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Summary 
 
 

The use of green manure cover crops to improve the nitrogen levels of soils and other physical as well as 

biological soil properties has been extensively researched and documented in several parts of the world. 

However, there is paucity of information on their use in weed management particularly through the 

exploitation of their allelopathic properties on some of the difficult to control weeds in arable crop 

production. Identification and integration of cover crops with weed suppressive ability is likely to reduce 

overreliance on herbicides and tillage-associated soil degradation. Moreover, the use of allelopathic 

mulches is likely to solve the problem of early season weed pressure commonly experienced in 

conservation agriculture where the use of pre-emergence herbicides is practically ineffective due to the 

presence of mulch at the time of planting. This study sought to establish the allelopathic potential of cover 

crops and evaluate their efficacy in suppressing weeds when their aqueous extracts and residues were 

used for weed control in maize. The study comprised different sets of experiments and was conducted 

between 2014 and 2017 at the University of Zimbabwe. 

 
The first study involved laboratory evaluation of 0, 1.25, 2.5, 3.75 and 5% wv-1 aqueous extracts of 

dry leaf, stem and root residues of ten cover crops on the germination, plumule and radicle growth of two 

test weed species namely, goosegrass (Eleusine indica (L.) Gaertn) and blackjack (Bidens pilosa L.) as 

well as of the crop species maize (Zea mays L.). The cover crops used included jack bean (Canavalia 

ensiformis (L.) DC), velvet bean (Mucuna pruriens (L.) DC var utilis), hyacinth bean (Lablab purpureus 

L), red sunnhemp (Crotalaria ochroleuca G. Don), showy rattlebox (Crotalaria grahamiana Wight & 

Arn.), common bean (Phaseolus vulgaris L.), common rattlepod (Crotalaria spectabilis Roth.), radish 

(Raphanus sativus L.), tephrosia (Tephrosia vogelii L.) and black sunnhemp (Crotalaria juncea L.). 

There was a significant interaction between extract concentration and extracted tissue with all cover crops 

and with all studied germination parameters of goosegrass and blackjack. Results showed that extracts of 

all  cover crops exhibited an allelopathic potential on both test weeds that decreased in the order leaf > 

stem > root extract except with radish whose root extracts were more phytotoxic than extracts of the other 

tissues on goosegrass. In contrast, maize germination was not affected by aqueous extracts of the cover 

crops except for extracts of jack bean and common rattlepod. Most of the cover crops reduced seedling 

growth of maize except extracts of hyacinth bean and tephrosia. 

 
The second study involved an assessment of the allelopathic potential of soil incorporated biomass of 

the different cover crop tissues on the emergence and dry weight of goosegrass, blackjack and maize. The 
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experiment which was laid out as a Complete Randomised Design (CRD) was carried out in the 

greenhouse. The soil incorporated leaf, stem and root residues of all cover crops significantly affected 

seedling emergence, dry weight and vigor indices of both weeds. Overall jack bean and hyacinth bean 

residues exhibited the highest phytotoxic activity on weed seedling emergence and growth. On the other 

hand, none of the cover crop residues exhibited deleterious effects on maize emergence, dry weight and 

vigor indices.  

 

Samples of the cover crop tissues were subjected to Liquid Chromatography Mass Spectrometry 

(LC-MS) at the Central Analytical Facilities (CAF) at Stellenbosch University in order to determine the 

phenolic composition of the extracts. The analyses showed the presence of kaempferol, naringenin, rutin, 

and genistein in jack bean. On the other hand genistein, atropine and kaempferol were detected in velvet 

bean tissues. A new compound was detected in the tissues of both cover crops and was tentatively 

identified as quercetin 3-O-glucoside 7-O-rhamnoside. Thereafter, standards of compounds detected in 

the samples were used to carry out germination bioassays using goosegrass and blackjack as test species. 

Highest inhibition of seedling growth of the two test weed species was obtained with standards of 

kaempferol and rutin.  

