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Abstract

De Willigen, P and M Van Noordwijk, 1%87. Roots, plant productien 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 1is 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 peometries. Nutrient and water availability in soils as
a function of root length density is quantified, for various degrees of
soil~root centact and for wvarious root distribution patterns. Aeration
requirements of root systems are described for simultaneous oxygen transport
outside and inside the rocot.

Experiments with tomate 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, shoot/root ratio, root perosity,
Lolium perenne, soil fertility index, sampling depth, synchronization,
synlocalization. :
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Stellingen

1. Een wuitgebreid wortelstelsel kan bijdragen aan een efficié&nt meststoffen-
gebrulk, maar is geen verelste voor het realiseren van maximale bovengrondse

plantengroei.
-dit proefschrift

2. De theorie over het functionele evenwicht tussen spruit- en wortelgroei
speelt bij de ontwikkeling van de oecofyslolegie van planten dezelfde rol als
het "optimal foraging” concept in de dier-ocecologie: het leidt tot zinvol on-
derzoek naar regelmechanismen en tot inzicht in de adaptieve waarde daarvan;
de betreffende regulering kan echter op diverse mechanismen gebaseerd zijn.

3., Bij onderzoek van nutriénten-opname in een landbouwkundige of planten-oeco
logische context, dienen wortelmorfologische parameters en de waterhuishouding
méér, en fysiologische parameters die het opnamemechanisme karakteriseren
minder aandacht te krijgen dan thans gebeurt.

4, Nutriént-cpname modellen die geen rekening houden met de regulatie wvan de
opnamesnelheid door de plant, zijn slechts toepasbaar zolang het betreffende
nutriént de plantengroei beperkt.

5. Stijging van het maximale productieniveau-heeft een neutraal of negatief
effect op de efficiéntle van stlkstofgebruik en geen positief effect zoals
deor van Keulen en Wolf (1986) gesuggereerd wordt,
-Keulen, H van and J Weolf, 1986, Modelling of agricultural
production: weather, soils and crops. Wageningen, Pudoc.

6. "Maximalisering van de efficiéntie van meststofgebruik”™ als doelstelling
van agrarische productie lelidt tot andere landbouwkundige keuzes dan bij "ma-
ximalisering van opbrengsten" worden gedaan; met het huidige stelsel van hef-
fingen en subsidies stuurt de overheid de boerenbedrijven teveel in de rich-
ting van de opbrengst-doelstelling; macro-economisch gezien en uit het cogpunt
van de milieu-effecten op langere termijn is deze sturing te betreuren,.

7. Bij de keuze van boomscorten voor haag-teelt ("alley-cropping”) in de
tropen moet men accepteren dat bomen met het gewenste diepe-en-niet-oppervliak-
kige wortelbeeld een langzame begingroei hebben.
-Hairiah K and M van Noordwijk, 1986, Root studies on a tropi-
cal ultisel in relation to nitrogen management. Imstituut voor
Bodemvruchtbaarheid Rapport 7-86.

8. Bij de renovatie wvan stedelijke ricol-systemen zoals die thans gepland
wordt, wordt de kans gemist om door betere scheiding wvan huishoudelijk en
industrieel afval, tot voor hergebruik aanvaardbaar rioolsiib te komen.
-Nota rlolering, Tweede kamer der Staten Generaal, vergaderjaar
*86-'87, 19826 nr 1-3.

9. De Nederlandse kunstmest-hulp aan ontwikkelingslanden is het afgelopen

decennium eenzijdig op stikstof-meststoffen gericht geweest; vanuit de doel-

stellingen van ontwikkelingssamenwerking zou juist een accent op fosfaat-

neststoffen en hergebruik van organisch afval verwacht mogen worden.
-Noordwijk, M van, 1986. De nadelen van kunstmesthulp.
Landbouwkundig tijdschrift 98 6/7: 34-36.
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10. Bij een gemiddelde stikstef-recovery in tropische landbouw wvan slechts
20-30% =zoals de SOW gebrulkt in berekeningen voor de FAO over de kunstmest-
behoefte van enkele Afrikasanse landen, kan ontwikkelingsgeld beter besteed
worden aan onderzoek en voorlichting over efficiénter meststoffen-gebruik dan
aan het subsidiéren van kunstmest.

-Stichting Onderzoek Wereldvoedselvoorziening, 1985, Potential
e food production increases from fertilizer aid: a case study of
- Burkina Faso, Ghana and Kenya. A study prepared for FAO. Wage-
ningen, 48 pp

11. Het getulgt wvan groot optimisme dat de Minister wvan Ontwikkelings-
samenwerking verwacht met slechts dén ecologisch geschoolde ambtenaar een
verantwoord beleid met betrekking tot "milieu en ontwlkkeling" gestalte te

LH, geven.

12. Bezinning wvan zowel Noord- als Zuid-Soedanezen op hun gemeenschappelijke
historische wertels en culturele identiteit kanm bijdragen aan een oplossing
voor de burgercorlog in Soedan.
-Francis Mading Deng, 1973, Dynamics of identification., Khar-
toum, Khartoum University Press.

Meine van Noordwiijk
Roots, plant production and nutrient use efficiency
13 Oktober 1987, Wageningen
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1. QUANTITATIVE ROOT ECOLOGY AS AN ELEMENT OF SOIL FERTILITY THEORY

1.1 Roots and efficiency of nutrient and water use

Farmers through the apes and throughout all ecological zones have developed
techniques for increasing plant production by modification of the root
environment by manuring, fertilization, soil tillage, drainage and irrigation
with 1little knowledge of roots. The enormous rise in crop yields of the past
century has been based to a considerable extent on further manipulation of the
root enviromment, guided by empirical results and qualitative, partly
erroneous (chapter 2}, 4ideas about root growth and function. Discussions on
present-day possibilicties for increasing plant production still oeften
concentrate on manipulation of the root enviromment with limited consideration
of roots {(Van Keulen and Wolf, 1986).

For most crops, roots themselves are not of interest to the farmer; roots
mediate between certain external growth factors and the plant as a whole.
Considerable wvariation exists in the efficiency of different root systems in
this respect. Extensive root systems are not a prerequisite for maximum plant
production if water and nutrients are supplied ad libitum. Under restricted
supply, however, larger root systems may absorb more nutrients and/or water.
Thus, good root development may allow maximum production at lower current
fertility levels or stabillize crop production in a variable environment. In so
far as the rate of nutrient losses to the environment depends on current
fertility levels, larger root systems may contribute to an increased nutrient
use efficiency. Apparent nitrogen recoveries (extra crop uptake after
fertilization divided by amount given) of 50%, commen for many crops, may be
acceptable on economic grounds; they are not acceptable from an envirommental
viewpoint 1f the remainder is lost to ground- or surface water. To improve
nutrient use efficiencies a better understanding of root growth and function
is required.

Fertilizer experiments have often shown that crops with a similar total
nutrient demand, e.g. beans, potate, barley and wheat for phosphorus, require
different levels of current soil fertility for maximum growth. Advisory
schemes for fertilization reflect such differences by distinguishing several
groups of crops as shown in figure 1.1 for phosphate.

crop groups:

advised P-fertilisation, 4 L1040 maize,onion, cabbage beans
kg P;0s/ha 2,sugar beet, flax
1 3.bartey,clovers, 1and 2 years ley
2 4. other cereals,grass-seed, colza
200
3
Fig. 1.1 Recommendation scheme
4 for P-fertilization on sandy
sugarbeet ’ soils, basin clay and locess in
maize : the Netherlands (CAD, 1984);
asterisks iIndicate the point
potato for various crops where
beans recommended fertilization
equals expected crop P-uptake;
the P number is the amount of
P extracted from soil with a
00 Zb JO 80 80 1:60 volume ratio of soil to
Pw-number water [P,0; mg/l].

100+ *

¥

other__>
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soil water
depletion fraction

- 4 crap group
4
3
2
Fig. 1.2 Fraction of "available™ soil
05 4 water (stored in the secil between a
matric potential of -0.01 and -1.6 MPa)
which can be freely taken wup by
different crops at a given maximum
transpiration rate; crops are clas-
0 sified in five groups according to

[ 1 J
02 04 06 08 T0cmd- relative uptake ability (table 15.3;
max. transpiration rate Doorenbos and Kassam, 1979).
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Fig. 1.3 Four-quadrant scheme for analygis of nutrient response of crops (for
explanation see text); shaded areas itdicate potential nutrient losses to the
environment Ne ; modified from three-quadrant presentation by De Wit (1953)
in which quadréﬁt IITI and IV are combined and axis Na + Ns is not used.




Experience in irrigation management shows that at similar transpiration
rates different crops may effectively wutilize different proportions of
"available" soil water (figure 1.2; Doorenbos and Kassam, 1%79). Such
differences among crops in belowground resource wutilization indicate
differences among root systems, in size and/or in uptake rate per unit recot.
Analysis of such differences in efficiency is the object of this thesis,

1.2 Anslysis of fertilizer experiments

The results of c¢lassical fertilizer experiments can be analyzed by a
four-gquadrant scheme {figure 1.3). The relation between nutrient application
and dry matter production (quadrant II) is based on the nutrient balance of
the so0il (quadrants IIT and IV) and on the uptake pattern of the crop (guad-
rants 1V and I). Nutrient balance and crop uptake overlap in quadrant IV, the
domain of quantitative root ecology. The axis between quadrant III and IV
indicates the size of the "available"™ pool, which consists of nutrients
already present in the soil, Ns’ and nutrients added by fertilization, Na. The
notation used is:

Na* = amount of nutrients applied in fertilizer or manure [kg/ha],
Na = addition to "available" pool by fertilization [kg/ha],
NS = initial "available" pocl in the soil [kg/ha],
Nu = nutrient uptake by the crop [kg/ha],
N = pool of potentizl nutrient losses to the environment [kg/hal,
YE’P = dry matter yield (kg/hal,
Y = harvestable yield of dry matter [kg/hal,
BM = maximum yvield attsinable by the crop under prevailing conditions

! apart from the nutrient tested {kg/ha].

Definition of this "available" pool N + N_ in a way which is both theore-
tically and empirically satisfactory is no simple matter; in chapters 7 and 15
this will be discussed further. The main justification for recognising this
pool and thus adding a fourth quadrant to the three-quadrant presentation by
De Wit (1953) is that solubilizatiom of fertilizer and mineralization of
organic manures added to the scil are largely independent of root activity.
Certain losses of nutrients to the environment have priority over uptake by
the plant and can be included in quadrant III. In as far as such processes
depend on root activities, the available pool cannot be defined unequivocally.

Quadrant I1II describes the relation between applied amount of nutrients and
the size of the pool of available nutrients in the growing season. In this
quadrant the initial amount of available nutrients in the soil determines the
intercept with the wvertical axis; the relation is not 1l:1 as not all nu-
trients applied necessarily are available during the growing season: part may
be 1lost to the environment directly after application for instance due to NH3
volatilization, and another part may not enter the available pool in thé
first growing season (for instance part of nutrients in organic matter or
P-fertilizer).

The processes in quadrant IV primarily depend on the size of the pool of
available nutrients, mnot on their origin: a high initial amount plus a low
level of fertilization may give the same result as a low initial amount and a
high amount of fertilizer incorporated in the soil. Again, under certain
conditions the definition of an avallable pool 1is not as clear-cut as
presented in figure 1.3; several pools with variation in availability have to
be distinguished in such a case.

The uptake pattern of the crop (quadrant IV) is related to crop demand,
i.e. the incorporation of nutrients in tissue growth and dry matter production
(quadrant 1). Shaded areas in figure 1.3 indicate nutrients not taken up by
the crop, which form the pool for potential losses to the environment. Part of
these losses, those in quadrant IIT, are independent of plant activity as they




oceur before the growing season starts. Another part of the potential lesses
to the enviromment occurs during or after the growing season, from the pool of
nutrients in the soil solution or easily exchangeable fractions. This part of
the potential losses is indicated in quadrant IV; wuptake by the plant and
certain processes 1leading to losses to the environment, such as leaching,
compete for nutrients in this peool.

For each of the four quadrants, the slope of the relation found in =a
particular situation indicates an aspect of the fertilizer use efficiency of
the soil-plant system under consideration. Quadrant III describes the relative
availability of a nutrient source: N /N __. This efficiency sometimes depends
on the available amount in the soil af%erafertilization, N + N , for instance
in the case of nonlinear adsorption reactions. Usually efficiency in quadrant
ITII depends on the nutrient source, soil type, climatic conditions, ¢ime and
method of application and on the secil ecosystem. Efficiency in quadrant IV can
be described by the relative depletion of available nutrients by the crop:
N /(N_+ N ). This efficiency depends on the root system of the crop, which is
the céntra® theme of this thesis, as well as on the wuptake capacity of the
crop at saturation, the size of the available pocl and competition for this
pool, for instance by microorganisms immobilizing nutrients, Efficiency in
quadrant I depends on the nutrient concentration in total plant dry matter and
on the harvest index, 1i.e. the fraction of total dry matter production
harvested.

Efficiency in quadrant I1I, i.e. yield Increase due to fertilizer addition,
is determined by the respective efficiencies in each of the other quadrants.
Presently, schemes for fertilizer recommendations take an eccnomic effi-
ciency into account in this quadrant: expected benefits due to yield increase
divided by expected fertilizer costs. Due to widespread concern over negative
effects elsewhere of nutrients lost from agro-ecosystems, losses to the envi-
ronment nowadays should also be considered in constructing fertilization
schemes.

In practice the apparent nutrient recovery fraction, which is based on
quadrant IV and III together, tends to decrease with increasing vield and
input levels. In a review of mnitregen utilization efficiencies of farming
systems throughout the world (both past and present) Frissel (1977) concluded
that up to a farm input (from natural as well as fertilizer sources) of 150
kg/(ha y) N-output (in harvested products) is about 66% of the input. For
inputs above 150 kg/(ha y) outputs are about 50% of the input. Leaching -of K
is about 10% and about 20% of total N input, respectively. Leaching of N per
unit of consumable ocutput, however, showed no clear relation with input or
yield level; it usually varies between 0.3 and 0.7 kg leached per kg nitrogen
in consumable output. Considerable variation exists in efficiencies at each
yield level; probably at every yield level efficlenclies can be improved.

An 1increase of the overall nutrient use efficiencies and concurtent
reduction of nutrient losses to the environment has to be based on improved
partial efficiencies in quadrant IIT, IV and I. Processes in quadrant III and
IV probably offer more opportunity for improvement than those in quadrant I.
Minimum nutrient concentrations in plant dry matter may be decreased and
harvest index may be increased by plant breeding to obtain higher efficiencies
in quadrant I, but nutritive wvalue and agronomic functions of the
non-harvested plant residues may suffer from such a change. Efficiency in
quadrant IV can be improved by obtaining a higher relative depletion by
"better™” root systems in relation to time and spatial aspects of nutrient
availability and in quadrant TII relative availability can be iImproved by
adjusting fertilization techniques to soll and climatic conditions. In figure
1.3 a schematic indication is given of how a difference in efficiency of the
root system may influence the =soil fertility levels required for adequate
nutrient uptake and consequently influence the possible nutrient losses to the
environment (all other things being equal).




The fractional depletion of available nutrients in the soil as found at the
end of the growing season is the outcome of the competition throughout the
growing season between uptake by the crop and processes leading to losses to
the environment, such as leaching, wvolatilization and denitrification. For
some combinations of crop, soil, c¢limate and nutrient concerned, the outcome
of the balance between uptake and losses to the environment will primarily
depend on the time course of uptake and availability, for others primarily on
the exact localization of available resources in . the root environment. The
mobility of the nutrient concerned in the soil determines which aspect - time
or space - is the most important and whether synchronization or synlocaliza-
tion of nutrilent supply and nutrient demand should form the major focus of
agricultural interventions aimed at inecreasing nutrient use efficiency.

To obtain higher nutrient recoveries both supply of and demand for
nutrients have to be predictable. In this thesis we will quantitatively
evaluate the influence which root density (amount of roots per volume of soil)}
and other root characteristics have on water and nutrient uptake, in relation
to water and nutrient mobility in the s¢il and crep requirements.

1.3 Utilization of below- and aboveground resources

Definition of the available resources is more complex for below- than for
aboveground resources. Figure 1.4 shows the basic symmetry in the relations
among roots, shoots and their respective environments. The amount of availa-
ble external resources constitutes the ultimate constraint te plant produc-
tion; the shoot and root surface area make up the interfaces with the above-
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Fig. 1.4 Schematic representation of plant parts in their interaction with
above- and belowground environment, emphasising the basic symmetry in
relations.




and belowground environment, respectively, and determine the efficiency of
obtaining external resources, such as light, carbon dioxide, water and nu-
trients., Much progress in understanding of plant production has been made in
the past decades by quantification of the relationships between components of
the microclimate-shoot subsystem shown in figure 1.4,

In the British tradition of growth analysis, starting with Gregory in 1918,
{Evans, 1972; Hunt, 1982), a set of terms was developed to separate components
of overall plant production: relative growth rate (RGR), leaf welght ratio
(LWR), met assimilation rate (NAR) or unit leaf rate (ULR), specific leaf area
(SLA), leaf area 1Index (LAIL), leaf area duration (LAD). A more mechanistic
approach to €0, and water exchange between leaves and their environment was
taken by others (De Wit, 1965; De Wit et al., 1979; Monteith, 198l). Light
interception, photosynthesis and transpiration have been 1linked to micro-
climate and leaf area index, at vegetation and crop levels. Leaf area index
has been linked to the transport and supportive structures in studies of "crop
architecture" (Givnish, 1986).

Analogous studies in the soil-root subsystem of figure 1.4 are more frag-
mentary as yet. Comparable to the terminology of leaf growth and net assimila-
tion rates, Williams {1%48) introduced terms feor describing the role of rocots
in total plant production, which in a modified and extended form are shown in
table 1.1. The usefulness of such terms depends on the relative independence
of functional (e.g. NAR and NUR) parameters from morpheological ones (e.g. LAI
and RAT). Descriptive work has been done to separate root growth (morphologi-
cal aspect) and net uptake rates per unit root (physiological aspect) (figure
1.5).

As an example figure 1.6 shows the results of a P-applicatlon experiment by
Goedewaagen (1937), in which the increased P-uptake and shoot growth at higher
soil P levels is initially due to increased root growth and at higher P appli-
cations primarily due to Increased uptake rates per unit root at constant or
even diminishing total size of the root system.

The wvalidity of the Root Area Index (RAT) as a concept depends on whether
or not root systems of different geometry (e.g. root diameter or distribution
of roots over the soill profile} will show similar uptake rates om a total root
area basis. The concept of root area duration (RAD) is only wuseful 1If at a
constant RAD the actual time course of root growth and decay over a growing
season does not essentially influence uptake. The concept LAD does not survive
a similar test, as LAT values above those of the "closed crop" hardly increase
light interception and the preduct NAR x LAL remains constant with increasing

Table 1.1 Compariscn of terms for growth analysis of roots and shoots.

Shoot Root

LWR Leaf weight ratio (as part of RWR Root weight ratio (as part of
total plant dry weight) [g/g] total plant dry weight) [g/g]

SLA Specific leaf area {per unit SRA Specific root area (per unit root
leaf dry weight) [m%/g] dry weight) [m?/g]

NAR=ULR Net assimilation rate per unit NUR Net uptake rate of water or nut-
leaf area [g/(m? day)] rients per unit root area [mol/(m?

day) ]

LAT Leaf area index (green leaf area RAI Root area index (living root area
per unit cropped area) [mZ/m?} per unit cropped area) [m?/m?]

LAD {(Green) leaf area duration RAD (Active) root area duration
(LAI integrated over the (RAT integrated over the growing
growing season) [days] season) [days]




Plant requirement
[mol/day]

T

Uptake rate Relative rate of depletion Absolute supply

[mol/day] = [mol/{mel day)] X [mol]
Root Specifiec root Uptake rate per unit
" = |weight|x|surface area |[X|root surface area
(5] (m?/g] [mol/(m? day))

Fig. 1.5 Simplified diagram for analysis of uptake rates.
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Fig. 1.6 Example of experiment on which the distinction between "morphologi-
cal" and "physiological" response to fertilization by Geedewaagen (1937) was
based: P-uptake, shoot and root weipght of oats as influenced by P-fertiliza-
tion of topsoil and subsoil.



LAI. For nutrients of low mobility, such as phosphate, interference between
roots may be less severe, so the concept of a RAD may be more meaningful than
that of LAD. Detailed gquantification of processes determining nutrient and
water uptake by root systems is required to test these concepts. Knowledge of
the quantitative relations between water and nutrient uptake, root area index
and scil fertility is in an initial stage. Both the resources themselves and
the ways they can be obtained by the plant are more difficult to define for
underground resources than for aboveground resources, for a number of reasons:
A. Generating flux: Photosynthesis by a leaf can be described as interception
of an external resource; interception does not influence the "transport of
light" towards the leaf. In gas exchange between leaves and surrounding air
such interactions become apparent as stomatal control influences gas exchange
with the environment, but the ratio between the inflow of €O, and the outflow
of H,0 vapour to the crop canopy as a whole is dominated by climatic influen-
ces out of control by the plant. Water and nutrient uptake generate the flow
of water and nutrients towards the reot and the plant root can contrel water
and nutrient uptake separately. In as far as roots may influence the pH of the
rhizosphere, excrete enzymes or chelating substances or have symbiotic
relationships with for instance N-fixing bacteria, roots may even alter the
availability of nutrients. For light and €0, no comparable influences exist.
Depletion of soil water in the root zone may generate capillary rise., These
effects make it much more difficult to define availability of nutrients and
water than to define availability of light and CO,.

B. Dimensions and geometry: Aboveground resources (light, CO,) usually vary in
one direction only, which allows for relatively simple descriptions of leaf-
leaf interactions (apart from turbulent CO, transport in leaf canopies).
Simplification of the root environment to a one-dimensional system vrequires
more rigourous assumptions than for the aboveground environment. Geometrical
complications and root-root interaction in resource utilization are more
complex. Belowground resources have to be considered in a three- (or sometimes
two-) dimensional context. Concepts such as the "closed crop canopy", which
considerably help in analyzing aboveground resource utilization, camnnot be
directly transferred to roots. Shoot height is important to thes individual
plant in obtaining aboveground resources in situations of competition between
or within species, but not for total aboveground resource availability and
total plant production in a cropped field. Rooting depth, however, may
influence the size of the pool of available resources for both individual
plant and total crop. Geometrical complications may arise for instance due to
the interaction of root growth and soil structure. An inhomogeneous ({e.g.
aggregated) structure of the soil may lead to an inhomogeneous distribution of
roots. The amount of actwal contact between root surface area and the solid
phase of the soil may vary as a consequence of differences in soil structure
as well.

C. History: Belowground resources are stored, at least temporarily, in the
root environment. In root functions therefore "history" plays an important
role; photosynthesis by a leaf on day T does mnot influence light or CO,
availability on day T+1l, whereas for water and nutrient uptake such influences
are lmportant.

As each extra root may influence uptake by all other (present and future)
roots, simple additive approaches are generally unsuccessful. Definition of
typical roots, which may represent part of the root system as a whole, is in a
way the crux of the problem. Various gquantitative descriptions of water uptake
from soils as a function of root density have been developed in the past
decades, but macroscopic models of root functions at the crop level could
hardly ever be derived from micrescopic, single root models,

Nye, Barber and coworkers took a mechanistic, gquantitative appreoach to
nutrient wuptake by roots in the soil (Nye and Tinker, 1977; Barber,1984).
Starting from plant physiological concepts of the relation between nutrient




uptake and external concentration, they described transport of nutrients
towards a single rcot by diffusion and mass flow, as influenced by soil
chemical and soil physical processes. When calculated uptake rates for all
roots of a crop under normal agricultural conditions are added, unrealistical-
ly high nutrient contents in the crop are found (Barraclough, 1987). However,
by adjustment of root physiological parameters in the model to values measured
for the specific crop in the specific growth phase under specific climatic
conditions, good agreement between calculated and experimental total uptake
rates can be obtained (Silberbush and Barber, 1984).

In our view the major weakness in the approach of Nye and Barber is the
neglect of intermal regulation of nutrient uptake rates by the plant, which
forms the background of the changing "physiclogical parameters" during the
growth of a plant, In desecriptions of plant water uptake it has been customary
for a long time to start f£from transpirational demand and not from uptake
potential by the roots, as transpiration clearly is the driving force for
water wuptake. Plant physiological experience shows that internal nutrient use
by the crop may similarly regulate nutrient uptake rates (theough not directly
providing the ‘"driving force"), as will be further discussed in chapter 3.
Starting from such a description of nutrient and transpirational demand at the
crop level we will formulate models of roat functlon in this thesis which
differ in essential aspects from the available theories.

