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ABSTRACT 

Soybean (Glycine max L.) is reported to demonstrate plasticity responses when exposed to either 

supra or sub optimal plant density stress. However, it is not known whether determinate and 

indeterminate varieties respond the same and at what phenological stage a soybean plant is able to 

exhibit adaptive plasticity or elasticity response after thinning. The relationship between plant 

density stress and plant performance was studied in soybean varieties. The objective of the study 

was to determine phenotypic plasticity and its consequence on grain yield associated to plant 

population density-stress recovery capacity on different soybean varieties. The trials were 

conducted at Mansa Research Station of the Zambia Agricultural Research Institute (Agro-

ecological Region III). A split-split plot design was used replicated four times, with variety 

occupying the main plot, plant density in sub plot and thinning time in sub-subplot. The Zambian 

soybean varieties used were two determinate types (Lukanga and SC Semeki) and one 

indeterminate type (Mwembeshi). Planting density stress was imposed by planting at supra optimal 

densities (700 K, 600 K, and 500 K plants ha-1, where K represented 1000) and stress was removed 

by thinning to the recommended density (400 K plants ha-1) at different crop phenological stages 

(V0, V4, R1 and R8). V0 was time of planting, where seeds were sown at the recommended density 

level of 400K plants ha-1. V4 was the vegetative stage where the fourth trifoliate leaf had 

completely unrolled and not touching, R1 was the onset of the reproductive growth phase-

beginning bloom, where the plant had developed at least one open flower at any node and R8 was 

a stage when the plant had reached full maturing with at least 95 % of the pods had attained their 

full maturity colour. In practice V0 and R8 treatments were maintained with no thinning. The results 

showed that variety had significant effects on plant height, biomass weight, number of grains per 

pod, number of pods per plant, grain yield and harvest index (HI). Plant density only affected 

biomass, grain weight and HI. Thinning time influenced root to shoot ratio, number of grains per 

pod, grain yield and HI. All the interaction levels exerted significant effects on most of the 

observed parameters. Grain yield and biomass weight were highly influenced by variety. Lukanga 

had the highest grain yield (2.43 tons.ha-1), followed by Mwembeshi (1.95 tons.ha-1) the least was 

recorded in SC Semeki (1.17 tons.ha-1). The significantly high yield observed in Lukanga was 

associated to the significant number of grains per pod while for Mwembeshi was owing its 

significant yield value to its high number of pods per plant. There was an observed inverse 

relationship between biomass weight and plant density stress duration, particularly for SC Semeki.    
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Chapter 1 

1. INTRODUCTION 

Soybean (Glycine max (L.) Merrill) is an oil seed crop produced worldwide in varying 

environments (FAO, 2016). In 2017, soybeans accounted for almost 60% of the world 

oilseed crops production and contributed 70 % to the world protein- meal consumption 

(Soystats, 2018). Despite having its origin in Asia (Hymowitz, T. and Shurtleff, 2005), the 

Americas (i.e. USA, Brazil and Argentina) have dominated the world soybeans production 

in recent years, accounting for over 80 % of the total production (Zhang et al., 2017; FAO 

2016. Soystats 2018).  

Soybean is reported to be efficient at accumulating oils and proteins in its seed grain, hence 

producing more protein and oil per unit land compared other cultivated crop plants (Franklin 

and Martin, 1988; Hartman et al., 2011; Mingjue, 2014). Soybeans’ ability to have high oil 

and protein content places the crop among the most important cultivated crops in the world 

and its importance has been increasing, hence in 2017, it ranked third, (only after wheat and 

maize respectively) as the most traded crop commodity in the world (Soystats, 2018). The 

crop is versatile regarding utilisation, ranging from human and animal consumption to 

primary feed stock in many industrial and pharmaceutical products (Manavalan et al., 2009; 

Hartman et al., 2011; Mingjue, 2014).  

According to McWilliams et al., (2004) soybeans productivity is highly influenced by the 

plant’s ability to tolerate environmental stress and to efficiently partition photoassimilates 

into economically important components (genetic potential). Responses to abiotic stress 

factors are manifested in the morpho-physiological character embodiments (Tilman et al., 

2014; Rahmawati et al., 2019). Plant competition, whether intraspecific or interspecific 

results in resource limitation; to which, plants respond by modifying their morphological 

traits and physiological functions (Mataa and Sichilima, 2019). This is so, to maximise the 

plant’s access to limiting resources by reallocating its produced biomass (here referred to as 

photoassimilates) to plant parts which are responsible for acquisition of the resource in 

limitation (Aroca, 2013; Tilman, Isbell and Cowles, 2014; Rondanini et al., 2017).  

Field crops are assumed to manifest a general plant growth characteristic of having 

phenotypic adaptive plasticity, which enables plants to counter abiotic stress factors. 

Soybean response capacity to counter abiotic stresses imposed by high population density 

may vary among genotypes. An understanding of phenological development provides the 
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basis for enhanced crop management. Specifically, a good understanding of the growth 

habits of soybean plants and its function can help growers and plant development experts 

refine their management practices to achieve better yield and maximise profits (Counce et 

al., 2000). During the process of plant development- the sum total of plant growth and 

differentiation- there are many physiological processes that occur and are controlled or 

influenced by plant hormones available only at specific growth stages (Maggio et al., 2018). 

Accurate identification of the different phasic growth stages is essential for growth 

environment manipulation to influence plant development, accurately apply pesticides and 

determine potential yield loss from environmental stresses (Wright and Lenssen, 2013; 

Agalave, 2017). 

Increasing soybeans plant population per unit area generally results in higher grain yields 

(Rahman and Hossain, 2011; Ibrahim, 2012; Mondal et al., 2014). However, the 

phenological stage at which a soybean plant is able to exhibit adaptive plasticity or elasticity 

after thinning when exposed to high plant population density is not yet known.   

1.1. Objectives  

The main objective of the study was to determine the extent to which plant density and 

thinning time influences crop development and yield in soybeans, thus the study evaluated 

vegetative plasticity in soybeans. Specifically, the study sought to determine; 

i. The stage at which plant density stress is removed affects plant developmental 

responses 

ii. Whether these plasticity responses are genotype dependent. 

1.2. Research Hypothesis 

i. Plant density stress and stage at which this stress is removed has an effect on 

vegetative plasticity responses.  

ii. These plasticity responses are variety dependant and soybeans may also show 

yield and morphological elasticity by being able to recover if stress is removed 

at a suitable time.  

Findings of the study may contribute to understanding how crops respond to stress and assist 

in optimising cultural practices for new crop varieties, thereby contribute to better resource 

use and improve yield efficiency. 
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Chapter 2: 

2. LITERATURE REVIEW 

2.1. Taxonomy and Origin of Soybean Plant 

Soybean (Glycine max (L.) Merrill) is an oil seed crop that belongs to the Leguminosae 

family, with the subfamily Papilionoideae and in the genus Glycine, L (Mingjue, 2014). 

Soybean is thought to have originated from China some 4000 to 5000 years ago (Barbalho 

and Farinazzi-Machado, 2011; Mingjue, 2014). However, Hymowitz and Shurtleff, (2005) 

suggest that production in China only goes back to the 11th century B.C.E or slightly earlier, 

therefore the crop is only about 3100 years old under domestication. Soybean was introduced 

to North America and Europe around 1765 by Samuel Bowen (Hymowitz, T. and Shurtleff, 

2005). Initially, soybeans were mainly used as a forage crop in North America. By the early 

1950s, USA surpassed China in production and this was mainly due to the expanded 

utilization portfolio to include human consumption, livestock feed, the pharmaceuticals and 

other industrial processes (Sonderegger, 2013). Shurtleff and Aoyagi, (2019) suggest that 

soybean was brought to Africa through North Africa in 1857. The same authors also dated 

earliest soybean production in Zambia to be 1910 and India to be the source of the seed.    

2.2. Soybean Plant Development and Phenology 

Growth, development and yields of a plant are a result of a variety's genetic potential 

interacting with the environment (Wright and Lenssen, 2013) and management practices. 

The Plant Ontology Consortium (POC) recently developed the common ontology that 

describes the anatomy, morphology, and growth stages of all angiosperms. This computer 

assisted plant development staging technology was developed to counter the challenge of 

many volumes of literature available that detail growth stages for individual plant species or 

closely related groups of species (Pujar et al., 2006). However, for easy application in field 

crops research, Fehr and Caviness (1971) staging system of soybean plant development was 

found to be most ideal, because of its use of the plant’s morphological markers. The system 

uses the cumulative leaf number (CLN) to describe growth stages in the vegetative phase 

and discrete morphological criteria for staging growth in the reproductive phase (Counce et 

al., 2000). The CLN system results into further division of vegetative morphogenesis into 

specific V(n) stages where (n) represents a numeric value for the last node. The specific (n) 

stage is determined by counting the number of nodes on the main stem starting with the 

unifoliate node which has a completely unrolled leaf. There is an exception for the first two 

stages though where (n) is represented by letters (i.e. VE and VC). It has been observed that 
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maximum V(n) is varietal specific and is also influenced by the environment (Wright and 

Lenssen, 2013).  

A leaf is considered completely unrolled when the leaf at the node immediately above it has 

unrolled sufficiently so the two edges of each leaflet are no longer touching. At the terminal 

node on the main stem, the leaf is considered completely unrolled when the leaflets are flat 

and similar in appearance to older leaves on the plant (Fehr and Caviness, 1971; Counce, 

Keisling and Mitchell, 2000; Pujar et al., 2006; Wright and Lenssen, 2013). 

The discrete morphological features in the reproductive stages start with the beginning 

bloom (R1) where the plants have at least one open flower at any node and ends at R8 where 

soybean is considered to have reached physiological maturity or cessation of dry matter 

accumulation (Wright and Lenssen, 2013).  

2.3. Plant stress 

Environmental constraints occur in form of abiotic or biotic stresses on the plant (Chang and 

Turner, 2019). Environmental constraints imposed on plants due to abiotic factors are as a 

result of the plant’s need for different essential and trace nutrients from the soil/growth 

media, water and light (Craine and Dybzinski, 2013; Sonderegger, 2013). Being sessile 

organisms, plants must make do with environmental stresses such as soil salinity, extreme 

temperatures, flooding and drought as well as ultra violet radiation for adaptation and 

survival (De Bruin and Pedersen, 2008; Wani et al., 2016; Zhu, 2016; Takahashi and 

Shinozaki, 2019). The biotic factors acting as environmental constraints on the plant’s 

growth include the plant’s susceptibility to pests and diseases, competition from 

neighbouring crops and weed plant species (De Bruin and Pedersen, 2008). Plants respond 

to adverse conditions from the environment by invoking stress signals that induce 

appropriate physiological and molecular responses to maintain their development and 

productivity (Ramegowda and Senthil-kumar, 2015; Zhu, 2016; Mataa et al., 2019).  

2.3.1. Biotic stresses 

Soybean is susceptible to pests and diseases that cause stress in plants and hence negatively 

impact seed production and productivity.  The most common diseases and pests of economic 

importance for soybeans growers in Zambia are bacterial pustule (Xanthomonas axanapodis 

pv. Glycines), soybean rust (Phakopsora pachyr- hizi), soybean mosaic virus, frogeye leaf 

spot (Cercospora sojina Hara), common soybean fly (Melanagromyza sojae), Soybean 

aphids (Aphis glycines), pod sucking bugs (Nezara viridula) and pod borers (Helicoverpa 
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armigera). (Mwase and Kapooria, 2001; Hartman et al., 2011; Hartman and Murithi, 2014; 

Alfy, 2017; Gaur and Mogalapu, 2018; Chigeza et al., 2019).  

2.3.2. Stress signalling 

In order to acquire stress tolerance and resistance, plants have developed unique stress 

signalling mechanisms that involve rapid short-term responses to adverse changes in the 

environment such as high temperatures and excessively low soil moisture content among 

others, to prevent severe/permanent damage and long-term adaptation responses to acquire 

tolerance (Kollist et al., 2019;Ramegowda and Senthil-Kumar, 2015; Takahashi and 

Shinozaki, 2019). A number of  genes that regulate specific signal transduction have been 

identified (Takahashi and Shinozaki, 2019) and the stress signalling pathways elucidated.  

Among the best-known signalling pathways are the reactive oxygen species (ROS), once 

considered by-products of metabolic pathways at sub-cellular level (Mhamdi and Van 

Breusegem, 2018), but now understood and appreciated for being responsible for critical  

signalling in plants for stress response and plant development. By interacting with other 

phytohormones ( such as salicylic acid-SA, jasmonic acid-JA, ethylene-ET, abscisic acid-

ABA and gibberellic acid-GA), ROS effect physiological and molecular responses of plants 

to both biotic and abiotic stresses by varying their concentration levels through the redox 

perturbations, thus influencing the formation of responsive molecules (Mabuchi et al., 2018; 

Mhamdi and Van Breusegem, 2018; Takahashi and Shinozaki, 2019).  

Changes in the hydrostatic pressure is one form of stress signalling that triggers a chain of 

complex reactions at subcellular level to mediate the low water potential in the root zone of 

the growth media (Takahashi and Shinozaki, 2019).  

2.3.3. Plant performance due to competition as a stress factor 

It is an established theory that minimizing abiotic and biotic stresses will maximize soybean 

yield (Wright and Lenssen, 2013). An understanding of how plants grow and responds to 

intraspecific competition provides an insight into how stress can be positively manipulated 

to enhance plant performance and maximise yields.  

In an attempt to describe mechanistic approach to resource competition among plants, Pacala 

and Tilmant (1994) stated that relative growth rate and weight per unit plant demonstrates a 

negative relationship, whereby an increase in plant density results in decreased individual 

total plant biomass. These findings were authenticated by Li et al., (2019) who observed that 

as competition between plants increases-i.e. increased plant population density, there are 

decreases in individual plant dry matter accumulation. The plant organs most negatively 
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affected by increases in population density are the yield components as observed by Ibrahim, 

(2012) who associated the decrease to biomass allocation plasticity. However, when 

observed on a unit area basis, total dry biomass increased with an increase in plant population 

(Rahman and Hossain, 2011; Ibrahim, 2012) due to the individual plant influences as well 

as the increased Photosynthetic Active Radiation (PAR) interception owing to the large 

canopy (Park and Runkle, 2018; Li et al., 2019). The above observations were valid in both 

resource poor and rich nutrient environments. Pacala and Tilman's (1994) hypothesis was 

later shared by Arenas and Fernández, (2000) who observed that there was a negative 

biomass-density relationship, in their efforts to understand size structure and dynamics in 

plant populations. Reduced competition for resources from the environment can be attributed 

to the observed association of the reduction in plant density which theoretically implies 

increased individual plant biological yield (Ibrahim, 2012; Li et al., 2019). High plant 

density introduces abiotic stress due to onset of competition for resources from the 

environment i.e. light, nutrients and moisture among others (Rondanini et al., 2017). Higher 

plants elicit their light quality and quantity perception mechanisms using three main 

photoreceptor families; R:FR ratio phytochrome, the Blue/UV-A light absorbing 

cryptochromes and the phytotropins to respond to light stress in their environment (Park and 

Runkle, 2018).  

When competition is asymmetric, it results in weaker plants to be out competed and the 

vigorous plants are induced into positive morpho-physiological responses (Mellendorf, 

2011; Rondanini et al., 2017). As defined by Park, Benjamin and Watkinson, (2003) 

asymmetrical competition results when smaller plants get a disproportionately lower share 

of the available resources to their detriment, because larger plants have had excessively 

higher share of the resource in question to the point of limiting growth and productivity of 

the surrounding plants. The induced positive morpho-physiological response raises the 

plants resource acquisition competitiveness per unit photoassimilate produced, thereby 

enhancing the plants development capacity despite the resource limitation (Craine and 

Dybzinski, 2013). This concept postulates that the photoassimilate partitioning plasticity is 

functional at some critical phenological phase of a plant (Mataa and Sichilima, 2019). 

Therefore, early removal (in the developmental cycle) of the induced abiotic stress such as 

the one that results from high plant density before the full physical manifestation of the 

morpho-physiological responses, theoretically builds the plants yield capacity (Rondanini et 

al., 2017). However, workers on plant population studies (Sultan, 2003, Zamir et al., 1999, 

Kamil, 1983, Mondal, 2014) hold a consensus that grain yield does not holdfast the above 

established principle of negative relationship between biomass yield and plant density.  
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The contrast that, reduced competition increases individual plant productivity (Rondanini et 

al., 2017; Mellendorf, 2011; Mataa and Sichilima, 2019) and findings that grain yield 

increases with an increase in plant density per unit area  (Sultan, 2003; Ahmad and Latif, 

2011; Mondal et al., 2014) and hence an increase in competition, sets the basis for evaluating 

the morpho-physiological response of soybean plants to population density and the 

associated photoassimilate partitioning patterns into yield components.   

