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Abstract

:

A better understanding of the dry bean (Phaseolus vulgaris L.) growth and yield response to weed competition under the intercropping system is critical for improving sustainable weed management strategies. A two-year trial was conducted with three types of crop arrangement (sole cropping, inter-row, and intra-row intercropping) combined with weeding frequency (no weeding, weeding over the first 50 days of crop growth, and weed-free). Effects of the treatments were tested on dry bean agronomic indicators in terms of the following: 100-grain weight, dry biomass, grain yield, grains per pod, pods per plant, plant height, number of leaves per plant, and chlorophyll content. The intercropping pattern significantly affected dry bean pods per plant, height, and chlorophyll content, while weeding frequency significantly affected all measured agronomic indicators for dry bean, except for chlorophyll content, during the 2017/18 growing season. The results showed that the significant measured agronomic indicators were the lowest under no weed control; however, they increased as weeding frequency increased. The 2018/19 growing season followed a similar trend; however, the interaction effect significantly affected dry bean 100-grain weight, dry biomass, and number of leaves per plant at 40 days after emergence. The dry bean/sweet sorghum or cowpea intra-row intercropping and intermediate weeding frequency displayed optimum productivity.
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1. Introduction


Dry bean (Phaseolus vulgaris L.) is a vital grain pulse and one of the most important sources of plant protein in South Africa, yet there is an approximately 49% dry bean production deficit annually [1]. However, like any other crop, dry beans are sensitive to weed competition, especially at the early growth stage. Therefore, a dry bean production shortfall in South Africa could be exacerbated by weed interference. It is essential to develop sustainable weed control strategies for sustainable crop production, through which weeds can be controlled effectively [2] to curb environmental degradation. Herbicides and tillage are tools primarily used to control weeds, and the ramifications brought by these tools are leading to severe environmental concerns and increasing herbicide resistance [3]. In response to the echoing calls for intensifying sustainable agriculture, intercropping has been advocated as a sustainable cropping system to reduce the negative impact of conventional agriculture on the environment [4]; thus, sustainable weed control strategies are critical.



There are several challenges associated with weeds in agricultural fields, in addition to reduced crop yield and quality [5,6]. The growth and yield of dry beans are in most cases severely reduced by weed competition for growth factors, leading to significant yield losses [7]. However, integrating cultural weed control methods such as a spatial arrangement or using new intercropping strategies is essential in order to achieve a sustainable agricultural ecosystem [8]. Narrow rows in intercropping systems are linked to greater uniformity in leaf and root distribution in the crop, allowing the crop to intercept more radiation and efficiently utilize the soil resources, thus impeding weed establishment and growth [2,9].



Controlling intra-row weeds mainly through manual weeding can be laborious in slow-growing row crops such as dry beans with less competitive traits against weeds [10]. Van Der Weide et al. [10] also stated that intra-row weeding is expensive, time-consuming, and challenging to organize. In this view, a critical period for weed control (CPWC) was developed and defined as the period in the crop’s growth cycle during which weed control is imperative to shun unacceptable yield losses [11]. Early weed control is imperative to achieve optimum crop yield, as prolonged weed interference affects crop yield, reduces crop quality, and increases production costs [12]. The mechanism behind the impact of weed interference during CPWC on crop growth, development, and yield is still partially unknown [13].



The magnitude of weed-related dry bean yield loss due to weed interference can be variable in different growing areas, mainly attributable to the presence of weed species, weed density, and environmental conditions [14,15]. Understanding agronomic technologies that are profitable and practical to adopt is another challenging research area, as semi-arid and marginal lands require judicious use of inputs and zonal management to optimize nutrients’ restoration [16].



Intercropping is defined as growing more than one crop species simultaneously in the same area [17] and not necessarily sown or harvested simultaneously [4]. The potential benefits of intercropping are increasing crop yield and quality via efficient use of land, sunlight, soil nutrients, and moisture [18], thus improving resilience to current and future climate change, pests, disease, and weed damage [19]. The addition of legumes into intercropping systems is supported globally to improve soil fertility, protein-rich plant products, and livestock fodder [20]. Dry beans are frequently used as intercrops, thus ensuring sustainable cropping systems by intensifying production and soil fertility enhancement through their ability to fix atmospheric nitrogen biologically [21]—this enhances phosphorous biological turnover; thus, they could become the cornerstone of sustainable agriculture [20] as far as soil fertility is concerned.



