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/"iR. ,- Expectecl re~ron~e or gr:1in yieJcl fo N Aprlic:1t;cln Ir two

npplicAtiOil techniqlle~ are lI~ed \vilh dirrerenl efficiencic~- Three

types c,r cOlllp;Irison :1re shown: I. yielcl incren.~e nl cllnslnnt N

ApplicAliOiI. 2. Icrlili1er snvin~ lit cIIII~Ialll yield All" _1. cornhilled

cffecl~ if for ("AI:" ~y~tem All ecollclll1icAlly c'plimllm ferlilil.er ralc is

II~cd. bn~cd on 'he ~nlI1C lonrgil1nl effici("lIey (= slope).

(If fcrlili7.cr Ihey npply. In 'hi~ nrli,le we present a

~imple evaluation (If IIle econolllic:,IIy rational use

,If cfficiency-improving tecl'iniques. And the errecl~

,If price mti<,~ on the choic(~ bel ween not using tllc

technique. u~ing it for yield increa~l~ and using it to

.educe fertilizer lI~e. The evl1luati(m v.lill he ba~ed on a

.':Ir(mgly ~chcm~ltizc(1 vil.'w ()( the Icl:lmicnl a~pecl~ of

the cfficicncy improvclllrnt.

I;igure I ~how~ three way~ or comparing production

~y~tcm~ with two fcI lili7cr applicmi<m efficicncie~: I.

yield i"crea~c at Co"~t3"t fcrtilizer rate, 2. fertilizer

~aving at constnnt yield. and 3. combined erfect~ if nn

':com,mic optimum fertilizer rate i~ "~ed in el1ch ~y~-

tern. In thi~ article thi~ third approach will he quanti-

liet!. Ml1kkel1 and Scholtcn (I '~91) nm' Scholten (1992)

(~'m~i<lcrct! mninly the fir ~t type of COmpal1S011.

Yield mfld('1

"'lie yield re~pon~e 10 N ferlili7:er appliCaiion of fielcJ

l~rop~ (J7ig. 2) can be (1nalyzed by con~idering: I.

the relationship hetween fertrliler application and th('

nlJ1()unt of avnilahle N in thc soil, 2. the relation~hjp

I!elween Ihe l1mounl of available N in Ihe ~oil and

the l1mol,nl I1h~orhell by the crop, 3. the relation~hil)

I)etwecn Ihe atllOllnt m N I1b~orbed !!I.d the dry matter
l)rlldul~ti<ln of Ihe crllp I1nd 4. Ihe rell1lion~hip between

11!lal dry matler prodllclion and hl1rve~led yield. Each of

Ihe~e four relalions determin('~ an a~pect of the overall

fcrtili7.er Iise efficiency (Van Noordwyk and De Willi-

gen, 1986): I. application efficiency, 2. uptake effi-

l:iency, 3. ~Itili7a1ion efficiency and 4. harvest index.

cost. A range of technicm devices ror deep-plllcement

have hecn develol)Cd and tested unller field COIldiliollS

(O'Urien et al., 1985). Although a higher applicatiOlI

efficiency call thus he achieved, wide!;prcad fanncr

IIdoptioll oflhe!;e leclillillUC!; ha!; nol occurred (Makkcn

alld ScholtCII, 1991).

A relativcly !;implc ma'Iually ('pcralc!I pllt~\JIII,ttic

t,rca illjcctor wa!; developc(1 mid tested ulldcr field (:011-

,Iiti()!I!; (Sch"IlcII, 1992), III ficl(I expcrimcII's a "ompar-

i!;Oll wa!; m;Idc hclwccII ill.icclc<l 1111<1 !;urfacc applIed

urea al tile nationally rccomlncndccl N rate and at lIaif

of that rate, l11e experiments were carried out in fOllr

c(mnlric!;: Ivory Coast, l()go, Hangla<le!;h and Indonc-

~ia. '" most of Ihc cxpcrilllCIII!; a yicld illcrca!;c wa!;

f(Iulld whcn Ihc illjt~clor ",'a!; use,I. '" an ct~onOlllic

allalysis thi~ yield incrca!:c was found to cover the

additional labour CO!;t of about 20 hour rcr ha alld a

'pay-hack period' was cal(:tllatcd, 11!;!;umillg a rea!;Oll-

able cost ~)Cr injector (Makkcn and Sl~holten, I Y91). A!;