1.4 Model approach

As a root system usually consists of branch roots of wvarious orders, of
varying age and of varying positions in the soil, a mechanistic approach is
possible only by sufficient simplification. Starting from a very simple des-
eription of a single root supposedly representative of a whole root system in
the soil, we will investigate the consequences of a number of complications
such as the heterogeneous distribution of roots in structured soils and the
variation in soil-root contact. The sets of conditions considered and the as-
sumptions made will be mentioned in 1.5 and discussed in subsequent chapters.

To describe the soil-root-shoot system we have to consider:

1) the physico- chemical availability of water and nutrients in the soil,
2) the physiological uptake potential by roots, and

3) the relation of actual uptake rate to crop requirement.

Our first interest is to quantify critical situations where nutrient and water
uptake are just sufficient +to support the production level determined by
aboveground conditions. We will assume that the crop 1s growing at this
potential rate and evaluate for how long the required uptake rate can be
maintained, as a function of root density and amount of available nutrients
and water.

Limitations to plant growth due to shortage of mutrients are most likely to
oceur either at the start or towards the end of the growing season. Figure 1.7
shows the growth response of grassland on P-fertilization in a P-deficient
soil: different fertilization rates resulted in differences in growth in the
exponential phase; in the subsequent linear growth phase the absolute growth
rates were the same and absolute differences in cumulative dry matter produc-
tion remained unaltered; later, non-fertilized plots showed decreasing growth
rates, while fertilized plots continued at an approximately constant growth
rate, TInsufficient wuptake at the end of the growing season may have been
caused by local depletion of soll resources by the root system. Our model
calculations primarily aim at describing the period of unconstrained uptake,
i,e. the period in which local depletion around the root does mnot restrict
uptake.

The amount of water stored in the soil within reach of the root system is
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never sufficient to meet the transpirational vrequirements during a whole
growing season; timely replenishment by rain, irrigation or capillary rise is
required. Our calculations for water are almed at determining which part of
the available water can be taken up at the required rate, as influenced by
root density (figure 1.2). Critical situations of water shortage at specific
growth stages will affect flowering, fruit set and other transitions 1in the
life cycle of a plant, apart from general effects on dry matter production.
Our calculations end at the start of such critical situations.

Our models start from the assumption that a plant fully contrels its uptake
rate (for both nutrients and water) according to its needs in situations of
adequate supply (De Willigen and Van Noardwijk, 1978; Van DNoordwijk and De
Willigen, 1979; De Willigen, 198l; Van Noordwijk, 1983a). This assumption
contrasts with the starting peint of Nye’s and Barber’s models, where uptake
rates are governed by external concentrations at the root surface. In our
models uptake vrates are largely independent of external concentration, The
following procedure is followed:

a) the total daily uptake requirement of the crop for nutrients and water and
the total root length are used to obtain the required uptake rate per unit
root length,

b) the soil-root system is characterized by one or more typical roots, which
deplete a certain amount of soil,

¢} so0il resources are used up at the required rate, until depletion of the
root enviromment (counteracted by transport towards the root) has resulted in
a limiting concentration at the root surface. At this limiting concentration
the physiological abilities of the root allow a just sufficiently high uptake
rate, The limiting concentration is determined by plant physiclogical parame-
ters and by the required uptake rate per unit root. As will be discussed
later, the limiting concentration for nutrients can be taken as zero for most
agricultural conditions at normal root densities. For water the Llimiting
concentration is determined by the most negative plant water potential that is
acceptable and by the hydraulic conductivity of roots.

d) when the limiting water content or concentration 1is reached, a certain
amcunt of available water and nutrients still remains 1in the soil. For
linearly adsorbed nutrients this amount is proportional to the integral of the
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Fig. 1.8 Schematic representation of a model assuming a constant daily uptake;
A, starting from a wuniform initial concentration C,, uptake proceeds till
time T when the concentration at the root surface has reached a limiting
concentration, C im’ in the case of linear adsorption the area under the
concentration pro%lTe at this point in time G, indicates the part of available
resources not usable at the reguired rate; area T, IT and ITT are discussed in
the text; B. the effect of a doubling of root demsity in our model (compare
with A): required uptake rate is halved, so the concentration profile can be
flatter, diffuslon distances are reduced by [2 and the limiting concentration
is lower; C. in comparison with Nye’s and Barber’'s madel descriptions, our
model usually starts from an uptake rate lower than Imax’ which remains
constant over a much longer periodu

remaining concentration profile over the relevant area (figure 1.8 A}. Part of
this area (area II) 1is due to physicochemical constraints to water and
nutrient transpeort towards the root; the remaining part (area II1) to
physiclogical characteristicse of the root determining the limiting
concentration. In this figure we assume that the concentration decreases by
uptake only during the period considered.

Knowledge of the size of areas I, II1 and III gives us two important answers
we need: the length of time during which uptake may proceed at the required
rate is found by dividing area I by daily uptake requirements; apparent
nutrient vrecovery (relative depletion potential) is measured as the ratio of
area I and area I + II + IIl. The main steps required now are to define a
typical root with its volume of so0il, to define the required uptake rate and
to calculate the critical concentration profile. Formulation of the critical
concentration profile for wvarious root geometries forms the central part of
our work. Increasing the root density affects all steps taken (figure 1.8 B).

Figure 1.8 C compares our approach with the models of Nye and Barber in
which the wuptake rate by a single root will decrease with the concentration
at the root surface as soon as the maximum uptake rate (I ) can no lenger be

- max X
‘maln- tained; most versions of the Nye models do not conslder a maximum uptake
rate at all. In our model we continue with a constant daily uptake rate per
unit root until the required uptake rate can no longer be maintained.

Chapter 7 and 9 will present a mathematical formulation of the model
outlined above. In chapter 9-11 analytical and numerical solutions to the
differential equations formulated will be presented for situations of
increasing geometrical complexity. For more complex situations, in which
various classes of typical roots are distinguished within a single root
system, the total required uptake vrate has to be distributed over the
respective classes of roots. This problem will be dealt with in chapter 12,
using results of single root situations to estimate the performance of root
systems of a heterogeneous nature. As we describe both water and nutrient
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uptake as governed by plant demand, the boundary conditions. in the mathema-
tical description of the transport processes are essentially the same., For
some nutrients mobility in the soll is not influenced by their concentration
(linear adsorption); for such situations analytical solutions to the relevant
differential equations can be found. For the more complex problems of
nutrients with nonlinear adsorption and for - water (in hoth cases mobility
depends on the concentration and water content in a way which is specific for
each soil type) the analytical solutions may still form the basis for
quantification {chapter 9). :

1.5 Assumptions of our model approach

We will now outline the main groups of assumptions underlying our model,
formulating specific questions for the discussion of the assumptions and
estimation of typical parameter values in chapters 2 to 7. A basic assumption
is that roots influence the performance of the whole plant primarily through
their role in water and nutrient uptake (chapter 2). The relation between root
and shoot growth in the field can be adequately analyzed in terms of external
resource supply and a functional equilibrium between shoot and root growth
instead of traditional explanations in terms of a morphological equilibrium
("the more roots the better,..."). However, field evidence does not provide an
unequivocal answer to the question whether nutrient and water uptake by the
roots directly 1limits plant growth, or whether internal reflections of
external conditions, for instance in hormone 1levels, modify plant growth
before internal shortages of resources are felt. In chapter 4 experiments
will be discussed in this context, describing the minimum size of root systems
under optimal supply of water and nutrients. We will show that the critical
size of the root system under these supposedly ideal conditions 1is 1in fact
determined by the {physiological) possibilities for water and nutrient uptake
per unit root,

A second group of assumptions relates to the description of nutrient and
water wuptake and more specifically te the amount of control a plant exerts
over total nutrient and water uptake. In chapter 3 we will review literature
on nutrient and water uptake to discuss the validity of the main concepts used
and assumptions made in our models and to arrive at reasonable parameter
estimates. The most important questioms in this chapter are:

* how realistic is our assumption of complete regulation?

#* how can the limiting nutrient concentration be defined?

* how can dally uptake requirements be defined?

* which distinctions between roots are required in defining typical roots,
e.g. age, diameter, branching?

* how can the relation between plant water potential and water uptake
rates be described?

The review of literature on physiclogical aspects of water and nutrient uptake

in this chapter (3) will form a basis for the experiments in chapter 4 as

well. On the physiological level water and nutrient uptake interact in a

number of ways. In chapter 3 we will focus on the osmotic effects of ions

accumulating around the root on plant water uptake. Accumulation of salts

forms a major obstacle in obtaining acceptable nutrient use efficiencies in

modern horticulture on soilless media (chapter 5). Required root volume in

these artificial substrates strongly depends on the degree of synchronization

between nutrient supply and nutrient demand.

A third group of assumptions is related to the geometry of roots and root
systems (chapter 6). The relation between root length, surface area, volume
and weight is important as root function probably is related to root length or
surface area, while carbon costs of root formation and maintenance are related
te root weight. A survey of wvalues of the specific root length (m/g) and
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related parameters in the literature will be included here. Discussion of the
geometry of root systems in the field leads to the definition of specific
cases for which the depletion efficiency will be formulated in subsequent
chapters.

The simplifications we make in describing nutrient and water mobility in
the soil will be discussed in chapter 7, along with the formulation of the
general transport equation and estimation of relevant parameter values. In our
model calculations on water and nutrient uptake we assume that the aevation
requirements of roots are satisfied. In chapter 8 we will investigate this
assumption by describing transport of oxygen to all root cells by external as
well as internal pathways.

Results of medel calculations on nutrient uptake on a microscopic (single
root) level obtained (chapter 9-12), will be compared with experimental
results of nutrient recovery on a macroscopic (crop) level in chapters 13 and
14, In chapter 13 an example of the mneed for synchronization of nutrient
supply and uptake demand by roots in situations of high nutrient mobility will
be discussed for nitreogen in the humid tropics. In chapter 14 P-uptake by
grasses will be discussed as an example of the importance of root length
density for nutrients of low mobility. Tn chapter 15 we will review the extent
to which our present theory may answer the questions ralsed in this
introduction: can we relate fractlonal depletion of available nutrients and
water to root density and other parameters and can we derive reliable methods
for estimating available nutrient supply from our theory. In the final
discussion, chapter 16, optimal root systems will be considered in view of the
conflicting requirements for aeration and nutrition.
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2. AGRICULTURAL  GONCEFPTS OF ROOTS: FROM MORPHOGENETIC TO FUNCTIGNAL
EQUILIBRIUM BETIWEEN RQOT AND SHOOT GROWTH

2.1 Concepts of root growth and function
2.1.1 Introduction

A major assumption behind our models is that the main importance roots have
for plant production 1is their role in nutrient and water uptake; thus we do
not consider stability of the plant and specific hormonal interactions as
critical root functions. We use the concept of a functional equilibrium
between shoot and root growth (Brouwer, 1963). This concept has replaced
older ones in which the balance between shoot and root growth was supposed to
be based on morpholegical (form, size) or morphogenetic interactions. A
consequence of the functional equilibrium concept is that the old maxim "the
more roots, the better crop production" is no longer universally wvalid. The
morphogenetic equilibrium theories predict effects of impreved rooting om
¥ield in any situation, while the functional equilibrium concept, as used
here, predicts effects of improved rooting on fractional depletion of
available resources-and hence predicts only effects on yleld in situations of
suboptimal supply. Distinction between the two predictions is possible under
optimal supply conditions. In this chapter we will review these concepts and
summarize some agricultural experience on which a distinction between the two
predictions can be made.

2.1.2 Morphogenetic equilibrium

In the older literature (Schulze, 1911) many attempts were made to directly
relate rooting depth to plant height or, for trees, lateral root expansion to
crown diameter. Shoot/root ratios expressed on this basis were very variable,
Still, short-straw varieties of cereals were presumed to be shallow-rooted
(Lupton et al., 1974). When the idea of a direct correspondence between root
and shoot length (a morphological equilibrium or balance of form) was refuted,
the concept of a morphogenetic equilibrium remained.

In the concept of a morphogenetic equilibrium the complete attainment of
the potential aboveground production 1is supposed to depend on the full
realization of the belowground growth potential. This was expressed by
Hellriegel in 1883 in a "basic law of agriculture": "Das gesamte Wachstum der
oberirdischen Pflanze ist streng abhidngig von dem Entwicklungsgrade, den die
Wurzel erreicht, Nur wenn die letztere sich zu ihrer héchsten Vollkommenheit
auszubilden vermag, kann sich die obexirdische Pflanze in aller Uppigkeit
entfalten. Es ist nicht mdglich, das Wachstum der Wurzel zu beschridnken, ohne
die Entwicklung des Stammes und der Zweige zugleich zu hemmen. Es wird erlaubt
sein zu vermuten, dass jede Pflanzenart bei der Anlage ihrer Wurzel so gut
eine besondere und eigentimliche architektonische Idee verfolgt wie bei der
Anlage ihres oberirdischen Teils. Ist aber diese Vermitung richtig, so wird
man jeden Umstand, der geeignet ist, die Pflanze in der Verfolgung dieser Tdee
wesentlich zu hindern, als nachteilig £far die Vegetatlon derselben zu
betrachten haben; man wird schliessen mussen, dass jede Planzart so pgut ihr
bestimmtes Bodenvolum wverlangt um den hdchsten Grad ihrer Ausbildung zu
erlangen, wie ihre bestimmte Menge von Kali und Phosphorsdure, ja dass sogar
die Form des ihr 2zur Ausnitzung verfiigharen Bodenkorpers nicht ganz
gleichgiltig ist." (Schulze, 1911). The main task for root research in this
context was to separate the "ideal type” of root system of each crop or plant
species from the environmental modification of ¢this type found in any
situation., This proved to be no simple task.
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Quantitative measurements of root and shoot growth, however, raised doubt
about the wvalidity of Helriegel's law, which for agricultural practice could
be simplified to "the more roots, the better shoot growth". Tucker and Von
Seelhorst (1898) performed pot experiments in which root and shoot growth were
recorded under different conditions of nutrient and water supply (fig. 2.1).
The results clearly show that maximum shoot growth occurred in the wettest
pots, while maximum root production was found in drier soil. The consequences
of this falsification of Hellriegel’'s law were not fully accepted, however.
For a long time the increase in root growth which can be observed when
groundwater tables are lowered, was considered to be an inherently positive
effect of drier soill conditions, even when susceptibility to drought was
inereased by such measures. Agricultural interventions such as lowering the
groundwater table or deep soil tillage often result in better growth of both
roots and shoots in the first year(s) after the intervention. On further
analysis, this effect is not due to Hellriegel's law, but to a temporarily
increased mineralization of seil organic matter, supplying extra nitrogen to
the crop (see 2.,2.2),

More recently, versions of the morphogenetic equilibrium concept are stated
in the form of a hormonal equilibrium. According to this concept a continucus
activity of hormone-producing root meristems is required for shoot growth and
this hormone production function of roots, rather than their nutrient and
water uptake, may limit plant growth. Evidence exists for effects of root-
produced cytokinins on shoot growth and functioning, and of shoot-produced
abscisic acid on root functioning. These effects may be regarded as the inter-
nal translation of information about the relation between the plant and the
environment. Environmental conditions have to influence relevant parts of root
or shoot (receptors) before a signal, possibly in the form of a hormone, can
be produced. Response to the signal can only be functional te the plant (or a-
daptive), when it is related to the information the signal contains about cur-
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different soil water contents by frequent weighing and watering, with various
fertilization levels (Tucker and Von Seelhorst, 1898).
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rent conditions iIn the plant’s environment and the rate with which external
resources can be obtained. Neglect of the environmental information carried by
plant hormones leads to the expectation that plant growth can be promoted by
supplying extra hormones (or related substances) to the plants, in the form of
organic manures, (bacterial) preparations or synthetic hormemes. Although It
is possible to overrule the internal regulation of root and shoot growth with
such substances, the modified plants are seldom better adapted to utilize en-
vironmental resources, and externally applied hormones are cften intended to
act as herbicides. Positive effects of externally applied hormones on crop
growth occur when it is desirable to switch the plant into a different growth
phase; e.g. promotion of root initiation of stem cuttings, Iinducing a shift
from vegetative to generative phase in the 1life cycle of the plant and
influencing fruit set.

2.1.3 Environmental determinism

Agri cultura means cultivating land. The success of this manipulation of
the so0il, the root environment, has led te & form of environmental determi-
nism. Extermal influences are supposed teo directly Iinfluence plant organs.
"Phosphate stimulates root development"” and "water attracts roots" (hydro-
tropism) are typical statements of this view. These statements were based
mainly on observations that P-deficient plants develop extra branch roots near
local phosphate supplies and that roots of water-stressed plants develop pri-
marily in moist zones of the soil. Although experiments such as those of Goe-
dewaagen (1932) showed that the local root response disappeared in plants well
supplied with P, the misinterpretation that P will always stimulate root de-
velopment led to recommendations to fertilize the subseoil with P in the pre-
sencé of P-rich topsoil, to stimulate deep root development (see below). Wier-
sum (1958) and De Jager (1%85) have shown that the local response is not spe-
cifiec for P, but can be observed for any nutrient (at least N, P, K and §) in
short supply in the plant as a whole. The nutrient status of the plant, in
combination with the heterogeneity of the external nutrient supply, determines
whether or not a local root response will occur.

When the effects of variation in nutrient levels or water availability on
root and shoot were investigated, a double-optimum curve usually was the
result., Phosphate is no exception, as shown in figure 1.6 (Goedewaagen, 1937).
The optimum for root growth generally occurs at a lower level of external
supply than the optimum for shoot growth and root function (nutrient and water
uptake). This effect was discussed by Goedewaagen (1937) for N and P and later
presented in graphical form by Schuurman (1983) (figure 2.2). Although this
observation in fact falsified the previous expectation that more roots will
always give better crop growth, the negative effects on root growth at high
external nutrient supply were usually seen as something inherently bad. The
idea that this reduced root growth reflected a meaningful response of the
plant to external conditions only gradually gained ground.

2.1.4 Functional equilibrium

Boonstra (1934, 1955) defined "root value" as the plant dry matter produc-
tion per unit root weight and used this quantity for selecting cultivars with
small but efficient root systems. This approach was an early attempt at quan-
tification of root functions for the whole plant. Varieties with a high shoot/
root ratioc under fertile conditions gave a higher (shoot) yield than varieties
with a low shoot/root ratio and absorbed more water and minerals per unit root
dry weight (Goedewaagen, 1937). Such considerations and the demenstration of
active regulation by the plant to restore shoot/root balance after disturbance
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! Fig. 2.2 Schematic response of root and
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nutrient supply in the supply of water and nutrients
water  supply {Schuurman, 1983).

by remeoving part of either organ led to the concept of a functional equili-
brium between shoot and root growth, in response to environmental conditions
{Brouwer, 1963; 1983). The essential difference from the morphogenetic
equilibrium 1is that the shoot and root are not assumed to respond to the size
of the other plant part, but to the effectiveness (rate) at which basic needs
are acquired from the environment by the complementary organs. The main
difference from the environmental determinism is that the response to external
factors depends on the internal condition of the plant. In Brouwer's concept
the proximate level of regulation, through competition between root and shoot
for carbohydrate and nutrients, is directly coupled to the envirommental
factors which determine the ultimate sense or non-sense of the plant's growth
response. Further studies have shown that internal control on the proximate
level can be exerted in various ways (Lambers, 1983).

The functional equilibrium concept tegether with considerations of nutrient
and water supply in the soil may account for two types of empirical evidence,
not in agreement with the -previous concepts: small root systems may be
sufficient for maximum plant growth under conditions of optimum supply of
water and nutrients, and manipulating the so0il for more roots may be
counterproductive.

2.2 Agricultural experience
2.2.1 Small root systems may be sufficient for maximum plant growth

The experiment of Tucker and Von Seelhorst shown in figure 2.1 demomstrated
that a comparatively small root sytem under continuously moist and
nutrient-rich conditions in the pots allowed a maximum shoot production. The
presence of many roots does not necessarily coincide with a high uptake rate
of water and nutrients and a weakly branched root system may sometimes achieve
much more than one would expect. Other situations where small root systems are
able to support (near-)maximum crop growth occurred:

-~ in recently reclaimed polders under constantly wet and fertile conditions

(Goedewaagen, 1955; figure 2.3),

- under supplementary fertilization in compacted soils (Schuurman, 1971), and
- in nutrient solutions in artificial substrates in horticulture (chapter &
and 5, figure 4.1).
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Under certain conditions smaller root systems may even result in higher
yields. Passioura (1972, 1983) reported a situation where crops have to
complete their life cycle on the amount of water stored in the profile at the
start of the growing season. In this case a lower rate of water consumption in
the initial phase is positive for the harvest index and hence for the final
yield. Cultivars have been selected with a lower xylem diameter which have a
lower rate of water uptake. Root growth in such cases has to be in phase with
the plant’'s water demand during its life cycle. Agricultural selection for
growth in a monoculture may add a characteristic to the plant’s genome which
is not wvilable in a multi-species enviromment. In  natural situations
competition between and within species will hinder the evelution of such water
saving behaviour (Wright and Smith, 1983), unless plants are strongly
allelopathic. Cowan (1986) discussed optimal plant strategies in water use
under uncertain rainfall conditions: restricted water use by stomatal closure
in situations where there is no direct physical need to do so, may increase
the amount of water available in a later period when it may be wused more
efficiently. Changes in relative sensitivity to water stress during the
plant’s life cycle complicate the choice of "optimal" reoot characteristics for

Fig. 2.3 Root and shoot of Colza
{oilseed rape, Brassica napus) in a
recently reclaimed polder (1948,
Noordoostpolder). Poor aeration
combined with ample supply of water and
nutrients caused an extremely high
shoot/root ratio (Goedewaagen, 1955).
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such enviromments, but a restricted water use In early phases by a rather
small root distribution and/or high internal resistance to water transport in
combination with a deep root system and low internal resistance later on, have
a positive effect on harvest iIndex and hence on agricultural water use
efficiency for plants growing on water stored in the soil.

2.2.2 Manipulating the soll for more roots may be counterproductive
2.2.2.1 Manipulating depth of water table

Hipgh water tables in the growing season restrict root development. Lowering
the water table usually results in an increase of rooting depth. However,
positive effects on .crep yield of lowering the water table in many field
experiments can be attributed to a temporary increase in mineralization of
soil organic matter and possibly an increased N-recovery, providing-extra
nitrogen to the crop, and not to a direct effect on the maximum yield level of
the increased root development as such. Especially on peat soils, lowering the
water table results in mineralization of soil organic matter, providing N ¢
the plant. ’

Van Hoorn (1958), discussing a field experiment with arable crops on a clay
soll, went so far as to predict that all yield depressions caused by a shallow
water table might be compensated by applying more fertilizer (nitrogen and
other nutrients). For arable crops, Van Hoorn found that deeper groundwater
tables resulted in an additional availability to the plant of some 100 kg
N/ha. Sieben (1974) found a difference in soll N-supply of 30 kg N/ha between
high and low groundwater tables. Minderhoud (1960) found similar effects on
grassland on basin clay soils and peat solls, Van Wijk and Feddes (1975)
stated that compensation of negative yield effects of high groundwater tables
by extra N-fertilization was incomplete on grassland. The experiments they
discussed did not allow such a conclusion, however, as the maximum N-level
used in this experiment was not high enough to fully meet the N-demand of the
crop.

In mechanized agriculture scil compacting effects of tractor wheels can be
reduced by maintaining drier soil conditions. Thus the final economical
evaluation for the farmer of reducing groundwater levels may be positive, even
when effects on plant growth as such are negative (Boekel, 1974; Wesseling,
1974). Figure 2.4 shows results of a long-term soil column experiment with
variation in the groundwater table in the absence of soil compaction by
machinery (Schuurman et al., 1977). Negative effects of low groundwater tables
on crop yleld In dry years are larger than positive effects In wet years. A
direct consequence of the lowering of groundwater levels in agricultural land
improvement schemes in the Netherlands is an inecreased need for (sprinkler)
irrigation in dry periods. The main effect of sprinkler irrigation may be to
restore a sufficient water content iIn the topsoil to allow diffusion of
nutrients to the roots (Garwood and Williams, 1967). The increased need for
sprinkling irrigation as a consequence of lowering groundwater tables leads to
conflicts between agriculture and both c¢ivie water use and the desire to
maintain forests and nature reserves in their original conditiom.

