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Abstract

Nitrogen (N) is the most common limiting nutrient in agricultural systems throughout the world. Crops need sufficient
available N to achieve optimum yields and adequate grain-protein content. Consequently, sub-pptimal rates of N fertilizers
typically cause lower economical benefits for farmers. On the other hand, excessive N fertilizer use may result in environmental
problems such as nitrate contamination of groundwater and emission of N2O and NO. In spite of the economical and
environmental importance of good N fertilizer management, the development of optimum fertilizer recommendations is still a
major challenge in most agricultural systems. This article reviews the approaches most commonly used for making N
recommendations: expected yield level, soil testing and plant analysis (including quick tests). The paper introduces the
application of simulation models that complement traditional approaches, and includes some examples of current applications in
Africa and South America.

1. INTRODUCTION

The current century has been characterized by accelerating application of new technologies,
many of which have resulted in detrimental effects on the environment and on the resources upon which
agriculture depends. Nitrogen (N) losses from agricultural and forest soils continue to increase, as a
consequence of higher yielding crops, slash-and-burn practices, gaseous conversions, leaching and
erosion.

In order to compensate for these losses, modern agricultural practices have started to include the
application of organic fertilizers (including green and animal manure, industrial and metropolitan wastes,
etc.), and crop/pasture rotation systems [1]. However, in the vast majority of situations, these practices do
not supply sufficient N to maintain optimal crop yields. Clearly, presentday crop-production systems are
dependent on the use of inorganic fertilizers, with low values for efficiency of use of N.

An additional feature of N dynamics in current agricultural systems is the potentially detrimental
effects of N on the environment. Numerous studies have associated low efficiency of use of N from
inorganic and organic fertilizers, with potential and actual nitrate contamination of groundwater as well
as eutrophication of lakes and lagoons [2, 3]. There is also a growing concern within the agricultural
scientific community regarding soil production of N2O, a "greenhouse" gas that also contributes to loss
of stratospheric ozone [4, 5].

The increasing soil-N losses, the still-low efficiency of N fertilizer use, and the potential for
environmental contamination are all factors hindering the development of sustainable agricultural
production systems. These factors also emphasize the need to develop systems for precisely determining
crop-N requirements and consequently establishing adequate N fertilizer recommendations.

Fertilizer-recommendation systems should consider the amount of N that will be available to a
crop through the mineralization of the soil organic matter (SOM) and through the decomposition of
residues from previous crops. The system should include information on expected gaseous and leaching
losses of N throughout the crop-growing season. Consideration should also be given to the varying
N requirements of different crop species at different growth stages, and for attaining different expected
yield levels. Simple economical and risk analyses of different N fertilizer strategies should be included to
assist farmers in the decision-making process.

Agricultural research over the past 50 years has improved understanding of soil fertility and
nutrient dynamics, crop-N requirements, soil biological activity, N availability, etc. However, there is still
a general need for robust N fertilizer-recommendation systems, especially in humid and sub-humid
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climates. This is probably due to inherent complexity, as indicated above, and the influence of
uncontrollable factors such as weather.

Most existing N fertilizer-recommendation programs use one or a combination of the following
indicators: expected crop-yield levels, soil-test information (SOM, total soil N, soil mineral N, soil
mineralization potential, soil nitrate content, etc.), and plantanalysis data (total N, nitrate in plant sap,
chlorophyll-meter data). Many of these programs do not perform adequately because they fail to consider
the complex interactions of factors determining N availability.

Traditional recommendation systems are based on results from field experiments established at
several sites oriented to quantify crop response to N fertilizer. Soil-test and plant-analyses results from
the same sites are then evaluated as possible indicators or predictors of the crop-growth responses.
Additional information is often included on variables such as expected yield levels, previous soil-
management practices, previous use of animal or green manures, etc. This ressarch approach usually
results in fertilizer recommendations that are likely to be correct for a given situation. However, the
probability of an erroneous recommendation for a specific field may still be significant. Moreover, a
recommendation may be required for a specific situation not covered in the prior research (different soil
type, different weather conditions, new cultivar, etc.).