 

The effect of post emergence sprays of aqueous extracts of jack bean and velvet bean alone or in 

combination with reduced atrazine dosages on the test weed species and maize was evaluated in a 

greenhouse experiment that was laid out as a CRD. Application of the different treatments at the 3-4 leaf 

stage of test species significantly reduced chlorophyll content, plant height, and dry weight and resulted in 

irreversible weed damage at 6 and 10 days after spraying of blackjack and goosegrass, respectively. 

Maize was not affected by the repeated post emergence applications of the different herbicidal treatments.  

 

Field experiments were carried out during the summer cropping seasons 2014-15 to 2016-17 on two 

fields at the University of Zimbabwe and on one field at CIMMYT, Harare station in Zimbabwe. A 

Randomised Complete Block Design (RCBD) was used to evaluate the effect of different maize-cover 

crop rotations on the weed community composition. Soil samples were taken at 0-5, 5-10 and 10-15 cm 

depths in a bid to evaluate the influence of maize-cover crop rotations on weed seed bank size and species 

composition in an experiment that was laid out as a split plot design under greenhouse conditions. The 

results showed that there were no significant differences in weed density and species composition among 

maize-cover crop rotations in all seed banks. However, there was a significant decline in weed densities in 

the second maize phase of the rotations. Weed species richness, evenness and diversity was also 

significantly affected in the second year of the rotation although there were no significant variations 
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among maize-cover crop rotations. Generally, cover crop rotations significantly reduced blackjack density 

in the second maize phase of the rotation but the density of goosegrass remained unchanged. The effect of 

maize-cover crop rotation type on weed emergence was significant. Maize-velvet bean and maize-red 

sunnhemp rotations consistently reduced total weed density and biomass across seasons. However, the 

different cover crop rotations did not exhibit deleterious effects on maize emergence and height. Based on 

the findings of this study it can be concluded that all the cover crops are allelopathic to goosegrass and 

blackjack and could be used to manage weeds either as surface mulches in maize-cover crop rotations or 

as post emergence sprays when weeds are still very small.  
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Opsomming 

 
Die gebruik van groenbemestingsdekgewasse om stikstofvlakke en ander fisiese en biologiese 

grondeienskappe te verbeter is deeglik ondersoek en gedokumenteer in verskeie dele van die wêreld.  

Daar is egter min inligting beskikbaar oor hulle gebruik in onkruidbestuur, veral die gebruik van hulle 

allelopatiese eienskappe vir moeilik beheerbare onlruide in eenjarige gewasproduksie.  Identifisering en 

integrasie van dekgewasse met onkruidonderdrukkende vermoëns sal waarskynlik die oorafhanklikheid 

van onkruiddoders en grondagteruitgang as gevolg van grondbewerking verminder.  Die gebruik van 

allelopatiese deklae sal waarskynlik die probleem van vroeë seisoen onkruiddruk wat algemeen voorkom 

in bewaringsbewerkingstelsels as gevolg van oesreste wat die werking van vooropkoms middels 

benadeel, oplos.  Die studie poog om die allelopatiese potensiaal van dekgewasse te bepaal asook hulle 

effektiwiteit om onkruide te onderdruk wanneer waterekstraksies en reste gebruik word vir onkruidbeheer 

in mielies.  Die studie het bestaan uit verskillende eksperimente en is tussen 2014 en 2017 uitgevoer by 

die Universiteit van Zimbabwe. 

 

Die eerste studie is in die laboratorium uitgevoer en het die evaluering van 0, 1.25, 2.5, 3.75 and 5% 

mv-1 konsentrasies van droë stam-, blaar- en wortelekstrakte van tien dekgewasse op die ontkieming, 

kiemplantjie- en kiemwortellengte van twee onkruidspesies nl. jongosgras (Eleusine indica (L.) Gaertn) 

en knapsekêrel (Bidens pilosa L.), asook die toetsgewas, mielies (Zea mays L.), behels.  Die dekgewasse 

het ingesluit included “jack bean” (Canavalia ensiformis (L.) DC), “velvet bean” (Mucuna pruriens (L.) 

