (n=3)
coordinated surface groups. At the dominant 110 face, one row of singly, one row of
doubly and three rows of triply coordinated surface groups are present per unit cell,
whereas at the minor 021 face, rows of singly and doubly coordinated surface groups
alternate. The proton affinities of these various types of surface groups are different
(Hiemstra et al., 1989b; Hiemstra and Van Riemsdijk, 1996; Hiemstra et al., 1996).
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Spectroscopic studies on dried and ir sirw samples of goethite with adsorbed
phosphate and arsenate, which shows similar adsorption behaviour on goethite, have
indicated that phosphate and arsenate are adsorbed by the exchange of ligands between
the oxyanion and singly coordinated surface groups (Parfitt, 1975; Tejedor-Tejedor and
Anderson, 1990; Waychunas ¢t al., 1993; Sun and Doner, 1996; Fendorf et al., 1997).
With the formation of these so-called inner spere complexes part of the charge of the
anion is transferred to the surface, resulting in a decrease in surface charge and a shift
of the pH where the surface is uncharged to lower pH values (Bowden et al.,, 1980;
Dzombak and Morel, 1990).

The affinity of phosphate for the goethite surface is high, resulting in
considerable phosphate sorption against colombic forces at pH values above the PPZC
(Fig. 3). With decreasing pH phosphate adsomption increases because electrostatic
interaction contributes to the Gibbs free energy of adsorption. Due to the high affinity
of phosphate for the goethite surface, the amount of phosphate adsorbed is non linearly
related to the concentration of phosphate in solution. At very low phosphate
concentration in solution already relatively large amounts of phosphate are adsorbed.
With increasing phosphate loading of goethite, less unoccupied surface sites are
available for complexation and the electrostatic interaction between phosphate and the
surface is smaller, leading to a larger phosphate concentration in solution (Fig. 3).
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Fig. 3. Phosphate adsorption on goethite at pH 3-11. Data from Bowden et al. {1980) and
Hiemstra and Van Riemsditk (1996). Lines indicatc model calculations.
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Fig. 4. Phosphate adsorption on goethite in the absence and presence of magnesium.

The above only holds true when only non-specifically adsorbing electrolyte
ions, such as K' and NO;, are present. Other specifically adsorbing anions may
decrease phosphate adsorption due to competition for binding on goethite, whereas
specifically adsorbing cations enhance the adsorption of phosphate by compensating the
charge present at the surface. In addition, the pH dependence of phosphate adsorption
will also change (Fig. 4; Hingston et al., 1971; Bolland et al., 1977; Violante et al.,
1991; Manning and Goldberg, 1996; Venema et al., 1997).

Availability

Only a (very) limited proportion of total soil phosphorus can be taken up by
plant roots, The availability of soil phosphorus for plant uptake is affected by its
chemical availability, which is related to the concentration of inorganic monomeric
phosphate in solution. Also soil physical factors, i.e. moisture content and tortuosity,
because they determine the rate of phosphate transport, and plant properties play a role.
These plant properties can be divided into factors that determine the depletion of
phosphorus in soil, viz. the influx kinetics of phosphate and the absorbing root surface
area, and plant factors that influence the chemical environment in the rhizosphere. In
the following thesc plant factors will be discussed. Together, soil chemical, soil
physical and plant factors determine the plant-availability of soil phosphorus.

10
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Phosphorus acquisition

Phosphorus is predominantly taken up by the root as H,PO, (Hendrix, 1967).
Clarkson et al. (1968) showed that the whole root system, young and older roots, take
up phosphate.

Phosphate is transported into the root against an electrical potential difference,
which originates from the difference in concentrations of charged ions on either side
of the plasma membrane. In general, the electrical potential differences in higher plants
are negative, < -59 mV, which indicates influx of anions is an active process
(Higinbotham et al., 1967). The potential differences arc maintained by proton pumps,
mainly membrane-bound ATPases which extrude H* from the cytoplasm (Fig. 5). This
‘proton motive force’ drives the transport of ions, amino acids and sugars (Spanswick,
1981; Bush, 1993). In accordance, phosphate is transported by cotransport of H,PO,
and protons {Ullrich-Eberius et al., 1981; Dunlop, 1989), however, countertransport of
H,PO, and OH has also been proposed (Lin, 1979).

plasma
apoplasm membrane cytoplasm

H,PO,
H* co-transpon
- ATP
@_ proton pump
Tem ADP 4 P,
HPO,
OH" countertransport
pH 7.3-7.6

Fig. 5. Proposed uptake mechanisms of phosphate.

The nett influx of anions is the result of influx, an active process, and efflux,
the leaking of ions over the plasma membrane (Schjgrring and Jensén, 1984; McPharlin
and Bieleski, 1989), Nett influx rates are probably regulated by both influx and efflux,
depending on the P status of the plants (Elliot et al., 1984; Cogliatti and Santa Maria,
1990).