Computer models capable of simulating the effects of weather, agronomic practices, soil
properties and cultivar characteristics on the N dynamics of agricultural systems can make an important
contribution to our understanding of crop responses and fertilizer behavior. This in turn may result in
developing new, or refining existing, fertilizer-recommendation systems that may be used in a wide
range of production conditions.

In this article, we propose that the N sub-model included in the CERES models of DSSAT can
be a valuable tool for assisting the decision-making process of defining optimal N fertilizer strategies
based on existing knowledge of crop responses to N in different research programs world-wide.

2. CURRENT APPROACHES

2.1. Expected yield level

This is the simplest approach, used when no soil-test or plant-analysis data are available. It is
employed also in cases where available soil and plant indicators have been found to perform poorly for
developing fertilizer recommendations. It consists of establishing an expected yield level, estimating the
soil's ability to supply N, considering an expected efficiency of N fertilizer use (typically 50%), and
calculating the amount of fertilizer required to attain the expected yield.

A strong limitation of this approach is the difficulty found in most regions of the world to
estimate, a priori, the yield level expected for a specific field under a given set of climatic conditions. For
example, Schepers et al. [6] conducted an extensive survey in Nebraska, USA, and found that farmers
with lower-yield expectations were able to produce yields at least as high as those of fanners with high-
yield expectations.

Another strong limitation lies in estimating the ability of a given soil to supply N throughout the
growing season. This is especially difficult in humid and sub-humid climates [7], and/or in production
systems that include rotations with legumes or cover crops [1].

Fertilizer-recommendation systems based on expected yields often advise farmers to make their
N applications with the expectation of a good year [8]. This is done in order to avoid limiting yields,
since the N requirement in a favorable growing season is larger than under poor conditions [9]. However,
this practice implies that excessive N is applied in all years during which sub-optimum growing
conditions prevail, with consequent economic and environmental oosts.
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However, consideration of expected yield may be useful when in combination with other
indicators such as soil-test and plant-analysis data. Most recommendation systems currently in use world-
wide, implicitly or explicitly, include information on expected yield level [6, 10].

2.2. Soil testing

The vast majority of current N fertilizer-recommendation systems use one or several soil-testing
procedures to determine optimum fertilizer rates. Extensive reviews of the most common approaches
have been published [8].

Two approaches are typically used when considering soil-test data for N fertilizer
recommendations: assessing the soil's ability to supply N through mineralization of SOM, or determining
the availability of mineral N in the profile at a specific time.

Some recommendation systems are based on SOM content as the sole index of the soil's ability
to supply N, with the rationale that higher SOM mineralizes larger amounts of N than lower SOM in the
same soil type A first limitation of this approach consists of the difficulty in determining the amount of N
that a soil will supply. The potential N mineralization can be estimated with standard procedures,
however, the amount of N that a soil will actually supply to a crop in a given growing season B, a priori,
difficult to estimate, since it depends on the climatic characteristics of the season, previous soil and
crop-management practices (e.g. tillage, crop-residue disposal), etc.
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Nitrogen uptake curves for a winter wheat crop growing in a temperate climate with two levels
non-limiting, low - limiting) of plant-available N.

Better results can be expected when considering the amount of mineral N present in the soil
profile at a given time. The amount of N required by a crop varies during the growing season, typically
following a sigmoidal dry-matter production curve [11]. Thus, N requirements are low during early
growth up to a first inflection point at which dry-matter production and N uptake rapidly increase, e.g.
onset of stem elongation in wheat and barley [11] or 6-8 leaves in maize [12, 13]. Dry-matter production
and N-uptake rates peak during this period and the curve reaches a second inflection point, typically after
anthesis, after which both rates gradually decrease (Fig. 1).
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Knowing the expected N-uptake curve for a crop in a given location would greatly improve the
ability to recommend the optimum N fertilizer rate. Sufficient N should be available in the soil at planting
to ensure seedling establishment and initial growth. Although the amount of N required at these stages is
low, it has been shown to be qualitatively crucial, since any early deficiency cannot be fully compensated
with later fertilizer applications [11]. On the other hand, excessive available N duringearly growth can
result in excessive tiller population, lodging, and stem disease, and in contamination of groundwater with
nitrate [2].