DC var utilis), “hyacinth bean” (Lablab purpureus L), “red sunnhemp” (Crotalaria ochroleuca G. Don), 

“showy rattlebox” (Crotalaria grahamiana Wight & Arn.), “tuinboon” (Phaseolus vulgaris L.), “common 

rattlepod” (Crotalaria spectabilis Roth.), radys (Raphanus sativus L.), “tephrosia” (Tephrosia vogelii L.) 

en “black sunnhemp” (Crotalaria juncea L.).  Daar was betekenisvolle interaksie tussen die 

ekstrakweefsel en ekstrakkonsentrasie van al die dekgewasse ten opsigte van al die 

ontkiemingsparameters van jongosgras en knapsekêrel.  Resultate het getoon dat alle dekgewasse se 

ekstrakte allelopatiese potensiaal getoon het op albei onkruidspesies en die intensiteit van die werking het 

afgeneem in die volgorde van blaar>stam>wortel behalwe in die geval van radys waar die wortelekstrakte 

meer fitotoksies was as ander ekstrakte op jongosgras.  In teenstelling daarmee is geen effek van die 

ekstrakte op die ontkieming van mielies waargeneem nie behalwe vir ekstrakte van “jack bean” en 

“common rattlepod”.  Die meeste van die dekgewasse het die saailinggroei van mielies onderdruk 

behalwe ekstrakte van “hyacinth bean” en “tephrosia”.    
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Die tweede studie het die allelopatiese potensiaal van droëmateriaal van verskillende dele van die 

verskillende dekgewasse wat in die grond ingewerk is, op die vestiging en droëmassa van jongosgras, 

knapsekêrel en mielies bepaal.  Die eksperiment wat as ‘n Volkome Ewekansige Ontwerp uitgelê is, is in 

‘n glashuis uitgevoer.  Die ingewerkte blaar-, stam- en wortelmateriaal van al die dekgewasse het 

saailingvestiging, droëmateriaal en lewenskragtigheidsindekse van beide onkruide betekenisvol 

beïnvloed.  Oor die algemeen het “jack bean” en “hyacinth bean” se reste die grootste fitotoksiese 

aktiwiteit op onkruidsaailing vestiging en groei gehad.  Aan die ander kant het nie een van die 

dekgewasse enige nadelige uitwerking op die vestiging, droëmassa en lewenskragtigheidsindeks van 

mielies gehad nie.   

 

Monsters van die dekgewasmateriaal is onderwerp aan vloeistofchromatografie massaspektrometrie 

by die Sentrale Analitiese Fasiliteit (SAF) by die Universiteit van Stellenbosch om die fenoliese 

samestelling van die ekstrakte te bepaal.  Die ontledings het die teenwoordigheid van kaempferol, 

naringenin, rutin en genistein in “jack bean” aangedui.  Genistein, atropine en kaempferol is waargeneem 

in materiaal van “velvet bean”.  ‘n Nuwe verbinding is waargeneem in weefsels van beide dekgewasse en 

is voorlopig geïdentifiseer as quercetin 3-O-glucoside 7-O-rhamnoside.  Daarna is standaardoplossings 

van die verbindings wat in die materiaal van die twee spesies opgemerk is gebruik om 

ontkiemingsbiotoetse op jongosgras en knapsekêrel te doen.  Die grootste inhibering van saailinggroei 

van die twee toetsonkruidspesies is verkry met standaardoplossings van kaempferol en rutin.   

 

Die effek van na-opkoms bespuitings van waterekstrakte van “jack bean” en “velvet bean” alleen of 

in kombinasie met verlaagde atrasien dosisse op die onkruidtoetsspesies en mielies is uitgevoer in ‘n 

glashuiseksperiment wat uitgelê is as ‘n Volkome Ewekansige Ontwerp.  Toediening van die verskillende 

behandelings op die 3-4 blaarstadium van die onkruidspesies het die chlorofilinhoud, planthoogte en 

droëmassa van die spesies betekenisvol verlaag en het gelei tot onomkeerbare skade na 6 en 10 dae op 

knapsekêrel en jongosgras onderskeidelik.  Mielies is nie deur herhaaldelike na-opkoms toediening van 

die verskillende onkruiddoderbehandelings beïnvloed nie.   

