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ABSTRACT 

Genotype X cropping system interactions may complicate the plant 

breeders' task of increasing crop yields, since selection and improvement in one 

cropping system may not result in improved performance in a different cropping 

system. Field experiments were conducted in 1990 and 1991 to examine the 

effects of cowpea (Vigna unguiculata [L.] Walp.) genotypes and cropping systems 

on cowpea yield, yield components, biomass, and leaf area. When cowpea was 

grown in sole crop and in intercrop with pearl millet (Pell11isetliln americallllln [L.] 

Leeke), a significant genotype X cropping system interaction for seed yield 

occurred in both years. In sole crop, 'California Blackeye 46' (CB46) yielded 

more than 'Tohono O'odham' (TOe). By contrast, in intercrop, there was no 

difference in yield between genotypes in 1990, but TOC out yielded CB46 in 1991. 

More vegetative biomass and leaf area was produced by TOC than CB46 and 

more was produced in sole crop than intercrop. In intercrop, TOC produced 

more leaf area in the furrow and higher in the intercrop canopy than CB46. TOC 

had a more negative effect on millet than CB46. In intercrops differing in row

spatial arrangement (within- and between-row intercrops), TOC out yielded CB46 

in both the within- and between-row intercrops, and more yield was produced in 

the between-row than within-row intercrop. To identity plant traits associated 

with cowpea seed yield under intercropping, three F2 cowpea populations were 

grown in intercrop with millet. All three yield components (pod number, seeds 
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per pod, and mean seed weight) were significantly correlated with cowpea seed 

yield. The number of pods accounted for most of the variation in seed yield. 

There was a negative association between seeds per pod and mean seed weight. 

Plant length, number of nodes, and number of branches were also correlated with 

seed yield, as were the number of pods produced on basal and distal branches and 

from the longest (> 10 cm) internode category. Plant traits associated with yield 

in intercrop may differ from those associated with yield in sole crop. Hence, 

selection criteria for indirectly selecting yield will differ between cropping systems. 



INTRODUCTION 

Intercropping 

15 

Intercropping, the simultaneous growing of more than one crop in the same 

field, is a widely used crop production system throughout most of the developing 

world (Francis, 1986). Beans (Phaseolus spp.) and maize (Zea mays L.) were 

grown together during prehistoric times by both the Maya in Central America and 

the Inca in South America (Pinchinat et al., 1976; Francis, 1986). This cropping 

system prevails in many regions of modern-day Latin America (Francis, 1986; 

Woolley et al., 1991). Intercropping is also important in Africa. For example, in 

Nigeria, it is estimated that 99% of cowpeas (Vigna unguiculata [L.] Walp.), 95% 

of ground nut (Arachis /zypogaea L.), and 90% of millet (Pennisetllm spp.) are 

produced in association with other crops (Francis, 1986). In contrast to 

intercropping, sole cropping refers to growing a single crop variety in a pure stand. 

Monoculture refers to the repetitive growing of a sole crop on the same field 

(Francis, 1986). For the purposes of this study, sole crop and monocuIture are 

synonymous in that they both refer to systems utilizing a single crop genotype. 

The widespread use of intercropping may be attributed to numerous 

factors. In general, intercropping is used by farmers with limited access to land 

and other resources. Production is often more oriented toward subsistence than 

toward market outlets (Davis et al., 1986). Thus, intensified use of the available 

land by growing more than one crop at a time provides an avenue for increasing 
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productivity (Francis et al., 1976; Davis et al., 1986). Avoidance of risk associated 

with crop failure and thus increased yield stability are also potential advantages of 

using intercrops (Francis et al., 1976; Willey, 1979a; Woolley et al., 1991). 

Intercropping may also allow for more efficient use of labor, and reduced insect 

and disease incidence (Francis et al., 1976; Francis, 1986). Intercrops may provide 

more stable and potentially higher incomes (Francis and Sanders, 1978). Among 

the most important benefits from intercropping, however, may be the apparent 

ability of some crop combinations to yield more when grown together than when 

grown separately in sole crops (Francis et al., 1976; Willey, 1979a). 

Yield advantages from intercrops may result from either of two basic types 

of competitive relationships between the component crops (Willey, 1979a). In the 

first, a yield advantage occurs due to the positive effect of one or both of the 

components on the other. In the second, and by far more common case, the yield 

of one crop is greater than expected and the other less, with "expected" yields 

defined as those that would result if interspecific competition in intercrop was 

equivalent to intraspecific competition in sole crop. This has been termed 

compensation (Willey, 1979a), since the loss in yield of one crop is compensated 

for by a larger relative increase in yield of the other crop. For either competitive 

regime, the responses of the component crops in intercrop are influenced by their 

relative abilities to compete for resources (Willey, 1979a; Vandermeer, 1989). In 

general, if interspecific competition for resources is intense, both crops are likely 
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to be negatively influenced. In contrast, if the crops compete only weakly for the 

same resources, then the intercrop may yield more than would otherwise have 

been produced from two sole crops. 

Plant competition between component crops for resources may be 

minimized by use of crop species that differ in their temporal or spatial patterns 

of resource use (Willey and Osiru, 1972; Willey, 1979a). Crops that differ greatly 

in their respective times to maturity have been shown to exhibit marked intercrop 

yield advantages (Willey, 1979b; Rao and Willey, 1983). This may result from a 

lack of, or weak, interspecific competition for growth-limiting resources at times of 

potential peak resource demands. Likewise, use of component crops that 

complement each other relative to their root or shoot architectures may serve to 

minimize interspecific competition through better overall spatial utilization of 

available resources (Willey, 1979b; Smith and Francis, 1986). 

Genotype X cropping system interactions 

Genotype X cropping system interactions result when genotypes respond 

differently to different cropping systems. Genotype X cropping system 

interactions may be influenced by differences in the nature and magnitude of plant 

competition within a cropping system. For example, in sole crop, plant 

competition is primarily intraspecific (excluding potential competition with weeds). 

Accordingly, successful (defined as high-yielding) plants in sole crop should be 

weak competitors, i.e., the individual plant would "make a minimum demand on 
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resources per unit of dry matter produced and will therefore compete to a 

minimum degree with its like neighbors" (Donald, 1968). Thus, "weak" refers to 

competitive ability, particularly in relation to resource uptake and use, and not in 

terms of vigor (Sedgely, 1991). In contrast, in intercrop, plant competition is more 

likely to be interspecific, though the relative degree of inter- to intraspecific 

competition may depend on row spatial arrangement and plant density of the 

component crops. A successful plant for populations in which individuals differ 

genotypically should be a strong competitor, since individual plants must now 

outcompete their neighbors to ensure representation in succeeding generations 

(Hamblin and Rowell, 1975; Donald and Hamblin, 1983). Lack of a genotype X 

cropping system interaction suggests that competitive abilities among the 

genotypes may be similar, or that competitive ability is as favorable in one 

cropping system as the other (Davis ~t aI., 1986; Vandermeer, 1989). Competitive 

ability in intercrop may not be related to yield ability in sole crop (Davis and 

Garcia, 1983). 

Genotype X cropping system interactions may greatly complicate the 

development of high-yielding cultivars for low-input intercrop systems. The 

presence and magnitude of such interactions suggests that the performance of a 

particular cultivar in one cropping system may not accurately reflect its 

performance in another cropping system (Harper, 1963; Hamblin, 1975; Wien and 

Smithson, 1981; Smith and Francis, 1986). Most conventional plant improvement 



programs, however, involve production of high-yielding cultivars in and for sole 

crop environments (Willey and Osiru, 1972; Hamblin and Zimmermann, 1986; 

Hill, 1990; Simmonds, 1991; Davis and Woolley, 1993). Thus, the potential for 

genotype X cropping system interactions suggests that the release of improved 

cultivars developed in sole crop systems may not fully benefit farmers who 

continue to rely on intercrop systems (Wahua et al., 1981; Hill, 1990). 

Breeding strategies 

Plant breeding strategies that focus on improving crop yields often do so 

either by selection for yield per se or by selection for specific plant traits that are 

directly or indirectly associated with yield (Rasmusson, 1987; Acquaah et al., 

19 

1991). Given the potential for genotype X cropping system interactions, selection 

for yield per se may not be the most effective strategy for improving crop yields for 

intercrops, since selection does not commonly occur in that cropping system. 

Though no clear consensus exists on whether separate breeding programs are 

needed for sole crops and intercrops, direct selection for yield might be more 

effective simply if conducted in the cropping system of interest (Hamblin and 

Zimmermann, 1986; Atlin and Frey, 1989; Hill, 1990; Simmonds, 1991). 

An alternative is selection for those plant traits that indirectly affect yield in 

intercrop. Intentional selection for specific plant architectural traits associated 

with yield has been used successfully for several major crops in sole crop (Adams, 

1982). Development of a high-yielding bean ideotype suitable for a mono culture 



20 

system with mechanized harvesting resulted in a bean plant with several distinct 

architectural features that separated it from other bean plant types (Adams, 1982). 

Ideotypes are biological models predicted to respond well to a well-defined 

environment (Donald, 1968). The ideotype approach thus requires defining the 

ideotype for a particular environment: that is, plant traits characterizing high yield 

ability in that environment need to be identified (Donald, 1968; Donald and 

Hamblin, 1983; Acquaah et aL, 1991). 

Cowpea, intercrops, and breeding 

Cowpea is one of the most important pulse crops in tropical Africa, which 

contributes nearly two-thirds of the total worldwide cowpea production. It is 

estimated that Niger and Nigeria alone account for nearly 50% of the world crop 

(Rachie, 1985). Cowpea is grown mainly in intercrop, predominantly with millet, 

sorghum (Sorghum hieolor L. Moench), or maize (Rachie and Roberts, 1974; Wien 

and Nangju, 1976). Approximately 99% of the cowpea grown in Nigeria, for 

example, is grown in intercrop (Okigbo and Greenland, 1976). 

Although progress has been made toward developing improved cowpea 

cultivars for use in Sahelian West Africa (Singh and Ntare, 1985), most new 

cultivars are more suited to sole cropping (Ntare, 1989). Thus, the importance of 

intercropping, coupled with the potential for significant genotype X cropping 

system interactions, suggests the need for crop breeding strategies that focus on 

intercrop systems. The need for breeding objectives designed with intercrops in 
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mind may also be reflected in the diversity of uses for which the component crops 

are grown. For example, cowpea may be used not only as a pulse but also as a 

green vegetable, fodder, or cover crop (Steele and Mehra, 1980). In 

cowpea/millet intercrops of the Sahelian zone, cowpea plays a dual role, valued 

not only as a grain for human consumption, but also as fodder (Ntare, 1989). The 

importance of cowpea as an intercrop component may thus depend as much on 

cowpea vegetative characteristics as on yield, consequently influencing cowpea 

breeding strategies. 

Breeding objectives for intercrops may differ from those for sale crops, 

since different plant types (e.g., sprawling vs. erect) may be required for the 

respective cropping systems (Smith and Francis, 1986; Davis and Woolley, 1993). 

Hence, breeding programs designed to improve cultivars for intercrop systems 

might emphasize selection of plant traits that differ from those commonly selected 

for sale crop systems. Several recent reviews have presented a general overview 

of genotypic requirements for intercrops (Francis, 1985; Smith and Francis, 1986; 

Davis and Woolley, 1993). Few, if any, have identified specific plant architectural 

traits, particularly of the legume component, as appropriate selection criteria for 

segregating populations in a breeding program. Given that most breeding 

programs involve selection in sale crop, and that yields in sale crop are not always 

related to yields in intercrop, identification of plant traits associated with yield 

under intercropping may provide plant breeders with alternative selection criteria 
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for improving crop yields from these cropping systems. 

This research attempts to determine whether certain plant types are better 

suited to intercrop than to sole crop, and to identify plant architectural traits 

associated with yield under intercropping. The specific objectives were to 1) 

examine the potential for genotype X cropping system interactions for two 

contrasting cowpea genotypes grown in sole crop and intercrop with pearl millet, 

and 2) identify specific plant traits associated with cowpea yield under 

intercropping with millet. The implications of the results are then discussed 

relative to breeding strategies for intercrops. Chapter 1 reports genotype and 

cropping system effects on cowpea yield and yield components. Chapter 2 reports 

genotype and cropping system effects on cowpea vegetative and reproductive 

biomass, and on leaf area and its distribution in the intercrop canopy. Chapter 3 

identifies cowpea plant traits associated with yield under intercropping with millet. 
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CHAPTER 1 

GENOTYPE AND CROPPING SYSTEM EFFECTS ON COWPEA. 

I. YIELD AND YIELD COMPONENTS 

INTRODUCTION 

Cowpea (Vigna ullguiculata [L.] Walp.) is one of the most important pulse 

crops in tropical Africa, which contributes nearly two-thirds of the total worldwide 

cowpea production. It is estimated that Niger and Nigeria alone account for 

nearly 50% of the world crop (Rachie, 1985). Cowpea is grown mainly in 

intercrop, predominantly with millet, sorghum, or maize (Rachie and Roberts, 

1974; Wien and Nangju, 1976). Approximately 99% of the cowpea grown in 

Nigeria, for example, is grown in intercrop (Okigbo and Greenland, 1976). 

Intercrops of cowpea and pearl millet (Pellliiselum americallum [L.] Leeke) 

are among the most commonly used cropping systems in Sahelian West Africa 

(Ntare, 1990). Although millet is considered the primary crop, intercropped 

cowpea often provides the benefit of an additional seed harvest. Local millet 

cultivars commonly mature first (90-112 days), while local cowpea cultivars mature 

considerably later (120-150 days) (Ntare, 1989). Cowpea yields are typically low 

relative to those produced from high-input monocultures or on experiment stations 

(Wien and Summerfield, 1984). Average yield of cowpea grown in intercrop in 

Sahelian West Africa was reported at approximately 200 kg ha-t (Nt are, 1989). 



24 

Use of traditional short-day, late-maturing cowpea cuItivars, which flower near the 

end of the rainy season when drought is more likely to occur, may contribute to 

the low yields (Ntare, 1990). Low cowpea densities may also contribute to low 

yields (Wien and Summerfield, 1984). 

Intercropping is widely held to provide low-input farmers with a lower risk 

of total crop failure, more efficient use of labor, reduced insect and disease 

incidence, more stable and often higher yields per unit area (Francis et a1., 1976), 

and potentially higher economic returns (Francis and Sanders, 1978). Yield 

advantages from intercrops may result from more efficient, or complementary, use 

of resources (Willey and Osiru, 1972; Willey, 1979a). 

The potential for increased yields from intercrop systems through use of 

improved cultivars specifically adapted to intercropping has often been stressed 

(Francis et at., 1976; Finlay, 1976; Willey, 1979b; Francis, 1981; Atlin and Frey, 

1989). Among the most pressing questions for plant breeders, however, is whether 

the performance of a particular cultivar in sale crop accurately reflects its 

performance in intercrop (Harper, 1963; Hamblin, 1975; Wien and Smithson, 

1981; Smith and Francis, 1986). This may be particularly relevant to the 

development of breeding and selection strategies for improving cultivars for use in 

intercrop systems, since most improved crop cultivars are developed in and for 

sale crop systems (Hamblin and Zimmermann, 1986). 
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Genotype X cropping system interactions are commonly but not 

consistently reported in the literature. Significant genotype X cropping system 

interactions have been reported for mung bean (Vigna radiata [L.] Wilczek) 

(IRRI, 1973), cowpea (Ntare, 1989 and 1990), a range of determinate to 

indeterminate bean cultivars (Phaseolus vUlgaris L.) (Davis et al., 1984), and for 

climbing and semi-climbing beans (Davis and Garcia, 1983). Such results imply 

that genotypes developed to maximize yields in one cropping system, such as a 

sole crop, may not perform equally well when grown in a different cropping 

system, such as an intercrop. By contrast, significant positive correlations between 

sole crop and intercrop yields, and similar rank order of yields between cropping 

systems, have been reported for climbing beans (Francis et al., 1978b), bush beans 

(Francis et al., 1978c), and cowpeas (Ntare, 1989), implying that sole crop 

performance may be indicative of performance in intercrop. 

Genotypic differences in plant architecture or plant habit may affect 

genotype X cropping system interactions (Willey, 1979a; Smith and Francis, 1986). 

Cultivars of indeterminate climbing bean have been reported to have higher yields 

than determinate or indeterminate bush bean cultivars in sole crop (Clark and 

Francis, 1985), a greater relative yield reduction in intercrop (Francis et al., 1978a; 

Francis et al., 1982), and a more negative impact on yield of the component 

intercrop (Davis and Garcia, 1983). However, Davis et al. (1984) reported a 

greater relative yield reduction in intercrop for bush compared to climbing beans 



and Francis et al. (1978a) reported no significant difference in maize yield when 

intercropped with bush bean compared to climbing bean cultivars. Wien and 

Nangju (1976) reported that climbing cowpea cultivars were less affected by 

intercropping than were erect or prostrate cowpea cultivars and had a more 

negative effect on maize yields. Ntare (1989) reported similar results, with 

indeterminate, spreading cowpea cultivars being less affected by intercropping 

than determinate, erect cultivars. Differences between findings may reflect 

variation in planting season, density, seed size, relative time of planting of 

component species, time to maturity, plant habit and crop species; i.e., they may 

reflect interactions between characteristics of particular genotypes and the 

cropping systems in which they are grown. 
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Commonly, genotype X cropping system research focuses on comparisons 

between sole crops and intercrops. However, intercrop systems may vary, 

particularly with regard to how component crops are arranged. Crops may 

alternate within a row or between rows. Thus, row spatial arrangements may 

affect the degree of complementarity or competitiveness between species in an 

intercrop (WilIey, 1979b). Interspecific competition, for example, may be lower in 

an intercrop in which the component crops alternate between rows than in an 

intercrop in which the component crops alternate within rows (Barker and 

Francis, 1986). Thus, the potential for interactions between crop genotypes and 

different intercrop systems also exists, suggesting that different crop combinations 
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may be better suited to particular intercrop systems. 

Breeding objectives for improving cultivars for intercrops may differ from 

those for sole crops, particularly in the presence of genotype X cropping system 

interactions (Francis, 1981). The present study examines the responses of 

contrasting cowpea genotypes to different cropping systems, and assesses the 

implications for improving cowpea cultivars for cowpea/millet intercrops. This 

chapter reports the effects of cowpea genotypes and cropping systems on cowpea 

yield and yield components. Chapter 2 reports the effects on cowpea biomass and 

leaf area. 

MATERIALS AND METHODS 

Field studies were conducted in 1990 and 1991 on a Grabe fine loam 

(mixed [calcareous], thermic, typic, torrifluvent) at the West Campus Agricultural 

Center of the University of Arizona in Tucson, AZ (320 N latitude, 1110 W 

longitude; 787 m elevation). The same field was used both years. Temperature 

and rainfall data were obtained from a permanent weather station located 

adjacent to the field. Rainfall during the growing season varied considerably 

between the two years (Fig. 1). Total precipitation from July through October 

was 189 mm in 1990 and 74 mm in 1991. Daily maximal temperatures from July 

through October averaged 34.4 C in 1990 and 35.4 C in 1991 (Fig. 1). 
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FIGURE 1 

Daily maximum temperatures and rainfall in 1990 and 1991. The field was hand 
planted 3 July in 1990 and 2 July in 1991. 

28 



29 

Cowpea genotypes were 'California BIackeye 46' (CB46) and 'Tohono 

O'odham' (TOC). CB46 is a high-yielding, erect, compact, bush-type cultivar 

developed by the University of California, Davis and the California Agricultural 

Experiment Station (Helms et al., 1991). TOC is a low-yielding, locally adapted, 

spreading or climbing landrace grown on the Tohono O'odham Reservation 

southwest of Tucson, AZ. CB46 was chosen to represent an improved, high

yielding, early-maturing, bush-type genotype similar to that which might be grown 

in a high-input sole crop. TOC was chosen to represent a traditional, low-yielding, 

late-maturing, spreading or climbing genotype similar to that which might be 

grown in a low-input intercrop. Seed of CB46 was obtained from the Department 

of Agronomy, University of California at Davis and seed of Tohono O'odham was 

obtained from Native Seed/SEARCH (accession number V01-006) in Tucson. 