The onset of rapid dry-matter production is the second key growth stage at which to plan rational
N fertilizer-management strategies. This is the growth stage that immediately precedes the period of
maximum rate of N uptake, therefore, available N in the soil should be targeted to fulfill the cropN
requirement for optimal yields [14, 15].

Researchers have also reported that in long-season winter-wheat cultivars other crop-growth
stages occurring between emergence and end of tillering may also be important for determining optimal
fertilizer recommendations. For example in wheat, mid-tillering (Zadoks growth stage 25 [16]) can be
another important growth stage for achieving optimal N fertilizer applications [17].

Several fertilizer-recommendation systems based on the soil mineral-N content (nitrate and
ammonium) accommodate the key growth stages described above. In climates with low rainfall, it may
be sufficient to consider only the soil mineral-N content at planting [9, 18, 19]. However, in humid and
sub-humid climates, large N-losses can be expected via leaching and denitrification during early growth
if the N is applied in a single dose at planting. In such situations, researchers usually try to make
recommendations based on the soil mineral-N content at the growth stage at which dry-matter production
accelerates. For example, many N fertilizer-recommendation systems for maize are currently based on
the soil mineral-N content at the 6-8 leaf stage [12, 20-24].

A limitation of recommendation systems based on the soil mineral-N content is that the amount
of nitrate may be strongly influenced by rainfall immediately before sampling. This is especially
important in well drained soils with samples from the surface 20 cm. An additional limitation of these
recommendation systems consists of the fact that they do not consider N losses that may occur after the
fertilizer application.

Finally, these systems do not consider the soil's ability to continue supplying N after fertilizer is
applied. The contribution of N via mineralization can be important in conditions of high SOM content,
and/or in situations where crops are rotated with legumes or cover crops. Recent research has revealed
that the contribution of residues from previous crops can be significant and should be considered for
determining N fertilizer recommendations [1, 25-29].

The importance of the potential contributbn of residues on N fertilizer needs was recently
demonstrated by Decker et al. [25] who reported contributions from previous legumes equivalent to 200
kg N ha" 1, which resulted in savings of N fertilizer for subsequent maize of up to 76 kg N ha" 1. Their
research revealed also that the effects of previous legume pastures included an increase in the maize-
yield potential, especially in soils with low SOM content and low wateFholding capacity.

Many efforts have been made to partially overcome the limitations of recommendation systems
based on the soil mineral-N content. A typical approach used with varying degrees of success has been to
combine the information on soil mineral-N content with other indices, e.g. yield goals and organic N
[10], potentially mineralizable N and crop-residue contribution [26], and SOM content [30].

2.3. Plant analysis

Fertilizer-recommendation systems that use plant analysis are based on the fact that if one can
identify a growth stage in which N availability in the soil is critical, the plant should be the best indicator
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of such availability. Moreover, the total N taken up by a crop is a reflection of N availability during the
growing season and, therefore, may be regarded as the best indicator of the soil-N status. Thus, an
advantage of plant-analysis data is that they integrate the effects of all factors affecting N availability to
the crop (weather conditions, crop-residue decomposition, residual effects of fertilizer, etc.).