thi!; 'pay-back pcriod' wa!; often Ic!;s than one !;eason,

the conclusioll sccmcd to hc justified that use of the

injector would be beneficial to the fanner mId lead to

higher rice yicllis. I~cduccli polluti()n by the improved

cfficicncy -in thi!; ca!;e cspe.cially reduced emi!;sioll of

tllc grccnhou!;e ga!; N2O as ;1 hypro,Juct of (Iellitrifica-
lion -is viewed 3!; nil addilil'IIfll bCIIcfil, IIol coII!;idcrcll

ill thc ;Ibovc CCOIIOlllic cv:lll,alioll.

"I'IIccvaluati()n ofMakkcII and Scholten (1991) wa!;

hased on fixcd fcrtilizer ralcs. l'11c economic analy-

!;is alld the "osilive conclu!;ions ahout the chances of

farmer acceptance of the urea injector may change,

I,()wcvcr, if farmcr.~ are free 10 llccide Ihe nmount



Fi~ .1. Effect or the rerlili7er rice price ratio E; Oil IIVO con~lr:rilll~ on rcllili~('r "pplic:rtion r:lte: II lII:lr.!!inal efficicllcy ", = 10 (e(I!!Btioll 6) and
a tot:ll VIII!!c c()~1 r:lt«) (VCR) '= 2.(} (ell!!:llion 10). A: r. = 11.4. n: r. = QR. N application rI11t'~ inlllC ~h"ded arel1 meet ',oth I'rltcrill,

Vall Noordwijk and Wndnlnn (1992) prescnlcd a

simple model based on linear forms of relationships I,

2 and 4 and a quadratic form or rclalionship 3 (Pig. 2).

If no fcrtilizcr is applicd a yicld Yo wilillc obtained,

equal 1o:

C,111 lIe derived n~:

(4)

whcle: r'-r = reqllired 'Ilarginal emcicl1cy of fertiliz-

er Application Ikg yield per kg N applied], The second
Icrm in CqU:lI«111 -1 indicates the potehtial yicld whi(:h is

11m rconomicaltll acllieve givcn the c(:onomi(: condi-

tions and the efficiency of the crop and the application
tccl'Ili(IUC, NlltC II,m Y" is indcpcndcllt of N.; in the

dcri, 111«ln wc assllmrll N~ to lead tll a III'low-lnaxilllum

yicld. 'l'IIc marginal cflj(;icncy I~" (':In hc rcgardcIJ as a

prodllct orthc prilc rmio 't~ or fertili7rr and yield prod-

Ut~ts and the required marginal returns on il1vest!ncnt,

a,:

r;'N2
Y" '= 2r;"N~ --f--'- (I)

Y",
where: Y'" = maxi'IIUIII yield wllcn N i~ 11111 limiling [kg

h;I II. 11" "" planl efficiency ill prllducing yield pcr ullil

avnil,Illlc N illlhc ~oill kg yichl pcr kg N avail,Ibl{~ I, N~
= amotml or N av;\ilalllc in ~llil from ~()'lrCI~~ olher 'h:1n

fertilizcr [kg ha 'I. 'Ine plant efficiency. r;", c()l1~i~ts

of Ihrce componel1t~:

rurh'r := -c: :;:" "" arE; (5)(2)

where: L~ ~= price ratio of fertilizer and yield prOullcts

[kg kg-I], !Ir = required marginal retllm on invested

cllpilal, which is Ilasctl on the interest paid tin fertilizer

inve!;tmcnt, on the uncertainty of prit:es for the 11ar-

vc~tcu produce and on the risks of gellcral crop failure

(ar > 1,0), '('lIe 'ecorn>mit: optimum' fertilizer rate Nc

whit'h is needed to ot,t:tin Ye is equal tll (see appendix):

where: Cm = required N concentration in hiomass for

maximum yicld [kg kg-I J. fll = fertilizer uptake cffi-

cicncy or amounl of N ab~orhcd per unil available N
in the soil [kg kg- I). fh = l1arvesl index or grain yield

per unil hiol1l!1sS [kg kg --J). When fertili7.cr is applied

tl1c expected yieh! YI: i.~:

~J!:!!-~r~

YII'