2.4. Phenotypic plasticity 

Plants being sessile, organisms maintain stability under varying environmental conditions 

by adjusting their morphophysiological characteristics. Bradshaw, (1965) described such 

responses as plasticity. This is achieved when a plant trades off its available resources 

(photoassimilates) by investing more of the photoassimilates into the enhancement of the 

plant structure which will help maximize the plant’s access to the resource in limitation 

(Murren et al., 2015). The preceding is one form of plant plasticity (i.e. morphological) as 

discussed by (Grime and Mackey, 2002), who postulated that plant plasticity involves 

change of the meristematic tissue parts of the plant with different characteristics-a resource 

costly option for changes in the environment (Bradshaw, 1965). For instance, an individual 

plant under high population growth conditions with a closed canopy will undergo 

physiological changes which signal apical growth enhancement, thereby influencing the 

plants phenotypic expression (i.e. modified morphology) to allow it to positively compete in 

low photon flux density,  (Bradshaw, 1965; Park, Benjamin and Watkinson, 2003; Park and 

Runkle, 2016; Maggio et al., 2018).  

The second form is one which does not involve visible changes to the eye but occurs at 

subcellular level in already differentiated tissues where cues prompt rapid reversible 

responses of the plant-a resource cheap option to changes in the environment (Bradshaw, 

1965; Grime and Mackey, 2002). Shade avoidance syndrome has been cited in literature as 

the manifestation of physiological plasticity in response to cues for presence of neighbouring 

plants, where the plant responds to the reduced quality of white light (i.e. R:FR ratio-a 

parameter that describes the natural light environment), a reversible process that occurs 

rapidly (Franklin and Whitelam, 2005; Park and Runkle, 2016; Maggio et al., 2018). Sultan 

(2003) described this capacity for specific functionally appropriate response to 

environmental conditions as adaptive plasticity. Soybeans, like other field crops are exposed 

to various levels of intraspecific competition (interference), the negative influence of 

neighbouring plants. However, there is little evidence which demonstrates if there are 

differential responses among genotypes.  
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Intraspecific competition reduces the rate of development of some plant parts. For example, 

leaf size changes in response to light quality or quantity or when plants are grown on sub 

optimal soils (Agalave, 2017; Maggio et al., 2018; Rahmawati et al., 2019). In response to 

reduced light, Sultan, (2003) observed that genetically identical plants increased 

photoassimilate partitioning to leaves, thus maximising leaf surface area. This in turn 

increased the leaf’s capacity to capture more light under low photon flux density condition. 

The stress factor of low light induced a positive morpho-physiological response in the plant 

to raise its photosynthetic effectiveness per unit photoassimilate produced, hence enhancing 

the plants development capacity despite the resource limitation. The above notion implies 

that the photoassimilate partitioning plasticity is functional in all phenological phases of a 

plant (Pacala and Tilmant, 1994; Sultan, 2003; Rondanini et al., 2017).  

Plasticity responses to adverse environmental cues that are restricted to vegetative 

phenotypic traits such as described by Rondanini et al., (2017) [i.e. plant height, petiole 

length, leaf size, rosette diameter] is referred to as vegetative plasticity (Rondanini et al., 

2017). Increasing root biomass for instance in the early phenotypic stages of the plant in 

order to increase the relative root surface area and therefore their absorptive capacity of the 

soil resources constitute vegetative plasticity and root biomass being the trait thereof 

(Bradshaw, 1965; Sultan, 2003). On the other hand, reproductive plasticity was describe by 

Sultan, (2003) in light of any developmental adjustments to phenotypic traits that directly 

affect reproductive success of an individual plant in response to various environmental stress 

signals. This response involves disproportionate photoassimilates partitioning to 

reproductive structures, total reproductive output, adjustment in reproductive timing and the 

size and quality of their offspring. Rondanini et al., (2017) associated branching dynamics 

observed in rapeseed to reproductive plasticity, where branching was the trait of attribution. 

Agudamu et al., (2016) noted that soybean varieties with determinate growth type exhibited 

more reproductive plasticity than their indeterminate counterparts.  

2.5. Plant competition and yield development 

Plant competition is generally categorised as either intraspecific; when common resources 

are inadequate for all the plants of a similar specie in a given land unit, such as between the 

established crop plants at a given crop canopy (Mellendorf, 2011; Craine and Dybzinski, 

2013). On the other hand, plant competition or interspecific- between multiple species and 

is usually demonstrated as competition between a cultivated crop and weed/volunteer plant 

species (Mellendorf, 2011).  When faced with either kind of competition, plants may respond 

by modifying their morphological characteristics and physiological functions. This is so as 
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to maximise the plant’s access to limiting resources by reallocating its produced biomass-

photoassimilates-to plant parts/organs which are responsible for the acquisition of the 

resource in limitation (Mellendorf, 2011; Al-Suhaibani, El-Hendawy and Schmidhalter, 

2013; Craine and Dybzinski, 2013; Tilman, 1988; Schulze and Mooney, 1993).   

2.5.1. Water and soil stresses 

Soybean manifests an allorhizic root system, typical of the dicot plants, the root system has 

a tap root with branching out lateral roots which provide the plant with anchorage and 

adsorption of mineral nutrients and moisture from the soil (Atkinson et al., 2014). Poorly 

developed root system renders the plant ineffective at competing for soil-based resources 

(i.e. nutrients, soil water). A plant which has the capacity to respond to the dehydration stress 

signalling due to water deficit in the developing root system so that it can acquire more of 

the said limiting resource eventually out performs its competitors (Takahashi and Shinozaki, 

2019). The plant shifts its photoassimilates by partitioning them in favour of the growth 

points in the root system (McWilliams et.al., 2004). For the below ground growth points, 

this is to allow the plant to reach more water and nutrients by covering a wider root zone and 

deep lying soil moisture (Souza et al, 2013). Ku et al., (2013) reported such morphological 

and growth adjustments by measuring the root system parameters such as root density, root 

length, root-shoot biomass ratio and root distribution in both low and high moisture 

environments. It was further observed that there were differential growth adjustments among 

varieties of different soybean plants (Ku et al., 2013).  

In their studies of the developmental windows on soybeans phenology, Kron et al. (2008) 

observed that subjecting soybean plants to water stress in the early growth stages (up to V4) 

of the plants, the crop showed increased tolerance to water shortages in later growth stages. 

A similar conclusion was drawn by Manavalan et al., (2009); who stated that if a plant 

develops a large root system during its early vegetative growth, it would be in an exceptional 

and better position to sequester the resource in limited supply later on in its growth phases. 

This finding was authenticated by Ku et al., (2013) that the plant partitions more of its 

photosynthates in favour of the root system to enable the plant to acquire more of the limiting 

resource-moisture.  

The interactive effects of phosphorous and water stress revealed that phosphorous (P) 

addition to soils with low P content improves plant performance in moisture stressed 

environments, by increasing grain yields; according to findings of Mataa et al., (2019). 

Phosphorous is involved in the maintenance of hydrolytic conductance, energy metabolic 

systems and enhancement of root development in plants and by extension improved water 
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use efficiency through enhancement of stomata closures in moisture deficit environments 

(Jin et al., 2015; Mataa et al.,  2019).    

2.5.2. Light stress effects 

Light is one of the environmental resources that are competed for in crop stands (Chang and 

Turner, 2019). This competition is strongly influenced by the number of plants in a unit area-

plant density (Al-Suhaibani et al., 2013). Plant density is reported to exert strong influence 

on general plant performance, yields and economic profitability (Al-Suhaibani et al., 2013; 

Sonderegger, 2013; Mataa and Sichilima, 2019; Ciampitti and Vyn, 2011). Arenas and 

Fernández (2000) who reported that there was a negative biomass-plant density relation 

among crop stand agree with the above notion. Although the influence of plant density on 

light interception maybe negligible in the early stages of plant growth, plant density exerts 

strong influence on the amount of light intercepted by an individual plant as the crop canopy 

closes (Mataa and Sichilima, 2019).   

Plants growing under a closed canopy of a plant stand are subjected to reduced amounts of 

irradiance and the quality of light received is also poor (Zhang et al., 2017). This is because 

red (R) light is preferentially absorbed by chlorophyll in plant leaves and the far-red (FR) 

light is weakly absorbed or largely reflected (Park and Runkle, 2016). Consequently, the 

R:FR ratio reduces as sunlight progresses through the crop canopy (Franklin and Whitelam, 

2005; Park and Runkle, 2016). The reduced R:FR ratio at lower level canopy structure 

signals a plant’s morpho-physiological response (Franklin and Whitelam, 2005; Lin et al., 

2008) that is transduced into increased apical dominance, decreased branching, stem 

extension and internode elongation (Li et al., 2014; Franklin and Whitelam, 2005; 

Mellendorf, 2011). In other plant species, the response is by varying their photosynthetic 

capacity (Li, et al. 2014).   

In a related work, Mataa and Sichilima, (2019) observed that soybeans can adjust its plant 

architecture to available space. This enables it to achieve optimum yields over a broad range 

of plant arrangements and densities. Mellendorf, (2011) suggested that varying plant density 

at a critical growth stage is a viable alternative of positively manipulating plant productivity 

of soybeans under different environmental conditions through their changes in morpho-

physiological responses. However, the mechanism responsible for this yield compensation 

is not yet fully understood.  
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2.6. Soybean Production Management Practices 

Production management practices are best optimised when growers of the crop utilize the 

understanding and knowledge of physiology of the crop, climate conditions, soil types, pest 

concerns, crop nutrient requirements, and geographical location of the production site 

(Kansas State University, 2016). Knowledge of the aforesaid production parameters is a tool 

which growers can use for planning or react to conditions they have for many of these factors 

(Mellendorf, 2011). However, there are limits to production management factors that 

producers can easily control. This include time of sowing the soybean seed, seed rates per 

unit area, seed sowing arrangements-row spacing, soil nutrient/moisture management and 

control measures for biotic stresses- weeds, insects and diseases (Sonderegger, 2013; Kansas 

State University, 2016).  

Soybean is a short-day plant that responds to change in the duration of light (about 8 to 10 

hours) and dark (about 14 to 16 hours) periods of the 24-hours day by transitioning from 

vegetative to reproductive growth phase (Rattunde et al., 2016; Yang et al., 2019). Plants 

have back and forth physiological processes that occur during the light and dark periods 

where primary and secondary metabolites are formed (Seaton et al., 2018). Changes in the 

quantity of the metabolites formed during the light period signals a growth phase change 

(Franklin and Martin, 1988).  

Day length varies during a calendar year for different geographic locations. Understanding 

the climatic calendar in relation to photoperiod of a specific geographical site is important 

as it helps growers to prescribe the appropriate planting time of the crop (Zhang et al. 2019). 

Delaying planting may result in shorter vegetative growth phase, thereby rendering the plant 

to develop lower yield component capabilities (Sonderegger, 2013).  Soybean requires about 

6 weeks of vegetative growth to develop sufficiently in size (61 cm to 91 cm) for optimum 

yield by the time reproductive growth phase sets in (Rattunde et al., 2016). In most parts of 

Zambia, planting is scheduled for the mid-month of December through to the first week of 

January (MACO, 2002; Miti, 1995).   

Recent plant breeding efforts have contributed to genetic advances in soybean yield potential 

(IITA, 2017; Chigeza et al., 2019). Between 2003 and 2014, Zambia recorded an annual 

soybean yield increase of 85.2 Kg/year, one of the highest genetic gains in the world (Chiona, 

et al., 2017). The genetic gains include reduced yield loss to lodging, and improved N2- 

fixation ability and better stress tolerance (Kron et al., 2008; Ku et al., 2013). A rise in 

atmospheric CO2 and advances in agricultural production practices technology have also 

contributed to increased soybean yields (Sonderegger, 2013). Soybeans is efficient at 
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utilising residual nutrients from previous crops; hence it forms an excellent rotation plant in 

a legume-cereal system (Sonderegger, 2013; Lamptey et al., 2015).  

Given the increasing human population, declining land availability and soil productivity, 

increasing yield is becoming an important goal of agriculture. As the crop’s importance 

increases, growers seek for options to increase yields. Various alternative practices to 

maximise soybeans yields such as higher than recommended seeding rates, reduced row 

spacing, use of N fertilizers, seed treatment to enhance stand establishment, induced 

branching through breaking of apical dominance and soybeans diseases management 

through application of fungicides, establishing symbiotic relationships of soybean plants 

with mycorrhiza to help deal with salinity stress in suboptimal soils among others have been 

tried with varying success stories (De Bruin and Pedersen, 2008; Sonderegger, 2013; 

Rahmawati et al., 2019)  

Due to the increasing economic importance of soybean in Zambia and challenges of climatic 

variabilities, new varieties are being developed (SCCI, 2013; IITA, 2017) and released but 

production recommendations have not changed to take advantage of emerging varieties’ 

variable phenotypic characteristics (Chigeza et al., 2019). The high cost of soybean seed 

necessitates the re- evaluation and optimization of planting densities recommendations. 

Soybean yield is considered a function of four basic factors, commonly called ‘yield 

components’, which include seed mass, number of seeds/pod, number of pods/plant, and 

number of plants per given area (Hall, 1999). Detailed studies on the influence of planting 

densities may present more options to maximize soybeans plant productivity and thus 

increase yields.  
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Chapter 3: 

3. MATERIALS and METHODS 

3.1. Description of the Study Site 

3.1.1. Site Location 

The experiment was conducted at Mansa Research Station ((latitude 11° 14’ 27.0” S and 

longitude 28° 57’ 23.2” E) which is located in Agro-ecological region III. This region is 

characterised by high rainfall of about 1200 mm; with mean minimum and maximum 

temperature of 11.1 °C and 30.5 °C (figure 1). The site elevation was 1231 meters above sea 

level. The site had fallowed for at least two years. 

3.1.2. Rainfall and Temperature   

Annual rainfall is documented to be above 1130 mm. The wettest months are usually 

December, January and February, registering above 200 mm of rain (Chileshe and Chirwa, 

1990). The mean temperatures during the growing season for the months of December 

through to March were above 15 °C. The highest minimum temperatures at Mansa Research 

Station coincided with the wettest months (figure 1). Soil temperature regimes for the area 

as described by Spaargaren (1987) fall within the isohyperthermic regime where soil 

temperatures at depths of up to 50 cm ranges between 22 to 27.9 °C.   

The 2015/2016 planting season did not vary much from the rainfall and temperature 

distribution for the last 10 years. However, it was noted that the recorded mean rainfall for 

the months of January and February were less than the mean for the last 10 years. Though 

the total rainfall was above 100 mm for each month through the growing season, this 

particular year, distribution was very poor. The number of rain days were few during the 

critical growth stages of plant establishment and grain filling. The site experienced a partial 

drought of about 14 days in the 2nd and 3rd week of January 2016. This was at 1 week after 

seed germination. 

3.1.3. Soil classification  

According to Chileshe and Chirwa, (1990), the area is mostly covered by granite as a parent 

material, which is an acidic rock hence, the prevalence of acidic soils (pH water 5.1-5.5) 

(ZEMA, 2013). The soils at Mansa Research Station are Acrisols according to the world 

reference base (WRB) classification system (FAO, 2001; Sichinga, 2014).  These soils are 

generally very deep to moderately deep, strong brown to yellowish red (5-7.5 YR), highly 

weathered fine loamy (18-34 % clay and more than 15 % fine or coarse sand) to clay sub 

soils which are also strongly leached ( Chileshe and Chirwa, 1990; JAICAF, 2012). In most 
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cases these soils are overlain by sandy loam soils with the cation exchange capacity (CEC) 

of less than 24 meq.100-1 g clay and the base saturation is below 50 % and thus of low fertility 

(FAO, 2001; JAICAF, 2012). 

3.2. Soil chemical characteristics 

The composite baseline soil samples were analysed using the Bray-1 method for 

determination of Phosphorus content in soils as described by Murphy and Riley, (1962). The 

exchangeable bases were assessed using the method described by Soltanpour and Schwab, 

(1977) to determine the presence and concentrations of Potassium (K), Calcium (Ca), 

Magnesium (Mg), and Sodium (Na). Organic carbon was determined using the Walkley and 

Black, (1934) method. Table 1 shows the soil chemical characteristics of the test site. The 

soil was acidic, as the mean pH (water) was low (4.4). Soil Phosphorous, organic Carbon and 

Magnesium were also observed to be below the critical values (i.e. 6.4 ppm and 0.77 % 

respectively). However, Calcium (Ca), Sodium (Na), and Potassium (K) were noted to be 

within range as they did not exceed the maximum critical level to support plant growth. 
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Figure 1: Mansa Research Station mean annual temperature and rainfall distribution  2015-

2016. 

