Chapter 13

Research Methods
for Muitiple Cropping

Anne M. Parkhurst
Charles A. Francis

Multiple cropping is both a means of subsistence and a wey of life for many
limited-resource farmers. Research has been limited to date on the many and
complex systems or patterns we call multiple cropping. Experiments have em-
ployed classical statistical methodology and time-honored, well-tested experi-
mental designs (Parkhurst and Francis, 1984a). Researchers have tended 10 use
simple designs as in monoculture (Mead and Stern, 1980). Although many
undelying biological and mathematical assumptions are likely to apply to m.ore
complex systems. the sheer number of factors and interactions make analysis,
interpretations, and s=tting priorities for research much more difficul. This chap-
ter explores the magnitude of the complexity of research questions, and how it
is possible to quantify production constraints. Once this is accomplished, prior-
ities must be established in a research program. Some methods are proposed for
doing this in a svstzmatic way.

Although it is difficult to manipulate single components of a cropping pattern
without affecting many others, an efficient methodology is needed to control
most factors in order to study cach component of a system. This technology
must be evaluated on the farm. Only if the end user is given an opportunity to
view and try new alternatives can this rescarch and development cycle be com-
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plete. This methodology complements Chap. 14 by Mead, providing a broad
framework into whicn the analyses may be expected to fit.

Central to the theme of the chapter is the assumption that the research job
is not finished if the resuits are not published or put together in scme form that
will reach the farmer and affect farming success. Whether to increase production,
to reduce costs or inputs, or to improve the stability of the cropping pattern, the
vltimate objective of research is to improve production practices and produce
results that will effect some change on the farm. More specific cbjectives of
research may be appropriate for basic studies or work in other areas of science,
but research for complex systems needs to be carefully directed toward solving
immediate food production problems and the sustainability of production systems
while attempting to improve or regenerate the production resources available to
the farmer.

CCMPLEXITY OF RESEARCH QUESTIONS

Complex cropping systerrs that intensify the use of land arc important in the
agriculture of developing countrics. Multiple cropping may take the form of
sequential double or triple cropping. cr may involve some degree of intercrop-
ping. where two or more species are found in the field ar the same time. The
former. an intensification in time oaly. is similar to traditional monoculture and
presents no unusual design or statistical challenges that cannot be handied wvith
traditional reszarch methodology. Intercropping. on the other hand. represents
a degree of complexity that is difficult to handle with the usual appiication of
our cuirent techniques.

Thic zropping pattern complexity is illustrated in Figs. 13,110 13.3, where
some of the many possible interactions involved in a two-crop pattern and a
three-crop pattern are compared to the better understood monoculiure svstem
fadapted from Francis. 1981a). Climatic and soil factors are relatively unaftected
in the short run by intercropping. compared to monoculture. There are no doubt
some microclimatic changes in humidity. wind speed, and wmount of light reach-
ing the soil surface, but these have not been quantified in convincing detail.
There may also be longer-term effects on soil organic matter and structure due
te the soecies variety and cropping intensity of intercrop patterns. More apparent
differences are found in cultural practices required for these intensive systems
«nd used by farmers. and in the genetic factors which involve not only crep
genotypes but aiso the insects and pathogens that attack cach crop. Considering
Fig. 13,1, there are 13 major factors listed for the monocrop situation, and thus
105 combinutions of two factors that may interact. In Fig. 13.2. a two-crop
pattern ad simplest of all possible intercrops. the 26 factors (15 from Fig. 13.1
plus an additional 11 fuctors) fisted cou!d combine in 325 possible pairs of
factors. Figure 13.3 shows a three-crop pattern with 39 single factors and the
resulting 741 possible two-way interactions. The increasing number of possible
interactions as the number of siagle factors increases is illustrated in Fig. 13.4.
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Figure 13.1 Interactions n a model monoculture cropping system. (Reprimed‘by pt_e_rmission
from Plant Breeding Ii. Kenneth J. Frey, ed.. © 1981 by u.e lowa State University Press,
2121 South State Ave., Ames, |A 50010.

Although this oversumplifies the comparison between menoculture anq inter-
cropping. the figures attempt to quantify to some degree the complexity that
must be dealt with in rescarch of these systems. 4

There is a further degree of complexity found with intercropping patterns
witen we consider the economic and secial situation in which farmeis use these
systems. Otften found on soall fanms with limited resources. iniercrop paiteras
are used 1o fill & series of needs for the farmer: food. income. and seeurity. The
criteria that the farmer uses to evalvate success or failure also may be difrerent
from the purely commercial/ecconomic vardstick used for large .furms. Thus
family nutrition. a range of food crops and aimal species. stability and distri-
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Figure 13.2 interactions in a mode! two-cro ivi i i
eracti a M -Crop pattern, giving those factors in addition to
those presented in monocrop in Fig. 13.1. (Reprinted by permission from Plant Breeding I,

Kenneth J. Frey, ed, * 1 ¥ i i
A 50013/-) 981 by the lowa State University Press, 2121 South State Ave.,

.bunon of production through the year, and minimizing risk may all be more
important to the farmer than econormic return, which is used to evaluate most
cemmercial monocultures {Francis, 1981b: Willey. 1979a. 1979p).

EVALUATION OF CONSTRAINTS TO PRODUCTION

In production reszarch on complex cropping systenss. it is particularly difficult
to cvaluuu.z what factors mest constrain production in a given region (Parkhurst
and Francis. 1984b). A numuer of factors complicate this evaluation. It may be
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Figure 13.3 Interactions in a model three-crop pattern, giving those factors in addition to
those presented in mcnocrop (Fig. 13.1) and intercrop (Fig. 13.2).

difficult to examine a crop growing in & mixture with other species and determine
immediately if deficiency symptoms or lack of vigor are due to a soil-related
problem, shortage of water. or som= other type of competition inherent in the
system. Since relatively little is known about crop species interactions in these
systems. and since most technical agronomists are trained to observe. describe.
and research monoculture systems. even the initial evaluation of lmitations to
production is difticult.

Further complicating the activity is a lack of understanding of the farmer’s
objectives in growing crops in complex mixtures. The agronomist may be think-
ing in terms of maximum production. optimum economic return. or how to
mechanize a farm to save iubor. On the other hand. the farmer may be more
concerned about food production for the tamily. stability of preduction through
the year. how to minimize risk of failure. or how to most profitably employ the
family in this enterprise. A specialist who is trained to examine biological,
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climatic, or cconiomic constraints in commercial monoculiure may be unprepared
1o use the appropriate yardstick tc evaluate an intercrop sys!ém. A frequent
recommendation by specialists has heen to eliminate intercropping completely.
sad 1o plant soybeans or maize as a commercial MoNoCrop. This illustrates a
lack of understanding by researchers of the farmer’s goals and the eritical role
the complex cropping sysiem plays in the family’s survival (Parkhurst and Fran-
cis, 1984b).

Problem identification can be as simpie as talking to a few established
experts in the arca and using this corventional wisdom to emburk on a research
program. or as complex as spending several years talking to farmers and using
detailed questionnaires to quantify constraints. Between these two extremes are
some alternatives that should be usefui to the researcher.

Conventional Wisdom Approach

A methed frequently employed to evaluate constraints 1s the collection of con-
ventional wisdom on what is going on in prevalent cultural systems on the farm.
In a semivrid zone. “Evervoae knows that water is the most'limitina problem!”
Ther_fore. a program is designed to develop drought-tolerant cultivars. Minimum
tillage is included in the package to reduce moisture loss and lower crop densities
are recommended to make best use of available water. This is ilustrated by
monoculture sorghum (Sorehm bicolor) grown in the western pant of Nebraska.
an arex wheve rainfali is marginal for sorghum,

Anf)lhcr example 1s the maize (Zea mays)/bean (Phascolus vulgarisy in-
tercrep found in the Andean zone. Conventional wisdor ame:ig rcscar&hcrs who
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are trained to research and extend monoculture technology may be that pure
stands of soybeans (Glycine max) are more economically rational than the in-
tercrop system of the farmer. Replicated experiments show that net income is
greater from soybeans on the research station than the farmers appear to gain
from their intercrop with low inputs. Although counter-intuitive to those who
have worked in multiple crop systems, this approach to research may in fact be
successful if the problems are the correct ones, and the choice of solutions is
appropriate to the problems and to ihe farmers they are designed to help.