In soils, the phosphate concentration in solution is usually very low, which
requires a high affinity of the P uptake mechanism. In short-term experiments the rate
of influx of solutes in relation to the external solute concentration is often described

11
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with a Michaelis-Menten type equation

o -Cl“
I=p,— ' )
K +C-C

in which 7 is the influx rate [mol m? day™], /,,, the maximum influx rate and C, the
concentration of phosphate in solution. K, the concentration where influx equals 0.5
x I .., is relatively low for phosphate: in the range of 0.5-8.1 pM for maize roots. This
low KX, value is an expression of the high affinity of the P uptake system. G, the
threshold concentration where influx equals efflux, has been reported to be in the range
of 0.01-0.47 uM. However, the values of these Michaelis-Menten influx parameters
depend on pretreatment, cultivar, plant age, internal nutrient concentration etc. (Jungk
and Barber, 1975; Nielsen and Barber, 1978; Schenk and Barber, 1980; Jungk et al.,
1990).

Nett P influx data obtained by Russell and Martin (1953) at phosphate
concentrations in solution in the range of 0.008-1000 uM and Loneragan and Asher
(1967) in the range of 0.04-24 uM show that, in the very low concentration range, P
influx increases proportionally with a larger phosphate concentration in solution. This
implies that a threshold concentration for P uptake can be neglected. Under these
conditions, P uptake is limited by the transport of phosphate to the root surface and not
by the uptake characteristics of the root: the root behaves as a zero sink. In accordance,
one of the plant parameters controlling P uptake from soil is the root surface area.

Root hairs provide a considerable increase in the absorbing root surface, and,
more importantly, because they extend perpendicularly from the root, they increase the
volume of soil that is explored for nutrients (Nye, 1966a). Selections or cultivars of
plant species differing in root hair length, have been used to demonstrate that P uptake
is positively related to the length of root hairs (Caradus, 1981; Baon et al. 1994;
Gahoonia et al., 1997). The number and length of root hairs formed was shown to
increase with decreasing phosphate concentrations in the root (Féhse and Jungk, 1983).
Especially in circumstances of low P availability, and hence low mobility of phosphorus
in soils, the contribution of root hairs to P uptake is more important (Nye, 1966a; Fohse
et al., 1991; Gahoonia et al., 1997),

12
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When P uptake by the roots is very low, P deficiency may occur, which results
in restricted growth, purple colouring of the stem base and leaves, senesence of older
leaves and a poor or no generative development of the plants. Tissue concentrations of
phosphate below 70 umol g dry matter are generally regarded as indicative for growth
limitation. However, the extent of growth limitation depends on the P demand of the
plant and, hence, on the plant age and developmental stage (Reuter and Robinson,
1986).

Plants are able to actively change the chemical environment close to the root
and these small scale rhizosphere processes influence the mobility of phosphorus and
its acquisition by plants.

Change of rhizosphere pH

On account of the uptake mechanism of nutritive ions, the pH at the root
surface may change. The processes responsible for the regulation of rhizosphere pH are
reviewed by Haynes (1990). When an access of cations is absorbed, e.g. when
ammonium-N is the N-source, the pH at the root surface will decrease, whereas with
nitrate-N as N-source, the pH will usually increase (Riley and Barber, 1971; Nye, 1981;
Gahoonia et al., 1992; Thomson et al., 1993). In plants fixing nitrogen symbiotically
the uptake of cations exceeds uptake of anions, resulting in a pH decrease (Aquilar and
Van Diest, 1981). Roots can change the rhizosphere pH by as much as 1 to 2 pH units
(Nye, 1981).

These alterations of pH may have consequences for the mobility of phosphorus
in soils and hence for P uptake (Riley and Barber, 1971; Aquilar and Van Diest, 1981;
Nye, 1981; Gahoonia et al., 1992; Thomson et al., 1993). However, the effect of pH
changes on P availability and mobility in soils is complex because for different soil
constituents the relations between pH and P in solution may be different. Furthermore,
the ionic composition of the soil solution may affect these relations. In a luvisol a
decreasing pH caused increased P uptake by plants due to the dissolution of P minerals,
whereas in an oxisol an increasing pH resulted in higher P uptake since phosphate was
less strongly sorbed on metal (hydr)oxides (Gahoonia et al., 1992).

pH changes in the rhizosphere may also be the result of the exudation of
organic acids. In addition, the presence of organic acids or their conjugated anions may
have an additional effect on P mobility.

13
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Exudation of organic anions/acids

A number of plant species (a.o. white lupin, rape, red clover, black mustard,
tomato) release organic anions/acids from their roots as a response to P deficiency
(Gardner et al., 1982, 1983; Lipton et al., 1987; Dinkelaker et al., 1989; Hoffland et al.,
1989; Gerke and Mecyer, 1995; Imas et al.,, 1997; Li et al., 1997b). The addition or
release of organic anions to soils has been shown to result in an increased mobilization
of soil phosphorus (Dinkelaker et al., [989; Hue, 1991; Gerke, 1992; Gerke and Meyer,
1995; Staunton and Leprince, 1996; Bolan et al,, 1997; Li et al., 1997b).

