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Summary

Root density determines thé. physical availability of mobile
soil phosphorus to the plant. Calculuations about diflusion
of phosbhorus to the roots were made, with the assumption
that the rate bl'lq»tukc is determined by the requirements
of the crop in the linoar growth phase. The poorer the
soil, the highcer must be the root density to be able to
extract sulficient phosphorus from the seil. This relation
is quantified analytically for a lincar adsorption process
and through numerical simulation [or the curvilinear ad-
sorption under agricultural conditions. An agricultural
cvaluation of pluﬁt-uﬁuiluhlc soil phosphorus by extraction
with water is possible, but the best volume ratio of soil

to water to be used depends on the root density,

fntroduction

A gap still cxists hetween the experimental basis of
fertilizer recommendations, and an cxpiunntion of the pro-
cesses involved through knowledge of soil physical chem-
istry and plant behaviour. The explanations usually are
only qualitative. The first bridges across this gap have
only recently been build by quantitative models of seolute
movement in the soil-root system (Nye and Tinker, 1977).
Our ‘approach is a Little ‘more practical and applied than
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that of other models, starting with the phosphorus require-
ments of a crop at its maximum ratc of growth, as determ-
ined by factors other than phosphorus shortage.

‘Thé main problem is to determine how extensive a root
system must be to extract enough phosphorus to sustain this
growth rate in soils of different P-status. The agricultu-
ral approach is 'the reverse: how high must the P-status of
a soil be to give maximum growth of crops of different
rooting densities. Closely relatcd to this is the question
how the desired P-status can best be characterized. Most
literaturc on soil extraction methods deals with chemical
aspects of cxtraction with water or any of a wide range of
acids (Ansiaux, 1977), to simulate extraction by*roots.
‘Buti since phosphorus must -diffuse to the roots and since
-this. ;process.is strongly affected by adsorptive phenomena
in.the;soil, .there are . important physical problenms tob in
characterizing the availability to roots. The distance a
phosphate ion must traversc from its position in the soil
to the ncarest active root surface is an important para-
meter, which depends . on root, dqﬂ§é}y {i.e. lcngth of‘rootg
pcr'unit volume of so0il), Our.approach is to sizplifr 23a
problem very .roughly, to.obtain.results that only indicate
orders 'of magnitude, but which can be casily generalized.
Our model is based.on a number of simplifying assumptions.

Assumptions

Physiecal chemistry of phosphorus in Lhe soil

We assumec that only two fractions of phosphorus are
important to the plant: inorganic phosphorus in the aque-
ous rphasc and:that adsorbed,to the solid phasc, together
forming the mobile phosphorus. The two {ractions are rel-
ated by 'an-adsorption isotherm, which is a characteristic of
a-given soil,” Wc assume this adsorption relation to be
valid for the desorption too-(i.e. no hysteresis) and that
local equilibrium is maintained at all times. In the Nether-
lands: phosphorus recommendations.for arable crops are based
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on the Pw-valuce, Fhe amount of phtsphorus extracted with
water, wilh a volume ratio of soll to water of 1:60 (Van
der Paauw, 1971). 7This desorption can be approximately
calculated for this and any other soil to waler ratio From
the adsorption isotherm (De Witligen and Van Noordwijk,

1978).

Geometry of Lhe soil-rool syatem

We assume a homogeneous distribution ol roots- ol uniform
thickness (radius 0.025 cm) in the phosphorus-containing
.upper layer of the soil (20 c¢m in our calculation). As we
assume the uptake rate of all roots to be cqual, an cquiva-
lent cylinder of soil is attributed to cvery ruﬁl, without
transport across ils outer boundary. We do not consider
mycorrhiza or root hairs und_in our first approximation we