However, information about the potential and feasibility of dry bean performance with sweet sorghum (Sorghum bicolor L.) or cowpea (Vigna unguiculata L. Walp) intercropping is scarce. Moreover, the use of sweet sorghum or cowpea as a companion for dry bean in intercropping under weed interference has been poorly reported. There is a need for sustainable weed control strategies for poor rural farmers to increase the adoption of grain legumes, such as agronomic practices to reduce weed pressure, particularly spatial arrangement and critical periods for weed control in different grain legume species. Therefore, this study was established to evaluate dry bean performance and determine the optimum spatial arrangement in dry bean/sweet sorghum or cowpea intercropping systems compared with sole cropping under different weed management levels.




2. Materials and Methods


2.1. Description of the Experimental Site


A two-season trial was conducted at Ukulinga Research and Training farm of the University of KwaZulu-Natal in Pietermaritzburg, South Africa (29°39’56.6′′ S 30°24′26.2′′ E), altitude 791 m amsl, during the 2017/18 and 2018/19 growing seasons. Three types of crop arrangement (sole cropping, inter-row, and intra-row intercropping) were combined with three types of weeding frequency (no weed control (NWC), 50 days weeding after crop emergence (50 DWACE), and weed-free (WF). The dry bean (Phaseolus vulgaris L.) cultivar Ukulinga was intercropped with sweet sorghum (Sorghum bicolor L.) variety Supasweet II and cowpea (Vigna unguiculata L. Walp) variety Agrinawa. A split-plot design in a randomized complete block design (RCBD) was used, comprising twenty-seven treatments replicated three times, totalling 81 plots. The effects of the treatments were tested on various dry bean agronomic indicators: 100-grain weight, dry biomass, grain yield, grains per pod, pods per plant, plant height, number of leaves per plant, and chlorophyll content. For complete details on treatments, plot layout, soil analysis, and climatic conditions, one can consult the work of [22].




2.2. Data and Yield Collection


To determine dry bean biomass production, whole plants were harvested from 1.44 m2, and then sun-dried for dry biomass weight. Plant height was based on the average height of four plants per plot. Eight plants were sampled per plot on sole cropping on the dry bean, amounting to an area of 1.44 m2 on sole and intercropping systems. Grain yield was determined by removing the dry pods from the plant and air-drying them. The grains were removed from the dry pods at 12% moisture content determined using a moisture meter, and their mass was recorded to obtain grain yield. A handheld soil plant analysis development (SPAD) chlorophyll meter was used to measure chlorophyll content. During the 2017/18 growing season, five hand hoe weeding frequencies were executed at 50 days of weed control after crop emergence (50 DWACE), and eight hand hoe-weeding frequencies were applied at weed-free. On the other hand, three hand hoe-weeding frequencies were performed at 50 DWACE and five hand hoe-weeding frequencies were performed at weed-free during the 2018/19 growing seasons. In general, weeding frequency applications declined from one season to another.



Land equivalent ratio (LER) was determined using the equation below.


LER = ID/SD + IS/SS



(1)







Above-ground dry biomass was used to determine LER for dry bean and sweet sorghum intercropping, where ID denotes intercropping dry bean, SD denotes sole dry bean cropping, IS denotes intercropping sweet sorghum, and SS denotes sole sweet sorghum cropping.


LER = ID/SD + IC/SC



(2)







Grain yield was used to determine LER dry bean and cowpea intercropping, where ID denotes intercropping dry bean, SD denotes sole dry bean cropping, IC denotes intercropping cowpea, and SC denotes sole cowpea cropping.




