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Abstract Low yields and high risk characterize

many rain-fed lowland rice environments,

including those in Laos. Drought and fluctuating

soil-water conditions (from aerobic to anaerobic

states) can limit productivity and the efficient

use of applied nutrients. Although addition of

organic matter may improve the efficiency of

fertilizer use, on-farm residues, for example

farmyard manure (FYM), rice straw and rice

hulls, are, currently, poorly utilized in these

systems. Single and multi-year experiments were

designed to evaluate the effect of these residues

on rice productivity and efficiency of fertilizer

use at four sites. Rice yield without fertilizer but

with addition of residues ranged from 1.1 to

1.7 t ha–1 across sites and years. In response to

fertilizer, yields increased on average by

1.4 t ha–1. For all sites and years there was a

significant response of yield to organic residues

applied without fertilizer, with responses ranging

from 0.2 to 1.4 t ha–1. In 58% of cases there was

no residue·fertilizer interaction (benefits of

residues when applied with fertilizer were addi-

tive). In 38 and 4% of cases the interaction was

negative (no response to residues if fertilizer

was already applied) or positive (synergistic),

respectively. In the multi-year studies, the type

of interaction varied between years, suggesting

that seasonal events, rather than soil type,

determine the type of interaction. The greatest

benefits of applying organic and chemical fertil-

izers together were observed in years when

soil-water conditions were unfavorable (fluctu-

ating anaerobic–aerobic conditions). The long-

term effects of these different management

strategies on soil nutrient balances suggest that

N, P, and K balances were maintained as a

result of balanced commercial fertilizer manage-

ment but that addition of residues further

enhanced these balances. All residues, when

applied alone, resulted in positive soil Si bal-

ances; only with FYM were long-term N, P, and

K balances maintained or positive, however. For

resource-poor farmers, applying on-farm resi-

dues can be a sustainable approach to increasing

productivity.
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Introduction

Rain-fed lowland rice occupies approximately

46 million hectares, or 35% of global rice area

(Maclean et al. 2002). It is grown on level to

slightly sloping bunded fields with non-continuous

flooding of variable depth and duration (Zeigler

and Puckridge 1995). Compared with rice farmers

in irrigated lowlands, farmers of rain-fed rice

usually have fewer resources and limited access to

credit (Zeigler and Puckridge 1995), so risk

avoidance is of greater importance (Dobermann

and White 1999). Large areas of rain-fed lowland

rice, including those in Laos, are characterized as

having soils with low fertility and high spatial and

temporal variability of water availability (Zeigler

and Puckridge 1995); this has direct implications

for nutrient management. On the basis of NPK

omission studies, Linquist et al. (1998) reported

that in the primary rice-growing soils of central

and southern Laos, N is the most limiting nutrient

(in 86% of sites which responded), followed by P

(80% of sites which responded), and K (27% of

sites which responded).

Maximizing nutrient-use efficiency in rain-fed

systems is imperative for resource-poor farmers.

High inputs are not the solution, because of the

high risk of crop failure. Lao rice farmers apply

fertilizers at low rates (Pandey and Sanamongk-

houn 1998) and there is the potential for good

yield responses if they are applied properly

(Linquist et al. 1998; Linquist and Sengxue 2003).

Use of organic residues has been shown to

enhance nutrient cycling, improve nutrient use

efficiency, and increase productivity in rain-fed

lowland rice systems in other Southeast Asian

countries (Ragland and Boonpuckdee 1988;

Willet 1995; Seng et al. 2004). Available on-

farm residues include rice straw, rice hulls, and

farmyard manure (FYM). Straw accounts for

approximately 60% of aboveground biomass

and is probably the most abundant on-farm

residue available. In Laos, approximately half of

the rice straw remains in the field after the

harvest. This stubble is either burned or grazed

by livestock during the dry season. The top

portion of the straw is cut at harvest and

removed from the field. This straw is either

burned or fed to livestock after threshing.

Because livestock account for 46% of expend-

able cash income (Pandey and Sanamongkhoun

1998), the most valuable use of straw may be as

livestock feed. Livestock graze freely and little

effort is made to collect manure. On the basis

of survey results, only 11% of farmers use

manure, with application rates varying between

35 and 1050 kg ha–1 and most of it being

applied to rice seedling nurseries (Lao-IRRI

1995). Rice hulls account for approximately

20% of unmilled rice (Juliano and Bechtel

1985), or approximately 10% of aboveground

biomass, and are usually left at the rice mills.

