CHAPTER 1
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Modeling — Essential to Agricultural
Science and Technology in the 21st Century
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CURRENT STATUS

Agricultural system integration and modeling have gone through more than 40 years of devel-
opment and evolution. Before the 1970s, a vast amount of modeling work was done for individual
processes of agricultural systems and a foundation for system modeling was built. For example, in
soil water movement, models and theories were developed in the areas of infiltration and water
redistribution (Green and Ampt, 1911; Philips, 1957; Richards, 1931), soil hydraulic properties
(Brooks and Corey, 1964), tile drainage (Bouwer and van Schilfgaarde, 1963), and solute transport
(Nielsen and Biggar, 1962). In plant-soil interactions, models and theories were developed for
evapotranspiration (Penman, 1948; Monteith, 1965), photosynthesis (Saeki, 1960), root growth
(Foth, 1962; Brouwer, 1962), plant growth (Brouwer and de Wit, 1968), and soil nutrients (Olsen
and Kemper, 1967; Shaffer et al., 1969).

Although in the early 1970s, a few models were developed to include multiple components of
an agricultural system, such as the model developed by Dutt et al. (1972), agricultural system
models were not fully developed and used until the 1980s. In the 1980s, several system models

—-were developed, such as the PAPRAN model (Seligman and van Keulen, 1981), CREAMS (Knisel,
1980), GOSSYM (Baker et al., 1983), EPIC (Williams and Renard, 1985), GLYCIM (Acock et al.,
1985), PRZM (Carsel et al., 1985), CERES (Ritchie et al., 1986), COMAX (Lemmon, 1986),

- NTRM (Shaffer and Larson, 1987), and GLEAMS (Leonard et al., 1987). In the 1990s, agricultural

.
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system models were more mechanistic and had more agricultural components, such as CROPGRO
(Hoogenboom et al., 1992; Boote etal.,, 1997), Root Zone Water Quality Model (RZWQM)
(RZWQM Team, 1992; Ahuja et al., 2000), APSIM (McCown et al., 1996), and GPFARM (Ascough
et al., 1995; Shaffer et al., 2000). In addition, the new system models have taken advantage of
current computer technology and come with a Windows™-based user interface to facilitate data
management and model simulation. Some models are also linked to a decision support system
(DSS), such as DSSAT which envelopes CERES and CROPGRO (Tsuiji et al., 1994; Hoogenboom
etal, 1999) and GPFARM (Shaffer et al. 2000). Agricultural system research and modeling are
now being promoted by several international organizations, such as ICASA (International Consor-
tium for Agricultural Systems Applications) and other professional societies.

The collective experiences from model developers and users show that, even though not perfect,
the agricultural system models can be very useful in field research, technology transfer, and
management decision making as demonstrated in this book. These experiences also show a number
of problems or issues that should be addressed to improve the models and applications. The most
important issues are:

1. System models need to be more thoroughly tested and validated for science defendability under
’ a variety of soil, climate, and management conditions, with experimental data of high resolution
in time and space.

2. Comprehensive shared experimental databases need to be built based on existing standard exper-
imental protocols, and measured values related to modeling variables, so that conceptual model
parameters can be experimentally verified.

3. Better methods are needed for determining parameters for different spatial and temporal scales,
and for aggregating simulation results from plots to fields and larger scales.

4. The means to quickly update the science and databases is necessary as new knowledge and methods
become available. A modular modeling approach will greatly help this process together with a
public modular library.

5. Better communication and coordination is needed among model developers in the areas of model
development, parameterization and evaluation.

6. Better collaboration between model developers and field scientists is needed for appropriate
experimental data collection and for evaluation and application of models. Field scientists should
be included within the model development team from the beginning, not just as a source of model,
validation data.

7. An urgent need exists for filling the most important knowledge gaps: agricultural management
effects on soil-plant-atmosphere properties and processes; plant response to water, nutrient and
temperature stresses; and effects of natural hazards such as hail, frost, insects, and diseases.

THE FUTURE VISION

Understanding real-world situations and solving significant agronomic, engineering, and envi-
ronmental problems require integration and quantification of knowledge at the whole system level.
In the 20th Century, we made tremendous advances in discovering fundamental principles in
different scientific disciplines that created major breakthroughs in management and technology for
agricultural systems, mostly by empirical means. However, as we enter the 21st century, agricultural
research has more difficult and complex problems to solve.

The environmental consciousness of the general public is requiring us to modify farm manage-
ment to protect water, air, and soil quality, while staying economically profitable. At the same time,
market-based global competition in agricultural products is challenging economic viability of the
traditional agricultural systems, and requires the development of new and dynamic production
systems. Fortunately, the new electronic technologies can provide us a vast amount of real-time
information about crop conditions and near-term weather via remote sensing by satellites or ground-
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based instruments and the Internet, that can be utilized to develop a whole new level of management.
However, we need the means to capture and make sense of this vast amount of site-specific data.

Integration and quantification of knowledge at the whole-system level is essential to meeting
all the above challenges and needs of the 21st century. Our customers, the agricultural producers,
are asking for a quicker transfer of research results in an integrated usable form for site-specific
management. Such a request can only be met with system models, because system models are
indeed the integration and quantification of current knowledge based on fundamental principles
and laws. Models enhance understanding of data taken under certain conditions and help extrapolate
their applications to other conditions and locations. Models are the only way to find and understand
the interrelationships among various components in a system and integrate numerous experimental
results from different conditions.