Ideally, plant analysis would be carried out at a crop-growth stage that is sufficiently late to
indicate expected yields and N requirement, and sufficiently early to allow a good crop response to N
application. This approach has been successfully used in southeastern USA to predict optimum N
fertilizer rates for winter wheat [31-34]. Research on wheat in Virginia has shown that the end of
tillering (Z-30) is the latest growth stage at which the crop can efficiently respond to N fertilizer
application. As mentioned above, this is the stage that immediately precedes the maximum rate of crop
dry-matter production. Tiller count and/or dry-matter production at Z-30 can help to determine expected
grain yields and, consequently, the crop's N requirement [31].
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FIG. 2. Nitrogen fertilizer recommended rates at ihe end of tillering (Zadoks 30) based on plant-N
content (gNkg-1 dry matter) and expected grain yield. The system includes a basal application of 30-40
kg N ha~l at sowing [35].

Some researchers have also used plant analyses in combination with other indices to make N
fertilizer recommendations. For example, Baethgen et al. [35] developed a system for optimal N
fertilization of malting barley in Uruguay based on plant analysis and expected yield: a blanket fertilizer
rate of 30 to 40 kg N ha~l is applied at sowing to ensure adequate plant establishment and tillering, then
are considered (a) the expected yield level for the field and (b) the above-ground plant-N content at the
end of tillering (Z-30), to estimate the recommended N rate at that stage of growth (Fig. 2).

Plant analysis, however, presents the same limitation as the soil mineral-N test in that it provides
no information on the amount of N that will become available, or the amount of N lost after the plant
sample is taken. An additional drawback of plant testing is that plant-N content varies considerably
during growth. Researchers have tried to reduce this limitation by combining the information of plantN
content with other parameters such as dry-matter production of tillers [31] or with the number of
produced tillers [32] at time of sampling.
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More recently, researchers developed fertilizer-recommendation systems with plant analysis that
are based on quick tests performed in the field. The advantage of these tests is that a farmer can assess
the N status of a crop at critical stages, and avoid potential problems of sample handling, delays in the
laboratory analysis, etc., that can be a constraint in less developed countries. Among the most widely
used and promising quick plant tests are for stem-nitrate content [36-38] and leaf-chlorophyll readings
[13, 39-42].

3. APPLICATION OF CROP-SIMULATION MODELS

The previous section leads to the conclusion that an ideal N fertilizer-recommendation system
should consider:

- Crop-yield level expected for the specific field in which the N fertilizer recommendation is
needed,

- Expected N release from the soil via mineralization of SOM throughout the current growing
season,

- Expected release of N from residues of previous crops throughout the current growing season,
- Possible residual effect of N fertilizer applied to previous crops,
- Potential N losses via erosion, leaching, denitrification and ammonia volatilization, throughout

the entire crop growing season.

Developing a fertilizer-recommendation system that considers all of these variables, based
exclusively on experimental results, is impossible. The complexity of the factors and their interactions
would require a volume of information unfeasible for most research programs. Moreover, such a precise
fertilizer-recommendation system is inconceivable since it would require prior information of certain
events, e.g. N losses (leaching, denitrification, etc.) and/or gains (mineralization, residue decomposition,
etc.) that occur after the fertilizer is applied.

Advances in information technology, including crop-simulation models and decision-support
systems such as DSSAT, may provide the best means of overcoming these limitations [43]. A key piece
of information that is needed, a priori, when recommending a N fertilizer rate, is the weather that will
prevail after the fertilizer is applied. Weather conditions determine N dynamics (mineralization, residue
decomposition, N losses, etc.) as well as crop development and production. If daily weather information
is available for the site under study, DSSAT can be used to generate possible weather scenarios and
evaluate the effectiveness and the risk associated with different N fertilizer strategies. Even at sites where
long-term daily weather information is unavailable, weather generators such as WeatherMan [44], which
is included in DSSAT, can be applied to generate possible scenarios considering decadal or monthly
averages. Moreover, in locations where weather conditions are known to be affected by large-scale
anomalies (e.g. El Nino/La Nina/Southern Oscillation [45, 46]), weather generators can be trained to
create data conditioned to the expected prevailing phase of such anomalies. Thereafter, these scenarios
can be used in the models also included in DSSAT that simulate crop development, growth and
production as well as residue decomposition, SOM mineralization and N losses.