YII'N = -,-r~. ~
II" -z2j;;} -.~ (6)Yr = 2P,,(N. t- rAN,) (3)

fa = fertilizer flpplicfltion efficiency or incr(,fI~e in avflil-
able amount ofN inthc ~oil per unit ferlili7.cr N applied
[kg kg-']. Nr'= amount of N added as fertilizer [kg
ha-I]. By equating dy,,/dNr 10 a marginm efficiency
~ (see appendix), a 'maximum economic yield' Ye

[~qll;ltion (; consi~ts or three terms. 1'11C first tenn indi-

cate!: tllc N ~upply necc~sary to obtainll1aximum yield
(l1ot limited by N ,. tllc second terlll illdicntcs thc fcrtil-

i7.er ~nved by aiming ~t 3n optimum rather than max-

imum yield, and the third ten" rcduces the fcrlilizcr
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i~ lIclcrm"Iing tile rc~ult. 'I'Ile two criteria are equal for

n IlricI'. rnlio [~;, clJunl to:

E;; = ~1!1-~~~ (12)
(4 -IIr)Y,n -4N!r'"

A lIig'Icr :'pplit~lIIi,m cfficiC~lIt~y (t',)mprnt' r'ig, Ja, b)

ml~ans tllal les.o; fertilizcr is nceded to reatll maxillium
yields (N rate I,!r E~ = O),')ut also l11ean~ Illat fertilizcr

rIlles lIre less sensitive to E~ (11I.~ negalive s'op'.~ is

le~~Y ~nd tile E,~ value for wllicll ~lleast some fertilizer

I'St~ i~ economically fca.o;iblc inl'rca~cs. A next ~Icp

is t,! t:omparc two production systems, differin:~ in

arplic.uioll efficiency,

rctJ!Iircmcnl by ncc()Unling for 111(: inherent !\oil !,!tili.

Iy. l~tJ!lation (, nlny Iclltllo ncgalivc fcrtili7.cr nppliclI

lion rates depending 011 !\oil !\upply N~ IIIIlI rctJllire(1

marginnl efficiency Ij". Ncgntivc vmlll'!\ ,o:hollid 1,('

illlcrprcted ns zero.
III discII!\!\ing thc Cl~("'omic~ (If fcrtilil.cr u~e (lftcrl

the concepl of n vmllc cost flliio (VCI~) is IISCt'. which

i!\ defined lIS tht' yield incrca!\c (yield willI fertilizer Y I'

minus yo) divided by Ihc costs or fertilizer.

Y,,-Yo
Nrf!p

(71VCR =

'Inc VCR decreases willI increasing rcrlilizer use.

When a rerlilizcr rule is calcilialed on the hasis of ;1

Inarginal crricicncy L~p' Ihc VCR equals: M()de/ effect.1' (Ir ;"crea.l'ed (1",,1;('01;011 efficiency

Wc will fir~t cllnsider thc situation where the marginal
efficiency is dctennining the fertilil.er rmc chosen. An

int:rea"c in the fertilizer application efficiency from fOIl
to fn2 ha~ ai, I~ffect on \)IIlh yielll and N rnte if Ihc

cconOlI,iC1tlly (",timu", fertili7,er r:\te i~ u~ed for bOlh

~il\latiltn~, 'rhr yield incrcn~e 6 Y I'an I,e {Icrived from

c(j'Imi('n 4 a~:

rarr
E*"

;pN~ } 8r

y:,-- +-i
VCR = (R)

It is often assulllCd that li,r fMlllcr adoption of fcrtilizcr
usc VCI{ should bc at least 2.U. "llIis call bc achicvcII
hy a specific clt(,icc of II,:

Dr = 2 {2 -~~
(;.