 

Veldeksperimente is uitgevoer tydens die somersaaiseisoene van 2014-15 tot 2016-17 op twee lande 

by die Universiteit van Zimbabwe en een land by CIMMYT se Harare stasie in Zimbabwe.  ‘n Volledig 

Ewekansige Blokontwerp is gebruik om die invloed van verskillende mielie-dekgewas rotasies op die 

onkruidgemeenskapsamestelling te ondersoek.  Grondmonsters is geneem by 0-5, 5-10 en 10-15 cm 

dieptes in ‘n poging om die effek van verskillende mielie-dekgewas rotasies op onkruidsaadbankgrootte 

en –samestelling te bepaal.  Die eksperiment is in ‘n glashuis met ‘n gesplete perseel ontwerp uitgevoer.  
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Die resultate het getoon dat daar nie betekenisvolle verskille ten opsigte van onkruiddigtheid en –

spesiesamestelling was tussen die verskillende mielie-dekgewas rotasies nie.  Daar was egter ‘n 

betekenisvolle afname in die onkruiddigtheid tydens die tweede mieliefase van die rotasies.  

Onkruidspesierykheid, -gelykheid en –diversiteit is ook betekenisvol beïnvloed in die tweede jaar van die 

rotasie alhoewel daar nie betekenisvolle verskille tussen die verskillende dekgewasrotasies was nie.  Oor 

die algemeen het die dekgewasse die digtheid van knapsekêrel in die tweede mieliefase betekenisvol 

verlaag maar daar was geen effek op die digtheid van jongosgras nie.  Die effek van mielie-dekgewas 

rotasie op die vestiging van onkruide was betekenisvol.  Mielie-“velvet bean” en mielie-“red sunnhemp” 

het deurlopend die totale onkruidbiomassa en –digtheid oor seisoene verlaag.  Die verskillende 

dekgewasse het egter nie ‘n nadelige effek op mielievestiging en -hoogte gehad nie.  Na aanleiding van 

die bevindings van hierdie studie kan die gevolgtrekking gemaak word dat al die dekgewasse allelopaties 

is jeens jongosgras en knapsekêrel en dat dit gebruik kan word om onkruid te beheer in mielie-dekgewas 

rotasies of as na-opkoms middel terwyl die onkruid nog klein is.       
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Preface 

 
 This dissertation is presented as a compilation of nine chapters. Each chapter is introduced separately 

and is written according to the style of the South African Journal of Plant and Soil. This thesis is 

presented in the form of a general introduction (Chapter one) which articulates the background to the 

study, the problem statement, the justification of the study, objectives and hypotheses that were tested. 

The second chapter (Chapter two) is a review of literature on allelopathy and its applicability for weed 

control in arable fields. This is followed by the third chapter (Chapter three) which reports findings on 

laboratory investigations of the allelopathic potential of aqueous extracts of the cover crops on two weeds 

of divergent mophology namely, goosegrass [Eleusine indica (L.) Gaertn] and blackjack (Bidens pilosa 

L.) which are aggressive and difficult to control weeds in Zimbabwe. Chapter three also evaluated the 

effect of aqueous extracts of the cover crops on maize. Chapter four deals with the effect of soil 

incoporated biomass of cover crops on the emergence, dry weight and seedling vigor of the two test weed 

species and maize (Zea mays L). Chapter five focuses on the isolation, tentative identification and 

bioactivity of the putative allelochemicals from the different plant parts of two most promising cover 

crops namely velvet bean [Mucuna pruriens (L.) DC] and jack bean [Canavalia ensiformis (L) DC]. 

Chapter six evaluated the efficacy of foliar applications of aqueous extracts of velvet bean and jack bean 

on maize, blackjack and goosegrass. The effect of cover crop mulches on weed seedbank dynamics of 

three seedbanks was evaluated in Chapter seven and their effect on weed emergence under field 

conditions was assessed in Chapter eight. Finally, the general discussion, conclusion and 

recommendations are articulated in Chapter nine.   
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Chapter 1 

 
General introduction 

 
1.1   Background and justification 
Maize (Zea mays L.) is a strategic staple commodity to the 13.1 million inhabitants of Zimbabwe where it 

ensures food security and is utilised as a raw material for agro-industrial processes (USAID 2016). 