2.3. Statistical Analysis


Analysis of variance (ANOVA) was used to compare the effects of intercropping pattern and weed frequency on dry bean 100-grain weight, dry biomass, grain yield, grains per pod, pods per plant, plant height, number of leaves per plant, and chlorophyll content using GEN STAT statistical software version 18. The standard error of the difference (S.E.D) was used for mean separation when treatments were significantly different (p < 0.05). Principal component analysis (PCA) associated dry bean traits with intercropping patterns and weeding frequency. A stronger correlation of dry bean dry biomass, grain yield, height, pods per plant, grains per pods, number of leaves per plant, plant height, and intercropping pattern with weeding frequency could be observed through the arrows; the further an arrow from the centre of the PCA diagram, the more robust the correlation.





3. Results


The analysis of variance (ANOVA) results are shown in Table 1 and Table 2 for the 2017/18 and 2018/19 growing seasons, respectively. The intercropping pattern had a significant (p < 0.01) effect on the number of dry bean pods per plant, 60 days after emergence (DAE) plant height, and chlorophyll content at 80 DAE; on the other hand, the results showed that weeding frequency had a significant (p < 0.01) effect on dry bean 100-grain weight, dry biomass, grain yield, grains per pod, pods per plant, and plant height at 60 and 80 DAE (Table 1). Moreover, the interaction between intercropping pattern × weed frequency had significant (p < 0.05) effects on 80 DAE plant height; however, other treatments remained insignificant (Table 1).



During the second growing season, the intercropping pattern had a significant (p < 0.01) effect on dry biomass, pods per plant, and plant height at 40 and 80 DAE (Table 2). The weeding frequency had a significant (p < 0.01) effect on dry bean 100-grain weight, dry biomass, grain yield, grains per pod, pods per plant, plant height, number of leaves per plant, and chlorophyll content (Table 2). The intercropping pattern × weeding frequency interaction had a significant (p < 0.05) effect on dry bean 100-grain weight, dry biomass, and 40 DAE number of leaves per plant (Table 2).



3.1. Effects of Weeding Frequency on Dry Bean Traits


The weeding frequency significantly affected 100-grain weight; no weed control led to a significantly lower 100-grain weight; however, the 100-grain weight did not significantly increase as weeding frequency increased from 50 DWACE to weed-free in the 2017/18 growing season (Figure 1a). Inversely, for dry biomass, between 50 DWACE and weed-free, based on Figure 1b, differences were observed in grain yield (Figure 2a), number of grains per pod (Figure 2b), number of pods per plant (Figure 2c), and chlorophyll content index (Figure 2d).



In the 2018/19 growing season, dry bean grain yield was significantly lower at no weed control and increased as weeding frequency increased; however, it showed no significant effect between 50 DWACE and weed-free compared with the 2017/18 growing season (Figure 2a).



The number of grains per pod was significantly influenced by weeding frequency; the grains per pod increased as weeding frequency increased; however, it remained insignificant between intermediate weeding frequency and weed-free over the growing seasons (Figure 2b).



The lowest number of pods per plant was observed at no weed control, which increased as the weeding frequency increased (Figure 2c). During the 2017/18 growing season, there were significant differences in the number of pods per plant between the 50 DWACE and the weed-free treatment; however, during the 2018/19 growing season, there were no significant effects between the 50 DWACE and the weed-free treatment (Figure 2c). As a result of increased weeding frequency, the high number of dry bean pods per plant differed between the growing seasons.



The weeding frequency significantly influenced dry bean leaf chlorophyll content at 40 DAE and 80 DAE in the 2018/19 growing season (Figure 2d). The no weed control had a significantly lower dry bean leaf chlorophyll content, which significantly increased as the weeding frequency increased at 40 DAE and 80 DAE, but remained not significant at intermediate weeding frequency in the 2018/19 growing season (Figure 2d).




3.2. Intercropping Pattern × Weeding Frequency Interaction Effects on Significant Measure Dry Bean Traits


During the second growing season, the interaction between intercropping pattern × weeding frequency had significant effects on dry bean 100-grain weight (Figure 3a). The DB/CP intra-row × weed-free had the highest 100-grain weight compared with other treatments; however, the 100-grain weight remained significantly lower at no weed control throughout the intercropping patterns (Figure 3a).