Two processes contribute to the enhanced P mobilization. One is the sorption
of organic anions on metal (hydrjoxides in soils which decreases the sorption of
phosphate. The other is the increased solubilization of Ca-P compounds due to the
complexation of Ca with organic anions (Nagarajah et al., 1970; Hue, 1991; Violante
et al., 1991; Bolan et al., 1994, 1997). The magnitude of the effect of organic anions
on the solubility of soil phosphorus increases with the number of carboxyl groups of
the anion (Hue, 1991; Bolan et al., 1994; Staunton and Leprince, 1996).

Production of phosphatases

Phosphatase activity in soils, either from microbial or plant origin, is required
to make organic P available for plant uptake. In hydroponic culture and in pot
experiments using quartz sand and soil, it was shown that plants are able to take up
phosphorus from different types of organic P, such as phytic acid, nucleid acids,
glycerophosphate and lecithin (Tarafdar and Claassen, 1988; Beck et al., 1989; Adams
and Pate, 1992). Depletion of organic P in the rhizosphere related to phosphatase
activity has been demonstrated (Tarafdar and Jungk, 1987; Li et al., 1997b).

In the rhizosphere of P deficient plants, relatively high phosphatase activity
criginating from the plant roots was observed (Tarafdar and Jungk, 1987; Tarafdar and
Claassen, 1988, Li et al., 1997b). Phytase, which catalyzes the hydrolysis of phytate,
has been detected in the cell wall of maize roots, especially in the root tip (Beck et al.,
1989). Li et al. (1997a) have shown that phytase activity was induced by phosphorus
deficiency in tomato roots. The activity of the purified enzym was strongly inhibited
by inorganic orthophosphate, the end product of the hydrolysis of phytate, which
suggests the enzym shows a very tight feedback mechanism.
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Mycorrhiza

Plants may be involved in a mutually beneficial association with mycorrhizal
fungi. The fungus obtaines assimilates from the plant, whereas the plant benefits from
nutrient uptake by the fungus. At very low soil P levels mycorrhizal infection is low
due to P limitation of fungal growth and a restricted supply of carbon from the plant
to the fungus. With increasing P supply, the infection rate increases to an optimum.
Beyond this optimum level, which depends on mycorrhizal species and host species,
root infection decreases again (Brundrett, 1991; Marschner, 1995).

Many similarities between the effect of root hairs and mycorrhiza on P uptake
exist. Because the mycorrhizal hyphae, like root hairs, extend widely into the soil they
increase the nutrient absorbing area and the amount of soil that is being depleted
(Sanders and Tinker, 1971). As with root hairs, P depletion zones have been observed
around the fungal hyphae, demonstrating mycorrhiza take up phosphorus (Li et al.,
1991). Futhermore, hyphae of mycorrhizal fungi may change the chemical environment
in the hyphosphere. Hyphae of mycorrhizal fungi show phosphatase activity and this
increases the uptake of organic P (Hiussling and Marschner, 1989; Tarafdar and
Marschner, 1994). The abundant production of oxalate by ectomycorrhizal fungi is
suggested to prevent the overaccumulation of Ca in woody plants by precipitation of
Ca-oxalate in the hyphosphere and to enhance the dissolution of phosphate from P
minerals (Lapeyrie, 1988, 1990).

The rhizosphere processes that may be important with respect to the availability
of adsorbed phosphate are changes in the rhizosphere pH and exudation of organic
anions/acids from roots. The effect of mycorrhiza on the availability of phosphate
adsorbed on goethite will not be considered explicitly in this study.

The present study

The aim of this study is to quantitatively assess the availability of phosphate
sorbed on goethite to plants and the influence that both plant factors and soil chemical
factors may have on the plant-availability of phosphate.

Experiments will be carried out to determine plant P uptake as a measure of
plant-available phosphate and to study the adsorption of phosphate on goethite over a
wide concentration range. These experiments will be integrated with model calculations.
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Experimental approach

Uptake by plants of phosphate adsorbed on goethite is studied experimentally
using well defined substrates. The plants are grown at P deficient conditions to ensure
that all phosphate that is potentially available for uptake is taken up. The effect of
varying soil chemical conditions, e.g. phosphate loading on goethite, pH and ionic
composition of the background solution on the plant-availability of phosphate is
studied. In these experiments also plant propertics are determined.

The adsorption of phosphate and other ions on goethite is studied in batch
adsorption experiments. Because data on phosphate adsorption at very low phosphate
concentrations in solution are needed, part of these experiments are carried out with *P.

Modelling approach

Nutrient uptake models

An important tool in determining and understanding the availability of
phosphate for uptake by plants is the use of mechanistic uptake models. These models,
for which input data on plant roots and soil are required, are based on the transport of
nutrients by diffusion and mass flow, the buffering of nutrients from the solid phase to
the solution and the influx kinetics of the root (Nye and Tinker, 1977; Barber, 1984,
Jungk and Claassen, 1997).

The transport of phosphate in soil to the root surface is predominantly
determined by diffusion, since the phosphate concentration in solution is relatively low
and thus mass transport is negligible (Nye, 1977). The effective diffusion coefficient
of a solute is given by (Nye, 1966b)

b - Dof

eff b (2)

in which D, is the diffusion coefficient of the solute in water [m® day'], 8 the
volumetric moisture content [m’® solution m™ soil] and f the tortuosity factor [-].
Buffering is defined as
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dc, dc
b=__=8+__ =6+b 3)
dc,

in which C, is the total concentration of phosphate in soil [mol m™ soil] and C; the
concentration of sorbed phosphate in soil [mol m™ soil].