assume 2 stationary root system without growth,

Uptake of phosphorus by the rooi

We assume the uptake rate by the roots to be regulated
completely by the rcquircmcnts.or the plant, delined hy
growth and phosphorus content of the dry matter. This
implies that the uptake of individual roots has to be cor-
respondingly higher in a sparse root system than in a dense
system. We assumc that all roots have the sawme possibili-
ties for uptake, independent of age (Clarkson et al., 1977).
The required uptake cannot be realized when the concentra-
tion at the root surface fulls below some limiting concen-
tration determined by the relation between concentration
and uptake rate, with a maximum uptahe rate (which determ-
ines the minimum amount of roots for sufficient uptake) of
0.5 10712 Mol cm~2 s~! and in the concentration dependent
phase a root absorbing power of 2.107"% cm s™1 (Nye, 1977).
Thus far we only considered crops in the lincar phase of
growth with a growth rate of 200 kg ha™! day™l (Sibma,
1968) and a constant P-content of 2.2 mg P g~! dry matter.

We express the possibilities for uptake of a soil-root
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system by tc,;the time during which a root system may reas
lize its requixed,uptakc rate. After t. the plant cannot’
keep its phosphorus content at the most favourablé'level
and‘production,will be affected. Increasing the root den-
sity would of course be the best strategy {or the plant,
but this diminishes the dry matter available for shoot
growth.

Andlyti;al;Solution;in‘Case‘of aiLinear«Adsorption?lsotherm

For circumstances where . the adsorption isotherm is
approximately linear, an analytical soldtion for the con-
centration profile around the‘root could be derived. The
variableslaré.combined into the following dimensionless

groups:

u concentration:(actual_concentration divided by, the

.original) o

x = distance to the centre of thetyootQ(divided by Ro, the
radius of. the root)

p = radius of soil cylindér (divided by, Ro)

T = time (multiplied by "apﬁéreﬁt\diffusivity" - .the adsorp-
tion reduces thg,diffusivity_ih water Ly a factor of 10
‘to 2000 - and divided by Ro?) -

¢ = demand-supply rélatiqn (apparent diffusivity times
amount of mobiie phosphptus initially prbsent divided
by uptake per’unit surfa;é area of soil per day times
Ro)

n = depth of Pfconcenprqtipn zone (divided by Ro).

The.solution for the concentration in space and time is:

02 x2-p2

. ' 2 '
(1) ulxer) = 1+ o lreT * T2 7 I B

2
2 241 ® n

E———-—-j—‘-lnp'- %-(-1——"[)' - w I e .
(1-p2)2 -P " n=1 %n

JJ(pgn),{Jocxuﬁ)*Yl(ah) L YO(xa,) J1(ay))
’ J17(a,) - J1Z(p0,) ]

where JO, YO, J1 and Y1 are Bessel functions of the first
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(J) and sccond (Y) kind and of order O and 1. The o are
the roots of J1l(a) Y1(pu) - J1(p«) Yi(a) = 0. The series
part of this solution was given by Cars law and Jacper
(1959) in section 13.4.

The first part of this formula docs not contain products
of distance and time, while the infinite sum does. This
means that if the sccond part can be neglected, the deple-
tion of the soil has the same rate at cvery distance from
the root and is constant in time, i.c. is a steady rate
procéss. After some time, determined by the demand=-supply
relation and root density, the seccond part may in fact be
neglected as time uppenré in the ncgntive'cxponentinl term
only. The depletion cancrges to a stecady rale as shown in

Figure 1.
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Fig. 1. Depletion of the mobile phosphorus (Pmy in the soil at differ-
ent distances from the root surface. After some time the ratc of de-
pletion becomes independent of the distance (“'steady rate").