The two-way interaction significantly affected dry bean biomass; sole DB × weed-free had significantly higher dry biomass; however, no weed control had the lowest dry biomass across all the intercropping patterns (Figure 3b). The SS/DB inter-row and intra-row intercropping had the least dry bean dry biomass across all weeding frequencies compared with sole DB, DB/CP intra-row, and inter-row intercropping.



During the 2018/19 growing season, there was a significant interaction effect on the dry bean number of leaves per plant at 40 DAE (Figure 3c). The sole DB × weed-free interaction had the highest dry bean number of leaves per plant, while DB/CP inter-row had the lowest dry bean number of leaves per plant (Figure 3c). There was no significant interaction effect on dry bean number of leaves per plant between DB/CP inter-row, DB/CP intra-row, and SS/DB inter-row intercropping × no weed control interaction; however, the number of leaves per plant significantly increased as weeding frequency increased (Figure 3c).



During the 2017/18 growing season, the intercropping pattern × weeding frequency had a significant interaction effect at 80 DAE, DB/CP inter-row and SS/DB inter-row intercropping × weed-free had the highest plant height, while SS/DB inter-row and sole DB × no weed control and 50 DWACE had the lowest plant height (Figure 3d). There were no differences among other treatments (Figure 3d).




3.3. Intercropping Pattern Effect on Dry Bean Pods per Plant


The intercropping pattern effect on the number of dry bean pods per plant was highest on SS/DB intra-row intercropping, whereas SS/DB inter-row and DB/CP had the lowest number of pods per plant during the 2017/18 growing season (Figure 4). There was no significant impact between DB/CP intra-row, DB/CP inter-row, and SS/DB inter-row intercropping during the 2017/18 growing season (Figure 4).




3.4. Intercropping Pattern Effect on Dry Bean Plant Height


The intercropping pattern significantly impacted dry bean plant height at 60 DAE during the 2017/18 growing season and at 40 and 80 DAE in the 2018/19 growing season (Figure 5). The highest plant height was recorded at DB/CP inter-row intercropping, and the lowest plant height was observed at SS/DB inter-row intercropping at 60 DAE during the 2017/18 growing season (Figure 5). The intercropping pattern significantly influenced dry bean height at 40 DAE and 80 DAE in the 2018/19 growing season (Figure 5). The SS/DB inter-row had the highest plant height, whereas the SS/DB intra-row had the lowest plant height, and the DB/CP intra-row and SS/DB intra-row showed insignificant effects against each other at 40 DAE during the 2018/19 growing season (Figure 5). At 80 DAE during the 2018/19 growing season, the highest plant height was recorded on the DB/CP inter-row and the lowest on the DB/CP intra-row; however, SS/DB inter-row, SS/DB intra-row, and DB/CP were not significant among the treatments (Figure 5).




3.5. Weeding Frequency Effects on Dry Bean Height and Number of Leaves per Plant


The results showed that weeding frequency significantly impacted 60 DAE dry bean height; the highest plant height was observed at weed-free and declined as weeding frequency reduced during the 2017/18 growing season (Figure 6a). Weeding frequency did not have significant effects on dry bean height at 40 DAE during the 2017/18 growing season, whereas, during the 2018/19 growing season, a significant effect was observed at 40 DAE (Figure 6a). However, the highest 40 DAE dry bean height was observed at weed-free and declined as weeding frequency reduced during the 2018/19 growing season (Figure 6a). The same was noted at 60 and 80 DAE during the 2018/19 growing season; moreover, insignificant differences were observed between intermediate and weed-free frequencies.



Dry bean number of leaves per plant responded significantly to weeding frequency. No weed control had the lowest number of leaves per plant, and the number of leaves per plant increased as weeding frequency increased at 60 DAE during the 2017/18 growing season, and 60 and 80 DAE only during the 2018/19 growing season (Figure 6b).




3.6. Intercropping Pattern Effect on Dry Bean Chlorophyll Content


The significant intercropping pattern effect on dry bean leaf chlorophyll existed at 80 DAE in the 2017/18 growing season only, and the highest chlorophyll content was observed on sole DB, whereas DB/CP inter-row intercropping had the lowest chlorophyll content (Figure 7).




