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ABSTRACT market conditions, input prices, government programs,
and new technology and information represent broadResearch to integrate the vast array of information needed by
categories of externalities that producers must deal withproducers to make decisions allowing them to remain sustainable in
on a continual basis (Fig. 1). This is a daunting challenge,our ever-changing agricultural environment is in its infancy. Present

research has not provided crop production and soils information that is especially when one considers that producers’ decisions
adequately comprehensive and holistic for producers to make critical are carried out in a financial environment of diminishing
decisions. We propose a dynamic cropping systems approach to help economic returns, where one wrong decision could mean
producers make those critical decisions they need to remain sustain- financial hardship and potentially the end to a way of
able. Our definition of a dynamic cropping system is a long-term life.
strategy of annual crop sequencing that optimizes crop and soil use To meet this challenge, producers must manage exter-options and the attainment of production, economic, and resource

nalities by arriving at decisions that optimize the out-conservation goals by using sound ecological management principles.
come of multiple goals. This is not a simple task. Produc-Implicit to this strategy is the need for producers to possess informa-
ers need to possess the ability to integrate vast amountstion necessary to respond to continual change. Key factors associated
of information on externalities that are constantlywith dynamic cropping systems are diversity, adaptability, reduced

input cost, multiple enterprise systems, and awareness of environment changing. The information needs to be understood well
and information. Development of a dynamic cropping systems re- enough to take advantage of situations in which exter-
search program involves creating a crop portfolio, crop sequence nalities interact (e.g., choosing an appropriate crop to
evaluation, and multidirectional flow of information among research, take advantage of abundant [or deficient] soil water).
extension, and producers. Dynamic cropping systems approach relies Furthermore, the information must be translated within
on responsiveness and provides producers with management flexibility the context of the resources available to each producer.for developing their own long-term sustainable crop, soil, and land

In a way, producers’ minds have to operate like a multi-use systems.
ple-objective decision model, where information on a
vast array of elements is quantified and weighted to

The wise adapt themselves to circumstances, as water moulds itself arrive at a decision (Hwang and Masud, 1979). To do this
to a pitcher. successfully, however, producers need timely research

Chinese Proverb information relevant to their production system. Re-
search is just beginning to address the vast array of
information needed by producers to arrive at decisions

Crop production occurs in an environment that is that will enable them to remain sustainable in our ever
changing environment. Present research has not pro-always changing. With every growing season, pro-
vided adequate crop and soil production informationducers must attend to numerous factors that influence
for producers to make these critical decisions. Some oftheir management decisions. Some factors are within
these tools include producer friendly models and soft-the control of producers; many are not. The weather,
ware, as well as site specific farming management tech-
niques.
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Fig. 1. A dynamic cropping system involves assessing numerous interactive factors in order to arrive at the best cropping option for an individ-
ual producer.

tural research in the USA for more than a century. In allowed the wheat–fallow system to continue (Black
et al., 1974; Greb, 1979). The wheat–fallow system, anthe early part of the 20th century, research locations

were established throughout the Great Plains to deter- example of a fixed cropping system, required limited
equipment and demanded little from producers withmine the effect of crop rotations and tillage on crop

production under dryland conditions (Chilcott, 1927; respect to management skills, and as a consequence had
been popular in the Great Plains region (Greb, 1983).Haas et al., 1957). All of these crop rotations had a

specific order the crops followed. Although crop diver- Ongoing agricultural research developed manage-
ment practices to store soil water and control soil ero-sity was rather limited over much of the Great Plains,

this early research recognized the beneficial effects of sion during the fallow period. Improved residue man-
agement techniques to store soil water during the fallowcrop rotation on crop production. Yield differences as-

sociated with crop rotation was referred to as the rota- period increased wheat yields 2.5-fold in the central
Great Plains and had no significant increase in the north-tion effect—the portion of the yield that researchers

were unable to explain by known effects involving a ern Great Plains (Greb, 1983; Tanaka and Aase, 1987;
Tanaka, 1989). Unfortunately, increased soil water stor-single crop (Higgs et al., 1990; Crookston, 1995). In this