The objective of this study was to evaluate the

effect of application of on-farm organic residues

(FYM, rice straw, and rice hulls) on rice

productivity, fertilizer-use efficiency, and soil

properties. On the basis of the assessment of

residue use discussed earlier, the application

rates used in this study were realistic in terms of

the amount of residue available to farmers.

Some studies have used very high rates, for

example Supapoj et al. (1998) reported use of

25 t ha–1 of rice straw. It is, however, unlikely

that farmers can acquire this amount of residue;

if they could, it would result in concentration of

these residues in one field at the expense of

others.

Materials and methods

Two on-farm experiments were conducted in four

locations in rain-fed lowland rice fields of central

and southern Laos. The objectives of the exper-

iments were to evaluate the application of on-

farm residues and inorganic fertilizers alone or in

combination on rice yields, and to evaluate

fertilizer-use efficiency. Soils in all locations were

typical of the area and were infertile (Table 1).

Both P and K were below the critical levels of

5 mg P kg–1 and 0.2 cmolc K kg–1, respectively

(Dobberman and Fairhurst 2000). The primary

difference between the experiments was that in

Experiment 1 the effect of N fertilizer over a

single season was evaluated whereas in Experi-

ment 2 the effect of N–P–K fertilizer was evalu-

ated over two to four seasons. Details of each

experiment are described below.

60 Nutr Cycl Agroecosyst (2007) 79:59–72

123



Experiment 1

This experiment was conducted during the 1998

wet season in Vientiane (central Laos) and

Saravan (southern Laos) to evaluate the effi-

ciency of fertilizer N use with or without addition

of organic matter. The experimental design was a

split-plot design with three replicates. Main plots

were 0 and 60 kg N ha–1 and the four subplots

were on-farm organic residues: none, farmyard

manure (FYM) at two rates, and rice hulls. On a

dry-weight basis, the FYM was applied at 2.6

(Manure-1) and 5.2 t ha–1 (Manure-2) and rice

hulls at 1.3 t ha–1. The source of the residues was

the same for both sites. The N, P, and K

composition of the residues is shown in Table 2.

Each subplot (3 m · 6 m) was separated by

bunds. Nitrogen fertilizer (urea) was applied in

three equal splits as basal, and at active tilling,

and panicle initiation. A basal application of 13,

71, and 30 kg ha–1 P, K and S, respectively, was

made to all plots, using triple-super-phosphate

and potassium sulfate. The N and P fertilizer rate

is the current recommendation provided to farm-

ers; the recommended rate of K and S is

30 kg ha–1. Potassium sulfate was the only fertil-

izer available so 30 kg S ha–1 was applied and

thus more K than necessary was applied.

Basal fertilizers and residues were applied just

before transplanting, and were incorporated with

a hoe. Thirty-day-old seedlings of rice (improved

glutinous variety-TDK1) were transplanted at a

hill spacing of 20 cm · 20 cm and 4–6 seedlings

per hill. TDK1 is a high-yielding, nutrient-respon-

sive variety and is the most popular rice variety in

Laos. Under low-input conditions TDK1 yields

are, furthermore, higher than the traditional

varieties commonly used (Linquist et al. 1998).

Furidan (33 kg ha–1) was applied at 25 and 45

DAT to control gall midge and stem borer.

Weeding was performed as necessary. At matu-

rity, border rows were removed from around each

plot and the remaining hills harvested by cutting

off the panicles. After threshing, grain weights

and moisture content (Kett (Japan) grain-mois-

ture meter) were determined and grain yields

reported after adjusting to 14% moisture.

Agronomic N-use efficiency (AE) is used as the

measure of the efficiency of N-use. This incremen-

tal efficiency from applied N is proportional to the

Table 1 Soil properties (0–20 cm) for all locations

Year and site Soil texture pH (H20) Organic C (%) Kjeldahl N (%) Olsen P (mg kg–1) Exch. K (cmol kg–1)

1998
Vientiane Loam 4.6 0.68 0.096 1.7 0.082
Saravan Silty loam 5.7 0.11 0.007 1.1 0.077
1999
Champassak Sandy loam 4.4 0.13 0.028 1.1 0.035
Saravan Silty loam 5.0 0.31 0.070 1.1 0.085

Table 2 Concentrations of N, P, and K and total amounts of the nutrients applied in the manure and rice hull treatments
(Experiment 1)