Aeration problems, with direct effects on roots and indirect effects due to
increased denitrification rates, mainly o¢ccur after heavy rainfall in summer.
Aeration requirements and tolerance to temporary anaerchbiosis wvary consider-
ably among crops, internal aeration of the roots by air channels in the root
cortex playing an important role (Goedewaagen, 1942; Chapter 8). Drainage re-
quirements to cope with high summer rainfall can be met by a dense, rather
shallow drainage system or a deeper, more widely spaced system (Raadsma,
1974). In the Netherlands the choice has been for the latter, mainly for
financial reasons. Fluctuations In groundwater level of the same absclute
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Fig. 2.4 Yield effect of groundwater levels on 9 loam/sand profiles in large
columns with undisturbed soil profiles (A: 4 from Noordoostpolder; B: 5 from
Westpolder, N. Groningen),; relative yields are shown as the aggregate of a
crop rotation for four groundwater levels (constanmt at -60, -110 and < -125¢m,
or starting at -60 and falling during the growing season); years were classi-
fied according to water deficit in the growing season; deep water tables gave
deep rooting {Schuurman et al., 1977).

size may be much less problematic for the crop when they occur at lower depths
in the soil profile, so drainage requirements can be lower for deeper systems.
It is interesting to note that development in agriculture has been towards
drier so0il conditions by intreoducing deep drainage - followed by deep soil
tillage to improve the drought resistance of crops, and by sprinkler irriga-
tion to deal with dry periods (Van Ouwerkerk and Raats, 1986) - while glass-
house horticulture has switched to wetter conditions by implementing water
culture techniques to obtain higher yields (Chapter 5). The maln difference
between modern agriculture and glasshouse horticulture in this respect is that
in agriculture the root environment has to support the heavy pressures of
tractors and harvest equipment, while in glasshouses root environment and
traffic lanes are separated,

It 1is now widely acknowledged that the need for maintaining soil structure
under the heavy machinery used (especially in spring and autumn), is the main
reason for lowering water tables (alternatively leading to extension of the
growing period if the same amount of damage to the soil structure 1is accep-
ted), while from a point of view of plant production per se effects may be
negative or at least depend on rainfall (Van Wijk and Feddes, 1986; Boekel,
1982; Cannell et al,, 1986},

2.2.2.2 Peep soll tillage

Marcus Porcius Cato stated in his book "De Agri Cultura" in about 200 B.C.:
"Quid est agrum bene colere? Bene arare. Quid secundum? Arare. Quid tertium?
Stercorare. [What is good cultivation? Good plowing. What next? Plowing. What
third? Manuring.] (Hooper and Ash, 1933). Cato's preference for plowing as a
prime measure to improve crop yields was in accordance with agricultural
practice in many situations around the world ("when the crop stands still,
stir the soil"; Scott Russell, 1981). The explanation of the positive effects
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of plowing on subsequent crop growth has varied c¢onsiderably. Weed control,
stimulating mineralization of soil organic matter, modifying the soil water
balance and improving conditions for root greowth have all been considered as
principal reasons. In a number of cases of (deep) soil tillage, however,
negative yield effects were found, despite positive effects on root growth.

The agricultural need for plowing or other mtans of soil cultivation
depends on climatological conditions and on the existing pressures on the soil
leading to soil compaction. The availability of herbicides to control weeds
has decreased the need for plowing under certain conditions and surprisingly
positive yield responses have been obtained under =zero-tillage, despite
reduced root develcpizent under such conditions. Especially in England minimum
tillage has been advocated for permanent cereal-growing areas; root functions
in nutrient and water uptzke may bs unimpaired by the combination of a reduced
and more superficial roct system, the fact chat phosphate fertilizers are not
mixed through the soil and the fact that topsoil remains moist throughout most
of the growing season (Scott Russell, 1977; Carmmell et al., 1986). The severe
damage to soil structure caused by heavy machinery and by harvesting
procedures for potatoe and sugar beet wunder wet conditions have prevented
application of such minimum tillage systems in the Netherlands (Westmaas
research group on new tillage systems, 1984; Van Cuwerkerk, 1986). In tropical
regions minimum tillage systems deserve special attention as they reduce the
risk of soil erosion (Lal, 1984).

Deep soil tillage in situations where an impenetrable layer prevents deep
root development may have positive effects on drought resistance of crops if
it makes a deep groundwater table accessible to the root system. In other
cases manipulation of the soil to increase root penetration has given neutral
or negative effects on crop yields apart from first years N-effects (Alblas,
1984). Figure 2.5 shows results of a deep scil tillage experiment on grass-
land. Deep soil tillage in this experiment effectively reduced the penetration
resistance of the soil and had the expected positive effects on root develop-
ment. Deep P-fertilization had no effect on root development in the presence
of P-rich topsoil. Positive effects on grass yield in the first year, how-
ever, could be completely compensated by extra nitrogen fertilization on
control plots. TIn the subsequent years this nitrogen effect of soil tillage
disappeared and the grass appeared to be more instead of less sensitive to
drought as a result of the intervention. Measurements showed that water
storage in the (sandy) soil was reduced by loosening the soil (Schothorst and
Hettinga, 1983). In this case the extra nitrogen available to the crop in the
first year was probably due completely to an increase of mineralization, not
to improved recovery.

2.2.3 More roots may give better uti{lization of resources

From the examples given it may be clear that the statement "the larger a
root system the better" is untenable as a generalization if maximization of
yields 1is the primary criterion. Roots have no direct influence on maximum
yields as supposed in Hellriegel's law; however, the size of the root system
may have a positive effect on fractional depletion of available nutrients and
water. The size of the root system always has to be evaluated along with the
supply of water and nutrients. If a larger root system can only be obtained
while reducing the effective supply of water and/or nutrients, plant
production may decrease iInstead of increase. If the root system can be
improved, however, without affecting the level of supply, better crop growth
may be possible at moderate soil fertility, or maximum yields may be obtained
at a lower input level. A safe method in this respect may be to make wuse of
the genetic variation in root systems within and between crop species by plant
breeding. Comparison of root systems of varieties of one crop has often showm
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clear differences in root architecture and/or total size of the root system.
Heritability for root characteristics is comparable to that for shoot
morphological factors (Troughton and Whittington, 1968).

Comparison of root characteristics of different cultivars has shown that no
ideal set of root characteristics exists, suitable for all conditions. El
Bassam (1983) found evidence that some Ethiopian land races of cereals showed
much better root penetration and consequently drought resistance than moderm
varieties, which give a highsr yield under well-watered conditions, Weaver and
Brunner (1927) already described the existence of three landraces of linseed
in India, each one adapted to a particular soil type and rot thriving in each
others enviromment (deep-rooted, sparse root system in black-soil areas;
superficial, intense root systems on wetter, alluvial soils and an
intermediate type).

In selecting new crop varieties, however, little attention has been paid to
root characteristics, and the fear has been expressed that by selection under
fertile soil conditions in fact a selection for less developed rocot systems
took place. Although some reasons exist for such fear for implicit selection
on high shoot/root ratios (Boonstra, 19553), little experimental evidence 1is
available. Pommer (1983) compared root systems of new and traditional
varieties of temperate region cereals, under several input levels, Under
mineral KPK fertilizer regimes new varieties of wheat, barley and oats had
more roots than traditional varieties, but on manure treatments there was a
tendency in the opposite direction. Lupton et al. (1974) found only small
differences between root systems of semidwarf and traditional taller varietles
of winter wheats, Similarly, Wright et al. (1983), comparing root growth of
tall and dwarf Sorghum varieties, came to the conclusion that genetic control
of root growth is apparently independent of genes for stem growth and
selection on aboveground characteristics does not directly lead to a change in
root system characteristies.

If root development is insufficient to reach all parts of the soil, extra
root growth may have the same direct effect on yield as fertilization. Kuilman
(1948) described a "disease" of paddy rice in Indonesia, Omo mentek, charact-
erised by yellow leaves after transplanting the young rice plants, Varieties
tolerant to this "disease" had a more finely branched root system. According
to Kuilman the "disease"” was K deficlency in the plant, despite reasonable K
levels in the soil, Attention to root branching in programs for cultivar
selection could solve the problem (no K fertilizationm was necessary in thig
case). Similarly, under conditiocns of low K mobility in the soil, root length
density was positively related toc potassium uptake and vyield of corn in
experiments of Kuchenbuch and Barber (1987).

For phosphate the influence of root length density on uptake is probably
stronger than for potassium., Elsewhere, (Van Noordwijk and De Willigen, 1986,
figure 4) we showed results of an unpublished experiment with mustard and
potato by Van der Paauw in 1962, in which root length density in the soil was
manipulated by varying the pot size and the number of plants per pot., In this
experiment root length density, L_, was in the range 1 to 5 cm/em®. For each
of the four soil P levels, a higher value of Lrv was correlated with a higher
P-uptake per unit volume of soil. Only for mustard at the highest P level used
in the experiment, still low in an absolute sense, saturation of P-demand
could be seen at high Lrv' Otherwise both a higher Lrv value and a higher
P-status of the soil cofrelated with a higher P-uptake.

Fungal hyphae as part of mycerrhiza ("fungus-root") may considerably
enhance P uptake from (moderately) poor soils, acting as extended root systems
(Ruyssen, 1982). As the optimum for mycorrhiza development is found to the
left of the optimum for roots in figure 2.2 (Lamont, 1983}, it 1is
questionable, however, whether mycorrhiza can play a role of any significance
at the required producticon levels of Dutch agriculture (Ruyssen, 1982; chapter
14).
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As long as increased root growth was supposed te be positive for yield as
such, and not for nutrient use efficiency, soil tillage experiments were done
under high chemical scil fertility conditions - and rarely showed yield
effects. Quantification of the interactions between nutrient supply, water
content, root development and uptake requirements 1is needed. With that
information, we may hope to better understand the effects of soil structure on
crop growth. Negative yield effects of soil compaction can be due, at least in
part, to reduced root growth. Prummel (1975) found that soil compaction on a
basin clay soil lowered the potential production level of flax, barley and
sugar beet, P-uptake was reduced by soll compaction in most cases, leading to
a a need for a higher external P supply to obtain the P-uptake required for
maximum growth, In comparable experiments Boone and Veen (1982) found that
reduced P-uptake was largely due to reduced root growth, P-uptake per unit
root being unaffected. Extra P-fertilization could in these experiments only
partially compensate for negative yield effects of a poor soil structure.

On sandy seils, soil compaction affects the overall possibilities for root
penetration. On clay soils, soil compaction in the field (in contrast with the
experiments quoted before) mainly affects the soil structure, the size and
shape of soll aggregates. Wiersum (1962) performed elegant experiments with
artificially created soil aggregates of wvarious sizes, and showed that
P-uptake is seriously hindered when roots cannot penetrate large aggregates,
when compared with small aggrepates, while for N there is little effect of
aggregate size on possibilities for uptake. Similar effects were described by
Voorhees et al. (1971). To a certain extent the negative yield effects of a
poer soil structure, i.e. low pore volume, high bulk density and/or coarse
aggregates, can be compeunsated by extra N or P fertilization (N to compensate
for increased denitrification losses, P to compensate for reduced accessibi-
lity of soil P); usually this compensation is not complete, however. Negative
effects on plant growth of poor soil structure which cannct be compensated by
extra fertilization or irrigation, may be due to insufficient aeration of the
root system. Requirements for seration of the roots may confliet with
requirements for water and putrient uptake, as will be discussed in more
deteil in chapters 8§ and 10.

Coarsely aggregated soils, or soils which can only be penetrated by roots
in cracks and fissures, result in an inhomogeneous root distribution. The
effects of this root pattern on accessibility of nutrients, in relation to
mobility of the nutrient, form the subject of chapter 11.

2.3 Discussion

We now return to the main question of this chapter, whether or not it is
acceptable to start from the functional equilibrium theory and to describe
water and nutrient uptake as the prime functions of roots for the plant as a
whole. In a number of cases we have seen that not the size of the root system
or root growth as such, but the possibility of obtaining more water and
nutrients is critical for positive yleld response to agricultural manipulation
of the soil. In most cases a difference in the amount of roots coincided with
a difference in nutrient and water supply. In chapter 4 we will discuss
experiments in which root growth was directly manipulated without a change in
nutrient and water supply, which provides a more direct test of the assumption
we use in our model calculations. First we will consider physiological aspects
of water and nutrient uptake in more detail in chaptex 3.

24




3. WATER AND NUTRIENT UFTAKE

3.1 Introduction

In this chapter we will review literature on nutrient and water uptake to
discuss the validity of the main concepts and assumptions in our models and to
obtain reasonable estimates for the parameters wused. The most important as-
sumptions are:

1. Uptake of nutrients and water is regulated by internal demand,

2. Daily nutrient requirements of crops are constant throughout the main part
of the growing season,

3, The limiting nutrient concentration at the root surface which enables the
plant to absorb nutrients at the required rate is virtually zero under
agricultural conditions, except for P at low root densities and/or soils
of high buffer capacity; thus when transport of nutrients to the root
limits uptake, the root may be described as a zero-sink,

4. Physioclogically based maximum uptake rates for nutrients and water deter-
mine the minimum root surface area necessary in situations of high exter-
nal supply; this minimum is determined by the possible water uptake per
unit root,

5. Hydraulie conductance of roots to entry of water does not depend on the
water potential at the root sutrface and/er the transpirational demand,

6. The limiting water potential at the root surface at which the plant root
can just take up water at the required rate is determined by the hydraulie
conductance, the reflection coefficient of solutes at the root surface,
the external salt concentration and the required uptake rate,

7. If external supply allows, all roots of a root system will take up water
and nutrients at the same rate, irrespective of age, distance to the root
tip and root diameter (i.e. apart from "live" and "dead" roots no
distinctions are necessary),

8. Turnover of roots during the growing season is negligible, 1i.e. roots may
function for several months.

3.2 Assumption 1: Internal regulation of nutrient uptake
3.2.1 History of concepts

The gradual recognition that the plant controls the total rate of nutrient
uptake can be marked by the following quotations:

Liebig (quoted by Russell, 1973) stated that "all substances in solution in
a soil are absorbed by the roots of a plant, exactly as a sponge imbibes a
ligquid and all that it contains, without selection."”

Van den Honert (1933, 1936) used an experimental setup in which low con-
centrations of phosphate in a nutrient solution could be maintained by high
flow rates and found that rather low concentrations (0.4 - 0.7 pmol/l} of
phosphate were adequate to meet the requirement of the plant. Van den Homert
(1936) described nutrient uptake as an active, selective process, using a
conveyor bhelt as analogy: "Evidently the ions adsorbed are transported to the
intericr at & constant speed, which vremoves its charge from the surface,
deposits it inside and returns empty to be charged again. The more the belt
conveyor 1s charged, the higher the rate of intake." Van den Honert (1933):
"In the first experiments taken another kind of curves was obtained ... The
explanation may be that a stock of phosphate, still existing inside the plant,
hampers the absorption.”

Broyer and Hoagland (1943) showed that the rate of potassium uptake of
young barley plants is influenced by pre-treatment to a "low salt" or a "high
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salt" condition and that uptake 1Is relatively independent of current
conditions of light and humidity. Epstein (1972) reviewed the nutrient uptake
research which took place in the subsequent three decades, confirming that
nutrient uptake by roots is selective (although not completely ion-specific)
and active. This research was not based on measurements on roots of intact
plants in fast flowing, dilute nutrient solutions as used by Van den Honert
but on Hoagland’s techniques, using excised roots of plants which had grown on
a depleted nutrient solution for several weeks: low-salt roots.

Williams (1948) stated that the intake of phosphate "was more controlled by
internal factors of demand than by external factors of supply.™ S5till, Nye and
Tinker (1977) stated as opening sentepce of their book on solute movement in
the soil-root system: "It is now widely accepted that under given growth
conditlions wuptake of a scolute by roots is related to its concentration in the
soil solution and the extent to which this is buffered by the soil". Later (in
section 7.3.5) they state: "On the other hand, it is obvious that the roots do
not function as a simple "pump" for nutrients, without tregard for the
conditions of the rest of the plant, since plants would otherwise have
extremely large nutrient concentrations. .... in general there must be a
strong feedback control on root activity from the vest of the plant. The
mechanism of this feedback Is not known. It may simply be a matter of the
total amount of carbohydrate or inorganic nutrient in the root or the shoot,
or a hormonal mechanism."

Clarkson (1985): "This application of ilon transport kinetics [the work of
Epstein and followers] must have encouraged public spirited laboratory workers
to believe that their painstaking observations were actually useful in the
real world ..., Several facts ahout kinetic parameters seem £o have been
overlooked in the enthusiasm generated in thils work. In a given cultivar 1
and/or K are likely to vary with plant age, the nutrient concentration &5
which themplant has been acclimatized and the nutrient status of the plant. In
addition Imax may be directly dependent on the inherent vigor of a plant and
vary inversely with the relative root size or the fraction of roots having
access to the nutrient. In a varlety of circumstances, steady  state
concentrations of nutrients in roots and shoots seem to be independent of
external ion concentration and envirommental variables such as temperature,
The vrelative expansion of root surface will have the effect of reducing the
flux necessary to sustain a given nutrient, it can alsc reduce the minimum
concentration necessary to maintain the inflow {see Wild and Breeze, 1981)."

Considering this development of ideas and concepts it is remarkable that in
the 1%30's when plant physiological research of nutrient wuptake started to
become quantitative, there was more interest for whole plant relations than in
much of the research work of the 1950's when isolated roots in ‘“tea-bags"
became a standard plant physiological preparation. In subsequent years
research was almed at understanding the mechanism of the "conveyor belt" (Van
den Honert), "carrier" (Epstein) or "nutrient specific ATPases™, rather than
on the way it functions in the whole plant under normal conditions. Van den
Honert (1936) concluded from the vrather low P-concentration required for
maximum growth in his experiment: "Thls agrees well with a ecritical
concentration in the soil solution found independently by soll chemical
research”. Although this was .a very promising statement for understanding soil
fertility experiments, soll chemical and plant physiological research for a
long time followed separate paths,

3:2.2 Experimental evidence for intermal regulation of nutrlent uptake

Figure 3.1 shows dry matter production and P-uptake of permanent grassland
under adequate P-supply, in the period up to a cut of grass in spring or
summer {Van Burg, 1968; 1%70). Variation in the rate of dry matter production
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Fig. 3.1 Dry matter production and P-uptake in grassland with adequate
P-supply, determined by frequent harvests during a growing period for a spring
or a summer cut of grass; variation in dry matter production is reflected in
variation in P-uptake by a constant P-content; A. results for two experimental
fields in 1961 with N-fertilization of 130 kg/ha applied in autumn, winter or
spring (data of Van Burg, 1968); B. results of one experiment in 1938 for a
cutting perlod in summer with variation in N-level (data of Van Burg, 1970).

through variation in N-supply, directly leads to variation in P-demand, at
constant internal P-contents. The fact that probably similar root systems
under a constant P-supply take up different amounts of P, can not be easily
explained by model descriptions, such as those of Nye and Tinker (1977) or
Barber (1984), which are based on "physiological™ parameters of the relation
between external concentration and uptake rate. Experimental results such as
shown in figure 3.1 can be easily accounted for when an efficient internal
regulation of P-uptake is assumed.

The variation in internal nutrient contents of plants grown under widely
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different external nutrient concentrations is small and certainly several
orders of magnitude less than the range of conditions (external supply) under
which plants can grow unimpeded. This simple observation shows that plants
apparently have efficient homeostasis systems for nutrient uptake. This
homeostasis implies that in the majority of situations nutrient uptake rates
by roots are below the potential rate at the given external concentration.
Loneragan and Asher (1967) were among the first in more recent time to use an
experimental setup similar to that of Van den Henert:; intact plants growing on
solutions maintained at low concentrations by fast (re)circulation. They found
the maximum uptake rate for phosphate to be lower and to be reached at a much
lower concentration than in short-term "tea-bag" experiments (figure 3.2).
Similar results were obtained for potassium (figure 3.3).

Although internal levels of nutrients in a plant clearly influence uptake
rates by individual roots, observed wuptake rates still ate conventionally
expressed as "root absorbing power” o [m/s], i.e. uptake rate per unit root
surface area [mol/(m? s)] divided by the external concentration [mol/m?].
Figure 3.4 shows how data on uptake rates by plants at different external
concentrations presented in the form of e obscure the fact that after an
initial stage net uptake rate [mol/(m? s)] varies very little over an external
concentration range of a factor 100.

Various experiments have shown that manipulation of nutrient demand per
unit root in fact leads to changes in uptake rate per unit root, although the
response may mnot be immediate. R&mer (1985) found that removing ears from
wheat plants increased carbohydrate levels in leaves and roots, but sharply
reduced P uptake per unit root. Caradus and Snaydon (1986) compared P uptake
of 7 white c¢lover populations and concluded that shoot characteristics
determine P uptake: P uptake per unit root size was negatively correlated with
root size; reciprocal grafting of genotypes indicated that shoot factors were
decisive in P uptake; in split-root experiments P uptake per unit root could
only be increased by internal shortage of P in the shoot.

Split-root experiments have yielded further evidence on regulation of
nutrient wuptake. Goedewaagen (1932) found that P-uptake per unit root weight
from the same external supply was higher when only part of the roots were
supplied with nutrients (figure 3.5). Jungk and Barber (1974) did not find an
effect of root trimming on P-uptake In the first 8 hours after reducing the
part of the root length of maize in contact with a P solution by 37-58%. After
4 days they found an increased P-uptake per unit root of 20-40%,

Split-root experiments on maize by De Jager (1985) showed that the wuptake
rate of N, P, K and § could be increased by localizing the supply of a parti-
cular nutrient to part of the root system, while uptake rates for non-locali-
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3.2.3 Information required for regulation

The regulation problem can be presented schematically as in figure 3.6; the
single root cell represents the symplastic pathway between epidermis and stele
containing a large number of unconnected vacuoles. At three points on the
interface between root symplast and apoplast/vacucle/stele active {(energy
consuming) transport occurs. Transport activity on these sites must be related
to the nutrient status of the intact plant.

For each of the three sites control of the uptake and transport rate is
possible through:

* differentlal synthesis and breakdown of carriers, according to the presence
of nutrients in the cortical cells (coarse control},

* differential activity of the carriers, influenced by the internal nutrient
concentration in the cortical cells {fine control); a simple allosteric
mechanism has been suggested for this feedback (Glass, 1975),

* differential leakage or efflux from the cells dependent on the internal
concentrations in the root, reducing net wuptake rates at constant carrier
activity (Deane-Drummond, 1986).

A majority of the authors on the mechanism of nutrient uptake and its
regulation assume that active transport between apoplast and symplast and that
between symplast and xylem are both directed towards the centre of the root.
In the epidermis/cortex carriers are supposed to pump nutrients into the cell,
in the stele out of the cell. Such a descriptiom attributes to active sites in
cell membranes a sense of direction which cannot be easily explained. Dunlop
(1974) - explored the possibilicies of a description in which leaky membranes,
both In the epidermis/cortex and in the stelar parenchyma, actively pump
nutrients into the symplasm. In the stele leakiness may  predominate,
especially in older vroots, in the epidermis/cortex the active  uptake
predominates. Although this description may not be satisfactory as yet (De
Boer, 1985; Drew, 1987), it is intriguing for its simplicity and focusses on
the lmportance of passive leakage concurrent with active transport.

Various models have been developed for different nutrients, depending on
internal metabolism of the nutrient in either root or shoot and on the amount
of recirculation of the nutrient in ionic form in the plant via the phloem.
Literature on this topic has been reviewed by Cram (1973), Glass (1983), Glass
and Siddiqi (1984) and Clarkson (1985).

Probably the first schematic representation of regulation of P-uptake by an
intact plant was given by Alberda (1948, fig. 3.7). He suggested that the
uptake capacity of growing shoot tissues determined the net uptake rate by the
roots, by an aver-flow model for phloem loading; recirculated P and P newly
taken up compete for sites in the stelar pump loading the xylem. The P
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concentration in phloem sap in this model contains the required information
about P consumption in the shoot.