Pearl millet (Pe1l1zisetum americallwn [L.] Leeke) 'Custer', a short-stature (1.2 m), 

early-maturing (80 day) millet, was used as the cereal component in the intercrops 

and was developed by Kansas State University (W. Stegmeier, personal 

communication, 1993). 

Experiment 1 

A randomized complete block design with three replications was used in 

1990 and 1991 to evaluate yield and yield components of the two cowpea 

genotypes grown under two cropping systems (sole crop and intercrop). Plots 

were 7 rows wide X 11.5 m long in 1990 and 12 m long in 1991, with 1 m between 
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rows that were oriented north-south. Prior to planting in both years, the field was 

fertilized with 45 kg N ha- l and 56 kg P20 S ha-l as ammonium phosphate. Plots 

were hand-planted and furrow-irrigated to field capacity on 3 July in 1990 and 2 

July in 1991. Plots were thinned 20 days after planting (DAP) in 1990 and 13 

DAP in 1991 to cowpea densities of 40,000 and 20,000 plants ha- l in sole crop and 

intercrop, respectively. Millet in intercrop plots was thinned 20 DAP in 1990 and 

9 DAP in 1991 to 3 plants hin-I, with 20,000 hills ha-l
• In intercrop, cowpea and 

millet alternated within each row. The field was furrow-irrigated to field capacity 

29, 38, 56, and 85 DAP in 1990 and 17, 24, 34, 48, and 67 DAP in 1991. Plots 

were weeded by hand, and insecticides and fungicides were applied as needed. 

Seed-yield harvests occurred 108 DAP for CB46 and 120 DAP for TOC in 

1990. Crops matured earlier in 1991, with harvests occurring 78 DAP for CB46 

and 93 DAP for TOC. Harvests consisted of 10 plants from the central 5 rows of 

each plot (17.5 m2 in 1990 and 10 m2 in 1991). Pods were dried for 48 hr at 70 C 

in forced-convection ovens to constant weight. Yield components consisted of pod 

number (pods per plant), seeds per pod, and mean seed weight. 

Experiment 2 

A randomized complete block design with five replications was used in 

1991 to evaluate yield and yield components of the two cowpea genotypes in two 

intercrop systems, one in which the cereal and legume components alternated 

within rows (within-row) and one in which they alternated between rows (between-
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row). Plots were 8 rows wide X 3.5 m long, with 1 m between rows. Row 

orientation, fertilization, irrigation, and insect and weed control were as described 

for Experiment 1 in 1991. The field was hand-planted and furrow-irrigated to 

field capacity on 2 July. Plots were thinned 13 DAP to cowpea densities of 20,000 

plants ha'! and 10 DAP to millet densities of 20,000 hills ha'1, with 3 plants hill,l. 

Seed-yield harvests occurred 82 DAP for CB46 and 106 DAP for TOC, consisting 

of 10 plants from 6 m2 of the central 4 rows of each plot. 

Statistical analysis 

Analysis of variance for cowpea yield and yield components was conducted 

for each year and each experiment. A fixed effects model was used in all 

analyses. Homogeneity of variances using within-cell variances was tested using a 

Chi-square approximation to a non-parametric Kruskal-Wallis test (Procedure 

NP AR 1 WAY, SAS Institute, 1988). 

For those variables with significant interactions, differences between 

treatment means were analyzed using the least significant difference (LSD) test. 

Significance was determined at P < 0.05. 

RESULTS 

Experiment 1 

Significant genotype X cropping system interactions were observed for 

cowpea yield and number of pods per plant in 1990 and 1991 (Table 1), though all 



TABLE 1 

F-values from analysis of variance of cowpea yield and yield components 
for CB46 and TOC in sole crop and intercrop in 1990 and 1991. 

Seed Pod Seeds Mean seed 
Source df yield number per pod weight 

1990 
Replication 2 2.45 1.93 0.25 1.62 
Genotype (G) 1 6.82* 2.17 2.11 3.28 
Cropping system (C) 1 18.22* 30.12* 21.35* 0.91 
G X C interaction 1 27.41 * 12.29* 31.96* 1.25 

1991 
Replication 2 2.23 4.98 0.93 1.03 
Genotype (G) 1 0.31 2.09 22.36* 0.75 
Cropping system (C) 1 181.03** 537.24** 0.10 7.67* 
G X C interaction 1 56.84** 178.94** 2.07 0.70 

* P< O.OS. 
** P..$. 0.001. 
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yields were lower in 1991 than in 1990. In sole crop, CB46 yielded more than 

TOC in both years. By contrast, in intercrop, TOC yielded more than CB46 in 

1991, although there was no difference between cultivars in 1990 (Table 2). 

Cowpea yield was reduced in intercrop relative to sole crop for CB46 in 

both years and for TOC in 1991, with the magnitude of the reduction being 

greater for CB46 than for TOe. In 1990, CB46 and TOC in intercrop produced 

36% and 113% of their respective sole crop yields. In 1991, CB46 and TOC in 

intercrop produced 16% and 67% of their sole crop yields (Table 2). 
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For pod number per plant, the significant genotype X cropping system 

interaction paralleled that for yield. In sole crop, CB46 produced more pods per 

plant than TOC in both years, whereas in intercrop, TOC produced more than 

CB46 in 1991. There was no difference between cl.lltivms in intercrop in 1990 

(Table 2). 

The number of pods per plant was reduced in intercrop relative to sole 

crop for CB46 in both years and for TOC in 1991, with the magnitude of the 

reduction again being greater for CB46 than for TOe. In 1990, the number of 

pods per plant produced in intercrop was 40% of that produced in sole crop for 

CB46 and 80% for TOC. In 1991, the number of pods per plant produced in 

intercrop was only 19% of that produced in sole crop for CB46 and 68% for TOC 

(Table 2). 

The effects of genotype and cropping system on seeds per pod and mean 
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TABLE 2 

Mean values for three replicates of cowpea yield and yield components 
for CB46 and TOC in sale crop and intercrop in 1990 and 1991. 

Seed Pod Seeds Mean seed 
yield number per pod weight 

(g plmu-I) (pods plmu-I) (mg seed-I) 
1990 

CB46 
Sale crop 80.4 54.2 7.8 190 
Intercrop 29.3 21.5 7.6 180 

TOC 
Sale crop 38.3 35.4 6.1 176 
Intercrop 43.4 28.2 8.6 177 

LSD (0.05) (18.6) (12.6) (0.8) (ns) 
CV (%) 19 18 6 5 

1991 

CB46 
Sale crop 45.0 31.7 7.3 195 
Intercrop 7.4 6.0 7.0 175 

TOC 
Sale crop 32.5 21.3 8.2 187 
Intercrop 21.9 14.4 8.7 172 

LSD (0.05) (6.3) (2.4) (0.7) (15) 
CV (%) 12 7 6 6 
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seed weight differed between the two years (Table 1). In 1990, there was a 

significant genotype X cropping system interaction for seeds per pod, though the 

relationships between treatments did not parallel those for yield or pod number. 

In 1991, cowpea genotype had a significant effect on seeds per pod such that 

CB46 produced fewer seeds per pod than TOC (Table 2). There was no 

significant effect of genotype or cropping system on mean seed weight in 1990. In 

1991, a significant effect of cropping system occurred such that cowpea mean seed 

weight was reduced in intercrop relative to sole crop (Table 2). 

Experiment 2 

Both genotype and cropping system (within- vs. between-row intercrops) 

significantly affected cowpea yield and yield components (Table 3). CB46 

produced less yield, fewer pods per plant, and fewer seeds per pod than TOe. 

Yield and pods per plant were also lower in the within-row intercrop compared to 

the between-row intercrop (Table 4). 

There was a significant genotype X cropping system interaction for mean 

seed weight (Table 3). Mean seed weight was lower for CB46 than TOC in the 

within-row intercrop, although there was no difference in the between-row 

intercrop (Table 4). 
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TABLE 3 

F-values from analysis of variance of cowpea yield and yield components for CB46 
and TOC in within-row and between-row intercrops in 1991. 

Seed Pod Seeds Mean seed 
Source df yield number per pod weight 

Replication 4 1.55 2.51 1.14 0.45 
Genotype (G) 1 50.96** 63.84** 13.78* 6.28* 
Cropping system (C) 1 100.73** 165.65** 0.76 18.65** 
G X C interaction 1 0.56 0.66 1.58 15.11 * 

* P< 0.05. 
** P< 0.001. 



TABLE 4 

Mean values for five replicates of cowpea yield and yield components for CB46 
and TOC in within-row and between-row intercrops in 1991. 

Seed Pod Seeds Mean seed 
yield number per pod weight 

(g plmuol
) (pods plmuol

) (mg seedol
) 

CB46 
Within-row 6.9 5.7 7.2 169 
Between-row 30.0 20.2 7.7 193 

TOC 
Within-row 23.8 15.0 8.4 188 
Between-row 43.6 27.8 8.3 189 

LSD (0.05) (4.7) (2.3) (DoS) (10) 
CV (%) 18 14 7 4 
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DISCUSSION 

A significant genotype X cropping system interaction for cowpea seed yield 

resulted from the differential response of two contrasting cowpea genotypes to 

sole crop and intercrop. In sole crop, CB46 consistently out yielded TOC, 

suggesting that CB46 may be a more appropriate cultivar choice than TOC in this 

sole crop system. In intercrop, the more appropriate c!lltivar choice may be less 

readily C1.pparent since there was no difference between yields of the cultivars in 

one year. However, both the unpredictability of climatic variation and the ability 

of TOC to out yield CB46 in intercrop in some years suggests that TOC may be 

the more appropriate cultivar in this intercrop system. 

The degree of yield reduction in intercrop compared to sole crop was 

greater for CB46 than for TOC in both years. Although inherent differences in 

yield potential of the two genotypes may exist, the more consistent and larger 

relative reduction in yield of CB46 when intercropped may be due in part to 

constraints imposed by its growth habit. CB46 is an erect, compact, bush-type 

cultivar selected in and for monoculture systems and is reportedly successful in 

such environments (Helms et al., 1991). TOC is a spreading or climbing landrace 

grown in low-input, rain-fed agricultural systems, having been improved only 

through natural selection pressures and farmer selection. Clark and Francis 

(1985) suggested that the limited extension ability of a bush bean cultivar in 

intercrop may have resulted in more detrimental early shading from the canopy of 



a tall maize, and hence a more pronounced negative effect on bush bean 

performance than on climbing bean performance. 
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Plant growth habits have been characterized for Phaseolus spp. by the 

degree of determinacy or indeterminacy, main stem internode lengths and 

climbing ability (Singh, 1982). Although both CB46 and TOC are indeterminate, 

TOC is highly indeterminate while CB46 is only weakly so. Additionally, TOC has 

long main stem internodes (Chapter 3) and strong climbing ability (Chapter 2), 

neither of which CB46 possesses to any significant degree. Together, these plant 

traits may have conferred an adaptedness to intercropping for TOC, such that it 

was able to grow into the upper levels of the millet canopy, potentially gaining 

increased access to incident light levels (Chapter 2). The inability of CB46 to 

reach upper levels of the millet canopy and hence higher light levels may have 

resulted in markedly reduced yields in intercrop. 

Although expression of plant habits may be somewhat altered by changes in 

environment (Singh, 1982), genetic composition may dictate the degree to which 

adaptation is possible (Kornegay et al., 1992). The magnitude of the competitive 

suppression of CB46 when intercropped with millet suggests that CB46 was unable 

to adapt to changes in the environment characterized by the intercrop and that 

CB46 may have been genetically restricted in its yield potential in intercrop 

(Chapter 3). However, TOC was less competitively suppressed in the intercrop 

environment, suggesting that it was 1) inherently better adapted to the intercrop 



than CB46, or 2) more plastic in its ability to respond to changes in the 

environment. 
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Differences in the timing of high resource demands may also affect 

competition between component crops in intercrop (Willey, 1979a). The shift to 

reproductive allocation for CB46 was nearly coincident with that for millet in both 

years. CB46 began flowering 41 DAP in 1990 and 38 DAP in 1991, and millet 

began flowering 33 DAP in 1990 and 34 DAP in 1991. In contrast, the shift to 

reproduction for TOC (48 DAP in 1990 and 46 DAP in 1991) was delayed relative 

to both CB46 and millet. Natarajan and Willey (1980) suggested that high 

pigeon pea seed yields in intercrop with sorghum resulted from marked differences 

in timing of reproductive demands and maturities between the two species. 

Hence, the overlap in timing of potentially high resource demands with millet may 

have been greater for CB46 than for TOC, resulting in a more pronounced 

reduction in yield for CB46 in intercrop. 

Row spatial arrangements of intercropped cowpea and millet affected 

cowpea seed yield. Yields of both cowpea genotypes were greater in the between

row than the within-row intercrop. Thus, for both genotypes, yields were higher 

under conditions in which interspecific competition with millet was lower. These 

results suggest that row spatial arrangement may be of great importance to the 

overall productivity of an intercrop system (Rao and Willey, 1983). 
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TOC out yielded CB46 in both the within- and between-row intercrops, 

suggesting that CB46 may have been more competitively suppressed by millet in 

both intercrop systems than was TOC. Differences in plant architecture may have 

contributed to the lower yields of CB46. In both intercrops, TOC climbed high 

into the millet canopy, perhaps reducing the competitive effects of millet, 

particularly with regard to light. 

For cowpea/millet intercrops in Sahelian West Africa, the effect of cowpea 

on millet is also important since millet is the more important crop (Ntare, 1990). 

Millet reproductive biomass was approximately 8% lower when millet was 

intercropped with TOC than with CB46 (Chapter 2). This may deter a farmer 

from using a particular cowpea cultivar even if it has a higher yield potential in 

intercrop. A slight reduction in millet yield may be considered tolerable, however, 

if a corresponding increase in cowpea yield more than compensates the loss. This 

may be particularly true in cases where the often higher market price of the 

legume leads to an economic benefit for the farmer (Francis and Sanders, 1978). 

In some cases, however, cowpea seed yield may not be of prime 

importance. Cowpea may be used primarily as fodder for animals, vegetables for 

human consumption (green pods and young leaves), or green manure (Rachie, 

1985; Ntare, 1990). Hence, growth and allocation characteristics may also be 

important in determining the potential success of particular genotype and cropping 

system combinations (Chapter 2). 
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The significant genotype X cropping system interaction for cowpea yield 

suggests that selection for improved yield in sole crop may not necessarily lead to 

improved yield in intercrop. Thus, improving cowpea cultivars for intercrops may 

depend on different traits than for sole crops (Chapter 3). 
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CHAPTER 2 

GENOTYPE AND CROPPING SYSTEM EFFECfS ON COWPEA. 

II. BIOMASS AND LEAF AREA 

INTRODUCTION 

Genotype X cropping system interactions result when genotypes respond 

differently to different cropping systems. The presence and magnitude of such 

interactions pose particular challenges for plant breeders in predicting how 

genotypes seleeted in one cropping system will respond in other cropping systems 

(Francis, 1981; Smith and Francis, 1986). The potential impact of genotype X 

cropping system interactions may be particularly relevant to the improvement of 

cultivars for use in low-input intercrop systems, since most improved cultivars are 

developed in and for sole crop systems (Hamblin and Zimmermann, 1986). 

Cowpea (Vigna unguiculata [L.] Walp.) is an important legume crop in 

much of tropical Africa, where nearly two-thirds of the total worldwide production 

occurs (Rachie, 1985). However, cowpea is grown mainly in intercrop, often with 

millet, sorghum, or maize (Rachie and Roberts, 1974). In Sahelian West Africa, 

for example, cowpea is commonly intercropped with pearl millet (Pe1l1liselllln 

americallum [L.] Leeke) (Ntare, 1989). 

Cowpea may be used not only as a pulse but also as a green vegetable, 

fodder, or cover crop (Steele and Mehra, 1980). In cowpea/millet intercrop 
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systems of the Sahelian zone, cowpea plays a dual role (Ntare, 1989). Cowpea 

grain is valued for human consumption, although local cowpea cultivars often fail 

to produce seed due to the effects of drought (Ntare, 1990). Cowpea is also 

valued as fodder for animals. The importance of cowpea as an intercrop 

component may thus depend as much on cowpea vegetative characteristics as on 

yield potential. 

The present study examines the responses of contrasting cowpea genotypes 

to different cropping systems, and assesses the implications for improving cowpea 

cultivars for cowpea/millet intercrops. Chapter 1 reports the effects of cowpea 

genotype and cropping systems on cowpea seed yield and yield components. This 

chapter reports the effects on cowpea biomass and leaf area. Since farmers seek 

to maintain millet yields while obtaining additional benefit from cowpea (Ntare, 

1989), the effects of cowpea genotypes on millet vegetative and reproductive 

biomass are also reported. 

MATERIALS AND METHODS 

Field experiments were conducted in 1990 and 1991 at the West Campus 

Agricultural Center of the University of Arizona in Tucson, Arizona, USA (32°N 

latitude, 111°W longitude; 787 m elevation). Site characteristics and field 

management practices are described in Chapter 1. 
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Cowpea genotypes were 'California Blackeye 46' (CB46) and 'Tohono 

O'odham' (TOC). CB46 is a high-yielding, erect, compact, bush-type cultivar 

developed for monoculture (Helms et aL, 1991). TOC is a low-yielding, locally 

adapted, spreading or climbing landrace (Chapter 1). CB46 was chosen to 

represent an improved, high-yielding, bush-type genotype similar to that which 

might be grown in a high-input sole crop. TOC was chosen to represent a 

traditional, low-yielding, spreading or climbing genotype similar to that which 

might be grown in a low-input intercrop. Pearl millet (Pelllziselll1n americallllln 

[L.] Leeke) 'Custer' was used as the cereal component in the intercrop. Custer is 

an early-maturing (80 day), short-stature (1.2 m) millet (W. Stegmeier, personal 

communication, 1993). 

A randomized complete block design with three replications was used in 

both years to evaluate biomass and leaf area of two contrasting cowpea genotypes 

grown in sale crop and intercrop with millet. Plots were 7 rows wide X 11.5 m 

long in 1990 and 12 m long in 1991, with 1 m between rows that were oriented 

north-south. Plots were hand-planted and furrow irrigated on 3 July in 1990 and 2 

July in 1991. Plots were thinned 20 days after planting (DAP) in 1990 and 13 

DAP in 1991 to cowpea densities of 40,000 and 20,000 plants ha-1 in sole crop and 

intercrop, respectively. Millet in intercrop plots was thinned 20 DAP in 1990 and 

9 DAP in 1991 to 3 plants hilt!, with 20,000 hills ha-1• Intercrop cowpea and 

millet alternated within each row. 
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Cowpea biomass and allocation were determined by randomly harvesting 10 

plants, 2 from each of the central 5 rows of each plot, at several times during the 

growing season. In 1990, three mid-season harvests of total above-ground biomass 

occurred 24, 43, and 68 DAP, with the final harvest occurring 108 DAP for CB46 

and 120 DAP for TOe. In 1991, four mid-season harvests occurred 23, 37, 51, 

and 65 DAP, with the final harvest occurring 78 DAP for CB46 and 93 DAP for 

TOe. Each mid-season harvest area was 5 m2
, while the final harvest area was 

17.5 m2 in 1990 and 10 m2 in 1991. Each harvest area had a 1 m border on all 

sides. Harvested plants were separated into vegetative (stems, petioles, and 

leaves) and reproductive (peduncles, flowers, and pods) biomass fractions. 

Harvested material was dried for 48 hr at 70 C in forced-convection ovens. 

Cowpea leaf area distribution in the intercrop canopy was determined 68 

DAP in 1990 and 65 DAP in 1991. Cowpea leaves were harvested from three 

vertical and two horizontal strata. The vertical strata were 0-50, 50-100, and 100-

150 cm above the soil-plant interface on the bed. The horizontal strata were each 

50 cm wide, one centered on the bed and the other on the furrow. Leaf biomass 

for each of the six strata was measured after oven-drying at 70 e. Leaf area was 

calculated using an area/weight conversion factor obtained from a random sample 

of 15 leaves in each stratum. For each sample, leaf areas were measured prior to 

drying with a Delta-T Devices Ltd. area meter. 

Total cowpea leaf area in intercrop was calculated by summation across the 
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six strata. Total cowpea leaf area in sole crop was also determined 68 DAP in 

1990 and 65 DAP in 1991. Leaf area was calculated from biomass measurements 

using an area/weight conversion factor obtained from a random sample of 15 

leaves. 