Nutrient Manure-1 Manure-2 Rice hulls

Nutrient concentration (%)
N 1.94 1.94 0.31
P 0.28 0.28 0.08
K 1.41 1.41 0.36

Amount of nutrient applied from residues (kg ha–1)a

N 50 101 4.1
P 7 15 1.1
K 37 73 4.7

a On a dry-weight basis, 2.6 t ha–1 Manure-1, 5.2 t ha–1 Manure-2, and 1.3 t ha–1 rice hulls were applied. Manure-1 and
manure-2 were the from the same source

Nutr Cycl Agroecosyst (2007) 79:59–72 61

123



cost-benefit ratio from investment in N inputs

(Cassman et al. 1996) and is calculated as:

Experiment 2

This experiment was conducted at two sites in

southern Laos (in the provinces of Champassak

and Saravan) to evaluate rice-yield responses to

the application of on-farm residues and inorganic

fertilizers alone or in combination with each

other. The location of the 1999 experiment in

Saravan was not the same as in 1998. The

experiment was initiated at both sites in 1999

and continued until 2000 in Saravan and 2002 in

Champassak. The experiment was set up as a

split-plot design with three replicates. Plot size

was 16 m2 (4 m · 4 m). Main plot treatments

were plus and minus chemical fertilizer (60, 13,

and 18 kg ha–1 of N, P and K, respectively) and

sub-plot treatments were different—residues,

none; FYM, rice straw, or rice hulls applied at a

rate of 2 t ha–1 dry weight (Table 3 shows the

nutrient concentration of each residue). Treat-

ment plots were maintained for the duration of

the experiment with fertilizers and residues being

applied annually. The same residues were used at

both sites from 1999 to 2001 and a separate set of

residues was used in 2002. All fertilizer P (as

triple-super-phosphate) and K (as potassium

sulfate) and one-third of the N (as urea) was

applied just before transplanting and incorpo-

rated into the soil. The remaining N (urea) was

applied in equal splits 30 and 55 days after

transplanting, and corresponded to maximum

tilling and panicle initiation.

Residues were broadcast and incorporated into

the soil with a hoe, just before rice seedlings

(variety TDK1) were transplanted. Important

cropping events at Champassak are listed in

Table 4.

Seedlings were transplanted when they were

approximately 30 days old. Hill density was

25 hills m–2 with 4–6 seedlings per hill. At Cham-

passak the soil-water level in each plot was

monitored throughout the season. Weeds were

controlled by hand as necessary. At harvest,

7.8 m2 was sampled from the middle of each plot,

to determine grain yield, by cutting and removing

the top half of the plant and then threshing

outside the plot. The grain moisture content was

determined (Kett (Japan) grain-moisture meter)

after threshing and grain yields are reported after

adjusting to 14% moisture. From within this

harvest area, 12 rice hills were sampled by cutting

the rice at ground level for determination of straw

yield, harvest index, and nutrient (N, P, K, and Si)

analysis.

Percentage fertilizer N recovery (FNR) was

calculated as:

Nutrient balance calculations were based on

removal of all grain and half of the straw

AE (kg grain/kg N) ¼ þN treatment yield (kg) � 0N treatment yield (kg)

amount of N applied (kg).

FNR ð%Þ ¼ (N uptake in þN treatment)� (N uptake in 0N treatment)

amount of N applied
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and inputs from residues and fertilizers. The

calculations do not account for losses that may

have occurred because of leaching and run-off. Soil

samples (five soil cores taken at 0–20 cm) were

taken from every plot in each season before land

preparation. Soil samples were dried in air, ground

to pass a 2-mm sieve, and analyzed for total N and

C, extractable P and K, and pH (1:1 H2O).

Statistical analysis

All plant (yield and nutrient) and soil (soil C, N,

P, K and pH) data were tested for normality

(Shapiro and Wilk 1965) and homogeneity of

variance using a v2 test (Gomez and Gomez,

1984). Data that did not conform with these

assumptions for analysis of variance (ANOVA)

were transformed for analysis. For each site and

year the effects of fertilizer and residue were

analyzed by subjecting the data to an ANOVA

for a split-plot design. Data for each year from

Experiment 2 were also combined for analysis

with each year being a repeated measure. When

there was a significant fertilizer·residue interac-

tion, an additional ANOVA was conducted for

each residue to identify the source and type of

interaction. A non-significant interaction from

these individual ANOVAs indicates additive

benefits when residues and fertilizer are applied

together (the benefits from residues and fertilizers

applied together was equal to the sum of the

benefits when they were applied separately).