In model calculations of uptake, buffering of nutrients in soil has usually been
approximated by a linear relation. This linear relation, often called the buffer power,
is assumed o approach the average buffering over the concentration range along which
phosphate diffuses to the root (Silberbush and Barber, 1983). Barber and coworkers
usually calculated the buffer power with &’=C, i/ C g With C, estimated from soil
extraction.

In Chapter 3 we use a nutrient uptake model to predict plant P uptake from
phosphate adsorbed on goethite. In Fig. 6 predicted uptake is shown using different
methods to account for the replenishment of dissolved phosphate by phosphate from the

e
)

400

=)
3
% %8 - B
— °
T 300 [ Eo4
% E initlal condiion
=3 502
] ®
E | o . . .
3 200 % 5 10 15 20
@ P concentration {u M)
-
5
a 100 |
ol et
0 5 10 15 20 25 30

time {days}

Fig. 6. Phosphorus uptake observed (W) and predicted (lines) for treatment H in Chapter 3.
Model predictions differ in the way buffering is computed (see inset)
(A) non linear relation closely describing the measured adsorption data

B) b= €, pua/ Coiman (e.g. Barber, 1979)
(C) b= ACJAC, from C,y to 0.25xC 4 (Schenk and Barber, 1979)
(D) &= dC/AC, at Cyy (Lu and Miller, 1994).
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solid phase. Only when the buffering of phosphate is based on the non linear sorption
behaviour of phosphate (Fig. 2 in Chapter 3} and, hence, depends on the phosphate
concentration in solution, uptake is predicted accurately. When adsorption is non linear
and the adsorption isotherm concave, much more of the phosphate taken up by the root
originates from its immediate vicinity than when phosphate adsorption is linear (De
Willigen and Van Noordwijk, 1987).

The nutrient uptake model will also be used to examine the effect of
rhizosphere processes on phosphate availability. In literature only few reports on the
incorporation of rhizosphere processes in phosphorus uptake models exist, viz, changes
of rhizosphere pH (Nye, 1984} and the disselution of phosphate rock by exudation of
organic acids (Hoffland et al., 1992). Mechanistic uptake modelling provides the
possibility to quantitatively assess the effect of rhizosphere processes on phosphorus
availability and to evaluaie the relative importance of chemical, physical and biological
factors (Bar-Yosef, 1991; Darrah, 1993; Jungk and Claassen, 1997).

Ton adsorption models

The reaction of surface groups of oxides with ions from solution can be
described with a chemical equilibrium. The overall affinity of this surface complexation
reaction depends on the intrinsic chemical affinity of the ion for the surface group and
the electrostatic interaction the ion encounters when it moves from the solution to the
surface. The electrostatic contribution to the overall affinity is normally computed with
a model. In this research the CD-MUSIC ion adsorption model of Hiemstra and Van
Riemsdijk (1996) is used.

The difference in reactivity of the various surface groups present on the
goethite surface is taken into account in the CD-MUSIC model. Furthermore, surface
complexes that have been identified by spectroscopic methods are used in the model
calculations. Protonation of surface groups is modelled with 1 pK reactions. The charge
of the surface protons is attributed to the surface (Fig. 7). Non-specifically bound ions,
so-called ion pairs, are placed at the head end of the diffuse double layer, Specifically
bound ions share ligands with the surface and approach the surface more closely than
ion pairs. To be able to place the charge of inner sphere complexes closer to but not
completely at the surface, the Stern layer is divided into two layers. Part of the charge
of the inner sphere complexes is attributed to the surface and part to the mid-plane.
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Fig, 7. Schematic representation of the position of non-specificaily adsorbed ions involved
in ion pair formation and specifically adsorbed ions forming inner sphere complexes at the
goethite/solution interface. The ion pairs approach the surface to a distance of the
hydrationfoxygen ions, and are placed at the head end of the diffuse double layer. The inner
sphere complexes are present more closely to the surface because they exchange ligands
with the surface. The charge of the inner sphere complexes is divided over the surface and
the 1-plane.

For a good model prediction of ion adsorption it is important that an extended
set of data, comprising the charging behaviour of goethite and the concentration, pH
and ionic strength dependence of adsorption, can be described using a single set of
parameter values.

QOutline

In Chapters 3 to 6 of this thesis the results of experimental studies that are
combined with model calculations are presented. Chapters 2 and 7 deal with the
development and results of P uptake simulation models.

Plant P uptake experiments will be performed under P limiting conditions for
which it can be assumed that the root surface behaves as a zero sink. Under such
conditions root hairs make a considerable contribution to P uptake. Because no zero-
sink models accounting for buffered nutrients and root hairs exist, such a model has
been developed and is described in Chapter 2.
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The plant-availability of phosphate adsorbed on goethite at different phosphate
loading and reactive surface area content of goethite is assessed in an uptake
experiment, which is described in Chapter 3. In this experiment plants are grown on a
solid substrate containing phosphate adsorbed on goethite as P source. In addition,
experimental results on the adsorption behaviour of phosphate on the used substrate are
presented. From the adsorption data and measured root properties phosphorus uptake
is predicted with the zero sink uptake model.

