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Economics of nutrient management in Asian rice systems: Towards increasing knowledge intensity Prabhu L. Pingali, Mahabub Hossain, Sushil Pandey *, Lisa Leimar Price International Rice Research Institute, PO Box 933, 1099 Manila, Philippines



Abstract Although the increase in rice production during the Green Revolution era of the past three decades was based on increased irrigation and fertilizer use, technologies and policies to enhance fertilizer-use efficiency will be needed in most of the intensive rice production areas in the coming decades. In less intensive areas, opportunities exist for further increasing fertilizer use by reducing risk through cultivar improvement and better management. As opposed to simple 'blanket' recommendations, improved efficiency requires conditional 'if-then' types of rules. Such recommendations, to be acceptable to farmers, should not only be cost-efficient, but must also fit into the farmers' knowledge systems and provide them with enough flexibility for experimentation and learning. In addition to technologies, policy reforms such as the removal of fertilizer subsidies are needed to make nutrient-efficient practices economically profitable to farmers. © 1998 Elsevier Science B.V. Keywords: Rice production;Asia; Irrigation; Fertilizer use



I. Introduction During the last three decades, the threat of crop failure and famine in Asia has been averted by the expansion of fully or partially irrigated agricultural environments. When modern cultivars responsive to the use of N were developed, governments made additional investments in irrigation and drainage, and in supply and distribution arrangements for chemical fertilizer, in order to encourage farmers to adopt these cultivars. With the transfer of lands from traditional to modern cultivars, the consumption of chem-
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ical fertilizers and total cereal grain production continued to increase with very little addition to cropped land. For example, since 1966 when IR8, the first Green Revolution rice cultivar, was released, the harvested area of rice in Asia increased by only 13%, while rice production has doubled from 240 to 483 million t; total fertilizer consumption in Asia increased from 4.9 to about 43 t of nutrients (NPK combined). ~ Fertilizer consumption per hectare of arable land has increased from 17 to 110 kg of nutrients during the 1966-1969 period.



1The data are reported as the sum of NPK for brevity, as most of the total nutrientapplied is accountedfor by N. For example, in 1992, N accounted for 71% of the total world consumption,with P and K accounting for 13% and 16%, respectively. The corresponding values for Asia are even more in favor of N.
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Over the last decade, however, a significant change in policies reduced the government's involvement in the fertilizer sector because of the fiscal burden of fertilizer subsidies and concerns about efficient use of this input. A fundamental change in importance has been attached to chemical fertilizers owing to growing environmental concerns. At the same time, expansion of irrigation, which provides a relatively risk-free environment to farmers for fertilizer use, has also been slowing down after decline in donor support and dampening of private sector investment for water control (Rosegrant and Svendsen, 1993). As a result, the increase in fertilizer consumption has started to slow down. But the growth in food grain production based on continuous increase in yield on good quality land must be sustained to address the concerns of food insecurity in view of the continued pressure of human population on limited land resources. The Asian population is expected to increase by about 18% during the 1990s, and by 53% over the next 30 years. Consequently, demand for cereal grains may increase by another 65% by the year 2020, largely due to feeding a larger population; hence, the increased need for further land intensification and chemical fertilizers. This paper reviews the role of chemical fertilizers in increasing and sustaining food security in the high-population land-scarce rice-growing countries of Asia. Section 1 reports on the trend of global fertilizer consumption in cereal crops, as well as on the impact of government policies relating to the fertilizer market. Section 2 discusses fertilizer use, farm-level response functions and partial factor productivity of fertilizer use in intensive, irrigated rice ecosystems. Sections 3 and 4 review knowledge-intensive nutrient management systems in irrigated rice ecosystems that can be adopted at the farm level, and in intrinsically risky rain-fed rice ecosystems. Section 5 addresses the transfer of these new approaches to farmers.



only about 36 million t, almost 80% on account of the developed industrial countries (Table 1). Global fertilizer consumption tripled by the end of the 1980s to approximately 120 million t of nutrients. Asia accounted for a large part of the increased fertilizer consumption, with nutrient use rising from approximately 5 million t in 1965-1966 to around 43 million t by the early 1990s, almost a 9-fold increase. Asia accounts for 48% of global fertilizer intake, and fertilizer demand continues to grow at the rate of 3.3% per annum. 2 Aggregate figures, however, mask variations in trends among individual countries. Table 2 illustrates the growth in fertilizer consumption in the major rice-growing countries in Asia. Growth in fertilizer consumption leveled off in the advanced countries of East Asia in the late 1960s, while it continued to grow rapidly in South and Southeast Asia from the late 1960s to the late 1980s. In the current decade, fertilizer growth rates have slackened considerably across Asia with the exception of Vietnam, Thailand and Bangladesh. Cereal crops as a whole account for over twothirds of the total fertilizer intake in Asia (Table 3). The share of rice in total fertilizer consumption is 70 to 80% for Bangladesh, Myanmar and Indonesia, and over 40% for the Philippines, Thailand, Korea and Sri Lanka (Table 3). In China, India and Pakistan, wheat and maize are also important staples and account for almost half of total fertilizer use. South and Southeast Asian countries experienced a rapid increase in the rate of fertilizer use in cereal crops, in the 1970s and 1980s, but the quantities applied are still substantially below the level attained in Japan and Korea. Only China and Indonesia have fertilizer rates that exceed 100 kg ha- ~ of nutrients. The low rates of application, along with the higher rate of growth in fertilizer consumption in South and Southeast Asia compared to the East Asian countries, could suggest that a large potential exists for increas-



2. Global scenario of fertilizer use 2.1. O v e r v i e w



At the start of the Green Revolution in the mid1960s, global fertilizer consumption in the world was



2 The recent decline in global fertilizer consumption is due mostly to dramatic drop in fertilizer use in Europe. This drop is due mainly to the environmental concerns, reduced subsidy on fertilizers and increasing demand for agricultural products grown under organic farming, as well as the economic disruptions in countries under the former Soviet block.
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Table 1 Trends in fertilizer consumption: Asia compared to other regions and the world Region



Nutrient consumption (million tons)



Asia Africa South America Europe North and Central America Oceania Former USSR World



Rate of increase (%/yr)



1965-1966



1978-1979



1988-1989



1992-1993



1965-1978



1978-1988



1988-1992



5.5 0.9 0.5 13.7 9.9 0.8 4.8 36.1



22.2 2.1 3.0 25.2 19.8 1.0 14.5 87.8



44.2 3.0 4.3 26.6 19.1 1.1 21.2 119.6



50.4 2.9 4.1 17.1 20.0 1.3 9.4 105.3



9.4 7.4 13.8 4.4 4.8 1.4 9.2 7.2



5.3 2.2 3.9 0.5 -0.7 1.2 5.4 2.5



3.6 0.1 0.9 - 13.8 -0.1 4.0 - 21.8 - 3.9



Source: FAO AGROSTAT Database.



ing fertilizer c o n s u m p t i o n in Asia. N a t i o n a l a v e r a g e figures for fertilizer use, h o w e v e r , tend to p o o l a w a y differences in application rates across production e n v i r o n m e n t s . As a result, w h e r e a s the national average for fertilizer use m a y be low, a v e r a g e fertilizer levels in the irrigated and the f a v o r a b l e rain-fed e n v i r o n m e n t s m a y be c o m p a r a b l e to those in the East A s i a n countries. F o r e x a m p l e , w h i l e the a v e r a g e fertilizer use for rice in India is 170 kg ha -1 o f nutrients, fertilizer use for irrigated rice in the Indian Punjab is 241 kg ha -1 o f nutrients. Data disaggregated by f a v o r a b l e p r o d u c t i o n e n v i r o n m e n t s often indicate m u c h l o w e r potential for increasing the intensity o f fertilizer use than national a v e r a g e data, and indicate a n e e d for increasing the e f f i c i e n c y o f fertilizer use as in the East A s i a n countries.