Significant interactions can be either negative or

positive. A negative interaction indicates that the

benefit of applying residues and fertilizer together

is less than additive. A positive interaction indi-

cates a synergistic benefit.

Results

Experiment 1

In Vientiane, the yield without fertilizer N and

residues was 2.1 t ha–1 (Fig. 1). Addition of N

fertilizer increased yields by 0.9 t ha–1—an AE of

15 kg kg–1. There was a significant yield response

to all residues but the interaction between N and

residues was not significant (Fig. 1 and Table 5),

suggesting additive benefits from the combined

application of residues and fertilizer N. Average

yields across N treatments increased by 0.9, 0.6,

Table 3 Concentrations of N, P, and K in residues, and amounts of N, P and K applied in each treatment at a rate of
2 t ha–1 (Experiment 2)a

Nutrient Manure Rice hulls Straw

Nutrient concentration (%)
N 2.01/1.82 0.36/0.48 0.88/0.52
P 0.28/0.22 0.03/0.02 0.09/0.06
K 1.49/1.50 0.31/0.39 1.50/1.60
Si 18.7/11.5 6.75/6.72 5.28/3.65

Amount of nutrient applied from residues (kg ha–1)
N 40/36 7/10 18/10
P 5.5/4.3 0.6/0.4 1.7/1.2
K 30/30 6/8 30/31
Si 374/230 135/134 106/73

a The first number is for the residues used from 1999 to 2001; the second number is for residues used in 2002

Table 4 Management and flowering dates for each year in the Champassak experiment

Operation or growth stage 1999 2000 2001 2002

Seeds sowed in nursery May 30 June 3 June 13 July 7
Transplanting June 22 June 28 July 10 July 29
Floweringa Sept. 15 Sept. 5 Oct. 1 Oct. 16
Harvest Oct. 15 Oct. 3 Oct. 26 Nov. 14

a Approximate flowering date, because actual flowering times varied with treatment
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and 0.4 t ha–1 in response to 5.2 and 2.6 t ha–1 of

FYM and rice hulls, respectively (yield increases

of 15–35%). Despite large differences between

the amount of nutrients applied in the residues

(Table 2), the yield response was similar for all

residues.

In Saravan, yield without N fertilizer and

residues was 1.7 t ha–1 and increased by

1.4 t ha–1 in response to urea-N alone—an AE

of 23 kg kg–1 (Fig. 1). There was a significant

yield response to residues. In the treatments that

did not receive N, yields increased by about

0.2 t ha–1 in response to rice hulls and 2.6 t

FYM ha–1 and by 0.5 t ha–1 in response to 5.6 t

FYM ha–1 (a yield increase of 12–28%). The

interaction between N fertilizer and residues was

significant but negative (Fig. 1 and Table 5),

indicating no yield benefit from residues if N

fertilizer had already been applied.

Experiment 2

In Saravan, when no fertilizers or residues were

applied yields were 1.6 t ha–1 in 1999 and

1.2 t ha–1 in 2000 (Fig. 2). In response to fertilizer

alone yields increased by 1.7 t ha–1 (107%
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Fig. 1 Rice-yield
response to application of
chemical fertilizer N
(60 kg N ha–1) and
residue (none, farmyard
manure (FYM), or rice
hulls). Experiments were
conducted in 1998 in
Vientiane and Saravan
provinces of the Lao
PDR. Yields are adjusted
to 14% moisture.* and **
indicate a significant
difference at P = 0.05 and
0.01, respectively.
LSD(0.05) for comparison
of residue treatments are
140 kg ha–1 (Saravan) and
395 kg ha–1 (Vientiane)

Table 5 Grain yield responses to fertilizer and residues applied alone, and the fertilizer·residue interactiona ANOVA
results for each residue analyzed separately

Site Year Response to fertilizer alone Response to residue alone Fertilizer·residue interaction

Experiment 1 kg ha–1 kg ha–1 FYM-5.2 FYM-2.6 Hulls
Vientiane 1998 893 730 0 0 0
Saravan 1998 1429 296 – – –
Experiment 2 FYM Straw Hulls
Saravan 1999 1691 748 + 0 0