The approach may be to talk to rescarchers with extensive experience in
the zone, to read the literature (if any exists), or 1o meet with a few key informants
who farm or who are familiar with cropping in the area. The limitations of this
approach are obvious: the information base is limited to those consulted. and to
their biases about what is actually happening in the zone.

The range of options that is suggested to improve current systems also may
be limited. since these same sources vill have some conventional wisdom ideas
about how to solve production constraints. In the sorghum program in Mali.
local and international researchers have assumed that water was limiting in a
zone where rainfall was between 400 and 700 mm per vear. A recent study by
a Dutch team showed that nitrogen is often the most limiting factor in anv zone
with & good distribution of at least 300 mm of rainfall on those soils (Art Onken,
personal communication). Thus, research programs designed around moisture
as the most limiting factor may have ignored or at least deemphasized the
importance of nitrogen in this arca. In summary. we cannot afford to ignore
ideas of those with experience in a region. It is equally risky to depend on this
as the only source of information.

Research and Literature Evaluation

A more comprehensive approach to evaluation of limiting factors includes the
above collection of conventional wisdom plus the careful stud: of research results
in the lit>rature of the region and of areas with similar climate and crops. This
information may be available in local libraries. in annual reports, in summaries
of research that do not have wide zirculation. or in the files of other rescarchers
who are active in the area. Although we need to 1ake into account these results
and build any new research program on past results rather than start from zero,
we must keep in mind that this prior research may have suffered from the same
provleins outlined above. It is both difficult and necessary to evaluate not only
the results but the rescarch guestions they were designed to answer and the
conclusions that were drawn. What has been the impact of this past research?
What were the farmer’s reactions to the results. or have results reached the
farmer? To the extent possible, the conditions under which research was con-
ducte¢ must be evaluated. and the creditability of the results needs te be con-
sidered.

In many situstions where intercropping is imponant, there is a dearth of
information from the research stations. Since most emphasis has been placed on
plantation crops for export and on zommercial monocultures. there may be little
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that is helpful on multiple cropping. Nevertheless, there will be data and rec-
ommendations on monoculture on some of the same crops that are or might be
included in the intercrop, and these data need to be evaliated. For example,
genetic resistance to a specific pathogen that causes stalk rot in maize will work
equally well in monoculture or in an intensive cropping pattern, even though
the incidence aud relative importance of stalk rot may be different between the
two systems. On the other hand, a specific fertility recommendation for a cereal
crop in monoculture may have to be modified drastically t> make that recom-
mendation appropriate to a system that mixes the cereal with one or more legume
species. These pieces of information have to be sorted out to improve the know-
ledge base for intercropping.

Observational Experiments on Farms

Another approach to learning about constraints is to plant observational trials.
These preliminary experiments both on the experiment station and on the farm
can combine careful siudy of farmer's systems with the introduction and obser-
vation of some types of improved technology. This may include some changes
in cultural practices identified by either the researcher or the farmer. new crop
varieties, some new inputs, or a combination of these (Parkhurst and Francis,
1984b). These types of observational plots bring the researcher into close com-
munication with the fasmer. and help to build an appreciation of the farming
systems in the area. This approach is being devcloped under the general umbrella
of “farming systems research.” aithough the total aciivity of FSR is more complex
than what is suggested here. Recent publications that detail some of the work
done in this area include those by Garrity et al. (1979) and Harwood (1979).
The recent book by Gomez and Gomez (1983) and the methodology published
by Centro Internacional de Meijoramiento de Maiz y Trigo (CIMMYT) (Byerlee
and Collinson, 1980: Perrin et al., 1979) on plenning technologies both developed
this theme of using farm-generated results for making recommendations.

Detailed Limiting-Factor Surveys

Detailed surveys of crop production on specific crops or on crepping systems
can lead to precise definition of constraints. although the cost both in time and
resourczs may be prohibitive. A survey may be zs simple as a mail questionnaire.,
such as that used to evaluate the incidence of the downy mildew disease in the
Philippines on maize (Francis, 1967). The results from this survey showed
Quantitatively that the incidence of the discase was greater in the rainy than in
the dry seazon. and that there was a heavy occurrence in four centers in the
couniry. Tie data were used to locate screening trials to select for resistance.
A more complex study was done on the factors limiting bean production
in three departments in Colembia (Gutierrez et al.. 1975). This consisted of
visits by trained agrozomisis to more than 150 farmers during the growing season.
with at least three visits to each farm per seascn. A detailed questionnaire.
completed during each visit, gave information on farin size. level of techinology.
and sociological aspects of the farm environment. It detailed land preparation,

RESEARCH METHODS FOR MULTIPLE CROPPING 293

planting, protection practices, urigation (if any), fertilization. other cultural
details during the season. harvest and yield data. and disposition of the crop.
The analysis of these questionnaires gave a broad look at the problems in bean
production in these departments, and provided the basis for evaluation of different
research strategies directed toward solving these constraints. Given the costs for
doing research, the value of crops harvested. and the financial advantage of
controling one specific problem (c.g.. resistance to rust diseasz). the basis was
given for a cost-benefit analvsis of different research strategies.

This type of approach is rarely feasible before embarking on a research
project. In addition. the evaluation of a multiple cropping svstern is far more
complex than that for a single crop species. Nevertheless. there are some ques-
tions and a part of this methodology that could be very useful in an attemnpt to
quantify problems in a multiple cropping svstem.

These approaches to identification of constraints are not mutually exclusive.
There is a need to spend some resources and some time on this evaluation. and
a need to bring from each of these approaches any information that can be useful.
The time spent on this part of a project usually is minimal. and it would be
advisable to err on the side of more time spent evaluating constraints than to
follow the time-honored path of conventional wisdom.

ESTABLISHING RESEARCH PRIORITIES

Priorities in rescarch may be established after the constraints outlined above have
been carefully und comprehensively evaluated. More often. some abbreviated
process is used to quickly arrive at a set of objectives. and the researcher is off
at full speed with the progran1. This is illustrated by the development projects
that put a plant breeder and a soil fertility expert in the fizld to work in their
discipline-specific areas. since “everyone knows that new varieties and good
fertility recommendations are needed before progress can be made.” Several
vears later. an agronomist and agricultural economist may be called upon to
evaluate the results of the work. and mav in fact find that neither genetic potential
nor soil fertility were and are the most limiting factors. Thus, some careful
consideration given to ¢“uice of research priorities and design of a research
program is essential to ensure that this program wiil in fact hase a pavoff in the
future.

Some of the factors that need to be integrated into this decision include a
comprehensive knowledge of the crops grown and the constrains to their pro-
duction. the probabilities of solving these problems through reszarch. the chance
of adoption of new solutions ence they are availabie. the costs in time and
resources of reaching these recommendations. and the total cultural and cconomic
milieu irto which the recommendations are to be made. What is the chance for
adoption? Do these solutions provide an aiternative to solve some problem which
is actually perceived by the farmer as a limitation to production? What is the
costof adoption. and what risk is involved? And if the new technology is adopted
on a wide scale what will be the effect en total production in the region and on
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product prices? These questions are rarely centemplated during the design of a
research program.