 

Table 1: Mansa Research Station Soil Chemical Properties 

Parameter Unit Mean Critical Levels 

pH 
 

4.4 <4.5 

P ppm 6.4 <15 

COrganic % 0.77 <1.58 

Ca ppm 101.64 >200 

Mg ppm 25.34 <50 

K ppm 91.54 <40 

Na ppm 2.71 >200 

       (Analysis was done at ZARI, Mount Makuru Soils Lab-2016) 
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3.3. Plant Materials  

3.3.1. Soybean genotypes 

Three soybean varieties were used in the study. They were; Mwembeshi, Lukanga and SC 

Semeki. 

Mwembeshi is an indeterminate, self nodulating and an early maturing type developed by 

IITA. It is reported to be tolerant to drought and resistant to bacterial pustule (Xanthomonas 

axanapodis pv. Glycines), soybean rust (Phakopsora pachyr- hizi), soybean mosaic virus, 

frogeye leaf spot (Cercospora sojina Hara), common soybean fly (Melanagromyza sojae), 

Soybean aphids (Aphis glycines), pod sucking bug (Nezara viridula) and pod borers 

(Helicoverpa armigera). (Mwase and Kapooria, 2001; Hartman, West and Herman, 2011; 

Alfy, 2017; Chigeza et al., 2019) 

Lukanga; developed by ZARI and obtained from Zamseed, is a determinate non-self 

nodulating variety. In terms of maturity it is a medium maturing variety. It is strong to 

shattering resistance and to most common soybeans’ diseases and pests such as bacterial 

pustule (Xanthomonas axanapodis pv. Glycines), soybean mosaic virus, frogeye leaf spot, 

common soybean fly (Melanagromyza sojae) and Soybean aphids (Aphis glycines). The 

variety is reported to be drought tolerant (SEEDCO, 2015; Afriseed Stewards, 2018; Chigeza 

et al., 2019).  

SC Semeki is a determinate type of variety developed by SeedCo. SC Semeki is a non-self 

nodulating variety with a medium maturity. It has a long pod shatter free period, high 

resistance to Frogeye Leaf Spot (Cercospora sojina Hara), Wildfire (Pseudomonas syrin- 

gae) and Downy Mildew (Peronospora manshurica). It also demonstrates acceptable levels 

of tolerance to Red Leaf blotch (Phoma glycinicola) and Bacterial Blight (Pseudomonas 

savastanoi pv. glycinea). However, it is susceptible to Soybean rust (Phakopsora pachyr- 

hizi). The variety is also reported to be drought tolerant (SEEDCO, 2015; Murithi et al., 

2016). 

3.4.  Cultural practices  

Land preparation was done by ploughing and harrowing and later formed into seed-beds. 

Prior to seeding, each plot was applied with a stimulative dose (33kg ha-1) of D-Compound 

(NPK 10:20:10+6S) fertilizer as recommended (Miti, 1995). In the early stages of crop 

development, the nitrogen fixing systems is inoperative, hence the need to apply an external 

N to meet the plants demand (Oyatokun and Oluwasemire, 2014). The fertilizer was 

broadcast and worked into the topsoil.  Planting was done on 9th January 2016. Seeds were 
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drilled by hand and thus the spacing ranged from 2.5 cm to 7 cm within rows and a 30 cm 

distance between rows was maintained.         

The seeds were inoculated with rhizobia (Rhizobium leguminosarum) at the time of seeding. 

Hand weeding, pests and disease control were done as the need arose. Supplemental 

irrigation was done only when the rains were inadequate and soil moisture was deemed to 

be below field capacity. Harvesting was done by hand approximately 120 days after sowing 

when the crop had reached physiological maturity (8th to 10th May 2016). 

3.5. Treatment factors and Experimental Design  

The experiment had three factors; variety, planting density and thinning time and it was set 

as a split- split plot design. Variety was assigned to the main plots, plant density levels - the 

subplots and time of thinning or phenological stage was the sub- subplot. The upper limit of 

soybeans recommended planting density for Zambia of 350,000 to 400,000 plants ha-1 was 

used as a benchmark or reference point (Miti, 1995). Three planting densities- 500,000; 

600,000; and 700,000 plants ha-1 densities were used. For thinning time, plants planted under 

the various densities were thinned down progressively to the recommended (control) density 

level of 400,000 plants ha-1 at V4, R1 and R8 of the plant phenological phases (Miti, 1995). 

V0 was planted at the recommended density but for the purpose of the design used was 

treated as thinning at planting. Using Fehr and Caviness, (1971) soybean development 

staging system of cumulative leaf number, V0; was assumed to be the planting stage, where 

“thinning” (i.e. seeding at the control density level of 400,000 plants ha-1) was done at the 

time of seeding. V4 is the vegetative growth stage where the fourth trifoliate leaf had 

completely unrolled and not touching (Wright and Lenssen, 2013). R1; is the onset of the 

reproductive growth phase, where the plant had developed at least one open flower at any 

node and R8 is when the plant had reached full maturing where at least ninety five percent of 

the pods have attained their full maturity colour (Fehr and Caviness, 1971; Wright and 

Lenssen, 2013). In practice V0 and R8 treatments were maintained with no thinning. Each of 

the main plots had an absolute area of 9.5 m by 5.5 m by three varieties and replicated four 

times. The smallest unit plot, a Sub-subplot measured 1.5 m by 1.5 m. 
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Equation 1: Split split plot model 

The linear additive model for split split plot design was: 

𝑦𝑖𝑗𝑘ℎ =  𝜇 +  𝜏𝑖 +  𝛽𝑗 + (𝜏𝛽)𝑖𝑗 +  𝛾𝑘 + (𝜏𝛾)𝑖𝑘 + (𝛽𝛾)𝑗𝑘 + (𝜏𝛽𝛾)𝑖𝑗𝑘 +  𝛿ℎ + (𝜏𝛿)𝑖ℎ

+ (𝛽𝛿)𝑗ℎ + (𝜏𝛽𝛿)𝑖𝑗ℎ + (𝛾𝛿)𝑘ℎ + (𝜏𝛾𝛿)𝑖𝑘ℎ + (𝛽𝛾𝛿)𝑗𝑘ℎ + (𝜏𝛽𝛾𝛿)𝑖𝑗𝑘ℎ 

 

Where:  𝑦𝑖𝑗𝑘ℎ = the selected vegetative or reproductive parameter of the ith soybeans variety 

at the kth plant population density when thinned at the hth thinning time at each jth replicate. 

𝜇 =    Overall mean of the population 

 𝜏𝑖 =  ith  soybeans variety (main plot)    

 𝛽𝑗 =   jth block (replication) effect     

(𝜏𝛽)𝑖𝑗 =  main plot (soybeans variety) error      

 𝛾𝑘 =   kth plant population density (subplot)      

(𝜏𝛾)𝑖𝑘 =  Interaction between soybean variety and the plant population density 

(𝛽𝛾)𝑗𝑘 =  Error specific to plant population density 

(𝜏𝛽𝛾)𝑖𝑗𝑘 =  Subplot error 

 𝛿ℎ =   hth thinning time (sub-subplot) 

(𝜏𝛿)𝑖ℎ =  Interaction between soybeans variety and thinning time 

(𝛽𝛿)𝑗ℎ =  error specific to processing method 

(𝜏𝛽𝛿)𝑖𝑗ℎ =  error specific to the interaction between soybeans variety and thinning 

time 

(𝛾𝛿)𝑘ℎ =  Interaction between plant population density and thinning time 

(𝜏𝛾𝛿)𝑖𝑘ℎ =  Interaction between soybeans variety, plant population density and 

thinning time 

(𝛽𝛾𝛿)𝑗𝑘ℎ  =  error specific to interaction between plant population density and 

thinning time 

(𝜏𝛽𝛾𝛿)𝑖𝑗𝑘ℎ =  sub-subplot error. 

(Gomez and Gomez, 1984). 

3.6. Data Collection  

Data was collected on plant height, biomass weight, and root-shoot weight ratio for 

vegetative parameters. Reproductive parameters that were monitored included number of 

grains per pod, number of pods per plant, 100 grain weight, grain yield and harvest index. 

3.6.1. Vegetative Parameters 

Plant height  

Plant height was collected using a hand rule in centimetres. Five plants were randomly 

selected in a sub- subplot and their height was taken from the plant base to the upper most 

shot tip. Measurement were taken at R1 and R8 and expressed as a mean of the five 

individual plants.   
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Biomass  

Biomass weight was determined using destructive sampling method where five plants were 

carefully uprooted from the border rows of the sub subplot. After prior moistening of the 

soil, the plants were dug up carefully to retain as much root mass as possible using a hand 

hoe. Soil debris were carefully washed off using tap water. Biomass was determined at V3- 

V4 and R8 phenological stages. Fresh weights were taken and thereafter the samples were 

air- dried under shade (for about 2 weeks) to constant mass and then reweighed to determine 

dry weights (Mataa and Sichilima, 2019). 

Root-shoot weight ratio 

The fresh and dry mass of the below ground and above ground dry biomass from five 

randomly selected plants were taken at V3-V4 phenological stages and means based on the 

five plants were used to compute the root and shoot ratios.  

3.6.2. Reproductive Parameters 

Grains per pod 

The parameter was determined at harvest by counting number of grains from five randomly 

selected plants and expressed as a mean value.   

Pods per plant 

Number of pods per plant is one of the components of yield in soybeans and as such it is an 

important factor in the calculation of crop economic yield. Pods per plant were determined 

by taking counts of number of pods at maturity of the five randomly selected plants.  

100- grain weight  

The weight of the 100 grain seeds is one of the yield components for soybeans, hence it is 

an important factor in the determination of crop yield. It is generally positively correlated 

with yield (Zhang et al., 2015). It was measured by taking a triplicate sample of 100- grains 

per subplot of soybeans in grams to come up with a representative average weight.     

Grain yield  

Yield is a function of planting density per unit area, number of pods per plant and number 

of grains per pod (Mataa et al., 2019). A net plot (i.e. sub-sub plot excluding border rows) 

was harvested when the crop had attained at least 95 % senescence and dried under shade 

for two weeks to constant moisture content. Grain yield was determined from each plot by 

weighing the total grains harvested in the net plot and expressed as tons per hectare.  
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Harvest index  

Harvest index (HI) is a genotype fixed trait which has been used by crop plant breeders as a 

parameter in the selection criteria for high yielding genotypes due to its positive correlation 

to yield in general. HI expressed as a ratio of the crop’s economic yield over biological yield 

(Amanullah, 2016) was determined by dividing grain yield with the total dry biomass yield. 

3.7. Statistical analysis 

Data was analysed using GenSTAT (version 18) and graphical illustrations were generated 

using Microsoft Excel. Data was subjected to analysis of variance (ANOVA), correlation, 

multiple regression and mean separation was done using least significant differences (LSD). 
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Chapter 4 

4. RESULTS 

4.1. Summary of factor significance 

Table 2 presents a summary of factor significances for the measured parameters at both vegetative 

and reproductive growth stages. Variety (G) affected most parameters, except for root to shoot 

weight ratio and the 100 grains weight. Yield was highly influenced by variety (p ≤ 0.001). Biomass 

at R1 was very significantly influenced by variety (p ≤ 0.01). Plant height, biomass at R8, grains 

per pod, number of pods per plant and harvest index were significantly influenced by variety (p ≤ 

0.05).  Plant density (D) (subplot) had no significant effect on most parameters (p > 0.05) except 

for biomass at R8, 100 grain weight and harvest index (p ≤ 0.05).  Developmental stage at which 

thinning was done (T) influenced significantly root to shoot weight, grains per pod and harvest index 

(p ≤ 0.05).  Thinning time affected yield only among all parameters very significantly (p ≤ 0.01). 

Significant interactions between G and D were observed for all parameters (p ≤ 0.05) but for 100 

grains weight (p > 0.05) and harvest index (p ≤ 0.01) which were non- significant and very 

significant respectively.  

Significant interactions between G and T were observed in all parameters except 100 seed weight 

(p > 0.05). G and T interaction for biomass at V4 and grain yield were very significant (p ≤ 0.01) 

and highly significant (≤ 0.001) respectively.  

D and T significant interactions (p ≤ 0.05) were observed for plant height at R8, biomass at R8, root 

to shoot weight, number of grains per pod, number of pods per plant and harvest index. D and T 

interaction for 100 seed weight were very significantly influenced (≤ 0.01). The interactions of D 

and T for biomass at R1 and grain yield were highly significant (≤ 0.001).   

Three-way interactions between G, D and T were observed in plant height at R1 (p ≤ 0.01), biomass 

at V4 (p ≤ 0.001), biomass at R8, root to shoot weight, number of grains per pod, number of pods 

per plant 100 grains weight and harvest index (p ≤ 0.05); and grain yield (p ≤ 0.001). 
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Table 2: Summary ANOVA table showing significance of different sources of variation.  
 

Source of Variation d. f. Plant 

height 

(R1) y 

Plant 

height. 

(R8) x 

Biomass 

(V4) z 

Biomass 

(R8) x 

Root: 

shoot w 

Grains 

per pod 

Pods 

per 

plant 

100- 

Grain 

weight 

Grain 

Yield 

Harvest 

index  

Replication Stratum 3           

Variety 2 * * ** * ns * * ns *** * 

Residual  6           

Density  2 ns ns ns ns ns ns ns * ns * 

Variety x Density 4 * * * * * * * ns * ** 

Residual 18           

Thinning  3 ns ns ns ns * * ns ns ** * 

Variety x Thinning  6 * * ** * * * * ns *** * 

Density x Thinning 6 ns * *** * * * * ** *** * 

Variety x Density x Thinning  12 ** ns *** * * * * * *** * 

Residual  81           

Total  143           

Factor significance; *** highly significant (p ≤ 0.001); **very significant (p ≤ 0.01); * significant (p ≤ 0.05) and ns- nonsignificant.  
z Vegetative stage V4, y Reproductive stage R1, x Reproductive stage R8, w Root: shoot ratio- determined at vegetative stage V4. 
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4.2. Vegetative parameters 

4.2.1. Plant height at R1  

The main effect of variety showed significant effects (p < 0.05) on plant height (R1) as 

shown in Table 3. Lukanga had the tallest plants followed by Mwembeshi and SC Semeki 

was the shortest at 29.30 cm, 24.63 cm and 24.42 cm respectively.  

Table 4 presents the two-way factor interactive effects of plant height during the vegetative 

growth phase. There were significant variety and planting density effect (p < 0.05) observed 

in G1 x D1 (29.32 cm), G1 x D2 (30.13 cm) and G1 x D3 (28.47 cm) interactions for the plant 

height parameter at R1.  

The interaction of variety and thinning (G x T) exhibited significant differences (p < 0.05), 

specifically for G1 x T 1, G1 x T 2 and G1 x T3 interactions with values of 29.61 cm, 30.76 

cm and 29.48 cm respectively.  

There were no significant differences (p>0.05) among means of plant height at R1 when it 

was subjected to different levels of planting density and thinned at different growth stages 

(D x T).  

The three-way factor interactive effects as presented in Figure 2 show that variety by density 

by thinning time interaction was very significant (p<0.01) for plant height taken at the end 

of the vegetative growth phase. The tallest plants were observed in the Lukanga and 

Mwembeshi at 600 K plants ha-1 density when thinned at V4 growth stage (32.61cm). The 

shortest plants where observed in Mwembeshi at 500 K plants ha-1 population density when 

thinned at R1 (17.52 cm).  

4.2.2. Plant height at R8 

The single effects of treatments on plant height at R8 are presented in Table 3. They show 

that there were significant differences (p<0.05) between varieties in plant height at harvest 

(R8). At 34.32 cm, 33.14 cm and 31.48 cm respectively, Lukanga had the tallest plants 

followed by Mwembeshi and SC Semeki recorded the shortest plants. The other main effects 

of planting density and thinning time did not have significant effect on plant height at R8.   

There were significant two-way interactions (p < 0.05) between factors on plant height at R8 

as shown in Table 4. Variety and planting density effect observed in G1 x D1 (33.90 cm), G1 

x D2 (34.62 cm), G1 x D3 (34.45 cm) and G2 x D2 (34.71 cm) interaction for the plant height 

parameter at R8 revealed significant differences at lsd (5 %) of 3.73. The interaction of 

variety and thinning (G x T) exhibited significant differences (p < 0.05), specifically for G1 
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x T 3, G1 x T4 and G1 x T2 interactions with values of 34.76 cm, 34.23 cm and 34.18 cm 

respectively at lsd (5 %) value of 3.12. Planting density and thinning time interaction 

exhibited significant differences (p < 0.05) specifically at D2 x T3 (35.84 cm), D1 x T4 (34.32 

cm), D2 x T2 (33.65 cm), D1 x T1 (33.49 cm), D3 x T4 (33.13 cm) and D1 x T2 (33.04 cm) in 

their respective descending order.   