Chapter 4 presents a study on the pH dependent adsorption of phosphate on
goethite at a very wide range of phosphate concentrations in solution. For this, hatch
adsorption experiments were carried out with labelled phosphate. Further, the CD-
MUSIC ion adsorption model was used to describe phosphate adsorption. The influence
of competitive adsorption of phosphate with other anions present in soils has been
examined in Chapters 4 (sulphate) and 6 (citrate).

The effect of competition between phosphate and sulphate on the plant-
availability of phosphate is studied experimentally with a method in which the pH can
be controlled (Chapter 5). Citrate is chosen as a model component for dissolved organic
matter. However, citrate may also be exuded by plant roots as a reaction to P
deficiency. By combining the nutrient uptake model and the ion adsorption model the
effect that citrate exudation from roots will have on the plant-availability of phosphate
is predicted. These model calculations are presented in Chapter 7.

Chapter 8 provides a concise discussion of the results and indicates prospects
for future research and applications of the used approach.
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Modelling zero sink nutrient uptake by roots with root hairs from

soil: comparison of two models.

The influence of root hairs on nutrient uptake from soil is incorporated in uptake
models using two different methods. In both models, the roots and root hairs are assumed
to behave as a zero sink, hence all nutrient that is transported to the absorbing surface is
taken up. The transport of nutrient is assumed to be by diffusion only. In the first model,
the continuity equation for zero sink uptake by roots is extended with a separate sink term
for zero sink influx into root hairs, and root hair influx is computed using an approximate
analytical solution. In the other model, the diffusion equation in three dimensions is solved,
with boundary conditions that impose zero sink uptake behaviour on the root with root hairs.
Model calculations of phosphorus uptake at phosphorus-deficient growth conditions were
performed with both models. Differences in computed uptake were attributable to the use
of the approximate analytical solution for root hair influx. The difference in cumulative
uptake after 10 days at different buffering, root hair density and root hair length computed
with the two models was generally less than 15%. Calculations with the three-dimensional
model showed that very short root hairs (0.08 mm) may hinder the diffusion of nutrient to
the root, resulting in reduced uptake compared with uptake by a root without root hairs.

Introduction

The uptake of nutrients from soil is determined by the transport rate of
nutrients to the root and by the nutrient influx rate at the root surface. The influx of
nutrient into the root has often been related to the nuirient concentration at the root
surface, either by a linear relation using the root absorbing power (Nye, 1966a} or by
a Michaelis-Menten type relation (Claassen and Barber, 1976). However, the use of
these relations may be disputed because influx is internally regulated and does not
depend only on the nutrient concentration at the root surface (De Willigen and Van
Noordwijk, 1987, 1994a). As a result, the root absorbing power and Michaelis-Menten
parameters may depend on factors such as root age, external nutrient concentration, and
plant nutrient status, and, moreover, the influx parameters may vary in time (De
Willigen and Van Noordwijk, 1987; Jungk et al., 1990},

When the availability of nutrients in the soil is low, uptake is limited by the
transport rate of nutrient to the root (Nye, 1977). In that case, a zero sink uptake model
can be used in which it is assumed that all nutrient that is transported to the root is
taken up. Models for the calculation of zero sink uptake were developed and used
successfully by De Willigen and Van Noordwijk (1987) and Hoffland et al. (1990).
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The importance of root hairs for nutrient uptake from soil is demonstrated by
both experimental evidence and the results of model calculations of nutrient uptake.
Phosphorus uptake experiments with selections of white clover and rye differing in root
hair fength showed that uptake was higher at larger root hair length (Caradus, 1981;
Baon et al., 1994). Furthermore, it was observed that the depletion zone of phosphorus
in the soil, determined using autoradiographs or by extraction of thin slices of soil, was
larger than the length of the root hairs, indicating uptake by root hairs (Bhat et al,,
1976; Hendriks et al., 1981; Gahoonia ct al., 1992), Model calculations of uptake of
phosphorus for plant species differing in root and root hair characteristics were accuratc
only when the effect of root hairs on uptake was taken into account (Itch and Barber,
1983a; Fihse et al., 1991), Model calculations also showed that the contribution of
nutrient uprtake by root hairs is more important when the effective diffusion coefficient
of a nutrient in soil is low (Nye, 1966a; Fohse ct al,, 1991). In that case, transport of
the nutrient is dominated by diffusion (Nye, 1977).

The effect of root hairs on nutrient uptake cannot simply be ascribed to the
increase in root surface area. In experiments with spinach, root hairs increased the total
root surface area three times, whereas the observed uptake was seven times higher than
expected from model calculations for roots without root hairs (Fohse et al.,, 1991).
Because root hairs extend perpendicularly from the root and have a small radius
compared to roots, a larger soil volume per unit absorbing surface area is exploited
compared with roots without root hairs (Nye, 1966a; Silberbush and Barber, 1983). On
the other hand, at the base end of the root hairs overlap exists between the depletion
zones of the root hairs and the root, and when root hair density is high, overlap may
also occur between the depletion zones of different root hairs.

