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Summary .

The inhcrcnt fcaturcs of Acrisols with their incrcasirlg clay content with depth are conducive to reducirlg

nutrient losses by nutrient adsorption on the matri~ soil surraces. Ammonium (NH4 +) and lIilrate

(NO.1-) adsorption by a Plinthic Acrisol rrom LmllpulIg, Indonesia was studied ill columll experimellts.
Thc pcak or the H2180 breakthrough occurred at I pore volume, whercas the mediall pore volumes
for NH,I + and NO.1- ranged from 6.4 to 6.9 and 1.1 to 1.6, respectively. The adsorption coeflicients

(K.. ir, cm" gJ) measured werc 1.81, 1.51. 1.64 alld 1.47 for NH4+ and 0.03, 0.09, 0.10 and 0.17 for NO.1-'
rcspcclivcly, in the 0-0.2, 0.2-0.4, 0.4-0.6 and 0.6-0.8 m soil depth layers. The NH4 + and NO.1-

adsorption cocflicients derived from this study were put in to the Water, Nutricnt and Light Capture
in Agroforestry Systems (WaNuLCAS) lIIodelto evaluate their elTcct 011 leaching in the COli text or several

cropping systcms in .the humid tropics. The rcsultillg simulations indicate that the illherellt 'saretY-lIet'

(retardation mechanism) or a shallow (0.8-1 m) Plinthic Acrisol can reduce the leaching or mineral N by
belwecn 5 and 33% (or up tl.) 2.1 g m-1, mllinly due to the NH4+ retardation raclor, anl.\ Ihat tIle

crfcctivcness in reducing N leaching increases with increasing depth. Howcvcr. the inherent 'sarely-nct' is
uscrul only if dccp-rootcl.\ planls Clln recover Ihe N subscliucnlly.

Illtroduction

Efforts to incrcase the efficiency of nitrogen use in cropping

systems should be based on (i) an understanding of the

processes leading LO losscs, (ii) the fac(ors that slow down or
rcduce losscs, alld (iii) the options farmers have to manage
these factors. Percolating waterlc,,(;he~ mineral N (NH4+ and

NO:,-) from the root zone to the subsoil. Its relative impact

derc'rlds on rainfall, nutrient adsorption and the rooting depth.
Thc rate and amoLlllt of N jlcachcd can be derived from the

concentration of the miner~11 N in the soil solution! the challge
in soil water content, and knowledge of reulrded nl1neral N

c~\used by ncg~\tive and positive charges in the soil. In most
soils negative chargcs predomillatc. The charge on cl,IY minerals

in tropiC111 soils canbc divided into two major types: collstant or

permanent charge due to isomorphoLls substitution
(c,lli()n exchange capacity) alld variable charge on oxides
anJ the edge faces of clay minerals (pH-dependent charge)

(Sanchcz. 1976). Acrisols arc domina Led by Jilmilics of
kaolollitic (Toner el (II., 1989; Gillman, 1991), oxidic, gibbsitic,

rerritic, and mixcd mineralogy with signilicanL amounts of
iron and alLlminium oxides (Sanchez, 1976). They havc both

pcrmanent and variablc charges. In soils, clay mincrals intcract
willi cach otllcr and with organic malter. The charge or organic
mailer dc~~nds on pH as a result or tile dissociation or carboxyl

(COOH) and phenolic OH groups (Hayes & Swift, 1978). Ammo-
niuln in tile soil solution is tllUS excllanged with cations adsorl~d

on 10 negatively cllarged sur/aces of clay /llillerals or hu/llus and
thercrore NH4 + le~lclling is retarded. By contrast, NO;l- in the soil

solution is repelled rrO/ll neg~ltively ch~lrged clay surf~lces.
Nitrate is usu~llly assumed to move rreely tllrollgl1 /IIost

soils, bllt its adsl)rption lias been observed in soils rrom
Mexico and Soutll America (KilljO & Pratt, 1971), Georgia

(Ogwad~1 & Sparks, 1986) and from the Middle Atl~lntic region

of tile United States (Toneretal., 1989). Wong etal. (1987)

follnd tll~lt Icaclling of NO;l- in ~l Nigerian Acrisol could IJC

signilicalltly delayed because l)r tile positive ch~lrges present.
Al'cordillg to Toner ('I al. (1989). adsorption of NO;l- incrca~ed
with decreasing pH I~cause or pi I-dependent variable charge.

Ad~orption or NOJ- occurs at positively charged ~itcs on

kaolinite, rerric and other oxides that are cre~lted by prutona-
lion in excess or OH- ions adsorbed (Hingston el al., 1967).
In Acrisl)ls the clay content increases with increasing deplh,
and so the potential Illr NOJ- adsorption increases. Thu~.
the presence or positive charges in Acrisols may be or major

signilicallce ill retardillg the leaching or NO;l-.
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menls with rour rcplicalions ror the lrcalmenl or NH" I- Of

NO.\- solution !low and one sample 1\lr water !low (control).
To llblc'\in the rr.lclilln or !nineral N in NO~- rl)rI11, sllil

samples were takel! artef harvesting maize und grollndnuls at
0-0.05.0.05--0.2,0.2-0.4. 0.40.6, 0.6-0.8 and 0.11-1 m depths
rrom three types or hedgerow cropping systems rrom three
zones (distance to heugerow) in pcllophl)rllm .Ind gliricidia
hedgerows, live Zl)neS in IIlternate peltophl)fum alld gliricillia
hedgerows, 3nd rfom the control cropping system with no
hedges. These soil samples were taken lIsillg a 2-cln-lliametef

auger.