Figure 3 shows the three- way interactions of variety, planting density and thinning time (G 

x D x T) on plant height at R8. Generally, for Lukanga at 500 and 600 K density there was 

a trend where plant height increased with an advance of the phenological phase at thinning. 

The tallest plants occurred at 600 K density. For Mwembeshi the 600 K density had the 

tallest plants and at this density plant height increased with phase at thinning.  
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Table 3: Single effects of variety, planting density and thinning stage on vegetative 

parameters of soybeans (Glycine max). 

Factor 

Parameter 

 Plant height 

(cm) 

Biomass (ton. 

ha-1) Root: Shoot 

Ratio  
R1 R8 V4 R8 

Variety (G)        

Lukanga (G1) 29.30  34.32 1.99 5.81 10.87 

Mwembeshi (G2) 24.63  33.14 1.72 5.44 9.00 

SC Semeki (G3) 24.42  31.48 2.76 2.90 11.24 

Lsd (G)  4.13 2.12 0.44 1.85 2.71 

Planting Density (D)z       

500 (D1) 25.29  33.01 2.20 4.24 10.56 

600 (D2) 27.35  33.56 2.30 5.70 11.67 

700 (D3) 25.72  32.37 1.97 4.21 8.88 

Lsd (D)  2.98 2.35 0.40 1.42 3.71 

Thinning Stage (T)       

V0
w (T1) 25.38  32.74 2.08 5.25 9.50 

V4
v (T2) 27.02  33.08 2.18 4.73 9.25 

R1
y (T3) 25.81  32.96 2.33 4.43 9.78 

R8
x (T4) 26.26  33.14 2.03 4.45 12.95 

Lsd (T)  2.04 1.71 0.51 1.06 3.15 

z Planting density in thousands of plants per hectare. 
w No thinning, planted at control density of 400 K plants ha-1. 
v Plants at stage where four nodes on main stem beginning with the unifoliate node 

are fully developed. 
y Reproductive stage where there is at least one flower at any node. 
x 95 % of pods are brown- harvest maturity.  
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4.2.3. Biomass (V4) 

Variety had exhibited very significant effects (p < 0.01) on biomass at V4. Plant density and 

phenological stage at thinning did not have a significant effect on biomass (Table 3). There 

was very significant G x T (p < 0.01) and highly significant D x T and G x D x T interactions 

(p < 0.001).  

In terms of varietal effect at V4, SC Semeki (2.76 tons Ha-1) had significantly more biomass 

than the other two varieties (1.8 tons ha-1) (Table 2 and Table 3). There was no difference 

between Mwembeshi and Lukanga.   

The two-way interactive effect as presented in Table 4 revealed some significant differences 

(p < 0.05) on biomass weight for variety at different levels of planting densities. The biomass 

significant differences were recorded in the G3 x D3 (2.92 tons Ha-1), G3 x D2 (2.76 tons Ha-

1) and G3 x D1 (2.60 tons ha-1) interactions.   

The interaction of variety and thinning time treatments on biomass weight was highly 

significant (P<0.01). The highest biomass (3.58 tons ha-1) was observed in SC Semeki 

variety for treatment that were thinned early at V0 (G3 x T1). Biomass were accumulated 

least (2.03 ton. ha-1) in treatments that were not thinned at all (R8) in SC Semeki (G3 x T4). 

The case was however different for Lukanga and Mwembeshi whose highest dry biomass 

weights (2.46 and 2.32 ton. ha-1) were observed in thinning times R1 and R8 respectively 

and their respective least dry biomass weights (1.64 and 1.10 ton. ha-1) were observed in V4 

and R1 thinning time treatments. 

There were highly significant differences (p<0.001) in biomass at V4 when planting density 

was subjected to different levels of thinning time (D x T). The treatment that accumulated 

the highest dry biomass weight (2.88 ton. ha-1) were those that were planted at 600 K plants 

ha-1 and thinned at V4 (D2 x T2). The overall least accumulated BM (1.35 ton. ha-1) was 

observed in treatment that were planted at the density of 500 K plants ha-1 and thinned at V4. 

Treatment plots that were subjected to higher planting density (700 K plants ha-1) recorded 

their highest biomass weight (2.29 ton. ha-1) when they were thinned at V0 growth stage. 

The least weight (1.62 ton. ha-1) at the preceding density was recorded in plots that were 

thinned at R1 growth stage (D3 x T3).  

The three-way interaction effect as presented in Figure 4 revealed that there were highly 

significant differences (p<0.001) between treatments. With the variety Lukanga at 500 K 

plants ha-1, BM increased with delay in thinning. At 700 the BM reduced with delayed 
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thinning. Mwembeshi at 600 and 700 K, BM tended to decline with delayed thinning stage. 

For SC Semeki at 500 and 600 K BM declined with delay in thinning stage. At 700 it 

increased with delay in thinning time.   

Biomass (R8) 

The main effect of variety on biomass weight at R8 was significant (p<0.05). As can be 

noted from Table 3, SC Semeki variety had significantly lower mean dry biomass weight 

(2.90 tons. ha-1) than Lukanga and Mwembeshi which had 5.81 and 5.44 tons. ha-1 

respectively at lsd (5 %.) value of 1.85. Planting density exerted significant effect (p<0.05) 

on biomass at R8. Density 600 K plants yielded the highest BM (5.70 tons ha-1) and the least 

was observed in density 700 K plants ha-1. Thinning time however did not exert any 

significant difference (p>0.05) on BM.  

Table 4 show the two- way interactions on biomass. In terms of G x D interactions, Lukanga 

at the three planting densities had the highest BM. For G x T interactions Lukanga had higher 

BM across thinning times. The highest BM occurred at G2 x D2 and D2 x T3.  

At R8, significant three- way interactions (p<0.05) were observed (Fig. 5). For Lukanga, 

thinning at V0 caused the lowest BM. At 700 K the highest BM was observed at V0 thinning 

and the lowest at V4. At 600 K there were no significant differences. For Lukanga the highest 

BM was at 600 K with no differences due to thinning stage.  

BM increased with delay in thinning in Mwembeshi and the highest BM was at 600 K 

thinned at R1. Generally, Lukanga had the highest BM and SC Semeki had lowest BM at all 

planting densities compared with the other two varieties and at 500 K and 600 K the BM 

declined with delayed thinning time. 

4.2.4. Root-Shoot Ratio  

There were no significant differences on the main effects for variety and planting density 

(P>0.05). Thinning time however showed significant differences (p<0.05) together with all 

the factors’ interactions (Table 2 and Table 3). 

The ratio of root to shoot was higher and significantly different when thinning was withheld 

until R8 growth stage.  

Table 4 presents two- way interactions. SC Semeki had the highest ratio when planted at 600 

K plants ha-1 (G3 x D2) and Lukanga exhibited a significantly (p<0.05) higher ratio when 

planted at 500 K plants ha-1 (G1 x D1). Variety was significantly influenced by thinning at 
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V4 for both Lukanga and SC Semeki (G1 x T2 and G3 x T2). When density interacted with 

thinning time, it resulted in significant effects, specifically for density 600 K plants ha-1 when 

thinned at V4 and R1, and for density 500 K plants ha-1 when thinned at V4.  

The three- way interaction showed significant effects (p<0.05) for root to shoot ratio. For 

Lukanga, thinning at V4 generally resulted in higher root to shoot ratio across planting 

densities. The highest ratio for Lukanga was observed at density 600 K when thinned at V4.  

Mwembeshi had its highest ratio recorded in density 600 K plants ha-1 when thinned at R1. 

Mwembeshi showed tendencies to increase the ratio for every subsequent thinning stage 

across planting densities. However, the opposite was true for SC Semeki which 

demonstrated the propensity to reduce the root to shoot ratio for every successive thinning 

stage across all planting densities. The highest ratio across all varieties and densities was 

observed in SC Semeki at density 600 K and thinning at V4 while the least was recorded in 

the same variety (SC Semeki) but at the density of 700 K and thinning at R1.         
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Table 4: Two-way interactive effects of variety, planting density and phenological stage at 

thinning on vegetative parameters of soybeans (Glycine max). 

Factor 

Parameter 

Plant height (cm) Biomass (ton. ha-1) Root: Shoot 

Ratio  R1 R8 V4 R8 

G1 x D1 29.32 33.90 2.27 5.24 13.07 

G1 x D2 30.13 34.62 2.25 6.49 10.15 

G1 x D3 28.47 34.45 1.45 5.68 9.40 

G2 x D1 22.68 32.23 1.72 3.87 7.90 

G2 x D2 27.54 34.71 1.89 7.47 10.34 

G2 x D3 23.67 32.47 1.53 4.98 8.74 

G3 x D1 23.86 32.91 2.60 3.60 10.69 

G3 x D2 24.38 31.33 2.76 3.13 14.52 

G3 x D3 25.01 30.18 2.92 1.98 8.52 

Lsd (G x D) 5.46 3.73 0.68 2.53 5.65 

G1 x T1 29.61 34.13 1.67 5.70 8.88 

G1 x T2 30.76 34.18 1.64 5.35 14.85 

G1 x T3 29.48 34.76 2.46 6.19 9.02 

G1 x T4 27.37 34.23 2.19 5.99 10.74 

G2 x T1 23.33 32.84 1.73 4.52 8.46 

G2 x T2 25.36 33.31 1.71 5.19 9.74 

G2 x T3 23.30 33.02 1.10 6.74 9.44 

G2 x T4 26.54 33.38 2.32 5.30 8.34 

G3 x T1 23.20 31.90 3.58 3.07 12.00 

G3 x T2 24.93 31.93 2.76 2.81 14.26 

G3 x T3 24.66 30.44 2.67 2.83 10.04 

G3 x T4 24.87 31.64 2.03 2.90 8.68 

Lsd (G x T) 4.78 3.12 0.84 2.27 5.22 

D1 x T1 24.69 33.49 2.03 4.04 10.95 

D1 x T2 25.65 33.04 1.35 4.03 13.67 

D1 x T3 24.02 31.20 2.58 4.03 8.58 

D1 x T4 26.79 34.32 2.83 4.85 9.02 

D2 x T1 26.47 32.92 2.66 5.03 9.58 

D2 x T2 28.85 33.65 2.88 5.61 14.70 

D2 x T3 28.06 35.84 2.03 7.56 13.35 

D2 x T4 26.01 31.80 1.63 4.60 9.06 

D3 x T1 24.97 32.45 2.29 4.23 8.81 

D3 x T2 26.55 32.72 1.87 3.72 10.49 

D3 x T3 25.36 31.17 1.62 4.16 6.57 

D3 x T4 25.98 33.13 2.08 4.73 9.68 

Lsd (D x T) 4.18 3.40 0.85 2.09 5.88 
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Figure 2: Plant height as Measured at R1. Vertical bars are standard errors.  
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Figure 3: Plant height measured at R8. Vertical bars are standard errors.  
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Figure 4: Biomass measured at V4. Vertical bars are standard errors.  
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Figure 5: Biomass measured at R8. Vertical bars are standard errors.  
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Figure 6: Root: Shoot weight ratio. Vertical bars are standard errors.  
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4.3. Reproductive parameters  

4.3.1. Number of grains per pod  

There were significant differences (p<0.05) in the number of grains per pod among varieties. 

Lukanga variety had the highest and only significantly different mean number of grains per 

pod (2.41) compared to SC Semeki. There was no significant difference between 

Mwembeshi and Lukanga.  

Planting density did not exert any significant effect on grains per pod (p>0.05).  

Thinning stage however exerted significant difference (p < 0.05). This was noted at T3 

thinning stage.   

The two- way interactions were observed to be significant (p < 0.05) at all factor levels i.e. 

G x D, G x T and D x T. For Lukanga, at 700 K density had significantly more grains per 

pod compared to SC Semeki at the same density. The significant interactions of variety (G) 

with thinning time (T) was observed at all levels of thinning for Lukanga, at two levels of 

thinning for Mwembeshi and SC Semeki (T1 and T3 respectively). The interaction of planting 

density with thinning time (D x T) showed significant effect for density D1 and D2 which 

was thinned at T2, T3 and T3 respectively.  

The three-way interaction effects (Figure 7) of variety, planting density and time of thinning 

(V x D x T) on number of grains per pod showed some significant effects (p < 0.05) despite 

lack of perceivable trends.   
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Table 5: Treatment Effects on selected parameters during the reproductive growth phase 

Factor 

Parameter 

 Grains 

per pod 

Pods per 

plant 

100-Grains 

weight (g) 

Yield 

(ton. ha-1) 

HI (%) 

Variety (G)       

Lukanga (G1) 2.41 12.24 13.27 2.43 37.99 

Mwembeshi (G2) 2.32 16.35 13.56 1.95 35.24 

SC Semeki (G3) 2.24 13.73 13.42 1.17 34.56 

Lsd (G)  0.10 3.87 0.46 0.24 3.28 

Planting Density (D)z       

500 (D1) 2.34 14.38 13.29 1.83 36.47 

600 (D2) 2.34 13.72 13.41 1.89 36.13 

700 (D3) 2.30 14.21 13.55 1.83 35.20 

Lsd (D)  0.07 2.19 0.26 0.21 1.07 

Thinning stage (T)       

V0w (T1) 2.34 14.45 13.27 2.02 36.95 

V4v (T2) 2.31 13.64 13.44 1.86 34.53 

R1y (T3) 2.38 14.81 13.38 1.67 36.80 

R8x (T4) 2.26 13.53 13.57 1.85 35.45 

Lsd (T)  0.11 2.42 0.37 0.19 1.93 

z Planting density in thousands of plants per hectare. 
w No thinning; planted at control density of 400 K plants ha-1. 
v Plants at stage where four nodes on main stem beginning with the unifoliate node 

are fully developed. 
y Reproductive stage where there is at least one flower at any node. 
x 95 % of pods are brown- harvest maturity.  
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4.3.2. Number of Pods Per Plant  

Table 5 shows the effect of treatments on reproductive parameters. Mwembeshi had 

significantly more pods per plant compared to Lukanga but there was no difference between 

Lukanga and Semeki.   

Planting density and thinning stage did not exert any significant effect on number of pods 

per plant. 

The two- way interaction revealed significant differences (p < 0.05). Mwembeshi had 

significantly more pods per plant when it was planted at densities i.e. 600 K and 700 K plants 

per ha-1 compared to Lukanga and SC Semeki. The interaction of variety and thinning stage 

revealed that Mwembeshi had significantly more pods per plant when it was thinned at T1 

and T3. Density had no influence on the number of pods except when density 600 was 

thinned at R1 (T3).  

The three way- interactive effect showed significant effects (Figure 8). Mwembeshi revealed 

significant differences at density 600 K at all levels of thinning except R8. SC Semeki only 

showed some significant differences at density 500 K and then thinning was done at T2 and 

T4. For Mwembeshi, it was observed that the number of pods increased when thinning was 

delayed at low density. However, at higher density, delayed thinning reduced the number of 

pods per plant.     

4.3.3. Grain weight  

The single factor effects were non-significant except for density (Table 2 and Table 5). The 

highest grain weight was observed in density D3 and the least was recorded in density D1.  

There were no significant differences (p > 0.05) among means of grain weight when variety 

was observed at different levels of planting density (G x D) as presented in Table 6. 

Observing variety at different thinning stages (G x T) did not show any significant 

differences, except for Mwembeshi when it was thinned at R1.   

Treatment combination of planting density and thinning time (D x T) done at different stages 

of plant growth however demonstrated very significant differences (p ≤ 0.01). The highest 

grain weight (14.18 grams) was recorded in the treatment combination of density 700 K 

plants ha-1 and thinning done at R8 (D3 x T4). Density 500 K plants ha-1 and thinning done 

at R1 (D1 x T3) yielded the least grain weight (12.99 grams).  

Significant three-way interactive effects of variety, planting density and time of thinning 

were observed (p<0.05) with respect to grain weight. The variety with the highest 100 grains 
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weight was Mwembeshi, which occurred at the population density of 600 K plants ha-1 when 

thinned at R1 (15.07 grams). The lowest 100 grains weight was observed in the interaction 

of SC Semeki at density 500 K plants ha-1 when it was thinned at R1 (12.28 grams). Thinning 

time did not have any effect on Mwembeshi at the density level of 500 K plants ha-1 thus all 

the resulting means were statistically the same. Density 700 K plants ha-1 for Mwembeshi 

revealed a significantly higher grain weight (14.68 grams) when thinning was at R8. 

Thinning Lukanga at R8 from density 700 K plants ha-1 resulted in higher grain weight 

(14.22 grams). When Lukanga was thinned from its original density of 600 K plants ha-1 at 

R1 stage, the lowest 100 grains weight across all thinning and density levels was recorded 

(12.93 grams). 

