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ABSTRACT 

This study indicates that presence of water during fertilizer placement plays a 
major role in reducing fertilizer use efficiency in flooded rice fields. Fertilizer 
applicators that have been developed in the past have transferred 40 to 70% of 
the fertilizer to the floodwater during the placement operation. Five possible 
ways of nitrogen transfer to floodwater are suggested. It was found that up to 
40% of the placed fertilizer transfers to floodwater through dissolution during 
transit froia the water surface to the furrow bottom. That was the major avenue 
for fertilizer transfer. The second major transfer is when the fertilizer solution 
and/or granules are pushed from the furrow bottom into the floodwater as the 
furrow closes. "Iransfers due to nitrogen diffusion through soil or through poorly 
closed furrows are not high. The authors argue that minimizing nitrogen transfer 
to floodwater during fertilizer placement is the key to improving fertilizer use 
efficiency in flooded rice fields. A deep placement applicator concept for mini
mum transfer to floodwater is proposed. The paper concludes that fertilizer dis
solution and the dynamics of fertilizer solution in flooded rice fields have not 
been fully understood and need further research to improve fertilizer use effi
ciency. 

/Agricultural engineer and research assistants, Agricultural Engineering Department, Inter
national Rice Research Institute, Los Bahos, Laguna, Philippines. 
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FERTILIZER TRANSFER TO
 
FLOODWATER DURING DEEP PLACEMENT
 

Asian farmers have not been able to effectively utilize fertil-
izer to boost their yields because of excessive nitrogen (N) 
Josses in wetland paddy cultivation. As early as 1941 in 
Japan, Shioiti explained how surface-applied annonia was 
lost in flooded soils and recommended deep placement of 
annonium fertilizers. Several field experiments conducted 
in 	 Japan from 1942 to 1952 indicated deep fertilizer place-
nent increased rough rice yields by an average of 10% 
(Mitsui 1955). l)espite more than 40 years of wor!:, it has 
been impossible to implement these important findings at 
th, farm level because slitable applicatore ha.tve not been 

veloped. 
The Agricultural Engineering )epartment at the Inter-

national Rice Research Institute (I RRI) has worked to de-
velop deep placement applicators for almost a decade, and 
many interesting and innovative machines have been 
devised. Most of them can place fertilizer (Fertilizer in this 
paper refers to urea fertilizer.) 5 cii or deeper and can close 
the placement furrow. Many IRRI-developed machines have 
performed well in experiment station trials, but most have 
not performed consistently at farn locations. This poor 
field perforniane has been baffling, and site and soil dif-
ferences quite often have been given as reasons for eratic 
pCrfoniance 


However, the consistent poor field performance of 
IRRI machines that meet placement depth and furrow 
closing crite,ia suggests that we may have overlooked sotne 
important factors that determine applicator perfonimance. 

Our main emphasis in developing applicators has been 
the physical in erac tions of soil and fertilizer, and we have 
concentrated on placement at proper soil depth and tho-
rough closing of furrows. Fertilizer-water interaction 
generally has not been recognized as a major factor affect
ing fertilizer loss, and engineers paid little attention to it in 
the design of deep placemnen t applicators. 

Fertilizer use efficiency on upland farms is 50 to 60% 
(Craswell and Vlek 1979). On fiooded wetland farms, it is 
30 to 50% (Prasad and l)e Datta 1979). In experiments in 
Pakistan (Ross I1980), dry fertilizer iiiccorporation followed 
by flooding resulted in 60% applied N recovery by the rice 
crop, which indicated that flooding after fertilizer applica
tion does not reduce fertilizer use efficiency. However, pre
sence of water during placenient scens to reduce fertilizer 
efficiency. A literature review shows no published data on 
the role of water duiing placement in decreasing fertilizer 
use efficiencies in flooded fields. 

Because fertilizer volatilization losses are directly 
affected by floodwater N levels, minimizing floodwater N 
might be an effective nethod of reducing fertilizer losses. 
Isolating the different ways fertilizer moves to floodwater 
would help to understand the mode and magnitude of such 
transfer. That, in turn, could help scientists improve appli
cator designs. A series of laboratory experiments were con
ducted by the Agricultural Engineering Department to 
define fertilizer-floodwater interactions. 

There are five ways by which fertilizer call transfer 
(Fig. I) to floodwater during or ininediately after place
ment: 

1.through the dissoltti .n of fertilizer as it passes 
through standing floodwater to tie furrow botton: 

2. 	 by upward movement of fertilizer granules or 
solution caused by .i.e displacement effect when 
the furrow is closed; 

3. 	by convectional movement of the fertilizer soliltion 
through poorly closed ftirrovs; 

4. 	 by diffusion through watt.r trapped between poorly 
closed furrow walls; and 

5. by diffusion through water trapped in puddled soil. 
A set of hypothetical curves indicating the various 

ways of fertilizer transfer to floodwater and the experinen
tal methods to isolate these effects ate given in Figure 2. 