.)oil lJllulj's;s

The UHt,j c<JIlectcu for cmculHting thc rctilrdiltion cocflicienl

incluued pcrcentilge CIHY, bulk density, satur3teu volumelric

water content, organic matter content and pH. Particle size
distribution was determined by thc pipctte mclhod (Klule,
1986) using the Tropical Soil Biology and Ferlilily rrSBF)
mclhod or soil dispersion (Andcrson & Illgram, 1993). Thc
bulk density and saturatcd volumetric watcr contcnl were

measured by taking undisturbed soil salnples by pressing
shilrp stccl core samplers (5 cm long with a 10 cm inner dia-
meter) into the soil. Thc samples were s,Ilurated and weighed
under sHlurated conditions. Dry weights (ovcn-dried at IO5"C)
wcre mso measured. The wct weight data allowed us to I.'alcu-

late the weight or I pore volume (volume of water fl.)r replace-

ment). Orgilnic C was determillcl.l using the Walkley-Black
dichromate method (Nclson & Sommers. 1982) and total N
content by Kjcldahl digestion (Andcrson & Ingram, 1993). The
soil pH was measured in H 1:2.5 soil:w,Iter mixture. Cation
exchange capHcity (CEC) was detefl1tined HS Ihc quanlity of
e<ttions displHeed by NH4OAc buffered at pH 7 (Anderson &

Ingram, 1993). MincrHI N in the soil was measured byextrac-
tion of 5 g soil with 20cm.1 2 M KCI ,tnd detefl1tiltation of
N H" + and NO.,- in the extrucls by coll.)rimctric Ilow injection

analysis (Alvcs ('lal.. 1993).

Ctlmcron & Huyncs (1986) emphusizcd that rettlrdution
or NH4 + and NOJ- in the soil crfcclivcly proteclcd !nineral

N tlgainst Icuching. To providc tl l"ICtlcr undcrslanding or
rct:lrdalion OIl Ic.lcl\ing wc mllst know more about SOllllc
mobility and its interaction with the soil. Thcrerore, we
de~cribc here (i) how pH, soil organic mailer and clay content
:,rrCCI thc retardation or mineral nitrogen (NH4 + tlnd NO;l-)

and :ii) to wh:ll cxlcnl these amon and clItion adsorption
c.lpilcilies acl as an inhcrcnl 'Stllcly-nel' lo prolecl mincral N
againsllcaching. Wc havc lcslcd the following spccific hypOlhcscs.
I Tht,t incrcllsing pH, soil orgnnic mtlttcr and clny content

will illcrease the ;1 Jsorption of NH4+ N.

2 Thai decreCisillg soil pH alld soil orgClllic mCitter and increas-
ing clay content will increase the ad~orplioll or NOJ- N.

3 Thal the adsorbcd mineml N will be protected agaillst
1';:I','hillg and the effectiveness of the 'safety-net' (retclrdation

mechtlnisms) will incrcase with increasing depth.
The stlldy was carried out on a Plinthic Acrisol under vari-

OllS cropping syslems, tlnd the daltl were modelled llsing an
improved Water, Nutrient und Lighl Captllre in Agroforeslry
Sy:;tcms (WtINuLCAS) model (V~ln Noordwijk & Lusitln~I,

1998, 1999).

Detl'I'II/ination lif' ammonium (NH4+) al/d I/itl'ale (NO.f )

adsorption
Adsorplion of mineral N (NH4 + and NO.1-) was me!ISllred

using Ihe methods of Wong ('tal. (1990a,b) on undislllrbcd

soil columns. A stopper ''''as placed above each coillmn and a
runncl IJelow it, Using ;1 pcristaltic pump. potassium l,hloridc
solution (2 mM). contaillillg toluclle (to sllpprcss microbi!11
growlh). was pumpcd lip through the column. The now was
then reversed wilh lhe SOllllion plllnped into the top and out

from the bottom of the column at the same rate (70cm.1
hOllr-1 to simulate infiltration rale tinder field conditions),
Flow was conlinued unlil the column m!ISS was constanl at
which time I cml or potassillmnitrate SOllltion (2 mM) contain-
ing H21RO with 0.06 alom% IRa excess was added lo the lop of

Malcrials and mcthuds

LoCClliv/1 q(,vvil J(1/11pl<!S

Soil s.lmplcs wcrc tukcn from the Plinthic Acrisol prolile, .11

th,' BMSF-Projcct site (4°3I'S. IO4°55'E, experiment 17).
Kotubllmi, L.lmplmg. Indonesia (Y.ln dcr Heide ell)I.. 1992).
/\ hedgerow intercropping experiment wus established in