Priorities often are set according to one or several criteria. Usually they are
set by crops, since most research programs in the world are organized by crops
and not by cropping systems. This immediately hampers the solution of problems
that are complex and involve more than one species. This is both an institutional
constraint, since departments, research projects, and budgets are organized along
crop and discipline lines, and a barrier confronted by the individual rescarcher
who has been trained to louk at one crop at a time. In addition to th» focus on
single crops. the priorities may be set by geographic area, or areas that are
defined by some political boundary such as a state. departmen:. province. or
country. These boundaries rarely correspond to any climatic or cropping system
region. Prioritics may be set by farm size, where lurge farmers have the economic
influence and interest in research to stimulate scale-specific research that is more
useful to the large than to the small farm. Research plans frequently are drawn
up by one academic discipline. since the departments and budgets are organized
this way and since we have learned to cemminicate best with those who speak
the same specific dialect in the technical comimunity. Most of these approaches
to setting priorities ignore ths need to study several crop species at once, the
need to look at integration of disciplines. and the importance of a holistic ap-
proach to solving production problems in complex systems. Infrequently. there
will be a team or a rare individual who looks at the entire farm and evaluates
the limiting factors to production on that farm and how alternative strategies
might help the farmer to improve production. foed balance for the family. or
total income and distribution of that income through the vear.

One approzch that can be used to quantify pricritics is a process that puts
the available information into a matrix of (1) limiting factors, (2) probabilities
of solving those limitations, (3) importance of each factor vis-a-vis the others.
(4) probability of adoption of new technology. and (5) some composite of these
data to give a ranking of rescarch priorities. This approach is illustrated with
twe examples., one for monoculture sorghum (Sorghum bicolor) in Nebraska.,
and another for a maize/bean intererop in the Andean zone.

Monociop Example

The simplest case is illustrated with a monoculture crop in the temperate zone.
This is done to explain the method by using a crop that has a refatively well-
Xnown set of consiraints, on which considerable research has been done. and
where the probabiiities of success of aiternative approaches to increase production
have been estublished. An example for sorghum in Nebraska is given in Table
13.1 (adapted from lecture notes of sacond auther). Eight limiting constraints
to serghum production are listed, along with their relative importance in limniting
vields of the crop. Next. alternative solutions are presented that sppear to be
feasible either through plant breeding or agronomy or a combinatioa of the two.
in the case of drought. either tolerant hybrids or irrigation could help solve this
constraint. The probability of developing more tolerant hybrids is relatively low
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Table 13.1 Stepwise Method of Calculating Research Priorities for Sorghum in Nebraska

Numbers Based on Survey of Active Research Workers in Stale

Probability
of adoption,

Importance
of factor,®

Order of

ndex of
priority, Xyz*

Probability
of solution, Y®

Potential

Limiting
factor

prlority

solution

243
0.90
1.08
0.18
1.12
0.60
1,20
4.80
1.68
0.04
1.89
2.24
0.48
1.20
0.60
0.16

09

0.3

Tolerant hybrids

Irrigation

Drought

10

0.1

1.0
0.4

0.9
0.3

0.7

Tolerant hybrids
Planting date

High ternperalure

14

0.2

0.8

Tolerant hybrids
Planting dato

Low temperature

12

0.6

0.5

0.2

1.0
0.8

Chemical treatmenls
Resistant hybrids

Greenbug

1.0
0.6
0.1

0.7

Rotation/management
Chemical treatment

Stalk rot

16

0.1

0.9

0.3

More efficient hybrids
Rotale legumes

Ferlilizer cost

0.4

0.8

13

0.8
0.5

0.2

Resistant hybrids

Chinch bug

0.8

Chemical treatment

0.6
0.2

0.5

Resistant hybrids

Stalk borer

15

0.4

Chamucal treatment

295

ence valh othor crops.

ch on this crop and expen

- least important.

tPrubatulily hased on prior 1ese

- most important, 1
°Product of these three lems, to givar a weighted priority for each factor.

‘Chanco of wide adoplion of new technology in state.
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based on research to date, while the probability of correcting this deficiency with
irrigation is high.

The next column lists these probabilitics of finding solutions through re-
search. Some types of technology have been successful on this crop or another
cercal, and are given a high chance of success. Greenbug (Schizaph:s graminum;
resistance has been found before. and no doubt will be found for new races that
emerge. Chemical treatment. if applied in a timely way. can control greenbugs
with complete success. just as irrigation can solve the drought problem. At the
other c.:ireme, tolerance to high temperature. efficiency of fertilizer use. and
resistance to chinch bugs have been difficult rescarch problems and these so-
lutions are less likely ’

Once these solutions are available. if the research is successful. there is a
question of adoption. Any factor that can be incorporatzd into the seed as a
genetic trait, such as greenbug resistance or more cfficient use of nitrogen by
the crop. hus a high probability of success if the farmer in fact pereeives this
constraint and is willing to buy a hybrid with that characteristic. On the other
hand. use of irrigation on a traditionally dryland crop such as sorghum or use
of chemicals to control greenbug at a prohibitive cost would have a low prob-
ability of adoption.

If these three factors are multiplied,

Importance X < probability of solution ¥ x probability of adoption Z
= index of priority XYZ

the resuiting index of priority gives a quantitative measure of where research
emphasis should be placed. Needless to say. the results of this exercise are onlv
as good s the information that is used ard the assumptions that go into the
determination of probabilities. This is a way io quantify conventional wisdom.
or to furtner process data that comes cut of a limiting-factor survey of the tvpe
described above for beans. ’

Intercrop Example

A parallel analysis of priorities for an intercrop situation is presented for a
maize/bean cropping pattern in the intermediate elevation in Colombia in the
Andean zone. This exercise is more complicated for a number of reasons. First.
one needs 1o deal with two crop species and their associated disease and insect
problems. These pest problems nat only affect each crop. but the intercrop paitem
may influence the severity of each problem and their relative importance may
be different between this pattern and the better-studied monoculture. It is more
difficult to assess the relative importance of cach factor. since these will depend
on specific rainfall patterns in the area. number of poiential crops per vear, and
the objectives of the farmer. Even within the same cropping pattern. thesc
objectives may vary depending on the need for maize and for beans, and the
orientation tovard sale of some excess production of cach. Probabilities of
solution of the problems can be extrapolated from moenoculiure expericnee on
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each crop and from past rescarch on this important intercrop pattern, but the
probabilities of adoption are less confident.

Table 13.2 lists several constraints that may limit maize/bean production
in the arca. along with some potential solutions to these problems. Some of the
solutions that are obvious to those who have worked in developed countries in
the temperate zone (irrigation to avoid drought stress, chemical control of an-
thracnose disease. purchased chemical fertilizers) are either very expensive or
not available to the farmer with limited resources. A number of problems might
be solved by use of new varieties or hybrids with disease resistance or different
morphology. This 13 an excellent solution for the farmer who cannot adopt more
expensive alternatives, but as shown later this approach does not have the high
probubility of adoption that the genetic package enjovs in a developed country.
The management solutions to scveral of these constraints are designed to be
minimal in cost. but their adoption will depend on how the farmer perceives
both the problem and the potential solution. and whether this solution appears
to meet one of the objectives of the furmer.

This information is used to calculute a priority index. The importance as-
signed to cach factor is a general value for this intermediate elevation cropping
region (1500 to 2200 m above sca level), and the number will vary with specitic
location. elevation. soil type and fertility. current cropping systems practiced by
farmers. varieties. and the level of technology. Probabilities of solution are based
on experience with monoculture on the same erops. or on rescarch that has been
conducted in the zone (see Parkhurst and Francis. 1984a, 1984b. for references
to this rescarch). The adoption probabilities are scale-specific to small and me-
dium sized farms in this area, which are most likely to use the intercrop pattern
of maize and beans.

Bused on this anulysis, the highest priority should be given to breeding for
anthracnose resistance in beans. Anthracnose disease is a large problem with the
currently used varieties of beans but is likely to be solved by research. The
adoption level is high because it is casy to demonstrate the ditference between
resistant and traditional susceptible varieties in the field, and after a one-time
purchase or trade for seed. the farmer can save seed for the next planting.