. .. ....
 

4, 

Diso,o,n if fertier Ferilier Solul'onand mnuo. Profscol movemenl of 

fu,,wIonsfer chlooh 	 yteduxsrllterruhondelovanr~esepo e sarow 
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I. Avenues for fertilizer transfer to floodwater during deep placement. 
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The laboratory experinents were: 
Embedding experiments (Fig. 3) for prilled, forest
ry-grade, and urea supergranules at 2.5 and 5 cm 

to study diffusion of fertilizer through 
freshly puddled soit; 

2. 	 Delayed-fertilzer-release experiments (Fig. 4) inwhich embedded prilled, forestry-grade, and super

granule fertilizers were released, without disturbing 
the soil and after settling periods of 5, 10, and 15 
days, to evaluate diffusion rates through settled 
soils; and 
Fertilizerplacement experiments (Fig. 5) with dif

ferent furrow opening, closing, and flooding se
quence, and with varying fertilizer-water contact 
time of 0, 5, and 10 seconds to understand N trans
fer rate due to contact with water during placement. 

prilled fertilizer was used in this experiment 
because prilled urea is most susceptible to transfer 
to floodwater during placement and is the only fer

-,, ,tilizer 	 commercially available to rice farmers.)-/.
 
N 

Diffuslor 

transfer 


Confrol-no fertilizer 

Days afterfertilizing 

2. Hypothetical curves showing possible avenues and experimental
techniques for evaluating fertilizer transfer to floodwater during
placement. 

18d 


181 d 

Vused,
Step I 	 Step 2 

Fill bucket with puddled soil Place Ig fertilizer carefullyfill18d Set overnight and incenter of soil surface. 
drain surface water by. ige. 

a.__, 


--	 ___ 


d I " 'I 
I d 18cm 

J 
Step 3 Step 4
Add freshly puddled soil Add distilled waler dee
5cm

byspreading slowly for depth d 

=
3. Fertilizer embedding experiments (freshly puddled soils). d embed-
ding depth. 

METIO)OLOGY 

Two preliminary experiments were conducted in 4,000-cc 
glass beakers: one to study fertilizer embedding and one 
to evaluate fertilizer-water placement sequence. A fairly 
high fertilizer rate (232 kg N/ha) was used in the tests. The 
embedding experiment (Fig. 6) indicated that larger granule 
size reduces N diffusion to floodwater during the first few 
days. To a limited extent, deeper placement also lowers N 
diffusion. The placement sequence experiment (Fig. 7) 

showed that presence of water during fertilizer placement
 
and speed of furrow closing are important in increasing N 
diffusion to floodwater. The results of these experiments 
encouraged us to conduct three replicated experiments to 
confirm the findings. 

Expciments were conducted in 3-gallon plastic
buckets under highly controlled laboratory conditions. 
Freshly puddled Maahas clay soil from the same fields was 

and 18-cm soil depth and 5-cm floodwater depth
were maintained in all experiments. Buckets were Lept in

doors at about 24°C room temperature. Distilled water was

used to avoid chemical contamination. 

One gram of fertilizer (equivalent to 94 kg N/ha) was 
used throughout the tests. Floodwater samples were taken 
each day for 5 to 7days after fertilizer placement in freshly
puddled soil oi after the delayed fertil -er release, and were 

analyzed for urea and anmonium N concentration. 
In the first experiment (Fig. 3), fertilizer diffusion 

rates in freshly puddled soil for three fertilizei matejials
and two placement depths were studied. Buckets were 

filled with freshly puddled soiJ to 18-d cm depth, where d 
was tie fertilizer placement depth, and fertilizer was care
fully placed at the top of the sol in the center. Additional 
puddled soil was slowly deposited on top of the fertilizer to 
obtain the desired embedding depth. Care was taken that
the total soil depth after fertilizer embedding was always 18 
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d 

18-d " 18-d 

Step 

Place freshly puddled soil, 
set overnight, and drain 
surface water by syringe 

Step 2 

Place fertilizer in capsule 
with two strings passing 
through minute holes in 
bucket wall 

Step 3 

Add soil (overnight settled) 
up to total deph of 18cm. 