Recent estimates show that the amount of nutrients in (red)circulation in
the plant (phloem - root - xylem - leaf - phloem) is comsiderable, even under
stressed conditfons (Simpson et al., 1982; Keltjens, 1981; De Jager, 1985).
Recirculating nutrients in the plant probably contain all the informaticon
required for an efficient regulatory system. The degree of nutrient-specific
regulation of the uptake rate according to the metabolic requirements of the
intact plant 1is restricted by considerations of electroneutrality in the
plant. The difference in charge between total cation uptake and total anion
uptake has to be balanced by excretion of either H or OH to the rhizosphere.
Such considerations are mainly relevant for N uptake, as this largely deter-
mines the overal cation/anion balance (Dijkshoorn et al., 1968; Findenegg et
al., 1986).

For calcium and magnesium, regulation of the uptake rate according to the
needs of the plant is less pronounced. Recirculation of Ca and Mg in the
phloem and passage through the root symplasm are both insignificant {Marsch-
ner, 1974; Wiersum, 1974, 1979; Van Goor and Wiersma, 1974). Sonneveld and
Voogt (1985) showed that in modern horticultural situations, K levels in the
plant are only slightly related te K concentration in the root medium, while
for Ca and Mg such relations are very clear. Calcium and magnesium uptake may
be confined to the youngest part of the reots, without suberization of the
endodermis. In other parts of the root system con51derab1e accumulation of Ca
{and Mg) outside the root may be expected,

3.2.4 Discussion

As evident from this review of concepts and experimental evidence, the
assumption we make in our models of a complete regulation of nutrient uptake
according to crop demands, probably is a slight over-statement: the real
regulation is less precise and allows more deviation from "set wvalues". For
calcium, magnesium and other divalent cations regulation hardly exists, which
is understandable from the lack of information about Ca and Mg levels going
from shoot to root. §till, for N, P and K our assumption of complete
regulation probably is a safer starting point for describing crop nutrient
uptake under agricultural conditions than the neglect of regulation typical of
other models (Nye and Tinker, 1977; Barber, 1984). Models of nutrient wuptake
describing the real degree of regulation inside the plant would have to take
into account several pools inside the plant and transfer between the pools,
This is not possible yet as detailed physiological information of this kind Is
lacking.
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3.3 Assumption 2: Daily nutrient requirements constant

The assumption we make in our medel description of a constant daily nut-
rient wuptake is more specific than the assumption of regulation of uptake
discussed in section 3.2. The "set point" of the regulation might change with
time, 1leading to changing daily uptake rates. The concentration of nutrients
on a dry matter basis in many plants gradually decreases with their age. As
total dry matter production for a closed crop canopy has a long linear phase
of constant daily dry matter production (Sibma, 1968), the decreasing
nutrient content does not seem directly reconcilable with a constant daily
rate of nutrient uptake, but in fact that is the case, as shown by figures
3.8, 3.9 and 3.10 for P-uptake, N-uptake and K-uptake by potatoes.

Both dry matter production and nutrient uptake show a prolonged linear
phase; the nutrient uptake curve precedes the dry matter production by about 3
weeks. The result is a two-phase line in the relationship between nutrient
uptake and dry watter production in quadrant I. The first phase (up to a dry
matter production of 1.5 a 2 t/ha) may be interpreted as production of "young"”
tissue of high nutrient content, the second phase as the production of
"mature" tissue of lower nutrient content, at least when expressed on a dry
matter basis, in the closed canopy stage. In the closed canopy stage daily
nutrient uptake is a constant, although the average nutrient content decreases
along with the proportion of "young" tissue. Towards the end of the growing
season the amount of "young"” tissue 1s reduced to zero; internal
redistribution of nutrients in the plant is sufficient to meet the nutrient
requirements in this firal stage, so no further uptake is necessary.

The two-phase description of N-uptake versus dry matter production holds
for other crops as well {(figure 3.11). The two-phase line may indicate the
"gset point" for regulation of N-uptake under conditions of ample supply:
apparently most crops grow with about 5% N (dry matter basis) wup to a dry
matter production of 2 t/ha, 1if the external supply allows and with about 1%
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Fig. 3.8 Time course of dry matter production Y  and phosphate uptake N (P)
for various plant organs of potate in a situation of adequate nutriemt supply
in the field (data of Van der Paauw, 1948).
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in the subsequent linear growth phase. In a zone to the left of this line dry
matter production may proceed unhampered, but when the line of ls N is
approached, a growth reductien is found. At final yield the average N-content
often 1is about 1.5%. If the external supply allows an N-content of 1.5% to be
maintained, dry matter production may be unhindered. The extra uptake found
under higher supply leads to a certain degree of buffering in the plant.
Figure 3.12 shows results for the three major nutrients N, P and K for a
number of crops, as measured by Van Itallie (1937)., In almost all cases a
linear wuptake phase cccurs, at least covering the peried in which 60% of the
final nutrient content is taken up (horizontal lines in figure 3.12 indicate
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tration of 1.5% for N, 0.72% for P (table 3.1) and 1% for K. Daily nutrient
requirement then is 3, 0.44 and 2 kg/(ha day) for N, P and K respectively.

3.4 Assumption 3: Critical nutrient concentrations are virtually zero

Experiments with rapidly recirculating nutrient solutions have shown the
existence of a compensation point (C_. ) at which no net uptake 1is possible.
This concentration, C . , at which Tenkage equals uptake, usually is very low
when compared with concentrations in agricultural soils. TFor our present
discussion we are interested in C,. , the concentration at which regquired
uptake rates can just be maintained. an den Honert (1936) found that a
P-concentration of 0.4 - 0.7 amol/l in & rapidly flowing solution is
sufficient for growth of sugar cane. This conclusion was much later confirmed
for other species (Loneragan and Asher, 1967; Temple-Smith and Menary, 1977;
Wild and Breeze, 1981). Jungk (1974) found a value of 0.1 pmol/1 for P for
four crop species, Breeze et al. (1984) found C,. to be 0.1 - 0.4 gmol/l for
P in older Lolium perenne plants. In figure % 3 some literature values
collected by Pitman (i976) are shown,

For N and K, walues around 100 pmol/l and 10 umol/l are reasonable
estimates (compare figures 3.2 and 3.3) for plants growing in nutrient
solutions with wunrestricted root growth. Area III in figure 1.8 can now be
specified. Table 3.2 gives estimates of the amount of available N, P and K
remaining in the soil at this limiting concentration (the average values used
for the adsorption constant K_ are discussed in chapter 7). Our conclusion
from table 3.2 is in contrast with the conclusion of Robinson (1986) in his
review of 1limits to nutrient inflow rates in roots: although critical
concentrations are higher for N and K than for P, C can be considered to be
negligible for the functioning of root systems in SolTs for N and K but not
for P.

For phosphate the amount of available P remaining in the soil at C may
be negligible on soils with & rather low adsorption constant K_ (100), %u@ not
on soils with high adsorption constants (compare figure 7.2)" The amount re-

maining in the soil at C., is small when compared with the total amount of P
present in the soil, buf not when compared with the plant P-requirement. For
such conditions C1im has to be specified as a function of nutrient demand per

unit root length,

The data quoted refer to plants with unimpeded root growth and consequently
to situations with a rather low uptake requirement per unit root. In situa-
tions where demand per root is higher, limiting concentrations will be higher.
A relationship may be formulated on the basis of short-term nutrient wuptake

Table 3.2 Critical extermal nutrient concentration and amount of
potentially available nutrients remaining in the soil a% Phis concentration
(at a water content @ = 0,25 v/v).

Critiecal external Adsorption Depth Amount remaining
nutrient concentration constant in the soil at Clim
Nutrient Clim [pmol /1] Ka [m] [kg/ha]
N 100 0 1 3.5
K 10 10 0.25 10.5
P 1 100-1000 0.25 7.8 - 78
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versus conceéntration studies for low-salt roots, which may reflect wuptake
potential wunder maximized demand. In the low concentration range the uptake
capability can be expressed as maximum root absorbing power a (uptake rate per
unit root surface area divided by the current externmal.concentration). € im
may now be estimated as o divided by the required uptake rate per root (figiie
3.14). For phosphate, values of & are estimated at 0.7 to 7 x 10°8 m/s or 0.0%
te 0.60 m/day (Nye and Tinker, 1977). As a conservative intermediate value we
may take 0.17 m/day. P uptake requirements of 200 x (¢.0022 = 0.44 kg/(ha day)
lead to a required uptake rate per unit root surface area of 0.47 to 0.095
mmel/(m? day) for a root area indices in the range 3 to 15, respectively,
Calculating C,. according to this procedure results in 0.56 to 2.8 pmol/l for
root area index of 15 and 3, respectively. Comparison with table 3.2 shows
that the calculated C,., camnot be neglected for estimates of P-availability
to field crops, when ié% root length densities are considered.

3.5 Assumptlon 4: Maximum nutrient uptake rates are not relevant

Physiologically based maximum uptake rates for nutrients and water deter-
mine the required gize of the root system in situations of high external
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Fig. 3.14 Net uptake rate per unit root as related to external concentration
in "tea-bag" experiments (A) and our Interpretation of uptake dynamics at
three root/shoot ratios (B).
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supply. As will be discussed in chapter &4, the minimum wvalue for the root
surface area 1is determined by water uptake, not nutrient uptake, even in a
nutrient solution where water is freely available. Maximum uptake rates for
nutrients, if they exist at all, are therefore not relevant for describing
roots grown in soil.

3.6 Assumptions 5 and 6: Constant hydraulic conductance

For the present discussion we are interested in the relation between plant
water . potential and the rate of water uptake in order to estimate the water
potential required for the transpirational demand. Since Van den Honert (1948}
introduced the electrical analeg of a series of resistances for the catenary
process of water uptake, such a description has been widely used. Water flow
in each step of the chain is assumed to be proportional to a resistance and to
the difference in water potential involved in this step. Usually steady state
is assumed for water transport and capacitance for water in the plant is
ignored; the simplest formulation for the volume flux of water Fw is:

Vatm * Ylear _ ¥lear * ¢xylem _ -¢Xylem * Yroot _ Proot T ¥soil

3.1) F =
Q1eaf nxylem ﬂroot: nsoil

where ¥ and Q indicate water potentials and resistances, respectively.

The usefulness of this description depends on the relative independence of
the resistance @2 {or its ilnverse, the hydraulic conductance L ) on flow
rates and plant wat et potential. The water potential mainly consists®of hydro-
static and osmotic <components, which interact near semi-permeable membranes
(in fact the only place where osmotic components matter at all).

Actual measurements of water uptake by exciged root systems normally yield
nonlinear relations between applied hydrostatic pressure and observed volume
flow (F ). Such nonlinearities have for a long time been attributed to changes
in hydraulic conductance (L )} as a result of water flow, water potential
and/or membrane composition (Ngwman, 1976a).

In 1975 two research groups independently published essentially the same
mathematical description for the interaction of osmotic and hydrostatic
driving forces in water uptake (Fiscus and Kramer, 1975; Dalton et al., 1975).
According to . these authors the observed nonlinearity may be explained by a
gradual decrease of the osmotic pressure difference over the root membrane as
the volume flow increases. In their opinion & constant hydraulic conductance
may account for all available results.

In the past ten years this wview has gradually become accepted, although
some doubts are remaining (Michel, 1977; Newman, 1976b; Passioura, 1984}. Some
valid criticism of the initial single membrane model can be accomodated by a
model of a single membrane with salt accumulation in front of the membrane
(Raats, pers. comm.; appendix 3.2). The resulting equation for the volume flow
of water is: ' :

(3.2) F_ =1 aH - - 2o Mo " 2% *e Tk Fo/Fy
o P P 1 - e + 20 /W
. r b

where:
Fw = rate of volume flow of water per unit root surface area [ecm?®/(em? s)],

Lp = hydraulic conductance per unit root surface area [em®/(cm® s MPa)],
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AH =H H difference in hydrostatic pressure between plant (xylem)
|3 Pand rogtpenV1r0nment [MPa],
o = reflection coefficient for solutes at the root membrane [-],

n, = osmotic pressure of root environment [MPa],
R = gas constant [8.3 * 10°% cm® MPa/(XK mol}],
T = absolute temperature (K],

v = (R,/RO)R°Fw/D

D = diffusion constant for solutes around the root [cm?/s],
R;, = radius of the outer boundary of the unstirred layer [cm],
R, = radius of the root [ecm],

Fs* = active solute uptake per unit root surface area [mol/(cm? s)].

For the special case of a well-stirred sclution (R, = R, and hence W = 1)
equation (3.2) reduces to the form described by Dalton et al., (1975) and
Fiscus (1975) (equation A3.5). A transition point between salt depletion and

salt accumulation outside the root is found for ¢ C, = F / F_, when the
"concentration of solutes reflected at the membrane" equais the "active uptake
concentration”; only in that patticular situation does the simple equation

Fw = L * AH_ hold.
For hlghpflow rates the terms with l/F and 1/W vanish and a simplified
form can be used: 2
! 20 9w,
(3.3) F =L (s8H - ——")
w |2 P 1. o

This equation shows that water uptake F_ can be approximately decribed by a
linear function of aH_, with an intercept with the x-axis determined by the
osmotic value of the solution surrounding the roots and by the degree of
reflection of solutes at the root surface. Accumulation of dions around the
root, partly counteracted by diffusion away from the root, leads to increased
osmotic effects with increasing reflection coefficients (appendix 3.2).

Of course single-membrane models cannot be used directly to calculate water
uptake by whole root systems. Complications may arise from the fact that water
has to pass two membranes (apoplast~symplast and symplast-xylem) rather than
one, from the fact that solutes in the symplast maybe buffered by solutes in
vacuoles and from the fact that excretion of solutes to the xylem is an actlve
process under feedback control from internal nutrient levels in the plant,
leading potentially to complicated patterns of nutrient and water wuptake and
release along the axis of a single root. Miller (1985) has given a two-mem-
brane model for a root, considering salt accumulation effects between the two
membranes {(but mnot in front of the outer membrane). He performed detailed
measurements in the region of low flow rates and could obtain exellent
curve-fits for his data on the basis of this model. The number of parameters
which canmot be estimated independently is so large, however, that such a
curve fit appears always possible. For our present discussion detailed
knowledge of all processes at low flow rates is not required and we may accept
the single membrane in an unstirred solution (the unstirred solution may occur
both outside the root and in the “"free space" or apoplast) as an analogy for
the whole root,

As our main interest is in situations of high flow rates we can assume that
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the rate of water uptake is linearly related to, but not preportional to the
difference in hydrostatic pressure over the membrane (equation 3.3). The slope
of this line depends on the hydraulic conductance L_, which we assume to be
constant, the intercept depends on the reflection coefficient o_ and the
osmotic pressure of the solution ocutside the membrane (rx,). In normal soils =,
is megligible and (3.3) can be further simplified, as done in (3.1}; for
measurements in nutrient solutions and for horticultural practice =w, is not
negligible.

Estimated parameters for using such a model for whole root systems cannot
be directly related to cell-physiclogical membrane parameters with the same
name (such as L ), Parameter estimates can be obtained from studies of exclsed
Yoot systems 1in pressure bombs or from measurements in intact plants
(Passioura et al., 1984). When a pressure bomb technique is used with excised
root systems the choice is between using low values of applied pressure (and
getting Involved in all parameters of the curvilinear response here) or using
high values of applied pressure and running the risk of modifying the root by
removing alr from intracellular spaces with subsequent anaerobiosis (De Boer,
1985). A further complication is that the models assume equilibria to exist
for solute concentrations both outside and inside the membrane; thus, to
perform relevant measurements some time is required for the root to adjust to
a mnew pressure applied, while in fact the root may start te deteriorate as
soon as pressure is applied. Experimental procedures have to he a compromise
and wvalues obtained will be crude estimates of the real values in the intact
plant. In view of these problems in obtaining reliable estimates of parame-
ters, further sophistication In model description is not directly relevant. In
table 3.4 some values from the literature for L are collected, which may re-
present a reasonable compromise between the desfrable and the possible.

The importance of a correct estimate of hydraulic conductance L_, can be
seen from a simple calculation. The required uptake rate per unit root surface

Table 3.4 Literature values for hydraulic conductance, L. averaged over the
whole root system; a root surface area of 0.1 cm /cﬁ root length has been
agssumed (root diameter .36 cm) if no data were available.

Crop Author Hydraulic conductance Lp

1078 em3/(cm? s MPa)

Maize Newman, 1973 2.2

Y House and Findlay, 1966 1.8 - 6.
Wheat Andrews and Newman, 1969 ]0 3% - 6.7

. Lawlor, 1973

. Jones et al., 1983 0.5
Barley Steudle and Jeschke, 1983 0.3 - 4.3
Fescue Burch, 1979 1.5
Onion Anderson and Collins, 1969 4.3 - 9.0
Dwarf bean Newman, 1973 0.56
Broad bean Brouwer, 1954 (Michel, 1977) 11 - 22

. Newman, 1973 0.54
Soybean Fiacus, 1977b 27

. Michel, 1977 4 - 13
Clover Burch, 1979 1.5
Cotton Taylor and Klepper, 1974 1.2
Tomato Newman, 1973 6.1

. Morizet and Mingeau, 1976 10
Sunflower Newman, 1973 0.7
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area F_[cm/s] can be calculated from the trauspirational demand of a closed
crop canepy (E, [cm/s]) and the root surface area per unit cropped area (Root
area index, Ara). Hence, for situations where wn, is mnegligible:

(3.4) F = E/ A~ Lp &Hp
From (3.4) we can estimate the root area index required to meet a given
transpirational demand, given L_ and given the difference in water pressure
over the root membrane, AH . For ~B = 0,1 MPa and E = 0.5 cm/day = 5.8 1078
em/s, for a range of L_ values of 1Pto 10 * 107% em3/(cm? s MPa) values of the
root area index are‘required of 58 to 5.8 respectively. For lower values of
the root area index, a larger difference in water pressure between =xylem and
root environment is required and hence a larger amount of water will be left
in the soil at the time the transpirational demand E can no longer be met at a
given minimum water pressure in the xylem. For L values of about 1 * 10°®
cm®/{cm? s MPa), which have been reported by several®authors, this . effect is
considerable. A similar conclusion was presented by Greacen et al. (1976). The
majority of measurements of 1. have been done at laboratory temperatures; thus
the hydraulic conductance in'the ‘field may be considerably aver-estimated, as
L is sensitive te differences Iin temperature {(Kuiper, 1963; Dalton and
cBrdner, 1978).

3.7 Assumptions 7 and 8: Differences between roots, age effects, turnover of
roots

In the classical textbook description of root functions nutrient and water
uptake 1is supposed to be largely confined to the young zone directly behind
the root tip and a high rate of turnover of fine roots 1Is postulated {constant
growth and decay throughout the growing season). The rate of uptake by the
active zones according to this description 1Is necessarily high to explain
observed nutrient uptake by the plant as a whole. As an alternative, we assume
here that nutrient and water uptake occur along the whole length of the roots,
independent of root age, at a moderate rate. In this view turnover of roots 1s
only necessary in so far as the root has depleted (or otherwise spoilt) its
direct environment, not because its physiological abilities are no longer
sufficient.

Observations leading to the first description were based on the application
of radioactive isoteopes to excised roots. The emerging view of uptake largely
confined to the young root zones can now be ascribed to the experimental
conditions. Measurements of uptake rates by isolated zones along the length of
a root of an intact plant have shown that uptake is not much different between
5 and 44 cm from the root tip and translocation to the shoot is even higher
for the latter zome, the higher wuptake in the youngest zone apparently
covering the nutrient requirements for the growing root tissue itself
(Clarkson, 1981). .

Significant changes in root morphology appear to have 1little effect on
uptake rates. Drew and Saker (1986), Drew and Fourcy (1986) showed that
aerenchymatous roots can still show virtually unimpeded wuptake rates, even
when only 20% of the mid-cortex is still intact; the critical site for uptake
apparently is found at the endodermis, and integrity of tissues outside the
endodermis is not required,

For water wuptake the conventional interpretation of Brouwer's (1954) data
on water uptake by various zones of broad bean roots of both age- and flux-
dependent resistances, has been questioned by Fiscus (1977a). He showed that a
difference in active salt excretion between various zones of the roots can
account for the observed difference in flows, assuming an almost constant
resistance (1/Lp) (i.e. independent of root age and flux). Other data on water
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Fig. 3.15 Time course of root growth, P-uptake and dry matter production for
fleld growm soybeans in three years (Barber, 1978).

uptake indicate differences between zones in some species and more homogeneous
uptake in others (Halinsworth and Aylmore, 1986; Drew, 1987)

The concept of nutrient uptake being confined to root tips implies that a
constant wnew root growth is needed to account for observed nutrient uptake
patterns. Figure 3.15 shows the development of the root system in time for
soybeans, as well as P-uptake and shoot growth. The largest part of total
P-uptake occurs in the seed-filling stage, when no net root growth is found,
Similarly, the root systems of most cereal crops reach their maximum net size
early in the growing season, while uptake still continues for a considerable
time. Such observations can only be explained by the root-tip wuptake concept
if a high turnover of fine roots at a constant net size is assumed.

With the recently introduced technique of mini-rhizotrens installed in the
field, estimates for root turnover were obtained for Dutch agricultural
conditions (section 6.4.2); turnover is not high encugh teo account for
observed uptake if uptake would be confined to root tips. Troughton (1981)
studied the apgeing of grass plants when new root growth on tillers was
inhibited; he concluded that ageing was probably due to problems with Ca and
Mg uptake, while uptake of N, P, K and water continued without problems. Shone
and Flood (1983} showed that in a dry period nutrient uptake from dry soil
virtually stopped while fine roots died; upon rewetting the soil, the old
seminal axis rapidly resumed uptake, despite a partial collapse of cortical
cells in the dry period,

From this evaluation of the evidence for assumptions 7 and & it may be
evident that our choice probably does not deviate too much from reality, The
main exception probably is calcium and magnesium uptake, which may in fact be
confined to the youngest roots and for which a constant rate of root growth is
essential.
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Appendix A3: Models for the iInteraction of water and salt uptake by a single
membrane :

A3.1 Single membrane in well-stirred solution

In the formulation of Fiscus (1975) which has been most widely followed,
the model is as follows, For a semipermeable membrane, volume flow F (which
is approximately equal to water flow) is related to both hydrosgatic and
osmotic pressure differences:

(a3.1) Fw - Lp [AHp -0, any] = Lp [AHp -0 Rg TK (Cout - Cins)] ,
where: .

C c " concentration of solutes outside membrane {mol/cm?],
Cgﬁs - concentration of solutes inside membrane [mel/ecm?] .

Other symbols are explained in section 3.5. In an equilibrium situation, we
may assume that the concentration inside the membrane equals solute uptake
divided by water uptake:

(43.2) cins - Fs/ Fw s

where:

FS = solute flow rate across the membrane [mel/(em? s)].
For ideal semi-permeable membranes ¢ =1 and F_ = F _, where

Fs = rate of active solute uptake across the membrane [mol/(cm? s5)],

s0 (A3.1) can be transformed into a quadratic equation in F_ from which F_ can

be solved. For non-ideally semipermeable membranes (i.e, ¢_ < 1), the salt

flow across the membrane can be described as an active uptake Term plus a drag

{mass flow) term:

(A3.3) Fs = Cm (1 - ar) Fw + Fs* .

For the effective concentration at the membrane C , we can use an

approximation which is reasonable at least for 0.3 < C m/C. < 3.0 according
. oul’ ins

to Fiscus (1975):

(A3.4) Cm = (C + Cins)/ 2

out
From the four equations (A3.1 to A2.4) we can eliminate two unknown parameters
(Cins and FS), to arrive at an implicit equation for FW:

2 ar2 mg - 2 0

r Rg TK Fs*/Fw

(A3.5) F =1 AR -
v P F l+o
r
The formula shows that for high values of F_ the relation between F_ and aH
approaches asymptotically a straight line, with an intercept on the x-axi
for:

- 2
(43.6) aH (2o /(L+0)) m

As 0 < o < 1 this intercept is always to the left of x,. The position of this
intercept has been the subject of much subsequent dispute (see bhelaw)}.