2000 2285 1077 – – –
Champassak 1999 1517 559 0 – –

2000 1462 582 0 – 0
2001 680 1230 0 0 0
2002 1549 1065 0 0 0

Average 1438 786

a A ‘‘0’’ indicates no interaction (benefits are additive), a ‘‘–’’ indicates a negative interaction and a ‘‘+’’ indicates a positive
interaction (synergistic benefits)
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increase) and 2.3 t ha–1 (192% increase) in 1999

and 2000, respectively. In response to residues

alone there was little difference between residues

with yields increasing by 0.7 t ha–1 (47% in-

crease) in 1999 and 1.1 t ha–1 (90% increase) in

2000. In both years there was a significant

fertilizer·residue interaction. In 1999 there was

a positive interaction because of the synergistic

benefit of applying FYM with fertilizer (the only

synergistic benefit observed in either experiment)

(Table 5). There were additive benefits when

straw and rice hulls were applied with fertilizer. In

2000 a negative interaction was observed for all

residues (Fig. 2 and Table 5).

At Champassak in 1999 and 2000 the soils

remained flooded for the entire season (Fig. 3); in

2001 and 2002, however, the soils were unflooded

early in the season and in 2001 late in the season.

Early and late season drought (or periods when

rice fields are unflooded and aerobic) as shown

here are typical of rain-fed lowland rice systems

in Laos (Fukai et al. 1998). During these unfloo-

ded periods the crop did not experience drought

stress, on the basis of visual observations and the

fact that yields were comparable with or higher

than those in other years.

When no fertilizers or residues were applied,

rice yields at Champassak ranged from 1.1 to

1.6 t ha–1 (Fig. 4). Applying only chemical fer-

tilizer increased yields significantly in all years

by 1.5 t ha–1 (126% increase) in the first two

years, 0.7 t ha–1 (43% increase) in 2001, and

1.5 t ha–1 in 2002 (98% increase). When only

residues were applied, rice yields increased on

average, by 0.6 t ha–1 (48% increase) in the first

two years, 1.2 t ha–1 (78%) in 2001, and

1.1 t ha–1 (68% increase) in 2002. In 2001 there

was no fertilizer·residue interaction (additive
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Fig. 2 Grain yields (14%
moisture) in response to
organic residue (none,
farmyard manure (FYM),
rice straw, and rice hulls)
and fertilizer (60, 13, and
18 kg ha–1 of N, P and K,
respectively) applications
in Saravan province in
1999 and 2000. *, **, and
*** indicate a significant
difference at P = 0.05,
0.01, and 0.001,
respectively. LSD(0.05) for
comparison of residue
treatments are
179 kg ha–1 (1999) and
196 kg ha–1 (2000)
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Fig. 3 The height of
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from transplanting
through flowering at the
Champassak site.
Different starting times
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represent differences in
when the crop was
transplanted and
harvested
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benefits). In contrast, there were significant

fertilizer·residue interactions in the other years.

Further examination of these interactions shows

no interaction for FYM (additive benefits) in all

years but negative interactions for straw and

rice hulls in 1999 and 2000 (Table 5). The

benefits from residues when applied with fertil-

izer were generally better in 2001 and 2002

(Table 5) when soil conditions were less favor-

able (Fig. 3).

Nitrogen fertilizer recovery (FNR) by the crop

when no residues were applied averaged 29% in

1999, 2000, and 2002, but was only 5% in 2001

(Table 6). Poor FNR in 2001 was most probably

because of fluctuating soil-water conditions at the

beginning of the season (Fig. 3), which may have

resulted in denitrification losses (Buresh and De

Datta 1991). In 1999, 2000, and 2002 (when FNR

was high) residues had little effect on FNR. In

2001, however, the application of residues signif-

icantly increased FNR from 5% to 19%.

Average annual aboveground nutrient uptake

in the control (no fertilizer or residues) was 18, 2,

17, and 75 kg ha–1 for N, P, K, and Si, respec-

tively, and increased with addition of residue and

fertilizer (Fig. 5). The increase in N, P, K, and Si

uptake as a result of residue application was

higher for the unfertilized treatment than for the

fertilized treatment. For both the fertilized and

unfertilized treatments, application of FYM, the

residue with the highest concentrations of nutri-

ents, resulted in greater uptake of N, P, K, and Si

than application of the other residues.

The critical concentration of Si in mature rice

straw is 5% (Dobberman and Fairhurst 2000) but

is 3–4% in rain-fed systems (Chabalier 1987). The

Si concentration in mature rice straw in all

treatments ranged from 2.5% to 3.5%, but appli-

cation of residues usually increased the Si content

by 0.2–0.3% (data not shown) and kept soil Si

budgets positive (Fig. 6).