The neai priority is use of manure or compost on maize. The practice would
employ materials that are available locally to the tarmer and involve family
labor. while the other solution, using chemical fertlizer. would be difficult o0
implement in spite of its high probability of success.

The third prierity is to breed maize with a stronger stalk to resist lodging
when planted with the beans. This type of goal has been reached before by maize
breeders. and the adeption of a new variety or hybrid bused on visual comparisons
by the furmer should have a high success rate. Lower priority is placed on such
changes in techrology as irrigation of the intercrop for obvious reasons. and
complicated changes in management that require fine tuning a system when the
results are not obvious.

This exercise is only as useful as the assumptions made in generating the

riority index. Some of the estimates of importance are based on observations
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Table 13.2 Stepwise Calculation of Research Priorities for Malze

in the Andean Zone at Medium Elevation

Index of
priority, XYZ

Probability

of adoption, Z

Probability
of solution, Y

importance Potentiat

of factor, X

Limiting
factor

solution

5.04
0.90
3.78
0.70

0.8

0.7

Resistant variety

Anthracnose (i beans)

0.1

1.0
09

Chemical treatment

0.6

New variety

Lodging in maize

02
0.5

0.5

Less aggressive bean

1.75
0.60
0.81
0.24

0.7

Taller variety

Competition in maize

0.3

04

Changed management

0.3

0.9

Resistant variety

Rust (in maize)

0.1

08

Chemical treatment

1.0
07

Irrigation

Water stress

1.68
1.60
4.48

04

Reduced densities

MULTIPLE CROPPING SYSTEMS

02
08

1.0
0.7

Chemical fertitizer

Fertility (for maize)

Compostmanure

Note: Sco Table 13.1 for explanation of numbers.

Sourco: Data rom Parkivirs: and Francis, 1984b.
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and discussions with farmers, plus experience in research in the zone. Others
are bused on conventional wisdom. The better the farmers’ systemms are known,
the better these estimates will be. Probabilitics of solution of constraints by
research are weli established. based on previous research or. these crops and
others in the zone. The probabilities of adoption are less secure, since there is
little experience in extension work with intercrop patterns. and it is difficult to
extrapolate from experience with large farmers to those with limited land and
resources. More important than the absolute numbers given in the example is
the approach. With these priorities set for the pattern or patierns of interest, it
is possible to procced with design of research to reach solutions to limiting
constraints.

METHODOLOGY FOR COMPONENT RESEARCH

Given the complexity of the questions to be resolved in the experimental search
for new components of technology for multiple cropping. a careful evaluation
must be made of the methodology availzble for research. Treatment designs
available for this work range from the simplest of single-factor experiments with
several levels or varietics. to the most complex complete or incomplete factorial
designs (Purkhurst and Francis. 1984bj. There is a neeu for balance between
unreplicated observational plantings (to get general ideas about combinations of
practices and to bracket treatments of interest) and more detailed and replicated
experiments (from which careful analvses can be made of main effects and
interactions). The complexity of rescarch and design questions was addressed
in a recent paper (Francis. 1983) in which some of the alternative designs were
evaluated in a qualitative way. Huxley and Maingu (1978) and Mead and Stera
(1980) have proposed vse of systematic designs. These options ar2 further de-
scribed by Mead in Chup. 14.

First, it is necessary to consider the numerous interactions outlin=d in the
figures. The two-crop pattern illustrated in Fig. 13.2 is used as an example.
Although there are 325 possible two-way interactions between pairs of factors.
sorae of these are much more likely to occur than others. For example. genotype
of bean is more hiely to interact with the morphological plant types of associated
maize than with topography. Relative planting dates of maize and beans are
more apt o interact with weed growth an | success of different herbicide mixtures
than with the type of lund preparation practiced. It is possible to predict from
prior experience with monoculture and from limited research on intercrops which
of these interactions are most likely to be important. and which are unlikely to
affect results. This exercise can greatly simplify the process of experimentation.
since the researcher can focus on those main effects and interactions that are
most likely to be important in the design of components of new technology.
Another useful focus is to concentrate on those fuctors over which the farme
can exercise some control.

If rainfall is limited in a region. there is little the farmer can do to increase
the supply of water to crops if irrigation is impossible. It may be possible for
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the farmer to adjust the pianting date to take advantage of available rainfall, to
choose different crop species or varieties that ace more tolerant to drought conp.-
ditiens or that mature more rapidly and thus avoid drought. Thus. the potential
adoption of new iechnology is considered from the very beginning as the re-
scarcher evaluates what factors are important in the system and which constraints
should be addressed through research.

An intercrop Example

In this context. a consideration of important interactions is a crucial step. An
example of these interactions for a two-crop pattern is given in Fig. 13.5. The
eight main effects are described bricfly to show why these were chosen out of
the 26 factors given in Figs. 13.1 and 13.2. because of their importance as main
effects or because of the predicted interactions between pairs or among more of
these factors in the intercrop system. )

Maize Variety and Bean Variety Choice of crop variety is under direct
control of the farmer, and limited-resource farmers often save their own seed
from one harvest to the next planting. Conventional wisdom in the international
centers and in many naticnal programs is that introduction of new crop varicties
can be one of the most cost-effective ways to increase production potential in
agriculture. For this reason. there has been an emphasis on plant breeding in the
centers. Tolerance to insects and pathogens. drought and other stress con;Jilions.
and better nutritional quality can all be built into the genetic package. and this
component is one in which research can make 2 substantial contribution.

DENSITY
CROP M ~™====r=mp. DENSITY

CROP B

VARIETY PLANTING
CROP M DATES
A\
YARIETY = SPATIAL

CROP B L2 ARRANGEMENT
\ FERTILIZER /

LEVELS %= HERBICIDE
MIXTURE

Figure 13.5 Expected interactions between pairs of factors in a - i
(M a0 boan (@) two-crop pattern, maize
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Fertilizer Levels Fentility often is limiting where intensive cropping is
practiced, and a strong emphasis has been placed on fertility trials over the past
several decades. The use of soil tests and recommendation of chemical fertilizers
has been certral to the contributions of the agricultural rescarch establishment.
The principal constraint to the farmer of limited resources in adopting this tech-
nology has been its cost and the availability of fertilizers in the immediate farm
environment.

Herbicide Mixtures Use of chemical weed contro! in multiple specics
combinations is both difficult. due to the potential phytotoxicity of compounds
on one or more crops. and exciting, in the potentials this offers to the farmer
whose crops are reduced in vield by competitive weed growth.

Spatial Arrangement The physical organization of crops in multiple spe-
cies systems is under direct control of the farmer. and can drastically affect the
relative performances of component crops. As new varictics ure developed for
testing in cropping pattersis. alternative arrangements of these crops nezd to be
studied. and these options need to be consistent with the farmer's objectives in
planting two or more specics in the field.

Planting Dates Rclative dates of planting can be varied to favor one
component or the other. and to shift both the competitive advantages and the
eventual growth and productivity of the crops.

Bean and Maize Density  Also important to the relative production levels
of the component crops are the densities at which they are planted. This factor
also is important in relation to the amount of rainfail available. the tvpes of
crops in a mixture. the relative competitiveness of the crops. and the objectives
of the farmer.

Choice of these eight factors in the example does not imply that other factors
cannot be manipulated by the farmer in the design and choice of a cropping
pattern and production strategy. Factors in Fig. 13.5 represent those that have
shown importance in experiments and on the farm. and those which have bee
shown to interact with cach other in past experiments. The relative magiitude
of these interactiors is important to evaluate before considering choice of an
experimental design. Again. based on monoculture experience and some ressarch
results. these can be compared.