4.3.4. Grain yield  

As presented in Table 5, varietal effect on grain yield was highly significant (p < 0.001). 

Means of variety on grain yield varied from the lower limit of 1. 17 tons ha-1 exhibited by 

SC Semeki to upper limit of 2.43 tons ha-1 exhibited by Lukanga. Mwembeshi yielded 1.95 

tons ha-1, which was statistically different from the yield values of the other two varieties 

(Lukanga and SC Semeki).  

Planting density showed no significant (p > 0.05) effect on grain yield.  

Thinning time showed very significant effect (p < 0.01) on grain yield. Plots that were 

thinned at V0 (T1) had the highest mean grain yield (2.02 tons ha-1). Treatments that were 

thinned at V4 (1.85 tons. ha-1) growth stage were statistically the same as those that were 

maintained without thinning until harvest time at R8 (1.86 tons ha-1). Plots that were thinned 

at R1 yielded the least amount of grain (1.67 tons ha-1).  

Table 6 presents the two-way interactive effects. Varietal effect on grain yield when 

observed at different levels of planting density was not significant (p < 0.05). Lukanga 

variety performed significantly better than Mwembeshi and SC Semeki at every tested 

density. However, within Lukanga, there were no differences in grain yield at different 

densities. SC Semeki was the least performing regarding grain yield.    

Phenological stage of thinning (V0, V4, R1 and R8) had a significant effect on yield and 

therefore G x T and D x T were highly significant (p < 0.001).  

In terms of G x T, the highest yield was observed in Lukanga (2.68 ton. ha-1), when thinning 

was done at R1 (T3). The minimum value of 0.74 tons ha-1 was observed in SC Semeki 

variety when thinning was done at V0 (T1). Lukanga and Mwembeshi had their respective 
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best (2.68 and 2.14 ton. ha-1) yields occurring when thinning was done at the onset of the 

reproductive growth phase-R1.  

Interaction effect of planting density and time of thinning (D x T) at different phenological 

stages on grain yield was very highly significant (p<0.001). Planting density of 600 K plants 

ha-1 exhibited the highest yield value of 2.51 tons ha-1, when thinning was done at R1. The 

lowest yield (1.42 ton. ha-1) was observed at density 700 K plants ha-1, when thinning was 

done at V0. Density 500 K and 700 K plants ha-1 had their respective best yields (2.08 and 

2.09 ton. ha-1) happen in plots that were maintained without thinning-R8 respectively. The 

lowest yields for density 500 K plants ha-1 level occurred when thinning was done at V4 

(1.45 ton. ha-1).  

The three-way interaction of variety, planting density and time of thinning had highly 

significant effects (p<0.001) on grain yield (Fig. 10). The overall highest yield (2.92 ton. ha-

1) was recorded at treatment plots with variety Mwembeshi, which was planted at density 

600 K plants ha-1 and thinned at R1 growth stage (G2 x D2 x T3). Lukanga’s density of 700 

K plants ha-1 recorded its highest yield value of 2.88 tons ha-1 at the thinning time stage of 

V0 (G1 x D3 x T2). The highest yield value (2.92 ton. ha-1) for Mwembeshi however was 

observed at the planting density of 600 K plants ha-1, when thinning was done at R1 (G2 x 

D2 x T3). Crops left without thinning (T4) resulted in the least performance of grain yield 

values of 1.76- and 1.54- tons ha-1 for Lukanga (600 K plants ha-1) and Mwembeshi (500K 

plants ha-1) respectively.  Variety SC Semeki had its best performance on grain yield (2.52 

ton. ha-1) achieved at the treatment combination of density 500K plants ha-1 and thinning 

time at R8 (G3 x D1 x T4). The least yield (0.62 ton. ha-1) was recorded in the combination 

of SC Semeki variety at density 500 K plants ha-1 when thinned at R1 stage of growth. 

However, the highest yield for SC Semeki (2.06 ton. ha-1) at density 600 K plants ha-1 

occurred when thinning was done at R1. At density 700 K plants ha-1 for SC Semeki, thinning 

at R8 resulted in the best yield (1.31 ton. ha-1). 

4.3.5. Harvest Index   

The effects of treatments on harvest index are presented on Table 2 and Figure 11. Lukanga 

variety had the highest harvest index (0. 379) and it was significantly different from SC 

Semeki which had the ratios of 0. 345 but not from Mwembeshi which had the ratio of 0. 

352. Hence, there was no significant difference between the means of HI ratios for Lukanga 

and Mwembeshi.  
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The treatment of planting density (D) revealed significant effect on HI (p < 0.05). Density 

500 K plants ha-1 had the highest HI (0.365) from density 700 K plants ha-1 (0.352) but was 

not significantly different from density 600 K plants ha-1 (0.361).   

Thinning time (T) had a significant effect on HI (p < 0.05). Treatments that were thinned at 

R1 had the highest mean HI ratios (0.37). The least HI was recorded in treatments thinned 

at R8 (0.35). 

The two-way interaction G x D was very significant (p<0.01). The highest HI ratio was 

recorded on Lukanga when it was planted at the density of 600 K plants ha-1 (0.395). The 

least HI ratio (0.328) was observed in SC Semeki variety when it was planted at the density 

of 700 K plants ha-1 (Table 6).  

At an interaction of G x T, Lukanga had recorded significant values of HI at all stages of 

thinning, although the highest was recorded at T1 (0.396). Mwembeshi only revealed a 

significant HI value when it was thinned at R1.  

Significant effects were detected at the D x T interaction. Density 500 K plants ha-1 yielded 

significant values of HI at all the thinning stages except for T2 interaction. The highest ratio 

was achieved when density 500 K plants ha-1 was thinned at V0 (D1 x T1). Density 600 K 

plants ha-1 only yielded significant interactive effects when thinning was conducted at T3. 

Significant differences were noted at T1 and T3 for density 700 K plants ha-1.   

The three- way interaction revealed some significant effects (Figure 11). Lukanga recorded 

its highest HI in density 600 K plants ha-1 and thinning at R1. Mwembeshi and SC Semeki 

had their highest ratios achieved in density 500 K plants ha-1, thinned at R1. There were 

observed tendencies for lower planting densities to increase the HI when thinning was done 

early. Delayed thinning resulted in reduction in the HI particularly for Lukanga and SC 

Semeki varieties.   
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Table 6: Two-way interactive effects of genotype, planting density and phenological stage 

at thinning on reproductive parameters of soybeans (Glycine max). 

Factor 

Parameters 

Grains 

per pod 

Pods per 

plant 

100-Grains 

weight (g) 

Yield 

(ton. ha-1) 
HI (%) 

G1 x D1 2.36 12.49 13.19 2.42 37.25 

G1 x D2 2.49 12.41 13.11 2.30 39.51 

G1 x D3 2.39 11.81 13.5 2.56 37.22 

G2 x D1 2.38 15.55 13.5 1.83 36.27 

G2 x D2 2.24 16.96 13.6 2.09 33.90 

G2 x D3 2.35 16.55 13.57 1.93 35.57 

G3 x D1 2.29 15.11 13.18 1.25 35.88 

G3 x D2 2.29 11.80 13.51 1.27 34.98 

G3 x D3 2.15 14.27 13.58 1.00 32.80 

Lsd (G x D) 0.14 4.57 0.55 0.36 3.40 

G1 x T1 2.38 12.62 13.10 2.68 39.62 

G1 x T2 2.38 11.88 13.40 2.26 37.50 

G1 x T3 2.48 13.43 13.12 2.32 38.05 

G1 x T4 2.40 11.02 13.45 2.44 36.80 

G2 x T1 2.42 17.23 13.46 2.14 35.07 

G2 x T2 2.27 15.32 13.19 1.75 33.69 

G2 x T3 2.35 17.05 13.83 1.94 36.91 

G2 x T4 2.25 15.82 13.74 1.98 35.30 

G3 x T1 2.23 13.50 13.24 1.25 36.17 

G3 x T2 2.28 13.72 13.73 1.58 32.39 

G3 x T3 2.32 13.93 13.19 0.74 35.43 

G3 x T4 2.13 13.77 13.53 1.12 34.23 

Lsd (G x T) 0.18 4.94 0.68 0.35 4.07 

D1 x T1 2.33 14.43 13.36 1.90 38.33 

D1 x T2 2.40 14.77 13.45 2.08 34.53 

D1 x T3 2.40 13.05 12.99 1.90 36.29 

D1 x T4 2.23 15.28 13.36 1.45 36.71 

D2 x T1 2.37 13.95 13.42 2.51 35.90 

D2 x T2 2.30 13.50 13.19 1.42 35.83 

D2 x T3 2.40 16.85 13.83 1.67 37.03 

D2 x T4 2.28 10.60 13.18 1.95 35.75 

D3 x T1 2.33 14.97 13.03 1.66 36.63 

D3 x T2 2.23 12.65 13.68 2.09 33.21 

D3 x T3 2.35 14.52 13.32 1.42 37.08 

D3 x T4 2.27 14.72 14.17 2.15 33.87 

Lsd (D x T) 0.17 4.17 0.61 0.35 3.06 
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Figure 7: Number of grains per pod for different soy varieties grown under various plant densities and thinned at different phenological stages. 

Vertical bars are standard errors.                                                                       
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Figure 8: Number of pods per plant of different soy varieties grown under various plant densities and thinned at different phenological stages. Vertical 

bars are standard errors 
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Figure 9: 100-Grains weight of different soy varieties grown under various plant densities and thinned at different phenological stages. Vertical bars 

are standard errors                                                                               

0

2

4

6

8

10

12

14

16

18

D500 D600 D700 D500 D600 D700 D500 D600 D700

Lukanga Mwembeshi SC Semeki

1
0
0
-g

ra
in

s 
w

ei
g
h
t 

(g
)

V0 V4 R1 R8



45 
 

  
Figure 10: Grain yield of different soybean varieties grown under various plant densities and thinned at different phenological stages. Vertical bars are 

standard errors      
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Figure 11: Harvest Index (HI) ratio of different soybean varieties grown under various plant densities and thinned at different phenological stages. 

Vertical bars are standard errors 
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4.4. Correlation 

Table 7 shows that plant height at R8 (cm) was moderately positively correlated (r = 0.59) 

to plant height at R1 (cm) parameters. Biomass weight (ton. ha-1) at R8 and grain yield were 

weakly correlated to plant height at R1 with correlation values of 0.44 and 0.38 respectively. 

Plant height at R8 had moderately positive correlation with biomass weight (ton. ha-1) at R8 

(r = 0.53) and with the number of pods per plant (r = 0.55). Grain yield was weakly positively 

correlated to biomass weight (ton. ha-1) at R8 (r = 0.43). There was a moderately positive 

correlation (r = 0.53) between the number of grains per pod and harvest index. Harvest index 

was strongly negatively correlated (r = -0.88) to grain weight.   

4.5. Multiple regression  

The set dependent variable against morphophysiological parameters was grain yield (Table 

8). Slight and significant contributions to the total variation was accounted for from the 

observed independent variables in our investigation. Parameter estimates revealed that 

biomass at R8, plant height at R8 and the number of pods per plant were highly significant 

and significant influence on grain yield. Additional parameters and their respective 

interactions to the model did not result in further significant effects on grain yield. Hence 

the generated grain yield prediction model was:  

𝑌𝑖𝑒𝑙𝑑 =  ∑((−1.76 +  0.0194 𝑃𝐻𝑅1 +  0.0286 𝑃𝐻𝑅8 − 0.0897 𝐵𝑀𝑉4 + 0.0755 𝐵𝑀𝑅8

− 0.00377 𝑅: 𝑆 − (0.213 𝐺/𝑃) − (0.0238 𝑃/𝑃) + 0.12 𝐺. 𝑤𝑡 + 0.0351 𝐻𝐼)) 

Where; 

PH R1 : Plant Height at R1 (cm) 

PH R8 :  Plant Height at R8 (cm) 

BM V4:  Biomass Weight (ton. ha-1) at R1 

BM R8:  Biomass Weight (ton. ha-1) at R8 

R:S : Root to Shoot weight Ratio 

G/P :  Number of Grains per Pod 

P/P :  Number of Pods per Plant 

G. wt  :  100 Grain Weight (g) 

HI :  Harvest Index 

The percentage variance accounted for was 26.1 and standard error of observations was 

estimated to be 0.681.  
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Table 7: Correlation of different Morpho-physiological and yield parameters. 

Parameter 
Plant 

Height at 

R1 (cm) 

Plant 

Height at 

R8 (cm) 

Biomass 

wt. (ton. 

ha-1) at R1 

Biomass 

wt. (ton. 

ha-1) R8 

Root - 

Shoot 

wt.  

Grains 

per Pod 

Pods per 

Plant 

100 Grain 

Weight (g) 

Grain 

Yield 

(ton ha-1) 

Harve

st 

Index  

Plant Height at R1 (cm) -          

Plant Height at R8 (cm) 0.5946* -         

Biomass Weight (ton. 

ha-1) at R1 
-0.0558 -0.1513 - 

       

Biomass Weight (ton. 

ha-1) at R8 
0.4402* 0.5275* -0.1522 - 

      

Root to Shoot weight 

Ratio 
0.0146 0.1065 0.0107 0.0256 - 

     

Grains per Pod 0.2855 0.3015 -0.0586 0.2235 -0.0811 -     

Pods per Plant 0.3078 0.5568* -0.067 0.4207* 0.0621 0.1701 -    

100 Grain Weight (g) 0.0001 0.1648 -0.129 0.1729 -0.0198 -0.089 0.1176 -   

Grain Yield (ton. ha-1) 0.3819 0.3853 -0.2379 0.4372* -0.0294 0.2487 0.1224 0.0874 -  

Harvest Index  0.1203 0.0004 0.0671 -0.0393 -0.0287 0.5305* -0.0305 -0.8808*** 0.0508 - 
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Table 8: Multiple regression of grain yield on morphophysiological traits in soybeans 

subjected to different plant density levels and thinned at varying phenological stages 

Response variate: Grain Yield 
    

Fitted terms:  PH R1, PH R8, BM V4, BM R8, S:H, G/P, P/P, G.wt, HI 

Summary of analysis      

Source d.f. s.s. m.s. v.r. F pr. 

Regression 9 27.62 3.068 6.61 <.001 

Residual 134 62.17 0.464     

Total 143 89.79 0.628     

      
Estimates of parameters 

     
Parameter estimate s.e. t (134) t pr. 

 
Constant -1.76 2.41 -0.73 0.466 Wald statistic 

PH R1 0.0194 0.0106 1.82 0.071 4.683 

PH R8 0.0286 0.0183 1.56 0.121 0.694 

BM V4 -0.0897 0.0427 -2.1 0.038* 1.925 

BM R8 0.0755 0.0228 3.31 0.001*** 3.339 

S:H -0.00377 0.00827 -0.46 0.649 0.544 

G/P -0.213 0.754 -0.28 0.778 4.939 

P/P -0.0238 0.0122 -1.95 0.053* 0.505 

G.wt 0.12 0.165 0.73 0.468 5.254 

HI 0.0351 0.0497 0.71 0.482 4.896 

Factor significance; *** highly significant (p ≤ 0.001); **very significant (p ≤ 0.01); * significant 

(p ≤ 0.05) and ns- nonsignificant.  

 

Key 

PH R1 : Plant Height at R1 (cm) 

PH R8 :  Plant Height at R8 (cm) 

BM V4:  Biomass Weight (ton. ha-1) at R1 

BM R8:  Biomass Weight (ton. ha-1) at R8 

R:S : Root to Shoot weight Ratio 

G/P :  Number of Grains per Pod 

P/P :  Number of Pods per Plant 

G. wt  :  100 Grain Weight (g) 

HI :  Harvest Index 
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Chapter 5 

5. DISCUSION 

The environment under which organisms develop has influence on resulting morphological 

and physiological characteristics. Due to their sessile nature, plants contend with limitations 

of their environment which can be a source of stress depending on their degree of application 

(either as supra or sub optimal). Thus, to survive and remain productive, appropriate 

functional plasticity responses are inevitable (Bradshaw, 1965; Takahashi and Shinozaki, 

2019). Using various signalling pathways such as Reactive Oxygen Species-ROS, 

phytochromes and an interaction of physiological metabolites with phytohormones at 

subcellular level, plants invoke morphophysiological plasticity that builds their competitive 

effectiveness at resource mobilization (Bradshaw, 1965; Wani et al., 2016; Mhamdi and Van 

Breusegem, 2018; Takahashi and Shinozaki, 2019). Plant density is one of the most pliable 

factors that can be altered in the row crop growth environment to improve crop production 

(Wright and Lenssen, 2013). This study investigated phenotypic plasticity in soybeans 

resulting from altered environment in terms of planting density. Different soybean varieties 

were subjected to various plant density levels and thinned progressively at different 

phenological stages to alter the plant density stress duration. The test varieties included 

indeterminate (Mwembeshi) and determinate (Lukanga and SC Semeki) varieties to evaluate 

their sensitivity to stress and ability to recover thereof.  It is assumed that findings of this 

study would contribute to the understanding of the effects of inducing stress in row crops 

through use of supra optimal planting densities and removal thereof at specific phenological 

stages by crop thinning.   