The nutrient balance over the four-year period

at the Champassak site, not accounting for losses

because of surface runoff (probably negligible)

and leaching, reveals negative balances of N, P, K,

and Si when no residue or fertilizer was applied

(Fig. 6). Application of FYM in the absence of

fertilizer resulted in positive balances whereas

applying straw resulted in negative N and P

balances but positive K and Si balances. Appli-

cation of only rice hulls resulted in negative N, P,

and K balances but a positive Si balance. Fertil-

izer applications kept N, P, and K balances

positive, except the K balance was slightly neg-

ative (–9 kg ha–1) when no residues were applied.

After four years, soil-available K was lowest when

no residues were applied (data not shown). There

was no change in soil pH, but increasing trends

(not significant) of organic matter, soil N, and P in

relation to inputs from residues and fertilizers.
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Fig. 4 Grain yields of rice at Champassak from 1999 to
2002 as affected by fertilizer (F) and residue (R)
applications. Residues were none, farmyard manure
(FYM), rice straw, and rice hulls. Chemical fertilizers
were applied at levels of 60, 13, and 18 kg ha–1 of N, P and
K, respectively. LSD(0.05) for comparison of residue
treatments are 288 kg ha–1 (1999), 117 kg ha–1 (2000),
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Table 6 Fertilizer N recovery efficiency in each year of
the Champassak study

1999 2000 2001 2002

No residue 40 a 21 5 c 27
Residue-FYM 41 a 14 13 bc 19
Residue-Straw 18 b 13 20 ab 32
Residue-Hulls 30 ab 12 24 a 19
P > 0.05 0.049 ns 0.015 ns
Residue average 30 13 19 23
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Discussion

Yield response to chemical fertilizer alone

The yields observed in these studies without

inputs ranged from 1.1 to 1.7 t ha–1 and are

typical of yields on soils of central and southern

Laos (Linquist et al. 1998). Four-year data

from Champassak show that such yields can be

sustained without fertilizer or residue inputs

(Fig. 4). Linquist and Sengxua (2003) reported

that the AE of applied N to these soils was usually

20–25 kg grain kg–1 N. Good yield responses to

fertilizer N (Experiment 1) and combined fertil-

izer application (Experiment 2) support these

findings. Average yields across all sites and years

increased by 1.4 t ha–1 in response to chemical

fertilizer (only N in 1998). The exception to these
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(60, 13, and 18 kg ha–1 of N, P, and K, respectively)
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good responses was in 2001 at Champassak. The

2001 season was unique, because at the beginning

of the season (when the fertilizer had recently

been applied) the soil was flooded, and then a

one-week unflooded period was experienced

(Fig. 3). Reasons for poor fertilizer responses

during soil flooding and drying cycles include

drought stress to rice (Wade et al. 1999), water

stresses interacting with nutrient supply (Haefele

et al. 2006), reduced availability of nutrients

(especially P), increased acidity and Al toxicity

(Seng et al. 2004), and losses of N via denitrifi-

cation (Buresh and De Datta 1991). In this

instance it is likely that denitrification resulted

in N loss and a poor N response. The one-week

unflooded period would have resulted in nitrifi-

cation followed by subsequent losses of N as a

result of denitrification when the soil reflooded.

This hypothesis is supported by the low FNR

(5%) that year compared with an average of 29%

for the other years (Table 6).

Yield response to organic residues alone

For all sites and years there were significant yield

responses to organic residues alone. There was

little difference between residues, and yield

response to residues ranged from 0.3 to

1.4 t ha–1. Similarly, Wade et al. (1999) reported

positive (but varying in magnitude) yield re-

sponses to FYM across Asia. Results from long-

term irrigated rice management studies in the

tropics (Witt et al. 1998, 2000; Bellakki et al.

1998; Surekha et al. 2003), the Sahel (van Asten

et al. 2005), and temperate climates (Bird et al.