Light extinction profiles at midday in the millet canopy were measured 72 

DAP in 1990 and 67 DAP in 1991 in plot areas from which cowpea had been 

recently harvested to determine leaf area distribution. Midday photosynthetically

active photon flux densities (PPFD) were measured with a Li-Cor Inc. model LI-

1915A line quantum sensor. Midday PPFD was measured in the beds and furrows 

at 0, 50, 100 and 150 cm heights. For both bed and furrow measurements, the top 

of the bed represented 0 cm. Bed measurements were obtained by placing the 

line quantum sensor along aIm length of row (through the millet canopy for 0, 

50, and 100 cm) at each height class. Furrow measurements were obtained by 

centering the line quantum sensor in the furrow at the respective heights. 

Millet vegetative and reproductive biomass was determined for 10 plants 

harvested 77 DAP in 1990 and 76 DAP in 1991 from the 5 m2 area in which 

midday PPFD was measured. Above-ground biomass was separated into 

vegetative (stems and leaves) and reproductive (heads with grain) components. 

Harvested material was oven-dried for 48 hr at 70 C. 
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Statistical Analysis 

Standard analysis of variance was used in each year to analyze the effects 

of cowpea genotype and cropping system on cowpea vegetative and reproductive 

biomass at each harvest date and on cowpea total leaf area. A fixed effects model 

was used in all analyses. Both a non-parametric analysis of variance using the 

ranks of variables and a standard analysis of variance on the log transformed 

variables were performed for those variables that did not appear to meet ANOV A 

assumptions of normality and equal variances. No differences in significance were 

observed between the analyses of logs, ranks, and original data. Therefore, all 

reported data and analyses refer to the original, untransformed data. 

Standard analysis of variance was also used in both years to analyze the 

effects of genotype and cropping system on the percentage of cowpea total 

biomass allocated to reproduction. Analyses were performed on both the original 

and arcsine transformed data, with no difference in results. Reported data refer 

to the original, untransformed data. 

For those variables with significant interactions, differences between 

treatment means were analyzed using the least significant difference (LSD) test. 

Significance was determined at P < 0.05. 

T-tests were used in both years to analyze the effect of genotype on leaf 

area and midday PPFD for each height class in both the bed and furrow in 

intercrop. T-tests were also used to analyze the effect of location (bed versus 



furrow) on midday PPFD for each height class. In addition, t-tests were used to 

analyze the effect of cowpea genotype on millet vegetative and reproductive 

biomass in intercrop. Significance was determined at P < 0.05. 

RESULTS 

Cowpea vegetative biomass 

Genotype and cropping system significantly affected cowpea vegetative 

biomass at the final harvest in 1990 and 1991 (Tables 5 and 6). In both years, 

more vegetative biomass was produced by TOC than CB46, and more vegetative 

biomass was produced in sole crop than intercrop (Fig. 2). 
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Similar genotype and cropping system effects occurred 43 DAP in 1990 

(Table 5, Fig. 2). Significant genotype X cropping system interactions occurred 68 

DAP in 1990 and 37, 51, and 65 DAP in 1991 (Tables 5 and 6). At each of these 

harvests, TOC produced more vegetative biomass than CB46 in each cropping 

system, though the magnitude of the difference varied with cropping system (Fig. 

2). 

Cowpea reproductive biomass 

There was a significant genotype X cropping system interaction for cowpea 

reproductive biomass at the final harvest in 1990 and 1991 (Tables 5 and 6). In 

both years, reproductive biomass was greater for CB46 than TOC in sole crop, 

whereas it was greater for TOC than CB46 in intercrop (Fig. 3). 



TABLE 5 

F-values from analysis of variance of cowpea vegetative (V) and reproductive (R) biomass for CB46 and 
TOC in sole crop and intercrop in 1990. 

24DAP 43DAP 68DAP 

Source df V R V R V R 

Replication 2 0.18 0.0 0.43 1.00 0.85 0.85 
Genotype (G) 1 0.48 0.0 13.63* 391.42** 57.69** 75.05** 
Cropping system (C) 1 1.96 0.0 153.90** 100.67** 67.46** 72.37** 
G X C interaction 1 0.76 0.0 0.66 97.19** 7.19* 35.58** 

iThe final harvest occurred 108 DAP for CB46 and 120 DAP for TOe. 
* P < 0.05. 

** P < 0.001. 

Final harvest t 

V R 

1.09 2.35 
34.18** 7.87* 
53.27** 33.01** 
0.01 47.72** 

Ut 
o 



TABLE 6 

F-values from analysis of variance of cowpea vegetative (V) and reproductive (R) biomass for CB46 and 
TOC in sole crop and intercrop in 1991. 

23DAP 37DAP 

Source df V R V R 

Replication 2 1.15 0.0 2.03 2.63 
Genotype (G) 1 8.75* 0.0 72.93** 1146.31** 
Cropping system (C) 1 0.30 0.0 301.64** 225.00** 
G X C interaction 1 0.04 0.0 7.74* 225.00** 

Table 2. cont'd. 

65 DAP Final harvest t 

V R V R 

2.54 0.03 0.57 DAD 
75.82** 9.20* 12.24* 2.19 

114.98** 131.81** 18.59* 258.58** 
11.34* 7.31* 1.67 53.82** 

~he final harvest occurred 78 DAP for CB46 and 93 DAP for TOe. 
* P < 0.05. 

** P < 0.001. 

51DAP 

V R 

2.89 1.93 
345.01** 151.25** 
655.44** 151.25** 

73.97** 67.02** 

VI 
Jo-.'o 
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FIGURE 2 

Vegetative biomass for CB46 and TOC in sale crop and intercrop in 1990 and 
1991. Bars indicate 1 SE, except where bars are eclipsed by the symbols. 
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FIGURE 3 

Reproductive biomass for CB46 and TOC in sole crop and intercrop in 1990 and 
1991. Bars indicate 1 SE, except where bars are eclipsed by the symbols. 



In both years, a significant genotype X cropping system interaction was 

observed as early as the second harvest (43 DAP in 1990 and 37 DAP in 1991), 

and was maintained throughout the growing season (Tables 5 and 6, Fig. 3). 

Cowpea biomass allocation 
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There was a significant genotype X cropping system interaction for the 

percentage of cowpea total biomass allocated to reproduction at the final harvest 

in 1990 and 1991 (Table 7). In both years, TOC allocated more biomass to 

reproduction in intercrop than sole crop (Table 8). In contrast, CB46 allocated 

approximately the same (1990) or less (1991) biomass to reproduction in intercrop 

than sole crop. 

Cowpea leaf area 

Genotype and cropping system significantly affected cowpea total leaf area 

68 DAP in 1990 and 65 DAP in 1991 (Table 7). In both years, more total leaf 

area was produced by TOC than CB46, and more total leaf area was produced in 

sole crop than intercrop (Table 8). 

The distribution of cowpea leaf area within the intercrop canopy varied 

between cowpea genotypes (Fig. 4). In both years, TOC produced significantly 

more leaf area than CB46 in the furrow at 0-50 cm. Additionally, in 1990, TOC 

produced significantly more leaf area than CB46 in the bed at 0-50 and 50-100 cm. 

In both years, only TOC produced leaf area above 100 cm in either the bed or the 

furrow. 
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TABLE 7 

F-values from analysis of variance of cowpea reproductive biomass allocation 
and total leaf area for CB46 and TOC in sole crop and intercrop in 1990 and 1991. 
Reproductive allocation was measured at the final harvest in both years, and leaf area 
was measured 68 DAP in 1990 and 65 DAP in 1991. 

Reproductive 
allocation Leaf area 

Source df 1990 1991 1990 1991 

Replication 2 3.50 0.75 1.36 1.16 
Genotype (G) 1 199.52"'''' 25.60'" 39.53"'''' 87.96** 
Cropping system (C) 1 37.58"'''' 0.63 18.26* 29.02* 
G X C interaction 1 28.57'" 28.91* 0.19 2.35 

'" P< 0.05. 
"'''' P< 0.001. 
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TABLE 8 

Mean values for three replicates of cowpea reproductive biomass 
allocation and total leaf area for CB46 and TOC in sale crop and intercrop in 
1990 and 1991. Reproductive allocation was measured at the final harvest in both 
years, and leaf area was measured 68 DAP in 1990 and 65 DAP in 1991. 

Reproductive 
allocation Leaf area 

1990 1991 1990 1991 

(%) (cm2 plallrl) 

Sale crop 
CB46 62 60 7,428 3,545 
TOC 33 37 12,822 6,067 

11ltercrop 
CB46 63 47 3,085 1,322 
TOC 50 47 9,286 4,828 

LSD (0.05) (5) (7) (2,259) (778) 
CV (%) 5 8 20 14 
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Light availability 

Midday PPFD in the millet canopy was significantly higher in the furrow 

than in the bed at 0, 50, and 100 cm in both years (Fig. 5). At each height in both 

the bed and the furrow, midday PPFD in the millet canopy did not differ for 

millet grown with CB46 and that grown with TOC (Fig. 5). 

Millet biomass 

Millet vegetative biomass was significantly lower (5% in 1990 and 7% in 

1991) when millet was intercropped with TOC than when intercropped with CB46 

(Table 9). Millet reproductive biomass was also significantly lower (8% in both 

years) when millet was intercropped with TOC than when intercropped with CB46 

(Table 9). 

DISCUSSION 

In both years, TOC produced more vegetative biomass than CB46 in both 

cropping systems. In addition, there was a significant genotype X cropping system 

interaction for cowpea reproductive biomass in both years, such that CB46 

outproduced TOC in sale crop and ~OC outproduced CB46 in intercrop. 

The ability of TOC to produce more vegetative and reproductive biomass 

than CB46 in intercrop may have resulted from differences in the growth habits 

and reproductive timing of the two cultivars. TOC had a spreading or climbing 

habit, which may have enabled it to spread into the furrow and climb high into the 
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Midday photosynthetically-active photon flux density (PPFD) in the millet canopy 
intercropped with CB46 and TOC in 1990 (72 DAP) and 1991 (67 DAP). 
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TABLE 9 

Mean values for three replicates + 1 SE of millet vegetative and reproductive 
biomass for millet intercropped with cowpea in 1990 and 1991. Millet was 
harvested 77 DAP in 1990 and 76 DAP in 1991. 

1990-Intercropped with 
CB46 
TOC 

1991-Intercropped with 
CB46 
TOC 

Millet Millet 
vegetative biomass reproductive biomass 

170.3 + 1.6 
162.4 + 0.9 

275.7 + 4.9 
257.5 + 13.1 

260.8 + 4.0 
238.6 + 2.1 

218.1 + 3.2 
200.7 + 8.4 
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intercrop canopy, such that its leaves had increased access to higher incident light 

levels. In contrast, CB46 had a compact, bush habit, which may have restricted it 

to a more limited light environment in the intercrop. 

Differences in reproductive timing, and hence in the timing of high 

resource demand, between component crops have been suggested as reducing 

interspecific competition in intercrop (Willey, 1979). During the approximate time 

between millet flowering (33-34 DAP) and harvest (76-77 DAP), TOC produced a 

much smaller proportion of its final reproductive biomass than did CB46. In 1990, 

TOC and CB46 produced 10% and 42%, respectively, of their final reproductive 

biomass between 43 and 68 DAP. In 1991, TOC and CB46 produced 20% and 

69%, respectively, of their final reproductive biomass between 37 and 65 DAP. 

Given the reduced overlap with millet in reproductive timing, TOC may thus have 

been less competitively suppressed in intercrop than was CB46. 

The different responses of contrasting cowpea genotypes to sole crop and 

intercrop may have implications for farmers with regard to cultivar and cropping 

system choices. In Sahelian West Mrica, cowpea is used not only as a pulse but 

also as a green vegetable, fodder, or cover crop (Steele and Mehra, 1980). If, for 

example, the intended use of cowpea in these experiments was as a leafy 

vegetable, then TOC might be considered a more appropriate cultivar choice than 

CB46 in both sole crop and intercrop. In contrast, if reproductive biomass was 

the desired product, then CB46 might be preferred in sole crop, whereas TOC 



might be preferred in intercrop. Thus, in the latter case, cultivar choice would 

differ with cropping system. 
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Since cowpea is considered a minor crop in the intercrop system, its 

potential impact on a primary crop such as millet is also important. TOC had a 

slight but more negative effect on millet vegetative and reproductive biomass than 

did CB46 in both years. Thus, the question for farmers may be whether a slight 

decrease in yield of the primary crop can be compensated for by yield of the 

minor crop, whether in vegetative or reproductive terms. This may be particularly 

relevant in those cases where seed yield of the legume component exhibits a 

higher market price (Francis and Sanders, 1978). 

Breeding objectives for improving cowpea cultivars for cowpea/millet 

intercrops may be influenced both by genotype X cropping system interactions and 

by the relative importance of cowpea vegetative and reproductive components to 

farmers. Increased production of cowpea vegetative and reproductive biomass 

may be achieved with a more spreading or climbing cowpea growth habit 

compared to a compact, bush habit. Increased production of cowpea reproductive 

biomass may also be achieved by a reduction in the overlap of reproductive timing 

between cowpea and millet. At least for cowpea reproductive biomass, the resuits 

suggest that different plant traits may be more appropriate for cuitivars intended 

for use in intercrop than those commonly bred into cultivars intended for use in 

sale crop (Chapter 3). 
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CHAPTER 3 

IDENTIFICATION OF PLANT ARCHITECTURAL TRAITS ASSOCIATED 

WITH COWPEA YIELD IN INTERCROP 

INTRODUCTION 

Agricultural production in most developing countries depends heavily on 

low-input mixed cropping systems, such as intercropping. It is estimated that 15 to 

20% of the world food supply is produced in these systems (Francis, 1985). 

Approximately 80% of bean (Phaseolus vulgaris L.) production in Latin America 

and 98% of cowpea (Vigna unguiculata [L.] Walp.) production in Africa, for 

example, comes from intercropping (Francis et aI., 1976; Francis, 1978). Though 

more current figures may be somewhat lower, it is unlikely that these percentages 

would have declined greatly in recent years (Davis et aI., 1986), suggesting that 

intercropping remains an important means of agricultural production in many 

countries (Vandermeer, 1989; Woolley et aI., 1991). 

Plant breeding strategies commonly focus on improving crop yields, and 

often do so either by selection for yield per se or by indirect selection for yield via 

"defect removal"; i.e., the minimizing or elimination of biotic or abiotic constraints 

to yield potential (e.g. disease resistance and tolerance to increased salinity) 

(Marshall, 1991). A third approach suggested by Donald (1968) was the concept 

of ideotype breeding, which emphasized selecting specific morphological or 



physiological plant traits that would contribute to increased crop yield in a 

particular environment. 
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Many factors, both genetic and environmental, may affect yield. Variation 

in quantitative traits such as yield is due to heritable genetic differences at many 

genes and the effect of the environment on expression of those genes (Falconer, 

1989). Results of the combined environmental influences on many genes make it 

difficult to relate a given phenotype to a particular genotype, and vice versa 

(Sedgley, 1991). Thus, genotype X environment interactions, which result in 

altered phenotypic expression of a trait under different environmental conditions 

(Neinhuis and Singh, 1985), greatly complicate the plant breeders' task of selecting 

appropriate genotypes based on phenotypic performance. This may be 

particularly relevant when breeding cultivars to be used in intercrop, since the 

performance of a cultivar in intercrop may not have been accurately predicted by 

its performance in sole crop (Chapter 1), where most breeding and selection 

occurs (Willey and Osiru, 1972; Hamblin and Zimmermann, 1986; Hill, 1990; 

Simmonds, 1991; Davis and Woolley, 1993). Thus, farmers who rely on intercrop 

systems may not fully benefit from the release of improved cu1tivars when those 

cultivars have been bred for sole crop systems (Wahua et al., 1981; Hill, 1990). 

Intentional selection of plant traits associated with yield in a particular 

environment has been used successfully for several major crops, most notably 

wheat (Triticum aestivum L.) (Donald, 1968) and rice (Olyza sativa L.) (Jennings, 
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1964). In addition, Adams (1982) developed an erect bean (Phaseoius vulgaris L.) 

ideotype suitable for a monoculture system with mechanized harvesting, which 

differed from other bean plants in several distinct architectural features. A basic 

premise to ideotype breeding, however, is that the breeder knows, a priori, what 

plant traits are to be selected (Donald, 1968; Rasmusson, 1987; Acquaah et al., 

1991). 

Donald and Hamblin (1976), using inbreeding cereals, characterized 

different cereal ideotypes based on the nature of plant competition in contrasting 

ecosystems, that of a mixed community (consisting of segregating populations) and 

a monoculture. In high-density monocultures, the successful crop ideotype should 

be a "weak competitor", since crop yields would be maximized when individual 

plants have little or no negative competitive effect on their genetically identical 

neighbors (Donald, 1968; Donald and Hamblin, 1983). This ideotype was 

characterized as an erect plant, with little tillering, small erect leaves, and a high 

harvest index (Donald, 1968; Marshall, 1991). By contrast, in mixed or segregating 

populations, the successful crop ideotype should be "strongly competitive", since its 

representation in the next generation depends on its ability to outcompete its less 

aggressive neighbors for resources (Donald and Hamblin, 1983; Sedgley, 1991). 

Morphological characteristics identified with successful competitors in annual seed 

crops included annual habit, tallness, leafy canopy, and branching or tillering 

(Donald and Hamblin, 1983). 



Different plant types may be required for intercrops than for sole crops 

(Davis and Woolley, 1993), due largely to the nature of plant competition within 

each cropping system. In sole crop, plant competition is principally of an 

intraspecific nature (competition with weeds not withstanding). By contrast, in 

intercrop, plant competition is principally of an interspecific nature, although the 

relative degree of inter- to intra-specific competition may vary with row spatial 

arrangement and plant density of the component crops. In intercrops, plant 

competition between component crops may be minimized by use of crop species 

whose temporal or spatial patterns of resource use differ (Willey, 1979a). 

Consequently, plant traits suitable for a "monoculture ideotype" may not be 

equally suitable for an "intercrop ideotype". Thus, selection criteria for yield

related plant traits might differ for the respective cropping systems. 
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Cowpea/millet intercrops are an integral and significant component of crop 

production systems in Sahelian West Mrica (Ntare, 1990). Cowpea yields are 

typically low, with the average yield of cowpea grown in intercrop being 

approximately 200 kg ha-1 (Ntare, 1989). Low cowpea densities (Wien and 

Summerfield, 1984), and use of traditional, photoperiod sensitive cowpea cllltivars 

(Ntare, 1990), may contribute to the low yields. Although progress has been made 

toward developing improved cowpea cllltivars for use in Sahel ian West Africa 

(Singh and Ntare, 1985), most new cultivars are more suited to sole cropping 

(Ntare, 1989). 
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The objective of the present study was to identify plant architectural traits, 

or sets of traits, associated with cowpea seed yield under intercropping with pearl 

millet. This might, in turn, ellucidate alternative selection criteria useful in the 

development of crop genotypes for intercropping. The basic approach undertaken 

was to use F2 populations, grow them in intercrop with millet, and examine the 

potential relationships between various plant traits and yield. 

Preliminary analysis of architectural traits for CB46 in sole crop and 

intercrop, and for TOC in intercrop suggested that the spatial distribution of pods 

differed between the cropping systems (Appendix, Tables 19 and 20). In 

intercrop, pod production from nodes associated with long internodes was 

significantly correlated (r8= 0.65 and 0.81 for CB46 and TOC in intercrop, 

respectively) with seed yield, while for CB46 in sole crop, pod production from 

nodes associated with intermediate internode lengths was significantly correlated 

(r8=0.69) with seed yield. A potential limitation to the analysis of parents, 

however, was a possible lack of appropriate phenotypic variation. The Fzs 

represented a potentially large range of phenotypic variation resulting from 

recombination of the parental genes. A potential benefit of using Fzs was that 

recombination resulting in plants with unique combinations of architectural traits 

might allow assessment of the contributions of individual architectural traits to 

cowpea yield under intercropping. The alternative to using F2 populations would 

have been to use a large number of cowpea genotypes, each characterized by 
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qualitative differences in the desired architectural traits. 