early research, a limited number of crops were rotated age also resulted in saline-seep problems in some re-
gions of the Great Plains, threatening soil and wateron the same land for a number of years. This type of

cropping system has been termed a fixed-cropping sys- resources (Halvorson and Black, 1974). Cropping sys-
tems that reduced the frequency of fallow were neededtem or rotation (Black et al., 1974). Rotations with one

or two crops plus annual fallow in a cropping system to use the increased soil water more efficiently. To help
producers make decisions as to whether to plant a cropbegin to take on characteristics of a virtual monoculture

in the long-term (Crookston, 1995). Subtle weaknesses or fallow based on the soil water status at planting,
flexible cropping systems were developed (Brown etof these limited fixed-cropping systems dominate and

the system mimics a monoculture. Specific weed, dis- al., 1981; Zentner et al., 1993). These systems allowed
producers to decide between planting a crop annuallyease, and insect pests are encouraged with this near-

monocultural system, and the system is not as responsive or fallowing the land.
Cropping systems that reduce the frequency of fallowas diverse systems to externality stresses such as weather.

These systems lack adequate crop diversity and in the have improved precipitation use efficiency with benefi-
cial influences to the environment. In their review onlong-term may not be sustainable (Zentner et al., 2001).

Limited crop selection and a prolonged drought from precipitation use, Peterson et al. (1996) indicated that
after winter wheat harvest, no-till managed soils stored1912 and 1921 led to a wheat–fallow system that domi-

nated throughout the Great Plains. After the 1930s dust as much soil water by spring as those that were fallowed.
Even in drought conditions, no-till enhanced above-bowl, higher wheat prices, advances in agricultural

mechanization, and improved methods for weed control ground and belowground biomass production of wheat,
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with the relative advantage of no-till over conventional no-till seeding, better pest control, and inclusion of
oilseed and pulse crops;till being less during years of average or above-average

3. Reduce input cost—greater net return for each dollarconditions (Tanaka, 1989; Merrill et al., 1996.) Manage-
invested, e.g., use of pulses in the systems;ment techniques that enhance soil water storage after

4. Multiple enterprise—several enterprises to exploitharvest and during the winter and spring result in surface
favorable markets, e.g., cereal, oilseed, and pulses,soils having near field capacity water content by spring
possibly livestock;planting, thereby making it possible to produce crops on

5. Environmental awareness—producers who arean annual basis (Farahani et al., 1998). With improved
aware of the environment and manage natural re-methods of soil water storage and increased use of con-
sources for future generations, e.g., use of high andservation tillage, cropping systems more intensive than
low residue producing crops for erosion control, soilthe wheat–fallow system have been developed (Greb,
test for nutrient management, and integrated pest1983; Tanaka and Anderson, 1997). Due to economic
management;outcomes, government programs, and a perceived need

6. Information awareness—producers accurately evalu-among producers and researchers for additional crop-
ate and apply the best incoming information to beping options, the number and diversity of crops in Great
competitive, e.g., crops and crop varieties, elementsPlains cropping systems has increased (Peterson et al.,
for sustainable agricultural systems, and best man-1996). Annual cropping, which includes diverse crops
agement practices.such as oilseeds, pulses, and forages, has become a viable

option for producers. At the same time, improved tech-
The first step in developing dynamic cropping systemsnology (planting and residue management technology,

research is the establishment of a crop portfolio. A cropherbicides, techniques to improve soil–water manage-
portfolio is regional, usually based on climate, and con-ment, improved germplasm, etc.) produced advances
tains a diverse array of adaptable crop species, economicin management practices for cropping systems. With
potential, crop production practices, and soil and watercurrent residue and crop production management tech-
management considerations. The crop portfolio is usedniques, cropping systems can include a multitude of crop
to screen adaptable crops for a region and includesspecies, thereby allowing producers to increase their
the best management practices for production of eachcropping options and potentially reduce the risk over a
adaptable crop.monoculture system (Helmers et al., 2001).