An alternative formulation for the active uptake term F_, has recently been
given by Miller (1985), who used a saturation curve type of response:
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(83.7) F, =K (€ -G )

ns
where:

G = an internal equilibrium concentration [mol/em?],
Kz = uptake efficiency [em/s],

Solving Fw in such a case yields:

2 - -
2 o.f 2 0. R Ku (Cw G )/F

out W

Ty

(A3.8) F_ =L [sH_ - E
P P (L+o0)+2K /F
r u w

For low values of Fw this solution differs from (A3.5); It Introduces an extra
parameter (C and K instead of F *) which wusually cannot bhe determined
independentl? and “with which befter curve fits to experimental data can be
obtained. For high values of F_ (and aH ), however, this solution does not
differ from (A3.5) and 1t giveg the samepintercept (A3.6) for the asymptote.

As Newman (1976b) pointed out, "experimental results usually conform to the
general shape as indicated by equation (A3.5), but the intercept on the x-axis
often lies teo the right of n,, while the model predicts an intercept to the
left of n;,. In reponse to this falsification of the model, Fiscus (1977b)
proposed that salt accumulation in front of the membrane may lead to a higher
effective C * than the measured external concentration C at some distance
from the membrane. The process of salt accumulation in front of the membrane
can be formulated as follows.

A3.2 Water uptake model for a single membrane, in non-stirred solution

If we consider the possibility of accumulation of solutes in front of the
membrane, we have to deal with mass flow of solutes towards the membrane,
back-diffusion of solutes and inflow through the membrane. In an infinitely
large medium a steady state situation is possible in which the concentration
profile in front of the membrane assumes a constant form. Steady state 1s
possible when mass flow of solutes towards the membrane is just counteracted
by diffusion and uptake. For a membrane which is not ideally semipermeable
(i.e. @ < 1), such a situation is possible as solute inflow through the
membrane will increase when solutes accumulate in front of the membrane. Under
these conditions:

(A3.9) F_ = F_C +D (r/Ry) (3¢ / 3r) ,

where:

¢ = concentration at radial distance R from the membrane (at R=R,) ,

D = diffusion constant in liquid phase [em?/s].

Solving for a constant concentration Co . outside the unstirred layer (at
R=R,): v

(A3.10) R=R, ,C=¢C ,

and specifying for Cout' at R = Ry, yields:

(a3.11) Gy’ = F/E, + (S - F/F)V,
and
(43.12) W = (R, /R,) Rofy/D
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From the four equations (A3.2, A3.3, A3.4 and A3.11) we can now eliminate

three unknown parameters (C, , C " and F ) to obtain equation (3.2}). For
ins out s

(very) high values of F , 1/W will become negligibly small and again a linear

relation between Fw and AHP results, but now the intercept is:

(A3.13) &H = (202 mg) / (L - o)

For g, > 0.5 this intercept is to the right of ,, confirming the explanation
of Fiscus (1977). Passioura (1984) suggested that salt accumulation in frent
of the membrane will have stronger negative effécts on F_ for increasing F .
The relation between F_ ahd sl  according to Passioura deviates exponentiale
from a straight line. This concPusion was cbtained by considering the special
case of o, = 1. This spetihi case cannot be treated in this way, however,
(Raats, pers. comm.) as the assumption of a steady-state concentration profile
in front of the membrame is 1nvalid wurider these conditioms. In the case
considered by Passioura the apparent resistance (flow rate/ applied pressure)
will increase both with time and with applied pressure, both leading to a
higher salt accumulation in front of the membrane. The only possibility fer a
steady-state situation In this case is when F */F is exactly equal to C s0

uptake equals the amount of solutes brought to the membrane by mass flow?Ut
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Table 4.1 Estimates of physiologically required root surface area A and
root volume V (assuming all roots to have a root diameter of 0.020 Tell) for
tomato. Nutrieiit ‘contents based on Nederpel (1975) and Steiner (pers. comm.),
growth rates per plant for a plant density of 2.2/m? after Steiner (1%967) and
Roorda van Eysinga (pers. comm.): 3 g vegetative and 6 g gensrative dry matter
production per plant per day; F values after Brewster and Tinker (1972);
Ar n calculated according to eq. (E. ).

Nutrient N P K Ca
L (%00) 25 5 50 30
( loe? 25 5 50 2
Requlred uptake (mg/day) 225 45 450 100
per plant {(mmol/day) 16 1.5 11 2.4
< (mmol/ (m? day)) 6.0 0.5 3.5 0.6
A (m?) 2.7 2.9 3.2 4.0
vr o (dn®) 0.14  0.15 0,16  0.22

4.2 Initial estimate of physiologically required root volume

The "physiclogically required minimum root surface area" per plant can bhe
defined as the minimum of the required root surface areas for each of the
essential nutrients and that for water. For water and each nutrient this root
surface area can be estimated from uptake rates per plant required for maximum
production at a given plant density, divided by the maximum uptake rates per
unit root area. Here we will concentrate on tomatoe and cucumber production
under glasshouse conditions in the Netherlands. For the linear growth phase of
a closed canopy, in which both vegetative and generative tissue are formed at
a constant daily rate, the equation is:

[ ] L
Y M+ Y M
4.1) Ar L= D,v v D,g g .
! N a, F
where: P o max
Ar n = physiclogically required minimum root surface area per plant
. . for nutrient uptake [m?7J,
YD v and YD g = dry matter production per plant of vegetative and generative
’ ! parts respectively [kg/(ha day)],
Mv and M - required composition of plant dry matter (vegetative and
& generative) {g/kg)], supposed to be constant,
N = plant density [./hal,
AP = atomic (or molecular) weight of the nutrient studied [g/mol],
i :
Fﬁax = maximum uptake rate per unit root surface area for the
nutrient studied [mol/(m? day)],
Table 4.1 shows estimates of A and the corresponding root wvolume V

Assuming constant hydrau11é conductance we may formulate the minIhum root
surface area for water uptake from a simplified version of equation [3.3]:

E
(4.2) A= F .
[aH - 2 mo 0,2/(1-0)]
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N

where:
Ar w minimum root surface area required for water uptake [m?/plant],
Ep' = transpiration rate per plant [cm®/s].

For a maximum transpiratien E_ corresponding to 2 1 per 6 hr period . (4.4 mm
per 6 hr for the plant dengity used), a root conductance L = 5 % 10 ¢ cm3/
(cm? s MPa), a reflection coefficient ¢_ = 0.7, an osmotic pbdtential of the
solution of 0.03 MPa and an acceptable root water potential of -0.5 MPa, A
can be estimated to be 4.6 m?/plant, equivalent to 0.23 dm® root tissue/plaﬁty
These preliminary estimates show that for normal plant spacing and growth
rates, a minimum root surface area of several m? per plant may be expected for
glasshouse tomatoes and cucumber and that Ca uptake and water uptake may be
the first root functions which become limiting when the size of the root
system is reduced. The estimates for Ca are rather uncertain as F values
. < : ma;
reported in the literature for Ca are more variable than those ¥or other
nutrients, due to the fact that Ca-uptake is mainly restricted to young root
tissue while possibilities for uptake of N, P and K are relatively independent
of root age (chapter 3).

4,3 Experiments
4.3.1 Methods

Plant growth on pots with a total pore volume corresponding to the minimum
root volume, as calculated in table 4.1, was compared with that on a range of
larger pots. Experiments were aimed at gquantifying:

- the relation between pot size and root growth as affected by a continuocusly
recirculating nutrient solution,

- the critical root size as indicated by shoot growth, and

- the critical recot function in this situation; main emphasis was placed on
quantification of nutrient and water uptake rates, to test whether shoot
growth 1s affected by restricted root growth before effects on nutrient or
water status can be observed.

Plants were grown in a system with continuously recirculating nutrient
solution, as shown in figure 4.3. The number of tricklers per pot varied per
pot from 1 to 4 in order to keep the top layers moist in each pot size. The
rate of flow per trickler was about 300 ml/hour. Aeration of the nutrient
solution occurred during the free fall of the return flow into the storage
tank and between the trickler and the pot. Oxygen content of the nutrient
solution draining from the pots was measured on a number of occasions; all
measurements showed a partial 0, pressure of at least 12% and usually above
15%.

inflow

outflow -—!
measurement

of waterlevel —
nutrient solution
main supply

pumpéd_ﬂ}
- Fig. 4.3 Recirculation system.
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The composition of the nutrient solEtion used wa 10.2 me/Ll NOB_
1.2 me/l HyPO, , 4.8 mes1 80,2, 4.5 me/1l K, 7.0 me/l Ca? and 4.8 mesl Mg
as macro-elements and 10 mg/l Fe, 1 mg/l Mn, 0.13 mg/l Zn, O.36 mg/l B,
0.04 mg/l Cu and 0.04 mg/l Mo. The solution had a pH of 6.5, an electrical
conductivity (EC) of 1.5 mS/cm and an osmotic pressure of 0.064 MPa (from n; =

* Tk * € = 0.083%293%0.026 (i.e. 0.017 mol/1l monovalent and $.009 mol/1
d%valent ions/1)).

The reservoir contained 200 1 of nutrient solution, which means about 3, 5
and 7 1/plant as the experiments proceeded and part of the plants were
harvested. The reserveir was refilled daily with water, half- or full-strength
nutrient solution in such a way that the electrical conductivity of the
solution remained between 50 and 100 % of the original value. The pH of the
solution was controlled on a daily basis. Once a week all nutrient solution
was removed and replaced. Fluctuations of nutrient concentration could usually
be kept to less than a factor of 10; NO, and K showed the strongest
depletion, while Ca? and 50,2 showed the strongest accumulation. Recause of
the vrelative increase in divalent ions the ratio of osmotic value and
electrical conductivity gradually changed from 0.042 MPa cm/mS to 0.037 MPa
cm/mS. Maintenance of an approximately constant EC of the culture solution
thus led to an approximately constant osmotic wvalue of the solution and
acceptable fluctuations 1Iin the concentration of the major nutrients (compare
minimum concentrations in table 3.2). Water and nutrient consumption was
recorded for all plants together by analysis of the remaining solution at the
time of the weekly replacement.

A wide range of pot sizes was used in each experiment. Pots were filled
either with (washed) coarse sand or with a rockwool block sheathed in black
polyethylene. All pots were covered by a layer of black alkathene pellets to
reduce evaporation from the pot surface. Pot height and diameters used in the
various experiments are listed in table 4.2,

Plants were grown in a glasshouse with temperature controlled by heating
and ventilation (target temperature (20)-25-(30), in reality 18-35 09¢;
relative humidity aimed at 0.80-0.90, in reality sometimes lower). All pots
were placed on a table as shown in figure 4.4. In three harvest periods one
third each of the pots was removed, so space and 1light available to every
single plant (in the remaining regularly spaced planting pattern) gradually
increased. Plants were supported by strings from the top of the glasshouse.
By regular pruning only one stem was maintained in the tomato experiments;
plants were decapitated beyond the 8th truss. In the cucumber experiments only
fruits on the main stem above 80 cm were maintained; plants were detopped when
the stem length was 2 m and two side branches were maintained thereafter.

1
2t

Table 4.2 Details of pot size for the four experiments; tomate cv Moneymaker
and cucumber cv Farblo were used in all experiments.

Experiment number 1 (IB 3037) 2 (IR 5047) 3 (IB 5063) 4 (IB 50653)
Crop tomato cucunber cucumber tomato/cucumber

Pots filled with sand:

Pot height (cm) 15 15 5-15 .15 15
Pot volume (dm?®) 0.5/1.5/6 0.5/1.3/3.8 3.1/6.2/12.3/19 1.25 &
Fore volume (dm?) 0.2/0.6/2.4 0.2/0.5/1.5 1.3/2.5/4.9/7.6 1.3 2.4

Pots with rockwool:
Pot volume {(dm?) 0.5/1.5/6 .2/0.5/1.5/¢6
Pore volume(dm?) Q0.5/1.5/4.8 0.2/0.5/1.5/4.8
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Fig. 4.4 Tomatoes growing in pots of various sizes in a recirculating nutrient
solution; a. just after planting; b-d when the first truss ripens (b: 0.5 1
gsand, ¢: 0.5 1 rockwool, d: 6 1 sand).

Fruit abortion was recorded and all ripe fruits were picked regularly. In
each sampling period aboveground parts were divided into stems, petioles,
leaves and generative organs and weighed separately. Leaf area was determined
by subsampling for specific leaf area (m?/g) and checked by measurements on
photocopied leaves. Root systems could be washed directly from the sandy pots,
the rockwool pots required pretreatment in 2% HCl overnight (Brouwer and Van
Noordwijk, 1978). After cleaning, root samples from rockwaool were still
contaminated with 3-6% dry weight of rockwool {(determined by dry matter loss
on ignition; for sand pots only 0.3% contamination was found). Corrections
were made for the losses of dry weight by handling and storage of roots, for
each growth stage and method used, according to results of a separate
experiment shown in figure 4.5. In experiment 3 and 4 all plants were grown on
sand to facilitate root measurements. Root length and frequency distribution
of root diameters were measured on subsamples to obtain estimates of specific
root length (m/g) and specific root surface area (m?/g) for each pot, which
were used to calculate total root length and total root surface area per pot.

In every sampling period the root entry resistance to water uptake was
measured for each pot in a pressure bomb (figure 4.6). The whole pot was
immersed in well-aerated water of (19)-20-(21) °C and measurements started
within ten minutes after cutting the stem of the plant. Rate of water flow
through the cut end of the stem was recorded at various levels of applied
pressure to the water (0 = "bleeding", 0.05, 0.1 or 0.5 MPa) or suction to the
stem (0.05 MPa). For cach pot a sequence of applied pressures was ugsed with &
measuring period of about 10 minutes at each pressure. Longer measuring
periods imply a risk of changes in hydraulic conductance of the roots by
anaerobiosis as water infiltrates cortical  air spaces under the pressures
applied. In experiment 4 analysis was made of the effect of the time of day at
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Fig. 4.5 Relative dry matter content of tomato and cucumber roots grown on a
nutrient solution, after simulated washing and storage procedures; dry matter
content of root samples is expressed as a percentage of dry matter content of
root samples dried directly after sampling; young, medium and old approxi-
mately correspond with the three sampling stages in the main experiments; in
the cucumber experiment a respiration inhibitor (0.1 mM KCN + 25 mM
salicyl-hydroxamate at pH 6.5) was used, but it did not reduce dry matter
losses.

which plants were cut and put in the pressure bomb and of the exudation
pattern In the case of a more prolenged application of a given pressure. In
some experiments estimates of leaf and fruit water potential were made by a
modified Scholander pressure bomb technique, using leaves, young side shoots
or young cucumber fruits which had been covered (while on the plant} with
aluminum foil since the previous day. '

maqsyre
pipe

collection of
air bubbles

sample collection

pot with
decapitated
plant

nutrient
sclution

' pressure

Fig. 4.6 Pressure bomb wused to
measure hydraulic conductance of
roots.
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4.3.2 Results
4.3.2.1 Pot size and root growth

Root development was physically obstructed by the smaller pots. In the
upper zone of sand-filled pots a dense mat of roots was formed, causing a rise
in the level of sand in the pot of up to 1 cm. Directly under the trickler a
lump of roots was formed. Towards the end of the experiment this caused
problems in some pots as the infiltration of nutrient solution into the pot
was impeded. In the smallest sand-filled pots the flow rate from the tricklers
had to be reduced, in accordance with the drainage rate possible.

In the tomato experiment all adventitious raots were classified according
to their length. For the smallest pot size (¢ 6.5 cm), the average length of
58 roots originating on the stem base was & cm (with a maximum of 15 cm), for
the middle-sized pots (¢ 11.2 em) 71 roots were recorded to have an average
length of 9 cm (maximum 40 cm) and for the largest pot size (¢ 23 cm) the
average length of 65 adventitious roots was 13 cm (maximum 50 cm} at final
harvest. At the first sampling period 85% of the final number of adventitious
roots was already present as well as 80% of the final length of the main axis
of adventitieous roots,

Cucumber roots were mostly restricted to the top 5 cm of the pot. For this
reason pot height was varied for two pot volumes in experiment 3. In rockwool
pots, Troots were concentrated mostly on the sides of the blocks, between the
plastic sheet and the rockwool block.

The ratio between root surface area and root dry weight was influenced by
pot size and was also different for sand and rockwool. Tomato started off at
about 0.28 m?2/g in sand pots and shifted to about (.20 m2?/g in the smaller
pots. In rockwoel all tomato roots had a specific root surface area of about
0.18 m2/g. For cucumber on sand-filled pots the figure was 0.35 n2/g; data for
roots washed from rockwool wvaried from 0.15 to 0.25 m?/g. Total root surface
area varied from 0,8 to 2 m? per plant in tomato and 1 to 4 m? per plant in
full-grown cucumber plants. For cucumber, however, much larger pots atre
required to allow this root surface area to develep. Cucumber roots do not use
the whole pot volume in narrow and relatively high pots. In experiment 3 pot
neight had no influence on total root surface area in the 4.9 dm® pore volume
pots, but in the 2.5 dm?® pore volume pots wide and shallow pots more root
growth was possible than in narrow and deep ones.

4.3.2.2 Shoot growth and fruit production

Figure 4.4 shows tomato plants of three pot sizes at harvest time
(experiment 1). Harvest data for this experiment are summarized in figure 4.7,
In the tomato experiment, only the smallest, sand-filled pot caused a clear
deviation from the growth pattern of the other pots: these plants developed a
smaller leaf surface area and showed the first ripe fruits on the first truss.
Of the tomatoes on the first truss, however, 30% showed blossom-end-rot, which
was not observed in the other treatments.

Leaf/root ratlio on a surface area basis wvaried between 3 and 1. The
smallest pots gave the highest ratic. The root surface area obtained in the
smallest sand pots, which under the conditions of the experiment was not
sufficient for optimal growth of the shoot, was 0.8 m2. The first plant with
normal growth had a total root surface area of 1.2 m?. The dry matter
production per plant was of the order of & g per day of vegetative shoot
tissue and 7 g per day of generative tissue. Both these wvalues are slightly
above the values wused In table 4.1, probably due to the wider plant spacing
used in the experiment. Vegetative shoot/root ratios on a dry weight basis
were in the range of 16 to 32. At final harvest dry matter production of
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Fig. 4.10 Average water consumption for all cucumber plants in the course of
experiment 3 and cumulative differences in fruit production (fresh weight)
from plants grown on pots of four sizes (total available pore space per pot in
dm?®);: cumulative production per plant iIs given minus the average wvalue). 1In
the wupper graph some measurements of leaf and young fruit water potential are
presented.

generative tissue was about equal to that invested in vegetative tissue. The
experiment was stopped when the first ripe fruits had just been picked.

In the cucumber experiments {figures 4.8 and 4.9) much more pronounced
effects of pot size on plant growth were evident. In experiment 2 (figure 4.8)
the largest pot used gave the highest production, and so the question remained
whether or not this pot was large enough to show maximum plant development,
Experiment 3, in which larger pot sizes were used, still was not completely
conclusive. Dry matter production per plant In vegetative and generative
tissue was wvery high in experiment 3, with 3.3 g vegetative and 8.7 g
generative per day. Leaf/root area ratio varied frem 1.0, wvegetative shoot/
root dry weight ratio varied from 10 to 20. Plants growing in sub-optimal pot
sizes generally had higher fruit abortion rates and higher dry matter contents
of the fruits. At final harvest the ratio between vegetative and generative
tissue was fairly constant, showing that most plants had adjusted fruit load
te the size of the vegetative shoot. Critical root surface area, as far as it
could be established, was around 2 m? per plant in experiment 2 and atound 4 m
in experiment 3. From daily harvest data of ripe cucumbers, a more detailed
analysis of the origin of yield differences is possible. Flgure 4.10 shows
cumulative differential yields for four pot volumes as developed in time;
average water consumption by all plants may serve as an indicator of effective
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4.3.2.4 Water uptake

Figure 4.14 shows that a suction of .05 MPa applied to a cut stem produced
flow rates comparable to those obtained with an external pressure of 0.05 MPa
to the roots. Initial measurements (experiment 1 and 2) with the pressure bomb
indicated that the time of day affected the measured flow rates. Figure 4.15
shows results of part of experiment 4 aimed at analyzing such effects. Plants
were cut at two times of day and measurements were continued for the whole
day. Measured flow rates after an initial rise gemerally declined after the
first hour of cutting. In tomato little influence of the time of cutting on
the results was evident., Plants which were left bleeding in the pglasshouse
often showed a peak in the bleeding rate around noon, which is probably due to
the rising temperature.

The measurements on cucumber showed a considerable effect of the time of
collecting the plants from the glasshouse for cutting on measured flow rates
at a constant external pressure of 0.5 MPa. The flow rate per unit root surfa-
ce area of plants collected from the glasshouse and cut at 11 a.w. was 2 to 3
times as high as that of plants collected from the glasshouse and cut at 8§
a.m.. From the absence of such an effect at 0.1 or 0 MPa external pressure we
may conclude that this effect cannot originate from variation in F % OF O,
alone, but may do so from variations in L_ at constant other variables, if we
accept the description in equation 3.3. Such differences in apparent L_ might
be due to the higher temperature of the root system in the glasshouse previous
to the measurement. In the pressure bomb we tried to maintain a constant
temperature of 20°C, but we cannot exclude temperature effects during the
measurements.

Because of the rapid decline of flow rates after cutting, measurements were
normally performed within the first hour after cutting; rates of flow at 0,
0.05 and 0.1 MPa pressure were compared for half the plants, flow rates at 0,
0.1 and 0.5 MPa pressure for the other half. For every pot two cycles of
applied pressure were completed {(e.g. 0, 0.1, 0.5, 0, 0.1, 0.5, 0 MFa).
Cccasionally plants had to be discarded, being apparently leaky when after
measurement at high external pressure subsequent measurement of bleeding
showed no or mnegative flow rates. Especially in small sand-filled pots with
tomato significant amounts of air bubbles were recorded, indicating that
air-filled cavities in the cortex were immersed. The possibility exists that
in such cases part of the observed flow occurred in air-channels in the cortex
rather than through the mnatural pathway in the xylem. For this reason
measurements of plants which showed air bubbles in the exudate were discarded.
The most reliable set of data was obtained in experiment 4. Rates of flow per
unit root surface area at various presgures are given in figure 4.16 for

ml hr-'m-2 Tomato

20

10
/X-—-_____x o H
oo~ G ST
0 .05 +05 O -.0% «.05 0
20 Cucumber

_.—-—'Qa-.g_—_-_-K /0
1o #= O\o/ ° \01

',,«" '*wthz:::ﬁ i::::iﬂ Fig. 4.14 Comparison between suction
0 ' ! 2 ! . and pressure on rate of water flow In
D _-085 +05 0 -05 +«0D5 O
applied pressurefsuction,MPa tomato.

=i

60




0.5MPz 01MPa ;. i, bleeding bleeding 2

ml hr'm-? —__ 50 days after
——-80 sowing

d -"'l'=\-‘_-4-

] T 1 TR ) ] |
8 10 12 14 16 8 10 12 14 16 8 10 12 14 16 B 10 12 14 18
Cucumbaer

ml hF'm-2 =——— 40 daysafter

—__65 sowing
75

e - ——
N i J 1 i i ] 1 M i l” I )
& 1 12 14 16 8 10 12 14 % 8 10 12 14 16 8 10 12 14 16

o'clock

Fig. 4.15 Daily pattern in water flow per unit root area under various
pressures; plants were collected at two times from the glasshouse; scale
differs for various applied pressures.

tomato and cucumber at three harvest periods (results for 0, 0.05, 0.1 and 0.5
MPa are averages of 4, 2, 4 and 2 replicates, respectively). Root hydraulic
conductance L as estimated from the slope of the line between applied pressu-
res of 1 and B.5 MPa was higher for tomato than for cucumber: about 9 and 12 =*
1078 cm/ (s MPa), respectively {according to (3.2) this is an underestimate of
the true value). The age of the plant had remarkably 1little effect on the
hydrauliec conductance, averaged over the whole root system. The position of
the intercept of the extrapclated straight line with the x-axis discussed in
the appendix to chapter 3 was found to be cleose to n, for tomato, and at low
or even negative x-values for cucumber; these positions of the intercept
suggest that the reflection coefficient o, was less than 0.5.

4.4 Water balance of tomato and cucumber

Observed values for the critical root surface area in our experimental con-
ditions are lower by a factor of 2 to 3 than the initial estimates in table
4.1, despite the slightly higher dry matter production per plant. Experiment 1
indicated that the critical root surface area for tomato was 1 m?/plant,
experiment 2 gave a value of about 2 m? for cucumber and experiment 3 (under
conditions allowing a higher growth rate) a value of about 4 m?. Observed
uptake rates for nutrients per unit root surface area in the experiments were
higher than estimated "maximum" values F from the literature used Iin table
4.1, wp to a factor of 4 for N, 5 for ]F?XZ for K and 7 for Ca. Thus nutrient
uptake was not a limiting root function in cur experiment, with the possible
exception of calcium uptake in the tomato experiment, as evident from the
accurrence of blossom-end-rot in the smallest pots.