MATERIALS AND METHODS 

Cowpea genotypes used were 'California Blackeye 46' (CB46), 'Tohono 

O'odham' (TOC), and 'Red Ripper' (RRC). CB46 is an improved, high-yielding, 

erect, compact, bush cultivar developed for monoculture (Helms et. aI., 1991). 

TOC is a locally adapted, low-yielding, spreading or climbing land race grown in 

rain-fed agricultural systems on the Tohono O'odham Reservation southwest of 

Tucson (Chapter 1). RRC is an improved, prostrate or vining cultivar. In trials in 

Tucson, AZ., RRC had smaller leaves and a lower mean seed weight than either 

CB46 or TOC (S.c. Nelson, unpublished data). CB46 and RRC are each 

phenotypically homogeneous pure lines, whereas TOC is considerably more 

variable (in overall plant size, seed coat color, seed coat pattern, and seed size) 

than either CB46 or RRC and is most likely not a pure line. Seed of CB46 was 

obtained from the Department of Agronomy, University of California at Davis, 

TOC from Native Seed/SEARCH (accession number V01-006) in Tucson, AZ., 

and RRC from C.T. Smith, Co. (Lot 3824) in Pleasanton, Texas. Pearl millet 

(Pellllisetum americallum [L.] Leeke) 'Custer', a short-stature (1.2 m), early

maturing (80 day) millet, was used as the intercrop component and was developed 

by Kansas State University. 



69 

The 3 parents were crossed in all possible combinations, including 

reciprocal crosses, using techniques described by Blackhurst and Creighton Miller 

(1980) in the summer of 1990. Fifty-seven F1 plants were grown in the 

greenhouse during the winter of 1990-91 and allowed to self-pollinate. In 1991, all 

F2 seeds with the same two parents were bulked, resulting in three F2 populations. 

These three F2 populations were then grown in intercrop with millet on a Grabe 

fine loam (mixed [calcareous] thermic, typic, torrifluvent) at the West Campus 

Agricultural Center of the University of Arizona in Tucson, AZ (320 N latitude, 

1110 W longitude; 787 m elevation). Temperature and rainfall data were obtained 

from a permanent weather station located adjacent to the field. During the 

growing season (July through October), total precipitation was 74 mm and daily 

maximal temperatures averaged 35.4 C (Chapter 1). 

The experimental design was a randomized complete block with four 

replications. Bordered plots were 6 rows wide X 6 m long, with 1 m between rows 

that were oriented north-south, and a 25 cm within-row distance between plants. 

The field was hand-planted and furrow-irrigated to field capacity 2 July 1991. 

Prior to planting, the fidd was fertilized with 45 kg N ha-1 and 56 kg P20 S ha-1 as 

ammonium phosphate. Cowpea was thinned 10 days after planting (DAP) to 

20,000 plants ha-1 and millet was thinned 16 DAP to 3 plants hiIr\ with 20,000 

hills ha-1. Cowpea and millet alternated both within and across rows. To avoid 

severe water stress, the field was furrow-irrigated to field capacity 17, 24, 34, 48, 



and 67 DAP. Plots were weeded by hand, and insecticides and fungicides were 

applied as needed. 
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Seed yield, number of pods, seeds per pod, mean seed weight, total plant 

length (sum of all branch lengths), number of nodes, and number of branches 

were recorded for 587 individual F2 plants after harvesting at maturity. Spatial 

distribution of pods among the plant shoot system may also influence cowpea yield 

(De Moura and Foster, 1986). Thus, the distributions of pods among and along 

branches were examined. Pod distribution among branches was classified 

according to three branch categories: 1) the main stem branch, 2) basal branches, 

which consisted of branches produced from the first several (2-5) nodes on the 

main stem, and 3) distal branches, which consisted of branches produced from 

nodes along the main stem distal to the location of basal branches. Distal 

branches often occurred at or near the top of the intercrop canopy and were 

easily distinguished from basal branches. Pod distribution along branch axes was 

classified according to the length of the subtending internode, since pods are 

produced nodally. Internode lengths were divided into three categories: 1) 

internodes < 5 cm, 2) internodes 5-10 cm, and 3) internodes> 10 cm. In general, 

internodes were shortest near the base of a branch, and increased in length with 

increasing distance from the base. This typically resulted in the shorter « 5cm) 

internodes occurring lower in the intercrop canopy and the longer (> 10 cm) 

internodes occurring higher in the intercrop canopy. The number of mature pods 
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in each branch and internode category with at least one viable seed was counted. 

Viability was visually determined by seed size, color, and seed coat texture. 

Yield components of many crops exhibit some degree of interdependency, 

often of a negative nature (Adams, 1967). Hence, relationships among the first

order yield components (number of pods, seeds per pod, and mean seed weight) 

were analyzed. Negative relationships may also occur among plant traits other 

than first-order yield components. Thus, the relationships among plant length, 

node number, and number of branches were analyzed. 

In 1990, as part of a different experiment, CB46 and TOC were grown in 

sale crop and intercrop with pearl millet in a randomized complete block design 

with three replications (Chapters 1 and 2). The single difference between the two 

experiments (other than their having occurred in different years) was that cowpea 

and millet did not alternate across rows in 1990, though they did within rows. 

Seed yield, number of pods, seeds per pod, mean seed weight, plant length, 

number of nodes, and number of branches were measured for CB46 in sale crop 

and intercrop, and for TOC in intercrop. The number of pods produced in the 

different branch and internode length categories were also measured. No 

measurements were available for TOC in sale crop since I was unable to harvest 

individual plants due to the excessive spreading and intertwining of branches 

within and across crop rows. 



72 

STATISTICAL ANALYSIS 

Selection commonly occurs from those individuals in a population that 

exhibit the highest yields. Hence, this study focusses on the highest yielding 25% 

(upper 25%) of each cross. Though the same analyses were performed on the 

total population of each cross, the results are markedly similar between population 

sizes. Thus, analyses on the total population of each cross are presented in the 

Appendix (Tables 21-27), since neither the results nor discussion are altered 

appreciably by their inclusion. 

Univariate analysis 

For the F2 populations, analysis of the distributions of various cowpea plant 

traits (Procedure UNIVARIATE, SAS Institute, 1988) using both original and 

transformed variables (Appendix, Table 29) revealed significant deviations from 

normality for most all variables. Thus, the associations between cowpea seed yield 

and individual plant traits were assessed for each cross using a non-parametric 

Spearman rank correlation analysis (Procedure CORR, SAS Institute, 1988). 

Spearman rank correlation analysis was also used to determine the degree of 

association among: 1) first-order yield components, 2) plant length, number of 

nodes, and number of branches, 3) the number of pods produced in three branch 

categories, and 4) the number of pods produced in three internode categories. 
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Multivariate Analysis 

Multivariate analyses that operate under the assumption of normality are 

not as robust to deviations from normality as are univariate analyses (Manly, 

1986). Hence, the following multivariate analyses are performed in an exploratory 

manner and are not meant to test an a priori defined hypothesis. 

Principal component analysis (PCA) was used to describe the total 

variation in the data set and how that might relate to cowpea seed yield under 

intercropping with millet. PCA is useful in those cases where high correlations 

exist between the original variables (Manly, 1986). PCA (Procedure PRINCOMP, 

SAS Institute, 1988) was performed using number of pods, seeds per pod, mean 

seed weight, plant length, and number of nodes, for the upper 25% of each of the 

three F2 populations. Number of branches was not included in the analysis since 

its classification as a continuous variable was questionable due to its limited range 

of values. Variables characterizing the distribution of pods within the shoot 

system (branch and internode categories) were not included due to the reduction 

in sample size when included. As in the univariate analysis, PCA was also used 

with the total population of each cross and is presented in the Appendix (Table 

28). 

The objective of peA is to reduce a large set of variables into a smaller 

number of indices, or components, that adequately describe variation in the data 

(Manly, 1986). Since the first PC describes the largest amount of variation, and 
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each succeeding PC less and less, a difficulty arises in determining the number of 

PC axes that adequately describe the variation present in the original variables. 

In the present study, PCA was used as an exploratory tool, hence all PCs are 

discussed, though not all might provide insight of a biological nature. 

Determination of what constitutes a sufficiently high loading coefficient to 

be considered biologically meaningful is also highly subjective. The most 

important variables representing an axis would ideally have high loadings 

contrasted by low loadings of the minor variables (Denis and Adams, 1978). In 

the present study, I have included primarily only those variables with loading 

coefficients > O.4?, since variables with coefficients less than that did not appear 

to provide a biologically interpretable assessment of the data. 

To assess the potential importance of the plant traits to cowpea seed yield 

in intercrop, seed yield was regressed on individual PC axes obtained from a PCA 

using data that was pooled across the crosses. This was also done for the total 

population and is presented in the Appendix (Fig. 7). 

RESULTS 

Univariate Analysis 

The number of pods was significantly and positively correlated with seed 

yield in the upper 25% of each cross (Table 10). Seeds per pod and mean seed 

weight were significantly and positively correlated with seed yield in the CB46 X 
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TABLE 10 

Spearman rank correlations between seed yield and various plant traits for the 
highest yielding 25% in three F2 cowpea populations intercropped with pearl 
millet in Tucson, Arizona in 1991. 

Plant traits rt s P< CV (%) n 

CB46XTOC 
No. pods 0.76 0.0001 37 44 
Seeds per pod 0.54 0.0002 17 44 
Mean seed wt. 0.42 0.0048 12 44 
Plant length 0.71 0.0001 71 44 
No. nodes 0.75 0.0001 57 44 
No. branchesll 0.41 0.0121 68 36 

TOCX RRC 
No. pods 0.90 0.0001 46 51 
Seeds per pod 0.08 nsb 13 51 
Mean seed wt. 0.21 nsb 12 51 
Plant length 0.60 0.0001 59 51 
No. nodes 0.68 0.0001 51 51 
No. branchesll 0.43 0.0021 62 48 

CB~'6X RRC 
No. pods 0.77 0.0001 49 51 
Seeds per pod 0.08 nsb 13 51 
Mean seed wt. 0.41 0.0028 17 51 
Plant length 0.55 0.0001 66 51 
No. nodes 0.54 0.0001 60 51 
No. branchesll 0.43 0.0348 52 24 

t Spearman rank correlation coefficient. 
II Number of basal and distal branches. 
b Not significant at P < 0.05. 
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TOC cross, as was mean seed weight in the CB46 X RRC cross. CVs ranged 

from 12% for mean seed weight to 49% for pod number. Yield component 

compensation appeared to be primarily non-significant in the upper 25% of each 

cross (Table 11). However, a significant negative correlation occurred between 

seeds per pod and mean seed weight in the TOC X RRC cross. 

Plant length, number of nodes, and number of branches were also 

significantly and positively correlated with seed yield in the upper 25% of all three 

crosses (Table 10). CVs ranged from 51 % for node number to 71 % for plant 

length. A greater proportion of plants produced branches in the TOC X RRC 

cross than in the other crosses. There were no negative associations among plant 

length, number of nodes, and number of branches in any cross (Table 12). 

The number of pods produced on basal branches was significantly 

correlated with seed yield in the upper 25% of all three crosses (Table 13). There 

was a significant positive correlation between seed yield and pods produced on the 

main stem branch in the CB46 X RRC cross, and between seed yield and pods 

produced on distal branches in the TOC X RRC cross. A greater proportion of 

plants produced pods on basal and on distal branches in the TOC X RRC cross 

than in the other two crosses. 

Of the twenty-two total plants that produced pods on distal branches in the 

CB46 X TOC cross (Appendix 1, Table 25), twenty of them (91 %) were among 

the upper 25% of the population (Table 13). Likewise, 29 of the total 40 plants 



77 

TABLE 11 

Correlation matrix from a Spearman rank correlation analysis among first-order 
yield components (number of pods, seeds per pod, and mean seed weight) for the 
highest yielding 25% in three F2 cowpea populations intercropped with 
pearl millet in Tucson, Arizona in 1991. 

CB46XTOC 
n = 44 Seeds per pod 

Mean seed wt. 

TOCXRRC 
n=51 

CB46 X RRe 

Seeds per pod 
Mean seed wt. 

n = 51 Seeds per pod 
Mean seed wt. 

** Significant at P < 0.01. 

No. Pods 

0.05 
0.01 

-0.14 
0.09 

-0.27 
-0.04 

Seeds 
per pod 

0.19 

-0.39** 

0.03 
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TABLE 12 

Correlation matrix from a Spearman rank correlation analysis among plant length, 
number of nodes, and number of branchesn for the highest yielding 25% in three 
F2 cowpea populations intercropped with pearl millet in Tucson, Arizona in 1991. 

CB46XTOC 
No. nodes (n=44) 
No. branches8 (n=36) 

TOCX RRC 
No. nodes (n=51) 
No. branches8 (n=48) 

CB46XRRC 
No. nodes (n=51) 
No. branches8 (n=24) 

Plant 
length 

0.94*** 
0.46** 

0.89*** 
0.39** 

0.93*** 
0.70*** 

n Number of basal and distal branches. 

No. nodes 

0.63*** 

0.59*** 

0.74*** 

** and *** are significant at P < 0.01 and P < 0.001, respectively. 
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TABLE 13 

Spearman rank correlations between seed yield and the number of pods produced 
in branch categories for the highest yielding 25% in three F2 cowpea populations 
intercropped with pearl millet in Tucson, Arizona in 1991. 

Branch category rt s p< CV (%) n 

CB46XTOC 
Main stem branch 0.12 nsll 32 44 
Basal branches 0.43 0.0300 75 26 
Distal branches 0.34 nsll 112 20 

TOCX RRC 
Main stem branch 0.13 nsn 53 51 
Basal branches 0.44 0.0060 84 38 
Distal branches 0.44 0.0167 70 29 

CB46 X RRC 
Main stem branch 0.44 0.0018 39 49 
Basal branches 0.65 0.0038 92 18 
Distal branches 0.75 nsa 72 7 

t Spearman rank correlation coefficient. 
n Not significant at P < 0.05. 
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(73%) that produced pods on distal branches in the TOC X RRC cross, and seven 

of the total nine plants (78%) in the CB46 X RRC cross, were among the upper 

25% of their respective crosses. In each cross, less than 50% of the total number 

of plants that produced pods on basal branches were in the highest yielding 25%. 

Among the highest yielding 25% in each cross, a greater proportion of plants 

produced pods on basal or distal branches than did so within each cross as a 

whole (also see Appendix 1). 

Significant negative correlations between the number of pods produced on 

the main stem branch and on basal branches occurred in both the CB46 X TOC 

cross and the TOC X RRC cross (Table 14). A significant negative correlation 

was also observed between pods produced on the main stem branch and on distal 

branches in the TOC X RRC cross. Thus, increased pod production on a 

particular branch type may lead to decreased production on a different branch 

type, resulting in no net change in seed yield. 

Pod production in the longest internode category (> 10 cm) was 

significantly correlated with seed yield in the upper 25% of each cross (Table 15). 

Pod production in the intermediate internode category was significantly correlated 

with seed yield in the CB46 X TOC cross. More plants produced pods in the 

longest internode category than in the other two internode categories. 

Correlations among the number of pods produced in the three internode 

categories were predominantly non-significant, with two exceptions (Table 16). 
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TABLE 14 

Correlation matrix from a Spearman rank correlation analysis among the number 
of pods produced on main stem, basal and distal branches for the highest yielding 
25% in three F2 cowpea populations intercropped with pearl millet in Tucson, 
Arizona in 1991. 

CB46XTOC 
Basal branches (n=26) 
Distal branchesR 

TOCXRRC 
Basal branches (n = 38) 
Distal branchesb 

CB46XRRC 

Main stem 
branches 

-0.49* 
-0.29 

-0.43** 
-0.45* 

Basal branches (n=16) 0.21 
Distal branch esc -0.44 

No. basal 
branches 

-0.07 

0.27 

n n=20 with main stem branches and n= 11 with basal branches. 
b n=29 with main stem branches and n=20 with basal branches. 
c n=6 with main stem branches. Sample size (n=2) with basal branches 
was not sufficient for analysis. 
* and *'" are significant at P < 0.05 and P < 0.01, respectively. 
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TABLE 15 

Spearman rank correlations between seed yield and the number of pods produced 
in internode length categories for the highest yielding 25% in three F2 cowpea 
populations intercropped with pearl millet in Tucson, Arizona in 1991. 

Internode category rt s p< CV (%) n 

CB46XTOC 
< 5 cm 0.30 nsa 52 43 
5 - 10 cm 0.48 0.0012 70 42 
> 10 cm 0.34 0.0238 47 44 

TOCXRRC 
< 5 cm 0.12 ns3 61 42 
5 - 10 cm 0.26 nsa 82 45 
> 10 cm 0.66 0.0001 59 51 

CB46XRRC 
< 5 cm 0.12 nsn 70 37 
5 - 10 cm 0.03 ns" 51 43 
> 10 cm 0.73 0.0001 78 49 

t Spearman rank correlation coefficient. 
a Not significant at P < 0.05. 
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TABLE 16 

Correlation matrix from a Spearman rank correlation analysis among the number 
of pods produced in three internode categories for the highest yielding 25% in 
three Fz cowpea populations intercropped with pearl millet in Tucson, Arizona in 
1991. 

Internode category 

CB46XTOC 
5 - 10 cm (n=41) 
> 10 em n 

TOCX RRC 
5 - 10 cm (n=38) 
> 10 em b 

CB46 X RRC 
5 - 10 em (n=32) 
> 10 em C 

< 5 cm 5 - 10 em 

0.20 
-0.30* -0.11 

-0.08 
0.03 -0.34* 

0.01 
-0.07 -0.04 

n n=43 with internodes < 5 em and n=42 with internodes 5 - 10 em. 
b n=42 with internodes < 5 em and n=45 with internodes 5 - 10 em. 
C n=35 with internodes < 5 em and n=41 with internodes 5 - 10 cm. 
* Significant at P ~ 0.05. 
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Significant negative correlations were observed between the number of pods 

produced in the shortest and the longest internode categories in the CB46 X TOC 

cross, and between pods produced in the intermediate and longest internode 

categories in the TOC X RRC cross. 

Multivariate Analysis 

The composition of all five PC axes showed marked similarity across all 

three populations (Table 17). In the upper 25% of each cross, the first, second, 

and third PCs accounted for most of the variation in the data, approximately 90-

95% depending on the cross. The first axis may best be described as an index of 

plant size, with loadings positive and highest for plant length, number of nodes, 

and number of pods. 

The second and third PCs appear to indicate some degree of yield 

component compensation in the upper 25% of each population. An apparent 

trade-off between seeds per pod and mean seed weight occurs in each cross (on 

PC3 for the CB46 X TOe and CB46 X RRC crosses, and on PC2 for the TOC X 

RRC cross). Likewise, a potential trade-off between pod number and both seeds 

per pod and mean seed weight may be indicated by the negative (but low) loading 

coefficients for pod number versus the positive coefficients for the other two first

order yield components. Thus, PC2 and PC3 may both represent an index of seed 

number and size, with a potential relationship to pod number. However, pod 

number loads highest on PC4, hence compensation between pod number and 
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TABLE 17 

Loading coefficients from principal components analysis on the highest yielding 
25% of three F2 cowpea populations intercropped with pearl millet in Tucson, 
Arizona in 1991. 

