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ABSTRACT

A simple model is presented for calculating the rooting depth of a
erop or crop combination required to intercept leaching nutclents far
different climatic and soil conditions. Important parameters In this ma-
del are the amount of water moving through the soil, which depends on
excess of rainfall over evapotranspiration, and the apparent adsorption
constant, which depends on the nurrient and soil cype involved, Calcula-
tions for three cime parterns of nutrient supply in relation to putrient
demand show moderate effects of the degree of synchronization on rooting
depth required if a high interception fracctien is desired.

In shifting cultivation systems a deep-rocted fallow vegetatiom can
recover nutriencs leached to the subsoil during the cropping phase. The
simple leaching model can indicacte the combinations of climacte zone and
apparent adsorption constant for which such intercepcion is possible. It
appears that recovery of leached nitrate is only possible in the sub-
humid zome. In the humid tropics the continuous presence of a deep root
system as part of the crop combination on the field is necessary to use
nitrogen efficiently, except when acid soil conditions keep all nitrogen
in the ammonium form or when an almost ideal synchronization exists of
nitrogen supply and demand during the growing season. )

Some data are discussed on the root distribution of foed crops and on
the possibilities to establish a "safety-net" under the crops grown in
alleys between deep-rooted hedgerow trees.

INTRODUCTION

Methods te increase the often low nutrient use efficlencies obtained
in the humid tropics should be based on an understanding of nutrient
availability in the soil, nutrient demand by the crop and nutrient los-
ses to the subsoil and to the atmosphere. Knowledge of the root discri-
bution of all components of a cropping system is important in this con-
text. A simple model of nucrient leaching, rooting depth and nutrienc
recovery by the crop will be discussed here for conditions in the humid
tropics. Available data on root distribution of crops and hedgerow trees
for alley cropping will be briefly reviewed.

Detailed models of nutrient zransport in the immediate root environ-

ment (De Willigen and Van Neordwijk, 1987) suggest that effective
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transport rates of nutrients are dominated by the "apparent adsorption
constant” and that for P, K and N different aspects of the root system
are the most important. For P, with an apparent adsorption comstant K

In the range of 100 - 1 000 ml/cm®, any increase in root length densit?
{cm root length per cm® of soil) up to the high values found in a grass
sod (10 - 20 cm/cm?) will improve possibilities of using available re-
sources in the soil. Mycorrhizal hyphae function as extension of the
root length. Effective transport of P in the soil strongly depends on
the water content of the root zone and on the degree of soil-root con-
tact. For K, with an apparent adsorption constant K_ of 5 - 25 ml/em?,
root length densities of agricultural crops 1d the tepsoil (1 - 5
cm/em®) usually allow uptake of a considerable part of the available a-
mount. Water content of the soil, root distribution pattern in coarse-
structured soils and soil-root contact are important for K-uptake. Sub-
soil K can be only partial utilized at the root length densities normal-
ly found in the subsoil (< 1 cm/ecm®}, even under wet conditions. For
NO;, with an apparent adsorption constant of 0 - 1 ml/ecm?, low root
length densities of about 0.1 cm/cm® as found in the subsoil are suffi-
cient for wtilizing virtually all available supplies, if current crop
demand is not satisfied by M-supply to other parts of the root systenm,
For NH, a situation intermediate between NO, and K may be expected.

In rthe humid tropics, with a net downward movement of water through
the roat zone throughout the growing season, the leaching rate of nu-
trients depends on their apparent adsorption constant. The apparent ad-
sorption constant thus influences the rooting depth required for inter-
ception of nutrients leached during the start of the growing season.
Even under conditions of shallow rooting and a2 high 1leaching rate of
water, no leaching of nutrients will occur if nutrient demand by the
plants always exceeds the current nutrient supply. For tropical rain
forests this appears to be the case (Jordan_apd Escalante, 1980). Under
agricultural conditions supply usually exceeds demand at the start of
the growing season. The degree of synchronization of supply and demand
then determines the severity and time-pactern of leaching {figure 1}.