3.7. LER Values and PCA Analysis of Sweet Sorghum/Dry Bean or Cowpea Intercropping under Weed Interference


The effects of intercropping pattern and weeding frequency on dry bean/sweet sorghum or cowpea intercropping performance on the LER value are shown in Table 3. During the 2017/18 growing season, the LER value ranged between 0.91 and 3.75, whereas, in the 2018/19 growing season, the LER value ranged between 0.10 and 2.65 (Table 3). During the 2017/18 growing season, the DB/CP intra-row combined with 50 DWACE resulted in greater LER 3.75 than other treatments, while in the 2018/19 growing season, the SS/DB intra-row altogether with no weed control resulted in higher LER 2.65 than other treatments (Table 3). The intercropping pattern and weeding frequency influenced the LER values; however, the intra-row intercropping pattern had greater LER values than the inter-row intercropping pattern (Table 3). Moreover, all the intercropping treatments had an LER above 1.0, except no weed control, signifying that intercropping was advantageous over sole cropping.



Principal component analysis was used to evaluate correlations of 100-grain weight, dry biomass, grain yield, grains per pod, pods per plant, 60 and 80 DAE plant height, 60 and 80 DAE number of leaves per plant, and 80 DAE chlorophyll with sole DB, DB/CP inter-row intercropping, DB/CP intra-row intercropping, SS/DB inter-row intercropping, SS/DB intra-row intercropping, no weed control, 50 DWACE, and weed-free (Figure 8). The first and second principal components displayed 73.55 and 11.65% for the 2017/18 growing season, and 84.81 and 8% for the 2018/19 growing season of the data variation (Figure 8).





4. Discussion


4.1. Dry Bean 100-Grain Weight


A change in precipitation and other crop growth factors may affect weed species’ distribution and competitive ability between the weed population and the crop [23]; this could explain the fewer weeding frequencies in the second season. Inconsistent progress has been observed in exploring the intercropping pattern and weeding frequency on dry bean performance growth and productivity in dry bean/sweet sorghum or cowpea intercropping over the seasons. The current study evaluated the intercropping pattern and weeding frequency in terms of their interaction on dry bean 100-grain weight, dry biomass, grain yield, grains per pod, pods per plant, plant height, number of leaves per plant, and chlorophyll content. The current research result aligns with the findings of [24], who also reported the reduction in 100-grain weight under weed-infested conditions. However, contrary to Nassary et al. [25], the results found that 100-seed weight was affected by different rainfall distribution over seasons. However, the findings that sole legumes had greater above-ground biomass yields than the associated intercrops were supported [25,26]. The different bean varieties and the cereal used could explain the 100-grain weight contradictions.




4.2. Dry Biomass Yield


Biomass yields declined with decreasing soil fertility status, but this decline varied among legume species and sites [26]. Resource limitation during the weed–crop interaction is a significant yield-reducing factor [13]. The nearby weeds negatively affect common bean yield more than prolonged weed interference or resource limitation, particularly in vegetative stages [13]. The poor performance of dry bean owing to weed interference could be linked to their short and shallow root system, affecting their ability to be competitive for nutrient resources [27].




4.3. Dry Bean Grain Yield


The difference in grain between the 2017/18 and 2018/19 growing seasons could be explained by the drastically different rainfall distribution between the growing seasons, triggering a high interspecific competition between the crops. The lower rainfall received during the second season could have contributed to limited moisture, and hence low yields [26]. The reduction in grain yield in the presence of weeds can be attributed to interspecific competition between crop and weed growth factors [28]. This is probably because of shade provided by the weed canopy on the dry bean, which might have filtered sun radiation for photosynthesis [29], or the shade provided by the sweet sorghum.



Simultaneous sowing of cereal and a grain legume might affect the performance of the legume biomass and the grain yield [25]. Delayed growth before flower setting is one of the bean traits rather than delayed development, pods’ production, and smaller seed size, particularly during adverse environmental conditions [30]. Weed interference throughout the vegetative growth stages of common bean prompts the shade avoidance response, which negatively affects the bean performance, resulting in irretrievable depleted CO2 assimilation, photosynthesis efficiency, and yield; the inhibition of photosynthesis is attributed to the biochemical limitation to the Calvin cycle [13]. McKenzie-Gopsill et al. [13] further stated that all these could be avoided given that the common bean is kept weed-free throughout the vegetative growth stages; moreover, the depletion in photosynthesis and gas exchange correlates with common bean yield during vegetative growth stages.