PCl PC2 PC3 PC4 PC5 

CB46 X Toe (n=44) 
No. pods 0.47 -0.38 0.38 0.70 0.12 
Seeds per pod -0.03 0.71 0.70 0.03 0.01 
Mean seed wt. 0.30 0.59 -0.61 0.44 0.01 
Plant length 0.58 0.05 -0.01 -0.48 0.65 
No. nodes 0.59 -0.01 0.06 -0.30 -0.75 

Eigenvalues 2.76 1.22 0.76 0.24 0.02 
Variation accounted for by PC (%) 55 25 15 5 < 1 

TOe X RRe (n=51) 
No. pods 0.55 0.04 -0.25 0.79 -0.08 
Seeds per pod 0.03 0.70 0.69 0.16 -0.01 
Mean seed wt. 0.05 -0.71 0.67 0.22 0.04 
Plant length 0.58 -0.03 0.10 -0.44 -0.67 
No. nodes 0.59 0.02 0.04 -0.33 0.74 

Eigenvalues 2.76 1.41 0.62 0.18 0.03 
Variation accounted for by PC (%) 55 29 12 4 1 

CB46 X RRe (n=51) 
No. pods 0.49 -0.30 0.26 0.78 -0.04 
Seeds per pod -0.16 0.75 0.61 0.19 0.04 
Mean seed wt. 0.25 0.57 -0.73 0.30 -0.02 
Plant length 0.58 0.13 0.15 -0.39 -0.69 
No. nodes 0.59 0.09 0.11 -0.34 0.72 

Eigenvalues 2.69 1.03 0.90 0.33 0.04 
Variation accounted for by PC (%) 54 21 18 7 1 



either of the other two yield components may be less important than 

compensation between seeds per pod and mean seed weight in all three crosses. 
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PC4 is dominated by the high positive loading for pod number, with a slight 

contrast with plant length and node number. Hence, plants will score "high" 

(toward one end of the axis) when pod number is high but plant length and node 

number are low. In contrast, plants will score "low" (toward the other end of the 

axis) when pod number is low but plant length and node number are high. This 

might indicate some type of "efficiency" in pod production, such as the number of 

nodes producing pods (relative to the total number of available nodes), or the 

number of pods produced on any given node. 

PCS appears to contrast plant length with node number, implying that 

plants with decreased plant length but many nodes will score at one extreme of 

the PCS axis while plants with increased plant length but few nodes will score at 

the other extreme. However, the last PC axis can be considered "the line of worst 

fit" and as such may merely represent unexplained intrinsic variation (Jackson, 

1991). 

Results of regression analysis of seed yield on PC1 using pooled data from 

the upper 25% revealed that PC1 accounted for a significant amount of variation 

in cowpea seed yield (Fig. 6). The second PC axis did not explain any of the 

variation in cowpea seed yield (r2=0.001) nor did PC3 (r2=0.0001). 
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FIGURE 6 
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Regression of cowpea seed yield on the first PC axis from a principal components 
analysis using pooled data from the upper 25% of three F2 cowpea populations. The 
crosses are plotted separately, with each polygon enclosing all data points from the 
respective crosses. 
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DISCUSSION 

Under intercropping with millet, the three F2 cowpea populations exhibited 

highly skewed seed yield distributions and considerable phenotypic variation for 

most plant traits measured. Though this study was not designed to partition 

variation into genetic and environmental components, some explanation as to the 

potential sources of that variation seems justified. 

F2 populations were used principally because they represented populations 

in which genetic variation, due to recombination, should be greater than that in 

the parent populations (Falconer, 1989). The production of hybrid populations 

from two homozygous pure lines theoretically represents the greatest range of 

possible plant segregates, and hence the maximum potential of a cross (Briggs and 

Knowles, 1967; Falconer, 1989). Thus, high relative variation in the F2 

populations might be expected merely as a result of the formation of segregating 

"sub-populations". Additionally, crossing two homozygous parents results in a 

highly heterozygous FI (at least at those loci differing between the parents) 

(Falconer, 1989). Though heterozygosity is reduced by 50% with every generation 

of selfing (Falconer, 1989), the F2 are likely to be more heterozygous than the 

parents, thus, potentially more phenotypically heterogeneous. 

Environmental variation in the F2 populations, particularly due to the 

presence of millet as a competitor, might also have contributed to the high CVs 

for some plant traits. Consider, for example, cowpea in sole crop versus cowpea 
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in intercrop with millet, where the reciprocal effects of crop and environment on 

each other may differ drastically. In sale crop, the environment (e.g. density, 

water availability, nutrient level, insects and disease) effects the crop. In 

intercrop, the situation is considerably more complex, principally because each 

crop must now be considered part of the "environment" for the other crop, and 

may have a profound effect on the responses of both crops. This is referred to as 

an "effect-response dichotomy" (Vandermeer, 1989) in that, "a plant...lives 

according to the dictates of its local environment, yet is an important participant 

in effecting change on that local environment." Simply stated, the effect of millet 

on cowpea influences the effect of cowpea on millet, which in turn influences the 

effect of millet on cowpea. Coupled with any site variation (abiotic factors), 

and/or genetic variation, one might expect increased phenotypic variation. For 

example, if individual F2 plants differed in their time to emergence, then 

interspecific competition with millet might have been different for early emerging 

plants than for later emerging plants. 

Differences in emergence may be due to both genetic and environmental 

factors. Though no quantitative measurements of plant emergence were taken, 

emergence of individual plants in the F2 populations (as well as in the parent 

populations) was relatively uniform. However, genetic differences in relative 

growth rates, even minor in nature, could have a compounding effect on the 

ability of a suppressed crop to compete with its competitor, i.e., size differences 



(resulting from relative growth rates) between competitors will effect resource 

capture of each, with the smaller plant capturing proportionately less of the 

resource as the size differences increase with time (Schwinning, 1994). 
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Minor flooding and subsequent crusting of the beds may also have effected 

the timing of seedling emergence. However, it is unlikely that this had a major 

effect on seedling emergence, other than on a very local level, since flooding 

occurred in only a few rows and in only small areas of those rows. Thus the 

number of individuals involved with flooded sites was minimal. Additionally, 

individual plants effected by flooding were non-randomly distributed in the field 

(i.e., individuals effected by flooding would be located near each other due to the 

nature of the flooding). It might follow that variation due to environmental causes 

might also result in non-random distribution of the highest yielding individuals. 

The highest yielding individuals, both within and between crosses, were randomly 

located throughout the field. 

The magnitude of the effect of millet on cowpea may also depend on 

variation among millet individuals. Millet, however, was remarkably invariable, 

both vegetatively and reproductively (Chapter 2). When intercropped with either 

CB46 or TOC, CVs for millet vegetative and reproductive biomass were 

consistantly less than 10% (3 and 3% respectively in 1990, and 9 and 7% 

respectively in 1991). 
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The highly skewed nature of the frequency distributions for seed yield in all 

three F2 populations may suggest that gene action for cowpea seed yield is non

additive. When the effect of individual genes compounds the effects of other 

genes, the F2 means may not be intermediate between the parents but closer to 

one or the other parent (Briggs and Knowles, 1967; Simmonds, 1979). Thus, 

dominant gene action, overdominance, or epistasis may result in F2 populations 

with highly skewed distributions (Briggs and Knowles, 1967; Simmonds, 1979). 

There is no clear concensus, however, on the type of gene action determining 

cowpea seed yield since both additive gene action and dominance or epistasis have 

been suggested as influencing seed yield in cowpea (Fery, 1985). 

Ideally, crossing two homozygous parents produces, after one generation of 

selfing, an F2 population in which different recombinants are present. Selection of 

individual F2 plants from different locations on a frequency curve should result in 

the production of separate lines or populations, each of which differ in their 

means for some trait(s) (Simmonds, 1979). However, production of new and 

potentially "better" genotypes will depend on how different the parents are 

genetically, the presence of those recombinants in the F2 populations, and the 

effect of the environment. 

A basic assumption to having chosen CB46 and TOC as parents was that a 

genetic difference in yield potential may have existed between the two. At a 

genetic level, yield is commonly considered to be determined by many genes 
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(polygenic). However, the number of genes effecting yield that are different 

between the parents may be less than the total number of genes effecting the trait. 

For example, assume that 40 genes effect yield in cowpea, and that 30 of them are 

fixed in both CB46 and TOC (either dominant or recessive in each parent). Then 

recombination (assuming no mutation) is limited to 10 genes (relative to those 

defined as controlling yield). Hence, the genetic "distance" between CB46 and 

TOC in relation to yield potential may not have been as great as expected. 

Lack of appropriate gene recombination and segregation of plant 

architectural traits may also have been a factor. It was hoped that the Fzs would 

contain plants that combined the high yield potential of CB46 with the 

architectural adaptedness of TOC. It is not clear whether that occurred, since two 

higher yielding individuals were observed among the TOC parents. However, 

temporary setbacks in yield potential often occur when low-yielding cultivars or 

wild species are crossed with high-yielding improved lines (Evans, 1983). Whether 

yields would improve in later generations can only be answered with further trials. 

Segregation of architectural traits might have resulted in new, and 

potentially higher yielding individuals. For example, the Fzs may have contained 

individuals producing only short internodes « 5 cm) and thus pod production 

only from those nodes, or individuals only producing pods on basal branches. 

Similarly, the degree of branching might have been greatly increased in some Fz 

individuals. 
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It is, however, highly likely that there exist physical constraints on the 

expression of some possible architectural recombinants. For example, a positive 

developmental relationship between nodes and the length of a stem (both arising 

from the same meristematic tissue) might result in lack of independance of their 

expression. The high, positive correlations observed between node number and 

plant length may confirm such a relationship. However, from a breeding 

perspective, lack of independant expression of traits (i.e., correlations) is not a 

problem per se. Correlations among traits may limit assessment of the individual 

contribution of a trait to seed yield, but if two traits are positively correlated with 

each other and individually with seed yield, selection of one or the other trait (or 

both) might still lead to increased yield (assuming high heritability). Indeed, 

improvement in some plant traits is the result of having been 'carried' along with 

selection of other traits. 

The highly skewed nature of the F2 populations may also have been due to 

the competitive effect of millet on cowpea, i.e. the environment. A recent study 

by Schwinning (1994) suggests that for intercrops, the nature of competition 

between the legume and cereal components may influence the shape of a 

frequency distribution in the legume and increase relative variation, at least for 

some plant traits. 

In cowpea/millet intercrops, competition between cowpea and millet 

appears to be asymmetric; i.e., larger plants capture a proportionately larger 
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amount of resources such as light than smaller plants (Schwinning, 1994). In 

addition, competition is between unequal competitors; i.e., the maximal sizes of 

cowpea and millet differ (Schwinning, 1994). For even-aged plant populations in 

which initial seedling sizes are normally distributed, Schwinning (1994) has 

demonstrated using simulation models that asymmetric competition between 

unequal competitors leads to highly skewed final size distributions with high 

coefficients of variation for the shorter statured component. Additionally, 

Schwinning (1994) reports a strong, linear relationship (r2 > 0.90) between final 

size and seed yield (regardless of density) for cowpea under intercropping with 

millet. Thus, a positively skewed seed yield distribution for cowpea under 

intercropping with millet should be the expected outcome, not the exception, for 

even-aged populations with normally-distributed seedling sizes. 

In summary, crosses among the three cowpea parents resulted in F2 

populations that exhibited high relative variation for many plant traits and skewed 

seed yield distributions. Though increased relative variation and skewness might 

be expected on a genetic basis alone, there can be little doubt that the 

environment, i.e., intercropping, may have had a profound influence on the 

resultant phenotypes. 

Univariate analysis of the highest yielding 25% of three F2 cowpea 

populations demonstrated that of the three first-order yield components (pod 

number, seeds per pod, and mean seed weight), pod number, in particular, was 
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consistently and highly correlated with seed yield. Pod number has been reported 

to be highly correlated with seed yield in sale crop for cowpea (Imrie and Butler, 

1983; Rao and Willey, 1983), common bean (Adams, 1982; Neinhuis and Singh, 

1986) and several other leguminous crops (Adams, 1982). However, in intercrop 

with maize, seed yield of common bean was reported to be more highly correlated 

with 100-seed weight, and to be negatively correlated with pod number 

(Zimmermann et al., 1984). 

Compared to pod number, seeds per pod and mean seed weight were not 

only less strongly correlated with seed yield but also less variable. This suggests 

that selection for seeds per pod or mean seed weight may not improve seed yield 

to as great a degree as selection for pod number (assuming pod number to be 

highly heritable). The low correlation coefficients for both seeds per pod and 

mean seed weight relative to that of pod number may, however, be a result of low 

relative variation (CV). Whether that variation is predominantly environmental or 

genetic is unclear, but it suggests either that seeds per pod and mean seed weight 

are relatively unaffected by environmental influences or that there is less intrinsic 

genetic variation in seeds per pod and mean seed weight, or both. Both seeds per 

pod and mean seed weight are reported to be moderately heritable, though little 

genetic advance has occurred for seeds per pod, despite its apparent heritability 

(Fery, 1985). 
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Compensation between yield components may limit any potential 

improvement in yield that might otherwise result from selection of individual yield 

components (Adams, 1967; Acquaah et al., 1991). For example, the benefit of 

selecting for increased pod number might be offset by a corresponding negative 

change in seeds per pod or mean seed weight. In general, yield component 

compensation between pod number and either seeds per pod or mean seed weight 

did not appear to be extremely important, suggesting that a positive net change in 

seed yield might result from selection for increased pod number without a 

concommitant decrease in the other yield components. There was, however, a 

negative association between seeds per pod and mean seed weight in the TOC X 

RRC cross. This suggests that, in this cross, no net change in seed yield would 

result from an increase in either seeds per pod or mean seed weight due to the 

compensatory relationship between them. However, the lack of a negative 

association between pod number and either seeds per pod or mean seed weight 

suggests again, that increases in pod number should not be offset by changes in 

seeds per pod or mean seed weight. 

Multivariate analysis is generally supportive of this interpretation. Pod 

number loaded highest on PC4, while seeds per pod and mean seed weight loaded 

highest (irrespective of sign) on PC2 and PC3. Thus, compensation does not 

appear to be important between pod number and either seeds per pod or mean 

seed weight. However, it should not be ruled out altogether since "low"( < 0.45) 
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but negative loadings for pod number may have contrasted the positive loadings 

for seeds per pod and mean seed weight on either PC2 or PC3, depending on the 

cross. Compensation between seeds per pod and mean seed weight appeared to 

have occurred in all three F2 populations. Thus, both univariate and multivariate 

analyses suggest that some degree of yield component compensation, particularly 

between seeds per pod and mean seed weight, occurs under some circumstances, 

and therefore selection for seeds per pod or mean seed weight might not prove to 

be an effective selection criteria for improving cowpea seed yield in intercrop. 

Analysis of the characteristics of the shoot system (plant length, number of 

nodes, and number of branches) in each cross revealed significant positive 

correlations between seed yield and each trait, as well as among the traits. Thus, 

selection for one or more of these traits may contribute to increased yield with no 

corresponding deleterious effect on the other traits. An increase in total shoot 

length may result from 1) the growth of basal and distal branches in addition to 

the main stem, 2) increased production of nodes, and 3) production of long 

internodes. 

PCA suggested that size, as defined by plant length and node number was 

important to cowpea seed yield. That larger plants produce more seed yield is 

perhaps intuitive, though not trivial, since larger plants are not required to produce 

more seed yield. Simply stated, large plants have more opportunities to produce 

more. For legumes in general, large plants also produce more nodes, and longer 



and/or more branches on which nodes are produced. Thus, large plants are 

structurally capable of producing more yield. Small plants are, in contrast, more 

constrained relative to the number of available structural units on which 

production of yield may occur (principally nodes). However, in sole crop, the 

larger TOC plants produced significantly less seed yield than the significantly 

smaller CB46 plants (Chapters 1 and 2). 
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The proportion of total biomass allocated to reproduction has often been 

used to assess the relative yield abilities of crops. Donald and Hamblin (1976) 

suggest that comparisons of seed yield alone are inadequate if information on 

biological yield (total above-ground biomass) are lacking. Indeed, it might appear 

from the current analyses that information on harvest indices of the F2 populations 

might prove informative. 

Cowpea is notorious for abscissing plant parts, including leaves, petioles, 

and stems. Consequently, calculation of harvest index based on seed and total 

above-ground dry weights at the end of the crop season would be highly biased 

unless all abscised cowpea material can be recovered. In the present study, this 

was not possible, since harvesting occurred over an extended period of time. 

Thus, some plants would have remained in the field (abscising plant parts) 

considerably longer than others. However, it was possible to calculate harvest 

index for both CB46 and TOC in sole crop and intercrop in 1990 and 1991 

(Chapter 2). In both years, TOC had a higher harvest index in intercrop than in 



sole crop. This suggests that the intercrop environment had a more negative 

effect on vegetative biomass than seed yield because seed yield was not 

significantly reduced in intercrop relative to sole crop in 1990. In both years, 

harvest index for TOe in intercrop was approximately 50%. 
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Donald and Hamblin (1976) suggested that in segregating populations, 

harvest index should be independant of plant size, and therefore would not be of 

potential importance as a selection criteria since larger plants would have higher 

yields. However, that was based on comparisons between harvest index in the 

"competitive environment" and seed yield in the "crop environment". The more 

important comparison relative to intercrops is whether harvest index of 

segregating populations is of value in predicting seed yield under intercropping, 

i.e., whether harvest index in one "competitive environment" (segregating 

populations) accurately predicts seed yield in another "competitive environment'l 

(intercrop ). 

Harvest index has not been shown to be a useful selection criteria in any 

crop (Singh, 1991). This may, again, be due to the type of comparisons being 

made, i.e., from a "competitive environment" to a "crop environment", However, 

its lack of usefulness as a selection criteria may also be due to the fact that 

harvest index is not a "trait" in and of itself, but is rather a ratio, Hence, the 

major difficulty in selecting for a high harvest index resides with determining how 

to select for it (Singh, 1991). Additionally, harvest index, like yield, is highly 



influenced by many environmental factors, including plant density, water 

availability, and nutrient level (Donald and Hamblin, 1976). 
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Analysis of the distribution of pods within the shoot system indicated that 

pod production on branches and in the longest internode category was important 

to cowpea yield under intercropping with millet. The spatial distribution of pods 

in intercrop was such that they were located predominantly on basal and distal 

branches, and on nodes associated with longer internodes. This distribution tends 

to result in pod production away from the main stem axis, in areas where 

competition for light may be reduced (Chapter 2). 

For intercrops composed of "tall" and "short" species, competition for light 

may be among the most important competitive interactions between the 

component crops, though interactions between light and soil factors (e.g. water 

and nutrients) may be significant (Vandermeer, 1989). Access to higher incident 

light levels may be important not only to leaf area and hence the production and 

transport of photosynthates, but also to the pods. Green pods have been shown 

to be capable of photosynthesizing (Summerfield et al., 1985). However, access to 

higher light levels may be more critical relative to the respiratory burden of pods 

on the whole plant, since shaded pods respire more than non-shaded pods 

(Summerfield et aI., 1985). In sole crop, the production of pods on long petioles 

means that they are elevated high above the leaf canopy, where access to light is 

maximized. In intercrop, long petioles may also increase the likihood of accessing 
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higher light levels than those occurring within the millet canopy. However, it may 

not be as effective a strategy as increased branch and internode lengths 

considering the potential Gontribution of both the subtending leaves and the 

peduncles as sources of carbohydrates and nitrogen under non-shaded conditions. 

In sole crop, pod production in CB46 occurs predominantly on the main 

stem and on basal branches, and from nodes associated with shorter internode 

lengths. Thus, the spatial distribution of pods in sole crop was such that they were 

located principally near the main stem axis as well as in the low- to mid-range of 

the plant profile. Acquaah et al. (1991) suggested that in a desirable dry bean 

ideotype for monoculture, pod production would be distributed principally on the 

main stem and in the middle part of the plant. Clustering of pods near the 

strongest part of the shoot system may help reduce the probability of lodging, and 

hence, prevent potential problems with mechanized harvesting. 

Separate ideotypes will be needed for different environments, species, or 

markets (i.e., quality characteristics of the desired product) (Donald, 1968; 

Sedgley, 1991). However, Donald and Hamblin (1983) suggested that a general 

ideotype would be suitable for most annual grain crops, including cereals, grain 

legumes and oilseeds. The plant characteristics describing this general ideotype 

were: 1) annual habit, 2) erect growth, 3) dwarf stature, 4) strong stems, 5) 

unbranched or non-tillering habit, 6) reduced foliage, 7) erect leaves, 8) 

determinate habit, 9) high harvest index, and 10) early flowering (in most cases) 
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(Donald and Hamblin, 1983). This ideotype was proposed for a specific 

environment, however, defined by high resource availability (e.g. water and 

nutrients), high population densities, and narrow rows or even-spaced planting 

(Marshall, 1991). In other words, this ideotype was developed for "conventional, 

high-input" agricultural systems typified by mono cultures, use of inorganic 

fertilizers, and mechanical harvesting. Results of this study suggest, however, that 

for an intercrop environment, i.e., an environment in which the competitive 

interactions between neighboring plants may have an adverse effect on phenotypic 

expression of yield, this ideotype may not be suitable. 