I 98()-.87. Two tree specics werc pmnled as hedgerows. namely

Pe/t'/ihorull/ das}'rr(/(:/.ys (peltophorum) and G/iricidia JI'piU111
(gliricidi:\), either alone or as alternating rows of peltophorum
and gliricidia: a control plot withollt / hedgerows was also

included. The trecs were spaced 0.5 m apart in hedgerows 4 m

apMt, giving 5000 trees per ha. Each plot contained follr
hcdgerows and was 24 m long. Each cropping system consisted

of two blocks. Maize (Zea Il/a.vs. L.) v.lr. Ajuna was planted
at the beginning of the raJny season (December-March),
follo'\.c'd by a second crop or maize (growing season II.

March-June). and dllring the dry season plots were; covered

by MI/CU/1(1 pruricll.I' (growing season III), bllt iJl 1997-98 and

1998-99 the cropping pattern was changed to maize followed
by grollndnuts only All plots received llrea fertilizer at the rate
of 90 kg N ha -I. The control treatment W.IS divided into Il)llr
Sllbtreatmcnts of N upplic~,tion: 0, 45, 90 and 135 kg h~l.

Fllrthcr details arc given by Hairiah el lI/. (1992).
Ti.,c soil samples for thc rcturdution experiment were takcll

from the peltophorum hedgerow inlercropping system in
Februury 1999 at 0-0.2 m. 0.2-0.4 m, 0.4-0.6 m and 0.6-0.8 m
dcpths. No soil samples were taken IJClow 0.8 m becallsc of a
plinthic myer. Undistllrbed soil cores, 5 cm diumeter and 15 cm
1011g, were tuken f,)r NH" + and NO.1- adsorption measurc-
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0 + K. Ph (3)

0
A reuuued solute will move at velocity vI R through the soil.

Since the number or pore volumes (V r) required ror haIr the
mass (C./Co=O.5, e.g. concenlration in effil1ent at time Ilcon-
celltration or input solution = 0.5) or llie retarded NH4 + or

NO3- to appear at the bottom or the column is inversely
proportiollal to ilS mean velocity (under steady-slate condi-
tions). R can be calculated rrom the ralio or pore vol limes lor
sollite to pore vollnl1es ror water (= I, see Figure I). ThllS
llndcr steady-suite now V r will be equal lo the reuudtltion

raclur R, and

R=

0
K.=(Vr-I)-. (4)

(Jb

The breakthrollgh Cllrves of NH4+ and NO.,- (pooled from four
replications) were analysed by a sigmoidal regression IT~)del. and
the retardation factors and their adsorption coefficients deter-
mi!ICd by Equation (4). The adsorptioll coefficients of NH4 + and

NO3- were correklted with easily measured soil properties. i.e. pH.
soil organic matter. clay content and cation exchangecnpacity, and

individunl soil properties tested using linear regression.

the column. followed by an llnlabelled nitrate solution (2mM)
colltaining toillene. The water now through the coilimn was
72cm3 hour-I. Smnples were collected every 0.5 hours for
16hours. On the.same soil column, the retardation of NH4+

wus meusurcd using similar stcps as for NO.,-. The concentra-
tion of allllnonium sulphate was 2 mM, and samplcs wcre
collectcd evcry hour for 32 hollrs. Ammonium Imd nitrate
conccntrations in solution were measllred using colorimetric
flow injcction analysis (Alvcs el ill., 1993). The IRO content of
w;lt.cr in the cfflucnt was measurcd using the direcl eqllilibra-
tion melhod dcveloped by Scrimgeour (1995) and analysed by

fitting c\ gas injection port aftcr the rcdllction column of an

alltomulcd C-N ancllyser COllplcd to a Europa 20-20 mass

spcClromcter (PDZ. Crcwe, UK).
Forslcady-slilte flow. Vlln Genllchlen & Dillton (J 986) prcsel1ted

:I continllity eqllution for the transport of sorbed solutes in soil:

{J,s' {)C' iJ2C {JC
Ph-l} +O-iJ =0 D-{J.., +q- iJ ' (I)

I I ".- .~

where S is lhe concentration of the sorbcd phase (g g-I). C lhat

of the soilltion ph:lse (g cm-3), Ph is the blilk density of the soil (g
cm-3), 0 is the vollimetric soil water content, D is the dispersion
cocrlicient (cm2 S-I), fJ i:; the volumetric Ilux dcnsity of displacing
soilition (cm S-I), x is the distance (cm), al1d I is the tune (s).

Mutos el al. (1999) iIItroduced the rctardulion faclor

(R, dirncnsionless) ill Equation (I) by defining S as a function of
C, i.c. S = KItC, whcrc Kit (cm3 g-l) is t.hc adsorption ~ocfficient.

i.e. NH,,+ or NO;l- adsorbcd (J£mol g-l) divided byNH4+ or
NO.,- in soilition v£mol cm-;l). By dividing thc whole eqll3tion by
volllmctric water content Equation (1) can be rewritten as .