2.2. Fertilizer pricing policies and fertilizer demand T h e effect o f g o v e r n m e n t policies regarding the production, p r o c u r e m e n t and distribution o f fertilizers depends on the extent to w h i c h the policies distort the prices that farmers pay, and the response o f farmers to changes in fertilizer prices. T h e s e factors m a y affect fertilizer use by controlling the availability and rationing scarce supplies. Studies on fertilizer d e m a n d based on f a r m level cross-section data (Sidhu and Baanante, 1984; D a v i d and Otsuka, 1994) s h o w v e r y high price elasticity o f fertilizer demand. T h e s e estimates, h o w e v e r , are not dependable because o f small variation in prices across f a r m h o u s e h o l d s obtained in cross-section data. Estimates based on time series data, m o r e reliable for assessing



Table 2 Trends in fertilizer consumption in major rice-growing countries in Asia Country



Nutrient consumption (kiloton)



Rate of increase (%/yr)



1965



1978



1988



1992



1965-1978



1978-1988



1988-1992



China India Indonesia Bangladesh Thailand Vietnam Myanmar Japan Philippines South Korea



2190 690 90 50 30 40 10 1440 95 275



I0 060 4400 670 290 220 260 80 1660 270 700



22 150 9350 2000 650 640 520 90 1430 450 720



25 030 10 430 2190 830 840 770 70 1300 450 790



10.5 11.8 14.5 11.7 13.4 14.4 14.7 0.2 8.5 6.2



5.6 1.4 9.5 7.8 11.4 14.9 3.5 -0.3 4.1 1.0



4.3 2.3 3.5 3.4 4.9 17.3 3.8 -3.4 -4.6 2.1



Asia



4910



18 610



38 000



42 700



10.6



5.9



3.4



Source: FAO AGROSTAT Database.



160



P.L. Pingali et al. / Field Crops Research 56 (1998) 157-176



Table 3 Percentage shares of cereal grains in total fertilizer consumption by major rice growmg countries Country Year Rice (%) Wheat (%) Maize, coarse grains (%)



Total cereals (%)



China India Indonesia Bangladesh Thailand Myanmar Japan Philippines South Korea Sri Lanka Pakistan Malaysia



68.3 78.7 77.1 94.1 53.4 83.0 36.0 55.2 52.4 42.7 67.4 19.0



1978 1979 1980 1980 1978 1985 1979 1980 1975 1980 1978 1980



28.5 32.3 71.8 85.4 53.4 78.3 32.5 52.0 45.7 42.7 14.6 19.0



21.0 31.2 8.7 2.1 2.1 48.7 -



18.8 15.2 5.3 2.6 1.4 3.2 6.7 4.1 -



Sources: Government of the Union of Myanmar (1994), Martinez and Diamond (1992) and Stone (1987).



farmer responsiveness to changes in fertilizer prices, are available for the Philippines (David, 1976) and Bangladesh (Hossain, 1987). For the Philippines, the price elasticity of fertilizer demand is estimated at - 0 . 5 for the short run and - 0 . 8 for the long run. For Bangladesh, the elasticity was estimated at - 0.6. That indicates that if fertilizer prices increase by 10%, the demand for fertilizer would decline by 6 to 8%, all else remaining unchanged. Reliable estimates of fertilizer price elasticities are important because they allow us to predict changes in fertilizer demand with changes in fertilizer policies, and thereby changes in prices. In the early 1970s, the governments of most countries in Asia controlled the fertilizer sector to provide incentives for increased agricultural production through subsidies. Establishment of government monopolies on procurement and distribution of fertilizer through parastatal institutions, direct fertilizer subsidy programs, regulatory mechanisms on private trade, and control of input and output pricing were implemented. Acknowledging the increasingly high fiscal cost of such programs, the governments of most Asian countries have, however, taken steps since the late 1970s to reduce the presence of the public sector in the production and distribution of fertilizers, while allowing the private sector to engage more actively in the fertilizer sector operations. An overview of the deregulation and privatization policies introduced in selected Asian countries is presented in Table 4. The long-term prospects are for



less distortions in the fertilizer market and for a narrowing of the gap between domestic and world fertilizer prices. The impact of policy changes regarding decontrol of fertilizer markets and privatization would be reflected in the difference in prices paid by farmers compared to world market prices. Under competitive markets, domestic prices would be closer to CIF prices for importing countries, and to FOB prices for countries that are self-sufficient, or have surplus production capacity. Table 5 provides information on prices of major fertilizers in the world market, and in retail trade in the domestic market for selected Asian countries. For P and K, which are mostly imported, the domestic prices are now closer to the world market prices. For urea, however, domestic prices are less than the world market prices in countries that meet the demand from domestic production (e.g., Bangladesh, Indonesia) but also in large importing countries such as China and India. With further reforms towards competitive markets, the price of urea is expected to increase in these countries. Because N accounts for 60 to 70% of total fertilizer intake, and these four countries account for over 77% of the total cereal production in Asia, the policy reforms are expected to put significant downward pressure in fertilizer consumption (in the absence of rice price changes and technologies for enhancing fertilizer efficiency). Farmers' decisions regarding the amount of fertilizer that can be profitably used in cereal production,
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Table 5 Domestic retail prices of fertilizer, compared to world prices, 1993 Domestic product of fertilizer as a % of consumption for 1990-1991



Price of fertilizer ( U S $ / t ) Urea



TSP"



DAP b



KC1



N



P



K



International market FOB C&F



129 163



150 178



103 113 88 115 354 187 202 188 208



195 123 149 -



145 190



108 132



m



_



m



Domestic market Bangladesh China India Indonesia Myanmar Philippines Thailand Vietnam Korea, Rep



230 -



163 66 187 170 196 133



257 267 -



108 77 92 162 115 30 100 3 101



18 71 66 102 0 190 0 64 86



0 3 0 0 0 0 0 0 0



Source: F A D I N A P (1993). aTSP = treble superphosphate. bDAP = d i a m m o n i u m phosphate.