The concept of ideotype breeding may have limitations with regard to 

intercrop systems. Architectural, physiological, and phenotypic features of both 

crop species will dictate, to a large degree, the competitive interactions between 

the intercrop components. Thus, the importance of specific plant traits to yield in 

intercrop may depend on the particular combination of crops used. AdditionaIly, 

the role that particular cowpea traits may play in escaping or minimizing 

competition with millet may confound our assessment of the importance of those 

traits to yield in intercrop, unless they are directly (and genetically) related. It 

may, however, be possible to develop generalized ideotypes for several broadly 

defined intercrop combinations, such as early-maturing legume/late-maturing 

cereal intercrops, or late-maturing legume/early-maturing cereal intercrops. 
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The present study suggests that development of a legume ideotype for an 

intercrop combination similar to that used in this study, i.e., consisting of a late

maturing legume and a short-statured, early-maturing cereal might include 

selection for 1) tallness (> the height of the cereal), 2) a climbing habit, 3) more 

and longer branches, particularly distal branches, 4) more nodes, particularly along 

the upper portions of branches, 5) more long internodes, and 6) increased 

production of pods on branches and on nodes associated with long internodes. 

However, whether selection for any of these traits might be effective at increasing 

legume yields in a cereal/legume intercrop would depend ultimately on if and how 

heritable they may be. 

In order to meet the objective of this study, which was to identify plant 

architectural traits, or sets of traits, that were correlated with cowpea seed yield in 

intercrop, I produced crosses among three cowpea parents. The use of Fzs was 

based on the assumptions that production of a heterozygous population (from two 

theoretically homozygous populations) would result in a wide range of continuous 

phenotypic variation, and that recombination might result in individuals with 

unique combinations of architectural traits (different from those of the parents) 

that may have been related to high cowpea seed yield under intercropping with 

millet. Additionally, the individual evaluation of architectural traits that may have 

been correlated with each other in the parents would have been possible if the 

appropriate phenotypes had been produced by recombination. Using a wider 
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range of parents might also have improved the probability of recovering 

potentially unique phenotypes. An alternative would have been to use a wide 

range of genetically different cowpea genotypes, each of which possessed different 

combinations of the architectural traits. Though I chose to use Fzs, either 

methodology would have been equally appropriate. Though it may have appeared 

to be nearly as efficient to use CB46 and TOC in identifying architectural traits 

associated with cowpea yield in intercrop, an important trait, pod production on 

distal branches, would have been overlooked. An equally important problem with 

only using the parents might have been lack of enough phenotypic variation, 

particularly in CB46 and RRC (had it been used). 
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SUMMARY AND DISCUSSION 

Intercropping is the predominant means of agricultural production in many 

developing countries. The widespread use of intercrops suggests that fanners 

either prefer or are limited to using intercrops (Francis, 1986; Woolley et al., 

1991). Intercropping often provides resource-limited farmers with more efficient 

use of land and labor. Advantages of intercrops may also include better control of 

weeds and potential pathogen or insect outbreaks. Most importantly, 

intercropping often provides farmers with higher total crop yields than may 

otherwise have resulted from growing two sole crops (on the same amount of 

land) and less risk of total crop failure. Use of intercrops may also have cultural, 

historical, or religious significance. Regardless of the underlying rationale, it 

would appear that intercropping is not likely to be replaced by use of more 

conventional agricultural systems, at least not by resource-limited farmers. 

Plant improvement programs commonly focus on developing cultivars for 

sole crop systems, yet these cultivars often do not perform equally well under 

intercrop conditions. Thus, farmers who rely on intercrop systems may not benefit 

from breeding efforts that result in the development of cultivars better adapted to 

sale crop systems than to intercrop systems. 

Genotype X cropping system interactions greatly complicate the plant 

breeders' task of selecting appropriate genotypes based on phenotypic 

performance. This may be particularly relevant to the improvement of cultivars 
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intended for use in intercrop systems, since performance in one cropping system 

may not accurately predict performance in another cropping system. Positive 

exploitation of a genotype X cropping system interaction, however, may provide a 

potential avenue for improving crop yields in intercrop systems. The goals of this 

work were to examine the response to plant competition of cowpea under 

intercropping with millet, to identify cowpea architectural traits associated with 

cowpea yield in intercrop, and to discuss the implications of those findings relative 

to breeding strategies for improving cowpea yields under intercrop. 

Field experiments designed to examine the effects of genotype and 

cropping system on cowpea showed that: 1) in sole crop, CB46 consistently 

produced more seed yield than TOC, while in intercrop, TOC produced more 

seed yield than CB46, at least in one year, 2) relative to sole crop, CB46 was more 

negatively affected than TOC in intercrop, and 3) in intercrops in which row 

spatial arrangment varied, TOC consistently out yielded CB46. These experiments 

further showed that: 4) TOC produced more vegetative biomass and leaf area 

than CB46, in both sole crop and intercrop, 5) CB46 produced more reproductive 

biomass than TOC in sole crop, while TOC produced more than CB46 in 

intercrop, and 6) the distribution of leaf area in the intercrop canopy differed for 

the two cultivars, such that TOC produced more leaf area than CB46 in areas 

where incident light levels may have been higher, such as in the furrows and 

higher in the intercrop canopy. Hence, CB46 appeared to be better suited to sole 
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crop than TOC, while TOC appeared to be better suited to intercrop than CB46. 

The relative success of TOC in intercrop may have been due to its ability 

to escape the competitive suppression of millet in both time and space. The shift 

to reproductive allocation for TOC occurred considerably later than did the shift 

for millet, while CB46 shifted to reproductive allocation at approximately the same 

time as did the millet. The length of the reproductive phases of CB46 and millet 

were also markedly similar, while TOC did not mature until considerably later 

than millet. Additionally, the sprawling, speading habit of TOC allowed it to grow 

into the furrows between crop rows and up into higher levels of the intercrop 

canopy. In these areas, competition for light between TOe and millet was likely 

to have been much reduced. In contrast, CB46 was unable to escape the shaded 

millet understory, resulting in drastically reduced yields. Interspecific competition 

may have been greater between CB46 and millet than between TOC and millet, 

resulting in more dramatic competitive suppression of CB46 than TOC in 

intercrop. 

The apparent "adaptedness" of TOC to intercropping was thus determined 

predominantly by complementarity between the cowpea and millet in reproductive 

phenolo!:,lJ' and plant architecture. Later maturing plants, which generally have 

longer blooming periods (time during which new flowers continue to open), and 

plants with longer reproductive phases (time from flowering to maturity) often 

have larger yields (Summerfield et al., 1985). For cowpea, early maturity dictates 
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plant habit, such that early maturing cultivars tend to have a more "determinate" 

or bush-type habit (Summerfield et aI., 1985). Similarly, spatial complementarity, 

and hence reduced competition between the legume and cereal components, will 

be influenced by the degree of determinacy and plant type. An indeterminate, 

spreading habit may result in production of leaf area (and thus, yield) in areas of 

potentially higher incident light levels, as was observed for TOe. In contrast, a 

more determinate bush habit may result in a restricted distribution of leaf area, 

primarily in shaded regions of the intercrop canopy, where competition for light 

may have a profoundly negative effect on yield, such as was observed for CB46. 

Thus, the highly spreading habit of TOC, coupled with a prolonged vegetative 

phase and a reproductive phase (onset and length) that only minimally overlapped 

that of millet, appeared to have provided TOC with an adaptedness to 

intercropping that was lacking for CB46. 

Yield is the final outcome of many integrated developmental and 

physiological processes occurring over time, each of which may be profoundly 

influenced by the environment. In legumes, yield is the result not only of the 

three first-order yield components, but also morphological components, since the 

number of pods a plant produces is architecturally determined by node number 

(Adams, 1982). Since a different cowpea plant habit appeared to be better suited 

to intercrop than to sole crop, it might also follow that yield of cowpea in 

intercrop might be determined by different architectural features than those 
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commonly associated with high-yielding cultivars in sole crops. 

Experiments designed to identify plant traits related to cowpea seed yield 

in intercrop showed that: 1) of the three first-order yield components, pod number 

was most important to cowpea seed yield under intercropping with millet, 2) yield 

component compensation between pod number and either seeds per pod or mean 

seed weight did not appear to be important, though compensation did occur 

between seeds per pod and mean seed weight, and 3) plant length, number of 

nodes, pod production on branches in addition to the main stem, and pod 

production from nodes associated with long internodes were significantly 

associated with increased seed yield in intercropping. 

Together, these results suggest that 1) separate cultivars may be better 

suited to each cropping system, 2) differences in some plant architectural features 

may underlie the adaptedness of particular cultivars to specific cropping systems, 

and 3) an increase in the shoot system along which pods are being produced may 

result in higher cowpea yields in intercrop. Thus, plant breeders may be able to 

indirectly select for increased cowpea seed yield using as selection criteria: 1) 

increased branchedness, particularly distal branches, 2) increased stem length, 3) 

increased node number, particularly those associated with long internodes, and 4) 

increased pod production from basal and distal branches as well as from nodes 

associated with 'long internodes. 
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Efficiency of indirect selection 

Indirect selection for a trait involves selection of other traits that are 

related to the trait of interest. Thus, the success of indirect selection depends on 

genetic correlations between the traits (Simmonds, 1979; Falconer, 1989). 

Correlations, however, may have a genetic (e.g., linkage or pleiotropy), or 

environmental basis. Negative genetic correlations due to linkage may be broken 

by recombination, but correlations due to pleiotropy cannot be changed (Falconer, 

1989). Indirect selection will be more efficient when there is a high genetic 

correlation between the trait of interest (primary trait) and the traits being 

selected (secondary traits), and when heritability is higher for the secondary 

trait(s) than for the primary trait (Falconer, 1989). Perhaps the biggest difficulty 

with indirect selection is in identifying the most appropriate trait(s) as selection 

criteria. 

Use of the F2 generation to identify plant architectural traits related to 

cowpea seed yield in intercrop was based on the assumption that recombination 

might produce unique phenotypes that would permit the independent assessment 

of architectural traits to yield. For example, the F2s may have included individuals 

with only one type of internode length, perhaps all short « 5 cm) internodes, or 

all long ones. Similarly, there may have been individuals with increased plant 

length, but node production (and hence pod production) occurring primarily low 

in the cowpea canopy. Recombination and segregation may also have resulted in 



individuals with pods produced, for example, only on distal branches, or 

individuals with reduced plant length but an increased number of nodes. 
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The expression of some possible recombinants in the F2 generation, 

however, may have been influenced by the degree of correlation (particularly 

genetic correlations) among some plant traits, the effect of the environment itself, 

i.e., the intercrop, and the size of the F2 populations. For example, the smaller 

CB46 plants had fewer nodes and less plant length than the bigger TOC plants. 

However, recombination might have resulted in plants with many nodes but little 

plant length, or plants with fewer nodes but increased plant length (assuming 

sample size was not a limiting factor). However, node number and plant length 

were positively (and possibly genetically) correlated; thus not all possible 

recombinants of node number and plant length might necessarily have been 

expressed. Individuals with many nodes but reduced plant length were not 

apparent in the F2 populations, nor were individuals with few nodes but increased 

plant length. For any combination of traits, however, an apparent lack of 

expression of specific recombinants may be due to overriding environmental 

effects, rather than a lack of appropriate recombination. Additionally, the more 

segregating traits (i.e., the more heterozygous loci, and thus the wider the genetic 

distance between parents), the larger the F2 population needs to be just to 

maximize the probability of seeing all possible segregants. 

If the presence of certain recombinants was limited by potential genetic 
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correlations (i.e., linkage or pleiotropic effects) between plant traits, then it might 

be difficult to assess the independent contributions of architectural plant traits to 

yield. However, since the traits id,~ntified as potentially useful selection criteria 

were positively correlated with the primary trait of interest (yield), as well as each 

other, the lack of independent expression of certain traits would not be expected 

to diminish possible advances from selection of one or more of the traits. 

In general, results from using F2s were nearly identical to those obtained 

from TOC in intercrop, and very similar to those obtained from CB46 in 

intercrop. This suggests that within CB46 and TOC, cowpea yield was dependent 

on plant architectural features that were highly determined by the intercrop 

environment. However, an important trait was identified as being important to 

cowpea yield in intercrop from the F2 analysis that was not identified from the 

parents: pod production on distal branches. 

Competitive ability, yield, and cropping system 

Donald (1968) argued that in sole crop, a successful cultivar would be a 

weak competitor, i.e., it would minimally compete with its neighbors. For annual 

grain crops in monoculture, the "communal" or "crop" ideotype was described as 

having a determinate, short-statured, erect plant habit with no branching, reduced 

foliage, and a high harvest index (Donald and Hamblin, 1983). CB46 had a 

compact, erect, bush habit. Relative to TOC, CB46 had less vegetative biomass 

and a high harvest index (Chapter 2). CB46 would thus be considered a "weak" 
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competitor and indeed, closely resembled the ideotype predicted to respond well 

to high density monocultures. 

Under competition with genotypically dissimilar plants (e.g. segregating 

populations, varietal or species mixtures) the successful cultivar should be a 

"strong" competitor, such that it would be able to outcompete its neighbors for 

growth-limiting resources (Donald and Hamblin, 1983; Sedgley, 1991). Under 

intercropping with millet, TOC outproduced CB46. TOC was a highly 

indeterminate, leafy, tall plant with long branches. Hence, TOC more closely 

resembled the "competition" ideotype predicted to perform well in genetically 

heterogeneous populations. That TOC was better adapted to intercrop than 

CB46 was observed both by its greater productivity (e.g. seed yield, vegetative 

biomass), as well as its smaller reduction in productivity in intercrop (relative to 

sole crop) compared to CB46. Simply stated, the presence of millet as an 

interspecific competitor resulted in greater competitive suppression of CB46 than 

of TOe. This was true even in an intercrop system in which the component crops 

alternated by rows, i.e., even under a less competitive regime, CB46 was more 

adversely affected by competition with millet than was TOe. 

A different cowpea plant type, or habit, appeared to be more suited to 

intercropping than sole cropping. CB46 was developed for the commercial 

(mono culture) blackeye pea industry (Helms et al., 1991), and thus, outperformed 

TOC in the cropping system for which it was developed. TOC is not known to 
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have been subjected to any specific selection regime that might have predisposed 

its response to intercropping per se (or, for that matter, to sole crop). However, 

on the Tohono O'odham reservation, TOC was commonly grown in mixtures with 

other summer crops, and thus, may have been subjected to both natural and 

artificial selection pressures favoring its spreading habit (G.P. Nabhan, personal 

communication, 1994). TOC may still more closely resemble the wild progenators 

of cowpea, which evolved in highly competitive environments (Steele and Mehra, 

1980), than modern cowpea cultivars designed for mono culture systems. In these 

highly competitive natural environments, natural selection works on an individual 

plant basis, not "towards the greater growth or productivity of the crop", and may 

lead to selection of traits that are not equally valuable in a high density 

monoculture (Donald, 1981). 

Crop yields in sole crop have been shown to be inversely related to 

competitive ability in segregating populations (Hamblin and Donald, 1974). The 

adaptedness of each cultivar to a specific cropping system may thus reflect 

exploitation of positive interactions between competitive ability and the particular 

crop environment. Competitive ability in both natural and crop communities has 

long been attributed to tallness and "leafiness" (large and many leaves) (Donald 

and Hamblin, 1976; Donald, 1981) and is driven principally by competition for 

light (Hamblin and Donald, 1974; Vandermeer, 1989), though interactions 

between light and soil factors may be significant (Vandermeer, 1989). 
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In this study, "tallness" in intercrop was measured principally by plant 

length since competitive ability was not necessarily dependent solely on vertical 

height. Increased plant length may result not only from an increase in the number 

of nodes produced, but also from an increase in the length of the intervening 

internodes. Increased branch length occurs primarily at the ends of a growing 

branch axis (terminal tip), and longer internodes tend to occur farther from the 

base of a branch. For CB46 in sale crop, little if any increase in seed yield 

resulted from an increase in plant length, with pod production concentrated in the 

low- to mid-section of the plant profile. Hence, an increase in plant length or 

node number in that region of the shoot system that was not also producing more 

pods would not necessarily result in a net increase in pod number, nor seed yield. 

Thus, a larger plant may not be prerequisite for high yields in sale crop. In 

contrast, in intercrop, increased seed yield was significantly and positively related 

to plant length, as well as to node number. For both TOC and the Fz 

populations, more plants produced pods on nodes associated with long internodes, 

and the number of pods produced there was highly correlated with seed yield. In 

intercrop, a larger plant may result in higher yields if increased length also results 

in an increase in pod production. 

The importance of pod location within the shoot system appears to differ 

between the cropping systems. In sale crop, pod production from lower in the 

cowpea canopy undoubtedly reduces the probability of lodging, which can result in 
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drastically reduced yields. Likewise, in intercrop, pod production from higher in 

the cowpea canopy (and hence in the intercrop canopy) may greatly increase the 

probability of pod retention due to increased access to light. The effects of 

shading on pod retention may be primarily negligable in sole crop, since pods are 

elevated high above the crop canopy on long petioles. 

Harvest index 

Tallness and large leaves have usually been considered to confer strong 

competitive ability in plants, however, neither of these traits is highly valued for 

crops grown in monoculture (Hamblin and Donald, 1974; Donald and Hamblin, 

1976). In many crops, including wheat, rice, and barley, the trend in plant 

breeding over the last several decades has been in the opposite direction, towards 

less leafy, shorter-statured, even dwarf, varieties (Donald, 1981; Evans, 1983). 

Harvest index is a function of both biological yield (total above-ground 

biomass) and seed yield and has been suggested as a potentially useful selection 

criterion (Donald and Hamblin, 1976). The major difficulty in using harvest index 

as a selection criterion is determining how to select for it (Singh, 1991). Harvest 

index is a ratio, and thus a high harvest index does not necessarily imply increased 

seed yield (Donald and Hamblin, 1976). In 1990, TOe had a higher harvest index 

in intercrop than in sole crop, though there was no statistical difference in seed 

yield between the cropping systems. Thus, the higher harvest index was due to a 

reduction in vegetative biomass under intercropping. Even in 1991, when yield of 
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Toe was reduced in intercrop relative to sole crop, its harvest index in intercrop 

was higher. This may have resulted from a greater relative reduction in vegetative 

biomass than in seed yield. Though it would seem beneficial to have a larger 

proportion of total plant biomass allocated to seed yield than to vegetative yield, 

under intercropping there may be a trade-off between the need for a high harvest 

index and the need for structural support. It may simply be that, in intercrop, the 

legume requires more vegetative structures to successfully compete in the 

intercrop environment. Though an increase in structural units capable of 

supporting more pods might lead to an increase in pods produced, a higher 

harvest index would not necessarily result. Additionally, the difficulty of accurately 

measuring harvest index in a crop that abscises plant parts throughout its 

reproductive phase may overshadow its potential usefulness as a selection 

criterion. 

The potential use of harvest index as a selection criterion, regardless of the 

problems outlined above, presupposes that cowpea is grown for its seed yield. In 

Sahelian West Africa this is not always the case, rather cowpea vegetative 

biomass, or simply total biomass, may be the appropriate measure of "economic" 

yield. Thus, harvest index would be inappropriate as a selection criterion. 

However, considering the parents in intercrop, it may not be necessary to 

"improve" a cowpea cultivar for increased biomass production, since the TOe 

parent may be adequately productive (or other cultivars are likely to be equally 



118 

adequate), and potentially too productive relative to its effect on millet. 

In a study of intercropped bean and maize, Zimmermann et al. (1984) 

suggested that harvest index may be an efficient selection criterion for improving 

bean yields, since harvest index was highly correlated with seed yield, and more 

highly heritable in intercrop. However, in this same study, the highest-yielding 

bean cultivar in sole crop had a highly indeterminate, semi-climbing habit, while 

the highest yielding cultivar in intercrop had a determinate (but tall) habit. The 

authors give no indication of what sort of maize cultivar was used, i.e., was it a tall 

cultivar maturing earlier than the bean?, maturing later than the bean?, or was it a 

short or dwarf cultivar? In other words, they give no indication of the nature or 

degree of complementarity or competitiveness between the crops in intercrop. 