The influence of root hairs on the uptake of nutrients has been incorporated in
the nutrient uptake models in two different ways. In one method, the nutrient
concentration in the root hair cylinder was assumed to decrease homogeneously
compared with the initial concentration (Nye, 1966a; Drew and Nye, 1969; Hoffland
et al., 1990). In the other method, a sink term that accounted for root hair influx was
added to the continuity equation for uptake by roots. This method was used for the
computation of linear uptake and Michaelis-Menten uptake (Bhat et al., 1976, Itoh and
Barber, 1983b). The nutrient concentration at the root hair surface, necded to compute
influx into root hairs, was estimated from the average nutrient concentration
surrounding the root hairs (Baldwin ct al.,, 1973; Itoh and Barber, 1983b).
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In the present study, two models for the computation of zero sink uptake by
roots with root hairs are described. The first model is an extension of the zero sink
model of Hoffland et al. (1990}, in which the effect of root hairs has been incorporated
as an additional sink term in the continuity equation (Bhat et al., 1976). This model
will be referred to as the TERM model. The zero sink influx into root hairs is estimated
from the average concentration surrounding the root hairs using an approximate
analytical solution derived originally for zero sink influx into roots (De Willigen and
Van Noordwijk, 1987, 1994b). The results obtained with the TERM model are
compared to those of a second independent model, which is assumed to yield more
accurate results. In this model, the root with root hairs is treated as a unified geometry,
for which the diffusion equation in three dimensions is solved numerically (3D model).
The imposed boundary conditions of this equation are chosen to resemble zero sink
uptake conditions for the root and root hairs. Soil and plant input data originating from
an experiment with maize plants grown at phosphorus-deficient conditions in sand have
been used in the calculations. The influence of buffering, root hair density, and root
hair length on calculated uptake is studied.

Description of zero sink uptake models

In both models, we assume that a dissolved nutrient is transported by diffusion
and is taken up by the root and root hairs, which behave as a zero sink. To exclude
inter-root competition, we assume that root density is low. The symbols used are
explained in Table 1.

The effective diffusion coefficient of a nutrient in soil is given by Nye (1966b):

_ D,8f

D M
eff b
with
dC dC
h=__1=0+__ (2)
dC dcC

in which dC/dC, is the slope of the sorption isotherm. In this study we consider only
lincar sorption, i.¢. b is constant. Moreover, D, is assumed isotropic and constant, and
the soil is assumed homogeneous.
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Table 1. List of symbols

Symbo! Definition Dimension

a root hair surface area per unit volume m? m? soil

b buffering m’ solution m? soil
C concentration of dissolved nutrient mol m? solution

C, concentration of sorbed nutrient mol m? soil

C total concentration of nutrient mol m? soil

D, diffusion coefficient of nutrient in water m b

Dy effective diffusion coefficient m? h!

f tortuosity factor -

h distance from the centre of a root hair m

hy root hair radius m

i, half-distance between centres of root hairs m

I influx mol m? h!

I influx into root hairs mol m? b

L root hair length m

Ry root hair density m*

r radial distance m

o root radius m

r outer boundary in r-direction m

t time h

ty start of the simulation h

z distance in z-direction m

A outer boundary in z-direction m

¢ angle in ¢-direction rad

d, outer boundary in ¢-direction rad

6 volumetric moisture content m’ solution m™ soil
1 time scale parameter: T=t/b h m’ soil m* solution
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TERM model

The continuity equation in cylindrical coordinates (r,z), extended with a sink
term for zero sink influx into root hairs, may be written as (Bhat et al., 1978}):
aC,

1 19 dC,
L= YD of_H-1 (3)
b = 5 Do ) e

We assume that diffusion is in radial direction only. The root hairs are of uniform
length, evenly distributed over the root surface, and growing perpendicularly from the

root within the root hair cylinder. The volume of the root hairs is neglected.
The following initial and boundary conditions apply to Equation (3):

t=t,  rory C=Clu )

o, r=r, C 1 = (3)
aC

8, rer, Trl =0 (6)

Boundary condition (5) describes the zero sink condition at the root surface. With
boundary condition (6) a no flux boundary at r=r,, which is set at a large distance, is
established. Influx into the root is calculated as

ac,
I=-Dof

| 7
ar

We compute the zero sink influx into root hairs with an approximate solution
similar to that for zero sink influx into roots derived by De Willigen and Van
Noordwijk {1987, 1994b}). For a constant D, it was shown that when, after a period
of constant uptake, the concentration of nutrient at the root surface decrcased to zero,
the solution for zero sink uptake could be approximated by assuming that it is of the
form c(r.t) = w(f} ¢ '(r), where ¢'(r} is the steady rate solution and () is a time-
dependent uptake (De Willigen and Van Noordwijk, 1994b: Equation (29)). Uptake was
also estimated with this solution when roots act like a zero sink from the beginning of
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uptake. The boundary conditions, applied to uptake by root hairs, are

h=h, C=0 (8)
oC,

h=h, =0 ®
' Ton

in which 4 is the distance from the centre of the root hair to the next root hair at the
same radial distance r to the root. Boundary condition (8) describes the zero sink
behaviour of the root hair surface. Boundary condition (%), a no flux boundary at the
half-distance between the centres of two root hairs (k,), is established to account for
inter-root hair competition (Cushman, 1979). We approximate the half-distance between
the centres of two root hairs with:

h, = I K (10)
rh

The zero sink influx into root hairs depends on the average concentration
surrounding the root hairs (C,,,,), which is a function of the radial distance to the root.
The equation for zero sink influx into root hairs reads (De Willigen and Van
Noordwijk, 1987, 1994b):