however, may be guided more by the price of fertilizer relative to the price of crop output than the absolute price of fertilizer. The ratio of fertilizer to rice price is low in countries that protect the rice market (such as Japan and Korea) a n d / o r in countries that provide fertilizer subsidies (such as India and Indonesia). The high levels of fertilizer use in cereal production in Japan and Korea (Table 6) may be due partly to the extremely favorable fertilizerrice price ratios. A freer rice market a n d / o r a freer



fertilizer market could lead to an increase in the price of fertilizer relative to the rice price, while higher relative prices of fertilizers have a dampening effect on the rate of growth in fertilizer demand, higher fertilizer prices could also increase farm level incentives for increasing the efficiency of fertilizer use. Fig. 1 illustrates the trends of N-rice price ratios for selected Asian countries. The ratio of fertilizer to rice price has become more favorable over the last two decades, except in the case of



Table 6 Intensity of fertilizer use and productivity growth cereals in major rice growing countries 1 9 7 4 - 1 9 7 6 to 1 9 9 0 - 1 9 9 2 Country



China India Indonesia Bangladesh Thailand Japan Philippines Korea Republic



Nutrient consumption (kg ha - l yr - 1)



Yield response to fertilizer use (kg grain k g - ' nutrients)



Yield rates (kg ha - 1 yr - 1)



1974-1976



1990-1992



1974-1976



1990-1992



38 22 30 15 9 181 19 165



182 82 116 71 40 195 36 298



2477 1179 2353 1770 1890 5619 1289 4448



4347 1948 3826 2574 2159 5714 2041 5884



Source: compiled from FAO A G R O S T A T Database.



13 13 17 14 9 7 44 11
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I 4-j~dla



3 --



2



1961



1965



1970



1975



1980



1985



1990



Year



Fig. 1. Trends of fertilizer-to-riceprice ratio in selected Asian countries, 1961-1991. Source: IRRI (1995). Bangladesh. The question that needs to be asked is whether the trend will continue to be favorable as economies open up and become more integrated into the world market for inputs and outputs.



3. Fertilizer use and response in intensive, irrigated rice systems The Green Revolution strategy for increasing rice production in Asia was based on the intensification of the lowland production systems through massive investments in irrigation infrastructure, fertilizer subsidies, and agricultural research on rice. This strategy worked exceptionally well through the mid-1980s (Herdt and Capule, 1983; Dalrymple, 1986). Since then, rice productivity growth has slowed in the most intensively cultivated rice areas of Asia (Rosegrant and Pingali, 1994). In the 1990s, the scenario in the intensively cultivated rice bowls of Asia is one of decelerating yield growth, increasing input use, especially N fertilizer, and declining profitability (Cassman and Pingali, 1995). Long-term changes in the soil resource base of the intensively cultivated rice bowls are leading to rapid declines in partial factor productivities of fertilizer, especially N, and a slowdown in total factor productivity growth (Cassman



and Pingali, 1995). Here, we present evidence on long-term changes in fertilizer use and fertilizer response in irrigated rice systems. Fertilizer use in irrigated rice systems was very low prior to the Green Revolution and during the first decade after the adoption of modern rice cultivars. Average N applications in the rice bowls of Asia prior to the Green Revolution were around 9 to 15 kg ha -]. The amounts of chemical fertilizers applied increased dramatically over the decades of the 1970s and the 1980s. Now, in the 1990s, N application rates for the irrigated rice systems of South and Southeast Asia are typically from 80 to 150 kg ha -1, and fertilizers account for 20 to 25% of total production costs in irrigated rice systems in Asia (Rosegrant and Pingali, 1994). David and Otsuka (1994) estimated fertilizer demand functions for rice cultivation with farm household survey data from a number of countries in Asia. The estimates of elasticity of demand for fertilizer with respect to irrigation and the adoption of modem cultivars reveal that a 10% increase in the area under modem cultivars would increase fertilizer use by 24% for the Philippines, 14% for Indonesia, 13% for Thailand, 10% for India and 3% for Bangladesh. Irrigation usually contributes to increased fertilizer use by facilitating the adoption of modem cultivars, but it has an independent yield effect also. A 10%



164



P.L. Pingali et al. / Field Crops Research 56 (1998) 157-176



increase in irrigated area in countries with mostly rain-fed systems would increase fertilizer use by 4.9% for Thailand and 2.3% for Bangladesh. For China, the response is insignificant, as almost the entire rice area is irrigated and cultivated with modem cultivars.



3.1. Farm-leuel fertilizer response functions The introduction of modem rice technology led to a sharp increase in productivity in the irrigated lowlands of Asia. Productivity change can be seen in terms of an increase in yield per hectare and a decrease in the cost per ton of rice output. A shift in the productivity frontier with the adoption of modem rice technology comes about through the synergistic interaction among three factors: modem high-yielding cultivars; chemical fertilizers, and the timely availability of irrigation water. Without use of chemical fertilizers, under irrigated conditions, yields of traditional and modem cultivars are about the same (David and Barker, 1978). In rain-fed agriculture, with zero or low input of N, growers prefer traditional cultivars over modem ones because of better adaptation to site-specific climatic and hydrologic risks. Under irrigated conditions, the reduction in the unit cost of rice production comes about with the exploitation of fertilizer responsiveness of modem cultivars. Holding other inputs constant, higher fertilizer responsiveness of a cultivar implies lower cost per ton of paddy produced. David and Barker (1978) provided a comprehensive assessment of the fertilizer responsiveness of modem cultivars for a wide set of locations in Asia, for both irrigated and rain-fed conditions. The responsiveness of modem cultivars to N is related to the potential yield and is greater with good irrigation practice than with poor practice. Wickham et al. (1978) found that yields dropped by 30% under 'average' irrigation as compared to ideal irrigation. The question that needs to be asked is whether farmers growing irrigated rice are efficient in their exploitation of the fertilizer responsiveness of modem cultivars. In other words, have those farmers moved along their fertilizer response function to the point of economic optimum? Economic optimum would be achieved at the point where the marginal



productivity of fertilizer applied equals the ratio of fertilizer price to rice price (Fig. 2). Table 7 presents estimates for fertilizer response functions using farm-level data from Bangladesh, Thailand, Philippines and Indonesia. Response functions were estimated separately for the irrigated and rain-fed environments, and for the wet and dry seasons (Fig. 3). Economic optimum levels of fertilizer were determined by deriving the marginal productivity of fertilizer and equating it to the ratio of fertilizer to rice prices. Notably, the results that the intercept and the slope of the fertilizer response functions vary by Total paddy product
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NPK kglha Fig. 2. Conceptual model of total and marginal productivity of NPK fertilizer.
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Table 7 Coefficients of multiple regression of yield on labor and fertilizer inputs using intensive farming household survey; selected Asian countriesa Country



Intercept



Regression coefficients of Labor (ha- 1)



Bangladesh (1987 WS) Irrigated 2220 * * * (n = 277) b Rain-fed 1510 * * * (n = 111)



-0.009 (0.080) 0.065 (0.108)



NPK (ha - 1)



[NPK (ha- 1)]2



12.34" * * (1.60) 33.12 * * * (9.01)



-0.008 * * * (0.001) - 0.079 * * (0.036)



11.48 * (6.76) 9.08 * * * (3.22)



- 0.011 (0.037) - 0.007 (0.024)



Thailand (1987 WS) Irrigated 2403 * * * (n = 87) Rain-fed 1099 * * * (n = 151)



1.725 (1.067) 4.35 * * (1.74)



Philippines 1985 WS (n = 231) 1986 DS (n = 132)



4.03 * * (1.85) 10.98" * * (2.07)



16.73 (14.13) 19.62 . (6.72)



14.1 * * (5.7)



31.7 * (18.3)



1940 * * * 1832' * *



Indonesia (1988 DS) Irrigated 2580 * (n = 71)



.