5cm 

4. Delayed-fertilizer-release Step 4 Step 5 Detadi of capsule
embedding experiments (5 ' Add 5cm distilled water Release fertilizer offer 5,10, 
10, 15 days settled soil). Keep adding distilled woler and 15doys settling by pulling 

d = embedding depth daily to compensate 
evoporation 

for the strings 

Treatment S T E P S 

A i2 3 4 5 

• ?4 3 

Place fre,shly zi.dved Flood withdle, opm furrow 5cm lae fertilizer el Close furrow by 

sol 18c emo e ewt, 5cm deep deep -r, ,poluiaSUrface water. bottomcc- of fund. pushing backO. both sides 

8 2 35 
1"' 2 4 3 '" 

Same as At Oene5cm deepfurrowe Ploce lq cinlteir Close furrow by Floo tryodd.q 5 cm 
by (ocking thespotula ft.,hh:e pusingOsoilon deep dishilledwaler 

bohrS'des
 

C 1 2 3 4 5 6 

Some us A1 Someas 82 Flood tuie, only Poce fterliz, in Close furrow mimdut'y (loodby nriddirg5. Fertitir placement wih wowte flooded fut". after ertiizer ( loo'sin' 5Cmdistlled
experimcnts with dil- water 
forest placemlent ',eqUrcnt p'frelykc pud- D Some as "C" except in sier, furrow closed 5 seconds ofter fertilizer plictement 

dhied sii). E Same on 'C"except in ,+towl closed 10seconds after tertilizer placement 

cm. Distilled water was added to obtain the desired 5-cm soil. I! consisted of tlte sawed-off cylider of a disposable 
water depth, plastic syinge ihat ''was fitted with t\,,,) pistotn;, one on each 

The second experiment (Fig. 4) studied fertilizer diffu- end. Nylotn thre.d was attached t, the pistons so that pull
sion through water entrapped in soil that had settled 5, 10, ing the ends of the string pulled the two pistons from the 
and 15 days after puddling. A simple device was developed cyli-:'ler and rek tsed the fe itilizer. This device with 1-g
to release fertilizer in settled soil without disturbing the fertilizer was en iedded in the soil, and the string ends 
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Urea-N tNH4 - N (ppm) 
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Soil: Puddled Mochas cloy 
Floodwater depth: 2cm 
Room temp 2t - 24 C 2 
Soil surface area: 194 cm 

Depth puddled soil: 16 cm
 
20 Volume puddled soil. 3000 cc 


Fertilizer qty : I g urea
(232 kg N/ha) 

Prilled,4cm depth 

A ---.--Prilled,6cm depth 

-5H US 4cm depthG 


Z 

0 ~20 
to 
 \15 


5 

6. Eect .f fertier embedding depth onDays after fertilizer embeddingurea and amnmoniunm N 

cimncentratiot innfl hodwpassed through twoater. t !S(i urea supergrar nule,fine holes pierccd onwalls. Fertilizer the bucket side-was released at 5, 10, or 15 days after pud-

ding. 
The third experiment (Fig. 5) evaltated the extet offertilizer dissolution and transfer to floodwater during dif-ferent fertilizer-waterbinations of fertilizer placeme tsequences.placement Different com-and \vater flooding tech-

niques were1.drain used to isolate the effect of water during place-- open furrow -
-

nlent (Fig. 5): place fertilizero-close furrow 
2. drain  open furrow-flood to ctn; place fertilizer -Dflood furrow 

and close inediately - flood to 5 cm;
3. drain - open furrow - place fertilizer, flood furrowoniy - close fuirrow a fter5 sonly.-close furrow after 10 

-
s 

flood 
-

to 5 cii " 
4. - open furrow flood to 5 cm; and5. draindrain - - place fertilizerflood to 5 cm - flood .furrow- open furrow - place fertilizer 
Results of the three experiments8 tN - close furrow, are shown in Figures 
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after puddling 

Room temp 21 ' 24 C 

25 _Soil 194cm2surface area. 

Fertilizer applied :1g prilled urea (232kg N/ho) T4
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T 

-Tratet 
15 / - Drain -open -place 

- frowclose
10 / 
- floodotr T 

T 4 Drain - open- place - flood 

5 -cnrl(ofriie
 

after fertlizer 
applict0 0 1 rDays2 3 4o 5 

I I IIcolc
tir.llin
7. E'ffect ill fezie Illirtliiid placement cqizencc ill\ater. re ad ammnniuni N 

MAJOR1. At IN )INS ANt) SOME IN5-cm JIERPRETATIONSI1). Nitrogenwater depth, N transfertransfer to floodwater into floodwatercrcases fe; tilizer place ent can be (F ig.
is depth increases as 43%, 65%, as high 

2.5-, 5-, and 
and 76% of broadcast application for7-cm -lacerentdepths. Tie data in

dicate that conventional fertilizer applicators, whichdrop fertilizer by gravity into flooded furrows
transfer ,a large part of the fertilizer into floodwater,
and are therefore inefficient for deep placement inflooded fields. 