In Zambia, average yield of soybeans under farm conditions is about 2 ton/ha (Chiona et al., 

2017)  which is comparatively low compared to yield potentials reported by researchers. For 

instance  yield potentials in excess of 3 ton/ha have been reported (SEEDCO, 2015; Afriseed 

Stewards, 2018; Chigeza et al., 2019). The low yield observed in this study can be attributed 

in part to poor soil fertility where pH, phosphorous, percentage organic carbon and 

magnesium were below the critical levels to support good plant growth. In addition, due to 

initial failure of the crop resulting from drought, the trial had to be replanted, which resulted 

in late planting. 
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The results showed that variety had a significant effect on all observed vegetative parameters 

except for root to shoot weight ratio. Lukanga had the highest plant height (at R1 and R8), 

biomass (R8) and these were significantly different with that of SC Semeki but not with 

Mwembeshi variety. The different performance of Lukanga and SC Semeki despite having 

the same growth characteristics (determinate type) is in contrast with the findings of Mataa 

and Sichilima, (2019) who found that there were no significant differences in growth 

characteristics among varieties that had contrasting growth habits (determinate and 

indeterminate types). These findings indicate that  the responses are genotype specific 

(Tekola et al., 2018). SC Semeki accumulated higher biomass at V4 growth stage than when 

the same parameter was measured at harvest time (R8). The comparative reduction in 

biomass accumulation for variety SC Semeki (high at V4-vegetative growth to low at R8-

reproductive phase) to the other varieties could be attributed to vegetative allocational 

plasticity, a functional feature in environmental resource competition (Sultan, 2003).  

Biomass and root- shoot ratio is an indicator of the plant’s vigour in an environment where 

interplant competition exist (Yang et al., 2019). Plants with higher biomass accumulation 

and comparative root mass have advantages in the competition for nutrients and moisture 

(Craine and Dybzinski, 2013). Plant density did not exert any significant effect on plant 

height, biomass at V4 and on root to shoot ratio. Only density 600 K plants ha-1 however 

showed more assimilates being partitioned to biomass (5.70 tons. ha-1) than the other two 

densities (4.22 tons. ha-1).  Our findings on plant height were similar to the observation made 

by Mellendorf, (2011), who associated the slight decrements/increments between densities 

to general plant growth due to row spacing and to the decreased/increased access to 

photosynthetically active radian-PAR (Park and Runkle, 2018). A similar study by Sichilima 

et al., (2018) showed corresponding findings, where density had no significant effect on 

plant height.  

Thinning time did not exert significant effects on vegetative parameters except for root- 

shoot ratio thinned at R8. Maintaining the crop without thinning increased the root to shoot 

ratio. The increased root biomass in relation to above ground biomass can be attributed to 

the sustained stress. Under stress, it has been suggested that plants invoke photoassimilate 

allocational plasticity (Murren et al., 2015) which increases photoassimilate partitioning to 

roots to assist the plant to forage and compete for resources in the root zone (Rondanini et 

al., 2017).    
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The low yielding variety (SC Semeki) allocated most of the assimilates to vegetative tissues 

and therefore during the vegetative phase it had comparatively higher biomass. During the 

reproductive phase SC Semeki had lower biomass whereas the higher yielding varieties 

accumulated more biomass during the reproductive phase and most of this was directed to 

the grain. It can therefore be deduced that SC Semeki can better be used as a vegetative or 

forage genotype (Rondanini et al., 2017)..  

Significant variety and thinning interactions were observed with Lukanga in plant height. 

Treatments that were thinned early showed a slight reduction in plant height compared to 

late thinning and unthinned treatments. Mataa and Sichilima, (2019) made similar 

observations in their attempt to determine phenotypic response in soybeans-  early density 

stress relief resulted in lower plant height. This low plant height (or reduced etiolation) may 

be due to decreased competition for light due to the available space left behind by the 

thinned-out plants. These findings are in support of the theory that an increase in plant 

density results in the change of the sink: source relationship to allocate more 

photoassimilates to support structures of the plant which allows it to be competitive at 

accessing solar radian (Park et al., 2003; Mellendorf, 2011; Park and Runkle, 2016). Plants 

have developed mechanisms to sense neighbouring plants using phytochromes and shade 

avoidance cues to signal for change in resource partitioning to appropriate vegetative 

structures (Park and Runkle, 2018). Mwembeshi and SC Semeki were unresponsive to the 

thinning interaction. Hence phenotypic plasticity was operative only in Lukanga variety 

(Rondanini et al., 2017).   

The three- way interaction showed significant effects on some vegetative parameters 

especially on biomass (at V4). There was an inverse relationship between thinning time and 

biomass accumulation. Therefore, relieving density stress in the early stages of plant growth 

resulted in an increase in biomass especially for SC Semeki. This response was in conformity 

with the finding of Sekimura et al., (2000) who observed that plants adjusted their 

morphological features in response to the closeness of their neighbours. The same response 

was observed by Sichilima et al., (2018).    

The number of grains per pod, number of pods per plant and grain weight are an important 

determinant of the final grain yield (Pereira-Flores and Justino, 2019). This parameter is 

among the five critical yield components described soybeans (Pereira-Flores and Justino, 

2019). However, it is important to note  that pod length and number of seeds per pod show 

little variation in soybeans and what is more critical is how many of these pods have filled 
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seeds (empty pods) and seed mass. Lukanga had a significantly higher number of grains per 

pod while Mwembeshi had a higher number of pods per plant. This led the two varieties to 

record significantly higher grain yields. The number of grains per pod contributed more to 

grain yield than the number of pods per plant because Lukanga which scored better at 

number of grains per pod also recorded the highest grain yield and the only significant value 

at harvest index.  

A possible explanation why Mwembeshi did not have significantly high harvest index value 

could be that although it more pods most of these pods did not have seeds-a typical 

occurrence in indeterminate varieties. However, under optimal conditions these varieties are 

able to form more pods and ultimately translate into higher yield. This response is in 

conformity with the established theory that modular organisms have compensatory 

capabilities for any adverse shocks faced during plant growth (Murren et al., 2015). 

Agudamu et al., (2016) concluded that modular plants have a longer period over which they 

have to adapt to the environment through branch, leaf area or pod number development. 

Hence indeterminate varieties continue to grow post their juvenile stage, to which fact they 

owe their elasticity (Murren et al., 2015).  

Soybean has been noted to exhibit classical vegetative plasticity and therefore the  plants 

make adjustments in morphological parametres to ensure stability of yield under a range of 

plant densities. Therefore, plant density was seen to have little or no effect on reproductive 

and vegetative parametres that were measured.  

Thinning affected root: shoot ratios, number of grains per pod and the overall grain yield. 

Thinning early showed significant effects on grain yield and harvest index. Treatments that 

were thinned at planting recorded higher grain yields and harvest index. Relieving the 

imposed density stress after the plants have developed the competitive capacities for 

environmental resources in the early phenological stages allowed the soybean plants to 

change the sinks into reproductive structures such as number of pods per plant (Mellendorf, 

2011).  

Varietal effect exerted stronger influences on the significant differences observed in the 

grain yield and. In terms of yield components, the number of grains per pod had a larger 

contribution to grain yield and HI for Lukanga. While for Mwembeshi, the most 

contributions to grain yield was attributed to its high number of pods per plant. The source 

of reproductive plasticity can be from any of the yield components. Rondanini et al., (2017) 

observed the reproductive plasticity in spring rapeseed to be determined by floral branching. 
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Based on the results obtained above, we postulate that Lukanga, a determinate variety 

exhibited reproductive plasticity mainly due to the changes in the number of grains per pod. 

Mwembeshi on the other hand had its reproductive plasticity caused by the number of pods 

per plant.  

For Lukanga, thinning early generally resulted in higher grain yield and HI than late thinning. 

hence the degree and duration of the density stress affected varieties differently. This 

phenomenon was also observed by (Sichilima, Mataa and Mweetwa, 2018). The trend, 

however, was not discernible in Mwembeshi and SC Semeki. Hence it was supposed that 

the observed trend was a genotype specific effect and could not be associated to stress 

duration.  

There were observed tendencies for lower planting densities to increase the HI when thinning 

was done early. Similar results were observed by Shamsi and Kobraee, (2011) that HI 

reduced with increase in plant density. Delayed thinning resulted in reduction in the HI 

particularly for Lukanga and SC Semeki varieties. This may be due to their determinate 

growth type nature. Despite not detecting differences due to competition relief in small 

cohorts Mellendorf, (2011) observed that large differences were apparent in the high plant 

density, where cohorts relieved of competition at V3 increased HI by 7.8 % compared to 

competition relief at R4 where HI was reduced by 10 %. It was therefore generalised that 

reproductive plasticity was at play when varieties interacted with density and thinning time. 

In terms of grain yield, Mwembeshi- an indeterminate variety recorded the highest grain 

yield (2.92 tons ha-1) when it was thinned at R1. This higher yield recorded for Mwembeshi 

could be due to its indeterminate growth type which have longer reproductive plasticity 

adjustment period compared to determinate varieties (Lukanga and SC Semeki). The main 

contributor to grain yield for Mwembeshi was number of pods per plant. Carpenter and 

Board, (1997) showed that the increase in yield was due to the increase in the number of 

pods per plant, an outcome that is in conformity with the present finding of our study. Pods 

emerge at branch nodes in plants (Carpenter and Board, 1997; Agudamu, Yoshihira and 

Shiraiwa, 2016).  We did not determine the number of branches per plant but based on the 

high number of pods per plant, the shorter stature of the plants and significant values on 

biomass at R8, it can be speculated that Mwembeshi branched more than the other varieties. 

In growth environments where environmental perturbations are likely to impose longer stress 

duration, it would be safer to plant an indeterminate variety due to their mode of response to 

stress duration as demonstrated in this investigation. 
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Crop yield is a product of several crop and non-crop characters that exert their influence on 

the crop simultaneously. The degree of association between crop characters or 

morphological traits provides useful information on the performance of the crop (Gomez and 

Gomez, 1984). The positive inter component correlation observed in our investigation assert 

that phenotypic plasticity was at play in the tested varieties. For instance,  a positive, though 

weak correlation between grain yield and biomass weight (r = 0.43) may suggest that larger 

plants tend to have higher yield. Mellendorf, (2011)  noted that treatments  that had high 

biomass were also reported to have a high number of branches, high number of pods per 

plant and higher grain yield. Biomass was found to be highly correlated to the plants’ ability 

to forage for soil resources particularly N uptake, an important element in formation of 

assimilates that can be partitioning into grain yield and associated components (Ciampitti 

and Vyn, 2011). Plant height was also noted to be  positively correlated to biomass (r = 

0.53*), signifying the density effect on biomass accumulation and subsequent grain yield.  

A close relationship between grain yield and biomass was observed particularly at R8. Other 

parameters that showed significant contributions  to variations in grain yield were plant 

height and number of pods per plant. The yield prediction model developed in this study 

however is restricted to the tested varieties and environmental conditions similar to the study 

site. It can be deduced  therefore that one of the main contributors to grain yield is biomass. 

Similar findings were arrived at by Duncan, (1986) who associated higher biomass to higher 

grain yields and Sichilima et al., (2018) also concluded that biomass had the strongest effect 

on yield. In summary of the three parametres variety and thinning time exerted more effects 

on plant developmental processes and yield compared to density which exerted very little 

influence. 
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Chapter 6 

6. CONCLUSION AND RECOMMENDATIONS 

Crop development and yield in soybeans was influenced by variety and thinning time. 

Variations in plant density and thinning at different phenological stages exhibited differences 

in their effects on morphophysiological parameters for the tested soybean varieties. Grain 

yield and biomass weight was highly influenced by variety. Plant density did not have exert 

significant effects on most observed vegetative and reproductive parameters. However, 

when density interacted with thinning time, it resulted significant effects on biomass and 

grain yield. Thinning time influenced grain yield significantly. Lukanga and SC Semeki are 

both determinate varieties but seem to follow different pathways in their response to density 

stress relief at different stages of growth. Lukanga exhibited reproductive plasticity while 

SC Semeki demonstrated vegetative plasticity. As for Mwembeshi, an indeterminate type of 

variety showed phenotypic elasticity to the effects of density stress relief. Vegetative 

plasticity however did not result in increased grain yield for SC Semeki. Early crop thinning 

induced reproductive plasticity and had an influence on grain yield in Lukanga. Thinning up 

to R1 stage resulted in the adjustment of the morphological features of the plant, particularly 

number of pods per plant which can be extrapolated to the number of branches per plant in 

Mwembeshi.  

With the advent of climate change where rainfall and other climatic factors are increasingly 

becoming unpredictable, planting soybean varieties that exhibit phenotypic elasticity may 

be advantageous. Owing to their capacity to adjust their yield components over longer pheno 

phase. In developing new soybean varieties therefore, plasticity or elasticity characteristics 

should be considered. Varieties, that exhibit vegetative plasticity such as observed in SC 

Semeki can be recommended as a fodder and or a bioenergy crop due to their early high 

biomass accumulation capacity and less grain yield.     

 

 

 



57 
 

Reference 

Agalave, H. R. (2017), Effect of environmental factors on productivity of crop. International 

Journal of Botany Studies, 2: 14–16. Available at: www.botanyjournals.com. 

Agudamu, Yoshihira, T. and Shiraiwa, T. (2016), Branch development responses to planting 

density and yield stability in soybean cultivars. Plant Production Science,19: 

331–339. doi: 10.1080/1343943X.2016.1157443. 

Ahmad, A. H. and Latif, T. (2011), Growth and yield behaviour of two maize hybrids (Zea 

mays l) towards different plant spacing. Certari Agronomice in Moldova, XLIV(2). 

doi: 10.2478/v10298-012-0030-9. 

Alfy, H. (2017), Control of soybean stem fly melanagromyza sojae (Diptera: agromyzidae) 

by sticky color traps in soybean field. Egyptian Academic Journal of Biological 

Sciences, F. Toxicology & Pest Control, 9(2), pp. 7–13. doi: 

10.21608/eajbsf.2017.17043. 

Al-Suhaibani, N., El-Hendawy, S. and Schmidhalter, U., (2013), Influence of varied plant 

density on growth, yield and economic return of drip irrigated faba bean (Vicia 

faba l.)’, Turkish Journal of Field Crops, 18(2), pp. 185–197. 

Amanullah, I. (2016), Dry matter partitioning and harvest index differ in rice genotypes with 

variable rates of phosphorus and zinc nutrition. Rice Science 23(2), pp. 78–87. 

Available at: www.sciencedirect.com doi: 10.1016/j.rsci.2015.09.006. 

Arenas, F. and Fernández, C. (2000), Size structure and dynamics in a population of 

Sargassum muticum (Phaeophyceae). Journal of Phycology, 36(6), pp. 1012–1020. 

doi: 10.1046/j.1529-8817.2000.99235.x. 

Aroca, R. (2013), Plant responses to drought stress: From morphological to molecular 

features. Springer Heidelberg. Edited by R. Aroca. Springer Berlin Heidelberg. doi: 

10.1007/978-3-642-32653-0. 

Barbalho, S.M., and Farinazzi-Machado, F.M.V., (2011), Soybean: Food or Remedy? In: 

Soybean and Nutrition, El-Shemy H., (Ed.), ISBN: 978-953-307-536-5, InTech, 

Available from: http://www.intechopen.com/books/soybean-and-

nutrition/soybean-food-or-remedy-InTech  

http://www.botanyjournals.com/
http://www.sciencedirect.com/
http://www.intechopen.com/books/soybean-and-nutrition/soybean-food-or-remedy-InTech
http://www.intechopen.com/books/soybean-and-nutrition/soybean-food-or-remedy-InTech


58 
 

Bradshaw, A. D. (1965), Evolutionary Significance of Phenotypic Plasticity in Plants. 

Advances in Genetics, 13 :115–155. 

Carpenter, A. C. and Board, J. E. (1997), Branch yield components controlling soybean yield 

stability across plant populations. Crop Science, 37(3), pp. 885–891. doi: 

10.2135/cropsci1997.0011183X003700030031x. 

Chang, C. C. and Turner, B. L. (2019), Ecological succession in a changing world.  Journal 

of Ecology, 107(2): 503–509. doi: 10.1111/1365-2745.13132. 