Since it is not feasyle to study all interactions simultancously. it is useful
to build a priority index in the manner described above for prioritizing constraints.
To get a priority index for interactions. Pl,. cuch interaction is assigned a prob-
ability of existence. PROB, . and rank. RK. according to influence from least
(1) to most imporiant (9). The priority index is

Pl, = (PROB,) (RK)
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Table 13.3 illustrates which of the factors are likely to interact with vshich
other factors (PROB,), and a ranking (RK) is given to the expected impc rtance
of the interaction. As shown in Table 13.3, interactions are predicted 0 be
highest between varieties of the two cultivars and bean variety with maize density
(rating = 9). Bean variety is expected to interact with relative planting dates
and bean density, and maize variety with maize density (rating = 8). Other
important though less critical interactions are predicted between varietics and
several cultural practices, and between pairs of these cultural practices (rat-
ings = 4 to 7). Other interactions (ratings = 3 or less) are expected to be
nonexistent or small enough to be ignored in the research process. This identi-
fication of most-probable significant interactions allows the design of an exper-
iment or series of experiments that can explore effectively the main effects of
these factors and the interactions that need to be known to design new techuology
for the farmer.

Research on these factors and their manipulation can confirm the initial
predictions and identify which factors are sensitive to changes in crepping pattern
and which ones are not. For example, experience and results may show that the

Table 13.3 Probability of Two-Way Interactions, Importance
of Interactions, and Priority Indices for Two-Way interactions
for Maize/Bean Intercrop Pattern in the Andean Zone

Bean| Maize{Fert.| Herb. Spatial [Planting! Bean | Bean

Factors var. | var. llevel{ mix |arrange.! dates density/density

Bean variety 08,021 0.2 0.6 0.4 0.7 0.6
9° 3 5 4 8 8 ]

Maize variety 7.2¢ 031! 02 0.4 0.3 0.5 0.6
6 4 3 6 5 8

Fertility level 0.6 1.8 0.1 0.2 0.1 0.4 0.6
5 3 2 4 4

Herbicide mix 1.0 | 0.8 | 05 ; : 0.5 0.6 0.3 0.4
i i 4 3 2 3

4

Spatial arrangement} 2.4 | 12 {06 | 20 i 0.7 0.3 0.6
| 7 6 4

Planting dates 32 | 18 {02! 18 ; 4.9 0.8 ' 0.7
g 3

Bean density 56 1 25 116 06 3.0 3.0 0.9
6

- . !
Maize cerisity 54 148 124112 24 | 21 5.4 f

*Protability that two-way interaction exists.

fInfluence ranking: Impertance of interaction in intercrop success
¢Prionty indices for two-way interactions.

Source: Data from Parkhurst ang Francis, 1984b.
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bean/maize cropping pattern performance is strongly dependent on the plant type
of the taller maize component. and thus any new maize suggested for the system
must be tested carefully in corjunction with other componenis of technology to
avoid those types that weuld provide extreme competition for the lower story
bean crop. On the other hand. any bean variety will be shaded to some degree
by the maize, and if all bezn varieties are reduced cqually in vield (e.g., no
bean variety by cropping pattern interaction) there is limited need to test new
bean varietics in combinations with other components. The tean component of
the mixture can be changed with a minimum amount of testing. The upper story
crop (maize) may be relatively unaffected by weed competition. and thus not
interact significantly with herbicide treatment. whiie the lower story bean crop
may be drastically influenced by weed growth and the ability of different herbicide
mixtures to contrel unwanted weeds in the cropping pattern. These types of
information will result from the testing of component technology, and will lead
to the most efficient possible tesdng scheme.

In order to design efficient exp- riments to evaluate these main effects and
interactions. the importance of higher-order interactions must be evaluated. If
there are three-way. fous-way. or other interactions that have been shown in the
past to be important. their activity in the field will confound or obscure the main
effects or two-way interactions that might be expecied to have importance in
this bean/maize intercrop pattern (Fig. 13.5). The probubility of each three-way
interaction and its predicted importance shown in Table 13.3 is multiplied to
determine the priority index for reseurch on each factor. The same was done for
a few important four-way interactions (Table 13.5). Higher-order interactions
were ignored because of the difficulties in visualizing their effects in a practical
field setting. Of the 56 possible three-way interactions. there were 11 that had
aresearch priority greaier than 1. Of these. 7 included the effect of maize variety.
an overriding factor due to differences in plant height and the dominance of this
factor in the system. Of the 70 possible four-wav interactions. oniy 6 had a
research priority equal to or greater thun 1. All these included maize or bean
variety. maize or bean densitv. or botii. Thesc interactions are most likely to
influence results of studies of main effects and lower-order interactions. and are
the ones most logical to include in the first cyele of research.

What are the design options? There is an on-going debate beiween those
who advocate farge complex muitifactor designs (Mead and Rilzv. 1981: Mead.
Chap. I4) and those who insist on simplicity and designs that study one to three
factors at a time (Francis. 19823). In general. the approich using larger complete
or incompicte factorial designs mayv be the appropriate one when thare are many
interactions of interest and the researcher is anxious to get as much informatior
as etficiently as possible on both muin erfects and interactions.

To compare three of these options. Table 12.6 shows a situation where
eight fuctors are to be tested: (1) four bean varieties. (2) three maize varicties.,
(3) six bean densii; levels. (4) eight maize density levels. 3 three herbicide
mixtures (including checks). (63 three fermilizer trewtments. (71 four altemative
spatial arrangements of the two crops. and &) three relative pianting dates of
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Table 13.4 Probability of Three-Way Interactions, Importance
of Interactions, and Priority Indices for Three-Way Interaction
for Maize/Bean Intercrop Pattern in the Andean Z ne

Var M Fert. Herb Spat. PLDt. Dns B Dns M
VarB x Var M 0.23/2° 0.1/3 0.6/5 0.4/5 0.3/4 0.45
Var B x Fent 0.4¢ 0.11 0.272 0.1/3 0.2:2 0.272
Var B x Herb 0.3 0.1 0.2/3 0.2/3 0.1/2 0.22
Var B x Spat 3.0 0.4 0.6 0.3/2 0.2:3 0.4.3
Var B x PL.Dt 2.0 0.3 0.6 0.6 0.274 0.2/4
VarB x Dns 3 1.2 0.4 0.2 0.6 0.8 0.3:3
VarB x Dns M 2.0 0.4 0.4 1.2 0.8 0.9
Var M »~ Fent 0.1/3 0.1/3 0.172 0.23 0.3:4
Var M x Herb 0.3 0.3/3 0.2/3 022 0.3/3
Var M x Spat 0.3 0.9 0.4/4 022 0.33
Var M x Pi.Dt. 0.2 0.6 1.6 0.2:3 0.3/4
VarM x Dns B 0.6 0.4 0.8 0.6 0.2:3
VarM x Dns M 1.2 0.9 0.9 1.2 0.6
Fert x Herb 0.3 023 022 0.272
Fert x Spat 0.3 0.32 022 0.22
Fert < Fi.Dt 0.5 0.6 0.33 0.3:3
Fert x Dns B 0.4 0.4 0.9 0.4/4
Fert x Dns M 0.4 0.4 0.5 1.6
Hert x Spat 033 022 022
Herb x PLDt. 0.2 022 0.3:2
Herb x Dns 8 0.4 0.4 043
Herb x Dnz M 0.4 0.6 1.2
Spat < PLDt. 023 033
Spat x Dns 8 0.6 0.43
Spat x Dns M 0.2 1.2
PIi.D:.. % Dns B 0.33
Pi.Dt. x Dns M 0.8
*Probaility that three-way interaction exists.
“influence renking: importance of intersection in intercrop success.
“Priority indices for three-way interactions,
Table 13.5 Probability of Four-Way Interactions, importance
of Interactions, and Priority Indices for Four-Way Interaction
tor Maize/Bean Intercrop Pattern in tie Andean Zone
Probabiiity Influence Priority
Interaction of occurrence ranking index
VarB » VarM x Dns B x Dns M 0.3 3 1.5
Var B x Var M » PL.Dt. ¥ Dns M 0.2 5 1.0
VarB x Var M « Spat Arr < Dns M 0.2 5 1.0
Var B < Spat Arr x PL.Dt. = Dns B 0.3 4 1.2
Var B x Spat Arr x Dns B x Dns M 0.4 3 1.2
Spat Arr x PI.Dl. x Dns B x Dns M 0.5 2 1.0
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Table 13.6 Comparison of Three Designs for Several Levels of Eight

Factors in Maize/Bean Intercrop Pattern

Factor Levels Factor Levels
Bean varieties 4 Bean densities 6
Maize varieties 3 Maize densities 8
Fertility levels 3 Spatial arrangement 4
Herbicide mixtures 3 Planting dates 3

Option I:  Complete factorial {4 x 3 x 3 < 3 « 6 x 8 x 4 x 3), 2 replications
Treatment combinations: 62.205’5
Size of experiment: €84.288 m* or 68 ha
Option !l:  Fractional replication (3° fai:iorlai, % replicate)
Treatment combinaticns: 6561
Size of experiment: 72,171 m® or 7 ha
Option lll:  Eight smail experiments

1. Maize (2).bean (2) varieties and maize (2) bean (2) c?ens_ities split-plot with
maize variety 'censity as whele plot treatmem combantxons and bean
variety. density as subplots with w* le plots in rardomized complete
blocks (2 replications), RCB.