Water uptake probably was a limiting factor for .shoot growth in the experi-
ments, as will be discussed next. Figure 4.10 shows that yield effects due tao
the pot size in cucumber experiment 3 were found mainly in two periods of high
insolation and hence transpiration. This circumstantial evidence can be sub-
stantiated by a quantification of all parameters of the water balance (4.2).
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Fig. 4.16 Flow rate per unit root surface area as a function of applied
pressure to the root system for tomato and cucumber in experiment 4 at three
stages of the life cycle of the plant: I during the exponential growth phase,
IT at the start of flowering, III when first trusses ripened (tomato).

Hydraulic conductance LP

Measurements of hydraulic conductance of roots grown in medium-sized sanéé
filled pots in experiment 4 (figure 4.16) showed a value of 12 and 9 =* 10
emt/(s MPa) for tomate and cucumber, respectively, instead of 5 as uged in
paragraph 4.2. Apparent hydraulic conductivities of roets grown iIn rockwool
were higher than of roots grown in sand, especially on small pots, probably
because of an extra resistance in the latter situation due to densely packed
sand, blocking part of the root epidermis (data not shown here).

Transpiration per plant Ep

.Total water use per plant per day in the experiments was in the range of 2
to 4 1; in the daytime (8 a.m. - 5 p.m.} the transpiration rate was approxima-
tely twice as high as the evening + nighttime value (5 p.m. - 8 a.m.). Average
maximum daytime transpiration rates per plant were about 200 ml/hour for
tomato {experiment 1) and about 300 ml/hour for cucumber (experiment 3).

Difference in hydrostatic water potential aH
Both the literature and our own experiments suggest that -0.5 MPa is a

reasonable estimate for aAH_ for tomato; for cucumber a value of -0.4 MPa was
found at the start of yieldpdifferences in experiment 3.
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Fig. 4.17 Nutrient and water uptake by tomato (A, experiment 1) and cucumber
(B, experiment 2}; C = uptake concentration = nutrient uptake rate/water
uptake rate [mol/l]"-JL = nutrient concentration in the solution [mol/l]; for
G the initial composition of the nutrient solution has been used; extended
périods of overcast weather are indicated.

Osmotic pressure =,

The osmotic pressure of the nutrient solution was ¢.03 - §.07 MPa, so we
may use an average of 0.4,

Solure reflection coefficient g

No independent estimates of o_ could be made as the procedure we used to
collect root exudate was not sﬁfficiently precise for a detailed analysis, A
possibility exists to estimate the reflection at the root surface from a
comparison of the "uptake concentration™ C = F /F (rate of nutrient uptake/
rate of water uptake}, with the concentratién € around the root. Figure 4,17
shows the ratio G /G in experiment 1 and 2, The dimensionless quantity C /C
varied from 2.0 in'thé initial growth phase to 0.2 occasionally in latef
growth phases. Values above 1 indicate depletion of the nutrient solution,
values below 1 dccumulation of salts 1In the solution. C /C varies for
individual mnutrients, but as an overall average over the whole & growing period
a value of 0.7 seems to be reasonable. This value may be tentatively
translated into a reflection coefficient of 0.3 if we want to use the
simplified equation (4.2), neglecting active nutrient uptake F - This wvalue
of o _ 1s much lower than the values usually reported for non-nutritional ions
such hs Na and Cl, for which 0.8 - 1.0 is commonly found. Strictly speaking
this use of a reflection coefficient for nutritional ioms is not in agreement
with the assumption of concentration-independent nutrient uptake (chapter 3);
the value found 1s valid only for the concentration used in the experiment.
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Minimum root surface area for water uptake Ar v
E)

Using the above-mentioned values in (4.2), A can be estimated at about
1.0 m?2 for tomato and about 2.4 m? for cucumber 8T the conditions of our
experiments. The fact that the actual hydraulic conductance was double the
value initially estimated roughly corresponds with the fact that the critical
root surface area was half the value estimated. Thus we may conclude that the
cbserved minimum root surface area, as indicated by unrestricted shoot growth,
closely agrees with the root surface areas required for water uptake under the
experimental cenditions, as evident from independent measurements of the
potential for water upkake of the root systems.

4.5 Discussion

The ecritical root surface area as evident from the experiments agrees
quantitatively with estimates of the required total water uptake and potential
water uptake per unit root surface area. In this respect our experiments agree
with the functional equilibrium theory, predicting that the required size of
the root system is determined by the rate at which external resocurces (water
and nutrients) can be obtained; iInternal functions of the root system such as
hormone production apparently act within the limits of direct resource availa-
bility. Experimental results such as the shift to early £ruit production in
tomato and increased fruit abortion in cucumber may be caused on the proximate
level by differences in levels of absisic acid (ABA) and/or cyteokinins. The
first step in such a causative chain is a difference in internal water status
of the plant due to a reduced root system at ample external supply, which has
to invoke an internal response in the plant.

Some aspects of the experiments and especially C /C_ for horticultural
practice will be discussed in chapter 5 in relation fo “"the nutrient use
efficiency of horticulture on artificial substrates. At this stage we may
conclude that the hypothesis can be corrcborated that at a certain stage of
improved supply of water and nutrients, physiologically determined maximum
uptake rates limit a further reduction in the size of the root system. For
tomato and cucumber at least, the maxImum uptake rate for water determines the
size of the root system in a nutrient solution (the osmotic pressure of which
can hardly influence these results). No evidence for real maximum nutrient
uptake rates could be obtained.

For a model description of nutrient uptake in the field, under situations
where supply te individual roots by diffusion and mass flow is the rate-
limiting step, the simplified approach (neglecting "physiological parameters")
outlined in chapter 1 may be sufficient.
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5. MINIMAL ROOTED VOLUME AND NUTRIENT USE EFFICIENCY IN MODERN HORTICULTURE

5.1 Introduction

In modern horticulture on artificial substrates (figure 4.1) the smallest
possible root environment is desirable, for practical and economic reasons.
Results discussed in chapter 4 suggest that the rooted volume can be greatly
reduced before the physiclogical limits to root functions are reached due to
physical obstructions to root growth, provided the supply of water and
nutrients to the roots is continuously waintained. The latter condition,
however, is not easily met, especially when recirculating systems (as in the
experiments of chapter &) are avoided for fear of spreading diseases. The
majority of horticultural systems on soilless media invelve relatively small
root systems associated with a low nutrient use efficiency. This association,
however, is not based on a direct causative chain. In these horticultural
systems with a very small buffering capacity of the root environment for water
and nutrients, the relative depletion fraction 1Is determined by the degree of
adjustment of nutrient supply to the current needs of the crop, rather than by
the ability of the plant to obtain nutrients from the root environment. In
this chapter the nutrient use efficiency obtained in commercial practice will
be discussed and analyzed; possibilities for improving the nutrient use effi-
ciency of relatively small root systems will be indicated. Consideration of
this soilless situation helps in formulating functions normally performed by
soils.

The smaller buffering capacity of the root environment for nutrients and
water in sollless cultures compared with conventional ways of growing plants
in so0il offers possibilities for manipulating and rapidly changing the root
environment. The small buffering capacity imposes a need for frequent replen-
ishment as well as a need for regulating the nutrient content of the solution.
As a plant rarely takes up water and the various nutrients according to the
external supply, it is continuwously changing the composition of the nutrient
solution. The smaller the reooted volume, the more these disturbances are felt,
Problems in maintaining an ideal root environment in these weakly buffered
systems make it difficult te obtain maximum plant production as well as a high
nutrient use efficiency.

In this chapter root development in rockwool culture under conditions as
exist in commercial practice will be discussed in relatlon to salt accunula-
tion in the root environment, leaching of nutrients and nutrient use effi-
ciency. Improvements of the low nutrient use efficiency obtained so far pri-
marily depends on a better synchronization of putrient supply with nutrient
demand.

5.2 Root development in rockwool
5.2.1 Research methods

The geometry of rockwool culture systems for tomato and cucumber is shown
in figure 5.1 (compare also figure 4.1 D). Usually four plants are grown on
one piece of rockwool (length x width x height = 180 % 30 x 7 cm®) with one
trickling point near each plant. The rockwool slab is sheathed in polythene
foil with drainage slits in one or more places. Nutrient solution is supplied
several times a day, excess nutrient solution is lost through the slits to the
glasshouse soll. The 10 1 of rockwool per plant holds about 5 1 of nutrient
solution, i.e. about twice the average daily transpirational demand.

The composition of the nutrient solution is based on crop-specific reci-
pes. Total salt content of the nutrient solutiom used is frequently (daily)
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Fig. 5.1 Schematic presentation of
rockwool-grown tomatoes: A = rockwool
slab, B = planting cube, ¢ = trickler,
D = polythene sheath and E = drainage
slit,

adjusted on the basis of the pH and the electrical conductivity (EC) of a sam-
ple of nmutrient solution. Nutrlent ratios are adjusted on the basis of comple-
te analysis of samples of solution collected from the rockwocl slab twice a
month for macto-elements and monthly for trace elements.

Root development was recorded in two rockwool-culture experiments under se-
mi-practical conditions: a tomato experiment in 1977 and a cucumber experiment
in 1978. In both cases the rockwool slabs were cut into subsamples of 10x10x
2.5 em® from which nutrient solution was collected for measurement of EC and
pH and from which roots were washed (see section 4.3.1 for methods).

5.2.2 Results

Figures 5.2 shows the spatial variation in root surface area and EC of the
nutrient solution in rockwool slabs with tomato. Highest root densities were

root surface area ) EC
025 05 10 20 40
PR NN ST, SRS

Fig. 5.2 Distribution of root surface area (A) and total salt content (B) of
the nutrient solution as indicated by electrical conductivity (EC) for a
tomato experiment on two harvesting dates (Van Noerdwijk, 1978).
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dripper ..

Fig. 5.3 Distribution of a vred dye
(safranine) in a rockwool slab in the
geometry used for growing cucumbers,
when the equivalent of 1.7 x  the
moisture holding capacity of the slab
had been infiltrated through the - two
drainage «F - trickling points (Van Noordwijk and
outlet jo——30cm ——— Raats, 1982).

found in the upper zone of the rockwool slab. Small-scale differences in EC
occurred: over 5 com distance EC varied by a factor of 2. Relatively high EC
values were found in the lowest zome of the slab, in-between two plants and in
between tricklers. Recognition of such local differences in EC and of the
existence of so-called dead corners with high salt contents has subsequently
led to better -instructions for sampling the nutrient selution, aveiding the
dead corners, lons accumulating in the dead cormers mainly are €1, 80,27,
Ca?  and Mg?

At a plant density of 2.2/m?, total root surface area was 1.1 m? per plant
for a 2-month old cucumber crop in March and 2.0 m? per plant when the crop
was 5 months old, For tomato a total root surface area of 2.2 m? per plant was
found. These values agree with the size of the root systems in the experiments
discussed in chapter 4 in non-limiting pot sizes.

Figure 5.3 shows that nutrient sclution frem the tricklers does neot mix
well with the solution present. Large parts of the rockwool slab are not
incorporated in the major flow lines. As discussed before (Van Noordwiik and
Raats, 1980, 1982) this infiltration pattern may predict where salt
accumulation will occur; recommendations were made to adjust the geometry of
infiltration and drainage points to make full use of the buffering capacity of
the rockwool. The cause of salt accumulation 1lies in incomplete
synchronization of nutrient supply and demand, as will be discussed now.

5.3 Nutrient use efficiency

Van Noordwijk and Raats (1982) showed that in the cucumber experiment of
figure 5.3 a large part of all fertilizer used was washed to the drains: only
about 30% of N, P, Mg and K and about 10% of Ca and Mg applied during the
growing season was actually taken up by the crop in this experiment. Data on
nutrient and water use by 15 tomato and cucumber growers collected by Van der
Burg and Hamaker (1984) are shown in. figure 5.4. In commercial practice 30 -
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Fig. 5.4 Fertilizer use in 15 glasshouses in one growing season in relation to
the amount of water leached (after Van der Burg and Hamaker, 1984); total
fertilizer wuse; estimated nutrient wuptake for bath cucumber and tomato is
indicated.

60% of N, P and K supplied is taken wup by the crop. The relatively Ilow
efficiencies and the large amounts of nutrients lest (up to 1000 kg N/ha)
deserve further analysis. Losses of water and nutrients are partly due to
uneven delivery of solution by the tricklers and uneven growth and uptake of
the plants, which cause leaching of excess nutrient solution when the water
supply 1s adjusted to the meost-demanding plant with the slowest trickler (Van
Noordwijk, 1983b).

Even in completely homogeneous systems, however, an apparent need for
leaching of nutrient solution stems from the salt accumulation which would
otherwise occur, If irrigation water is used which contains NaCl, accumulatien
of salts in the system cannot be avoided; leaching requirements for such a
case were described by Van Noordwijk and Raats (1982). Even without NaCl or
other undesirable salts in the system, salts often accumulate, due to diffi-
culties in adjusting nutrient ratios to current demand.

In the recommended composition of a nutrient scolution Ca and Mg are sup-
plied in higher concentrations relative to plant demand than K, to maintain
suitable K/Ca and K/Mg ratios for adequate uptake. The necessity to maintain a
K/Ca ratio in the root environment which differs from the uptake ratio may be
due to the fact that different parts of the root are involved in uptake of Ca
(only the young parts) and K (the whole root length, compare chapter 3). For
the young root parts the K/Ca uptake ratio may be equal to the ratio supplied;
around the older roogs Ca accumulates, unless the nutrient solution is tho,
roughly mixed, SO, gserves as a counter ion for the necessary excess of Ca
and Mg in the nutrient solution and is supplied in excess of plant demand as
well. To maintain the pH of the nutrient solution part of the nitrate is
supplied as HNO,;. Alternatively a NH, : NO; ratio can be found at which
nutrient uptake has no effect on pH. In a root medium such as a rockwool slab
where the nutrient solution is not thoroughly mixed continuously, local
depletion and accumulation of the nutrient solution and change in pH can
hardly be avolided.

As figure 4,17 showed, the relative depletion of the nutrient solution,
C /C , may wvary from week to week and in fact from day to day, as
transpirational demand fluctuates. The optimal concentration of all wnutrients
in the nutrient solution for maximum yields (and/or quality) has been
established for many plant species in experiments in which many concen-
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Table 5.1 Estimated daily uptake concentration, C , of nutrients (figure 4.17)
by a tomato crop compared to the recommended composition of the nutrient
solution in the rockwool slab (Sonneveld and Van der Wees, 1980). Three system
concentrations are shown for each nutrient: lowest C (2), desired C (d) and
highest Cs(h). The range of concentrations tolerated 1is defined as
C (h)/C (£)” Uptake concentration € calculated for a daily transpiration of
255 1/Elant is compared to the desired system concentration Cs(d) in the last
column.

Daily uptake  Uptake System concentration C5 Tolerance Utilization
mg/(plant conc.Cu CS(B) Cs(d) Cs(h) Cs(h)/cs(ﬁ) Cu/Cs(d)
day)  mg/l mg/1
N 225 90 84 130 210 2.5 0.69
P 45 18 15 31 47 3.0 0.58
S 50 20 32 64 160 5.0 0.31
K 450 180 166 200 270 1.75 0.90
Ca 100 40 160 200 280 1.75 0.20
Mg 30 12 24 48 72 3.0 0.25

tration levels, maintained throughout the growing seasen, were tested (Son-
neveld and Voogt, 1985)., If in such an experiment a concentration C_ would be
tested which equals the average C_ over the whole growing period, the plants
would receive insufficient nutriénts during some parts of the growing season.
As soon as C_ > C_ the concentration around the root C_ will tend to rise fur-
ther, as sdon as C_ < C , G will decrease furthe?¥. For thils reason it is
understandable that the recommended C_ exceeds the average C_ (Table 5.1). As
a consequence, nutrients will accumulate in the root environment during large
parts of the growing season and may cause difficulties with the water uptake
by the plant as well as imbalance in K/Ca ratio of the nutrient sclutiom.
Leaching of nutrient solution is a simple way out for the grower, but this
results in a low nutrient use efficiency.

The relationship between leaching of water and nutrients and the fractio-
nal uptake (C /C ) can be formulated simply for a perfectly mixed system such
as a rapidl? %ecirculating nutrient solution (NFT-system, figure 4.1). For
imperfectly mixing systems of low buffering capacity, such as rockwool slabs,
this algebraic description may still be a reference. For the water and
nutrient balance of a perfectly mixed system (Raats, 1980) we may write:

(5.1) N =N +N, ,

2
(5.2) Wa = Wu + W,
where:
Na and Wa = input of nutrients and water, respectively,

Nu and Wu = uptake of nutrients and water, respectively,

NE and Wf = leaching of nutrients and water, respectively.

When we define "leaching fractions" ﬂn and EW for nutrients and water,
respectlvely, as:
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Fig. 5.7 Required storage capacity
Vv /W of a nutrient solution system,
agsuﬁing water uptake during the day
only and constant nutrient uptake, and
replenishment with an ideal solution

once a day; solid lines  for

1.0 . , . | accumulation, ¢ < 1, broken lines for

' 15 20 z5 30 depletion, ¢ Y> 1 (Van Noordwijk and
buffercapacity, Vs/Ws Raats, 1982)_u

5.4 Discussion: Synchronization requirements and buffering capacicy

The physiological limit to the root/shoot ratio, discussed in chapter 4, is
not reached in practical rockwool culture: due to difficulties in main-
taining an "optimal™ supply of water and nutrients the size of the rooted
volume has to be considerably larger than the volume minimally required for
root development as such. In substrate culture, the present association of
small raot systems with low nutrient use efficiencies is not a necessity. As
shown in figure 5.6, the leaching fraction for nutrients could be considerably
reduced if a better synchronization of nutriemt supply with current demand
would be achieved, with ¢ as close to 1.0 as possible (e.g. ¢, = 0.8 leads to
22% losses). h e

If the replacement sclution is regulated in an ideal way and such that the
effect of nutrient uptake by the c¢rop on pH 1is mneutral, no leaching is
required. While in all cases the replacement solution C_ should, ideally,
equal the (current) uptake solution C_, the system concentration C_ may be
different from C in a well-mixedusystem. This makes it possible to supply
cations (K and ca? } in a ratio which differs from their uptake ratio. In
such a case, however, perfectly mixed systems (such as the rapidly
recirculating nutrient solution in the NFI-system, figure 4.1) are to be
preferred to non-mixing systems such as rockwool.

Reduction of the buffering capacity in the immediate enviromnment of the
root in soilless culture increases the possible degree of human econtrol over
both plant nutrition and losses to the environment. To obtain the desired -
and possible - nutrient use efficiencies a considerable change of present-day
practices is needed.

In agricultural systems important functions of the so0il in natural eco-
systems have been replaced by technical means. In soilless cultures this can
be seen in the clearest form. Rain water is collected from the roofs of the
glasshouse and stored in a basin next te the glasshouse for daily use. In
field-grown crops water is stored in the soil between rains, preferably within
reach of the root system. On a macro-scale, agricultural water management in
the Netherlands has become similar to that in the glasshouse: excess water
from runoff and drainage 1is c¢ollected in ditches and pumped out of
agricultural areas to large lakes; during dry periods surface water has to be
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returned to agricultural areas for (sprinkler) irrigation of the crop. The
necessity of such measures depends on the size of the effective water buffer
capacity in the rooted zone and hence on water depletion efficiency of the
crop.

As water acts as a carrier for nutrients manipulation of the water supply
has several consequences for the nutrient supply of the crop, both favourable
and unfavourable, Nutrients for the soilless cultures are stored 1in a
concentrated form in basins inside the glasshouse; the amounts given daily
have to meet actual requirements on that day as the buffering capacity of the
root environment is low. In field-grown crops, nutrients are added once or at
most in a few split applications of fertilizer. Buffering capacity of the soil
(as influenced by organic matter and clay content, rooting depth, biclogical
and chemical factors) -is mnecessary to obtain reasonable nutrient use
efficiencies under such poor synchronization of supply and demand and to
(partly} protect nutrients from leaching during periods of excess rainfall., A
direct consequence of this buffering is a reduced mobility of the nutrient in
the root zone and hence transport distances to the root surface become
important.. Higher rocot densities may reduce transport distances as well as
uptake requirement per unit root length. Feor soll grown plants the geometry of
the system 1s of considerable importance as it determines the transport
distances involved in nutrient and water uptake. As a further step towards our
model description, chapter 6 will consider the geometry of soil-reot systems
and chapter 7 physical and chemical aspects of buffering and mobility in the
soil.
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6. GEOMETRY OF THE SOIL - ROOT SYSTEM

6.1 Introduction

In this chapter we will define representative situations of the geometry of
spil-root systems, for which transport equations will be solved in chapter 8
to 11. In section 6.2 we will analyze the geometry of roots and derive an
expression for specific root length and specific root surface area, as defined
in chapter 1l; literature values are presented to obtain standard wvalues for
use in later chapters. In section 6.3 literature data on root length density
L (root length per unit volume of s0il) will bhe reviewed.

Section 6.4 will describe the dynamics of root pgrowth and decay in the
field, as a further discussion of assumption & in chapter 3. In section 6.5 we
will concentrate on the distribution pattern of the roots, in section 6.6 on
the degree of physical contact between soil and root. In section 6.6 we will
define the geometry to be used in the models of chapter § to 1l.

6.2 Relations between basic root parameters
Geometry of roots

Generally roots can be assumed to be cylindrical in shape and hence simple
relationships exist between length, surface area and volume:

- 2 - 3
(6.1) V_ =7 Re? L_=A_ Ry/2 [em®],

where

= root volume [em?],

= root surface area [cm?],
root length [cm],

root radius [cm].

r

oo e
cH N
[

Root volume is related to root fresh weight via the specific weight and
root porosity; root dry weight is related to root fresh welight wvia the dry
matter content:

(6.2) YD,r = Md,r Fr = Md,r (1-er) Sr Vr ,

where:

YD r " root dry weight [g],

Fr' = root fresh weight [g],

Md - dry matter content of roots [-],

er' = air filled root poresity as fraction of V_,

Sr = specific weight of non-airfilled root tissue [g/cm?®].

A root system consists of a set of partly interconnected cylinders of
various lengths and diameters. The relationships between root system values of
basic dimensions such as length, surface area and volume are similar to those
for single roots, except for the definition of the average root radius. If the
root system consists of k classes of roots, eatch with root radius R,(j) and
root length per class L (j), or if n random measurements of root radius R,{i)
are made, we may define two types of average root radius, a linear average R,
and a quadratic average R;:
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(6.3) Ro= ( ZL.(J) Ro(1)}/ BL.(}) = = Ry/n [em],
j=1 j=1 i=1
- k . k n _
(6.4) Ro? =1( Z Lr(j) Ro(1)2)/ B Lr(j) = Z Ro(1)? /m = var(R,) + R,? ,
j=1 j=1 i=1

with var(R,} as the variance in the usual statistical definition.
The specific root surface area, A /Y and the specific root length,

erYD ,» Can now be formulated as (Vgn Bbgrdwijk, 1987):

- P -1
(6.5) A, = My (1-e) S, (Re/2) (Ro/Ro)?) [em?/g],

1

(6.6) L_/Y, (n Md'r (1-¢) 5. Eo?y [em/g].

T
Figure 6.1 shows commonly found values for the Ar/Y

and Lr/YD " ratiao,
as Influenced by the parameters of (6.5) and (6.6). !

D, r

Survey of specific root length data

Equation (6.6) shows that specific root length cannot be directly obtained
from estimates of average root diameter. Data for various crops as reported in
the literature are summarized in figure €.2; details and literature references
can be found in appendix 6. Considerable variation in values occurs; possibly
part of this variation is due to a lack of standardization in methods of
handling yoot samples and collecting quantitative root data. No consistent
difference exists between Monocotyledonae and Dicotyledonae. Although most
references show a range of values for the same crop under different conditions
or for different genotypes of the same crop, standard wvalues vrelevant to a
majority of situations can be found. Specific root length for various. crops
and situations usually is in the range 100 - 300 mn/g, for roots with an
average root diameter of ¢.2 - ¢.3 mm.