Effect of cowpea on millet 

While "strong" competitive ability may be considered generally desirable for 

a "competition environment", plants that are too strongly competitive may be 

detrimental to the overall productivity of an intercrop. TOC was shown to have a 

more negative impact than CB46 on millet vegetative and reproductive biomass. 

In Sahelian West Africa, farmers seek to maximize millet yields while benefiting 

from any additional grain or fodder harvest that may accrue from the intercropped 

cowpea (Ntare, 1990). Thus, a reduction in millet yield or biomass may negate 

any potential benefit of using a higher yielding cowpea cultivar ill intercrop if it 

has too negative an impact on the millet. The cost/benefit trade-off, however, may 
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be measured in a variety of ways, for example, in seed yield of both crops, seed 

yield of one crop and vegetative biomass of the other, or vegetative biomass of 

both crops. Additionally, the units in which the costs and benefits are measured 

may vary. An obvious example of a cost/benefit analysis uses monetary units. A 

farmer may profit monetarily by the often higher market price of legumes relative 

to grains, and thus still achieve a profit even in those cases where millet grain is 

purchased in order to offset the loss from production. Other types of cost/benefit 

analyses are possible, however. Should the units of measure be in monetary units, 

units of weight, units of N, or even some unit of energy, such as calories? Perhaps 

the more important point is that some degree of farmer choice and preference 

will dictate what cultivars are used and for what purpose, which in turn influences 

the merits of increased production of one crop relative to decreased production in 

the other. Given that farmers will exercise some degree of control over what 

cultivars they plant, the question for plant breeders is whether improved cultivars 

can be developed for intercrop systems in general, and if separate cultivars will 
" . 

need to be developed for the different intended uses. 

Development of breeding strategies aimed at improving legume yields of 

legume/cereal intercrops should also consider the cereal (Hamblin and 

Zimmermann, 1986). Since the responses of both crops are highly influenced by 

each other, it may prove more efficient to select both species simultaneously 

(Hamblin et al., 1976). For example, the response of both CB46 and TOC may 



have been drastically altered if a much taller millet cultivar had been used. 

Hence, any strategy used to improve crop yields of intercrops, even if focusing 

principally on only one component, must ultimately consider the other. 

Ideotype breeding 
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The successful use of ideotype breeding for beans in a specific crop 

production system (Adams, 1982) suggests that a similar approach may be possible 

for designing ideotypes for intercrop systems. Adams (1982) suggested that for 

monoculture in a favorable environment, a high-yielding architectural plant type 

for common bean should be tall, and should have 12-15 main stem nodes, an 

indeterminate growth habit (but not excessive vine growth), more and longer 

upper internodes, and 3-5 basal branches. Ideotype breeding is based on 

presumed relationships between physiological, biochemical, or architectural 

features and yield (Nienhuis and Singh, 1985; Acquaah et al., 1991). It is assumed 

that yield will be maximized because of enhanced adaptedness (via physiological, 

biochemical, or architectural traits) to a specific environment. Thus, separate 

ideotypes will be needed for different environments, such as sole crops and 

intercrops. 

Results of this study suggest that development of a legume ideotype for an 

intercrop combination consisting of a late-maturing legume and a short-statured, 

early-maturing cereal might include selection for 1) tallness (> the height of the 

cereal), 2) a climbing habit, 3) more and longer branches, particularly distal 
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branches, 4) more nodes, particularly along the upper portions of branches, and 5) 

more long internodes. 

The concept of ideotype breeding may have limitations with regard to 

intercrop systems, simply because the description of an appropriate ideotype 

depends on the environment in which it will be grown. It may, however, be 

possible to develop generalized ideotypes for several broadly defined intercrop 

combinations. For example, the legume ideotype required for an early-maturing 

legume/late-maturing cereal intercrop is likely to be similar for any legume species 

used (assuming the cereal ideotype remains constant). An appropriate 

combination might consist of an early-maturing, compact, bush-type legume that 

essentially escapes the competitive suppression of the cereal by completing its life 

cycle early. The inability of a bush-type cultivar to spread into areas with 

potentially higher incident light levels may not be critical if the legume 

"out competes" (or "escapes" competitive suppression by) the cereal in time. 

For a late-maturing legume/early-maturing cereal intercrop, the legume and 

cereal ideotypes will differ markedly from those of the early-legume/late-cereal 

intercrop combination. Yet, for the late-legume/early-cereal combination, the 

legume ideotype will again be similar for any species of legume used (again 

assuming a constant cereal ideotype). An appropriate legume ideotype might be 

indeterminate, with a prolonged vegetative phase, have more and longer branches, 

particularly high in the canopy, and more pods produced on nodes associated with 



long internodes. 

Caveats/limitations 
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Crop yields are notoriously influenced by many biotic and abiotic factors. 

Plant densities, water availability, nutrient levels, incidence of pathogens or insects, 

temperature, and soil characteristics comprise but some of the many factors 

affecting yields. Additionally, interactions between any (or all) of these factors 

and individual crop cultivars will also influence crop responses. Hence, it is of 

utmost importance for agricultural research to match as many of these factors as 

possible to those occurring in farmers' fields, since the results may be of limited 

value if they occurred under drastically different environmental conditions. 

Cowpea and millet are not commonly grown in Tucson, particularly in 

intercrop. Similarly, none of the crop cultivars chosen for this study are commonly 

grown in intercrop (or in any other cropping system) in Sahelian West Africa. 

Thus, the results of this study may not reliably predict crop responses under the 

soil and climatic conditions of Sahelian West Africa when locally adapted cowpea 

and millet cuItivars are used. However, this study was not designed to make 

recommendations either about which cropping system or cowpea cultivar is best 

for West African farmers, or to describe the cowpea ideotype for intercropping 

with millet. Rather, this study was designed to examine the responses of two 

contrasting cowpea cultivars to two contrasting cropping systems, and to identify 

those plant architectural characteristics that may "predispose" the cowpea cultivars 
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to better adaptation and hence, yield ability, in the different cropping systems. 

Though the results are specific to this study, they may have certain implications 

for plant breeders relative to improving the legume yield of legume/cereal 

intercrops and the selection criteria appropriate to do so. In that sense, it is not 

particularly important that the cultivars used are not also used in Africa, or that 

the work was carried out in Tucson, AZ. However, much more research 

(including estimates of heritability, identification of appropriate parent materials, 

and actual selection and subsequent yield testing) needs to be completed, and in 

more appropriate agroclimatic regions. Indeed, there is currently no information 

in the literature that addresses these issues, let alone provides quantitative data. 

Relevance of current practices/ideologies to intercrop research 

"While the improved, dwarf, and fertilizer-responsive genotypes paved the 

way for the green revolution in some cereals in the mid-1960s and 1970s, the 

practice of multiple cropping has the potential to usher in another green 

revolution in the tropics" (Rao, 1986). Whether or not this is the case, it is 

doubtful that the same methodologies and ideologies embodied in the past green 

revolution will be the most appropriate for the next. 

The most common approach thus far implemented in agricultural research 

has been primarily to direct efforts towards increasing yields per unit area in a 

well-defined crop environment (high-density sole crops) (Evans, 1983; Davis and 

Woolley, 1993). This has been based on both biological and economic 
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considerations (Davis and Woolley, 1993). The importance of improving yields of 

intercrop systems has been widely recognized (Finlay, 1976; Francis et aL, 1976; 

Smith and Francis, 1986; Davis and Woolley, 1993). However, it has also been 

suggested that unless an intercrop combination is used over a large area, i.e., 

unless some minimum number of hectares is cultivated, there may not be sufficient 

justification to warrant a separate breeding program for intercrops (Davis and 

Woolley, 1993). The results of such an effort would not justify the investment in 

time and money, since yield advances are expected to be lower for intercrops 

(Davis and Woolley, 1993). While the costs of any particular breeding program 

cannot be ignored, I would submit that an ideology based solely on monetary costs 

vastly underestimates the magnitude of the problem, and possibly, the potential of 

plant breeding to solve it. 

Increased yields of many important crops have been achieved in a variety 

of ways, including improved genetic potential, increased harvest index (mainly due 

to a reduction in vegetative biomass), and an improved crop environment (e.g., 

the use of inorganic fertilizers, insecticides, fungicides, and irrigation) (Evans, 

1983). Though these same factors may potentially serve to improve crop yields of 

intercrop systems, some may be more limited than others in their ability to do so. 

It is unknown whether progress in improving harvest index will result in 

drastically increased yields, at least for intercrop combinations similar to the one 

used in this study. Additionally, substantial improvements in the crop environment 
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are highly improbable, certainly for the vast majority of resource-limited farmers 

that utilize intercrops. There are often too many economic (lack of capital, 

limited access to markets, costs of fertilizers) and physical (marginal and sub

marginal lands, sloping fields, inaccessibility to irrigation, limitations to use of 

mechanization) barriers to improving the crop environment, particularly to the 

degree with which it was accomplished during the green revolution (Andrews and 

Kassam, 1976; Woolley et al., 1993). Thus, genetic improvement may offer the 

best hope of increasing crop yields for low-input or subsistance farmers around the 

world. Direct selection for yield in the target cropping system (intercrop) may be 

one of the most effective ways of improving yields genetically. Economic 

considerations tend to override this possibility mainly because the comparison is 

made relative to the costs associated with selection in sole crop. Comparing the 

costs of a selection program for sole crops to those of a selection program for 

intercrops is rather like comparing apples to oranges. The relative merits of each 

system should be based on the improvements realized by farmers using that 

system. The IIlowerli cost of a plant improvement program involving sole crops is 

of no benefit to farmers using intercrops if the cultivars produced by it are of little 

use in their cropping systems. 

Genotype X cropping system interactions greatly complicate the already 

complex process of plant breeding, since they reduce the accuracy of predicting 

crop performance in different cropping systems. It was, however, the precise 
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manipUlation of a genotype X cropping system interaction that resulted in 

dramatic yield increases of many crops over the last several decades. Increased 

yields in crops such as wheat, maize, and rice resulted from the fine-tuning of 

plant responses to monocultures with high plant densities, high levels of inorganic 

fertilizers, irrigation, and improved disease and insect control. 

The next yield challenge is decidedly more complex, since the nature of 

interactions between many factors and their effects on overall productivity of any 

given intercrop combination will vary from environment to environment and from 

year to year. It may require a new way of thinking about, and approaching, the 

problem. 

CONCLUSIONS 

Results of this study suggest that separate cultivars may be better suited to 

different cropping systems, that differences in some plant architectural features 

may underlie the adapted ness of particular cultivars to specific cropping system, 

and that an increase in the shoot system along which pods are produced may 

result in higher cowpea yields in intercrop. Thus, at least for intercrops composed 

of a late-maturing legume with a highly indeterminate, spreading or climbing habit 

and an early-maturing, short-statured cereal, plant breeders may be able to 

indirectly select for increased legume seed yield using as selection criteria: 1) 

increased branchedness, particularly distal branches, 2) increased stem length, 3) 

increased node number, particularly farther away from the base of a branch, and 
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4) increased pod production from basal and distal branches as well as from nodes 

associated with long internodes. Whether selection for any of these traits might 

be effective at increasing legume yields in a legume/cereal intercrop would depend 

ultimately on if and how heritable they may be, as well as their genetic corrletion 

with yield. 

This dissertation presents an analysis of the effect of interspecific 

competition on yield, yield components, and biomass accumulation, allocation, and 

distribution for cowpea under intercropping with millet. Further analysis provides 

insight on the effect of interspecific competition on architectural components of 

yield, since the previous analyses showed that yield may be influenced, in part, by 

the distribution of vegetative biomass in intercrop. This work provides detailed 

analysis on the architectural nature of yield for cowpea in one intercrop system, 

contributing potentially useful insight for legumes in legume/cereal intercrops, in 

general. Thus, this study provides the first evidence of, and how, the architectural 

components of yield in intercrop can differ from those in sole crop. 
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APPENDIX 

The tables presented in this appendix include: 1) preliminary analysis of the 

association of cowpea seed yield with individual plant traits for the CB46 parent in 

sole crop and in intercrop, and for the TOC parent in intercrop, 2) univariate 

analysis of the association of cowpea seed yield with individual plant traits (and 

correlations among traits) using the full population of each of the three F2 cowpea 

crosses, and 3) principal components analysis for each of the F2 crosses. 



129 

TABLE 18 

Spearman rank correlations between seed yield and various plant traits for CB46 
in sole crop, CB46 in intercrop, and TOC in intercrop in 1990. 

Plant traits rt s P< CV (%) n 

CB46 -- Sale crop 
No. pods 0.81 0.0001 22 29 
Seeds per pod 0.08 nsb 10 29 
Mean seed wt. 0040 0.0330 6 29 
Plant length 0.37 0.0503 34 29 
No. nodes 0.50 0.0064 21 29 
No. branchesR 0.30 nsb 20 29 

CB46 -- Intercrop 
No. pods 0.74 0.0001 56 33 
Seeds per pod 0.09 nsb 23 33 
Mean seed wt. 0.33 nsb 24 33 
Plant length 0.26 nsb 25 33 
No. nodes 0.22 nsb 25 33 
No. branchesn 0.18 nsb 26 23 

TOC -- IllIercrop 
No. pods 0.94 0.0001 59 31 
Seeds per pod 0.65 0.0001 24 31 
Mean seed wt. -0.01 nsb 9 31 
Plant length 0.65 0.0001 42 31 
No. nodes 0.73 0.0001 47 31 
No. branchesR 0.66 0.0001 46 31 

t Spearman rank correlation coefficient. 
R Number of basal and distal branches. 
b Not significant at P < 0.05. 
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TABLE 19 

Spearman rank correlations between seed yield and the number of pods produced 
in branch categories for CB46 in sale crop, CB46 in intercrop, and TOC in 
intercrop in 1990. 

Branch category rt s p< CV (%) n 

CB46 -- Sole crop 
Main stem branch 0.28 ns8 34 29 
Basal branches 0.64 0.0002 35 29 
Distal branches 

CB46 -- IllIercrop 
Main stem branch 0.74 0.0001 64 33 
Basal branches 0.24 ns8 65 17 
Distal branches 

TOC -- IllIercrop 
Main stem branch 0.03 ns8 58 29 
Basal branches 0.76 0.0001 79 31 
Distal branches 0.47 ns8 100 10 

t Spearman rank correlation coefficient. 
8 Not significant at P < 0.05. 
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TABLE 20 

Spearman rank correlations between seed yield and the number of pods produced 
in internode categories for CB46 in sole crop, CB46 in intercrop, and TOC in 
intercrop in 1990. 

Internode category rt s p< CV (%) n 

CB46 -- Sale crop 
< 5 cm 0.31 nsn 29 29 
5 - 10 cm 0.69 0.0001 43 29 
> 10 em 0.30 nsa 65 27 

CB46 -- Intercrop 
< 5 cm 0.24 nsn 46 33 
5 - 10 cm -0.11 nsa 60 30 
> 10 em 0.65 0.0001 103 30 

TOC -- Intercrop 
< 5 cm 0.43 nsa 79 19 
5 - 10 cm 0.72 0.0003 104 20 
> 10 em 0.81 0.0001 55 31 

t Spearman rank correlation coefficient. 
n Not significant at P < 0.05. 
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TABLE 21 

Spearman rank correlations between seed yield and various plant traits for three 
F2 cowpea populations intercropped with pearl millet in Tucson, Arizona in 1991. 

Plant traits rt s P< CV (%) n 

CB46XTOC 
No. pods 0.95 0.0001 77 176 
Seeds per pod 0.57 0.0001 29 176 
Mean seed wt. 0.37 0.0001 17 176 
Plant length 0.67 0.0001 97 175 
No. nodes 0.70 0.0001 76 176 
No. branches" 0.46 0.0001 72 73 

TOCX RRC 
No. pods 0.96 0.0001 90 209 
Seeds per pod 0.52 0.0001 26 209 
Mean seed wt. 0.47 0.0001 17 209 
Plant length 0.81 0.0001 92 208 
No. nodes 0.84 0.0001 76 209 
No. branches" 0.47 0.0001 70 116 

CB46 X RRC 
No. pods 0.92 0.0001 73 202 
Seeds per pod 0.58 0.0001 28 202 
Mean seed wt. 0.34 0.0001 20 202 
Plant length 0.65 0.0001 86 200 
No. nodes 0.65 0.0001 66 202 
No. branches" 0.46 0.0013 58 46 

t Spearman rank correlation coefficient. 
" Number of basal and distal branches. 
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TABLE 22 

Correlation matrix from a Spearman rank correlation analysis among first-order 
yield components (number of pods, seeds per pod, and mean seed weight) for 
three F2 cowpea populations intercropped with pearl millet in Tucson, Arizona in 
1991. 

CB46XTOC 
n=176 

TOCX RRC 
n=209 

CB46 X RRe 
n=202 

Seeds per pod 
Mean seed wt. 

Seeds per pod 
Mean seed wt. 

Seeds per pod 
Mean seed wt. 

No. Pods Seeds per pod 

0.35*** 
0.25*** 

0.34*** 
0.34*** 

0.33*** 
0.16* 

0.21 ** 

0.20** 

0.08 

*, **, and *** are significant at P < 0.05, P < 0.01, and P < 0.001, 
respectively. 



TABLE 23 

Correlation matrix from a Spearman rank correlation analysis of plant length, 
number of nodes, and number of branches for three F2 cowpea populations 
intercropped with pearl millet in Tucson, Arizona in 1991. 

CB46 X TOe 
No. nodes (n=175) 
No. branches/! (n=73) 

Toe x RRC 
No. nodes (n = 208) 
No. branches8 (n=116) 

CB46 X RRC 
No. nodes (n=200) 
No. branchesll (n=46) 

Plant 
length 

0.96*** 
0.56*** 

0.97*** 
0.55*** 

0.93*** 
0.63*** 

a Number of basal and distal branches. 
*** Significant at P < 0.001. 

No. nodes 

0.70*** 

0.65*** 

0.68*** 

134 
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TABLE 24 

Spearman rank correlations between seed yield and the number of pods produced 
in branch categories for three F2 cowpea populations intercropped with pearl 
millet in Tucson, Arizona in 1991. 

Branch category rt s p< CV (%) n 

CB46XTOC 
Main stem branch 0.87 0.0001 64 175 
Basal branches 0048 0.0002 85 54 
Distal branches 0040 nsn 114 22 

TOCX RRC 
Main stem branch 0.69 0.0001 69 206 
Basal branches 0.62 0.0001 102 87 
Distal branches 0.64 0.0001 83 40 

CB46 X RRC 
Main stem branch 0.84 0.0001 59 198 
Basal branches 0.62 0.0001 110 34 
Distal branches 0.84 0.0047 85 9 

t Spearman rank correlation coefficient. 
n Not significant at P < 0.05. 
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TABLE 25 

Correlation matrix from a Spearman rank correlation analysis among the number 
of pods produced on main stem, basal and distal branches for three F2 cowpea 
populations intercropped with pearl millet in Tucson, Arizona in 1991. 

CB46XTOC 
Basal branches (n=53) 
Distal branchesR 

TOC X RRC 
Basal branches (n=86) 
Distal branchesb 

CB46 X RRC 

Main stem 
branches 

0.10 
-0.16 

-0.01 
-0.12 

Basal branches (n=30) 0.24 
Distal branchesc -0.10 

Basal 
branches 

-0.07 

0.31 

R n=22 with main stem branches and n=12 with basal branches. 
b n=38 with main stem branches and n=21 with basal branches. 
c n=8 with main stem branches. Sample size (n=2) for plants producing 
pods on distal and basal branches was not sufficient for analysis. 
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TABLE 26 

Spearman rank correlations between seed yield and the number of pods produced 
in internode length categories for three Fz cowpea populations intercropped with 
pearl millet in Tucson, Arizona in 1991. 

Internode category rt s p< CV (%) n 

CB46XTOC 
< 5 cm 0.48 0.0001 66 134 
5 - 10 em 0.63 0.0001 83 153 
> 10 em 0.72 0.0001 84 130 

TOCX RRC 
< 5 em 0.43 0.0001 75 144 
5 - 10 cm 0.52 0.0001 96 165 
> 10 em 0.81 0.0001 93 145 

CB46 X RRC 
< 5 em 0.22 0.0185 71 111 
5 - 10 em 0.39 0.0001 57 157 
> 10 em 0.64 0.0001 99 144 

t Spearman rank correlation coefficient. 
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TABLE 27 

Correlation matrix from a Spearman rank correlation analysis among the number 
of pods produced in three internode length categories for three F2 cowpea 
populations intereropped with pearl millet in Tucson, Arizona in 1991. 

