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ROLE OF PHYSICISTS IN ROOT ECOLOGY

A. Penetration of roots in soils

B. Uptake and release of water,

nutrients, and gases

Scale Seil Root Model

micro pores cells Navier - Stokes
meso structure tissue Richards I
macro profile system Richards II




W.R. Gill and R.D. Miller. 1956
A method for study of the influence
cf mechanical impedance and aeration

on the growth of seedling roots

Soil Sci. Soc. Amer. Proc. 20: 154-157.
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the kinematics of growing tissues

p.a.c. raats

to be published in: o. diekmann and j.a.j. metz (eds.), dynamics
of structured populations. berlin etc., springer, springer lecture
notes in biomathematics
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Growth and division of cells are determined on the one hand by genetic proper-

ties and on the other hand by the environment in which the growth occurs.
Observations related to growth of stems, leaves and roots were reported already in
the 18th century. Since 1950 there is also a lot of interest in detailed models for
growth of tissues. Most theories proposed thus far are rather special. The purpose
of this paper is to formulate a general framework which can accomodate all the
earlier work. This helps making the widely spread literature more accessible and

removing some of the conceptual confusion.

It is shown that the kinematics of continuous media can be used to describe the
growth of tissues. Not only the comparison of tissues at different moments, but also
the gradual change of tissues can be dealt with. Cell division is treated on the

basis of balance equations for various categories of cells.
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Let x be a spatial coordinate coinciding with the axis of a root and attached

the mature part of the root. With respect to the x-coordinate, let v be the veloci
of any piece of tissue and let w be the velocity of the root tip- Then v - w is th
speed of a piece of tissue relative to the root tip. let y be a spatial coordinate

coinciding with the axis of a root with origin at the root tip at all times. Then

y is related to t, W, and x by



Y = WL = aA. L3/)
Adding wdn/8x to both sides of the l-dimensional form of (19) gives
an/atl + won/éx = -8{n{v - wll/ox + A n. (38)
x

Introducing (37) into {(38) gives

On/at' = B{n(v - w)}lay + lnn. . (39)
b

For growth which is steady in the y-frame, (39) reduces to

a{n(w - v)}/dy = -Ann, (40)

with ln and n being merely functions of y. Integration of (40) from y = 0 til

y = L gives
L .
n(v - w) = J ln ndy. (41)

In (41) the left hand side can be interpreted as the flux of cells relative to the
y-frame at y = L and the right hand side can be interpreted as the integral fission
rate between ¥y = 0 and y = L (ef. I::rickson, 1976, p. 419). If n and (v - w) are

measured as functions of y then An c-n be calculated from equation (40).
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Figure 2. Steady root growth: a. Velocity of pieces of tissue relative to root tip;
b. Cell density; c. Rate of cell division; all as functions of distance from root
tip (adapted from Erickson, 1976).

Figure 2 shows an example. Note that at large distance from the root tip ln -0,

and (v - w) and n appreach constant values
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kinematics and dynamics of
seedling emergence

p.a.c. raats

in- callebaut, {., d. gabriels and m. de boodt (eds.), assessment of
soll surface sealing and crusting. proceedings of the symposium
held in ghent, belgium, 1985. ghent, state university; flanders
research centre for soll and soil conservation (1986} pp. 252-261

Penetrometers are widely used to assess resistance to penetration by
roots and emerging seedlings (Callebout et al., 1985). To interpret
penetrometer resistances, theorles on the bearing capacity of piles have
been a source of inspiration for 20 years. In these theories the sofl is
assumed behave as a cohesive, frictional (plastic) material near the

penetrometer and 4s a linearly elastic material elsewhere (figure 4).
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Figure 4. Elastic and plastic zones near a penetrating object.

For a needle penetrometer the deformation will be more or less cylindrical,
for & blunt penetrometer moce or less spherical. In both the plastic and the
elastic zones at each polnt the forces amust satisfy the equilibrium

equation:

acrlar = =(N - 1) (ot - ot)IZ, {18)

where o is the radisl stress aud 9, is the tangential stress, and where N =
2 for cylindrical deformation (needle penetrometer) and N = 3 for spherical

detormation {blunt pecetrometer).

Distributions of stresses in cylindrical and radial geometries for
¢lastic materials were published already in 1833 by Lamé and Clapeyronm. If
the buundary between the plastic and elastic zones 15 located at
t =1, and If the outer woundary of the elastic zone is very far away theno_

add O, are given by

op = e /o, o, = iy (e ', 9

where P 16 the radlal stress at 1 = tp. Note that with N = 2 (needle

penetrometer} dy = Oy, but that with K = ) (blunt penetromerer) o, = 20,



1o the plastic zone the stresses L and o are assumed to satisfy

Couloab's criterion for slip fatilure in a cohesive, frictional material:

1 - sing = _ 2 cosé (20)

U T —mm——nep— 3 -
t 1 + sind T i + sind

where ¢ is the cohesion and ¢ 1s the angle of friction. From (18) and (20}

it follows that oy and o, in the plastic zone are given by:

N . 2(N-1) sing (l+siad)_ reT
o= [i:Tﬁ:ET-E{EE (i+sind) (rp/r) 1le coté (21a)

- N s 2(6-1) sine (1+sine)_, A (21b)
o, {N- %=1 sinﬁ(t sing) (rplr) }e cot

Equations {2ja} and (21b)} Treduce to expressions for blunt penetrometers
given by Farrell and Greacen (1966) if N = 2 and to expressions for needle

penetrometers given by Greacen et al. (1968) if N = 3.