.



.



-0.008 (0.078) 0.042* * (0.020)



Dummy variable for rain-fed ecosystem



-



156.18 (132.65)



- 0.082 * * * (0.050)



aData for this analysis came from various projects of the Social Sciences Division, IRRI, Philippines. bn = number of households in survey. . . . . . . , , : Significant at the 1, 5 and 10% levels, respectively. Figures in parenthesis are standard errors of estimate.



s e a s o n a n d b y rice e c o s y s t e m s . T h e y i e l d r e s p o n s e to fertilizer is h i g h e r in t h e d r y s e a s o n t h a n in the w e t s e a s o n a n d f o r i r r i g a t e d e n v i r o n m e n t s t h a n in r a i n - f e d e n v i r o n m e n t s . W e e v a l u a t e d f a r m e r fertilizer u s e r e l a t i v e to t h e e c o n o m i c o p t i m u m at t w o p o i n t s a l o n g t h e r e s p o n s e f u n c t i o n - - a t the a v e r a g e v a l u e o f fertilizer ( N P K ) u s e f o r the f a r m s s a m p l e d in e a c h rice p r o d u c t i o n e n v i r o n m e n t a n d at t h e h i g h level, w h i c h is t h e a v e r a g e plus 1 S D ( T a b l e 8). A t the s a m p l e a v e r a g e , fertilizer u s e w a s less t h a n the econ o m i c o p t i m u m for all l o c a t i o n s , s y s t e m s a n d seasons, a l t h o u g h a v e r a g e fertilizer u s e in t h e i r r i g a t e d e n v i r o n m e n t s in I n d o n e s i a w a s v e r y c l o s e to t h e e c o n o m i c o p t i m u m level. C o m p a r i s o n s at the h i g h e n d o f f e r t i l i z e r u s e ( m e a n plus 1 S D ) indicate, h o w e v e r , t h a t t h e o p p o r t u n i t y for p r o f i t a b l y i n c r e a s i n g f e r t i l i z e r u s e are l i m i t e d f o r the i n t e n s i v e l y cultiv a t e d rice b o w l s o f Asia. F o r the P h i l i p p i n e s a n d for W e s t J a v a , I n d o n e s i a , h i g h - e n d u s e r s are a p p l y i n g



fertilizers b e y o n d t h e e c o n o m i c o p t i m u m . E c o n o m i c o p t i m a d u r i n g t h e d r y s e a s o n f o r i r r i g a t e d rice in t h e P h i l i p p i n e s a n d I n d o n e s i a are 2 0 0 k g a n d 190 k g N h a -1 , r e s p e c t i v e l y . F o r t h e s e c o u n t r i e s , t h e o p p o r t u nities for e n h a n c i n g t h e p r o f i t a b i l i t y o f rice p r o d u c t i o n w o u l d h a v e to c o m e f r o m a n i m p r o v e m e n t in fertilizer-use efficiency. F o r t h e less i n t e n s i v e l y c u l t i v a t e d i r r i g a t e d rice e n v i r o n m e n t s , s u c h as B a n g l a d e s h a n d T h a i l a n d , fertilizer a p p l i c a t i o n rates are b e l o w t h e e c o n o m i c optim u m , a n d f o r t h e s e c o u n t r i e s , the o p p o r t u n i t i e s f o r e n h a n c i n g rice p r o d u c t i v i t y t h r o u g h a n i n c r e a s e in fertilizer u s e c o n t i n u e s to b e high. S i m i l a r l y , i m p r o v e m e n t s in rice p r o d u c t i v i t y i n t h e r a i n - f e d l o w l a n d s c a n b e a c h i e v e d t h r o u g h a n i n c r e a s e in fertilizer u s e f r o m t h e c u r r e n t l e v e l to the e c o n o m i c o p t i m u m level. C o n s t r a i n t s to i n c r e a s i n g fertilizer u s e in t h e r a i n - f e d e n v i r o n m e n t s are d i s c u s s e d l a t e r in this paper.
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3.2. Declining partial factor productivity of N fertilizer Although rice output and yield continue to increase throughout most of Asia, recent trends indicate that yield stagnation and declining factor productivity are causes for concern. The annual rate of growth in aggregate rice output increased from 2.1% from 1955-1964 to 3.3% from 1964-1981 due to the introduction and spread of high-yielding cultivars in irrigated and favorable rain-fed lowland areas (Herdt and Capule, 1983; Dalrymple, 1986). Expansion of rice area contributed about one-third of the output growth in the 1960s, and one-fifth in the 1970s. In the 1980s, however, area expansion virtually halted. Most of the increase in rice output from 1964-81 resulted from increased yield, but growth rates in yield have declined sharply in the 1980s. For Asia as a whole, yield growth rates decreased from 2.6% per annum in the 1970s, to 1.5% from 19811988. Yield increases in the 1980s were slowest in South Asia (excluding India), and substantial declines in yield growth also occurred in China and Southeast Asia. Concurrent with the decrease in yield growth rate, aggregated data from some countries suggest declining partial factor productivity for certain inputs (Rosegrant and Pingali, 1994). In Indonesia from 1976-1986, for example, total rice production increased by 70%, mostly due to increases in yield, whereas estimates of N fertilizer use on rice increased by more than 4-fold (IRRI, 1991). A question that needs to be asked is whether the decline in partial factor productivity of N fertilizer is explained by a movement along a response function, i.e., indicating diminishing returns to N input, or by a downward shift in the response function, i.e., a lower intercept value for the response function over time. Long-term, farm-level data are needed to be able to answer this question. Cassman and Pingali (1995) provided evidence from the intensively cultivated provinces in the Philippines to show that a long period of intensive rice monoculture leads to a
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Fig. 3. Estimated fertilizer response functions for various irrigated and rain-fed environments in selected Asian countries. Data from Table 7.
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Table 8 Marginal productivity of fertilizer use in different rice production environments using coefficients reported in Table 7 (selected Asian countries) Mean NPK (kg/ha) Bangladesh (1987 WS) Irrigated Rain-fed Thailand (1987 WS) Irrigated Rain-fed Philippines 1985 WS 1986 DS Indonesia (1988 DS) Irrigated