'p
5~~}Ynl

(9) r 2 1 I ]'I' ---6Y=Y'I1 { -
2P-;--} [ r2 f2

r nl 112
(iJ)

The fertilizer rate at which a V(:R of 2 is obtailled,
Nycr2, CUll he Cillculatcd by cllmhinillg clluali,,'Is .'i, (,

and 9:

n(:cau:;c all tcrm~ or thi~ equatioll arc 'I~)~itivc, wc

call collclude that improved applic:ltioll efficiency (fn2
> rnl) alwllY~ lead~ 10 a yield il1crease, unless E" is
7,cro (lcrlili7cr i~ free of charge). 1'11e yield il1crcll1cnt

will illl:rcnsc 11I111'(lrl«llIml(I lIte ~qttare or,he margillm

cflicic'Icy 1\", "'lie chmlge ill eoorn,mic Icrlili7.er rule

6Nc c:m bc tlclivetl f«)m equali.,116 n~:

G*
fJ:-

-r~';"N..}{ (10)

and the corresponding yield Y vcr2 is:

-Ym(~6 Ne -~ -r"
r ..2

-~ -- N }~

.rr

'Illi~ CIllIation :I,~~umc~ that both N" value~ are po~itive

nl1ll ~hl,"ld hc modified ircilher onc i~ 7cro, "lie chmlgc

ill ccI'l1!lmil: fcrlili7.er rnlc I:an hc I'°~itivc or negntivc,

depending on J~r and N~. ror low J~" (ChC/IP fertili~er)

t\ r~~ ""ill h(~ nc!!mivc amI Ic~;~ fcrtilil.er will he uscd~ ror

hil~h l~", more fertilizer will be u~cd if the application
erliciclll:Y i~ il1!:rea~cd, c~p(:cially in a sitllntion wllcre

fel lili7.cr u~e with the inerfil;iel1t application technique
i~ l1ot CCO111"llil:nlly fca~ihlc. ror a I:ertain vailic of

-',f.'.al

{.,& 

-~}A combination of the two critcria can 110W bc made. Ir

thc margil1al efficiency should be at Icast 1.0 and thl'

ovcrall value cosl ratio alleast 2, the besl rertili7.er ratr

is the miniJl1um of Nycrl alld N~. I~igllre .1 shows thr

highest acccptahic fcrtili7.cr N rates for IIIC Vt:I{ alld

thc margil1al rcturn criterion as a functioJl of f\~. for

two valucs or tilC :IpplicalicllI c/'ficicllcy, rn l'crtili7.er

rates chosen ill the ~ltadcd area arc 'economically fea-
sihle' according.to both criteria. I'or low vlllucs of E~

Ihe required margil1al erficicllcy is restrictillg the fer-

tilizer level, for higher price ratills the requircll VCI{
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cics. Around thc L~II(O) value (cII.IS) thc rcqllircd VCI{

restrict!; rcrtili7,cr usc ror the low IIPI)liclltiun erlicicnl"Y
and the bencfit of incrcasing the applicatioll erficicncy

is slightly higher than in the previous !;itumiun. Using
the VCR criterion has II pronounl"ec.l errect Oil hoth, fer-

tilizl"r use and yield benefit ror .Ii; valuc!; ill thc 13,lg(:

9-14, but a small l~'fcct on thc totlll bcllcfit for thc

farmer.

I )jl;c'II;.c;jon

yicltl nllt! It ~ittl:ltioll whcrc tllc mnrrinal cllicicncy is

evclI mOle important (Van Noort!wyh alld Wadmall.

1992).
O'Orieli et ai, (198]) estimaled thai compared 10

surface IIpplicati(ln, t!eel'-placemelll (H urea in lowlalld

rice ill Ilidolle~ia (ha~et! Oil applicati"11 'H urea supcr-
,!rallulc~) rc,Iu{'c,1 thc Cl'\II\(lmil'IlIly (',lliIIIUlll rille of N

I.I~C hy 250/" allJ illcrea~('J yield by h',:~ Ihan IOO/",lne
fertilizer rates u~cd by farm':~rs with 'he ~tmldard lech-

Iliqlle were IIcarly high cllough 10 obt:\ill ,lIe maximum

ro~~i'lle yield, accordinl~ to Ih.is ~tudy,
'1'Ilc 'rir~1 illlprcs~ioll' 'Hlhe CCOI1l,mil: feasibility (H

Ihc Ilrea illjcctor by MakkcII allt! SClloltcn (199 I) mId

(heir positive asses~mellt of the illjeltor was: sed on

mensured yield illcreases when the "ationally recom-

melldcd fcrlili7.cr ralc W;IS injcclcd rather than surfacc-

;Ipplied, III some t:ountri('s, Itowever, 'he recOlTllllellded

lertili7.er rnte is lower Ihnn Ihe el~ofl(1mically optimum

for surfnce-applicd fertilizer; e.g. ill B!1l1glad(~~h rec-

fJlmllelldntions aim III a total benefit C()~t ratio of 4 to 5.