However, total maize production in Zimbabwe has declined to 742 000 metric tonnes (MT) during the 

2015-16 season from a previous high of over 2 million MT in 1996 (USAID 2016). The decrease in 

production has been attributed to several factors of which the following are the most important, (a) the 

increase in the frequency of droughts due to climate change in the absence of maize varieties that are 

adapted to the prevailing environmental conditions and (b) disruptions caused by the haphazard agrarian 

reform coupled with the lack of comprehensive agricultural strategies and policies to complement land 

reform. Moreover, the perennial economic recession which has rendered farmers incapable to purchase 

inputs has also contributed to extremely low maize productivity, especially in the smallholder farms 

which are located on poor soils (USAID 2016, Munda 2017). In addition, continued use of conventional 

tillage implements in Zimbabwe’s smallholder sector has resulted in excessive soil erosion and a decline 

in maize productivity (Munodawafa 2012).  

 

 To combat this scourge conservation agriculture (CA), which is a climate smart agriculture technique 

and is perceived as a key strategy of sustaining crop yields in the arid parts of Zimbabwe through the 

principles of minimum soil disturbance, use of diverse crop rotations and maintenance of a permanent soil 

cover is being promoted (Muoni et al. 2013). However, reduced soil disturbance practiced in CA creates a 

stable environment that results in intense weed pressure due to the concentration of weed seeds in surface 

layers of the soil and a shift in weed species composition towards perennial weeds that are difficult to 

control using commonly used manual weed control methods (Pedzisa et al. 2015, Mango et al. 2017). 

Resource poor farmers mainly depend on hoe weeding for weed control despite the fact that it is slow, 

ineffective and laborious (Mashingaidze et al. 2012, Muoni et al. 2013). In most cases smallholder 

farmers who own several fields prefer to concentrate on planting all their fields with the early rains 

instead of weeding in the fields in which they would have planted first thereby exposing the young crops 

to weed competition during the critical weed free period of six weeks (Mavunganidze et al. 2014). 

Consequently, the majority of farmers end up abandoning CA due to failure to cope with increased weed 

management challenges in the absence of the plough (Rugare and Mabasa 2013).  
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 The use of herbicides made it possible for CA to be widely adopted in developed countries and some 

commercial farms in Zimbabwe (Derpsch 2008, Nyagumbo 2008). However, synthetic herbicides, when 

used repetitively, can persist in the environment as bound residues and damage other organisms (Adam et 

al. 2010), and can also lead to the emergence of resistant weed species (Pieterse 2010). Moreover, the 

adoption rate of the herbicide technology in Zimbabwe’s smallholder sector is still very low because of a 

number of reasons including high costs of purchasing herbicides and equipment required to correctly and 

safely apply them as well as lack of knowledge on how they are used (Mtambanengwe et al. 2015).  

 

 The negative impacts of commercial herbicide use in the environment and challenges associated with 

hand hoe weeding in the smallholder sector make it desirable to diversify weed management options 

through the development of a technology which can reduce weed problems and at the same time be within 

the reach of farmers (Mhlanga et al. 2016). The use of allelopathy in CA systems could represent such a 

weed management option (Farooq et al. 2011, Jabran et al. 2015). Allelopathy covers complex effects of 

one plant on another that may be modified by root-exuded or litter-leached plant organic chemicals 

known as allelochemicals (Pellissier 2013). In Zimbabwe, several new green manure cover crops 

(GMCCs) have recently been introduced as rotational crops in maize based cropping systems. Green 

manure cover, mostly legumes, are crops that are grown as rotational crops as soon as possible after 

harvest of the previous crops (Derpsch 2008), alternatively leguminous crops such as black sunnhemp 

(Crotalaria juncea L.) are planted btween crop rows as mulch. These cover crops may be managed by a 

knife roller, slasher or in some cases with burn down herbicides such as glyphosate to promote a mulch 

formation and facilitate the next crop implantation (Calegari 2001). The introduction of these cover crops 

has been necessitated by the need to rehabilitate the soils in the smallholder sector where poor soil 

fertility due to excessive nutrient mining and low soil organic matter have resulted in low crop 

productivity (Mhlanga et al 2015a). The common green manure cover crops (GMCCs) currently being 

promoted for CA in Zimbabwe include jack bean [Canavalia ensiformis (L.) DC], velvet bean [Mucuna 

pruriens (L.) DC], hyacinth bean (Lablab purpureus L), red sunnhemp (Crotalaria ochroleuca G. Don), 

showy rattlebox (Crotalaria spectabilis Roth.), common bean (Phaseolus vulgaris L.), common rattlepod 