Chigeza, G. Boahen, S. Gedil, M. Agoyi, E. Musholiwa, H. Denwar, N. Gondwe, T. Tesfaye, 

A. Kamara, A. Alamu, O.E. and Chikoye, D (2019), Public sector soybean 

(Glycine max) breeding: Advances in cultivar development in the African tropics. 

Plant Breeding Volume: 455–464. DOI: 10.1111/pbr.12682. 

Chileshe, L. and Chirwa, B. (1990), Soils of Mansa District-Soil Survey Report No. 186 D. 

Soil Survey Unit, Research Branch, Department of Agriculture. Ministry of 

Agriculture. Government of the Republic of Zambia. 

Chiona, M., Chigeza, G., Ntawuruhunga, P., (2017), Exploring Climatic Resilience Through 

Genetic Improvement for Food and Income Crops. In: Nhamo, N., Chikoye, D., 

Gondwe, T. (Eds.), Smart Technologies for Sustainable Smallholder Agriculture: 

Upscaling in Developing Countries. Academic Press, Elsevier 81–95. ISBN: 

9780128105214 doi: 10.1016/B978-0-12-810521-4.00004-9 

Ciampitti, I. A. and Vyn, T. J. (2011), A comprehensive study of plant density consequences 

on nitrogen uptake dynamics of maize plants from vegetative to reproductive 

stages. Field Crops Research, 121(1), pp. 2–18. doi: 10.1016/j.fcr.2010.10.009. 

Counce, P. A., Keisling, T. C. and Mitchell, A. J. (2000), A uniform, objectives, and adaptive 

system for expressing rice development. Crop Science, 40(2), pp. 436–443. 

Craine, J. M. and Dybzinski, R. (2013), Mechanisms of plant competition for nutrients, water 

and light. Functional Ecology, 27(4): 833–840. doi: 10.1111/1365-2435.12081. 

De Bruin, J. L. and Pedersen, P. (2008), Effect of row spacing and seeding rate on soybean 

yield. Agronomy Journal, 100(3): 704–710. doi: 10.2134/agronj2007.0106. 

Duncan, W. G. (1986), Crop ecology, production and management: planting patterns and 

soybean yields. Crop Science Journal, 26 :584–588. 



59 
 

FAO (2001), World Soil Resource reports: Lecture notes on the major soils of the world. 

Edited by Driessen, P. Deckers, J. Nachtergaele, F. Rome: Food and Agriculture 

Organisation of the United Nations. ISBN: 925-104637-9 

FAO (2016), FAOSTAT Online Statistical Service. Rome: FAO. Available online at: 

http://faostat.fao.org  

Fehr and Caviness (1971), Stage of development descriptions for soybean, Glycine max (L) 

Merril. Crop Science, 11: 929 – 931. 

Franklin, D. and Martin, W. (1988), SOYBEAN: Why grow soybeans. Echo Technical Note, 

(239), pp. 1–5. Available at: http://www.echonet.org/.  

Franklin, K. A. and Whitelam, G. C. (2005), Phytochromes and shade-avoidance responses 

in plants. Annals of Botany, 96(2), pp. 169–175. doi: 10.1093/aob/mci165. 

Gaur, N. and Mogalapu, S. (2018), Pests of Soybean. In Omkar (ed.) Pests and Their 

Management. Springer Nature Singapore Pte Ltd, pp. 137–162. doi: 10.1007/978-

981-10-8687-8. 

Gomez, A. A. and Gomez, K. A. (1984), Statistical Procedures for Agricultural Research 

(Second Edition). John Wiley and Sons Inc. New York. 

Grime, J. P. and Mackey, J. M. L. (2002), The role of plasticity in resource capture by plants. 

Evolutionary Ecology, 16, pp. 299–307. 

Hartman, G. and Murithi, H. M. (2014), Field guide to African soybean diseases and pests.  

Soybean Innovation Laboratory, (May), pp. 1–33. Available at: 

http://soybeaninnovationlab.illinois.edu.  

Hartman, G. L., West, E. D. and Herman, T. K. (2011), Crops that feed the World 2. 

Soybean-worldwide production, use, and constraints caused by pathogens and 

pests. Food Security, 3(1), pp. 5–17. doi: 10.1007/s12571-010-0108-x. 

Hall AE. (1999). Cowpea. In Crop yield: physiology and processes. (Smith DL. and Hamel 

C. eds.). Springer, (Berlin). pp 355-373.  

Hymowitz, T. and Shurtleff, W. R. (2005), Debunking soybean myths and legends in the 

historical and popular literature. Crop Science, 45(2), pp. 473–476. doi: 

10.2135/cropsci2005.0473. 

http://faostat.fao.org/
http://www.echonet.org/
http://soybeaninnovationlab.illinois.edu/


60 
 

Ibrahim, H. M (2012), Response of some sunflower hybrids to different levels of plant 

density.  APCBEE Procedia 4: 175–182. doi: 10.1016/j.apcbee.2012.11.030. 

IITA (2017), Annual report serving the African farmers and communities. Available at: 

http://www.iita.org/wp-content/uploads/2019/01/2017-IITA-annual-report.pdf.  

JAICAF (2012) Agriculture and Forestry: Present situation and issues for development. 

(Unpublished). Available at: http://statbank.ssb.no/.  

Jin, J., Lauricella. D., Armstrong R., Sale, P., Tang, C., (2015). Phosphorus application and 

elevated CO2 enhance drought tolerance in field pea grown in a phosphorus-

deficient vertisol. Annals of Botany, 116(6), pp. 975–985. doi: 

10.1093/aob/mcu209. 

Kansas State University, C. E., (2016), Soybean production handbook. October. Edited by 

J. D. Floros. ISBN: 8002221222 doi: 10.1021/ac60320a016.  

Kollist, H.,Zandalinas, S.I., Sengupta, S., Nuhkat, M., Kangasjärvi, J., Mittler, R., (2019), 

Rapid responses to abiotic stress : Priming the landscape for the signal 

transduction network. Trends in Plant Science, 24(1), pp. 25–37. 

doi:10.1016/j.tplants.2018.10.003. 

Kron, A. P., Souza, G.M., and Ribeiro, R.V., (2008), Water deficiency at different 

developmental stages of Glycine max can improve drought tolerance’, Bragantia, 

67(1), pp. 43–49. doi: 10.1590/S0006-87052008000100005. 

Ku, Y.-S., Au-Yeung, W.-K., Yung, Y.-L., Li, M.-W., Wen, C.-Q., Liu, X., and Lam, H.-

M.,  (2013), Drought stress and tolerance in soybean. A Comprehensive Survey of 

International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen 

Relationships. doi: 10.5772/52945. 

Lamptey, S. Lamptey, S., Yeboah, S., Sakodie, K. and Berdjour, A., (2015), Growth and 

yield response of soybean under different weeding regimes. Asian Journal of 

Agriculture and Food Sciences, 03(02), pp. 155–163. 

Li, J. Qu, Z. Chen, J., Yang, B. and Huang, Y., (2019). Effect of planting density on the 

growth and yield of sunflower under mulched drip irrigation. Water 

(Switzerland), 11:1–14. doi: 10.3390/w11040752. 

http://www.iita.org/wp-content/uploads/2019/01/2017-IITA-annual-report.pdf
http://statbank.ssb.no/


61 
 

Lin, C., Zhang, Q., Li, H., Li, R., Hu, R., Fan, C., Chen, F., Wang, Z., Liu, X. and Fu, Y.,  

(2008), Association of the circadian rhythmic expression of GmCRY1a with a 

latitudinal cline in photoperiodic flowering of soybean. Proceedings of the National 

Academy of Sciences, 105(52), pp. 21028–21033. doi: 10.1073/pnas.0810585105. 

Mabuchi, K., Maki, H., Itaya, T., Suzuki, T., Nomoto, M., Sakaoka, S., Morikami, A., 

Higashiyama, T., Tada, Y., Busch, W. and Tsukagoshi, H., (2018), MYB30 links 

ROS signaling, root cell elongation, and plant immune responses. Proceedings of 

the National Academy of Sciences of the United States of America, 115(20), pp. 

E4710–E4719. doi: 10.1073/pnas.1804233115. 

MACO, (2002) Soybean: Production guide. Soils and Research Branch, Ministry of 

Agriculture and Cooperatives. Ministry of Agriculture and Cooperatives, 

Government of the Republic of Zambia. 

Maggio, A., Bressan, R.A., Zhao, Y., Park, J. and Yun, D., (2018), It’s hard to avoid 

avoidance: Uncoupling the evolutionary connection between plant growth, 

productivity and stress “tolerance”. International Journal of Molecular Sciences 

doi: 10.3390/ijms19113671. 

Manavalan, L. P., Guttikonda, S.K., Tran, L. P. and Nguyen, H.T., (2009), Physiological and 

molecular approaches to improve drought resistance in soybean. Plant Cell 

Physiology, 50(7), pp. 1260–1276. doi: 10.1093/pcp/pcp082. 

Mataa, M. and S. Tominaga. (1998), Reproductive-vegetative shoot growth interactions and 

relationship to non-structural carbohydrates in immature ponkan mandarin. 

(Citrus reticulata Blanco). Journal of Horticultural Science and Biotechnology 

73: 191-196. 

Mataa, M. and S. Tominaga. (1998), The effects of shading stage and level on fruit set and 

development, leaf carbohydrates and photosynthesis in ponkan (Citrus reticulata 

Blanco). Japanese Journal of Tropical Agriculture. 42: 103- 110. 

Mataa, M. and Sichilima, I. (2019), Phenotypic plasticity in soybean (Glycine max (Merrill)) 

genotypes with contrasting growth characteristics subjected to planting density 

stress at different developmental stages. African Journal of Agricultural 

Research, 14: 643–651. doi: 10.5897/ajar2018.13830. 



62 
 

Mataa, M., Mphande, K. and Munyinda, K. (2019), Interactive effects of phosphorus and 

water stress on plant development and yield resilience in common beans 

(Phaseolus vulgaris L.).  African Journal of Agricultural Research, 14(22), pp. 

949–962. doi: 10.5897/AJAR2019.14069. 

McWilliams, D.A., Berglund, D.R. and Endres, G.J. (2004), Soybean - Growth and 

Management Quick Guide. NDSU Extension Service, North Dakota State 

University, (August), pp. 1–8. Available at: 

http://www.marchutletseeds.ca/uploads/soybeans_soybeanstages.pdf.  

Mellendorf, N. E. (2011). Soybean growth and yield response to interplant competition 

relief in various plant density environments. MSc. Thesis (unpublished). 

University of Illinois at Urbana-Champaign. pp, 11 – 12.  

www.ideals.illinois.edu/bitstream/handle/2142/26104/Mellendorf_Nathan.pdf   

Mhamdi, A. and Van Breusegem, F. (2018). Reactive oxygen species in plant development. 

Development (Cambridge), 145: Online ISSN: 1477-9129. doi: 

10.1242/dev.164376. 

Mingjue, W. (2014) Use of Soybean (Glycine max ( L .) Merrill ) Presscake and Flours as 

Food Ingredients : Effect on Nutritional , Physical , Textural , Sensory Properties , 

Starch Digestibility and Glycemic Index. MSc. Thesis (Unpublished). The 

University of Manitoba.  

Miti, J.M. (1995) Soybean (Glycine max (L.) Merr). In: Zambian Seed Technology 

Handbook. Muliokela, S.W. (Ed.) Lusaka: Ministry of Agriculture, Food and 

Fisheries. pp. 195-199. ISBN 9982-08-000-8.  

Mondal, M.M.A., Puteh, A.B., Kashem, M.A. and Hasan, M.M. (2014), Effect of plant 

density on canopy structure and dry matter partitioning into plant parts of 

soybean.  Life Science Journal, 11(3), pp. 67–74. Available at: 

http://www.lifesciencesite.com  

Murithi, H. M., Beed, F., Tukamuhabwa, P., Thomma, B. P.H.J. and Joosten, M. H.A.J. 

(2016), Soybean production in eastern and southern Africa and threat of yield loss 

due to soybean rust caused by Phakopsora pachyrhizi’, Plant Pathology, 65(2), pp. 

176–188. doi: 10.1111/ppa.12457. 

http://www.marchutletseeds.ca/uploads/soybeans_soybeanstages.pdf
http://www.ideals.illinois.edu/bitstream/handle/2142/26104/Mellendorf_Nathan.pdf
http://www.lifesciencesite.com/


63 
 

Murphy, J. and Riley, J. P. (1962) A modified single solution method for the determination 

of phosphate in natural waters. Analytica Chimica Acta, 27(C), pp. 31–36. doi: 

10.1016/S0003-2670(00)88444-5. 

Murren, C. J. Auld, J.R., Ghalambor, C.K., Handelsman, C.A., Heskel, M.A., Kingsolver, 

J.G., Maclean, H.J., Masel, J., Maughan, H., Pfenning D.W., Relyea, R.A., Seiter, 

S., Snell-Rood, E., Steiner, U.K. and Schilichting C.D.  (2015), Constraints on 

the evolution of phenotypic plasticity: Limits and costs of phenotype and 

plasticity’, Heredity. Nature Publishing Group, 115: 293–301. doi: 

10.1038/hdy.2015.8. 

Mwase, W. F. and Kapooria, R. G. (2001), Incidence and severity of frogeye leaf spot and 

associated yield losses in soybeans in agroecological zone II of Zambia.  

Mycopathologia, 149(2), pp. 73–78. doi: 10.1023/A:1007126225457. 

Oyatokun, O. S. and Oluwasemire, K. O. (2014), Evaluating starter N application to soybean 

with CROPGRO-Soybean Model in the southern guinea savanna agro-ecology 

of Nigeria.  Journal of Agricultural Science, 6: pp. 83-100. doi: 10.5539/jas. 

v6n8p83. 

Pacala, S. W. and Tilmant, D. (1994) Limiting similarity in mechanistic and spatial models 

of plant competition in heterogeneous environments. The American Naturalist. 

143-2: pp. 222–257. 

Park, S. E., Benjamin, L. R. and Watkinson, A. R. (2003), The theory and application of 

plant competition models: An agronomic perspective. Annals of Botany, 92: 

741–748. doi: 10.1093/aob/mcg204. 

Park, Y. and Runkle, E. S. (2016), Far-red radiation promotes growth of seedlings by 

increasing leaf expansion and whole-plant net assimilation. Environmental and 

Experimental Botany. Elsevier B.V. doi: 10.1016/j.envexpbot.2016.12.013. 

Park, Y. and Runkle, E. S. (2018). Far-red radiation and photosynthetic photon flux density 

independently regulate seedling growth but interactively regulate flowering.  

Environmental and Experimental Botany. Elsevier B.V., 155: 206 – 216. doi: 

10.1016/j.envexpbot.2018.06.033. 



64 
 

Pereira-Flores, M. E. and Justino, B. F. (2019). Yield components and biomass partition in 

soybean: Climate change vision. (Unpublished) Intechopen.   

http://dx.doi.org/10.5772/intechopen.81627    

Pujar, A., Jaiswal, P., Kellogg, E.A., Ilic, K., Vincent, L., Avraham, S., Stevens, P., Zapata, 

F., Reiser, L., Rhee, S.Y., Sachs, M.M., Schaeffer, M., Stein, L., Ware, D. and 

McCouch, S. (2006), Whole-plant growth stage ontology for angiosperms and its 

application in plant biology. Plant Physiology, 142(2), pp. 414–428. doi: 

10.1104/pp.106.085720. 

Rahman, M. M. and Hossain, M. M. (2011), Effect of plant population on soybean 

development and production. Asian Journal of Plant Sciences, pp. 278–286. doi: 

10.3923/ajps.2011.278.286. 

Rahmawati, N., Rosmayati, D. and Basyuni, M. (2019), Changes in some characters of 

soybean leaves inoculated with mycorrhiza in salinity stress. IOP Conference 

Series: Earth and Environmental Science, 260, p. 012151. doi: 10.1088/1755-

1315/260/1/012151. 

Ramegowda, V. and Senthil-kumar, M. (2015), The interactive effects of simultaneous biotic 

and abiotic stresses on plants : Mechanistic understanding from drought and 

pathogen combination’, Journal of Plant Physiology, 176, pp. 47–54. doi: 

10.1016/j.jplph.2014.11.008. 

Rattunde, H.F.W., Michel, S., Leiser, W.L., Piepho, H., Diallo, C., Brocke, K., Diallo, B., 

Haussmann, B.I.G. and Weltzien, E. (2016), Farmer participatory early-generation 

yield testing of sorghum in west Africa : Possibilities to optimize genetic gains for 

yield in farmers’ fields. Crop Science Journal, 56:1–13 (2016). doi: 

10.2135/cropsci2015.12.0758. 