)C -.2 c iJCR c D (F ;;:: ,~,;
(2)-at = DX2+ v"D;"c. \;,,~;c .

whcre v is the mean porc-wcllcr vclocity (cms~l)and

WaNuLCAS simulation: N leaching Ivith and Ivi/hou/
milleral N adsolptioll

The WaNuLCAS model (Vall Noordwijk & Lllsiana. 1998,

1999) simulates a folir-layer by follr-horizont;tl zone segment
of an agroforestry or other mixed-plant species system and
predicts interactions between the tree, soil and crop com-

poncnts on the basis of light, water, nit.'ogen and phosphorlls

captllre. Competition for below-groulld re~ources is based on

the root distribution over the 16 cells. as well as on current

);lIrc I The H~IIIO !low in soil column from

c PCllophorum hedgero\v intercropping
stcm (0-0.2 m soil depth). Vertical bars

ow st,lndard errors based on rour replicates.

'(:I 201.12 IJIHckwell Science LId. Eurol'e'//I JfJur"11i o.f Soil S.,ie/lce. 5.1. 1-10
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Tabl~ I Timetable ormamlgcmcllt pructices ill a P,'I/(lphnrum duxyrruch.I',r hedgerow intcrcropping syslem used iIIlhe WuNuLCAS simulutiOiIS. !lilt!

simulated millerul N uptl,ke by plullts

Mineral N llptake by plalll/g m-:2Activity Date

I.ORJ Dcccmber 97
14 Deccmber 97
21 December 97
10 .January 98
II Marcil 98
22 Marcb 98
27 March 98

29 June 98

I. First prunillg
2. Maizc planting
3. First N application (30kgNhu-l)
4. Sccl.,nl.l N upplicalion (60kgNha-l)
5. Maizc harvcsting
6. Sccond pruning

7. Groundnut planting
8. Groundnut harvcsting

4.7(,
2.17

2.62

where SlockNNo, i~ mineral N in NO;l- rorm, SlockNNII. i~
mineral N in NH4 + rorm and SlockN.". is total mineral N in

lhc soil, and a is the rcl.tlive value rrom other ractors (i.c. the

water /low factor).
Thcrerore, solving Equ.ttion (5) for KIt-cIT yields

K,,-cIT = -0 + -;--- (K.~o.. + (~~~~. (6)

I<..NO, + fNO, (K"NH. -K"NO~) + 0

where 0 equals O,.'u",'h.., ror the leaching equatioll. The qllilll-

tity FNO;l is the fractioll or mineral N ill NO;l- rorm.
The WaNuLCAS model (ver~ion 2.05) wa~ thell used to

~imul.ltc leached N on a daily time ~tep ror a year ror some
or the cropping systems at our stlldy site. The simlilation

scenarios were as rollows.

I With and witl10llt NH4+ alld NO.,- adsorption coefficients

in bate soils; with and without rcrtilizer N (90 kg N ha-I).
2 With and withOllt N adsorption coefficients in maize-

grolilldnut rotation monoculllire croppillg ~y~telll; with

1llld withollt rertilizer N (90kgN ha-I).
3 With and without N adsorption coerficients in

peltophorllm hedgerow inlercropping (maize-groulldnllt)
~y~lcm~; with .111d wilhollt rcrlilizcr N (90 kg N ha-I).
A ~ile-specific file ror Laillpling wu~ made ft)r the 1997-98

cropping syslems (T1iblc I) rrom clilllale dutu, with the annual

tolalruinrall(1 Novcmbcr 1997-31 October 1998)or3102mm.
soil data (rable 2) and cropping systcm~ and their manage-
IlIcnl pr.lctice (Table I), according to the model reqllircment~.

dcmalld, For both the tree and the crop a potential growth,
applicable to local climate, is used as input, and dtiily
reduction ractors are calculated where actual uptake could

not meet the 'demand', Thc dynamics or water and nutrients
in the rour vertical columns or soil are connected via the tree

roots, as well as through lateraillows or water (ir a slope value
othcr than zero is choscn) on the surfacc (runoff-runon) or
through the soil. Both vertical and horizontal Ilows of water
have consequences for nutrient transport, In this paper we

rocus on the aspccts of nutrient trnnsport using a model para-
metcrization for h~dgerow-maize intercropping describcd
above.

Thc adsorption cocrlicient or mincral N (K,,) must be

considercd in simulation of N leaching and N movement to

roots, To assess their elrccts on mineral N leachillg~dsorption

cocrlicicnts wcrc iJICOrporatcd into thc WaNuLCAS mo?cl
(Vall Noordwijk & Lusiana, 1998, 1999). .111 this model-a sin'gle'
pool or mineral N is simulated, but it covers both rorms if
a wcigl1lcd average adsorption collstant (K,.-err) is used, The

potcntial N uptake (PotUpt) by plants is inversely propor-
tional to (K" + 0), whilc thc leaching rate IS inversely propor-

tional to (K,. + O"'IUr"'i',")' Both potcnliaf uptake and leaching
arc dircclly proportional to the soil mineral N pool (StockN).