(Crotalaria grahamiana Wight & Arn.), radish (Raphanus sativus L.), tephrosia (Tephrosia vogelii L.) 

and black sunnhemp (Crotalaria juncea L.). 

  

 The use of GMCCs to achieve weed control has been well researched for a variety of cash crops 

(Caamal-Maldonado et al. 2001). Suppression of pigweed (Amaranthus spp), foxtail (Setaria spp), 

morning glory (Ipomoea spp) and yellow nutsedge (Cyperus esculentus L.) has been successfully 

achieved using cover crops (Bezuidenhout et al. 2012, Mhlanga et al. 2015b). In most cases utilisation of 
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allelopathic cover crops involves the use of their residues as surface mulch or application of their extracts 

as post emergence sprays in combination with reduced herbicide dosages (Iqbal 2014, Ashraf et al. 2017). 

However, research on weed suppression by most of the GMCCs proposed for adoption in Zimbabwe’s 

CA sector has been minimal. The majority of these leguminous cover crops have been used as smother 

crops to reduce the germination and growth of weeds in cereal crops (Lawson et al. 2007). However, the 

exploitation of their allelopathic potential for weed control has not yet been studied in many Sub Saharan 

African (SSA) countries including Zimbabwe.  

 

 Several authors have suggested that allelopathic compounds released from GMCCs cause weed 

suppression (Alder and Chase 2007, Collins et al. 2007, Price et al. 2008). Allelopathy in velvet bean and 

black sunnhemp has been attributed to L-3-[3, 4-duhydroxyphenylalanine (L-DOPA)] and 5- hydroxyl-2-

aminohexanoic acid, respectively (Pilbeam and Bell 1979, Nishihara et al. 2005). However, chemical 

weed suppression and the probable physiological action of the active allelochemicals have not been 

identified for most legumes typically used as cover crops. Knowing the physiological action and 

identifying the probable allelochemicals responsible for phytotoxic activity on target species is further 

important for the development of new herbicide groups with different modes of action which is a key 

strategy in herbicide resistance management (Abbas et al. 2016).  

 

 The last national weed survey done in Zimbabwe identified blackjack (Bidens pilosa L.) and 

goosegrass [Eleusine indica (L.) Gaertn] as very aggressive and difficult to control weeds in the 

smallholder farming sector (Chivinge 1988). Therefore, these two commonly occurring and 

morphologically divergent weed species of arable fields in Zimbabwe were selected as the target weeds in 

this study. 

 

1.2    General objective 
The aim of the study was to investigate the potential allelopathic effect of GMCCs recently introduced in 

Zimbabwe as rotational crops in CA to suppress germination and growth of annual weeds in maize grown 

under CA. Consequently, the study aimed at screening and identifying putative cover crops that could be 

used for cultural weed control in maize based crop rotations. The specific objectives and corresponding 

hypotheses of the different study parts are listed below.  

 

1.3    Specific objectives 
1. To evaluate the possible allelopathic potential of root, stem and leaf aqueous extracts of jack 

bean, velvet bean, hyacinth bean, red sunnhemp, showy rattlebox, common bean, common 
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rattlepod, radish, tephrosia and black sunnhemp on germination, plumule length, radicle length 

and germination vigor indices of blackjack, goosegrass and maize. 

2. To determine the probable allelopathic effect of soil incorporated leaf, stem and root residues of 

jack bean, velvet bean, hyacinth bean, red sunnhemp, showy rattlebox, common bean, common 

rattlepod, radish, tephrosia and black sunnhemp on the emergence, dry weight and seedling vigor 

indices of blackjack, goosegrass and maize.  