Rondanini, D. P., Menendez, Y.C., Gomez, N.V., Miralles, D.J. and Botto, J.F. (2017). 

Vegetative plasticity and floral branching compensate low plant density in 

modern spring rapeseed. Field Crops Research. Elsevier, 210: 104–113. doi: 

10.1016/j.fcr.2017.05.021. 

Seaton, D.D., Graf, A., Baerenfaller, K., Stitt, M., Millar, A.J. and Gruissem, W. (2018) 

Photoperiodic control of the Arabidopsis proteome reveals a translational 

coincidence mechanism. Molecular Systems Biology, 14(3), p. e7962. doi: 

10.15252/msb.20177962. 

http://dx.doi.org/10.5772/intechopen.81627


65 
 

SEEDCO (2015). Soyabean growers guide. (Unpublished) Available at: 

http://www.seedcogroup.com/sites/default/files/Soya Growers Guide.pdf.  

Sekimura, T., Roose, T., Li, B., Maini, P.K., Suzuki, J.I. and Hara, T. (2000), The effect of 

population density on shoot morphology of herbs in relation to light capture by 

leaves. Ecological Modelling, 128(1), pp. 51–62. doi: 10.1016/S0304-

3800(99)00226-4. 

Shamsi, K. and Kobraee, S. (2011), Soybean agronomic responses to plant density. Annals 

of Biological Research, 2(4), pp. 168–173. 

Shurtleff, W. and Aoyagi, A. (2019) History of Soybeans and Soyfoods in Africa ( 1857-

2019 ). Soyinfo Center.CA.  ISBN 9781948436076 

Sichilima, I., Mataa, M. and Mweetwa, A. M. (2018) Morpho-physiological and yield 

responses associated with plant density variation in soybean (Glycine max L. 

(Merrill)). International Journal of Environment, Agriculture and Biotechnology, 

3(1), pp. 274–285. doi: 10.22161/ijeab/3.1.35. 

Sichinga, S. (2014) Priorities for the Management of Soils in Zambia. Available at: 

http://www.fao.org/fileadmin/user_upload/GSP/docs/elmina/Zambia_Priorities.p

df.  

Soltanpour, P. N. and Schwab, A. P. (1977), A new soil test for simultaneous extraction of 

macro and micro-nutrients in alkaline soils. Communications in Soil Science and 

Plant Analysis, 8(3), pp. 195–207. doi: 10.1080/00103627709366714. 

Sonderegger, E. (2013), . High yield soybean management : Planting practices , nutrient 

supply , and growth modification. MSc. Thesis. Agronomy and Horticulture 

Department. University of Nebraska paper 66. Available at : 

http://digitalcommons.unl.edu/agronhortdiss/66  

Soystats, A. S. A. (2018), Soystats 2018. American Soybeans Association, pp. 1–36. 

Spaargaren, O. (1987), Soils and Moisture Temperature Regimes of Zambia.  

Steinhorst, L. and Kudla, J. (2013), Calcium and reactive oxygen species rule the waves of 

signalling. Plant Physiology, 163(2), pp. 471–485. doi: 10.1104/pp.113.222950. 

http://www.seedcogroup.com/sites/default/files/Soya%20Growers%20Guide.pdf
http://www.fao.org/fileadmin/user_upload/GSP/docs/elmina/Zambia_Priorities.pdf
http://www.fao.org/fileadmin/user_upload/GSP/docs/elmina/Zambia_Priorities.pdf
http://digitalcommons.unl.edu/agronhortdiss/66


66 
 

Sultan, S. E. (2003), Phenotypic plasticity in plants: A case study in ecological development. 

Evolution and Development, 5(1), pp. 25–33. doi: 10.1046/j.1525-

142X.2003.03005.x. 

Takahashi, F. and Shinozaki, K. (2019). Current opinion in plant biology. Elsevier Ltd, 

Tsukuba, Japan. 47, pp. 106–111. doi: 10.1016/j.pbi.2018.10.006. 

Tekola, T., Yoseph, T. and Worku, W. (2018). Biological and inorganic fertilizer 

applications improved growth, nodulation and yield of soybean (Glycine max L.) 

varieties.  International Journal of Current Research, 10:  pp. 68855–68862.  

Tilman, D., Isbell, F. and Cowles, J. M. (2014), Biodiversity and   ecosystem functioning. 

Annual Review of Ecology, Evolution, and Systematics. Annual Reviews, 45(1), 

pp. 471–493. doi: 10.1146/annurev-ecolsys-120213-091917. 

VSN International (2015). Genstat for Windows 18th Edition. VSN International, Hemel 

Hempstead, UK. Available at: www.genstat.co.uk    

Walkley, A. and Black, I. A. (1934) An examination of the degtjareff method for determining 

soil organic matter, and a proposed modification of the chromic acid titration 

method. Soil Science, pp. 29–38. doi: 10.1097/00010694-193401000-00003. 

Wani, S. H. Kumar, V. Shriram, V. and Sah, S.K. (2016), Phytohormones and their 

metabolic engineering for abiotic stress tolerance in crop plants. Crop Science 4: 

162–176. doi: 10.1016/j.cj.2016.01.010. 

Wright, D. and Lenssen, A. W. (2013). Staging soybean development. Agriculture and 

Environment Extension Publications, 191, pp. 1–3. 

Yang, X. Zhang, W. and He, Q. (2019) ‘Effects of intraspecific competition on growth, 

architecture and biomass allocation of Quercus Liaotungensis. Journal of Plant 

Interactions, 14: 1, 284-294, doi: 10.1080/17429145.2019.1629656.  

ZEMA, M. M. C. (2013) Mansa District State of Environment Outlook Report. Mansa: 

Zambia Environmental Management Agency. 

Zhang, S. R. et al. (2017) ‘Photoperiodism dynamics during the domestication and 

improvement of soybean’, Science China Life Sciences, 60(12), pp. 1416–1427. 

doi: 10.1007/s11427-016-9154-x. 

http://www.genstat.co.uk/


67 
 

Zhang, S.R., Wang, H., Wang, Z., Ren, Y., Niu, L., Liu, J., and Liu, B. (2017), 

Photoperiodism dynamics during the domestication and improvement of soybean. 

Science China Life Science 60, 1416–1427. Available at: 

https://doi.org/10.1007/s11427-016-9154-x  

Zhang, Y., He, J., Wang, Y., Xing, G., Zhao, J., Li, Y., Yang, S., Palmer, R.G., Zhao, T. and 

Gai, J. (2015), Establishment of a 100-seed weight quantitative trait locus-allele 

matrix of the germplasm population for optimal recombination design in soybean 

breeding programmes. Journal of Experimental Botany, 66(20), pp. 6311–6325. 

doi: 10.1093/jxb/erv342. 

Zhu, J. (2016), . Review abiotic stress signalling and responses in plants. Cell. Elsevier, 

167(2), pp. 313–324. doi: 10.1016/j.cell.2016.08.029.  

  

https://doi.org/10.1007/s11427-016-9154-x


68 
 

Appendix 

 
 

 
Figure 12: Location Map of Mansa Research Station  
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Annex 1: ANOVA Tables 

 

Table 9: ANOVA Table for Plant Height in cm as measured at the onset of the R1 growth 

stage 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Replication stratum 3 2331.34 777.11 11.34 

 
Replication.Variety stratum      

Variety 2 732.58 366.29 5.35 0.046 

Residual 6 411.05 68.51 1.42 

 
Replication.Variety.Density stratum      

Density 2 113.36 56.68 1.17 0.333 

Variety.Density 4 129.61 32.4 0.67 0.622 

Residual 18 871.26 48.4 2.56 

 
Replication.Variety.Density.Thin_Time stratum   

Thin_Time 3 52.79 17.6 0.93 0.429 

Variety.Thin_Time 6 134.61 22.43 1.19 0.321 

Density.Thin_Time 6 80.61 13.43 0.71 0.642 

Variety.Density.Thin_Time 12 545 45.42 2.4 0.01 

Residual 81 1530.16 18.89 

 

  

Total 143 6932.37 
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Table 10: ANOVA Table for Plant Height in cm as measured at R8 growth 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Replication stratum 3 703.31 234.44 13.05 

 
Replication.Variety stratum      

Variety 2 196.32 98.16 5.46 0.045 

Residual 6 107.79 17.96 0.6 

 
Replication.Variety.Density stratum      

Density 2 33.97 16.99 0.56 0.579 

Variety.Density 4 90.64 22.66 0.75 0.57 

Residual 18 542.34 30.13 2.28 

 
Replication.Variety.Density.Thin_Time stratum   

Thin_Time 3 3.39 1.13 0.09 0.968 

Variety.Thin_Time 6 19.84 3.31 0.25 0.958 

Density.Thin_Time 6 189.41 31.57 2.39 0.036 

Variety.Density.Thin_Time 12 257.53 21.46 1.62 0.101 

Residual 81 1071.02 13.22 

 

  

Total 143 3215.57 
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Table 11: ANOVA Table for Dry Biomass Weight in tonnes per hectare as measured at the 

onset of the R1 growth stage 

Source of variation d.f.  s.s. m.s. v.r. F pr. 

Replication stratum 
3 

 
6.348 2.116 2.7 

 
Replication.Variety stratum       

Variety 
2 

 
28.111 14.056 17.91 0.003 

Residual 
6 

 
4.709 0.785 0.88 

 
Replication.Variety.Density stratum       

Density 
2 

 
2.755 1.377 1.55 0.24 

Variety.Density 
4 

 
6.089 1.522 1.71 0.192 

Residual 
18 

 
16.029 0.89 0.76 

 
 Replication.Variety.Density.Thin_Time stratum    

Thin_Time 
3 

 
1.852 0.617 0.53 0.665 

Variety.Thin_Time 
6 

 
27.52 4.587 3.91 0.002 

Density.Thin_Time 
6 

 
28.558 4.76 4.06 0.001 

Variety.Density.Thin_Time 
12 

 
51.603 4.3 3.67 <.001 

Residual 
81 

 
95.018 1.173 

 

  

Total 
143 

 
268.592 
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Table 12: ANOVA Table for Dry Biomass Weight in tons per hectare as measured at R8 

growth stage 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Replication stratum 
3 108.084 36.028 2.64 

 
Replication.Variety stratum      

Variety 
2 239.977 119.99 8.79 0.016 

Residual 
6 81.912 13.652 1.24 

 
Replication.Variety.Density stratum      

Density 
2 69.872 34.936 3.17 0.066 

Variety.Density 
4 74.559 18.64 1.69 0.196 

Residual 
18 198.366 11.02 2.14 

 
Replication.Variety.Density.Thin_Time stratum    

Thin_Time 
3 15.752 5.251 1.02 0.388 

Variety.Thin_Time 
6 20.974 3.496 0.68 0.666 

Density.Thin_Time 
6 58.002 9.667 1.88 0.094 

Variety.Density.Thin_Time 
12 86.053 7.171 1.39 0.186 

Residual 
81 416.443 5.141 

 

  

Total 
143 1369.99 
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Table 13: ANOVA Table for Root to Shoot dry weight Ratio as measured at the onset of 

the R1 growth stage 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Replication stratum 
3 32.1 10.7 0.36 

 
Replication.Variety stratum      

Variety 
2 139.6 69.8 2.37 0.174 

Residual 
6 176.45 29.41 0.39 

 
Replication.Variety.Density stratum      

Density 
2 189.03 94.51 1.26 0.307 

Variety.Density 
4 276.52 69.13 0.92 0.472 

Residual 
18 1348.28 74.9 1.66 

 
Replication.Variety.Density.Thin_Time stratum    

Thin_Time 
3 324.33 108.11 2.4 0.074 

Variety.Thin_Time 
6 184.13 30.69 0.68 0.665 

Density.Thin_Time 
6 249.74 41.62 0.92 0.482 

Variety.Density.Thin_Time 
12 472.14 39.35 0.87 0.576 

Residual 
81 3647.44 45.03 

 

  

Total 
143 7039.76 
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Table 14: ANOVA Table for Number of Grains per Pod as measured at harvest-R8 growth 

stage  

Source of variation d.f. s.s. m.s. v.r. F pr. 

Replication stratum 
3 3.39 1.13 26.25  

Replication.Variety stratum      

Variety 
2 0.70167 0.35083 8.15 0.019 

Residual 
6 0.25833 0.04306 1.47  

Replication.Variety.Density stratum      

Density 
2 0.06167 0.03083 1.05 0.369 

Variety.Density 
4 0.45167 0.11292 3.86 0.02 

Residual 
18 0.52667 0.02926 0.56  

Replication.Variety.Density.Thin_Time stratum    

Thin_Time 
3 0.29 0.09667 1.86 0.143 

Variety.Thin_Time 
6 0.23833 0.03972 0.77 0.599 

Density.Thin_Time 
6 0.15167 0.02528 0.49 0.816 

Variety.Density.Thin_Time 
12 0.355 0.02958 0.57 0.86 

Residual 
81 4.205 0.05191    

Total 143 10.63      
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Table 15: ANOVA Table for Number of Pods per Plant as measured at harvest-R8 growth 

stage 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Replication stratum 
3 600.53 200.18 3.33  

Replication.Variety stratum      

Variety 
2 417 208.5 3.47 0.1 

Residual 
6 360.38 60.06 2.3  

Replication.Variety.Density stratum      

Density 
2 11.2 5.6 0.21 0.809 

Variety.Density 
4 104.99 26.25 1 0.431 

Residual 
18 470.58 26.14 0.98  

Replication.Variety.Density.Thin_Time stratum    

Thin_Time 
3 41.54 13.85 0.52 0.669 

Variety.Thin_Time 
6 29.36 4.89 0.18 0.98 

Density.Thin_Time 
6 267.18 44.53 1.68 0.137 

Variety.Density.Thin_Time 
12 319.31 26.61 1 0.454 

Residual 
81 2150.08 26.54    

Total 
143 4772.15      
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Table 16: ANOVA Table for 100 Grain Weight in grams as measured at harvest-R8 

growth stage 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Replication stratum 
3 618.1762 206.0587 237.92  

Replication.Variety stratum      

Variety 
2 2.0309 1.0155 1.17 0.372 

Residual 
6 5.1965 0.8661 2.28  

Replication.Variety.Density stratum      

Density 
2 1.6528 0.8264 2.18 0.142 

Variety.Density 
4 1.2997 0.3249 0.86 0.509 

Residual 
18 6.83 0.3794 0.61  

Replication.Variety.Density.Thin_Time stratum    

Thin_Time 
3 1.7121 0.5707 0.91 0.44 

Variety.Thin_Time 
6 4.7788 0.7965 1.27 0.28 

Density.Thin_Time 
6 11.8754 1.9792 3.16 0.008 

Variety.Density.Thin_Time 
12 15.2306 1.2692 2.03 0.032 

Residual 
81 50.7573 0.6266    

Total 
143 719.5402      
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Table 17: ANOVA Table for Grain Yield as measured at harvest-R8 growth stage 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Replication stratum 
3 2.517 0.839 3.67 

 

Replication.Variety stratum      

Variety 
2 38.5279 19.264 84.28 <.001 

Residual 
6 1.3715 0.2286 0.93 

 

Replication.Variety.Density stratum      

Density 
2 0.0996 0.0498 0.2 0.819 

Variety.Density 
4 1.6463 0.4116 1.67 0.201 

Residual 
18 4.4443 0.2469 1.54 

 

Replication.Variety.Density.Thin_Time stratum      

Thin_Time 
3 2.3029 0.7676 4.78 0.004 

Variety.Thin_Time 
6 4.1932 0.6989 4.35 <.001 

Density.Thin_Time 
6 12.4202 2.07 12.88 <.001 

Variety.Density.Thin_Time 
12 9.2434 0.7703 4.79 <.001 

Residual 
81 13.0201 0.1607 

 
  

Total 
143 89.7864 
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Table 18: ANOVA Table for Harvest Index Ratio as measured at harvest-R8 growth stage 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Replication stratum 
3 7942.21 2647.4 61.47 

 

Replication.Variety stratum      

Variety 
2 317.65 158.83 3.69 0.09 

Residual 
6 258.42 43.07 6.95 

 

Replication.Variety.Density stratum      

Density 
2 41.36 20.68 3.33 0.059 

Variety.Density 
4 141.43 35.36 5.7 0.004 

Residual 
18 111.62 6.2 0.37 

 

Replication.Variety.Density.Thin_Time stratum      

Thin_Time 
3 144.28 48.09 2.84 0.043 

Variety.Thin_Time 
6 68.25 11.38 0.67 0.673 

Density.Thin_Time 
6 91.85 15.31 0.9 0.497 

Variety.Density.Thin_Time 
12 269.06 22.42 1.32 0.222 

Residual 
81 1373.44 16.96 

 
  

Total 
143 10759.6 

 
    

 