A simple model description of this relation is possible by assuming
"piston flow" of water through a column of soil, neglecting two-dimen-
sional aspects af water flow on sloping land. In this description newly
infiltrating water pushes the soil solution downwards, without mixing.
The nutrients that are temporarily in excess in the first week of the
growing season will be found at the greatest depth at the end of the
growing season, The distribution of nutrients with depth ac the end of
the growing season thus is a reflection of the history {time-pattern) of
the excess of supply over demand in the topseil. Deep rooted crops may
recover part of these nutrients In the sacond part of the growing sea-
son, when supply In the topseil is smaller than current demtand .

In the model the process is simplified by first discributing all a-
vailable nutrients over the zone between the soll surface and the annual
leaching depth and then considering uptake from the root zone. By assu-
ming that all nutrients within the root zone will be taken up, we res-
trict the use of the model to nutrient-limited growth. When other fac-
tors are growth-limiting, nutrient use efficiencies will be lower than
calculated here. Losses of nutrients from the soil other than by uptake
and leaching are not considered here. Nutrients are considered separate-
ly, each with an "apparent adsorption constant” K ; in fact interactions
exi;t, especially between anion and cation movement, and absence of an-
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Figure 1. Schematic interaction between the rooting depth requirad for
racovery of leached nitrogen and the (lack of) synchronization
of supply of nitrogen by aineralizaticn and crop demand; erop
demand curves are typlcally S-shaped as shown by line I and
1T, while mineralisation of crop residues show a logarithmic
decrease as shown by line A and B; for demand curve I and sup-
ply line A the temporary excess of nutrients in the top soil
is indicared; depending on the amount of excess rainfall this
temporary excess of nutrients will leach into the soil: reca-
very by the crop is possible if the roots have reached the
leaching front by the time crop demand exceeds nitrogen supply
in the top soil; for the later crop demand curve II thus a
deeper root development is required.

ions may restrict cation leaching, for instance at low soil pH when most
of the nitrogen is in the ammonium form. Such complications can be
smoothed out by adjusting the parameter value for K_ to current condi-
tions. A further major simplification in the godel 1s that all soil
layers are assumed to have the same soil physical and soil chemical
characteristics.

REQUIRED ROOTING NTERCEPTION OF C ENTS

The depth, Z.(T), of the leaching front of a nutrient at time T is
decermined by the integral up to T of the flux density of leachate,

1 (t), the saturated moisture content of the soil, asat' and the
rgtardation due to apparent adsorption:

GJ'T L (c) de
Z,(T) = [em] (1)

1+ Ka) &sat
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The notation and "standard" parameter values are given in table 1; 1 (t)
can be estimated from the amount of rainfall - evapotranspiration -
run-off + run-on, all expressed in m/year. For the transport of nut-
rients we only consider convection and we do not consider the bypass of
water occurring in cracked soils or dispersion and diffusion. A moderate
degree of bypass, as described by Grimme and Juo (1985) as a two-phase
transport, can be incorporated in the term K_ which should then be cal-
led retardation constant. Retardation due to ' immobilization-mineraliza-
tion cycles can betreated in the same way.

The distribution of nutrients between Z,(l) and the soil surface de-
pends on the degree of synchronization of siupply and demand. We will
consider three (linear) distributions here (fig. 2): a situation of re-
latively early supply, with the highest concentratiom at Z,(1l}), an even-
ly distributed supply and a relatively late supply with the highest
concentration near the soil surface. Although these three distributions
cannot be directly translated into actual field situations, a comparisen
of the three may be used to investigate the relative importance of the
degree of synchronization.

TABLE 1. List of symbols and parameter values used.

Symbol Descripcion Dimension Value
fi interception fraction of nutrient i [ -1 -
by the root system in one growing
season
asat saturated volumetric water content [ -] 0.33
K. apparent adsorption constant [ml/cm?) 0 (NQ,)
a
3 (NH,)
10 (K}
lw(t) flux density of leaching water [{m?*/m?) /year]
Lw(l) leaching intensicy in one year-ofllw(t)dt {m3/m?)
t,T time [year]
z depth below soil surface {m]
ZI(T) leaching depth at time T [m]
21(1) leaching depth afrer one year {m]
Zr i effective rooting depth for nucrient (i) [m}
zr,N’ Zr,K idem, for N and K respectively [m}
Zr(c) idem, of the e¢rops in a shifting [m}

cultivation system

Zr(fl)..Zr(f3} idem in year 1 .. 3 of the fallaw. [m]
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Figure 2. Distribution of nutrients with depth at the end ot the growing
season, for a relatively early, an evenly discributed and a
late supply in the top soll; complere uprake 1s assumed up to
effective rooting depth Zr i and no uptake beyond that depth.