Thlls,

SlockNNH.

P U SlockNNO, SlockN.(}1
(5)otpl=a '+a,. =a. ,

K.No, + 0 "-:"NH.. + 0 J< en + 0

Table 2 Prol1Crlies of soil used for NH4" and NO, retardation experimenl~ (mean vallle~ based on follr replic"le~)

CEC. ;;~Ition exchange capacity: Ph. bulk density; fJ.. saturated volumetric water content.

11;, 2002 BI"Ckwcll Science Ltd. Eur,'p<,an Journal (lj'Soil Science. 53. 1-10
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2.42 to 5.05 cmol" kg-I. The organic matter content decrcascd
markedly with depth (from 2.04% to 0.14%). The soil texture
was a sandy clay loam but the clay contellt increased from
27.5% to 38.0% with illcreasillg depth. The bulk density
rallged from 1.38 to 1.55 g cm-J. the topsoil being least dellse.

T'lbl~3 Ammonium (NH4 ') and nitrate (NO.1) breakthrough pore
volumes and Incasured adsorptioll coefficients

Delay Ipore volumes

(~',,)
Adsorption coefficient

(K.) fcm'\ g-1

NOJ

0.03
0.09
0.10
0.17

The rcsults or the simulations were presented as the effeclive-
ness l1r mineral N adsorplion coefficients on reducing leaching

or minerai N compar.:d wilh thal without adsorption coerfi-
cicnts. Thc effectiveness or thc inherent 'sarety-net' was calcu-
latcd as a pcrccntagc using

whcre LeachedN"'ilh""I_Kn is tile mineral N Icached 'without an

ad~orption mechanisill alld LeachedNwi'h_Ka is the mincral N
leached willI effects or adsorplion factors.

The WaNuLCAS model was also used to explore the effect

of increasing soil depth (0.8-7 m) on tile leaching of mineral N

Wilh and without N adsorption coefficients. This was done

spccifically for the system peltophorum hedgerow with inter- ;

cropped maize and groundnut to which fertilizer N (90 k'g N
h,I-I) was added. Adsorption coefficients and olher properties
of Ihc deeper soil and nitrate fruction were assumed to be the
same ,IS those or the soil between 0.6 and 0.8 m.

A(I,\'orptioll of ammolliun1 (Nl/4 +) all(1 nitrate (NO,I)

Thc pcuk now or H21Ro uppeured ut I pore volume (Figure I).
Thcrc wus some cnrichmcnt in IRO in the outnow berorc the
pc,lk. The amount or H21RO gradually decreased arler I pore
volume, but the e;lrichment or H21RO was still large.

The breakthrough curves ror the replacement or potassium by
NH" + ror the upper soil layers had sigmoid shapes (Figure 2).

At all depths, the concenlratioJI or NH4 + in the leachates

rcached that ill the leaching solution (2 mM) within 32 hours
(20 pore volullles) or solute now. In all coillmns. complete
replacement or CI- by NO.,- was reached (2 mM) within
16hours (10 pore volumes) or solute now (I'igure 3). The
delay to the midpoint or the brenkthrough curve or NH4+
(C,/Co=O.5. e.g. I mM) ranged rrom 6.44 to 6.94 pore volllmes
and gave adsorption coerl1cicnts using Equation (4) or rrom
1.47 10 1.81 (Table 3). The delay or midpoillt in the bre,lk-

throllgh or NO:\- increased with depth alld rallged rrom 1.10 to
1.62 pore vol lImes, and thereby reslllted ill :ldsorption coerl1-

ciellts rrom 0.03 to 0.17 (Table 3).
The adsorplioll coerlicicnt or milleral NH4 + was sigllifi-

canlly correlated with soil pH (T:lble 4). The order or impor-
lance or the coerl1ciellts or determinatioll (R2) rrom fittcd
linear regrcssions were pH > soil organic muttcr contcllt > clay
conlellt. The slope or the linear regressions revealed that an

illcreasing pH and soil organic matter contellt increased the

adsorptioll coefficient or millerul Nll4 +, The adsorptioll
coerl1cient or mineral NO.1- was significlllltly correlilled
with ellsily measured properties such as clay and organic
m,ltlcr. The coefficicnt or dclerlninatiOlI (R2) r(lnked clilY
contcnt > soil organic Jllatter content > pH in order of

imporlmlce (Table 4). The slope or the linear regressions
rcvca\ed that a dccreasing pi I and soil org(lllic colltellt or

increasing clay increascd the adsorptioll coefficient or NO:\-.

Rcsults
: "Soil properties ' "'

Table 2 lists the average values of the soil properties we
mea~lIred. The soil was acid (pH 4.6-5.3), the more so with

incrc,.sillg depth. The cati('ri exchange capacity varied from

Tablc4 Lincur rcgrcs,-;ion purumctcrs bctwccn NH4' and NOJ- adsorption coeml:icllts (K"NH4 and K.No.) with pH, soil organic matter (SOM), clay

CUfllenland cutiul1c>;..:!1angc cupacily (CL:C)

NH4'

NO)-

Slope R2Parumclcr .llId range
~c...~

rH rallges: 4.6-5.3
SaM r.lngcs: 0.14-2.04/%

:;Iay ranges: 27.5-380/%
:ec ranges: 2.42-.'i.Q5 Icmal" kg-I
---~

'1'<0.10.