Treatment combinations: 16 . ‘

2. Bean varieties {2), spatial arrangement (4) and maize (2} bean (2)
densities. Factcrial treatment design in RCB.

Treatment combirations: 32 '

3. Bean varieties (2}, densities (3). spatial arrangements (4). and planting
dates (3).

Factorial treatmrent cesign in ACB
Treatment comtinaticns: 72 .

4. Maize varieties (2), spatial arrangements (4}, and planting dates (3).
Facterial treatment design in RCB.

Treatment combinations: 24 . ' _ A

5. Maize (3) bean (3! censities ard fertility (3}, split split plot in RCB with
feriilizer as whole plot, maize density as subplot.

Treatment comtinations: 27 4 . _
6. Variety trial for maize (8} and bean (5). sp!it piot in RCB with maize variety
as wi\ols ptot and tean varnety as subplot.
Treatment combinaticns: 48 _

7. Spatial arrangement (4) and herbicides (3). Factorial treatment
combinations in RCB.
Treatment comsinations: 12 . »

8. Maize density (3) and planting cate (3). Faclorial treatment combinations
in RCB.
Treatment combinations: 9

Total trealment comtinaticns: 240

i i s: 3120 m or - ha with 30 percent borders
Size of experiments: 3120 m* o : hawith 30 p

B 0l size < glu nt borders; opticn 1lf has
Note: Mimimum reghicaticrs: 2. stimsmum oiot s:2e :s § me clus 10 percent porcde o]

30 parcent corcers. .
Source: Adagted from Parkhurst ang Frarcs. 19846

Vi
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fhe two components. In option I, when eight factors with these levels are placed
In a compiete factorial with all combinations. there are 62,208 combinations or
124.416 plots in a two-replication experiment; using 5 m? per plot requires an
area of 684,228 m? including an additional 10 percent for borders. This ope
exptlzrimem covers more than 68 ha. clearly an unmanageable monster of a trial.
Option [ allows evaluation of all main effects and all interactions.

In option 11, a factorial replication with only three levels of each facter
red:uccs treatment combinations to 6561 and total size of a two-replication ex-
periment to about 7 ha. This is still a large experiment: it does allow evaluation
of all main effects and interactions. although ail specific combinations of varieties
are not present. Other types of incomplete factorial designs could be utilized,
and each would incur loss of some information. Finally. option UI illustrates
the use of eight small experiments concentrating on varieiics of maize with
varieties of bean (number 6). interactions of densities of botli crops with varieties
{number 1), herbicide mixtures with spatial arrangements (number 7). planting
dates with spatial arrangements (number 4). fertilizers with both crop densities
(number 5), and other factors that would give information on main effects and
the most important interactions. but not all the interactions studied in options |
and 1i. Even with two replications of these experiments. the number of plots is
reduced tc 240 and the size of the experimental area is only 3120 m® with 30
percent added for borders. These are the tvpes of practical trude-offs that the
researcher is forced to make.

There are obvious advantages both to the large and to the smail experiments.
Practical experience in the field has shown that a larger number of small ex-
periments is easier to handle than one or two larger factorial treatment designs.
?ipcc operations at planting. data collection time. and hervest are complicuhtcd.
it 1s more expeditious to handle each ciperiment as a unit and complete the field
operations in 1 day when possible. then move on (o another c.\‘pc.rimcm.

Field Organization

Additional detaiis on the organization of the trials in split-plot designs in the
field may be helptul. The typical and logical hierarchy of split-plot ushsignmcnts
is to put the factor of greatest interest in the smallest subplot. For cxa‘mplc. a
trial may include bean densitics. maize densitics. bean varieties, and maize
varietics. and the researcher attaches the fellowing priorities to these factors: (1)
maize densities. (2) bean varieties. (3) maize varietics. and (4) bean densitics.
The theoretical design approach would place bean densities in muain plots. maize
varieties in split plots. bean varieties in split split plots. and maize densities in
the smallest subunits. The most replication. greatest number of degrees of free-
dom. and most powertul testing would be direcied at maize densi;ics and bean
varieties,

In the practical reality of intercropping and ficld rescarch. there are other
concerns that strongly influence organization of treatments. The dominant nature
of the maize overstory crop and competitive influence of both maize varietv and
maize density strongly suggest that these factors be placed in as large a piot as
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possible. Since the competitive effect of maize variety or density is so much
greater than bean varicty or density, many plots of the latter can be placed in
large plots of the former with a minimal need for border rows. When plot size
and border area can be minimized, a given number of treatment combinations
can be fit into a smaller experimental area and this is more likely to be uniform
with fewer large variations in soil fertility. A number of experiments on bean
varietics with maize have been conducted with single row bezan plots. since the
principal competition is from the maize and there is limited influence of one
bean row on the neighboring bean rows.

In the above example, a logical order for the field organization might be
(1) maize variety in main plots, (2) maize densities, (3) bean densities. and (4)
bean varieties in the smallest subplots. Altheugh the precision of specific com-
parisons may differ from what was intended by the researcher at the outset. the
overall quality of information from the expcriment will be higher and the Jogical
arrangements of treatments make this 2 smaller. more managesble. and more
valuable experiment. Other practical considerations on borders needed to separate
planting dates or spatial treatments. and minimal plot size needed for fertilizer
or herbicide applications. can also inftuence the field use of designs (Davis et
al.. 1981y, Of interest to the plant breeder is the tesiing of large numbers of
new matertals coming from a crossing program. It generally is much more useful
to test twice as many new crosses in plots half as large. then to use larger plots
(e.g.. one-row versus two-row plots). it this plot size is consistant with the levels
of differences one wants to detect. These are practical conclusions based on
dozens of ficld experiments on these types of genetic and management factors.