The second step in development of dynamic cropping
systems research, after crops are screened for adaptabil-

Dynamic Cropping Systems Concept ity within a region, is follow-up research on crop se-
quencing using information from the crop portfolio.The Freedom to Farm Act of the 1990s changed the
Proper sequencing of crops has long been viewed ascropping systems plans of producers and resulted in
crucial for cropping system success (Leighty, 1938;systems with greater crop diversity in the Great Plains.
Pierce and Rice, 1988). Experimental designs that allowWhile these producer changes were occurring, research
the simultaneous evaluation of numerous combinationscould not respond in a timely manner to answer pro-
of regionally adaptable crops are needed because onlyducer management parameter questions regarding ex-
a limited number of crop sequences can be evaluatedternalities (Fig. 1). In the past, the goal of research was
in fixed-cropping system experiments at one time. Theto make comparative studies rather than develop better
use of a crop matrix technique as a research tool allowsecological–agricultural systems that use technological
evaluation of multiple crop sequences in the same exper-advances (Raupp, 1994). Information on these types of
iment under similar weather and soil conditions. A cropagricultural systems pose significant challenges for re-
matrix is formed by strip seeding crops into a uniformsearchers.
residue the first year and strip seeding in a perpendicularTherefore, we developed the dynamic cropping sys-
direction over the residue of the previous year’s croptems concept to promote the advancement of agricul-
the second year (Fig. 2). Thus, each crop is seeded overtural systems research and determine causal relation-
the crop residue of all crops included in the matrix. Theships in solving producer problems. Our definition of a
crop � crop residue matrix determines the synergismdynamic cropping system is a long-term strategy of an-
or antagonism, in some cases, that occurs among crops.nual crop sequencing that optimizes cropping options
Multiple years are needed to enhance the data set. Theand the outcome of production, economic, and resource
crop matrix can be further evaluated the third and fourthconservation goals by using sound ecological manage-
years by uniformly seeding a crop each year over thement principles. Key factors of dynamic cropping sys-
original matrix to evaluate the carryover of rotationtems are:
effects on crop performance (Krupinsky et al., 2002).

1. Diversity—increase in the type and number of crop A multidisciplinary scientific team approach is needed
species grown and the variety of products produced to evaluate as many of the causative factors of crop
within an enterprise to reduce economic risk, e.g. sequencing as possible. This information is essential to
cool and warm season oilseeds, pulse crops, cool and producers since it provides them with specific crop se-
warm season grasses; quencing guidelines necessary to develop their own

2. Adaptability—willingness to take advantage of new crop options.
The third step in dynamic cropping systems approachopportunities and enhance production practices, e.g.
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man, 1986). Multidirectional flow of information allows
for feedback from producers and extension to the re-
search team during early stages of a research program
so that scientific results have greater application to the
real world.

To get this multidirectional flow of information
among research, extension, and producers, some type
of coupler or decision aid is needed to facilitate the
flow of information. In the dynamic cropping systems
approach, we developed an interactive computer infor-
mation product (Crop Sequence Calculator; available
at www.mandan.ars.usda.gov; verified 22 May 2002) to
help producers assess crop options and sequencing in
their own cropping systems (Fehmi et al., 2001; Krupin-
sky et al., 2001). The multidisciplinary team of research
scientists assembled research information to develop
guidelines for long-term dynamic cropping systems. This
information provides producers with management flexi-
bility that they can use for developing their own dynamic
cropping systems. Specific areas covered by the Crop
Sequence Calculator are crop production, economics,
plant disease, weed management, insects, crop water use