Standard deviatin (SD)



Marginal productivity at mean NPK



Marginal productivity at mean + 1 SD NPK



86 77



141 40



11.0 21.0



8.8 14.6



72 16



42 27



9.9 8.8



8.9 8.5



84 134



24 58



15.3 8.3



13.9 3.3



176



54



2.7



- 6.1



Fertilizer/paddy price ratio 2.3



3.8



4.1



1.7



The values were computed using the regression results presented in Table 7.



downward shift in the N-fertilizer response function. Production functions were estimated for Central Luzon and Laguna using cross-section time series data for 1966-1974, 1979-1982 and 1986-1990. With
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Fig. 4. Shift in nitrogen fertilizer response function of rice from 1979-1982 to 1986-1990 in central Luzon. Adapted from Cassman and Pingali (1995).



constant input levels, other factors, including labor, tractor use, and seed rate specified at the sample mean for the entire data set, the quadratic response to applied fertilizer N, shifted downwards over time from 1979-1982 to 1986-1990, for both locations. Fig. 4 illustrates the shift in fertilizer response function for Central Luzon as an example. For a detailed presentation and discussion of the results, see Cassman and Pingali (1995). Cassman et al. (1995) show a similar downward shift of the N response function using data from long-term continuous cropping experiments on the IRRI farm. The downward shift in experiment station response functions has been reversed by a change in method and timing of N application plus an increase in the total N applied (Cassman et al., 1995). The long-term, downward shift of the N response function is attributed to declining soil N supplying capacity in intensively cultivated rice production systems, and a detailed discussion of the causes and consequences of factor productivity decline in intensive irrigated systems was provided by Cassman et al. (1997). It is sufficient for us to state here that sustainable management of ricelands is a crucial component in the efficient utilization of fertilizer. Options for sustainable management of irrigated lands include: (a) diversification of crop production enterprises to include higher value nonrice crops; (b) improved water management practices; and (c) improving the efficiency of N use in existing double and triple crop systems.
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4. Knowledge-intensive nutrient management for irrigated rice systems Global rice requirements by the year 2020 are expected to be 50% higher than in 1995, and a large part of the incremental rice production will have to come from the irrigated lowlands of Asia. Essentially, two avenues are available for increasing rice production in the irrigated environments: exploitation of existing yield potential at the farm level and shifting the yield frontier through a new plant type. In the absence of technologies for improving nutrient-use efficiency at the farm level, either of these avenues for increasing productivity per unit land area would require higher levels of chemical fertilizers than currently used. Recent estimates indicate a doubling of total fertilizer used for rice by the year 2020 (Cassman and Pingali, 1995). The environmental consequences of fertilizer use, in losses to the atmosphere and increased risk of groundwater pollution, would be further aggravated if significant improvements in fertilizer efficiency do not emerge. The challenge for the research system today is to find cost-effective methods for increasing the partial factor productivity of nutrient inputs in irrigated rice systems. An equally important challenge is to understand the conditions under which farmers would be interested in acquiring and using technologies for increasing nutrient-use efficiency. Here, we restrict discussion for enhancing nutrient-use efficiency to those technologies that are designed to match nutrient supply to crop demand. In other words, the quantity and timing of nutrient applications at the farm level is determined by the farmers' perceptions of native soil fertility and the crop's demand for additional nutrients at a particular stage of growth. Increasing fertilizer-use efficiency at the farm level requires a greater level of farmer knowledge in the acquisition and the use of new fertilizer management technologies, and it also requires farmers to have an in-depth understanding of their soil resource base. Tools such as the chlorophyll meter that measure 'greenness' and thus can relate to N or S deficiency can complement farmer knowledge, and help in making informed decisions on fertilizer use. Technical details on the use of the chlorophyll meter for irrigated rice systems are provided in Peng et al. (1996). Simple leaf color charts



have also been tested in farmers' fields in Southeast Asia to estimate fertilizer requirements (V. Balasubramanian, personal communication). This rest of this section discusses the conditions under which knowledge-intensive nutrient management systems will be adopted at the farm level. Farm-level profitability of knowledge-intensive nutrient management technologies is determined by the following factors: (a) the extent of the rise in partial factor productivity of fertilizer relative to conventional fertilizer management systems, (b) the magnitude of the fertilizer savings relative to the cost of farmer time required for making informed decisions on fertilizer use, and (c) the cost of acquiring a n d / o r using decision aids such as the chlorophyll meter. We presume that knowledge-intensive nutrient management systems do not shift the technological yield frontier for irrigated rice, but rather increase the partial productivity of fertilizer nutrients. Fig. 5 provides a conceptual model of fertilizer response functions for knowledge-intensive (R') vs. conventional nutrient management (R). The switch from conventional to knowledge-intensive nutrient Yield (kg/ha)
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Fig. 5. Conceptual model of fertilizer response functions with knowledge-intensive(R') versus conventional R nutrient management.
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management makes the slope of the fertilizer response function steeper, and it peaks earlier than the response function for conventional nutrient management. In theory, for a given level of fertilizer application, knowledge-intensive nutrient management systems ought to provide higher level of output relative to conventional management systems, as long as the marginal productivity of fertilizer remains in the positive domain. The technical (agronomic) optimum level of fertilizer use for knowledge-intensive systems ( N ' ) is less than that of the conventional system (N). At zero nutrient costs, there ought to be no difference in yield per hectare between the two fertility management systems, although the knowledge-intensive system requires a lower level of fertilizer input. Therefore, at zero nutrient costs, knowledge-intensive nutrient management systems, with their greater technical efficiency, will always dominate conventional systems. As we noted, farmers operate at the economic optimum rather than the technical optimum; optimal fertilizer use is determined by the point where the marginal productivity of fertilizer equals the ratio of fertilizer price to output price. The dominance of knowledge-intensive systems is not as clear when input and output prices are explicitly considered. Let us look at two scenarios, the first in which costs of monitoring and decision-making are zero, and the second in which they are not. When the costs of monitoring and decision-making are zero, economic optimum is determined as before: the fertilizer level at which the marginal product equals the ratio of fertilizer to rice price ratio. If the slope of the response function of knowledge-intensive system is steeper than that of the conventional system, then the former will dominate the latter, except at very low ratios of fertilizer to rice prices. This conclusion does not hold when monitoring nutrient requirements and decision-making on nutrient applications has a cost associated with it. Monitoring soil nutrient status takes time. We need to know how much and at what frequency, and we need to know whether farmers can do it on their own, or whether they need to seek expert judgments. Knowledge-based decisions on fertilizer timing and quantities to apply require judgments on crop demand for nutrients and how they can be effectively supplied. Costs associated with decision-making in-
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clude farmer time for learning and decision-making, and the cost of acquiring and using decision tools such as the chlorophyll meter. When decision costs are nonzero, fertilizer savings through the use of knowledge-intensive technologies ought to be greater than the costs of acquiring the tools plus the time cost of making the decision. Farmer adoption of knowledge-intensive nutrient management systems will be less likely, where the cost of knowledge acquisition and decision-making is high. Reducing decision costs associated with the use of knowledge-intensive technologies is a major challenge for scientific and extension communities. A key to understanding how decision costs can be reduced is to assess the scale at which nutrient management decisions need to be made. The question we must ask is whether such decisions need to be made specifically for each farm, or even for particular parcels within a farm, or can they be generalized across farms within a particular area and over particular cropping systems and cultivars. Decision costs are lower the larger the geographic domain over which a decision can be generalized. Can an extension agent, for example, make a recommendation each week on the need for an additional fertilizer application in a particular area based on monitoring fields using a chlorophyll meter? If such generalizations are possible, the costs of acquisition and use of decision tools become smaller for individual farmers. If nutrient management decisions are highly farma n d / o r parcel-specific, then the farm level costs of acquiring decision tools and using them can be a major deterrent to their adoption. Significant fertilizer savings, on a sustainable basis, are required before farmers would be interested in adopting knowledge-intensive techniques that are highly farm-specific. In this case, other opportunities for reducing decision costs that ought to be explored are: whether it is possible to rent (or borrow) decision tools; a n d / o r whether it is possible to purchase the decision (such as from a consultant who tells the farm if and how much fertilizer to apply). These questions need to be asked, but we do not believe answers are currently available. Where nutrient application decisions are highly farm-specific, the costs of learning improved fertility management methods can be quite high for the
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farmer. We ought to consider the costs associated with transmitting such complex information to farmers, and the high degree of variability in their assimilation of the information provided. Are there other cost-effective methods that would allow farmers to achieve the same end of increasing nutrient-use efficiency without having to bear the high cost of learning? For example, would some simple rules on the timing of N application help enhance N efficiency, albeit at a lower level than with a chlorophyll meter? Devising a simple message, even one that is based on complex scientific principles, could increase the rate of adoption of knowledge-intensive technologies. Designing effective systems for the transmission of scientific knowledge to the farmer in a way that is usable is an extremely important research activity in the pursuit of enhanced fertilizer efficiency.