Use of Multiple Environments

In order to move confidently from this first cyele into more refined exneriments
with tewer factors under study and more precise levels of factors, such as density
or fertility. the researcher could make use of either multiple locations or multiple
seasons in a single locetion. If the range of rainfall and temperature fluctuation
rrom one year to another can be approximated by using different locations within
aregion. it is more time-efiicient to work across locations to get information as
quickly as possible and move on to subsequent cyeles of rasearch and testing
on the farm. There ure some imporwant trade-offs between vears, locations. and
replications in experiments. These were evaluated in recent studies on sorghum
(Saced et al.. 1984) und on maize (Brakke et al.. 1933). Figure 13.6 shows the
expected stendard error of @ sorghum genotype mean when a series of cultivars
is tested over a range in environments and over 1. 2, or 3 vears (from Suced
etal.. 1984). About five environments in 1 veur would give the sume degree of

years” @esting in two environments,

-~

precision in measuring a genolvpe mean s
and about eight cnvironments give the same precision as 3 years” testing in two
envirorments. Economics of research may dictate multiple vears of testing in
one site. but the cost s a delay in getting credible results for moving on to
another eycle. or a delay in getting results out to farmers. Figure 13.7 shows
the improved precision as a result of increasing replications vs. testing over more
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Figure 13.6 Expected standard error of i
i 1 star 1 a genotype mean yield for various as -
bers of years and environments within years when replications = 2. (From Ss:enézder:u;

Agron. J., vol. 76, 1984 — i issi i
Aaronoms ) 984, pp. 55-58. Reprinted by permission of the American Society of

locations. It is obvicus that two replications are desirable to increase precision
allow valid statistical comparison of cultivars. and provide a low-cost method.
gf Producing more valid results. However, more than two replications are of
limited }’alue. and the advantages of additional locations are clear from the figure.
The maize data (from Brakke et al.. 1583) demonstrated similar trends. Com-
mercial hybrid maize and sorghum breeders follow a methodology of minimal
replication and maximum number of ficid locations. “

Before proceeding to the next cyele. it is assumed that the trials in the first
cvcle have been run in at least two seasons or years, or that two or more locations
have been used as a proxy for seasons to gain reliable results. A minimum of
three locations is desirable. since this gives a better measure of treatment by
lucmiqn interaction, and gives an indication of most important trends if at Jeast
two of the three locations agree in results. More than two locations provides
insurance. since loss of one location would not hold back the program for a
season. This information leads to conclusions about interactions and main effects
from the experiments outlined above. and lays the foundation for succeeding
cveles of experiments. }
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Figure 13.7 Expected standard error of a genotype mean yield for various assumed num-
bers of replications and environments when years = 2. (From Saeed et al., Agron J., vol.
76, 1984, pp. 55-58. Reprinted by permission of the American Society of Agronomy.)

Large Factorial Designs

More complex designs are recommended by Mead and Stern (1980) to improve
efficiency of research. There is no question about the theoretical validity of this
approach. and many convincing arguments are presented in Chap. 14. The
complications of large factorial designs can be illustrated with two examples
from tropical crops research provided by Francis (unpublished data). An exper-
iment in CATIE in Costa Rica was designed to study the main effects and
interactions among five crop species and four levels of management. Rice (Oryza
sativa), dry beans, maize. cassava {Maninot esculenta), and sweet potato (Ipom-
oea sp.) were planted in monoculture. in all combinations of two crops. in all
combinations of three crops. in all combinations of four crops, and in the five-
crop int~~sive intercrop pattern. Main plots were divided into four levels of
management: traditional farmer treatment. use of fertilizer, use of weed control,
and use of both fertilizer and weed control. Although only two replications were
used, this experiment covered 12 ha (about 30 acres). Obviously, many other
cultural practices were held constant to attempt to understand the effects of
species, mixture. and management of weeds and fertility.

This massive undertaking was continued over several years, and a few of
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the component systems were evaluated, and results were published as graduate
student thesis/dissertation studics. The majority of this valuable information has
not been published. The magnitude of the experiment, the variability that iy
introduced by planting over such a lurge area, and many significant interactions
that result in the analysis all make this type of experiment difficult to manage
and the data difficult to imerpret.

A second example of the massive experiment was a maize study on the
north coast of Columbia that was carried out in 1971 and 1972 (Francis, un-
published data). The objective was to assess the potential impact of new tech-
nology on maize production by introducing one or more components of a new
package for farmers of limited resources. Four fevels of fertility. weed control
(farmer practice versus herbicide). insect control (rone versus insecticide). land
preparation (farmer practice versus complete tillage). and maize cultivar (farmer
varicty versus commercial hybrid) were the five factors included in the study.
These were included in all combinations in a factorial treatinent design and in
a split-plot field design with tillage practices as the main plots and the maize
cultivars as the smallest subplots. With the five factors. four replications. and
four-row plots that were 10 m long, this experiment occupied about 1 ha in cach
site. Six agronomists in training with CIAT carricd out these expariments on six
different farmers” fields, and the results were assembied for analvsis in the central
factlity.

The most positive result of the experiments was the interaction ofagronomist
with farnier. as both learned about maize through the implementation of the
experiment and data collection in the field. The least productive part of the
exercise wus the analysis and interpretation of the data. Three of the experinents
produced insufticient data for useful analysis, and the other three had coefticients
of variation that were higher than normally acceptable in maize reseurch. In the
analysis. most of the interactions in these three experiments were significant,
making any interpretation of the main effects difficult. There was further ditiieulty
in the interpretation of any interaction more complex than the two-way between
two factors.

The end result was frustration by the voung agronomists over the complexity
of the experiments and disbeljef by the farmiers over the magnitude of the trial
and why those young agronomists were so excited about putting so many prefty
fags and litile white stakes in their fields. It was also a learning experience for
those who designed the trials about the value of complexity in farmers” ficld
trials. Our conclusion was that large experiments are not useful for meeting this
tvpe of objective. In later trials. we invariably concentrated on two or three
factors at the most in order to better understand the complexity of these com-
Fonents as they function in tropical cropping patterns.,

Criteria for Evaluation

When analvzing the results of an experiment, decisions must be hased on eval-
wation criteria defined by the farmers' objectives. There are several Wivs (o
evaluate cropping systems: by vields of individual COMPONCNT Crops. comparisons
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to monoculture such as equivalent vields. relative yields, and LER. Examination
of these criteria may lead to different conclusions (Parkhurst and Francis. 1984b).

Consider the éxperimenls conducted on maize/bean intercropping svstems
in Colombia (Frarcis et al.. 1932a. 1982b). Two varicties of beans, bush and
climbing. were grown at three common bean densitics and intercropped with
eight maize densities. The experiments were conducted as split plots with m;ﬁxizc
dcbnsily as the whole plot and bean density as the subplot. There were four
replications of each whele plot. ) ) o

Analysis of variance and appropriate F tests were performed for the indi-
vidual vic-lds. total equivalent yields. and relative vields of maize and beans. as
well as for LER. A brvariate analysis (Dear and Mead. 1983) was caleulated
but discounted. since the correlation between maize and bean vields was incon-
sistent over treatments. Tie test of homogeneit of covariance between bush
and climbing bean data indicated the «wo experiments should be analvzed sep-
arately. )

The effect of maize density was significant in both experiments for all
criteria (Table 13.7). The effect of bean density and the muize/bean density
interaction was another story. Bean vield and relutive bean vield gave results
different from the other criteria. For bush beans. there was significant variation
in bean densities: for climbers, the maize/bean interaction was significant. Bi-
variate plots of the vield confirmed the information provided by lhfzsc criteria.

The important point is that total svstem vield shows a remarkable compen-
sation in the system. The taller maize crop dominates and tends to offset the
effects of the bean crop. This 15 one fucet of the svstem. However, if(h:c o_bjccti‘.'c
is to improve the individual components (a plant breeder's point of \'n."f'). to
ignore individual vields is 10 miss important information. For this range ot bz?:m
d‘cnsi[ics. bean vicld increases with increasing density. [t is essential to examine
the data from all angles ol interest in order to reach an undersianding of how a
multiple cropping svstem works.

Table 13.7 Probability of Greaier £ Value from Analysis of Variance
of Yield for Maize/Bean Cropping System in Colombia

Total Reiative Relative
Maize Bean equivalen! maize bean
Source of variation df vyield vyield yield yield yield LER
Bush bean experiment:
Maize density 6 0.001 0.CO% 0.001 0.001 0.c01 0.001
Bean density 4 0215 000 0.685 0.215 0.001 0.685
Maize = bean density 24 0.928 0.083 0.630 0.923 0.083 0.950
Climbing bean experiment:
Maize density 6 0.062 0.001 0.010 0.002 0.001 0.010
Bean density + 0674 0.831 0.819 0.674 0831 0.819
aize ~ bean density 24 0.326 0.013 0.107 0.326 0.013 0.107

Scurce. Adacted from Frarcis et al . 19823, 1832b.
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Even more imponanl to the success of a program is the corresponden
the .cvuluallon criteria in these experiments to the cri l
:!cc.lde whether or not to adopt the new technol
tuning LERs.or equivalent yields, while the farmer is more interested in reduci
nsk..producmg a range of crops for the family, or lookine at s»tabilit of fcmﬁ
and income, there is a need for better comn{unica:icn to bring thes}; critgo'
togeiher (Francis, 1981b). The farming systems approach that invo:Ivcs the fa o
fror the 1.dcnliﬁcalion of constraints through the rescarch process to lhdrmcr
ommendation of new technologies appears 0 offer many advantages S

! ce of
teria used by farmers to
ogy. If the researcher is fine.