_ (RZ—I)CLWEDOBf

(11)
th lru<r 1o+
2Gh, =
with
_ 2 4
G -1 B3R R'nR (12)
7 4 R-1

and R = h/h,,

Equation (3) is solved numerically. The soil cylinder surrounding the root with
root hairs is divided into 40 concentric layers that become increasingly thicker further
away from the root surface. Time steps are chosen in such a way that no more than the
amount of dissolved nutrient present per layer is transported per time step.
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3D model

We use cylindrical coordinates (,9.7) to represent a root segment with length
z, with one root hair that extends in the r direction. The continuity equation in this
system (r,9,z) reads:

E - D 82C1+1 aC1+ 1 82C1+82C, (13)
ot “Tor? roor ot oz}
The initial conditions are:
=ty ry<r<rgtly, ¢=0 O<z<z, Ci(r9.2=C jnitia (14)
=ty ry<r<rgtl,  0<¢=¢, 0szgz, Ci(7,9.2)=C jnisial (15)
=ty ey, 0<psp,  0szsz, Ci(7.9:2=C, s (16)
The boundary conditions are:
>t r=r 0<6<h, 0=<z<z, C(r.0,2)=0 (an
>t ro<r<rtl, ¢=0 z=0 C(r.$,2)=0 (18)
>t r>retly, =0 0=z<z, dC /=0 19
>,  re<rsrgHly  ¢=0 0<z=, 0C/d$p=0 (20)
t>t, ry<r<r, o=, 0<%z, dC/a9=0 QD
t>t, rp<rsr, 0<0<d, z=0,z=z, 9C/dz=0 (22)
1, r=r, 0<6=¢, 0<z5z, adC/or=0 (23)

Boundary conditions (17) and (18) impose the zero sink behaviour of the root and root
hair surface. Because of symmetry in ¢=0, and z=z, caused by inter-root hair
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competition, boundary conditions (19) to (22) are described. Boundary condition (23)
establishes a no flux boundary at r=r,, which is set at a large distance to the root to
avoid inter-root competition.

We solve Equation (13) for an element shown in Fig. 1. At the root surface,
the distance from the root hair to the boundary in the ¢ and z-direction is the same;
thus rypx¢,=z,. The values of ¢, and z, depend on the root hair density. The boundaries
used in this system define one-fourth of the soil volume that is influenced by one root
hair and by the root surface associated with that root hair. The volume of the root hair
is neglected. To compute uptake by a root segment with root hairs, uptake computed
for the element is multiplied by four and by the root hair density.

r=n
2=

$=th

St \ac.rbr-o

b G/op=0

Fig. 1. Schematic representation of the element used in the 3D model. The system is
symmetric in ¢=¢, and z=z,. The boundary conditions imposed on this element are indicated
in the figure.

The spatial variables (r,$,z) in Equation (13) are discretised using finite
differences. This semi-discretisation of the diffusion eguation results in a system of
ordinary differential equations (ODEs), which are solved numerically using an ODE
solver. It seemed that the problem is very stiff and, as a result, when using the simple
explicit Euler method as ODE solver, very small time steps are needed to make the
method stable. To overcome these problems, we have chosen Gear’s method, i.e.
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backward differences up to order 5, an ODE solver especially suited for stiff systems
{Gear, 1971; IMSL, 1991). Uptake in time is computed from the difference in the total
amount of nutrient in the clement in time. The accuracy of the method was tested by
solving the equation with different spatial siep sizes. With each decreasing step size,
computed uptake decreased and seemed to converge to the ‘true’ solution.

Soil parameters needed to run the models are the volumetric moisture content
(), the tortuosity factor (f), the diffusion cocfficient of the nutrient in water (D), the
initial nutrient concentration (C, ) and buffering (b). The plant parameters required
in the model are root radius (ry), root hair length (l,), root hair density {n,) and root
hair radius (f;).

Calculations

The accuracy of the steady rate solution, Equation (11), which is used in the
TERM model to compute zero sink influx into root hairs, was tested separately. Influx
calculations were carried out for one root hair only, that was not influenced by the root.
The results were compared with those of a numerical solution for zero sink influx into
a root hair, analogous to Equation (7).

We computed zero sink uptake by a root with root hairs using the TERM
model and the 3D model. The used input parameters (Table 2) are derived from an
experiment in which the uptake of phosphorus by maize plants grown at phosphorus-
deficient growth conditions was studied. The substrate was a fine sand with a moisture
content near field capacity (Geelhoed et al., 1997b).