For each nutrient L a different “effective roocing depcth" Z can be
defined above which the possible uptake of available nutrient tesources
meets a set criterion. Except for P, we can take complete uctilization of
available nutrients as the criterion. The definition of Z , slmilar teo
the one often used for water uptake, assumes compensation for incomplecte
uptake for 2z < Z_ ., by partial uprake from below Z_ .. In a schematic
description we may stacte thac for z < Z complete uptike of available
resources and for z < Zr ; me uptakg'ks possible. From the available
theory (De Willigen and Van Noordwijk, 1987) we may estimate that Z
equals the depth at which the root length density has decreased to E!T

ca/ea? and Z the depth at which the reot length density has decreased
to 1l cmfcm®| more precise values require knowledge of so0il water
content, Telative root distribution and apparent adsorption censtant.
Using this definition of Zr we can now define the possible inter-
ception fraction, f£,, of leaéﬁed nutrients by integrating the function
deseribing the nutrient concentration with depth frem 0 to Zr L For the
three types of nutrient release the result is: '
for zr,i - 21(1): fL =1 (2a)
. - 2z
for Zr,i < Zl(l). fi (Zr'ilzz(l)) for the early release, (2b)
fi - Zr'ilzl(l) for the even release, (2¢)

- . 2
fL 2(Zr'i/21(l)) (zr,ilzf(l}) Eor late ralease.(2d)
The lower part of figure 3 shows the relation between rainfall surplus,
Lw(l). and annual leaching depth Z,(1l) for various values of the appa-
rent adsorption constant Ka: in the upper part annual leaching depth
Zl(l) is plotted against interception fracticen fi for three values of
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Figure 3. Relation becween annual rainfall surplus L , amnual leaching
depth Z,{l) and possible interception fraction f£., according
to equaéiuns (1) and (2), for asat - 0.33. .

effective rooting depth Z_ and three types of nutrient supply. An inter-
ception fraction of about 30% under conditions where Z (1} just exceeds
1 m can be obtained by three combinations of rooting éep:h and mutrient
supply: 0.30 m with "late"” supply, ¢.50 m with "even" supply and 0.75 m
with "early” supply.

1f we specify a target interception fraction f,, the required root-
ing depth can be expressed as a fraction of Z (1). Ey solving the qua-
dratic function in (Zr ./Zz(l)) in equations {2b) and (2d4), table 2 was
constructed. In combination with equation (1) we now obtain:

2oy 2,01 (2, /2,0 JE L ar

i " - (3
Zz(l) (1 + Ka).ﬂs

at

where Zr i/Z {l) can be obtained as a function of f, in table 2.
_ An etample of results for &0% interceptionm is given in table 3. It
shows that the required rooting depth for 80% interception strongly de-

peruds on the apparent adsorption constant Ka and on the local climate
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TABLE 2. Ratio of effective rooting depth and annual depth of leach
ing front, 2 i/Z (1), as a function of interception frac-
tion f.1 for Ehtee patterns of nutrient supply (equation 2a-d).