Constant Slope R2 Constant

-0.44
+ 1.47

+2.47
+ 1.43

+0.43

+0.16

-0.03

+0.05

0.82.
0.59
0.40
0.04

+0.76

+0.15
-0.30

+0.11

,(;1 2002 Blackwell Science Ltd. EUrf/pCfl/l Jf/urna! of Sf/i! Science, 53. 10

-0.14 0.49

-0.06 0.78-
+0.01 0.84-

-0.003 0.02
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(a) 0-0.2 m depth (b) 0.2-0.4 m depth
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E
E
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2.0

1.5 .

"r{1.01
1k-

o.sj y= (3.53 x"o)/(15.02'.'o + x"o,
R'.0.98 i

I;i~"re 2 The breaklhrough cllrve~ 0') of
NH.' (2mM) ror It'llI' deplh~ (O-O.8m),
where .,. is Ihe number or pore volumes.
Verlical burs are SI.llldard errors.

y = (6.67 X."I)/(63.28."" + x.,'";1.
R .0.98

oj~~~'
0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21

Cumulative leachate volume Ipore volumes

(a) 0-0.2 m depth (b) 0.2-0.4 m depih

(d) O.6-{).8 m depth

.+

..

y= (2.23 x"5)1(1.91'." + x"")
2R = 0.94

lii~ure 3 The breakthrough curves (.I") or

NO, (2mM) ror rour dcpths (0-0.8 mI.

where .," is the IlumlJer or pore volumes.

Vertical bars are standard errors.

6 8 10 12 0 2 4 6

Cumulative leachate volume Ipore volumes

8 10 120 2 4

'J~ 2002 fJlilCkwcl1 Sciencc Ltd. Eurnpean Journal l!f Soil SC;CI/I:C. 53. 1-10
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rrom I November I ')97 to 31 October 1998

where (-) is the monoculture system and

("".,) the peltophorum hedgerow

intercropping system in the 90 kg N ha-1

lI'culment,

200

10/01/97 02/01/98 06/01/98 10/01/98
Date

distribution and bulk density) and incorporating adsorption
cocrlicients and proportions orNH4 + and NO.1- (Tables 3 and 5)

into the model showed that leaching was signilicantly innu-

enced by the inherent retardation mechanism in this soil
(adsorption capacities of NH4 + and NO.1-) by up to 33%

(Table 6). The adsorption coerlicient or NO3- had little effect
on simulated leaching (decreasing leaching by less than 2%) in
the ecosystem we tested. Thus most or the errect on leaching
was due to the adsorption coerlicient of NH4 + (5-32% reduc-

tion in leaching). The application of rertilizer made the adsorp-
tion coeflicients less ertective in reducing leaching of mineral N
in all systems. Planting crops increased the effectiveness of

adsorption coeflicients in reducing leaching. However, the
inclusion of N2-fixing groundlluts (50% fixation) slightly

incrc;lscd the amount of N leached wilen compared with bare
soil in the treatment without N fertilizer. Tllis W;IS due to the

recycling of fixed N in plant residues. Insertillg trees into tile

system substantially decreased the amount of N leached,
particularly on plots to which N fertilizer was added when
compared with those with bare soil or single crops.

Peltophorum hedgerows also had a stronger effect on
llepleting the water content in the soil than the monoculture

TableS Fraction or NO.1 in soil milleral N at difrcrcllt soil deplhs

(24 replil:ales for eHch soil depth)

Fraction of soil mineral NO3-

Soil depth 1m Mean SE

O-O.fJ5
0.05-0.2

0.2-0.4

0.4-0.6

0.6-0.8

0.8-1.0

0.40
0.36
0.24
0.31
0.36
0.36

0.020'0.018

0.012
0.026
0.028
0.028

SE, standard error or mean.
..

Tile average NO3- rraction in mineral 1'1 w~,ssimitar at
~Irollnd 30-40% throllgilout the 'soil prolw:except for tile

0.2-0.4 m deptil (Table 5) where it was only 24%; Variation
or tile NO.,-fr~\ction increased with soil depth,

WaNuLCAS .\'imll{(lt;ons

The result of WaNuLCAS simulaliolls using soil properties in

Table 2 (soil organic maUer, lOlal N content, soil parlicle

Tllblc 6 The cITeclivcllC5S of ildsorplion coefficicnts of NHoI' and NO.1 (Tublc 3) on leaching of mineral N compared wilh lhat without HdsorptiOlI

occurrence (scl 100%) in diITercI1tcropping systems (combirutlion of cropping systems and application of fertilizer treatments) on a Plinthic Acrisol

in lhc humid tropicsovcr oncyear

Mille..ul N leuchillg Ig 111-2 (% chungej

-KaNH. -KuNO,Cropping system -K.,NII. + """NO,

+ 

KaNlI, -KaNO, + K.NH. + K.No.