4.4. Dry Bean Number of Pods per Plant and Grains per Pod


It is worth noting that dry bean was diseased in the 2018/19 growing season; this could be the other reason for the difference in the measured variables between the two seasons. Past research showed that flowering, pod setting, and maturation of grain legume as intercrops could coincide with high precipitation, resulting in high frequency of diseases and pest pressure, thus reducing grain yield as a result of early planting, whereas poor grain yields of the grain legume were the outcome of late planting owing to the late onset of rainfall [31]. Bean pods produced per plant influence grains and yield; hence, cropping systems are supposed to be a pivotal factor to consider in each agro-ecological zone [30]. Depending on weeds’ severity, the greater light competition with high weed density explains the bean grain reduction when compared with low weed density [32]. The increase in the crop productivity of incompatible crop species in an intercropping system is linked with facilitation, sharing, and complementarity in resource acquisition, as well as efficient utilization [33].



The current study results support those of Esmaeilzadeh and Aminpanah [28], that grains per pod and pods per plant were lower under weed-infested environments than weed-free environments. Tapetal degeneration in the dry bean is common, particularly in higher temperatures where photosynthesis declines with excessive flower drop and pollen sterility, negatively affecting grains per pod and pods per plant [34]. In all weed pressure levels, bean leaf area and leaf chlorophyll increased linearly with an increase in N rate application [24]. Shading affects far-red radiation more than red-radiation, leading to great plant height under weed interference [35]. Smith [36] reported that neither cell division nor node formation rate changes were observed under weed interference on stem elongation, but cell division increased.




4.5. Dry Bean Number of Leaves per Plant


The provisioned shade by weeds or sweet sorghum canopy on dry beans might have reduced the sun radiation for photosynthesis [29]. Furthermore, most C3 plants, such as dry beans, are sensitive to limited moisture stress, especially under weed interference [37]. As a result, this affects the development of leaves and causes a reduction in the dry bean leaf area index; it probably minimizes the capacity to photosynthesize, consequently decreasing its production capability, affecting yield components [38].




4.6. LER Values and PCA Ordination


Land equivalent ratio values differed across all the treatment combinations as affected by intercropping and weeding frequency. The intercropped treatments had an LER value above one, compared with sole cropping treatments, except for some treatments under no weed control, which means intercropping was superior to sole cropping. Legumes intercropped with legumes or legumes intercropped with cereals yielded higher LER values; this could suggest that the crop species complement each other by efficiently acquiring growth resources or soil phosphorus (P) [39]. A higher LER for grain yield was reached in the P-deficient soil than in the P-sufficient soil [39], which indicates that intercropping is more advantageous under low soil fertility conditions [26].



The PCA ordination clustered the measured dry bean attributes accordingly with the treatments. Moreover, it showed a consistent relationship between 100-grain weight, grain yield, and 50 DWACE over seasons. The diseased dry bean during the 2018/19 growing and the difference in the amount of rainfall received over the seasons might have contributed to the inconsistency in the number of leaves per plant, plant height, dry biomass, pods per plant, and chlorophyll content with DB/CP inter-row intercropping, 50 DWACE, and sole dry bean.