A B

specitic root specific roct
surface areq length

miq
300

100+

Fig. 6.1 Specific root sur-
face area (A) and specific
root length (B) as a
101 function of average root

a diameter (equations 6.5 and
3l E 6.6); parameters used M

d  -0.075, ¢~ 0.05 or 0.95"
11 Sr = 1.0; the lines for ¢
~"0.25 can alse be inter-

1 L | J
0507 10 01 03 0507 10 preted as M, = 0.059, ¢ -
mm root radius Ry 0.05. !

00
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specific root length, mig reference number
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Fig. 6.2 Summary of literature data on specifiec root length; plant species

arranged in taxonomic order; numbers refer to appendix 6.

Air-filled root porosity €

The parameter ¢_ in (6.5) and (6.6), the root porosity, can be measured by

comparing the specific weight of rocts as such with that afrter grinding
{(Jensen et al.,1969) or evacuation, when all pores may be expected to be
water-filled. Results of this technique are in agreement with visual in-
Table 6.1 Data on root poresity, € reported in the literature and

unpublished results.

Crop

Wetland grasses and rushes

Rice

Maize
- adventitious roots

Barley

[}

Wheat cv "inia", susceptible

cv "pato", tolerant

[}

Onion

Wetland dicots
Tomato

Sunflower
Bean, Pea
Gerbera

Bouvardia

Root porosity [%]

8 - 45
27 - 36
8 - 10
3 - 19
4

2 -4
3-8
5 -15
5

2 - 19
6

4 -9
5 - 11
4

2 -8
0 -1

Reference

Crawford,

1982

Jensen et al. 1969
Jensen et al. 1969

IB-unpublished

Jensen et
Yu et al.
Yu et al.
Yu et al.
Jensen et

Crawford,
Jensen et

al. 196%
1969
1969
1969
al. 1969

1982
al. 1969

IB-unpublised
Yu et al. 1969
Jensen et al. 1969
IB-unpublished
IB-unpublished
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spection of microscope slides (Van Noordwijk et al., in prep.). Data on root
porosity for some agricultural crops are summarized in table 6.1. For a
quantification of the aeration status of roots, the air-filled porosity of a
root is important (Chapter 8).

6.3 Root length density and root area index
Unit soil area

Reoot parameters may be expressed per plant, per unit soil volume or per
unit cropped soil area. The first way is most relevant for studying sheot/root
relationships, the second for studying relative depletion of nutrients and
water present in the soil and the third for studies on a crop level, for
instance of dry matter input into soil ecosystems by roots. These three bases
of comparison may be distinguished by a second subscript L [em], L
[em/em®] and L [em/cm?] respectively (similarly for A, etc.). P is calldd
root length density. The dimensionless A__ has previousfy been defined as Root
Area Index, in analogy to the Leaf Area TRdex (Barley, 1970). When consi-
dering reoot systems under closed crop canopies roots of neighbouring plants
usually are intermingled and an individual plant may not be a convenient basis
for expressing root parameters. The size of the root system of an "average"
plant corresponds to the amount of roots under a "unit soil area", U_, as
defined in figure 6.3A. 2

The unit soil area equals the reciprocal of plant density. Figure 6.3B
shows that it may be expected that an equal numbsr of roots of the central
plant will be found outside the unit soil area, as roots of neighbouring
plants enter this volume of soil. Relationships between the various bases of
comparison are simple:

(6,7) Lra = LrP / Ua [em/cm?],
A
(6.8) 1 - ofr L_(z). dz [em/em? ],

where z = depth and Z_ = depth of rooted zone. The unit scil area may be
divided into four 4gquarters of equal size, which form the smallest
representative area of the field, except for different exposure of the soil
surface to the sun,

A
* *
*
*
A
* b T —
1 *
* *
f *
B 2 ; 1 | ' Fig. 6.3A. Top view of the

"unit soil area™, U_, for row
crops; plants are indicated by
an asterisk, U_ by the shaded
area. B. Side view of the root
system under the wunit seoil
area.
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t, = turnover of root length during a growing season (-],

Lr(e) = standing root length in the observation plane at the end of a growing
season [cm/cm?],

Ln(e) = cumulative length of new roots since the start of the growing season
[em/cm?],

Lt(e) = cumulative length of roots observed during a growing season [cm/cm?)
for annual crops L {e) = L (e),

Ld(e) = cumulative length ¢f dead and/or disappeared roots at the end of the
growing season [cm/cm?].

The root length replacement ratic r, can be calculated for both annual and
perennial crops. For perennial crops it gives information on the average
longevity of individual roots. If r, = 1 we may conclude that the average
longevity of a root is 1 year, provided that L_(e) is constant from year to
year. The frequency distribution of individual root longevities cannot be
estimated this way.

Table 6.3 presents data for four sets of observations,; for winter wheat on
average only 13% of the root length formed during the growing season had
disappeared by the end of the growing season; for sugar beet this wvalue is
about 50% and  for grassland 40%. Although we do not have enough data for
generalization to all agricultural situations, for model calculations neglect
of root turnover during the growing season {assumption 8, chapter 3) seems to
be acceptable as a starting point,

Table 6.3 Root length replacement ratio r, and turnover t, of fine roots of
field-grown crops during a whole growing Season, as observed in minirhizeotrons
in the field; for grassland two irrigation regimes are compared, (1 = irriga-
ted when soll water pressure fell below -200 cm; 2 = non-irrigated), for sugar
beet sown (1) and planted (2) crops are compared, for winter wheat two farming
systems (1 = "conventional"; 2 — "integrated"),; depths: a=0 - 10, b = 10 -
30, ¢ = 30 - 60 cm; for sugar beet and wheat a = 0 - 30 em (Grzebisz et al.,
in prep).

Treatment Depth
average 1 2 a b c

Ty

Grassland 1983 0.%9 0.92 1.07 1.99 1.22 ¢.53
Grassland 1984 0.76 0.61 0.91 1.21 0.68 G.58
Sugar beet 2.12 2.03 2.20 2.62 1.76
Winter wheat 1.12 1.09 1.15- 1.22 1.09
“p

Grassland 1983 0.53 0.55 0.51 0.69 0.39 0.33
Grassland 1984 0.31 0.33 0.30 0.34 0.33 0.23
Sugar beet 0.53 .52 0.54 0.62 0.44
Winter wheat 0.13 0,11 0.15 0.17 0.09
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6.5 Root distribution pattern
Root anisotropy

An important aspect of wvariation i&n roet distribution, related to root
orientation, is described by the degree of anisctropy. A normalized anisotropy
factor a can be defined, medified from Lang and Melhuish (1970), from the
number of roots N , N and N_ intersecting three mutually perpendicular planes
X, Y and Z, respéctigely (Zzhorizontal, X and Y vertical perpendicular to and
along the crop rows, respectively):

= N 2 N 2 N 2 2
(6.10) a_ =] (N - N) N - NDE o+ N, - N2 /6N
where:
Nm = average number of roots seen per unit sample area = (Nx + Ny + Nz) /3,
and Nx’ Ny and Nz are the number of roots seen per unit sample area,

Root-plane intersections can be counted in various ways. The two main sampling
approaches used are: counts of Nz on auger samples which are broken for
inspection {Schuurman and Goedewaagen, 1971), or counts of N_ on smoothed
profile walls on which roets are made visible by removing some soil by
spraying (Bohm, 1979). Roots can be counted in grids directly or after mapping
on polythene sheets., Horizontal planes can be mapped as well (N ). The profile
wall method shows spatial arrangement of roots, for instance in relatiom to
soil structure. As a third, less practicable method, blocks of soll hardened
by resins can be inspected (Lang and Melhuish, 1970). )

The average number of roots seen per unit area for three planes, N , can be
related to the length of roots in a volume of soil by: m

(6.11) L =2 x_ X ,

v r oTm
where Ar = 1 for a = 0. For root distributions which are wot anisotropic the
correction factor Ar can be estimated (Van Noordwijk, 1987) from:

(6.12) A =05 a2 +1,
r n

(6.13) A =08 a2 +1,
r ¢

for the "linear" and the "planar" situation, respectively, with (0,0,1) and
(1,1,0) roots in the three planes in the extreme case.

In the usual application of both the profile wall and the core-break method
roots are counted in one plane only. For counts in the horizontal plane N_ the
relationship with L___ can be formulated as follows. If root densities in the
two vertical planes are equal, we may write Nx =N =f N . For roots with a
preferentially vertical orientation £ < 1. FYom (5.1%) and (6.10) we can
eliminate Ar and Nm in (6.11}:

_ 2
(6.14) L,=N (22+28 +1) /(2 2 +1),

and for roots with preferentially horizontal orientation, Er > 1, from (6.13)
and (6.10) we can eliminate Ar and Nm in (6.11):

- 2
(6.15) Lrv Nz (16 ﬂr + 8 Br + 6) / (10 ﬂr + 5) ,

For £_ = 1 these equations reduce to L_ = 2 N for 2 =0 it follows from
(6.14) that Lrv = Nz; for large ﬂr (6.1§¥'can be approximated by {(Van Noord-
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wijk, 1987) Lrv =N (1.6 ﬂr + 0.8).

When root counts are made in one plane only and no knowledge of £_ is
available, as is usual in both the core-break method and the profile wall
method, calibration is necessary by correlating N in the plane of observation
and L_ . Values for L__/N found in this way may differ from theoretical values
because of errors 1In counting all roots, for instance overlooking roots or
counting dead remains of roots which are distinguished as such in washed
samples.

Calibration factors Lrg/NZ for the core-break method usually vary with
sample position, sample depth and time, as we may expect from the strong
influence of factor £_. Core-break methods thus can only give a rough
indication of root distribution in the field. Available estimates of £ _, the
ratio between root counts on horizontal and vertical planes are in the range
0.5 - 4.

Distribution pattern

When considering L on a small scale (small volumes of soil) part of the
variation is due to tﬁg fact that roots occur as discrete events, branch roots
originating on main roots. Root distribution on this scale deviates from
randomness either in the direction of regularity or in the direction of
clustering, Definitions of such patterns are given in plant ecology (Pielou,
1969; figure 6.5). The pattern can be quantified by measuring "nearest
neighbour distances” between zroots, and between so0il and 7root, 1.e. by
classifying all soil according to the distance to the nearest root {(figure
6.6), Root distribution pattern can be influenced by soil factors (e.g.
structure) as well as plant factors (e.g. branching).

On the basis of a comparison of point-root and root~root nearest neighhour
distances (figure 6.7A), statistical tests of randomness are pessible (Diggle,
1983). The description of nearest neighbour distances on root maps is not only
a technique for tests of randomness, it may also provide insight into the
frequency distribution of real diffusion distances involved in nutrient and
water depletion by a root system. In the three-dimensional reality (figure
6.7B), however, diffusion distances will be shorter than in our two-dimensio-
nal maps. The difference may be quantified as follows.

For a two-dimensional map of the Z-plane, the frequency distribution of
point-root distances In case of a random distribution of roots, can be derived
from a Poisson distribution as (Pielou, 196%; Marriot, 1972):

(6.16) Pléad < D,] =1 - exp(~nm NZ_D22) s
where:

D, = two-dimensional distance,
d = distance of a peint on the map to the nearest root,

AT
L] . [ . :“ Ak
L] L] . - &
.
L .
L . ah
N . . . Ak Ad
* * Ak
. .
. o s s . A‘“ :‘dl
A
A% a 2 A=
regular random clustered

Fig. 6.5 Three basic types of spatial distribution: regular, random and
contiguous (clustered).
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distance to the nearest root; C. Distribution of distances around an "average"
root for a random and for a regular pattern.

Nz — number of roots per circle of unit radius (=« cm?) .
For Tandomly oriented roots (6.11) shows:

(6.17) L.~ 2 Nz
For three-dimensional distances of points to randomly oriented and
spaced lines Ogston (1958) and Barley (1970) derived that:

(6.18) P[d < Dg] = 1 - n L__ Ro? - exp{- m L (D3 + 4/3 A Dg™))

Tv
where:

D, = three-dimensional distance,

A = number of root tips per unit root length. :
The second term in (6.18) is a correction for the velume occupied by the
roots, which normally is negligible. As figure 6.7B shows, A in (6.18) is of
considerable importance. Its role follows from the possibilities of end-point
contact for a half sphere around the root tip, added to the tangential contact
for cylinders around the root.

For A = 0 we may compare equation (6.l6) to equatiom (6.18) and relate D,
to Dy:

(6.19) D, =D, /]2 =071 %D,
This result strictly depends on random orientation of the roots with regard to

the plane in which two-dimensional distances are measured. If D, is measured
in a plane perpendicular to a parallel root system Dy will equal D,. In no

B3
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7. AVAILABILITY AND MOBILITY OF NUTRIENTS AND WATER

7.1 Introduction

The early research workers locking for procedures to assess the
availability of a nutrient aimed at chemical methods by which the amount of
available nutrients could be measured, searching for extractants which could
simulate the uptake by plant roots (Dyer, 1894), e.g. 1 or 2% citric acid, 1%
acetic acid etc. (Sjollema, 1904). Rather recently some soil scientists
(Melsted and Peck, 1973) still considered it one of the major tasks of soil
fertility research to develop methods by which the amount of available
nutrients in the scil can be assessed: "To us {(one of) the cbjectives of soil
testing (is) to  accurately determine the available nutrient status of the
soil..... ". A major problem is how to define "available nutrient status” in
this context. According to Russell (1973) it was soon realized that all that
was needed for fertilizer recommendation schemes was a standardized = chemical
extraction technique which gives a good correlation with the yield or nutrient
uptake of a crop and gives a fair indication of the amount of fertilizer to bhe
applied. The requirement that a soil test for a particular nutrient should
more or less give the absolute available amount was also in the WNetherlands
abandoned 1long ago (Van der Paauw, 1938; Sluijsmans, 1965). In fact for
fertilizer recommendation the result of a soil test is often recast into a
number, which though being a measure of avajilability, frequently only remately
is connected with an absolute amount of the nutrient concerned. Moreover, the
dimension of such numbers makes it wvery difficult, if not impossible, to
comprehend any mechanistie relation between the achieved soil fertility index
and the yield or nutrient wuptake. In this wview the knowledge of the

mechanisms involved is censidered to be of minor importance only: ™Agronomic
sclence 1is a practical science which benefits more by increasing knowledge
about relations than about mechanisms determining a process...... " (Ferrari,
1965).

Although it camnmot be denied that considerable successes were obtained by
applying this pragmatic point of view - it has been said that the Dutch

fertilizer recommendations are among the most sophisticated in the world (De
Wit, 1968; Van der Paauw, 1973) - also large disadvantages are connected with
it. The soil fertility index used in one country is generally not transferable
to other countries with other climatic conditions or soils, and it takes a
very long time (30-40 years; Van der Paauw, 1973} hefore a soll test or
whatever index derived from it, is thought to be adequately calibrated., And
even in the country where the index has been developed extensive field trials
have to be initiated for mnew calibration when agricultural practice has
changed (e.g. new crops are introduced, mechanization is iIntensified, rotation
narrows, yield levels Iincrease). Insight in the chemical, physical and
biological processes involved in nutrient supply and uptake can contribute
substantially in the selection of suitable soil tests and in interpretation of
results of soil analysis. In chapter 15 we will return to this. The interest
then shifts from indexes of soil fertility back to absclute amounts of
nutrients present, and quantification of the relative depletion of this amount
by specific crops under specific conditions. Knowledge on underlying
mechanisms nowadays seems of prime, rather than of secondary importance, Yet
direct 1influence of the mechanistic approach on fertilizer recommendations is
still rare.

In this chapter we will discuss the basic principles to be used in later
chapters, where transport through and uptake from the soil by plant roots will
in some detail be described and evaluated quantitatively. This will be done by
developing models in which the processes thought to be most important are
incorporated.
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7.2 Avallability

It is difficult to define availability of nutrients and water in an
unequivocal way because it depends on plant and soil preoperties, as well as on
meteorological conditions, and on their Interactions. Eventually the total
amount  of & nutrient present in soil can be withdrawn by plants, so, to make
any sense, a definition of availability should invelve an uptake period and/or
an uptake rate., We define the available pool of nutrients and water as that
part of the total amount present in the root zone which can be taken up by =a
crop within a single growing season, when transpoert through the soil is not
limiting (root demsity infinitely high). Within the xoot =zone during the
uptake period many processes can occur which render part of the originally
available pool, at least temporarily, unavailable (chemical fixation,
microbial immecbilization), or transform former unavailable £fractions into a
readily available form (mineralization, release from minerals). When relevant,
considerations about crop uptake have to take into account these amounts
released or fixed.

Because of its finite root density and because transport rates in soll are
finite, the plant can take up only a fraction of the available pool. The
amount that can be taken up at the required rate, will be indicated as the
unconstrained uptake capacity. Then the total uptake capacity Is that amount
which will be taken up in a certain period, e.g. a growing season, with a rate
less than or equal to thé required rate. The difference between total uptake
capaclty and available pool 1is the amount remaining in the soil due to
transport limitations (see figure 1.8).

The concept of availability is easiest explained in the case of water.

7.2.1 Water

The first to discuss the availability of soil water in quantitative terms
apparently were Viehmeyer and Hendrickson (1927). The water retained by a seoil
between its permanent wilting peint (a concept first used by Briges and
Shantz, 1912) and field capacity was believed to be completely available for
plant uptake, irrespective of plant or soil properties, or evapotranspiration.
Though it is now understood (Hagan et al., 19539; Hillel, 1980) that this
definition does not describe actual uptake capacity by most crops, the concept
of Viehmeyer and Hendrickson can be empleyed to describe the availability eof
soll water. Accepting here for a fact that there exists a limiting value of
the plant water potential below which the plant cannot function properly, this
limiting wvalue can be used to establish the lower houndary of soil water
available. When root density is infinite, all water in the root zone in excess
of - that at the limiting plant water potential can be extracted. If, as usually
is the case in non-saline soils, the matric potential is the major component
of so0ll water potential, and there is a unique relation between matric
potential and water content, the above reasoning also defines the limiting
soil water content.

It thus seems possible to establish the amount of water available in the
root zone, viz, the water held by the soil in excess of that present at the
wilting point. Actual uptake capacity by crops, with finite root density, is a
fraction of this available amount.

7.2.2 Rutrients

We will confine ourselves teo the three major nutrients: potassium, nitrogen
and phosphorus. These are taken up by plants In inorganic form from the soll
solution. To quantitatively assess the availability of nutrients 1s more
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complicated than in the case of water, as here usually more sinks and sources
within the root zone play a role. Moreover, the plant root not only decreases
the chemical potential (concentration) in the rhizosphere merely by taking up
the nutrient {as it decreases the potential of water in the rhizosphere by
taking wup water) but may completely change the chemical. environment of the
soil in the vicinity of the root, as well as stimulate or restrain the
microbial activity there. The term availability will be used in the way it
was defined before: the amount of nutrients in a state which permits them to
be taken up by plants in a single growing season. This amount then comprises
the nutrients in the soil solution, which are "directly" available, diminished
or augmented by the amount which can - by whichever mechanism - appear in or
disappear from the soil solution during the uptake period. The availibility
thus depends on the rate of required uptake, and on the rate of replenishment
from the organic nutrient pool, slowly dissclving minerals, nutrient adsorbed
at clay surfaces or by organic matter etc.

Potrassium

For potassium three fractions iIn the so0il can be recognized which in
principle can be taken up: the fraction contained in minerals, that adscrbed
by clay or organic matter and that in the soil solution. The release of
potasgium from minerals, though not completely insignificant, is normally so
slow, that it only contributes a rather small amount to the requirement of the
plant (Grimme, 1974). On the other hand, the adsorption/desorption reaction is
so rapid that, at least for our purposes, instantaneous equilibrium between
potassium in solution and that adsorbed can be assumed (Bray, 1954; Hissink,
1920). Moreover, this equilibrium, though fundamentally governed by
complicated exchange reactions (Bolt and Bruggewert, 1979), can to a fair
degree be described by a linear adsorption isotherm (Grimme et al., 1971;
Nemeth, 1975), the adsorption constant of which is approximately proportional
to the inorganic cation exchange capacity, as figure 7.1 shows. The adsorption
constant is a function of the conditions, especially the soil pH plays an
ifmportant role (Nemeth, 1975). The available potassium is thus given by the
sum of the amount adsorbed and that in the soil solution.

The fertility index used in the Netherlands in case of potassium is the
so-called K-value, which for clay soils is constructed by dividing the amount
of potassium extracted by 0.1 N HC1 and 0.4 N oxalic acid (called K-HCl and
expressed in mg K,0/100 g), by a linear functiom of the pH of the.scil mesa-
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of saturation extract
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sured in 1 N KCl, and multiplying the result by a factor depending on clay
content, the higher the clay content the lower the factor (Van der Paauw and
Ris, 1955). For sandy soils the K-value is calculated as 20xK-HC1/(10 +
percentage organic matter).

Nitrogen

In most soils in the temperate region all nitrate occurs in ionic form in
the so0il solution, so all of the nitrate present at any moment can be said to
be available to plants. That part of ammonium which is, just like potassium,
reversibly adsorbed by clay cor crganic matter is available as well.

During the pgrowing season there generally is a continuous replenishment of
mineral nitrogen by mineralization of organic nitrogen, That fraction of
organic mnitrogen which will be mineralized during the growing season is also
available to the plant. In Western Europe a zero-order mineralization rate can
be assumed (Addiscott, 1982, Greenwood et al., 1985; Verbruggen, 1985). The
range of nitrogen mineralization in West FEuropean soils amounts to 0.2-1
kg/(ha.day) (Mengel and Kirkby, 1978; De Willigen, 1985b} for normal retation
and in the absence of extra input of organic matter, whereas the wuptake rate
of a crop growing at the optimum is of the order of 2-4 kg/(ha.day) (Beringer,
1985), so mineralization on the average 1is mnot rapid enough to replenish
nitrogen in the soil solutlen at a sufficient rate, but the total amount
mineralized in a growing season of 100 days, between 20 to 100 kg/ha, is not
negligible.

When fresh organic matter has been added to the soil, it depends largely on
its C/N ratio whether mineral nitrogen will be fixed or be liberated.
Immobilization of mineral nitrogen by biomass will be temporary, in due course
this nitrogen will be mineralized again, but it depends on environmental
conditions and the nature of the added organic matter whether this will happen
in the first growing season after application, or in subsequent growing
seasons.

Phosphorus

As with potassium, the Inorganic phosphorus in the scil can be thought to
consist of three fractions (Mengel and Kirkby, 1978): phosphate in the soil
solution, phosphate in the 1labile poel and nonlabile phosphate. The labile
phosphate mainly consists (Olsen and Khasawneh, 1980) - we shall assume
exclusively - of adsorbed phosphate. The nonlabile phosphate is that fraction
of s0il inerganic phesphate contained in poorly scluble minerals, and as in
the case of potassium transfer from the nonlabile to the labile paol occurs
very slowly (Barber, 1984). The relation between labile phosphate and
phosphate in solution can be given by an adsorption isotherm, which in
contrast to the situation with potassium, is usually nonlinear, even at low
concentrations, Figure 7.2 gives some examples of phosphate adsorption
isotherms of Dutch soils,

A pood mathematical description of these isotherms can be given by a
two-term Langmuir equation (De Haan, 1963; Holford and Mattingly, 1975; De
Willigen and Van Neordwijk, 1978) as is shown in figure 7.2. This equation
reads:

B,A,C  B,AC
(7.1) ¢, - + ,
1+B,C  1+B,C
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Fig. 7.2a and b. Phosphorus adsorption iscotherm of five Dutch soils, The
agriculturally relevant range is given in figure 7.2b.

where

€ 1is adsorbed phosphate in mg P per cm® soil,

C” is the concentration of phosphate in the so0il selution in mg P per ml,

B, and B, are parameters in ml/mg,

A, and A, are parameters in mg/cm?®.

Although in the Langmuir equation the parameters have a physical meaning, it
is wused here without any such interpretation. In table 7.1l the parameters of
the adsorption isotherms of figure 7.2 are given.

In the Netherlands recommendations for P application on grassland are hased
on the P 1~value. It is obtained by extracting the soil with 0.1 N ammonium
lactate ané 0.4 N acetic acld. On arable soils the P _-value is used. It gives
the amount of phosphate extractable by water, at a volume ratio water/soil

Table 7.1 Parameters of the adsorption isotherms of the five soils of figure
7.2..