Adequate systems are usually required to generate optimal fertilizer recommendations for large
regions or even entire countries. A typical approach to achieve this objective consists of selecting sites
representative of major agricultural regions and establishing fertilizer-response experiments. Fertilizer
recommendations are then developed considering the best average performance. However, ths number of
sites and years that can be included in this type of program is limited, typically due to financial and/or
labor constraints. A decision-support system such as DSSAT can be an excellent tool for extrapolating or
interpolating experimental results to help define recommendations for regions for which research data are
unavailable.

Although simulation models and computerized decision-support systems for establishing
fertilizer recommendations are still in the developmental stage, they have been ajplied in various parts of
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the world. Below are examples to illustrate their potential for improving our ability to predict N fertilizer
needs.

One of the best examples of the application of crop-simulation models for adjusting N fertilizer
inputs was published by Keating et al. [47]. These researchers suggested that, whereas traditional
agricultural research compares farming strategies that are fixed over time, most farmers make conditional
decisions and adjust their crop- and soil-management practices considering indicators of the current or
forthcoming growing season. For example, in climates with a rainy season, farmers typically adjust plant
population density and fertilizer rates in accordance timing and intensity of the first rains.

Keating et al. [47] used the CERES-Maize model to simulate realistic conditional strategies for N
fertilizer and plant population in Kenya. On the basis of the theory that with the concept that the date the
start of the season is a predictor of potential yield, and, therefore, of the ability of a crop to respond to
inputs, they used the model to automatically simulate planting at the onset of the rains, and with various
delays. They compared several fixed N fertilizer and plant-population strategies with conditional
strategies at two levels of input use. The conditional strategies consisted of adjusting fertilizer rate and
plant density considering the delay after the onset rains: for a given level of input use, fertilizer rate and
planting density were reduced as the crop was planted at later dates after the onset of the rainy season.

The results indicated that benefits in average returns when using conditional management
strategies were small compared to those obtained by simply using fertilizers, with or without forecasts
However, the conditional approach significantly reduced production risks since the number of years with
negative gross margins were minimized. Reducing the probability of negative margins is imperative for
small holders, but it is increasingly becoming critical also for farmers of medium and large areas.

The research conducted by Keating et al. [47] is an excellent example of the potential benefits of
considering research results, weather information, and farmers' attitudes, and applying weather
generators and crop-simulation models to provide information that can be essential for making
management decisions. Important advances are being made in the use of general circulation models
(GCMs) for inter-annual and seasonal climatic predictions at the regional level, especially in El
Nino/Southern Oscillation (ENSO) related anomalies [45, 48, 49]. The information produced by GCMs
can be entered into generators to create weather scenarios at the regional level for use with crop-
simulation models and decision-support systems to assess the possible effects of predicted climatic
conditions on crop production and N fertilizer requirements, applying methodology similar to that used
by Keating et al. [47].

A major objective of agricultural research is to generate information to enable farmers to make
better decisions related to crop- and soil-management strategies. The generated information must,
therefore, assist in the solution of a perceived problem, and/or must result in economic, environmental or
social benefit. These aspects are intrinsically related to the value of the produced information. Thornton
and MacRobert [50] addressed the issue of information value, by studying a "perfect" prediction system,
i.e. one in which future weather is known with certainty, for establishing optimal N fertilizer rates for
maize in Florida. Their rationale was that if the value of "perfect" information can be shown to be large,
it would justify investment in the development of "imperfect" predictors that have most of the benefits d"
"perfect" counterparts.