5. Conclusions


The dry bean growth traits were significantly affected by intercropping patterns and weeding frequency. Intercropping patterns significantly affected the dry bean height and pods per plant. The impact of weeding frequency on dry bean’s significant measured attributes showed an increasing trend, as weeding frequency increased, but somehow remained insignificant between intermediate weeding frequency and weed-free, particularly during the second growing season. Weed control at 50 DAE is critical for maximizing dry bean production under dry bean/sweet sorghum or cowpea intercropping. The further implementation of weed control 50 days after crop emergence could increase crop injury, thus affecting dry bean growth performance or incurring unnecessary labour costs. However, it is recommended that future research should focus on more long-term trials in different regions to observe the dry bean performance in sweet sorghum or cowpea intercropping under weed interference. More growing seasons are needed to answer the questions about which dry bean agronomic traits stabilize in intercropping patterns and weed interference after a certain period.
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Figure 1. Weed frequency effect on dry bean (a) 100-grain weight and (b) dry biomass during the 2017/18 growing season. The error bars denote S.E.D, and different letters indicate significant differences. 
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Figure 2. Weeding frequency effect on dry bean (a) grain yield, (b) grains per pod, and (c) pods per plant during the 2017/18 and 2018/19 growing season, as well as (d) dry bean leaf chlorophyll content during the 2018/19 growing season. The error bars denote S.E.D, and different letters indicate significant differences. 
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Figure 3. Intercropping pattern and weeding frequency interaction effect on (a) 100-grain weight, (b) dry biomass, and (c) 40 DAE number of leaves per plant during the 2018/19 growing season, as well as (d) 80 DAE plant height during the 2017/18 growing season. The error bars denote S.E.D, and different letters indicate significant differences. 
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Figure 4. Intercropping pattern effect on the number of dry bean pods per plant during the 2017/18 and 2018/19 growing seasons. The error bars denote S.E.D, and different letters indicate significant differences. 






Figure 4. Intercropping pattern effect on the number of dry bean pods per plant during the 2017/18 and 2018/19 growing seasons. The error bars denote S.E.D, and different letters indicate significant differences.



[image: Sustainability 13 12328 g004]







[image: Sustainability 13 12328 g005 550] 





Figure 5. Intercropping pattern effect on dry bean plant height during the 2017/18 and 2018/19 growing seasons. The error bars denote S.E.D, and different letters indicate significant differences. 
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Figure 6. Weeding frequency effect on dry bean (a) plant height and (b) the number of leaves per plant in the 2017/18 and 2018/19 growing seasons. The error bars denote S.E.D, and different letters indicate significant differences. 
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Figure 7. Intercropping pattern effect on dry bean leaf chlorophyll content at 80 DAE during the 2017/18 growing season. The error bars denote S.E.D, and different letters indicate significant differences. 
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Figure 8. Principal component analysis of intercropping pattern and weeding frequency on dry bean performance under sweet sorghum or cowpea intercropping during the (a) 2017/18 growing season and (b) 2018/19 growing season. Vectors indicate measured variables from the first axis and second axis. 100GW = 100-grain weight, 80DCH = 80 DAE chlorophyll, DRYBI = dry bean biomass, GRAYI = dry bean grain yield, 60DHE = 60 DAE height, 80DHE = 80 DAE plant height, GRAPP = grains per pod, 60NLE = 60 DAE number of leaves, 80NLE = 80 DAE number of leaves, PODPC = pods per plant. NWC = no weed control, 50 DWACE = 50 days weed control after crop emergence, WF = weed-free, DB = sole dry bean, DB/CPTER = dry bean/cowpea inter-row intercropping, DB/CPTRA = dry bean/cowpea intra-row intercropping, SS/DBTER = sweet sorghum/dry bean inter-row intercropping, SS/DBTRA = sweet sorghum/dry bean intra-row intercropping. 
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Table 1. Analysis of variance of dry bean measured attributes during the 2017/18 growing season.
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Source of Variation

	
Intercropping Pattern

	
Weeding Frequency

	
Intercropping Pattern × Weeding Frequency

	
Residual

	
CV




	
df




	
4

	
2

	
8

	
28

	




	
ms






	
100-grain weight

	
81 ns

	
3974 ***

	
145.8 ns

	
102.1

	
28.2




	
Dry biomass

	
0.26 ns

	
4.4 ***

	
0.16 ns

	
0.10

	
40.1




	
Grain yield

	
15,350 ns

	
240,969 ***

	
18,336 ns

	
8411

	
53.6




	
Grains per pod

	
0.80 ns

	
10.86 ***

	
0.82 ns

	
0.37

	
19.9




	
Pods per plant

	
219.11 **

	
2920.69 ***

	
40.3 ns

	
44.96

	
30.0




	
Plant height

	
60 DAE

	
55.73 **

	
368.36 ***

	
7.09 ns

	
10.34

	
8.2




	