5. Knowledge-intensive technologies and nutrient management for rain-fed systems Despite rapid growth in the use of chemical fertilizers in the wake of the Green Revolution in Asia, farmers in rain-fed environments still apply relatively low doses of chemical fertilizers. Average chemical fertilizer usage in irrigated rice in India is around 170 kg h a - ~ of NPK as compared to only 32 kg ha-1 in rain-fed environments (M. Hossain and V.P. Singh, unpublished data). The yield response to N similarly is less in rain-fed rice systems. Depending on the depth of flooding, the ratio of yield to N applied varies between 1 to 24 kg unmilled rice k g N applied in rain-fed rice as compared to the ratio of 42 kg unmilled rice kg -x N applied in irrigated environments (Hossain and Singh, 1995). The low rate of application and low N-use efficiency in rain-fed environments stem from a host of abiotic stresses that plague rice production. The adoption of nutrient-responsive high-yielding cultivars in most rain-fed environments is still limited (Kshirsagar and Pandey, 1996). Production is risky, and farmers often have to contend with flood or drought and sometimes both flood and drought in the same field during the same production season. Due to low income levels, limited access to credit and insufficient mechanisms to diffuse risks associated with the use of purchased inputs in these environ-



ments, risk-averse farmers use lower levels of such inputs. 5.1. R i s k and nutrient m a n a g e m e n t



Agricultural production under rain-fed conditions is intrinsically risky. Climatic variability is one of the major sources of risk in rain-fed rice production. Very little empirical evidence exists on the effect of fertilizers (or N) on the magnitude of production risk in rain-fed environments. Most researchers have focused their attention on quantifying the effect of fertilizers on risk in irrigated environments. Even for irrigated environments, no conclusive evidence exists (Roumasset et al., 1989). Rosegrant and Roumasset (1985) found fertilizers to be generally risk-increasing. On the other hand, Antle and Crissman (1986) found N to be risk-increasing initially, but risk-reducing after an initial adoption period. This switchover of effect has been attributed to a learning process following initial adoption of fertilizers. To the extent that fertilizers increase risk, riskaverse farmers would tend to apply a lower dose of fertilizers compared to risk-neutral farmers. Empirical evidence reveals that reductions in optimal N use due to moderate risk aversion are in the range of 0 to 30% of the risk-neutral level (Roumasset et al., 1989). However, most of the studies are based on risk response in irrigated environments. In rain-fed environments, the effect of risk aversion on optimal fertilizer usage could be larger, depending on what other avenues exist for diffusing risks. District-level data from eastern India indicate that average level of fertilizer application is negatively correlated with the magnitude of yield risk, indicating that in more variable environments, farmers apply smaller average quantities of fertilizers 3 (Hossain and Laborte, 1994). Similar results have been obtained from a micro-level study of fertilizer application in rain-fed rice in Central Luzon, Philippines (Pandey et al., 1997; data in Wade et al., 1997). Based on an analysis of field-level panel data (collected from the same farmers) for four years, Pandey et al. (unpublished data) found that the temporal 3 Lower average rate of application in more variable environments may be due to a lower mean response and/or to risk aversion.
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variability in fertilizer application was higher in fields with more variable environmental conditions. Apparently, farmers changed fertilizer dosage from year to year by a greater magnitude in fields with higher temporal variability in hydrological conditions in order to benefit in favorable years, and avoid losses in unfavorable years. Although farmers may not base N application on the N-supplying capacity of the soil (Cassman et al., 1993), it appears that they make conscious attempts to adjust N application to the perceived demand by crops in less stable environments, which, on average, are usually less. The yield response of fertilizers depends, not only on the quantity applied, but also on the timing of application. The response to risk may similarly be determined by the timing of application. Considerable scope may exist for reducing variability by adopting more flexible and more adaptive use of inputs (Chavas et al., 1991). The effect of risk on fertilizer use depends also on other options available for reducing risk. If farmers are concerned about the variability of consumption, risk-reducing strategies, such as adjustments in cultural practices and participation in land, labor and capital markets can help smooth the consumption stream. This dampens the perceived risk associated with fertilizer use, thus encouraging a higher level of application (Anderson and Hazell, 1994). The possibilities for such adjustments, however, depend on agroclimatic conditions and on institutional and policy factors (Binswanger and Rosenzweig, 1986; Walker and Ryan, 1990).