Thornton and MacRobert [50] used CERES-Maize to maximize the gross margin of maize
production with various rates and timings of N fertilizer, over ten growing seasons. The value of the
perfect information system was calculated by comparing the optimal N schedules estimated by the
CERES model with the N fertilizer management strategy typically used in the study region. Their results
indicated that the mean value of a perfect weather predictor in their conditions was $105 ha"l. The
second largest margin was obtained when applying the average CERES-estimated optimal schedule
across all years, which resulted in average gross margins that were $40 har' higher than the
corresponding traditional N schedule, with a smaller coefficient of \ariation. These results indicated that
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in the absence of a perfect information system, the ex-ante simulation runs would foster improved N
fertilizer management.

A decision-support system can also be an excellent tool for evaluating the performance of a
proposed N fertilizer regime. As mentioned in 2.3., Baethgen et al. [35] developed a system for optimal
N fertilization of malting barley in Uruguay that consisted of applying 30 to 40 kg N ha"l at sowing and
then considering the above-ground plant-N content at the end of tillering (Z-30) to estimate the
requirement for more N. The authors used the CERES-Barley model with 20 years of measured weather
data to compare the yields obtained with the farmers' traditional N fertilizer rates to the yields obtained
by applying 40 kg N ha~l at planting and using their proposed recommendation system at Z-30. They
also included in the comparison an unfertilized control, a hypothetical case ofunlimited N availability
throughout the growing season, and a treatment with 40 kg N ha"* applied at planting and unlimited N
availability after Z-30. The results indicated that the proposed recommendation system performed better
than the farmers' traditional practice and very similarly with the treatment with 40 kg N ha1 applied at
planting and unlimited N after Zr30 (Fig. 3). Moreover, comparing the unfertilized check, the farmers'
traditional schedule and the proposed recommendation system, the latter allowed for higher gross
margins and was the only one with non-negative values (Fig. 4).
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FIG. 3. Cumulative frequency curves of CERES-simulated barley grain yields comparing five Nfertilizer
strategies: (a) N = 0, no fertilizer applied; (b) Trad: farmers' traditional practice (40 kg N ha1 at
sowing); (c) RecMet, recommended method by Baethgen et al. [35]; (d) N Opt(40), 40 kg N her1 at
sowing and non-limiting N availability after Zadoks 30; and (e) N Opt, non-limiting N throughout the
growing season.

Clearly, a complexity of factors and interactions are to be considered when m&ing a sound N
fertilizer recommendation. One of the key variables to be addressed is expected N release via the
decomposition of residues of crops and pastures previously grown in the field in question. In many
agricultural production systems, increasing importance is being ascribed to including legume pastures in
rotation with crops [25, 27]. In some regions, the pastures are used as green manures, and, in others, they
are utilized as fodder for beef, wool and milk production.

Recent research conducted by Crozier et al. [26] evidenced the need of assessing the contribution
of N release from decomposition of crop residues, especially in agricultural production
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FIG. 4. Cumulative frequency curves of CERES-simulated gross margins ($ her1) for barley produced
using three N fertilizer strategies: (a) N = 0 no fertilizer applied; (b) Trad, farmers' traditional practice
(40 kg N ha-1 at sowing); (c) RecMet, recommended method by Baethgen etal. [35].

systems with reduced chemical inputs. The amount of nutrents released via decomposition of plant
residues has typically been addressed in studies using litter bags [51, 52, 53]. LitteFbag studies indicate
the amount of nutrient remaining in the plant residues after various periods of time, but say nothing of he
fate of the released nutrients. The N sub-model [54] included in the CERES models, and other N-
dynamics simulation models [55, 56] can also be used to estimate N release from residue decomposition,
with the advantage that it can assess the fate of the released N and also consider the effects of weather
conditions, soil type, crop- and soil-management practices on the resulting N availability.

Bowen et al. [57] conducted a study to test the ability of the N sub-model of the CERES models
to simulate N mineralization, nitrate leaching and maize N uptake after incorporating ten different
legumes in an oxisol in the Cerrados of central Brazil. The performance of the N sub-model was
adequate for simulating the amount of mineral N present in the soil at intenals up to 320 days after
residue incorporation [57]. Under conditions of excessive rainfall, the N availability in the soil was better
simulated after modifying the original N sub-model to allow for nitrate retention in the subsoil.