FARM TESTING AND VALIDATION OF TECHNOLOGY

A;:ricultural research traditionally has been conducted on the experiment stati
with a second step of validation or demenstration on the farm. Where cond':'lonj
on lh:c experiment station—resource base. land quality, soi.l fertility t'Ll‘on;
cropping system. and level of technology—are similar 0 those on f‘arr*;e'rs)ﬁitldo'
this scheme of testing will produce credible results for farmers Thish atte St:
rcscarch_ has prevailed in temperate and developed countries 'z:nd h;i Lrom?
s:ucccssrul there. When there is a large difference between c.on;iitinn>sl()) ;]“
farm and on the station, as commonly found in developine e
may break down. If the expe
anized. irrigated. pest-prote

] . countrics. this system
riment station research is conducted under mech-
: cted conditions. this may be very different from farms
nearby where hang labor is used for tillage. furmers dcpsr;d on natural ruir;fullA
t?dd;?csl P-r:wb‘]cmi.(lnc.lu_dif']g‘\\'ecds. insects, and plant pathogens) are scvcrc.‘
nder these conditions, it is impertant to rruestion the conventional wisdom of
doing @ large amount of research and testine on the station before ving
to farmers” ficlds. i S e o

' Thzs' concern has led rescarchers to greater emphasis on testing under farm-
ers con@nons. There have been methodologies proposed by CIMMYT in \I"\c-
o and in K.cn_vu on using rescarch station data to make }ccohlr.]lendulioh:'lo
tarmers (Pemn ctal.. 1979: Byerlee and Collinson. 1980). Their trainine pro";'um
has emphasized the use of on-farm trials to test componenis of tcchm‘.}:n\' u:r;d‘r
xic;nl-\\'orld conditions so that new practices will have a realistic lcx‘.l bc?;wrc ur:\'
!1‘n}1 rccorpmcr.dulions are organized for the farmer. These trials ﬁa\'c assumed
dificrent forms. with some organized and carried out entirely by rc<c:;fchcrs

some done entirely by farmers. and others executed in a coop'crul-i\'c ;\'u\' Thi;
.l;m approach has veen called the participatory model. and is beine w idci\" U§CL‘1
in some projects and labeled “farming systems research™ (Gilbert ot al.. -l‘)S‘O)

Ilrz)l_;)(;))r'lam applications have been developed and tested in Guatemula « Hildebrand.
. 'ic larnung systems approach to research invelves farmers in the identi-
.1calxon‘ of proclems. the design of potential solutions. an :
vuton furm to test alternatives and evaluate the
Exciting

d the research carried
Mo ey nati i potential to increase production.
applications of this methodology are tkine piace in Botswana (Norman
. o S oo | - 5 & : S R Tl

ctal.. [98%. This process is attractive because of the direct involvement of the
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farmer in all stages of the research process, and because it will help the researcher
to anticipate potential problems wirh the adoption of new technology once it is
ready. This process is a cyclical one. starting with the identification >f limiting
factors to production. and the design of rescarch to solve those problems. Re-
search may bz conducted either on station or on farm or both. and the results
are discussed with the farmer to determine their potential applications Validation
of results on the farm is conducted in a cooperative way. and if the package oi
component is successful. there i< no difficulty in extension of results in that
immediate area. After the new practice or package of practices is introduced
into the system. an evaluation is made of the impact of this new technology,
and new constraints are identified for further research. This collaborative model
with farmer porticipation is becoming more popular in developing country re-
search projects.

The analysis of data is complicated when research is conducted on farmers’
ficlds under a wide range of conditions. One approach has been to use unrepli-
cated observational plots on each farm. and to analyze these across farms con-
founding farm (location) with replication. Although this is valid statistically.
there often are so many confounded factors with location and the error terms
are so large that it is difficuit to interpret data and distinguish between treatment
effects. For this reason. a joint approach with some station trials including
replication and researcher control and some en-farm couaterpart trials for study
of applications can be an efficient method. It is important to decide which of
the many possible treatments of interest have potential to solve production-
limiting constraints betore noving to the farm. Otherwise. it would be physically
impossible to cenduct meaningful cbservational trials on the farm. The inter-
mediate approach. using replicated wrials on farms with some participation of
the farmer, is another way to get both real world conditior. *r the trial and
enouch control to get meaningful data. There is yet much to be Jone in designing
and implementing meaningful research that relates work on the .itions to real
problems on the farm.

There is concern in the research community that the job is not finished until
results have reached the farm and there is some evaluation of what has happened
as a result of the introduction of new technology. In order to measure impact
of a chunge in technology. it is necessary to know curreni production levels or
income before the introduction of something new. If there is a careful survey
of farming practices and preblems in the current production systemis. as outlined
in the section on problem identification and priorities for rescarch. this will help
to establish a baseline for a given + ~ion. crop. or preduction system. If only
conventional wisdom is used to determine what problems should have priority
in research. there is less chance that this baseline will be available. Again. the
farmer can participate in the process of identifying current production levels and
problems. This is the best way to involve the primary producer in the tetal effort,
and will help to ensure that research is correctly oriented to real problems in the
zone.

The setting of baseline levels for production also cnsures that there will be
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something against which to measure the impact of the new technology. An
important part of this process is to correctly identify the objectives of the farmer,
The commonly accepted goals of maximum production and net profit that are
used in most developed countries may not apply to farmers with limited resources.
Among the criteria that a small farmer may use to evaluate success in the system
are production of a range of crop and animal products for consumption by the
family, stability of production and income, distribution of this production and
income through the year, minimal costs of inputs to adopt the new technology,
and minimal risk associated with a conversion from traditional practices to the
new meihods (Francis, 1981b). These fuctors are difficult to measure, and are
outside the competence and appreciation of most scientists trained in agriculture,
especially agronomy and animal science.

The creation of interdisciplinary teams for this type of assessment is be-
coming more commonplace. The inclusion of rural sociologists and agricultural
cconomists on teams that formerly were made up entirely of agrononiists is a
welcome step in the right direction. With the correct training and orientation in
the field. this type of biological/social science team can make considerable
progress identifying the cultural and social aspects of a farming system as well
as the biological constraints to production. Some of these factors can be quan-
titied, and some have to be evaluated on a more aualitative basis. The input of
social sciences to agricultural development as part of this complex evaluation
of impact is important in measuring the effects of new technology. and in the
design of rescarch systems for solving further constraints to production (sec
Chap. 12).

The view for the future looks promising. On-farm research in an untapped
area with limited prior work. As informaticn systems and agricultural computer
networks become more commonplace. it will become possiblz to have a network
of on-farm experiments augmented by experiment station research. In addition
more thought nceds to be given to the trade-offs between replicating results over
years vs. jocations. Simulations based on environmental parameters tempered
with records of time-series data can provide insight into this problem.

Another area of great potendal is the application of multiobjective pro-
gramniing techniques to multiple cropping research methodology. A hierarchy
of research objectives. such as economic. technical. and social goals, can bhe
formulated along with associated resource requirements (growing degree days.
energy. rainfall limitations). A “best™ strategy can be identificd and limiting
conditions under which the strategy will remain best can pe established. Re-
searchers would then have a systematic way of controlling the deciston-making
process,
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