S0il type B, B, Ay A,
wl/mg mg P/cm?
light sand 500 8.5 0.16 0.91
humous sand 820 35 0.15 Q.37
light clay 5000 20 0.087 0.18
loess 6600 44 0.12 0.26
basin clay 16000 130 0.15 0.49
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express the potential in cm water. The flux equation then becomes:
(7.8) V= -K (FH_ - 92)
. Ky b ,

where
H = the pressure head [cm®/cm?] = P /(ng),
KE = the hydraulic conductivity [cm/ﬁay].

Substitution of (7.8) into (7.6) results in: -

as -+ - -
(7.9) - v_KHC(va -V + U .

As 5 = &C, where @ is the volumetric water content of the soil and C can be
assumed to be constant because of the low concentration of solutes, one
finally obtains:

ae -+ - =
(7.10) 3% - V.KH(VHP - VZ) + UG .

To solwve (7.10) the relation between P {or H ) and ©® should be known, this
relation is wusually called the water rePention curve. Now the water
diffusivity Dw(e) can be defined as:

p
(7.11) b= :
v ™

For some solls the relations between D and © can reasonably well be
approximated by convenient mathematical functions. Stroosnijder (1976), for
instance, found that for some types of Dutch soils, the relevant data of which
were collected by Rijtema (1969), the diffusivity could bhe given as an
exponential function of water content:

(7.12) Dw = lesexp(bw(e-es)} .
where ©_ is the water content at saturation and DW s the corresponding
diffusivfty. We will confine ourselves here to those secils’where (7.12) holds,
These are shown in table 7.2, where also the relevant parameters are given,

Table 7.2 Hydraulic parameters of some Dutch soils. After Stroasnijder
(1976) and Rijtema (1969).

Soil D b ] ] 2]
w,s W s
cm?/day (Hp = -102 cm) (Hp = -5%103 cm)
medium coarse sand  8.6%104 45.6 0.395 0.10 0.03
loess loam 7.2%103 25.9 0.455 0.26 0.13
silty clay loam 1.4%108% 22.7 0.475 0.375 Q.20
light clay 3.6%10%  20.3  0.453 0.354 0.25
clay loam 4.3%103 66.8 0.445 0.417 0,30
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Substitution of (7.11) into (7.10) leads to :

8
o > = KH
(7.13) aT -~ V.DWVG) T + U/Cc ,

where use is made of the fact that the gravitational potential has a component
only in the vertical (Z) direction. Because of the nonlinear relations between
D (&) and ©, and and @, a solution of (7.13) can usually be found only by
numerical methods.

Some doubts exist as to the validity of Darcy’'s law at the scale where it
is applied in microscopic models, i.e. at a scale of a few mm and less
(Passioura, 1985; Klute and Peters, 1968). A recent detailed study on water
uptake of single plant roots (Hainsworth and Aylmore, 1986), however,
revealed that the profile of water content around a root could be reasonably
well simulated with a model of Hillel et al. (1975), which is based on Darcy’s
law., This 1is at least an indication that flow of water also at a small scale
can be adequately described by Darcy’s law, as we have assumed.

7.3.3 Solutes

For a nutrient that is adsorbed by the solid phase the bulk density is the
sum of the bulk density of the nutrient in solution and of that bonded by the
solid phase:

{7.14) § = Ca + eC .
When the adsorption/desorption reaction proceeds so fast that instantaneous

equilibrium can be assumed, the bulk density of adsorbed nutrient is at any
moment a function of the concentration:

{7.15) Ca = £{C)

Those conditions will be considered here where ¥ and D are constant, substitu-
tion of (7.16) into (7.6) then yields:

—»' - *
(7.16) gg w V% + Divzc 4+ UYL
T
% -
where the effective flux v, = V/(f'+ @) with f'= df/dC,

the effective diffusion coefficlent D* =D/(f'+ @),
and the effective production term U = U/(f'+ @).

It is to be understood that the coefficient of hydrodynamic dispersion, which
is a consequence of the distribution of flow wvelocities of the so0il solution
at a microscopic level (Bear, 1972), and has the effect of an extra diffusion,
iz incorporated in D. The ,dispersion coefficient 1is a function of the
macroscopic flow velocity V ; for some soils a simple proportionality between
V and the dispersion coefficient has been established (Frissel et al., 1970).
When the adsorption isgtherm is*linear then f{(C) = Ka.C, and f'(C) is
constant and se are V and D . If U is either a linear function of C, a
constant or a known function of T and the space coordinates, (7.16) is a
linear equation which can be solved analytically by clasgical mathematical
techniques. In case of linear adsorption it follows that V¥ and D are a
factor (K + ©) smaller than V and D, or the greater the adsorption the more
transport 2o the root is retarded. This will be discussed somewhat more
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8. OXYGEN REQUIREMENTS OF RCOTS IN SOIL

8.1 Introduction

An important condition for proper functioning of root systems is a
sufficient supply of oxygen to all root cells. Although roots of some plant
species can cope with temporary anaerobic conditions by switching from aercbic
to anaerobic forms of metabolism, a sustained supply of molecular oxygen seems
to be essential to support the active growth and functioning of roots of
plants {Armstrong, 1979). The source of oxygen is the atmosphere and for
diffusive flow of oxygen from the atmosphere to a certain location in the root
two pathways, or combinations thereof are possible:

a. through the s0il to the soil/root interface and then radially through
the root tissue (the external pathway),

b. through the aboveground plant parts (leaves, stem), and longitudinally
through the root (the internal pathway).

In this chapter the relative importance of both pathways in fulfilling the
aeration requirements of rcots will be discussed.

8.2 Transport by the external pathway

Except for plants with special structures (i.e. aerenchyma), the external
pathway is generally thought to be the most important (Drew, 1983; Luxmoore et
al., 1970). In experiments in well-stirred nutrient solutions, critical values
of oxygen partial pressure at the root surface have been found to be around 1%
(Brouwer anc¢ Wiersum, 1977; Drew and Lynch, 1980; Greenwoed, 1969). Critical
values of oxygen pressure in soil air vary widely, but values of 10-15% are
not uncommont (Brouwer and Wiersum, 1977). The explanation for the contrast
between the wvalues - 1% at the root surface, and about 10% in soll air - can
probably be found in the diffusion pathway involved. The plant root in a
normally moist soil 1s belleved to be covered with a water film, the thickness
of which has been estimated to range from 0.01-C.1 cm (Luxmoore et al., 1970).
A water film of 0.1 cm is four {(or more) times larger than the radius of a
typical plant root and probably applies only to very moist conditions. In a
rapidly moving nutrient solution the water film { the unstirred layer close to
the root) can be expected to be 10°% - 1072 em (Helfferich, 1962 in Nye and
Tinker, 1977). The water film forms an extra resistance for transport of
oxygen from the scil atmosphere to the root, and moreover due to the
respiration of micro-organisms, it also forms a sink for oxygen. Next to this,
part of the raot surface can be blocked from contact {(via the water film) with
the so0il air by a soil aggregate, as is depicted in plate 6.1. For both
situations, complete contact with soil air and partial blockage, the required
oxygen concentration in the soil air will be estimated.

The discussion here is a summary of two earlier papers (De Willigen and Van
Noordwijk, 1984; Van Noordwi]k and De Willigen, 1984), where the derivation of
the equations employed and the justification of the assumptions can be found.
In the calculations to be discussed the following values for the parameters
were chosen:

— The diffusion coefficient of root tissue for oxygen was taken as 0.7
cm?/day (Kristensen and Lemon, 1964).

— From the reviews of Brouwer and Wiersum (1977), and Grable (1966}, it
appears that the range of respiration rate U, can be considerable viz. 1-60
mg/(cm®.day), but the majority of the data is in the range 10-20 mg/{cm?®.day).
In our calculations a value of 10 mg/(em® day) was used, considering the fact
that soil temperatures in temperate vregiens are wusually lower than the
temperatures at which oxygen consumption has been measured.
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— Root radius R,, wvaries from 0.01 to 0.05 cm and more for roots with
secondary thickening. In the calculations we used a range of 0.01-0.03 cm.

8.2.1 Complete contact with the soll atmosphere

De Willigen and Van Neoordwijk (1984), extending the theoretical reasoning
of Lemon and Wiegand (1962}, presented .a steady-state solution of the
distribution of the concentration of oxygen in the water film and the root.
With this solution one can calculate which concentration in the soil air is
required to ensure sufficient supply for all cells in the root. A water film
of 0.0l em is, as stated above, an upper value of the minimum thickness of the
water film around a root. The effect of a water film appears stronger for
thicker roots. For a root with a radius of 0.025 cm, 10% oxygen pressure is
required when the water film is of about the same thickness as the root. The
presence of rhizosphere respiration in the water film modifies the situation
only to.a small extent. Rhizosphere respiration of an additional 30% increases
the needed oxygen concentration by 0.5-1%. If the rhizosphere respiration is
subtracted from the root respiration, the required oxygen concentration in the
soil air is lowered by 1-3%.

8.2.2 Partial contact with soll air

De Willigen and Van Noordwijk (1984) calculated isoconcentration lines of
oxygen in the root when part of the root surface is blocked by a soil
aggregate. The form of the isoconcentration lines was shown to change from
partly circular curves when a small part of the root perimeter is blocked to
almost straight lines when the greater part of the perimeter is blocked.

The required oxygen concentration is of course higher when part of the
surface is blocked. As figure 8.1 shows the degree of soil-root contact is a
critical factor, as is root radius. The effects of the presence of a water
film and of partial blocking on the oxygen requirement are more than additive
because the soil-root contact has two effects. These are: the total oxygen
requirement of the root has to pass through a smaller root surface area and
the diffusion distance is iIncreased. As a first approximation of the first

02-concentration, %
? P Re=00225 | Rez0016  Roe=0.01

20 .____dw =0
—_dy =001cm
——aedw =003cm
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1 L L J
DU 25 50 75 ] 100
) Percentage root-soil contact
Fig. 8.1 Oxygen concentration required in soil air for aerobic respiration by

all root cells as a function of the percentage root-soil contact, root radius
R, and thickness of water film d,.
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effect the required oxygen concentration can be  estimated as Dbeing
proportional to 1/(1-fB), where f is the fraction of the root perimeter
blocked; from figure 6.9 fB = ¢,/2x, If for example 2/3 of the perimeter is
blocked, the required oxygen concentration is tripled due to the first effect,
and at most doubled due to the second effect.

8.3 Transport by the internal pathway

Continuity of gas-filled pores 1s a prerequisite for longitudinal transport
to be of significance. Continuity of air chamnels exists when aerenchyma is
present. Luxmoore et al. (1970) have presented a mathematical treatment of
longitudinal transport from shoot to root through such channels. Calculations
showed that a considerable part of the oxygen requirement of the root can be
provided by the aboveground parts in species adapted to permanently wet soil,
e.g. rice. For such conditions those properties which limit gaseous exchange
between the root and its environment, i.e. large root radius and thick water
fiilm, improve the supply to the root tip. Aerenchyma is not found in roots of
non-wetland species growing in aerated conditions, but usually gas-filled
pores form a continuous pathway In longitudinal direction in roots of these
species as well (Armstrong, 1979). Even with an effective porosity of no more
thar 3%, which can be considered a low value for such roots (Armstrong, 1979;
see table 6.,1) there are situations where longitudinal transport of oxygen
contributes significantly to the respiratory demand of the root, as will be
shown below. Moreover when roots of some important non-wetland crops such as
maize (Konings, 1983; Yu et al., 1969), wheat, barley (Yu et al., 1969) are
growing in' a more or less permanent anaercbic enviromment, porosities can
increase up to 17%. This can enhance longitudinal transport to a large extent.

We will derive some equations by which, at least approximately, the
relative contribution of the internal and external pathways with respect te
total root oxygen demand can be estimated. Moreover, the theory allows to
estimate the maximum length a root can attain as far as its aeration status
permits.

8.3.1 Mathematical formulation

The derivations pertain to transport and consumptien of oxygen in a
cylindrical root iIn wvertical position in the soil. Because of the values of
the parameters involved a steady-state situation will soon be attained as was
shown by De Willigen and Van Noordwijk (1984}. In such a situation the mass
balance expressed in terms of axisymmetric coordinates is given by (as follows
from (7.21)):

82C ‘DB F:} 3C£
(8.1) ér*D ﬁ+R—ﬁRﬁ-—-U(Z)(1 - €r) 7

where € n is the effective porosity of the root [ecm®/cm®], i.e. the root
porosity ¢ _ corrected for tortuosity,

C is the concentration of oxygen in the gas phase [mg/ecm®],

D is the diffusion coefficient in the gas phase {em?/day],

C£ is the concentration in the liquid phase [mg/cm®],

D£ is the diffusion coefficient In the liquid phase [cm?/day],

Z” 1is the vertlcal coordinate [cm],

R is the radial coordinate [cm],

U(Z) is the volumetric respiration rate of the root [mg/{cm3.day)].
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U(Z) is taken to be constant throughout the length of the root, save for the
root tip with length aAZ cm, whete it usually is higher (Luxmoore et al.,
18703 :

(8.2a) 0<Z <« Zr - aZ , U{(Z) = constant = U, ,
(8.2h) Z,-82<2<2Z , u{zZ) = py, ,
where Zr is the root length in cm, and p is a constant factor.
When equilibrium exists between oxygen in the gaseous and in the liquid
phase, the concentration in the liquid phase is proportional to that in the

gaseous phase (see (7.19)). Substitution of (7.19) into (8.1) leads to:

azc D, d ac

2 R £
@3 Dpgr *m mPawm - UBE-
where:

¢ D

r*
(8.4) D, = kg ,

and D_, the diffusion coefficient in radial direction, is identical te D,. It
thus 1s assumed, in accordance with what has been said in chapter 7, that the
component of the flux in the axial direction is entirely in the gaseous phase,
whereas the component of the flux in the radial direction is entirely in the
liquid phase. The plane Z=0 colncides with the soil surface where 1t |is
assumed that 1in the roeot, or rather at the root/stem junction, the
concentration in the gas phase equals the atmospheric concentration CA :

(8.5) Z=0, C = CA , L.e C‘Q - kgcA .

To account for possible effects of a water film and/or root wall permeability,
the boundary condition chesen at the radial root surface allows for transfer
of oxygen from the soil air to the root and vice-versa:

acﬁ
(8.6) R=R, , -DR 3R L(C£ - kngo) .

where L is a conductance in cm/day, in which permeability of the root wall and

effect of the water film is incorporated, C__ is the concentration of oxygen

in the soil air [mg/cm®]. For a soil with &n uniform diffusion coefficient D

and uniform respiration rate U , the course of € with depth Z can be given
s so

{Greenwood, 1967):

U
(8.78) z<z,, C_ = = (- z)?
2D
8
(8.76) z>z,, € =0,
2D C
s A
where z£ - Us
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The boundary condition at the apical end of the root (where Z=Zr) states that
no transport of oxygen over this boundary can take place:

(8.8) Z=Zr, — =0 .

From the solution of (8.3), subject to (8.53),
is sought for which the minimum concentration in the root is
is the maximum length the root can attain. The procedure

that wvalue of 2
zero. This value Zm x
is explained later 8 more detail,

(8.6), and (8.7), by iteratiocn

It is convenient te use dimensionless variables and parameters according to

the definitions given in

table

B.1. These definitions transform the

differential equation (8.3) with conditions (8.5), (8.6) and (8.8) into:

3¢ 1 3 3c
2 _— = = =

{(8.9) ® 222 + - 3r r ar u(z) ,
(8.10) z=0,0<r<1 , ¢~=-1,
(8.11) - o<r<l , 2 _ o

. z ™ , I 2 Bz = s
(8.12)  O<z<nm r=1, % _ se-c

' ' ' 8r so’

2
where C = {EA - 1}
s0 z,

Table B.1l Dimensionless variables and parameters.

Dimensionless concentration
" vertical coordinate
radial coordinate

" length of root tip

" thickness of aerobic
soil layer

conductance

respiration rate root

» ratio of diffusion
coefficients

c-=C£/(kg -G
2=nZ/Z
r=R/R,

1=wAZ/Zr

z£-IZI/Z

A=LR, /Dy

r

(1-¢_)U(Z)R,2
r
u(z)m —————
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It can be shown (details can be found in the appendix A8), that the -solution
of (8.9)-(8.12) is given by:

U, we(p-L)vez

(8.13a) ¢ =1+ %7 z{z-2mx) - P +

@<
2
. E amlo(mxr)sin(mz), for z<x-y ,
=1

n

Py, uo(P'l) (')"")2

{(8.13b) ¢ =1+ .7 z{z-2n) + +

r2

a
% E amlo(mmr)sin(mz), for z>m-v ,
n=1

where

e 0 1/m + 4/ (k%m?))
(8.14) a_ = 5 ,

meT, (me) + ATy {(mx)

and m=mn - 1/2, n=1,2,3,...
I, and I, are modified Bessel functions of the first kind and zero and first
order respectively, and

T
(8.15) Cio = gcsosin(mz)dz .

n
(8.16) 4 = fusin(mz)d=z .
0

The first three terms of (8.13a and b) constitute the solution of (8.9), when
radial gradients are absent (A=0)., From (8.13b) the value of Z can be
calculated for which c¢=0, where r=0 or r=1. When z, < n the root can grow for
some length into the anaerobic zone of the soil. In this zone oxygen will flow
from the root to the seil, accordingly the minimum concentration will occur at
the root wall, where r=1. When, on the other hand, z, > m, oxygen flows from
the soil to the root and the minimum concentration 1s found at the root
centre, where r=0. .

When Zma is known the contribution of the external pathway to the root
respiratory demand can be calculated. The flux at the root wall 1is given by
D,8C,/dR and the total flow F, over the radial surface of the root is found by
integrating the flux over this surface:

ac

T
i
(8.17) F, = |2nRyiD, —=-
R { R 4R }R_RD

' de
dz - ZDngCAZmaxJ(E;)r=1 dz
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When (8.13%a) or (8.13b) is differentiated with respect to r, evaluated at r=l,
the result substituted in (8.17), and the integration is performed, one
obtains; - .

(8.18) Fp =ano|(nn Tk CyTayly (me)

where a_ is defined earlier (8.14). When Z (z <w), the flux over that
part o the radial surface, for which 8§Z<£ w111 be from the soil to the
root, for the remaining part the flux will be from the root into the soil.

The contribution of the internal pathway is found likewise as the integral
of the flux at Z=0, over the cross section of the root:

R, 1

. 8, -27%R, de
(8.19} FZ = |27k -Dz 2z dr = 7T DZkgCA I(E}Z_O dr .
Z=0 max

Again performing the integration, FZ is found as

(8.20) Fz - IROQZmax(l-eR)U°+IR02AZ(p-l)(1-sr)U° +

~4Ro{TD DTk G, 1, (mx)

The first two terms of the right hand side of (8.20) give the total
respiration, so that the sum of FR and Fz gives the total respiration as it
should.

As a reference the maximum length the root can attain when no- transport
within the root in longitudinal direction occurs will be used. In that case
the relevant differential equation at the root tip reads:

de

1
(8.21) - 3 T g = PYo

n.in-
=

The solution, with boundary condition (8.12), is:

pugr? Puy (A+2)

(8.22y. ¢ = o + 3 - 5y

When it is required that for r=0, ¢=0 it follows:

Puy {A+2)
F8'23) R T S S

Or using the relation between Ceo and z:

PY, (A+2)
(8.24) zmax-zﬂl-T .
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8.3.2 Parameter values

Values of the respiration rate, diffusion coefficients and root radius are
the same as mentioned in sectiom 8.2.

Luxmoore et al. {(1%70) found that the respiration rate of the apical
centimeter of & maize root was about two times larger than in the remaining
part of the root. Accordingly we put p=2, and AZ=1 cm.

The diffusion coefficient of oxygen in air is 10* cm?/day.

The diffusion coefficient Ds'for gases in the soil is a function of the
gas-filled porosity. For different soil types in the Netherlands it was found
(Bakker et al., 1982) that the relation between Ds and €q was quite
satisfactorily described by

(8.25) D (e ) - Ds(1>*(es)b .

In table 8.2 one finds some typical values of D (1) and b for Dutch soils, in
our calculations the parameters of soil 4 from table 8.2 were used.

Table 8.2 Parameters Ds(l) and b from equation (8.25) for some Dutch soils,

Soil Ds(l) cm?/day b
1. Loamy sand 21-*10-4 2.7
2. Loess 2.6%107 1.6
3. Sandy loam l&.ffwi'l{)-a 1.64
Compacted by tractor wheel
4. Sand 1.9%10 4.02
5. Heavy clay 10_4 1.77

For a soil at field capacity in the Netherlands one can expect ¢ to vary
between 0.1 and 0.3 (Boekel, 1962, 1963). We used the range 0.05-0.3. f

The so0ll respiration rate depends, for given envirommental conditions, on
amount and decomposition rate of soll organic matter, root respiration, and
root density. We used a value of 1.8%10 3 mg 0,/{cm® day). This value has to
be augmented with the contribution of root respiration, which was calculated
using the above-mentioned value for root respiration U,, taking into account
root radius and porosity, while root density was assumed to be 1 cm/cm®.

The porosity of roots of non-wetland plants varies from 3-18% (Armstrong,
1979; Yu et al., 1969; see table 6.1), depending on species and conditions. We
used the range 0.1-15%, taking into account tortuosity,

The conductance L, which is called root permeability by Luxmoore et al.
(1970) and Armstrong (1979), has been estimated by the former at 5*%10° % ém/s,
or 40 em/day. If a linear gradient of the oxygen concentration in the water
film (with thickness d cm) adhering to the root can be assumed, the
conductance can be estimated as D /d . As the diffusion coefficient for oxygen
in water is about 0.85 em?/day and the water film thickness is assumed to be
5%10 % to 0.1 cm, L should be in the range 8.5-170 cm/day.
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8.3.3 Results and discussion

Earlier, two other models on longitudinal transpert of oxygen through roots
were designed {(Luxmoore et al., 1970; Armstrong, 1979). The most important
differences with the model presented here are the way the boundary conditions
were formulated, and the method of solving the differential equatiom.

Luxmoore et al. (1970) developed a numerical model for the steady-state
concentration of oxygen within the root. In their model the root with a given
length was surrounded by a water film which at its outer boundary is in
contact with seil air with constant oxygen concentration of 18%, or 0% when
wetland conditions were considered.

Armstrong and Wright (1976} presented an electrical analogue model,
designed for simulation of oxygen transport im a root growing in anaerobic
conditions. At a given distance from the root the oxygen concentration was
assumed to be zero. Later their model was adapted in such a way that different
soil respiration rates and non-zero oxygen concentration in the soil could be
accounted for (Armstrong, 1979).

The model discussed here allows for change of oxygen concentration with
depth, The boundary condition at the apical end of the root, together with the
requirement of zero concentration at that peint, make calculation of the
potential length of the root possible. Figures 8.2a and b show the effect of
root porosity on the maximum length the root c¢an attain, 1i.e. that length
where the minimum concentration in the root is precise zero. The calculations
were made for a meoderately amd a well aerated soil (e =0.1 resp. 0.2
em®/cm?), a thin and a rather thick root (radius 0.0l resp. 0.03 cm), and a
low and a high conductance (10 resp. 200 cm/day}. Both roots had the same
volumetriec respiration rate (10 mg/(cm®.day)). The thickness of the aerobic
zone of the =01l was for the thin root 47 em (¢ =0.1) resp. 185> om (¢ _=0.2),
for the thicker root these values were 19 cm and 75 cm. The influence of root
porasity 1is highest when transfer between so0il and root is restricted.

Zmux,cmr a
ha ..
—————— o—== "
0
—0
o R
* Rs=0.01em
100
——€5=02%L=10cmdaoy-'
€.=01 oL =200 .
b
R
’,,,o—~" Ro=0.03cm
50 e " 50
),, . o P o
p——t0—=0 ° om0 T T
o
{ l‘—'_'—.. (3 0-—-—"’9_-_:- ——————— Q—' o —‘_Fe
0 1 L J [ Lem==" h 1 —
0 005 010 . 015 0 005 010 015
R

Fig. 8.2a and b Maximum attainable rootlength (Z y as a function of root
porosity (er), reot thickness (R}, gassfingﬁ soil porosity (es), and
conductance (L). Other parameter wvalues: root respiration rate 10 mg
0,/(cm®.day), soil respiration rate 1.8+*10 9 mg 0,/(cm®.day).
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