5.2. Economics of organic fertilizers Farmers in rain-fed environments have traditionally relied on organic sources such as farmyard manure, compost, straw and green manure crops for maintaining soil fertility. A closer integration of livestock with cropping and low opportunity costs of land and labor in traditional rain-fed systems have made the use of organic sources of nutrients economically viable. To the extent that nutrients provided by organic sources are perfect substitutes for nutrients from inorganic sources, the effective relative prices of nutrients from these two sources determine their usage. A long-term decline in the real price of inorganic fertilizers has made their use economically
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more attractive to farmers. Organic fertilizers require land, labor and other inputs for their production and application, and the effective price of nutrients from this source has been found to be higher than that from inorganic sources (Garrity and Flinn, 1987; Rosegrant and Roumasset, 1987; Ali and Narciso, 1994). In addition, organic sources merely serve to transfer nutrients from one field/farm to another without increasing the overall supply except in the case of legume rotations or catch crops. Agronomic evidence indicates that organic fertilizers can improve soil characteristics in ways other than by simply supplying nutrients (Singh et al., 1991), and result in additional yield gains in rain-fed lowland systems. Possible long-term adverse effects of inorganic fertilizers on soil properties and the environment could be ameliorated by the use of organic sources that may have more favorable nutrient release patterns (Becker et al., 1994). However, their use needs to be balanced against possible higher losses of N through organic sources. Evaluation of these nonprice effects on environment under farm conditions is warranted. Currently available information on this effect is very limited, however (Ali and Narciso, 1994). Where organic fertilizers do, in fact, improve soil quality and enhance sustainability, it does not necessarily mean that they should be produced in situ. These fertilizers could be produced ex situ by others and sold to farmers. Where opportunity costs of labor and land are rising, in situ production may not be economical. Recent trends in vegetable production near urban areas, where Philippine growers use organic manure imports from poultry and other sources, is an example. The economics of organic fertilizer production are often times confused with the economics of their use. With present knowledge, the long-term prognosis is that organic fertilizers are likely to play a minor role in the management of nutrients in favorable rain-fed environments. Rising opportunity costs of land and labor in these environments raise the cost of organic fertilizers, making them less competitive relative to inorganic sources. In less favorable rain-fed environments with limited access to purchased inputs, farmers may remain more reliant on organic fertilizers. Research aimed at improving the productivity of organic fertilizers and lowering their cost of
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production may be more beneficial in these environments. 5.3. Heterogeneity, cost o f learning and implications f o r fertilizer management research in rain-fed systems



Rain-fed fields (especially rain-fed lowlands) have a high degree of spatial and temporal heterogeneity. Differences in soil type even within a small area can result in a high degree of spatial variability in fertilizer response. Similarly, temporal variability associated with periods of wetting and drying cycles can make the task of nutrient management challenging. There are several implications of this variability for improved nutrient management. First, the generation of improved nutrient management technologies for rain-fed environments can be costly. Instead of providing a blanket recommendation on fertilizer use over a wide area, recommendations more appropriate to each target environment need to be developed. As a result, adaptive research required to generate such specific management practices will have a smaller recommendation domain. Second, there may be a substantial cost of learning on the part of farmers with regard to the management of nutrients in variable environments. Farmers' access to technical information and skills need to be improved if such specific nutrient management technologies are to be adopted by a large number of rain-fed farmers. Because the efficiency of nutrient application depends on factors such as field hydrology, crop growth stage and crop conditions, farmers need to develop skills to monitor evolving environmental conditions and adjust their fertilization practices accordingly. Even in irrigated environments, where returns to time invested in acquiring such skills may be high, a limited adoption of knowledge-intensive crop-management technologies (Byerlee and Pingali, 1995) indicates the obvious difficulties in their transfer to rain-fed environments. Third, a paradigm shift is required in the ways we conduct crop management research and extension in order to generate and disseminate knowledge-intensive nutrient management technologies. A more decentralized approach to agricultural research with a closer participation of the farmer in the research process may be necessary. Where possible, opportunities for learning from farmers' experience and



knowledge should be exploited. For example, farmers in rain-fed environments in the Philippines seem to have developed methods for adjusting N application rate to the perceived crop demand (see Wade et al., 1997). Opportunities for improving such farmer knowledge systems need to be explored. In addition to the direct benefits of 'learning from the farmer', farmer empowerment by improving their skills and understanding of the scientific principles involved can make them better decision-makers (Byerlee, 1994). Complex, knowledge-intensive technologies are not likely to be transmitted easily by farmer-tofarmer extension programs, which occurred with improved rice seeds; hence, innovative extension approaches may be needed. New paradigms for farmer training are discussed in Section 6.



6. Transferring knowledge-intensive technology to small farmers While the previous sections dealt with the economic conditions under which knowledge-intensive management systems are adopted at the farm level, this section examines the complexities of transferring such technologies to small farmers in Asia. In order to effectively use efficiency-enhancing technologies, farmers are required to acquire complex knowledge about modern production systems and make intricate decisions. Knowledge-intensive technologies call for a complete change in the way recommendations are formulated, and in the concept of recommendation domains. The ultimate goal is to have farmers who are capable of deriving the appropriate recommendation for each farm or field using if-then-type analyses. With knowledge-intensive technologies, an extension agent's recommendation domain is a domain over which the decision-making process is uniform, rather than over which the actual recommendation is uniform. Blanket recommendations, such as those for fertilizers, ought to be abandoned and replaced by knowledge transfer that empowers farmers to make appropriate decisions. Information farmers obtain from knowledge-intensive technologies--those technologies in the form of physical tools or management education approaches, such as farmer field school--can enhance a farmer's ability to gauge the applicability of recommendations for crop management and validate product claims. The challenge we
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face is one of transforming traditional small farm systems to science-based production units. 6.1. Knowledge as a system



Farmer knowledge is a dynamic system of interconnected information that is passed from generation to generation. Knowledge and its communication are dynamic and part of an open system that uses empirical observation and experimentation to build upon itself. This foundation provides a basis for interpretation, acting as a filter through which new observations are interpreted. Knowledge is thus a system of cognition and interpretation that is applicable to specialized operations, as well as what can be considered common-sense behavior by its holders (Geertz, 1983; Lovelace and Martin, 1986). The transfer of knowledge based upon scientific principles aimed at altering farming practices, in this case nutrient management, requires a good fit between the knowledge systems of farmers and scientists. If new components are added to the existing knowledge system and couched in terms familiar to the indigenous practitioner without displacing other existing system components, then latitude for experimentation will remain at the local level that may eventually develop into a functional fit. A scientific (vs. local or indigenous) interpretation may not be feasible because of the high cost of education and uncertain desirability of replacing the foundation of indigenous practices, many of which may be environmentally sound. Indigenous interpretation of a newly introduced component may also ensure its longevity through intrasocietal and intergenerational transmission. 6.2. Knowledge interface