The locarion of the boundary r = T, between the elastic and plastic
zones is determined by equating the volu&e of the penetrometer to the change
in pore volume. With R known, omne can calculate the normal force
experienced by the penecrometer. If in addition the angle of friction
between penetrometer and soil is known, then one can calculate the
penetrometer resistance. For details the reader is referred to the papers by
Farrell et al. cifed above. Table 1 shows results of calculations for
penecracion of a Parafield Loam. The required pressure 1s much larger for

spherical than for cylindrical expansion of a cavity. However the resulting

penetrometer resiscances for the two gecmetries are similar. -

Table 1. Penetration of a Parafield lLoam (adapted from Creacen et al. 1968)

Pressure head Bulk Required pressure for Resulting penecrometer
of so0il water density expansion of cavity resistance .
(m) of sgil MPa MPa

gfcm

Spherical Cylinmdrical Spherical Cylindrical

-3 L.5 0.43 0.18 0.66 0.77 0.84 1.05
-3 1.6 0.74 0.29 1.03 1l.16 1.34 1.43
-3 1.7 1.19 0,32 L.66 1.94 L1.74 2.07
-7 1.5 Q.69 0.19 0.97 1.18 1.34 1.50
-7 1.6 1.15 0.45 1.61 1.97 2.13 2.39
-7 1.7 1.99 0.67 2.79 2.76 3.15 3.83

t-calc latedj

measured
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Fig. 1. Schematic representation of a root growing in an aggregated soil (with macropores and
micropores) at moderate moisture content. Water films are present around soil aggregates and
the root suzface. The larger aggregates may contain spots almost permanently anaerobic.



“ig. 6. Isoconcentration lines of oxygen in a root when the entire circumference of the root is

:xposed to soil air.

hu::kmg 20%

blockmg 75 %

Fig. TA—F. 1soconcentration lines of OXygen in a root when an increasing part of the root
circumference is blocked. A: 15%: B: 20%; C: 25%; D: 50%: E: 75%; F: 85%.
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Fig. 1. Oxygen concentration required in soil air for aerobic respiration by all root cells as a
function of thickness of the water film a) when respiration is restricted to the root (a =10),
b) when the same respiration rate is distributed over root and microbial activity in the water
film (o = 0.3) and c) when rhizosphere respiration is superimposed on root respiration (a =
0.03, A = 1.43 A). Results are given for three values of the root radius.
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Fig. 2. Oxygen concentration required in soil air for aerobic respiration by all root cells as a
function of the percentage of root-soil contact, root radius and thickness of water film (A).



UPTAKE OF WATER BY IAFOOT
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CRITICAL TIME (&, . ¢ )

Time at which imposed rate of depletion

can no longer be sustained.

The critical time is an important

characteristic of the entire process.

OTHER PROCESSES INVOLVING CRITICAL TIMES

- evaporation from bare soil =

switch from constant rate to falling rate

- rainfall or sprinkler controlled infiltration

incipient ponding of water
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CHARACTERISTIC LENGTHS ASSOCIATED
WITH GEOMETRY OF ROOT SYSTEM

r, a) diameter of root
b) internal radius of equivalent
hollow cylinder of soil

associated with root

r, external radius of equivalent hollow

cylinder of soil associated with root

TWO CHARACTERISTIC TIMES

1. Characteristic time associated with diffusive

transport

r,?

L, ==
d D

2. Characteristic time associated with ratio of

supply and demand

(ai ) 0crit) é

s/d =



DIMENSIONLESS VARIABLES

p - —
r,
t
T - —
ta
t . 8. -8
A = s/d i
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UPTAKE OF WATER AT CONSTANT RATE IN TERMS OF
DIMENSIONLESS VARIABLES

da d aa

r=20 Po < p <1 A=0
aa

r>0 p =1 — =0
ap

A. Constant rate of uptake

e

aa 1- po t
O<r<r . P = po D — - d
crit 3 4 t
4 d/s
B. falling rate of uptake
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Fig. 9.21 Profile of water content
around the root at different times
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Onderzoek uitgevoerd op het Instituut voor Bodemvruchtbaarheid,
POBox 30003, 9750 RA Haren (Gr.), the Netherlands

Abstract
1

De Willigen, P and M Van Noordwijk, 1987. Roots, plant production and nutrient
use efficiency. PhD thesis Agricultural University Wageningen, the
Netherlands, 282 pp, Dutch summary.