I'llc previous evalulllioll (M ;Ikkell anJ Sclloltell, 1991)
,Jid l1\,t c,m1'idl~r tIle frec,ltlm of fanll{'rs tl' use IIl0rc~or
'cs~) fertilizer Ihan tllis recolnmended amount. Whcr-

I.~vcr frecJom cxi~t~ I1nd farlllcr~ may moximi7.c I;rofils,

Ihe rflcct of all cmrllt~y-improvillg Icchni(lue on fcr-

lilizer rates sh(nrld he taken into account, I~ice famlers

ill (:mlllllics wilh It,w I(~rtilizer rice price ratios m,'y

he rully justific(I in lIot IISilig all ,he lechllical innovn-

liolls thllt CI1I1 ilnprove fertilizer apl'lication effien,.y,

Illcreasillg tile rertilizer I1pplication efliciency prob;\-
hly reduces tfle flamlful impllcl of IIgricIJlturc on rIle

enviromnellt, although und(~r certain (extreme) condi-

tiolls il ml1Y increase fcr!ilizer use I1l1d so the loss M

rertilizer to !he cnviromllent (per hll. no! per unit rit~c

rr(,ducctl), If govcmmcllts wish to ~limull1te l'fficicllt

rcr!ilizer use, the introduction or !l'f:fllliclIl improve-

mcnts sl1(JI.ld he stimulated 11Y maintaining prirc ratios

hetwecn fertilizer and food products. which on tfle OJle

hand allt,w fertilizer to he uscd for increasing food

rn)(flll:ticm, hu! on !he o!her hand m;lke it worthwflile

10 illcrel1se erficicllcy mId rrduce wl1stagc. 'I'II(~ l~p(O)

vlllue (cq, 6) may form a first guideline for this price

ratio,
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'Jne model predicts th:lt the pril~(~s or fertilizer :lnd I ice

have a major impact on whether or not the introduction

of an efficiency-improving technique is worthwhile,

and ir so. whcthcr yicld i'lcreasc or rertilil,cr sflvings

arc the main basis or an overall benefit to the fanner,

'Jne model calclliations suggest It numbcr or conditions

undcr which hcncfits of :lpplying Ihe morc efficient

tcchniqlle are clear:
-situations with vcr)' low :lppli\.:ation (~Ifil:icncics

from broadcast rcrtilil.ati()n, ;tS "lay bc rlJund wllcre
irrigation W;tter fu)ws continiloll:;ly through tIle rice
licld!O; thi!O !OituAlion nlilY be round on mountmn

terraces,
-situations with high actual ff~rtili7,el1rice pril:c

ratios or values of ar,
-situations with high maximum yield levl~ls (1)0 otll-

er limiting factors).
-situations with a low inllcrent s(Jil N supply.

-situations with low labour costs.

In the rour countries where the pneuI'Ialic urea

injector was tested the price ratios '-~~ were approxi-

mately: 1.1 in lilgo (65 C['A per kg urea (46% N), 126

C['A per kg rice (aftcr milling»), l.tI in Bangladesh (5

'1'aka per kg urea, 61'aka per kg rice), 2.3 ill Indonesia

(200 I~p per kg urea. 175-200 I~p per kg rice) and 2.5

in Ivory Coast (102 cr;A per kg urC:l, 75-100 (:r;/, pcr

kg rice) (Makken and Scholten, 1991). Almrn-ginal
efficiencies Er between 2 and 5 (b:l!Oed on :In fir of 2)

in the four countries the expected benefit (Ir introduc-

ing an efficiency-improving technique (!Ouch as M urca

injector) i!O the equi v:llent or 4(){)-H(){) kg rice pl~r Ila

for the standard parrnllcter !Oet and con!Oist!O largely ()f
rertili7.er sAving!O. For 1\ high mAximllm yield (Y In =

75()() kg ha--I) the total benefit is 500-11 ()() kg rice per

fit rir between 2 and 5.
Qualitatively, the main conclusions on the effects

of the price ratio would also hold if the sll~llle of tile N

response curve differs; spatial variability in N supply in

the field may lead to a sh)wer approal:h of the maxi,nuln