2001; Linquist et al. 2006) show yield increases

when straw is returned. Where measured, these

increases were related to improved soil N supply

and uptake. Rice straw, which commonly has a

high C:N ratio, can immobilize N temporarily; N

immobilization is less of a problem in flooded

anaerobic soils than in aerobic soils, however

(Williams et al. 1968; Broadbent and Nakashima

1970). Rao and Mikkelsen (1976) reported that

incorporation of rice straw into soil for 15–

30 days before planting reduced N immobiliza-

tion and promoted plant growth. In transplanted

rice systems, seedlings experience transplant

shock for approximately two weeks after

transplanting during which time N demand is

low (Schneir et al. 1987). Thus, when the crop

N demand is high after transplanting shock, N

immobilization may not be a factor limiting N

uptake. Other evidence that N immobilization did

not limit N uptake in this study is that yields did

not decrease after treatment in which only resi-

dues were applied (i.e. because of immobilization

of native soil N) and FNR was usually not

significantly reduced when residues and fertilizer

were applied together (Table 6).

Many studies have shown the positive residual

effect of straw incorporation on the K fertility

status of upland and lowland rice systems (Cox

and Uribe 1992; Wihardjaka et al. 1999; Prasad

et al. 1999; Dierolf and Yost 2000). Rice straw

contains approximately 80% of the above ground

plant K and can amount to over 150 kg K ha–1

(Dobermann et al. 1996, 1998; Dobbermann and

Fairhurst 2000). Straw removal therefore exacer-

bates K deficiency problems and has been cited as

the major cause of K deficiencies in irrigated rice

fields throughout Asia (De Datta 1981; Gill and

Kamprath 1990; Dobermann et al. 1998).

The nutrient concentration in residues varied

substantially, and the N, P, and K input from FYM

was 4–25 times more than for rice hulls (Tables 2

and 3). Because N and P are the nutrients that most

limit rice productivity (Linquist et al. 1998), and

there was a good response to chemical fertilizer, it

is unclear why there was a similar yield response to

the different residues. There are some possibilities

and, given the complexity of these systems, the

reason is likely to be a combination of these. First,

Si has been shown to improve fertilizer use

efficiency and improve the ability of crops to resist

or tolerate biotic (insects and diseases) and abiotic

(toxicity of Al and Fe) stresses (Savant et al. 1997).

At Champassak, the concentration of Si in the

mature rice straw was at or below the critical limit,

suggesting Si deficiency. The residues all contained

high concentrations of Si (Table 3), and this may

have increased yields. Second, yield declines in

continuously cropped soils have been attributed to

micronutrient deficiencies (Heathcote 1970). Res-

idues contain micro-nutrients not available in

commercial fertilizers. For example, in rice, with

the exception of N, P, and Cu, over 60% of the

nutrients are in the straw at harvest (Table 7). If,
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however, the yield response to residues was

because of one of the above mentioned possibili-

ties, it does not explain why there was such a good

response to the application of only chemical

fertilizer, which is presumably low in Si and

micro-nutrients. A third possibility is that residues

increase the availability of soil nutrients. Seng

et al. (2004) found that when there was a tempo-

rary loss of water in flooded rice systems, straw

incorporation increased P availability and uptake,

increased soil pH, reduced Al toxicity, and

increased rice growth. Temporary losses of flood-

water are common in rain-fed rice soils (Fukai

et al. 1998) and were observed in two of the four

years at Champassak (Fig. 3). Although, in this

study, rice hulls added 6–8 kg K ha–1 annually,

average annual K uptake at Champassak increased

by 13 kg K ha–1 when only rice hulls were applied.

This was not observed for other nutrients or

residues, however. Finally, residues may help

reduce N losses because of denitrification, thus

conserving native soil N or applied chemical N.

This is shown in 2001 at Champassak, where the

FNR significantly increased when residues were

applied (Table 6). None of these possibilities is

entirely satisfactory on its own. The reason is likely

a combination of these and merits further research.

Benefits from combined applications of

organic residues and chemical fertilizer

The combined application of organic residues and

fertilizer can result in negative, positive (syner-

gistic benefits), or no (additive benefits) interac-

tions. In this study, 24 seperate observations are

possible when each residue is examined individ-

ually across sites and years. In fourteen instances

there was no interaction, in nine the interaction

was negative, and in only instance was the

interaction positive (Table 5). Additive or syner-

gistic benefits from the combined application of

organic and chemical fertilizers were more likely

in seasons where soil-water conditions were less

favorable (alternate flooding and drying). Loss of

flood water does not necessarily result in drought

stress (Seng et al. 2004) but the flooding (anaer-

obic) and drying (aerobic) cycles affect the soil

oxidation–reduction state and have large effect

on the availability of several nutrients, as re-

viewed by Ponnamperuma (1972) and Kirk

(2004). The resulting fluctuations in nutrient

availability are greater in sandy soils, which often

have low soil organic matter content and cation-

exchange capacity, and hence poor buffering

capacities against the pH changes caused by

changes in the redox potential. As soils become

oxidized during a drying period, the pH drops

rapidly, because of poor buffering capacity; this

can result in Al toxicity and poor crop responses

to fertilizers (Ragland and Boonpuckdee 1988;