Table 2. Default input values used in the calculations.

¥ 0.15 mm

hy 5 pm

Ly 0.32 mm

P 50 mm”

Cinitia 1.0 uM

b 500 m® solution m™ soil
Dy 32 mm* k!

0 0.21 m’ solution m? sail
7 0.089 ;
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Results and discussion
Calculations for one root hair

Buffering and time are both influencing the time scale of diffusion and are,
therefore, combined in T, defined as #/b. The radius of the volume assigned to one root
hair (%,) also influences the developing concentration gradient. For a root with root
hairs, k, depends on the root hair density, root hair length and the root radius. Itoh and
Barber (1983a) and Fohse et al. (1991) reported root hair densities of different plant
species varying from 44 to 186 mm™' and (root radius + root hair length) in the range
of 0.15 to 0.73 mm, resulting in a A, in the range of 0.05 to 0.15 mm.

The influx into root hairs computed with the steady rate solution (Equation
(11)) started off at a maximum rate, which depended on the initial average
concentration in solution and %,. For low 1, particularly in combination with large A,
the concentration profile had not developed very far into the soil volume, which
resulted in a steep slope of the concentration profile. Because, in this situation, a steady
rate concentration profile had not yet been established, influx computed with the steady

12
........ steady rate solution, eq. (11)

10 L e umerical solution

0 " L 1 aagd | Y L
a.001 0.005 0.01 0.05 01 05 1
T (h m3soil m* solution)

Fig. 2. Root hair influx computed with the steady rate solution for zero sink influx inta root
hairs (Equation (11)) and a numerical solution, for a half-distance between root hairs (%,)
of 0.05 mm and 0.15 mm at different t=¢/b. The calculations are carried out for a single root
hair, with a root hair radius of 5 pm and an initial dissolved nutrient concentration of 1 pM.
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rate solution was lower than when computed numerically (Fig. 2). For intermediate T,
the concentration profile extended further into the soil cylinder and the influx computed
with the steady rate solution was more in agreement with numerically computed influx.
At high 1, similar influxes were computed with both methods. However, the soil
volume assigned to the root hair, with outer boundary k,, was almost depleted by then.

Calculations for a root with root hairs

In the 3D model, the influx into root hairs is solved directly and the influence
of root hairs on nutrient transport and uptake by the root is accounted for. In the TERM
model, root hair influx is estimated using the steady rate solution (Equation {11)) and
the influence of root hairs on root influx is incorporated only in the decrease of the
average nutrient concentration surrounding the root. Therefore, we assume that the
results obtained with the 3D model are more accurate than with the TERM model.

We computed zero sink uptake by a root with root hairs, in time, using the
default input parameters (Fig. 3). For time shorter than 0.2 days, the TERM model
computed lower uptake than the 3D model, which can be explained by the
underestimation of the influx into root hairs by the steady rate solution at small T (Fig.
2). When longer time, and consequently higher 7, was considered, the TERM model
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Fig. 3. Uptake by a root with root hairs in time, computed with the TERM model and the
3D model. The calculations are carried out with the default input parameters in Table 2.
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CHAPTER 2

predicted higher uptake than the 3D model, and the difference in uptake calculated with
the two models increased with time (Fig. 3). First, we tried to elucidate the cause of
this increasing overestimation of uptake by the TERM model with time.
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Fig. 4. Contour plots of the nutrient concentration in the soil solution (uUM) after (A) 1 day
and (B} 10 days of uptake. In the figures two root hairs are shown that are present in the
horizontal plane at z=z,, and that extend from the root with an angle of 2xd, between two
root hairs. The calculations are carried out with the 3D model, using the default input
parameters in Table 2.
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The influence of the presence of root hairs on nutrient diffusion to the root and
root hairs, as computed with the 3D model, is illustrated with contour plots of the soil
solution concentration in the z-plane where root hairs arc present (Fig. 4). At the root
hair surface the density of the contour lines was higher, and, hence, the concentration
gradients and influx rates were larger than at the root surface. The soil in the root hair
cylinder was not homogeneously depleted, but the differences in the soil solution
concentration at the same radial distance from the root became smaller with longer
uptake time. With longer uptake time, the depletion zone extended further outside the
root hair cylinder.

Using the data in the contour plots (Fig. 4), we computed the influx into the
root hair at different distance to the root surface with the steady rate solution (Equation
(11)) and from the concentration gradients at the root hair surface (Fig. 5). For both
methods, root hair influx increased with greater distance to the root surface and was
greatest at the root hair tip. At day 10, root hair influx was lower than at day 1, which
is in agreement with the lower density of the lines in the contour plots at day 10 (Fig.
4.
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Fig. 5. Root hair influx, after 1 day and 10 days of uptake by a root with root hairs,
dependent on the distance to the root. Root hair influx is computed with the steady rate
solution {Equation (11)), using the average concentration at z=z, and distance r as the
average nutrient concentration surrounding the root hair {(C,,,,) at r. Root hair influx is also
computed from the concentration gradients at the root hair in the plane where z=z,.
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