Fig. 2. A crop � crop residue matrix used to evaluate the influences and root growth, and surface soil properties. General
of crop sequence on crop production. During the first year, 10 information on principles for managing pests in dynamiccrops (numbered 1 through 10) are no-till seeded into a uniform

cropping systems and the philosophy of dynamic crop-crop residue. During the second year, the same 10 crops are no-
ping systems are also included. This interactive com-till seeded perpendicular over the residue of the previous year’s

crops. Individual plot numbers are assigned for each experimental puter information product, along with research summar-
unit in the replication. ies on the Internet, effectively provides multidirectional

flow of dynamic cropping systems information in a
is the implementation of crop portfolios and crop se- timely manner to people in research, extension, and pro-
quences into long-term sustainable systems. Most long- duction.
term cropping systems research is conducted using a In summary, dynamic cropping systems help produc-fixed-cropping systems approach. This research not only ers manage risks in their annual planning exercises foroccurs throughout the Great Plains of the USA and their agricultural systems by providing crop options toPrairie Provinces of Canada (Janzen et al., 1997; Black increase their returns on investments and by makingand Tanaka, 1997; Lyon et al., 1997; Jones et al., 1997),

them more adaptable, diverse, and environmentallybut also in the Corn Belt of the USA (Vanotti et al.,
aware. The concept of dynamic cropping systems is1997; Huggins and Fuchs, 1997; Darmody and Peck,
based on the premise that producers can choose from a1997; Varvel, 1994). Currently, research using the dy-
variety of crops to optimize their production, economic,namic cropping systems concepts is nonexistent, al-
social, and environmental goals by effectively re-though, Peterson et al. (1993) has used an opportunity
sponding to externalities beyond their control. As pre-cropping treatment in the central Great Plains that ap-
sented, the efficacy of dynamic cropping systems is lim-proaches the dynamic cropping systems concept. They
ited by the availability of knowledge on the performancedefine opportunity cropping as continuous cropping as
of crops, crop sequences, and associated managementmuch as possible without fallow, but not a monoculture,
practices under a variety of soils, landscapes, environ-and crop choice depends on stored soil water at a given
ments, markets, and regulatory conditions. Generatingtime. Dynamic cropping systems use crop portfolios and
this knowledge represents a significant challenge to thebiological synergism and antagonism as well as the land-
agricultural research community. Creating the informa-scape-level agroecosystems techniques used by Peterson
tional base to develop dynamic cropping systems re-et al. (1993) to develop cropping systems.
quires a multidisciplinary team effort to assess the nu-Dynamic cropping systems rely on responsiveness to
merous factors that envelop and affect cropping systemclimatic and biological dynamics. Therefore, scientific
performance. New methodologies for evaluating cropsknowledge about dynamic cropping systems must be
and crop sequences are needed, along with the abilitysynthesized in a manner that will improve the applica-
to translate scientific results into useable decision aidstion of the results in the real world (Weiss and Robb,
and information products for producers. However, chal-1988). In the past, traditional pathways for transfer of
lenges are also opportunities. The development of dy-research information was unidirectional from research
namic cropping systems represents a change in philoso-to producer (research → extension → producer). This
phy for the agricultural research community and anpathway is no longer satisfactory. At the present, multi-
extraordinary opportunity to provide producers withdirectional flow of information among research, exten-

sion, and producers takes a more direct pathway (Jack- the tools they need to implement economically viable



TANAKA ET AL.: DYNAMIC CROPPING SYSTEMS 961

1997. Soil organic matter dynamics in long-term experiments inand environmentally acceptable crop production prac-
Southern Alberta. p. 283–296. In E.A. Paul et al. (ed.) Soil organictices, thereby creating a more sustainable agriculture.
matter in temperate agroecosystems: Long-term experiments in
North America. CRC Press, Boca Raton, FL.

Jones, O.R., B.A. Stewart, and P.W. Unger. 1997. Management ofREFERENCES
dry-farmed Southern Great Plains soils for sustained productivity.