Willet 1995; Seng et al. 2004). Management of

organic matter in these soils is therefore essential

to maintain cation-exchange capacity, especially

when there are flooding and drying cycles. Data

from the multi-year experiments confirm this. At

these sites the interactions between residues and

fertilizer varied among years, suggesting that

seasonal events, rather than soil type, affect the

interaction. At Champassak, where field water

conditions were monitored, the soils were unfloo-

ded for parts of the 2001 and 2002 seasons (Fig. 3)

and no negative interactions were observed.

In contrast, in 1999 and 2000, when soil-water

conditions were favorable (flooded all season),

negative interactions occurred in half of the

cases (Table 5). One example of residues improv-

ing fertilizer use efficiency was in 2001, when

the soil-water conditions were favorable for

Table 7 Concentrations and distribution of macronutrients and micronutrients in the rice grain and straw at harvest

N (%) P (%) K (%) S (%) Ca (%) Mg (%) Mn (lg g–1) Zn (lg g–1) Cu (lg g–1)

Nutrient concentration
Grain 0.79 0.19 0.28 0.10 0.04 0.10 103 23 39
Straw 0.32 0.04 0.79 0.10 0.39 0.17 884 25 25

Percent of nutrient in grain or straw at harvest
Grain 62 76 19 41 7 28 7 38 51
Straw 38 24 81 59 93 72 93 62 49

Source: Linquist and Sengxua (2001)
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denitrification; residues significantly increased

FNR, however, as discussed earlier (Table 6).

Positive interactions have been reported across

the border in northeast Thailand (Willet 1995;

Ragland and Boonpuckdee 1988). The rice soils in

northeast Thailand are, in general, coarser tex-

tured and have higher percolation rates. This,

combined with lower rainfall, results in more

frequent flooding and drying cycles during the

growing season (Bell and Seng 2004). Thus, on the

basis of the above hypothesis, one would expect to

see greater benefits from the combined applica-

tion of residues and chemical fertilizer there.

Long-term effects of using organic residues

and chemical fertilizers

In the four-year Champassak study yields for all

treatments were maintained or increased over the

study period. The long-term effects of the

different nutrient management strategies on soil

nutrient balances indicate that balanced N, P, and

K fertilizer management maintains or improves

N, P, and K balances and that addition of residues

further enhanced nutrient balances. The fertilizer

industry is turning to the production of high-

analysis fertilizers which are usually devoid of

micronutrients (Friesen 1991). Application of

fertilizers can therefore increase yields in the

short-term but may deplete the soil of micronu-

trients in the long-term, because of removal in

grain and residues. The depletion of soil nutrients

is likely to occur more rapidly from coarse-

textured soils. Straw and other organic amend-

ments can therefore be important in maintaining

soil fertility, even when chemical fertilizers are

used. The residues used in this study resulted in

similar yield responses but had different effects

on soil nutrient balances, This suggests that

mixing residues, but still using low rates

(2 t ha–1), may increase yields while maintaining

soil nutrient balances.

Conclusion

In this study good yield responses were observed

when organic residues and chemical fertilizers

were applied separately. On average, across sites

and years, the yield response to fertilizer

(1.4 t ha–1) was higher than that to residues

(0.8 t ha–1). Combined application of residues

and fertilizer did not usually result in positive

interactions, but rather in no interaction or

negative interactions. In years when soil-water

conditions were unfavorable the benefit of apply-

ing residues and fertilizer together was greater.

The response to the different residues was similar,

despite different concentrations of N, P, and K in

the residues. The reason for this response is not

clear and merits further investigation. Applica-

tion of fertilizer or FYM alone ensured positive

soil N, P, and K balances whereas application of

straw resulted in nutrient balances being approx-

imately even and application of rice hulls alone

resulted in negative balances. It is possible that

mixing straw or rice hulls with FYM would result

in good yield responses while maintaining soil

nutrient balances. For resource-poor farmers,

such application of residues could be a sustain-

able means of increasing productivity.
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