The time t  cdn be found by solving for the concentra-
tion at the root surface equal to the limiting concentra-
tion. When the stcady rate is reached it is a simple

matter to solve explicitly:
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@ v = o G G0 e - 3 - 3 ¢ D hop

w1th ¢' differing from ¢ in that thc amount of phosphorus
at the. limiting concentration is substracted From the
amount of mobile phosphorus at t .
Solution by Simulation' in the Case of a Non-linear Adsorp-
tion Isotherm - : ¥ ,

The adsorption isotherms, determined for five different
soils, are distinctly non-linear in the agriculturally im-
portant concentration range. They may be described by two
Langmu1r Lerms (Hol[ord and MaLtlngley, 1976a). No analy-
t1ca1 solution could be found, so a computer 51mulat10n
model was used, tested with the linear adsorptlon solution.
For the five soils at three different Pw-values (mg L3205
dm~3 soil), viz., 10, 30 and 50 (agricultural evaluatlon
poor, sufficient and high) t_ was calédlated'(for details:
Dc Willigen and Van Noordwijk, 1978). "The results in
Figure 2 show that the poorer the soil, the higher the root
density has to be for good growth. An agrlcu]tural norm
of t, = 100 days, ‘may be: ‘reached by a root density of 1 cm
-2 5t Pw 50, a root density 2 to 3 at Pw 30 and a much
hlgher density, depending on the soil, for Pw 10. We con-
clude that the value of Pw is a good measurc of possibili-
ties for uptake in a certain range, but for higher root
densities the Pw value does not have the same meaning for
different soils. . .

The diamcter of roots.and the presence of root hairs
likewisc are important, as may bc seen in llgure 3. With
thinner roots.a larger root density is required for the
‘same uptake. But the same . biomass per unit volume of soil
is more efficient when distributed over a larger number of
thlnner roots. PrOV1dcd “that the distribution’of the roots
stays homogencous and the physiological abilities {for up-
take and tlansport along the root remain constant, there is
no optimum root diameter for uptakc, as the thlnnest are

best.
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Fig. 2. Simulation results with a non-linear adsorpt ion isotherm, The
time during which the uptake is sufficient for plant roqnirements (t )
is given as a function of root density (cm of roots cm™3 of soil) and
P-status.

Some remarks can be made on I'w as a method of soil ana-
lysis. The optimum~sof1/water ratio to be uscd in this
method was derived by means of pot experiments with young
potato plants (Van der laauw, 1971). Our results suggest
that the optimum ratio of soil to watc¥ for characterizing
availability depend§ on the, root density, as shown in
Figure 4. Different values of Pw(v) according to the
volume ratio (v) water to soil were calculated From the
adsorption isotherms and compared with t. for our model

calculations and actual uptake data of pot experiments of
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Fig. 3. Lffect of -root diameter on possibilities foif}lptakc. For the
fine sand of Pw 10 of Figure 2, a smaller root diameter is compared
both on the basis of root density and on the basis of root biomass.

Holford and Mattingly (1976b) with Lolium perenne (with un-
known, but presumably high root density estimated to be
over 10 cm~2, Mattingly pers. comm,). The higher the root
density, the larger-the fraction of mobile phosphorus
("chemically available'") that can ve transporfed to the
root at.the. requlred ‘Tate ("phys1ca11y ava11ab1e") To
simulate thls in soils ‘with dlfferent adsorptlon capac1t1es
more water has to be used in the extractlon procedure. The
agriculturali‘expericnce "that Pwi ' (60) ‘isa good measure for
arable crops’but much worse for pcrmanent grassland-with a’
much higher: root 'density may'well be interpreted along
these lines.
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Fig. 4. Percentage of the variance in plant perfermance on diflerent
soils accounted for by Pw(v), i.e. calculated values lor # water ex-
tract of the soil at different volume ratios of soil to water (v). The
upper four lines represent the correlation of L (the length of the
period of undisturbed uptake, calculated in onr model for different
soils and P-status) with calculated values of Pw(v), for cach root den-
sity. In the lower line the actual uptake of phosphorus after 40 days
by Loliwn perenne in pot experiments on 3 calcarcous soils, was corre-
lated with Pw(v) values calculated from adsorption isotherms {data of

" ilolford and Mattingly, 1976). The optimal extraction ratio increases
with root density.
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