Interception fraction fi

supply 1.00 0.90 0.80 0.70 0.60 0.50
late 1.0 0.68 0.55 0.45 0.38 0.29
even 1.0 0,90 0.80 0.70 0.60 0.50
early 1.0 0.95 0.89 0.84 0.77 0.71

TABLE 3 Required effective rooting depth Z i {m) for 80% interception
of nutrient i for three values of apparent adsorption constant
K_. roughly corresponding to nitrate, ammonium and potassium,

respectively.
------ K -0 --- R Ki -3 --- - K_ = 10 ml/cu®

L (1) Z,01) 2 z (1) z z,(Lh?z z

m“ ! eLely 15ed o eltly 15ed £ eLtld 15ed0
3325 095 0.67 0.41 ©0.19 ©.17 0.10 0.07 0.06 0.04
0.50 1.5 1.3 0.82 0.37 0.33 021 016 0.12 0.08
0.75 2.25 2.00 1.24 0.56 0.50 0.31 ©0.20 0.1 0.11
1.0 3.0 2.67 1.65 0.75 ©0.67 0.42 0.28 0.25 0.15
1.5 4.5 400 2.47 1.12 1.00 ©0.62 ©.42 037 0.23
20 6.0 536 3.30 1.5 1.33 0.8 055 0.4% 0.30

via the excess of rainfall over transpiration. The "lacte” pattern of
nutrient supply allows a rooting depth of 62% of that required for the
"early” supply; for the "even" supply it is 80% of this value.

POSSIGLE RECOVERY BY 3 DEEP-ROOTED FALIOW

As in many cases food crops grown on the acid soils usually found
under high-rainfall conditions will not have the required roocting depth
as calculated above, losses of nutrients to the subseil will occur. In
shifting cultivation systems the cropping phase, with presumably shal-
low-rooted crops, is alternated with a natural fallow vegetation which
is usuwally supposed to be deep-rooted. Nutrients leached downward during
the cropping phase may then be recovered from the subsoil by the subse-
quent fallow vegetation. The validity of this concept can be investiga-
ted with the simple leaching theory outlined above. As numerical exam-
ples we will use a rooting depth of D.3 m for the crop Z_(¢) and rocting
depths of 0.75, 1.5 and 2.5 m in year 1, 2 and 3 of the 'fallow 2 (£,),
2 (f.) and 2 (f}), respectively. These parameter values probably tepre-
sént‘a rather exaggerated difference between crop and fallow rooting
depths. For the calculations an "even” distribution pattern of nutrients
is assumed.
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to recover nitrate-nitrogen apparently are confined to the savannah
zone, with L of 0.5 m or less. For the rain forest zome deep-rocted
components of the cropping system are required within each growing
season to minimize losses of nutrients with low K_, as recovery in a
later stage is impossible. Mixed cropping of shallow and deep-rooted
crops may be part of the solution; under really high-rainfall conditions
growth of deep-rooted crops towards the ultimate rooting depth would
have to be rapid. Trees with a permanently deep root system and poten-
tially high nutrient demand early in the growing season may perform this
function best. Alley-cropping with deep-rooted hedgerow trees thus seems
a realistic option under high rainfall conditions, especially for nut-
rients with a low apparent adsorption.

SELECTING SUITABLE CROPS, CROP COMBINATIONS AND ALLEY-TREES

For the high rainfall substation of I.I.T.A. in $.E. Nigeria, with
an annual rainfall of about 2.4 m, the annual excess of rainfall over
rainfall over transpiration in the growing season is estimaced to be
about 1.2 m (De Willigen, 1985). The experimental site of the nitrogen
management project in S, Sumatera has a similar annual rainfall, but
differently distributed over the year (figure 3).

Under such high rainfall conditions we may expect a dramatic reduc-
tion in nitrogen interception if the soil pH would be changed from a
value where ammonium is the dominant nitrogen form to a value where
nitrate is the dominant form unless rooting depth increases by a factor
4, Detailed calculations by De Willigen (1983) illusctrate this point.

Estimates of effective rooting depths, Z and Z as defined
above, of some food crops on a tropical ulci§6¥ in S.E.rﬂlgeria are gi-
ven in table 5. Upland rice was found to have at least double the roor

TABLE 5. Estimates of "effective rooting depth"” in m for N and K wuptake
for some food crops om a trapical ultisol in Onne, §.E. Nigeria

(Hairiah and Van Noordwijik, 1986j; Zr(K) is hased on a root

lengeth density of 1 cm/cm?, ZI(N) on 0,1 cm/cm?.