The role of roots in obtaining high crop production levels as well as a
high nutrient use efficiency is discussed. Mathematical models of diffusion
and massflow of solutes towards roots are developed for a constant daily
uptake requirement. Analytical solutions are given for simple and more
complicated soil-root geometries. Nutrient and water availability in soils as
a function of root lengrh density is quantified, for various degrees of
soil~-root contact and for various root distribution patterns. Aeration
requirements of root systems are described for simultaneous exygen transport
outside and inside the root.

Experiments with tomato and cucumber are discussed, which were aimed at
determining the minimum root surface area required in an optimal root
environment. Experiments on P-uptake by grasses on various soils were
performed to test model calculations. Model calculations on the nitrogen
balance of a maize crop in the humid tropics suggested practical measures to
increase the nitrogen use efficiency.

additional keywords: functional equilibrium, sheoot/roct ratio, root porosity,
Lolium perenne, soil fertility index, sampling depth, synchronization,
synlocalization.
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W.N. Herkelrath, E.E. Miller, and W.R. Gardner, 1977
Water uptake by plants: II. The
root constant model

Soil Sci. Soc. Amer. J. 41: 1039-1043

Surface not wetted
by soil water

Sand grain

Water fitled pore

Empty pore
Fig. 3—Poor contact between root and soil.

CONSTANT RATE OF UPTAKE IN PRESENCE OF CONTACT RESISTANCE A
LA HERKELRATH, MILLER, GARDNER

2 2
40 r, - r,
0<t<t . R=R, D—= E ot
dr 4r, § PO
o
-Cc— [h{3°]-hxylem]
s
Implicit expression for docrit:
2 2
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DEPENDENCE OF RATE OF UPTAKE UPON THE
PRESSURE HEAD

s§(h] = alh] *s__
~ alh] * T/L_

S[(h] rate of uptake

alh) reduction factor

0<axl

S maximum value of S
max
T potential transpiration
Lr rooting depth
ACTUAL TRANSPIRATION /

z = L

T

T - I S dz
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of SWATRE

The water balance of the unsaturated zone considered

in the context of sustainable agriculture

J.A. de Vos, MS. Inckel, and P.A.C. Raats
Institute ftor Soil Fertility, P.O. Box 30003, 9750 RA, Haren, the Netherlands

Sustainable agriculture

The development of sustainable agricultural
production systems tequires & critical
svaluation of the consequences of nputs of
tertilizers and organic matter, of soll tillage
systems, and the use of biccides. n this
context, the Dutch program on soil ecology
concentrales on dascribing the “pools” and
*tiows" of carbon and nitrogen under flakd
condltions, comparing “conventional” snd
“integrated” farming systems.

Water balance model

Transport of water In the unsaturated zone is

a dominant procesa In soil Thersfore this
process la siudied , using the numaerical model
SWATRE (Feddes,1978). The objectives are %o
describe the transport of water and solules

tor the different cropping systems,

w validate the model using fiekd sxperiments
and 10 use the model for sxtrapolation purposes.
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grondwater bevet (6m)
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fMeleorological conditions | [ Groundwater level |

Soil physical conditions

Blological and chemical processes in soll are
affected by soll physical conditions, swch as
soll water content, soll lemperature and
seration. These conditions, which vary in time
and apace, are monliored in the tield. The
objective is to study the eflect of different
arable cropping aystems on soll ecoiogical
factors.
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waCien el waler content {cmd/em3)
The e:m- are analylical reprsseniations

(Van ht 1978), seniit ly fited

0 the measursd values

Plot 128, Wpeoil (0 - 30 cm), see You {1968),

fSoil physical propertiesj

\ \
— /
-_—“"‘-s. — \ /
. - - Crop characluemr_ia_l—i;;{
~ SWATRE < - root distribution
- leaf area index
+ - soil cover
Discussion

The messured prassiuce heads (1958) showed thal
diHerent scables cropping systems can result W
dittarent soll physical conditions.

The tirst results of the model SWATRE give a good
qualltative repressntstion of the waler balance.

Setwr qualitative ite can probably be ob d
with more accurate inpul data, such as rool
distribution. lea! area index and imsteorologlcal data.
However, sensitivity analysis will be necassary o
study the eftects of the uncertainties in the Inpul data.
Analyticsd functions for the ecll physical properties can
be vary usefull for this purpess.
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ABSTRACT }

Raats, P.A.C., 1975. Distribution of salts in the root zone. J. Hydrol., 27: 237—248.

Selective uptake of water and convection of salts with the soil water are the main fac-
tors governing the distribution of salts in the soil profile. Depth—time trajectories of ele-
ments of water are calculated as a function of their initial position, the average soil water
content, the uptake distribution, and the rates of irrigation, evaporation, transpiration, and
drainage. The mass balance for the salt is reduced to a linear, first-order partial differential
equatlon whose characteristics are the depth—time trajectories of elements of water. Ex-
pressions for the increase in salinity along the t:rajectones are derived. In all specific calcu-
lations, it is assimed that the rate of uptake has its maximum at the soil surface and de-
creases exponentially with depth. As illustrations, depth—time trajectories of elements of
water, steady and transient salinity profiles, and the responses of salinity sensors at various
depths following a step increase and a step decrease of the leaching fraction are calculated.
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