Farmer knowledge systems are comprised of a number of components that may interface with scientific knowledge of nutrient management, including (1) symptomatic recognition of stresses, (2) recognition of soil types/conditions and (3) recognition of plant development/growth cycles (Behrens, 1989; Bellon and Taylor, 1993; Guillet et al., 1995). Each of the above domains represent serviceable points for the interface of the two knowledge systems that, if properly bridged, will enhance the viability of introduced knowledge through farmer-to-farmer dissemi-
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nation and intergenerational transmission. In sum, the sustainability of the introduced knowledge will be more likely if it is defined relative to the existing knowledge base. Each of the aforementioned points of interface consist of and require an extensive knowledge base within both indigenous systems and scientific systems, although the foundation of knowledge utilized by each system may differ. Thus, scientific perspectives may recognize and utilize indigenous knowledge systems in the effort to effectively understand activities at the local level, but analyses and insights may not be communicated in local terms because of incongruent interpretative systems. Resistance to adoption of a scientific system may exist at the local level because of a lack of familiarity with that system's reliability. Whereas local knowledge systems may appear to be nonscientific to the outside observer, the knowledge base is, in fact, a naturalized epistemology held by the group. If a new system is introduced, which is grounded in unfamiliar rationales, in all likelihood it will be rejected. If, however, the new perspective is communicated in familiar terms, it will have a greater likelihood of being integrated into the existing knowledge base. 6.2.1. Implications for the transfer of knowledge and technology Unlike input-use recommendations, knowledge transfer requires that farmers adapt scientific principles to their own particular circumstances and derive farm-specific practices. Therefore, to be effective, any system of knowledge transfer ought to encourage farmer learning through experimentation and adaptation. Farmer training, in this context, is openended and participatory, with the emphasis on learning by doing. Farmer experimentation often goes unrecognized because lack of scientific rigor we see on experiment stations--plots are often small, experiments uncontrolled, and farmers observe trends rather than calculate probabilities. Nonetheless, this mode of farmer experimentation is valid and has provided the primary avenue to the historic evolution of agricultural systems. Accumulation of knowledge through this mode of traditional experimentation and subsequent changes to behavior, however, is often a long process. Substantial changes to management is
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kept in check by the uncertainty of information. Uncertainty expresses itself differently in high input and low input systems, and farmers in both of these systems neglect phenomenon that are not transparent, with potential adverse consequences over time on the sustainability of the production system. Supplemental knowledge on hard-to-observe phenomena and cause-and-effect relationships represents a primary avenue to reducing uncertainty (Rogers, 1983; Bentley, 1989). The complexity and the costs associated with training programs that try to incorporate the above features are very high, and often act as impediments to action on the part of extension services. Complex scientific knowledge, however, need not always result in a complex message: they can result in simple formulations or 'rules' for management practices. These rules should be adequately tested to and have outcomes visible to the farmer and where farmer-experimenters are apt to have a high probability of achieving expected results of the new practice. The orientation of agricultural extension for the simple rule approach differs from traditional broad-based recommendation approaches by the active encouragement of farmer experimentation with the principle to gauge the appropriateness of the practice. The simple rule approach allows the alteration of a component of the traditional knowledge system without endangering the entire system. The change allows for farmer experimentation to develop the best fit in the system for the new component, which may lead to a synergistic reaction throughout the system. Farmers are left to make their own empirical observations and incorporate these observations into their existing knowledge systems as appropriate to their view of the world and natural phenomena. 7. Conclusions



The increase in fertilizer consumption depends on the demand for staple food grains as well as other food products, such as meat and vegetables. The indirect consumption of fertilizers through meat and vegetables increases, while direct consumption through staple food grain may decline once income rises above a certain level. In the developed countries of the word, fertilizer consumption has started declining as population has become stationary, and



consumers are substituting high-price better quality food for staple grains. In developing countries, however, population growth is still high and food needs of a large proportion of the people are yet to be fully met. As the demand for food grains increases with growing population and the increase in per-capita consumption of cereals, fertilizer consumption is expected to increase further in the low-income countries of Asia. Opportunities for enhancing rice productivity growth through increased use of chemical fertilizers varies among rice environments. In the intensively cultivated rice bowl provinces of Asia, fertilizer use is already high and in some instances, such as in West Java, Indonesia, it is used beyond the economically optimum levels. Opportunities for increasing the partial factor productivities of fertilizer in the intensively cultivated rice environments, in the absence of a shift in the yield frontier, would have to come from technologies that increase fertilizer-use efficiency. In the case of the rain-fed environments, especially the favorable rain-fed environments, opportunities for rice productivity growth through increasing fertilizer use still exist. For both the irrigated and the rain-fed environments, sustainable and profitable use of chemical fertilizers would be closely related to farmer ability to match nutrient supply to crop demand. Judgments on initial soil fertility status, appropriate timing of nutrient application, and the quantities to apply require substantial improvements in farmer knowledge and decision-making skills. Decision aids and tools such as the chlorophyll meter or simple color charts could help in the decision-making process, but would not be a substitute for farmer knowledge. The ultimate judge of all input-use decisions is the farmer and good decision-making is costly, especially in terms of the time required for monitoring crop performance and deciding on appropriate amendments. Profitable adoption of knowledge-intensive nutrient management technologies depend on the value of fertilizer savings relative to the cost of additional time required for learning and for decision-making. Where explicit decision aids are utilized, the cost of acquiring and using the decision aids has to be considered also. Improving on-farm nutrient-use efficiency could also contribute to reduced risk of environmental
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problems, especially for g r o u n d w a t e r systems. Such reductions in the negative externalities of chemical fertilizers w o u l d e n h a n c e the social benefits o f prom o t i n g k n o w l e d g e - i n t e n s i v e nutrient m a n a g e m e n t techniques. Policy decisions on the d i s s e m i n a t i o n of e f f i c i e n c y - e n h a n c i n g nutrient m a n a g e m e n t technologies ought to explicitly consider such socially beneficial outcomes. The challenge for the research system is in finding cost-effective methods for transferring k n o w l e d g e - i n t e n s i v e nutrient m a n a g e m e n t techniques to farmers. Several issues n e e d to be addressed in achieving successful transmission. First, what is the cost-effective m e t h o d for training farmers to assess farm-specific s o i l - n u t r i e n t status and to i m p r o v e their ability to m a k e decisions o n nutrient use? Second, what m e c h a n i s m s are available or could be developed for r e d u c i n g the cost o f acquiring decision tools, such as the chlorophyll meter? Are there opportunities for sharing or renting such devices or using simpler methods such as leaf color charts? Third, are there opportunities for capturing e c o n o m i e s through the use of r e c o m m e n d a t i o n s over a specific geographic area or m a k i n g decisions specific to their o w n fields? In order to effectively address the d i l e m m a o f ' f e e d i n g a fertile p o p u l a t i o n from infertile soil in a fragile w o r l d ' (Borlaug and Dowswell, 1993), it is essential to develop i m p r o v e d technologies that enhance crop productivity through i m p r o v e d resourceuse efficiency and reduction in losses as soon as possible. W e ought to recognize, however, that profitable adoption of k n o w l e d g e - i n t e n s i v e technologies that e n h a n c e input efficiency will o n l y occur w h e n the price is right. H o l d i n g input prices low through the use o f subsidies or k e e p i n g output prices high through price support p r o g r a m s will reduce the likelihood of adopting input-efficient technologies.
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