2. Fertilizer dissolution during transit to tile furrowbottomtransfer atto 5-cm depth causes,oodwater the greatest fertilizer(Figs. 13, 14). At 5-cm place
uent. fertilizer transfer could be as high as 47% of
the floodwater N level of broadcast application. 

3. Physical movement of the fertilizer solution andfine granules from the furrow bottom to floodwater
during furro closing is the second major source ofN transfer to floodwater during deep(Figs. 7, 12, placement13, 14). With prilled urea, this N transfer at 5 cm placement depth could be as high as 29% 

4. At 2.5cmiof N transfer with surface-broadcastplacement depth urea.largeo4. urea granulesshowed less diffusion of N to floodwater during the 
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Urea N+NHN pm + 
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a-- -oUSGFst 

160 -BFrdcast(prilled) 

10.0 \grade 
o Prilled 120 

7.5 80 

60

5.0 40 

b)5.Ocm deep pacement 20 Hand pushed 
(USG 5cmde 

8. Fertilizer embedding experi-
menit on freshly puddlcd Ma-

2.5 a) 2.5cm deep placement 

--

5 

.- -.I______________ 
ahasclay. Floodwater depth, 5 
cm;fertili/errate, 94kgN 
US(; = urea supergranule. 

ha. O 1 2 3 4 5 6 7 
Days afterfertilizer application 

0 1 2 3 4 5 6 
Days after fertilizer aplication 

7 0 1 2 3 4 5 6 
Days after fertilizer application 
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Ureo-NtNH+- N (ppm) 
15 

Ureo-N+NH, -N (ppm) 
3 
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a) 2 5-cm placement depth b) 5-cm placement depth 

922 

Prilled 

Prilled 

6 

USG 

9. Diffusion of N to floodwater 3 USG
through Maahas clay that has 
settled for 5 days and fertiliier 
trigger released irom 2.5- and 
5-cm placement depths. I S(i 
urea supergranule. 0 2 2 3 4 

Days after application Days after applicaton 

first 2 or 3 days than did prilled or forestry-grade exhibited lower N transfer than those with more 
urea. There is little difference in N transfer for the rapid furrow closiiog. Most applicators developed 
fertilizer materials after 3 days. Deeper embedding at IRRI close the ft.rrow quickly, and therefore 
of prilled or forestry-grade urea also lowers N trans- encourage high N iransfer. 
fer (Figs. 6, 8). Finer granule fertilizer must be 6. Transfer throulgh lpoorly joined furrow walls at 5-cm 
placed somewhat deeper than larger granules fur placement inMaahas clay is about 10% of the N 
equal N transfer up to 5 cm. Beyond 5 cm,however, transfer of hiiadcast application (Figs. 13, 14). 
the larger graiuIe size (urea supergranule (USGI or 7. Nitrogen transfer to floodwater through diffusion in 
forestry-grade) does not have any advantage over freshly settled soil after fertilizer has been properly 
prilled fertilizer, indicating that all urea fertilizer deep placed and covered is not substantial (Figs. 8b, 
could be plac2d at the same depth. 9, 10).

5. Quick closing of furrows after placement (+ 0 8. Nitrogen diffusion through soil into floodwater, 
second) increases N transfer to floodwater as water when prilled fertilizer was embedded at 2.5 cm, was 
rushing out of a rapidly closing furrow tends to quick and relatively high (Fig. 8a). Maximum N 
push sonic fertilizer granules upward (Figs. 7, 12, transfer was recorded the first day after placement. 
13). Expermlents with slower (5 s) furrow closing With forestry-grade and USG, however, N transfer 
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Ure-N + NH -N(pm) Ureo-N++-N(ppm)
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13. Effect of placement sequc nee of prilled fertilizer at 5 cm depth on urea 
and anmimonium N transferred to floodwater. 10 

Transfer due to 	 To(no ate 
14. Major avenues for N transfer to floodwater during prilled urea 	 fuTrzrd(cotrl) 
placement at 5 cm depth in flooded Maahas clay. 0 urr-ow r :d5 

0 1 2 3 4 5 

Days ofter application 

by 	 diffusion I day after embedding was relatively placing fertilizer through irrigation water. 
small, but continued to increase slightly for 2 and 3 14. 	 Use- of low-cost prilled fertilizer coatings such as
days. starch, clay, or oils, which could inhibt fertilizer 