Farmers in many agricultural regions of the world plant annual crops in rotation with pastures
that are grazed for beef, wool and dairy production. These diversified production systems usually allow
farmers to obtain more stable long-term economic benefits, and result in efficient utilization of the
natural resource base [58]. Crop and pasture residues, as well as animal manures, play a key role in the
nutrient dynamics of these production systems [59]. The CERES N sub-model used by Bowen et al. [57]
can be broadened to take into account the N cycling in animal manure and urine for mixed production
systems.

In summary, establishing N fertilizer recommendations that optimize economical results for the
farmer and prevent contamination and ensure adequate conservation of natural resources requires the
consideration of large numbers of variables and their interactions. It is likely that future
recommendations will be based on a combination of traditional approaches (soil and plant tests, yield
expectation, etc.) and information from simulation models. It is, therefore, crucial to continue generating
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research results to improve current indices and develop new ones for establishing good N fertilizer
recommendations. It is also critical to continue research programs oriented at improvirg the performance
of N-simulation models. One of the best possibilities for refining N-simulation models, such as the one
included in DSSAT, is through the use of isotope techniques that can accurately trace the fate of N
applied in fertilizers and organic manures.

4. CONCLUSION

The last few decades have seen rapid expansion in scientific information that has improved our
ability to understand N dynamics in various production systems. However, precise and robust fertilizer
recommendation systems remain unavailable for most agricultural regions of the world. A possible cause
is that these systems must combine the typical complexities involved in on-farm decision-making with a
large number of factors, many of which are uncontrollable, and their interactions that affect the N
dynamics of crop production.

The decision-making process, including conclusions on N fertilizer use, requires the ability to
accommodate increasingly complex information in space and time. Systematic incorporation of these
data into simulation models and decision-support systems will be required to interpret the information
and produce realistic projections on agricultural productivity and profitability, and on environmental
degradation.

The effectiveness of any given N fertilizer-management system depends on its ability to match
the varying requirements of the crop(s) to the spatially and temporally varying characteristics of land.
Since mismatches result in reduced benefits, an objective of the recommendation system is to predict
when a mismatch will occur, so that an appropriate strategy can be advocated. However, the definition of
an appropriate recommendation depends on whether it is intended for a subsistence farmer or a market-
oriented grower, given the differences in their aversion to risk. The definition of an adequate
recommendation is also increasingly dependent on the effect it will have on the. environment and on the
natural resource base.

Moreover, many of the events that influence the appropriateness of a fertilizer recommendation
occur after the recommendation is developed, since they are directly related to forthcoming weather
conditions. Weather generators and weather-information systems are, therefore, also needed to assess the
temporal variation of the production system Recent development and applications of weather generators
provide an excellent means of evaluating the stochastic nature of weather parameters. A thorough
consideration of weather probabilities will assist farmers in making decisions related to weather isk,
such as optimal rates and timing of N fertilizer application.

Finally, since N fertilizer-recommendation systems deal with agroecological variability, all
required data must be stored geographically. Geographical information systems must be effecti\ely used
to enable users to retrieve soil, historical weather, cultivar and economical information, and adjust
fertilizer recommendations to their specific needs.

Farmers will be subject to increasing pressure to adopt fertilizer-management practices that
prevent environmental contamination while optimizing their economical returns. Establishing such
practices will require the consideration of a large number of factors and their interactions. Future
recommendations will likely be based on a combination of current approaches (soil and plant indices,
yield expectation, etc.) and information from simulation models. It is, therefore, crucial to continue
research to improve indicators of N availability and to refine N-simulation models, including the use of
isotope techniques that can accurately trace the fate of N applied as synthetic fertilizers and organic
manures.
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