System modeling has been a vital step in many scientific achievements. We would not have
gone to the moon successfully without the combined use of good data and models. Models have
been used extensively in designing and managing water resource reservoirs and distribution systems,
and in analyzing waste disposal sites. Although a lot more work is needed to bring models of
agricultural systems to the level of physics and hydraulic system models, agricultural system models
have gone through a series of breakthroughs and can be used for practical applications, with some
good data.

Integration of Modeling with Field Research

Integrating system modeling with field research is an essential first step to improve model
usability and make a significant impact on the agriculture community. This integration will greatly
benefit both field research and models in the following ways:

* Promote a systems approach to field research.

* Facilitate better understanding and quantification of research results.

* Promote quick and accurate transfer of results to different soil and weather conditions, and to
different cropping and management systems outside the experimental plots.

* Help research to focus on the identified fundamental knowledge gaps and make field research
more efficient, i.e., get more out of research per dollar spent.

* Provide the needed field test of the models, and improvements, if needed, before delivery to other
potential users — agricultural consultants, farmers/ranchers, state extension agencies, and federal
action agencies (NRCS, EPA, and others).

The most desirable vision for agricultural research and technology transfer is to have a continual
two-way interaction among the cutting-edge field research, process-based models of agricultural
systems, and decision support systems (Figure 1.1). The field research can certainly benefit from
the process models as described above, but also a great deal from the feedback from the decision
support systems (DSSs). On the other hand, field research forms the pivotal basis for models and
DSSs. The DSSs generally have models as their cores (simple or complex).

Modeling of agricultural management effects on soil-plant-atmosphere properties and processes

- has to be a center piece of an agricultural system model, if it is to have useful applications in field

research and decision support for improved management. An example is the ARS Root Zone Water
Quality Model (RZWQM), which was built to simulate management effects on water quality and
Cl‘Op production (Figure 1.2, Ahuja et al., 2000).

i Af:tcr a system model has passed the field testing and validation and both modelers and field
_ SClentists are satisfied with the results, it should be advanced to the second step: application. Only
lhmugh model application to specific cases can a model be further improved by exposure to differing
‘f!rcullfstances. The field-tested model can be used as a decision aid for best management practices,
m?l“dlﬂg site-specific management or precision agriculture, and as a tool for in-depth analysis of
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Figure 1.1 Interaction among field research, process-based system models, and decision support systems.
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Figure 1.2 Management practices are the centerpiece of a process-based cropping system modet RZWQM.

problems in management, environmental quality, global climate change, and other new emerging
issues.

New Decision Support Systems

Decision support systems commonly have an agricultural system model at their core, but are
supported by databases, an economic analysis package, an environmental impact analysis package,
a user-friendly interface up front for users to check and provide their site-specific data, and a simple
graphical display of results at the end. An example is the design of ARS GPFARM-DSS (Figure 1.3,
Ascough et al., 1995; Shaffer et al., 2000). GPFARM (Great Plains Framework for Agricultural
Resource Management) is a whole-farm decision support system for strategic planning — evaluation
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GPFARM: A Farm Level DSS
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Figure 1.3 The design of the GPFARM decision support system.

of alternate cropping systems, range-livestock systems, and integrated crop livestock farming
options, for production, economics, and environmental impacts.

Currently, process-level models may be difficult for agricultural consultants, NRCS field office
personnel, and producers to use. A new approach toward a DSS is to create an integrated research
information database as a core of the DSS in place of a model. A system model, validated against
available experimental data, is used to generate production and environmental impacts of different
management practices for all major soil types, weather conditions, and cropping systems outside
the experimental limits. This model-generated information is then combined with available exper-
imenta] data and the long-term experience of farmers and field professionals to create the database
(Rojas et al., 2000). The database can be combined with an economic analysis package. It may
also be connected to a so-called “Multi-Objective Decision Support System” for determining trade-
offs between conflicting objectives, such as economic return and environmental quality. It is also
very flexible in generating site-specific recommendations.

Collaborations for Further Developments

In the future, model developers need to work together to address the seven problem areas
described in the previous section, and then train and work with field scientists to improve model
usability and applicability in solving real world problems. Also, there is a need to document system
models and simulated processes better, so that field scientists will be able to understand these
processes without too much difficulty. We also need to document good case studies on model
applications to serve as guides for field users. Any improvements to an existing model could be
Cl'lecked against these documented cases to see if these improvements are applicable to all situations.
Since most field data are not collected for the purpose of evaluating with a system model, some
good system-oriented experiments may be needed. International efforts are needed to coordinate
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system modeling and to encourage model developers and field scientists to work on identified
knowledge gaps and research priorities.

An Advanced Modular Modeling Framework for Agricultural Systems

A modular modeling computer framework will consist of a library of alternate modules (or
subroutines) for different sub-processes of science, associated databases, and the logic to facilitate
the assembly of appropriate modules into a modeling package. The modeling package can be
tailored or customized to a problem, data constraints, and scale of application. The framework will:

. Enable the use of best science for all components of a model.

Allow quick updates or replacement of science or database modules as new knowledge becomes
available.

Eliminate duplication of work by modelers.

Provide a common platform and standards for development and implementation.

Serve as a reference and coordination mechanism for future research and developments.

Make collaboration much easier among modelers by sharing science modules/components and
experimental/simulated databases, so that specialties of each individual modeling group can be
maximally utilized.

!\)»—-

kAW

These actions will prepare the models for the important role in the 21st century, and take the
agricultural research and technology to the next higher plateau.
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