9. 	 Nitrogen diffusion through soil into floodwater, dissolution in water during the placement and cover
when fertilizer was embedded at 5 cm, was almost ing operation, may be an economic method for im
equal for all fertilizer materials (Figs. 8b, 9b), indi- proving fertilizer use efficiencies in flooded fields. 
cating that a 5-cm placement depth may be ade- 15. Eliminating floodwater for 3 to 4 days prior to 
quate in Maaias clay to minimize N transfer for all fertilizer application followed by flooding may re
three materials, suit 	in a deep placement effect and improve fertil

10. 	 Experiments on delayed fertilizer release of 5, 10, izer use efficiencies. 
and 15 days were inconsistent (Fig. 10), perhaps 16. Major N transfer to floodwater occurs during the 
because of experimental or analytical errors. It 	is first 2 or 3 days after fertilizer application. Perhaps
obvious, however, that N diffusion through soil deep placement in unsaturated soil 1 or 2 days after 
that had settled for 5, 10, and 15 days was quite draining, and delaying flooding for 2 to 3 days may
small, because the maximum floodwater N level improve fertilizer use efficiency. 
never exceeded a value of 4 ppm for USG or prilled 17. Incorporation of fertilizer in a drained soil and 
fertilizer. delaying flooding till 2 or 3 days after incorpora

11. 	Minimizing fertilizer-water contact during all three tion may be more effective in improving fertilizer 
phases of deep placement - transit, placement, and use efficiency than incorporating in fields with a 
covering - would be highly effective for reducing substantial amount of water followed by immediate 
fertilizer loss in flooded fields, flooding.

12. 	 Dry fertilizer incorporation followed by flooding IMPLICATIONS FOR APLCATOR DESIGNS 
increases fertilizer use efficiencies because water 
dissolves the fertilizer and transfers it deep into the Most applicators developed until now have not actually
soil. This practice simulates a deep placement effect, placed all the fertilizer deep in the soil because a large part
thereby minimizing physical transfer of fertilizer entered the floodwater during the placement operation.
granules or solution to the floodwater. This seems to be the main reason for the high degree of 

13. 	 I Nandy soils with high percolation rates, controlled variability in field performance of applicators rather than 
irrigation techniques may be effective for deep the generally suspected site and soil differences. 
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Past efforts to develop deep placement applicators 
have fccused on fertilizer-soil interactions. Findings of this 
study indicate that fertilizer dissolutio; and movement 
of fertilizer solution play a major role in increasing N trans-
fer to floodwater in flooded fields. Thus, machines that 
cover tlir' deposited fertilizer in the placement zone, or 
otherwise minimize movement of fertilizer and fertilizer 
water solution from the furrow bottom to the floodwater 
surface, would substantially improve fertilizer use efficien-
cies. 

CONCLUSIONS 

The major channels for fertilizer transfer to floodwater 
during placement are a) fertilizer dissolution during transit 
to furrow bottom aud b) upward movement of fertilizer 

granules or solution to the floodwater during furrow 
closing. These two avenues are so important that in some 
cases N transfer to floodwater through them almost equals
that of broadcast application. Transfer caused by poorly
sealed furrows or diffusion in freshly puddled settledor 
soils is relatively small. 

The high degree of variability in the field performance
of the available deep placement applicators seems primarily 
due to excessive N transfer to floodwater during placement 
rather than to soil and site differences, 

The findings of this study are important not only to 
the design of deep placement applicators but to the over-
all issue of fertilizer use efficiencies in wetland rice pro-
duction. The key to improving urea fertilizer use efficiency 
may depend on keeping the floodwater N level low. Mini-
mizing or blocking the various channels of N transfer 
through appropriate design of deep placement applicators is 
one approach to the problem. Research is also needed on 
fertilizer application and its interaction with different water 
management practices. Such res .Trch may lead to alternate 
solutions which would substantially improve Urea fertilizer 
use efficiencies without resorting to the more labor-

consuming operations of fertilizer incorporation or deep 
placement. The methodology developed in this study
could be effectively utilized for developing such alternate 
fertilizer application techniques. 

It seems that tihe physical interactions of urea fertilizer 
and water during deep placement are not fully understood. 
Further research is needed on fertilizer-soil-water inter
actions and on tie dynamics of fertilizer solutions under 
different soil and water regimes 

Development of commercially viable deep placement 
applicators for prilled urea fertilizer is essential to increas
ing paddy production. It is a rare opportunity for agri
cultural engineers to play an important role in increasingrice production anid in raising thle living standards of Asian 

farmers. 
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