	
80 DAE

	
20.35 ns

	
111.96 ***

	
21.63 *

	
9.12

	
13.1




	
Chlorophyll

	
80 DAE

	
146.96 **

	
127.18 ns

	
18.01 ns

	
44.77

	
4.7








ns: not significant; *, **, and *** significant at 0.05, 0.01, and 0.001 probability levels, respectively.
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Table 2. Analysis of variance of dry bean measured attributes during the 2018/19 growing season.
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-

	
Intercropping Pattern

	
Weeding Frequency

	
Intercropping Pattern × Weeding Frequency

	
Residual

	
CV




	
df




	
4

	
2

	
8

	
28

	




	
ms






	
100-grain weight

	
58.82 ns

	
8812.18 ***

	
68.33 *

	
29.74

	
18.1




	
Dry biomass

	
0.04 **

	
0.35 ***

	
0.02 *

	
0.01

	
45.6




	
Grain yield

	
4201 ns

	
55,951 ***

	
2385 ns

	
1670

	
26.1




	
Grains per pod

	
0.98 ns

	
75.71 ***

	
1.34 ns

	
0.71

	
31.7




	
Pods per plant

	
42.78 *

	
1037.95 ***

	
21.4 ns

	
11.45

	
2.0




	
Plant height

	
40 DAE

	
140.44 *

	
211.65 ***

	
94.73 ns

	
49.07

	
49.8




	

	
60 DAE

	
140.75 ns

	
533.99 ***

	
131.90 ns

	
62.70

	
32.8




	

	
80 DAE

	
453.9 **

	
1513.9 ***

	
106.9 ns

	
120.7

	
4.2




	
Number of leaves

	
40 DAE

	
9.44 ns

	
114.83 ***

	
24.52 *

	
10.63

	
31.7




	

	
60 DAE

	
26.39 ns

	
70.04 ***

	
20.94 ns

	
18.74

	
54.2




	

	
80 DAE

	
30.73 ns

	
203.05 **

	
23.61 ns

	
24.75

	
65.2




	
Chlorophyll

	
40 DAE

	
150.15 ns

	
425.48 *

	
118.6 ns

	
89.76

	
49.6




	

	
80 DAE

	
219.5 ns

	
4061 *

	
131.8 ns

	
160.9

	
45.8








ns: not significant; *, **, and *** significant at 0.05, 0.01, and 0.001 probability levels, respectively.
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Table 3. Dry bean, sweet sorghum, and cowpea LER for the 2017/18 and 2018/19 growing seasons.
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Growing Season

	
Intercropping Pattern

	
Weeding Frequency

	
Total Plot

	
Yield Type




	
NWC

	
50 DWACE

	
WF






	
2017/18

	
DB/CP inter-row

	
-

	
1.72

	
1.03

	
1.60

	
Grain t/ha




	
DB/CP intra-row

	
1.15

	
3.75

	
1.43

	
2.13




	
SS/DB inter-row

	
0.91

	
2.03

	
1.70

	
1.66

	
Dry biomass t/ha




	
SS/DB intra-row

	
1.12

	
2.78

	
2.1

	
2.19




	
2018/19

	
DB/CP inter-row

	
0.13

	
2.27

	
1.67

	
1.71

	
Grain t/ha




	
DB/CP intra-row

	
0.10

	
2.38

	
1.67

	
1.73




	
SS/DB inter-row

	
1.27

	
1.65

	
1.82

	
1.96

	
Dry biomass t/ha




	
SS/DB intra-row

	
2.65

	
1.84

	
1.60

	
1.75








NWC, no weed control; 50 DWACE, 50 days weed-control after crop emergence; WF, weed-free; DB/CP inter-row, dry bean/cowpea inter-row intercropping; DB/CP intra-row, dry bean/cowpea intra-row intercropping; SS/DB inter-row intercropping, sweet sorghum/ dry bean inter-row intercropping; SS/DB intra-row intercropping, sweet sorghum/dry bean intra-row intercropping.
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