Black, A.L., F.H. Siddoway, and P.L. Brown. 1974. Summer fallow p. 387–401. In E.A. Paul et al. (ed.) Soil organic matter in temperate
in the northern Great Plains (winter wheat). p. 36–50. In Summer agroecosystems: Long-term experiments in North America. CRC
fallow in the western United States. USDA-ARS Conserv. Res. Press, Boca Raton, FL.
Rep. no. 17. USDA, Washington, DC. Krupinsky, J.M., D.L. Tanaka, J.S. Fehmi, S.D. Merrill, J.R. Hendrick-

Black, A.L., and D.L. Tanaka. 1997. A conservation tillage–cropping son, R.E. Ries, M.A. Liebig, S. Wright, and J.D. Hanson. 2001. A
systems study in the Northern Great Plains of the United States. computer program to assist sunflower producers. p. 83–84. In Proc.
p. 335–342. In E.A. Paul et al. (ed.) Soil organic matter in temperate of the 23rd Sunflower Research Workshop, Fargo, ND. 17–18 Fan.
agroecosystems: Long-term experiments in North America. CRC 2001. National Sunflower Assoc., Bismarck, ND.
Press, Boca Raton, FL. Krupinsky, J.M., D.L. Tanaka, S.D. Merrill, M.A. Liebig, J.R. Hen-

Brown, P.L., A.L. Black, C.M. Smith, J.E. Enz, and J.M. Caprio. 1981. drickson, R.L. Anderson, J.D. Hanson, and R.E. Ries. 2002. Crop
Soil water guidelines and precipitation probabilities for barley and sequences influence crop seed production and plant disease. p.

13–19. In Proc. of the 22nd Annual Manitoba–North Dakota Zero-spring wheat in flexible cropping systems. Bull. 356. Coop. Ext.
Till Conf., Minot, ND. 29–30 Jan. 2002. Manitoba–North DakotaService, Montana State Univ., Bozeman, MT.
Zero Tillage Farmers Assoc., Isabella, MB, Canada.Chilcott, E.C. 1927. The relationships between crop yields and precipi-

Leighty, C.E. 1938. Crop rotation. p. 406–430. In USDA Yearbooktation in the Great Plains area. USDA Misc. Circ. 81. U.S. Gov.
of Agric. Soils and Men. U.S. Gov. Print. Office, Washington, DC.Print. Office, Washington, DC.

Lyon, D.J., C.A. Monz, R.E. Brown, and A.K. Metherell. 1997. SoilCrookston, R.K. 1995. The rotation effect in corn: A summary of
organic matter changes over two decades of winter wheat–fallowfifteen years of field research in Minnesota. Minnesota Agric. Exp.
cropping in Western Nebraska. p. 343–353. In E.A. Paul et al.Stn. no. 22-180. Univ. of Minnesota, St. Paul, MN.
(ed.) Soil organic matter in temperate agroecosystems: Long-termDarmody, R.G., and T.R. Peck. 1997. Soil organic carbon changes
experiments in North America. CRC Press, Boca Raton, FL.through time at the University of Illinois Morrow Plots. p. 161–170.

Merrill, S.D., A.L. Black, and A. Bauer. 1996. Conservation tillageIn E.A. Paul et al. (ed.) Soil organic matter in temperate agroeco-
affects root growth of dryland spring wheat under drought. Soilsystems: Long-term experiments in North America. CRC Press,
Sci. Soc. Am. J. 60:575–583.Boca Raton, FL.

Peterson, G.A., A.J. Schlegel, D.L. Tanaka, and O.R. Jones. 1996.Farahani, H.J., G.A. Peterson, and D.G. Westfall. 1998. Dryland crop-
Precipitation use efficiency as affected by cropping and tillageping intensification: A fundamental solution to efficient use of
systems. J. Prod. Agric. 9:180–186.precipitation. Adv. Agron. 64:197–223.

Peterson, G.A., D.G. Westfall, and C.V. Cole. 1993. AgroecosystemsFehmi, J.S., J.M. Krupinsky, D.L. Tanaka, S.D. Merrill, J.R. Hendrick-
approach to soil and crop management research. Soil Sci. Soc. Am.son, R.E. Ries, M.A. Liebig, and J.D. Hanson 2001. A crop se-
J. 57:1354–1360.quence calculator for designing dynamic cropping systems: A prod-