Zr(K} ZI(N) Remarks
Maize, 2 weeks 0 0.1
5 weeks 0 0.2
8 weeks 0.1 0.25
14 weeks 0.1 0.25
Upland rice 3w 0 0.1
5 weeks 0 0.2
9 weeks 0.2 0.35
14 weeks 0.2 0.7
Cowpea 5 weeks 0.1 0.1
8 and 14 weeks 0.2 0.4
Cassava 2 weeks 0% V]
5 weeks O% 0.2 ] + 30-50% of root length
8 weeks Q% 0.3 infected with V.A.mycorrhiza
14 weeks O 0.35
10 months 0% 0.6

Figure
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ing depth of maize. The considerably higher nitrogen recovery by rice
compared with malze found by Arora and Jue (1982) can at least partly be
accounted for by this difference in roct development. A monoculture of
maize will lose nitrogen beyond Z unless nitrogen is applied in a
larger number of split applications. Mixed cropping of maize and cassava
provides a possibility for recovering part of the leached N from the
subseil, provided K_ is around 3. Rooting depths of various leguminous
cover cCrops are described by Helriah apd Van Noordwijk (1989)

For the presumed role of alley-trees as nutrient pumps a deep root
development would be required; horizontal development in the topsoil
should be limited so as to reduce competition from crop roots. Tree
species which have this pattern of root distribution and also Fulfill
other requirements such as tolerance of frequent pruning are scarce, but
they exist. Figure 6 shows data on root distribucion of shade trees used
in tea plantations in Indonesia on deep volcanic soils. Leucaena leuco-
cephala showed the deepest root penetration. Cogter (1932} studied a
large number of trees considered as potential understory crees in Tecto-
na-plantations. Trees with a deep root system and few superficial roots
generally showed a slow initial growth and a shoot: root ratio of 0.4 to
2.5 {on a dry weight basis); trees with a deep taproot as well as exten-
sive horizoncal development in the topsoil showed faster growth and had
shoot; reot ratios of 2 to 6; a group of ctrees and shrubs with only
shallow rooting had shoot: root racios of 2 te 30, Apparently treas with
the desirable root pattern invest a larges fraction of their carbohydra-
tes in root growth and consequently have a slow initial growth (figure
7). Cn the basis of later root development Leucaesna laucocephsla and
Acacia villosa appear to be suitable for alley-cropping: after a relati-
vely fast establishment phase with some horizental roets Ln the topsoil
as well as a deep root, later development is largely confined to the
subsoil,
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Figure 6. Root distribution of legumineus trees used in tea-plantations
in Indonesia (data of Keuchenius (1927), presented in Hajriah
and Van Noordwijk, 1986).
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Figure 8. Root distribution with depth and radial distance to the stam
of Leucaena  leucocephala, Gliricidia sepium, Alchornea
cordifolia and Acioa barceri in alley cropping experiments at
I.I.T.A., 1badan, Nigeria (data of Cole (1983) presented in

alriab and Van Noordwij 86).
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pont studies in the alley-cropping experiment at I1.I.T.A. in Ibadan,
Nipth . showed that Leuczena leucocephala comes closest to the desi-
calils TOOT patterm, with Gliricidia sepium and Acios barteri as a second
cheto® {(figure 8). Alchornea cordifolia showed a largely horizontal
govs iapment and is probably not suitable as hedgerow tree. Limited ob-
guy\Atlons on an acid soil in Onne, S.E. Nigeria (Hairjah and Vap Noord
wiik 1986) showed Alchornea roots to be even more restricted to the
rav'*‘l: Leucaena and Flemingia congesta formed many roats in the top-
an woil as in the subsoil. Anchonata macrophylla hedgerows got esta-
plased siowly, but had a reasonably deep roct system. Of four local
crae species investigated in 5. Sumatera, Peltophorum inerme had the
st $eomising root distribution (£igure 9, Vap Noordwijl et al 1989).
search for suitable tree specles, especlially for acid soils has to
coniwed. Root observations in an early stage may help to select tree
B aod discard less suirable ones. In view of the long duration of
RN experiments, early selection is cbviously prafitable.

—

&0 . . .