3.4 (8.40

11.3 (5.0.[1

3.1 (33.111

8.6 (19.91)

2.1 (27.81)

6.8 (17.41)

-F-CcH
+r-C-H
-F+C-H
+F+C-H
-F+C+H

+F+C+H

3.7
11.8
4.6
10.7
2.8
8.3

3.7 (11.3!)
11.8 (0.11.)
4.6 (1.51)

10.6 (0.81)
2.8 (1.41)
8.2 (0.61)

3.4 (1.80
11.3 (4.1L)
3.2 (31.6.[)
8.1 (18.91)
2.1 (21..~1)
6.9 (16.8.[)

-= without, + = with K.NH. und KnNO, = coefficient of udsorption of NH4 I und NOj; F = fertilizer N (30 kg N + 60 kg N ha-1 top dressing);

C = m,lize--groundnut rotation; H = pcltophorum hedge; 1 = % decreuse.

'$;1 2002 Blackwell Science Ltd. Eurflpeall J"ur'la/ of S,,;/ .S'",iellce, 53. 1-10
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Mineral N leaching /g m-2
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Fil:urc 5 The crrect or available rooting depth on minera! N leaching

\vith am1 without adsorption coefficicnts (K,,) or NH4!- and NO)- and

their eO-ectiveness in reducing leaching.

(Figurc 4), as well as providing recyclablc N in the prullings
(Table I). The effectiveness of the inherent retardation

mcchallism in this Acrisol il1cre.tsed exponentially with

il1crcasil1g depth (Figure 5). With il1crcasing rootillg depth,
plllnts improved thc cffcctivcness of adsorption coefficicllts

;ill redll('.illg N Icaching.

Discussion

AmmO/Ii/11II (NH4+) {/tId nitrate (NOJ-)/ {lclsorp(io/l

The ,hapc of the N Hq + brcaktllrollgl{ Cllrve is more gradual

(Icss sleep) than that of NO;1-' indicating that the mobility or
NH., + was less tllan that of NO.1- in this soil. The data sllow

that the adsorption coefficient ofNHq+ varies somcwllat witll

depth (I-'igllrc 2 and T.1blc 3)'l This is probably dllC to tllc
intcractions bctwccn pH, alay and organic m~ltcr content

varying willI depth. Cia)' and organic matter Col1tent have
tl predominantly negative charge and Ctln attruct and hold
positively chargcd calionssuch tiS NH4 + by cation exchange.

J n this study clay content htlS no significant effect on llie
adsorption coefficient of NHq + possibly because of inter-

actions with other ftlctors (pH and soil organic content) or
bcc.IU"'; or the ntlrrow r:lnge of clay contellts. Howevcr, a
dccrctlsillg pH strongly decreascd NH4 + adsorption. We

think th.ltlmdcr acidic conditions the positively charged sites

incrctlsC (including tllosc on iron and aluminium oxides and
hydroxides in Itlttices of clay), hence restricting NH., + entry to

tllc soil surface (Mortland & Wolcott, 1965). A second factor
I1ltlY bc thc stronger replacing power of the H + ion competing

for the eXChatlge sites (Nommik & V;Ihlras. 1982). Thus the results
also illdicale thaI the negatively ch;lrged sites depenll on pH.

Nitrale relardation increases with llepth (Figure 3 and Tahle 3).
This increase corresponds It) an increasing clay cl)nlcnt anti
decreasing pH anll organic mattcr content. In Acrisols the
source or positive charges arc the broken ellges of kaolinites [I
and variable l".harges of Fe and AI oxide or hydroxide colloids
(Uchara & Gillm;III, 19111). '-he positive charge on I;c and AI
l)xidc or hydrl)xidc cl)II(lills incrcascs as the. soil bccomcs ml)rC
acill (Kinjl) el cll., 1971). Tilc presence l)f l)rganic matlcr lluc ll)
negative charges originating from the dissociation or carboxyl
(COOH) and phenolic OH groups tcnds to decrease adsorp-

tion of NO;l' (Black & Waring, 1976). Our mcasuremcnts
confirm that for this soil the clay content is the predominant
1!lctor an.ecting tile adsorption coeffil,ient of NO;l-.