Internode eatgory 

CB46XTOC 
5 - 10 em (n=117) 
> 10 em a 

TOCX RRC 
5 - 10 em (n=114) 
> 10 em b 

CB46 X RRC 
5 - 10 em (n=83) 
> 10 em e 

< 5 em 

0.37*** 
0.16 

0.21* 
0.23* 

-0.04 
-0.02 

5 - 10 em 

0.22* 

0.12 

0.09 

a n=101 with internodes < 5 em and n=115 with internodes 5 - 10 em. 
b n=101 with internodes < 5 em and n=114 with internodes 5 - 10 cm. 
e n=73 with internodes < 5 em and n=118 with internodes 5 - 10 cm. 
* and *** are significant at P ~ 0.05 and P < 0.001, respectively. 
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TABLE 28 

Loading coefficients from principal components analysis of three F2 cowpea 
populations grown in intercrop with pearl millet in Tucson, Arizona in 1991. 

PC1 PC2 PC3 PC4 PC5 

CB46 X TOC (n=175) 
No. pods 0.48 -0.16 -0.21 0.84 0.07 
Seeds per pod 0.27 0.80 -0.52 -0.13 -0.01 
Mean seed wt. 0.32 0045 0.83 0.12 -0.02 
Plant length 0.54 -0.25 -0.00 -0042 0.69 
No. nodes 0.55 -0.27 -0.05 -0.32 -0.73 

Eigenvalues 2.94 0.89 0.76 0040 0.02 
Variation accounted for by PC (%) 59 18 15 8 < 1 

TOC X RRC (n=208) 
No. pods 0.50 -0.32 -0.02 0.80 0.10 
Seeds per pod 0.29 0.58 0.76 0.06 0.00 
Mean seed wt. 0.29 0.69 -0.66 0.09 -0.01 
Plant length 0.54 -0.18 -0.04 -0049 0.66 
No. nodes 0.54 -0.21 -0.02 -0.33 -0.74 

Eigenvalues 3.17 0.85 0.76 0.19 0.02 
Variation accounted for by PC (%) 63 17 15 4 1 

CB46 X RRC (n=200) 
No. pods 0.50 -0.09 -0.28 0.82 -0.02 
Seeds per pod 0.26 -0.59 0.76 0.04 0.05 
Mean seed wt. 0.22 0.80 0.53 0.14 0.03 
Plant length 0.57 0.01 -0.12 -0040 -0.71 
No. nodes 0.56 0.02 -0.20 -0.39 0.70 

Eigenvalues 2.86 0.96 0.81 0.33 0.04 
Variation accounted for by PC (%) 57 19 16 7 1 
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r = 0.83* 

TOCXRRC ........ ...... ........ .. .. ". 

\ ....... - .... --
.. -" 

.... -

PCl 

* Significant at P < 0.05. 

FIGURE 7 

Regression of cowpea seed yield on the first PC axis from a principal components 
analysis using pooled data from three F2 cowpea populations. The crosses are 
plotted separately, with each polygon enclosing all data points from the respective 
crosses. 
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TABLE 29 

Probability levels from tests of the null hypothesis that the data come from a 
normal distribution (Procedure UNIVARIATE, SAS Institute, 1988). 

Upper 25% of population Total population 

x In(x) ..[X x In(x) ..[X 

Seed wt. .0001 .005 .0001 .0001 .008 .0001 
No. pods .0001 .53 .0001 .0001 .0001 .0001 
Seeds per pod .41 .0002 .04 .0001 .0001 .0001 
Mean seed wt. .11 .21 .19 .011 .061 .05 
Plant length .0001 .80 .0001 .0001 .13 .0001 
No. nodes .0001 .56 .0001 .0001 .0001 .0001 
No. branches3 .0001 .0001 .0001 .0001 .0001 .0001 
No. pods: 

in branch categories 
-main stem branch .13 .0001 .002 .0001 .0001 .0001 
-basal branches .0001 .13 .0001 .oom .0001 .0001 
-distal branches .0001 .19 .005 .0001 .033 .0001 

in internode categories 
- < 5 cm .0001 .0001 .0001 .0001 .0001 .0001 
- 5-10 cm .0001 .002 .0001 .0001 .0001 .0001 
- > 10 cm .0001 .008 .05 .0001 .0001 .0001 

a Number of basal and distal branches. 



REFERENCES 

Acquaah, G., Adams, M.W. and Kelly, J.D., 1991. Identification of effective 

indicators of erect plant architecture in dry bean. Crop Sci., 31: 261-264. 

142 

Adams, M.W., 1967. Basis of yield component compensation in crops with special 

reference of field bean, Phaseolus vulgaris L. Crop Sci., 7: 637-640. 

Adams, M.W., 1982. Plant architecture and plant breeding. Iowa State J. Res., 56: 

225-254. 

Andrews, D.J. and Kassam, AH., 1976. The importance of multiple cropping in 

increasing world food supplies. In: RI. Pap en dick, P.A Sanchez, and 

G.B. Triplett (Editors), Multiple Cropping. Amer. Soc. Agr. Spec. Pub!. 

No. 27, Madison, WI, pp. 1-10. 

Atlin, G.N. and Frey, KJ., 1989. Breeding crop varieties for low-input agriculture. 

Amer. J. Alt. Agr., 4: 53-58. 

Barker, T.C. and Francis, C.A, 1986. Agronomy of multiple cropping systems. In: 

C.A Francis (Editor), Multiple Cropping Systems. Macmillan, New York, 

pp. 161-182. 

Blackhurst, H.T. and Creighton Miller, Jr., J., 1980. Cowpea. In: W.R Fehr and 

H.H. Hadley (Editors), Hybridization of Crop Plants. Amer. Soc. Agron. & 

Crop Sci. Soc. Amer., Madison, Wisconsin, pp. 327-337. 

Briggs, F.N. and Knowles, P.F., 1967. Introduction to Plant Breeding. Reinhold 

Pub!. Inc., USA, 426 pp. 



Clark, B.A. and Francis, c.A., 1985. Transgressive yielding in bean:maize 

intercrops; interference in time and space. Field Crops Res., 11: 37-53. 

143 

Davis, J.H.C. and Garcia, S., 1983. Competitive ability and growth habit of 

indeterminate beans and maize for intercropping. Field Crops Res., 6: 59-

75. 

Davis, J.H.C. and Woolley, J.N., 1993. Genotypic requirement for intercropping. 

Field Crops Res., 34: 407-430. 

Davis, J.H.C., van Beuningen, L., Ortiz, M.V. and Pi no, c., 1984. Effect of growth 

habit of beans on tolerance to competition from maize when intercropped. 

Crop Sci., 24: 751-755. 

Davis, J.H.C., Woolley, J.N. and Moreno, R.A., 1986. Multiple cropping with 

legumes and starchy roots. In: e.A. Francis (Editor), Multiple Cropping 

Systems. Macmillan, New York, pp. 133-160. 

De Moura, R.L. and Foster, K.W., 1986. Spatial distribution of seed yield within 

plants of bean. Crop ScL, 26: 337-341. 

Denis, J.e. and Adams, M.W., 1978. A factor analysis of plant variables related to 

yield in dry beans. I. Morphological traits. Crop Sci., 18: 74-78. 

Donald, e.M., 1968. The breeding of crop ideotypes. Euphytica, 17: 385-403. 

Donald, e.M., 1981. Competitive plants, communal plants, and yield in wheat 

crops. In: L.T. Evans and W.J. Peacock (Editors), Wheat Science - today 

and tomorrow. Cambridge University Press, Cambridge, pp. 223-247. 



144 

Donald, C.M. and Hamblin, J., 1976. The biological yield and harvest index of 

cereals as agronomic and plant breeding criteria. Adv. Agron., 28: 361-405. 

Donald, C.M. and Hamblin, J., 1983. The convergent evolution of annual seed 

crops in agriculture. Adv. Agron., 36: 97-143. 

Evans, L.T., 1983. Raising the yield potential: by selection or design? In: 

T.Kosuge, C.P. Meredith, and A Hollaender (Editors), Genetic 

Engineering of Plants: An Agricultural Perspective. Plenum Press, New 

York, pp. 371-389. 

Falconer, D.S., 1989. Introduction to Quantitative Genetics. Wiley, New York, 

438 pp. 

Fery, RL., 1985. The genetics of cowpea: a review of the world literature. In: S.R 

Singh and K.O. Rachie (Editors), Cowpea Research, Production, and 

Utilization. Wiley, New York, pp. 25-62. 

Finlay, RC., 1976. Selection criteria in intercrop breeding. In: J.H. Monyo, AD.R 

K.~r and M. Campbell (Editors), Intercropping in Semi-Arid Areas. 

University of Dar es Salaam, Morogoro, Tanzania and IDRC, Ottawa, 

Canada, pp. 33-36. 

Francis, C.A, 1978. Multiple cropping potentials of beans and maize. Hortscience, 

13: 12-17. 



Francis, C.A, 1981. Development of plant genotypes for multiple cropping 

systems. In: K.J. Frey (Editor), Plant Breeding Symposium II. Iowa State 

University Press, Ames, Iowa, pp. 179-231. 

145 

Francis, C.A, 1985. Variety development for multiple cropping systems. Crit. Rev. 

Plant Sci., CRC Press, Boca Raton, F.lorida, 3: 133-168. 

Francis, C.A, 1986. Introduction, distribution, and importance of multiple 

cropping. In: C.A. Francis (Editor), Multiple Cropping Systems. 

Macmillan, New York, pp. 161-182. 

Francis, C.A and Sanders, J.H., 1978. Economic analysis of bean and maize 

systems: Monoculture versus associated cropping. Field Crops Res., 1: 319-

335. 

Francis, c.A., Flor, c.A. and Temple, S.R., 1976. Adapting varieties for 

intercropping systems in the tropics. In: R.I. Papendick, P.A. Sanchez, and 

G.B. Triplett (Editors), Multiple Cropping. Amer. Soc. Agr. Spec. Pub!. 

No. 27, Madison, WI, pp. 235-253. 

Francis, C.A, Flor, c.A. and Prager, M., 1978a. Effects of bean association on 

yields and yield components of maize. Crop Sci., 18: 760-764. 

Francis, c.A., Prager, M. and Laing, D.R., 1978b. Genotype X environment 

interactions in climbing bean cultivars in monoculture and associated with 

maize. Crop Sci., 18: 242-246. 



Francis, C.A., Prager, M., Laing, D.R. and Flor, c.A., 1978c. Genotype X 

environment interactions in bush bean cultivars in monoculture and 

associated with maize. Crop Sci., 18: 237-242. 

146 

Francis, c.A., Prager, M. and Tejada, G., 1982. Effects of relative planting dates in 

bean (Phaseolus VUlgaris L.) and maize (Zea mays L.) intercropping 

patterns. Field Crops Res., 5: 45-54. 

Hamblin, J., 1975. Effect of environment, seed size and competitive ability on yield 

and survival of Phaseolus vulgaris (L.) genotypes in mixtures. Euphytica, 24: 

435-445. 

Hamblin, J. and Donald, C.M., 1974. The relationships between plant form, 

competitive ability and grain yield in a barley cross. Euphytica, 23: 535-542. 

Hamblin, J. and Rowell, J.G., 1975. Breeding implications of the relationship 

between competitive ability and pure culture yield in self-pollinated grain 

crops. Euphytica, 24: 221-228. 

Hamblin, J., Rowell, J.G. and Redden, R., 1976. Selection for mixed cropping. 

Euphytica 25: 97-106. 

Hamblin, J. and Zimmermann, M.J.O, 1986. Breeding common bean for yield in 

mixtures. In: J. Janick (Editor), Plant Breeding Reviews, Vol. 4. AVI 

Publishing Company, Inc., Westport, Connecticut, pp. 245-272. 

Harper, J.L., 1963. The individual in the population. J. Ecology, 52: 149-158. 



147 

Helms, D., Panella, L., Buddenhagen, I.W., Tucker, c.L. and Gepts, P.L., 1991. 

Registration of 'California blackeye 46' cowpea. Crop Sci., 31: 1703. 

Hill, J., 1990. The three C's - competition, coexistence and coevolution - and their 

impact on the breeding of forage crop mixtures. Theor. App!. Genet., 79: 

168-176. 

Imrie, B.C. and Butler, K.L., 1983. Joint contribution of individual plant attributes 

to seed yield of cowpea (Vigna unguiculata L.) in small plots. Field Crops 

Res., 6: 161-170. 

IRRI (International Rice Research Institute), 1973. Annual Report 1973. Multiple 

Cropping. IRRI, Los Banos, Philippines, pp. 15-34. 

Jackson, J.E., 1991. A User's Guide to Principle Components. Wiley, New York, 

569 pp. 

Jennings, P.R., 1964. Plant type as a rice breeding objective. Crop Sci. 4: 13-15. 

Kornegay, J., White, J.W. and Ortiz de la Cruz, 0., 1992. Growth habit and gene 

pool effects on inheritance of yield in common bean. Euphytica, 62: 171-

180. 

Manly, B.F.J., 1986. Multivariate Statistical Methods: A primer. Chapman and 

Hall, New York, 159 pp. 

Marshall, D.R., 1991. Alternative approaches and perspectives in breeding for 

higher yields. Field Crops Res., 26: 171-190. 



148 

Natarajan, M. and Willey, RW., 1980. Sorghum-pigeonpea intercropping and the 

effects of plant population density. 2. Resource use. J. Agric. Sci. Camb., 

95: 59-65. 

Neinhuis, J. and Singh, S.P., 1985. Effects of location and plant density on yield 

and architectural traits in dry bush beans. Crop Sci., 25: 579-584. 

Neinhuis, J. and Singh, S.P., 1986. Combining ability analyses and relationships 

among yield, yield components, and architectural traits in dry bean. Crop 

Sci., 26: 21-27. 

Ntare, B.R, 1989. Evaluation of cowpea cultivars for intercropping with pearl 

millet in the Sahelian zone of West Africa. Field Crops Res., 20: 31-40. 

Ntare, B.R, 1990. Intercropping morphologically different cowpeas with pearl 

millet in a short season environment in the Sahel. Expl. Agric., 26: 41-47. 

Okigbo, B.N. and Greenland, D.J., 1976. Intercropping systems in tropical Africa. 

In: RT. Papendick, P.A Sanchez and G.B. Triplett (Editors), Multiple 

Cropping. Amer. Soc. Agr. Spec. Publ. No. 27, Madison, WI, pp. 63-1Ol. 

Pinchinat, AM., Soria, J. and Bazan, R, 1976. Multiple cropping in tropical 

America. In: RT. Papendick, P.A Sanchez and G.B. Triplett (Editors), 

Multiple Cropping. Amer. Soc. Agr. Spec. PubI. No. 27, Madison, WI, pp. 

51-61. 



149 

Rachie, K.O., 1985. Introduction. In: S.R Singh and K.O. Rachie (Editors), 

Cowpea Research, Production and Utilization. Wiley, New York, pp. xxi

xxvii. 

Rachie, K.O. and Roberts, L.M., 1974. Grain legumes of the lowland tropics. Adv. 

Agron., 26: 44-61. 

Rao, M.R, 1986. Cereals in multiple cropping. In: C.A. Francis (Editor), Multiple 

Cropping Systems. MacMillan, New York, pp. 96-132. 

Rao, M.R and Willey, RW., 1983. Effects of pigeonpea plant population and 

row arrangement in sorghum/pigeon pea intercropping. Field Crops Res., 

7: 203-212. 

Rasmusson, D.C., 1987. An evaluation of ideotype breeding. Crop Sci., 27: 1140-

1146. 

SAS Institute Inc. SAS/STAT User's Guide, Release 6.03 Edition. Cary, NC: SAS 

Institute Inc., 1988. 1028 pp. 

Schwinning, S., 1994. Effects of competitive symmetry in plant populations. Ph.D. 

Thesis. University of Arizona, Tuscon. 

Sedgley, RH., 1991. An appraisal of the Donald ideotype after 21 years. Field 

Crops Res., 26: 93-112. 

Simmonds, N.W., 1979. Principles of Crop Improvement. Longman Inc., New 

York, 408 pp. 



Simmonds, N.W., 1991. Selection for local adaptation in a plant breeding 

programme. Theor. Appl. Genet., 82: 363-367. 

150 

Singh, S.P., 1982. A key for identification of different growth habits of Phaseolus 

vulgaris L. Bean Improv. Coop. 25: 92-94. 

Singh, S.P., 1991. Breeding for seed yield. In: A. van Schoonhoven and O. Voysest 

(Editors), Common Beans: Research for Crop Improvement. Redwood 

Press Ltd., England, pp. 383-443. 

Singh., B.B. and Ntare, B.B., 1985. Development of improved cowpea varieties in 

Africa. In: S.R Singh and K.O. Rachie (Editors), Cowpea Research, 

Production and Utilisation. Wiley, New York, 460 pp. 

Smith, M.E. and Francis, c.A., 1986. Breeding for multiple cropping systems. In: 

c.A. Francis (Editor), Multiple Cropping Systems. Macmillan, New York, 

pp. 219-249. 

Steele, W.M. and Mehra, K.L., 1980. Structure, evolution, and adaptation to 

farming system and environment in Vigna. In: RJ. Summerfield and A.H. 

Bunting (Editors), Advances in Legume Science. Her Majesty's Stationery 

Office, London, pp. 393-404. 

Summerfield, RJ., Pate, J.S., Roberts, E.H. and Wien, H.C., 1985. The physiology 

of cowpeas. In: S.R Singh and K.O. Rachie (Editors), Cowpea Research, 

Production, and Utilization. Wiley, New York, pp. 65-101. 



Wahua, T.AT., Babalola, O. and Aken'ova, M.E., 1981. Intercropping 

morphologically different types of maize with cowpea: LER and growth 

attributes of associated cowpea. Expl. Agric., 17: 407-413. 

151 

Wien, H.C. and Nangju, D., 1976. Cowpea as an intercrop under cereals. In: J.H. 

Monyo, AD.R Ker and M. Campbell (Editors), Intercropping in Semi

Arid Areas. University of Dar es Salaam, Morogoro, Tanzania and IDRC, 

Ottawa, Canada, p. 32. 

Wien, H.C. and Smithson, J.B., 1981. The evaluation of genotypes for 

intercropping. In: Proc. Tnt. Workshop on Intercropping, Patancheru, India, 

10-13 Jan. 1979, ICRISAT, Hyderabad, India. pp. 105-116. 

Wien, H.C. and Summerfield, RJ., 1984. Cowpea (Vigna unguiculata [L.] Walp.). 

In: P.R Goldsworthy and N.M. Fisher (Editors), The Physiology of Tropical 

Field Crops. Wiley, New York, pp. 353-383. 

Willey, R\V., 1979a. Intercropping-Its importance and research needs. Part I. 

Competition and yield advantages. Field Crop Abstr., 32: 1-10. 

Willey, RW., 1979b. Intercropping-Its importance and research needs. Part II. 

Agronomy and research approaches. Field Crop Abstr., 32: 73-85. 

Willey, RW. and Osiru, D.S.O., 1972. Studies of mixtures of maize and beans 

(Phaseolus vulgaris) with particular relation to plant population. J. Agric. 

Sci. Camb., 79: 517-529. 



152 

Woolley, J.N., Ildefonso, R.L., Aquino Portes e Castro, T. and Voss, J., 1991. 

Bean cropping systems in the tropics and subtropics and their determinants. 

In: A. van Schoonhoven and O. Voysest (Editors), Common Beans: 

Research for Crop Improvement. Redwood Press Ltd., England, pp. 679-

706. 

Vandermeer, J.H., 1989. The ecology of intercropping. Cambridge University 

Press, England, pp. 237. 

Zimmerman, M.J.O., Rosielle, A.A., Waines, J.G. and Foster, K.W., 1984. A 

heritability and correlation study of grain yield, yield comonents, and 

harvest index of common bean in sale crop and intercrop. Field Crops 

Res., 9: 109-118 . 

.. _.-.... __ ._-- -----.---- --------