70 . -
cm depth '

Root distribution of some spontanecus tree seedlings in S,
Sumacera considered as potential alley-cropping tree; shoot
keight is indicated; A Peronema canescens {local name: Pohon
sunjkal); B and C Commersonia bartramia (lacal name Pohon
waru}; D and E Peltophorum inerme; botanical identifications
by Dr Riswan, Herbariums Bogoriense,
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CONCLUDING REMARKS

The simple leaching model presented here obviously needs refinement
and testing. Soil bioelogical, chemical and physical properties generally
vary with depth and the linear approximations used here may not be va-
1id. Yet the description of leaching used here is essentially the same
as used by De Willipen and Van Noordwiijk (1989} in a more elaborate mo-
del, which gives reasonable agreement with field experiments. Both the
"effective rooting depth" as the annual leaching depth vary considerably
for different nutrients on the same soil in the same climate. & more
precise use of the term "leaching” in explaining observed changes in
nutrient content of the topscil is desirable (Andriesse, 1987).

Further subdivision of the humid tropics according te rainfall sur-
plus is desirable: in an area with 3 to 5 m annual rvainfall (Hancock,
1989) leaching will be at least twice as fast as In an area with 2 m
rainfall pec year, the excess of rainfall over evapotranspiration will
being 2 - 4 and ! m, respectively.

Petails of raln infiltration {run-off and rum-on) can be very rele-
vant for nutrient leaching patterns in.the humid cropics, while their
effect on crop water avallability will be much less pronounced than in
drier areas.

Root investigations on each experimental site {m an initial stage,
although labour-.inctensive and destroying part of the plots, mav be worth
the time and energy invested, especially where long-term experiments are
planned.
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ROOTING DEPTH, SYRCHRONIZATION, SYNLOCALIZATION AND N-USE EFFICIENCY
UNDER HUMID TROPICAL CONDITIONS

P. de Willigen and M. van Noordwijk )

Institute for Soil Fertility, Haren, P.O. Box 30003, 9750 RA HAREN (Gr.)

SUMMARY

A mode] is presented with which calculactlons on the nitrogen balance
of a soil can be performed. The processes considered include leaching,
transformation of wineral and organic M, adsorption, and plant uptake.
Model caleulacions on the nitrogen balance for conditions of continuous
leaching during the growing seasen in the humid croplcs show a
reasonable agreement between N uptake as predieted on the basis of
observed root distribution and actually measured uptake. Practfcal
possibilities for incressing nucrlent use aefficiency through betcer
synchronizarion and synlocalization of nutrienc suppiy {n relation to
nutrient demand by che crop are discussed.

ANTRODUCTION

The traditional upland crop production systema in large parcts of the
humid troplecs rely on a short cropping perfod followed by a leng bush
fallow period for soil fertility restoracion. This production system is
characterized by a low cropping intemsity and low crop yields, with
litcle or no input of chemicals. Thase syscems have provided farmers for
generations with stable production methods, However, during the last few
decades the tradicional system is undergoing rapid changes, wmainly due
to Increasing population pressure, This has led to an increase in
cropping intensity and shortening or elimination of the auch-needed
fallow period, resulting in a rapid deciine in natural fertilicy and low
yields.

For prolonged ot continuous cropping, the loss in soil fertility in
the cropping phase must bde compensaced for by the use of organic
nutrient sources and/or fertilizers. Traditicnal farmers in many parts
of the humid rcropics cammocr &fford costly inputs. So-called modern
techniques for fertilizacion are often characterized by low
efficiencies, except where they are based on knowledge of local soil,
climate and crops. For fertilizer recommendations for tropical countries
Janssen et al. (1988) use an apparent ¥ recovery of 20-35%, depending on
soil type. With such efficiencies, fertilizer use by small farmers is
often not economically justiflable. Therefore, efforts have to be made
ta reduce dependence on chemical fertilizers by maximizing recircularion
of all available waste materials and by maximizing biological
N fixation, and/or to increase efficlency of fertilizer use.

In this paper we will use a model for nitrogen uptake by maize in
the humid tropics to investigare the effects of rooting depth and method
of fertilizer application (synchronization and synlocalization) on the
N-use efficiggcy obtained. The model (based on De Willigen, 1985) will