Pierce, F.J., and C.W. Rice. 1988. Crop rotation and its impact onuct to translate science into practice. In Annual Meetings Abstracts
efficiency of water and nitrogen use. p. 21–42. In W.L. Hargrove[CD-ROM]. ASA, SSSA, and CSSA, Madison, WI.
(ed.) Cropping strategies for efficient use of water and nitrogen.Greb, B.W. 1979. Reducing drought effects on croplands in the west-
ASA Spec. Publ. 51. ASA, CSSA, and SSSA, Madison, WI.central Great Plains. USDA Info. Bull. 420. U.S. Gov. Print. Office,

Raupp, J. 1994. Some ideas and guidelines for research on ecologicalWashington, DC.
agriculture. Am. J. Alt. Agric. 9:84–87.Greb, B.W. 1983. Water conservation: Central Great Plains. p. 57–70.

Tanaka, D.L. 1989. Spring wheat plant parameters as affected byIn H. Dregne and W. Willis (ed.) Dryland agriculture. Agron.
fallow methods in the northern Great Plains. Soil Sci. Soc. Am.Monogr. 23. ASA, CSSA, and SSSA, Madison, WI.
J. 53:1506–1511.Haas, H.J., C.E. Evans, and E.F. Miles. 1957. Nitrogen and carbon Tanaka, D.L., and J.K. Aase. 1987. Winter wheat production as influ-changes in Great Plains soils as influenced by cropping and soil enced by fallow method, seeding method, and nitrogen fertilization.treatments. USDA Tech. Bull. 1164. USDA, Washington, DC. Agron. J. 70:715–719.

Halvorson, A.D., and A.L. Black. 1974. Saline-seep development in Tanaka, D.L., and R.L. Anderson. 1997. Soil water storage and precip-
dryland soils of northeastern Montana. J. Soil Water Conserv. 49: itation storage efficiency of conservation tillage systems. J. Soil
77–81. Water Conserv. 52:363–367.

Helmers, G.A., C.F. Yamoah, and G.E. Varvel. 2001. Separating the Vanotti, M.B., L.G. Bundy, and A.E. Peterson. 1997. Nitrogen fertil-
impacts of crop diversification and rotations on risk. Agron. J. izer and legume–cereal rotation effects on soil productivity and
93:1337–1340. organic matter dynamics in Wisconsin. p. 105–120. In E.A. Paul

Higgs, R.L., A.E. Peterson, and W.H. Paulson. 1990. Crop rotations: et al. (ed.) Soil organic matter in temperate agroecosystems: Long-
sustainable and profitable. J. Soil Water Conserv. 45:68–70. term experiments in North America. CRC Press, Boca Raton, FL.

Huggins, D.R., and D.J. Fuchs. 1997. Long-term N management ef- Varvel, G.E. 1994. Rotation and nitrogen fertilization effects on
fects on corn yield and soil C of an Aquic Haplustoll in Minnesota. changes in soil carbon and nitrogen. Agron. J. 86:319–325.
p. 121–128. In E.A. Paul et al. (ed.) Soil organic matter in temperate Weiss, A., and J.G. Robb. 1988. Systems and the business of agricul-
agroecosystems: Long-term experiments in North America. CRC ture. J. Prod. Agric. 1:230–234.
Press, Boca Raton, FL. Zentner, R.P., C.A. Campbell, V.O. Biederbeck, P.R. Miller, F. Selles,

Hwang, C., and A.S.M. Masud. 1979. Multiple objective decision mak- and M.R. Fernandez. 2001. In search of a sustainable cropping
ing: Methods and applications. Springer-Verlag, New York. system for the semiarid Canadian Prairies. J. Sustainable Agric.

Jackman, J.A. 1986. Models as tools for extension. p. 14–17. In J.A. 18:117–136.
Miller (ed.) Modeling and simulation: Tools for management of Zentner, R.P., F.B. Dyck, K.R. Handford, C.A. Campbell, and F.
veterinary pests. ARS-46. USDA-ARS, Washington, DC. Selles. 1993. Economics of flex-cropping in southwestern Saskatch-

ewan. Can. J. Plant Sci. 73:749–767.Janzen, H.H., A.M. Johnston, J.M. Carefoot, and C.W. Lindwoll.