The peak concentrlllion ror H21RO occurred at I pore

volume. Thus, it seems th"t the water in these llndisturbed
corcs moved largcly by piston now. Howevcr, somc carly

breakthrollgh indicated th,tt solne of the H2180 movcd by
hYPllss now through mucropores. This fasl now coliid have
rcdllced the effcctiveness l)r adSl)rplion or mineral N lluring
the experiments. Suprayogo (2000) follnd more byp"ss now
occurred in the field than in laborutory columns. Thererore,
our laboratory experiment does not indicate directly the 'low

p"tterns in the field. However, the detemlined adsorption
coefficients are valid as there were rew mllcropores in the soil

column. Furthermore, under field conditions mineral N

derived from minenllinltion or org"nic mailer is present

mainly within the microporcs or aggregates and hence Sllbjcct

to adsllrption (Nortclirf & Thornes. 1989).
Thc exchange of K + and NH4+ or CI- and NO;l- ill thc

experiment m;IY bc less complcx than in the field wherc 11
wider range of cations or anions are av"il,lble to compete for
the exchange sites. Also in the field, when a pulse or NH4 + or

NO.,- moves throllgh the soil it will change the electrolyte
concentrution and pH and hence the ch"rge will not lJe con-
stant (Wong el al., 1987). Imml)bilization or N may calise
rurther delay in leaching (Wong e( 01., 1987), but we preventcd

this in our experimcnt by llsing II microbial inhibitor. Despile

these limitations, the incorporation or retardation ractors as
inputs in models sllch as W,lNlILCAS can grc,ltly enhance the
accurucy or tests of the potential ef1ect or various mllnagement

strlllegics designed to red lice N le"ching.
The adsorption coerficients or NO.,- determined ror this soil

were smaller than those given by Wong efm. (1987) ror a

Nigeri"n Acrisol, in which adsl)rption coefficients for NO.,-
were 0.07, 0.11 and 0.28 cm.' g-1 ror soil depths or ()---32 cm,
32-67cln "lId 67-l30cm, respectively. Our measurements Sllg-
gest that the values of the adsorption coerficients or NO;l- arc

0.03, 0.09, O.lO and 0.17cm" g-1 ror o-O.2m, O.2-0.4m,
0.4-0.6 m arId 0.6-0.8 m soil depths, respectively. There was
no imorlnation on thc adsorption cocrficicnts of NH" + in thc

Nigcrian example, so wc could not compare it with our

results.

i!:~ 200;: HI,\ckwcli Science J_td. £u/,,'pcnN JOU/'Nn! (!f Soi! Sc:;('"cc. 53, 1-10
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Tile effectivelless of relardalion med,allisms ill redllCUI,1J

[eachillg

The inhcrcnt 'sllfely-nct' of this soil based on the WaNuLCAS

simulation could reduce leaching of mineral N by 5-33%

(Tablc 6). Crops and trccs increased the cffcctivencss of the
reulrd3tion functions. Uptake of mineral N by them (Table I)
reduces the amount of mineral N in the soil solution and hence
the illrlOunt potentuIJly. susccptible to leaching. They also
increase the effectiveness of the retardation by drying thc soil
(Figure 4). Watcr from any subsequent rain will fill the larger
empty pores. and so dilllte the mineral nitrogen in the solute.

Weaker !=oncentrulions of mineral N will decrcase the chances

of saturation of the charge on thc matric surface. and hence
the inherent 'safety-net' of the soil will increase. The grcater is
the depletion of soil watcr by plants the greater is the retention

of,In)' further rainwater, thus restricting through drainage and

the leaching of mineral N. Leaching of fertilizer N was reduced

most in hedgerow intercroppillg systems because of the
:lemands of the trees and crops rather than an increascd effec-
tiveness of the adsL'Irption coefficients, The simulated leaching
:or the monocrop and u'ec based system (with tile reulrdation
'actors activated) agrced wcll with actlull mcasured vailies of
).5 and 2.0 g m-1 (Sllprayogo. 2000). .

AlJlmonillm adsorption coefficicnts were by far the most
~flcctivc in rcducing leaching in the systcms we tcstcd;Thc
~ffectivcness of nitratc rctardation in redllcing Icaching was

Ipparcntly small, partly dllC to the shallowncss of thc soil.

-Iowcvcr, anion adsorption capacitics may be much morc erfcct.

ve (Figllre 5) in dccp Lixisols with less rainfall. Mekonnen ,
lal. (1997) found hlrge accumlilations of nitrate lmdcr
rlaizc monoculturc in a deeper Lixisol in Western Kcnya.

"he ~reater subsoil dcpth of such Lixisols will markedly
IcrCllse the 'safety-net' factor, particularly where dccp-root-
19 trccs arc plantcd. I

;unclusions

'he hypotheses 'lh;ll incre;lsillg pH and soil organic matter

'ill increase the adsorption. of NH4 +, and decreasing soil pH

11d -;oil organic matter, and increasing clay content ':Viii

Icrease the adsorption of NO3- , ;Ire confimled. An.increase
I lhe adsorption of NH4 + due to increased clay content wus

Jl demonstrated in our experiment because of illleraclions
ith other factors such as pf-I, soil organic matter and possibly
C 11urrow range or clay contents or thc samples.
Based on the WaNuLCAS simulation, the inlern;ll soil char-

lerislics of the Acrisol we studied could red lice the leaching
'mincral N by 5-33% (or up lo 2.1 g m-~). mainly as a result

U1C mumonium rctardalion. This eflccl COliid bc greater in

eper soils. Ollr comparison of the leaching of mineral N with
d without adsorption in several tropical agro-ecosyslems

ggcSlS that lhc inhcrenl 'safely-nel' is uscful only when N
11 be rccovcrcd subsequcnlly.
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