3. To evaluate the effect of post emergence sprays of aqueous extracts of the two most promising 

allelopathic GMCCs on chlorophyll content, plant height and dry weight of blackjack, goosegrass 

and maize. 

4. To isolate, identify and quantify the allelochemicals from the two most efficacious GMCC 

extracts. 

5. To assess the effect of ten common GMCC residues on weed density, species composition and 

weed seed bank dynamics in maize grown under CA.  

 

1.4    Hypotheses 
1. Aqueous extracts of GMCCs suppress germination, radicle length, plumule length and 

germination vigor of blackjack and goosegrass but not maize.  

2. Aqueous extracts show a GMCC species-and tissue-dependent capability to suppress weeds. 

3. Soil incorporated residues of the GMCCs suppress the emergence and dry weight of blackjack 

and goosegrass but not maize. 

4. Soil incorporated residues show a GMCC species-and tissue-dependent capability to suppress 

weeds. 

5. Post emergence sprays of aqueous extracts of GMCCs are phytotoxic to blackjack and goosegrass 

when sprayed at the 3-4 leaf stage but do not have an effect on maize.  

6. Allelopathic extracts of GMCCs contain a group of allelochemicals with herbicidal effects. 

7. Surface mulching of soils with residues of GMCC reduces weed seed bank size, emergence and 

seedling growth in maize-cover crop rotations. 
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Chapter 2 

 
Literature review 

 
2.1  Introduction to literature review 
This literature review focuses on the exploitation of allelopathic cover crops as a cultural method of weed 

control. It gives an overview on maize (Zea mays L.) production in Zimbabwe under CA conditions, the 

two test weed species that were used in this study, the general concept of allelopathy and its application in 

agricultural systems for weed control as well as the different cover crops that were used in the study.  

 

2.2  Maize production in Zimbabwe 
Maize is the main carbohydrate source to the Zimbabwean population that is grown in all of the country’s 

five agro-ecological regions including the arid regions IV and V which receive less than 650 mm of 

rainfall annually (Chitagu et al. 2014). Since the implementation of the agrarian reform in the year 2000, 

the national maize production has been declining in both the commercial and communal farms. Yields are 

relatively high in commercial farms with an average of 2 t ha-1 compared to about 0.4 t ha-1 in the 

communal sector (USAID 2016). The annual national average yield of maize ranges between 0.5 and 1 t 

ha-1 to supply a per capita requirement of 120 kg year-1 (Thierfelder et al. 2014; USAID 2011). The 

performance in maize production varies by farm type. The majority of maize farmers are located in the 

smallholder sector where production is low due to several biotic and abiotic factors (Mutungwe et al. 

2017). Low crop productivity has been attributed to several factors including unavailability of adequate 

inputs owing to the economic decline, inadequate rainfall and increasing frequency of droughts 

(Kunzekweguta et al. n.d.). This has been exacerbated by excessive tillage-linked soil erosion and nutrient 

mining due to maize monoculture (Munodawafa 2012).  

 

2.3  Conservation agriculture 
Many institutions have invested in efforts to transfer CA to smallholder, resource poor farmers in a bid to 

revive agricultural production as well as mitigating against the adverse effects of climate change and 

tillage related soil degradation (Mtambanengwe et al. 2015, Pedziza et al. 2015, Mango et al. 2017).  

Conservation agriculture is defined as a farming practice based on three interlinked principles namely; 

minimum soil disturbance, permanent soil cover and crop diversification achieved by practicing rotations 

or intercropping (Kassam et al. 2009). In Zimbabwe, more than 80% of resource poor farmers practising 

CA are situated in the arid regions of the country where they plant their crops in “planting basins” which 

are holes manually dug using hand hoes during the dry season (Nyagumbo 2008, Mazvimavi 2011). 
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Planting basins are holes approximately 15 cm x 15 cm x 15 cm deep in rows 75-90 cm apart with 50-60 

cm between basins in the row (Mupangwa et al. 2012). The planting basins leave over 90 % of the soil 

area undisturbed, capture run-off and benefit from precise fertiliser placement (Thiefelder and Wall 

2008). The same planting positions are maintained each year and crop residues are retained. In large scale 

CA, minimum soil disturbance is achived by use of tractor drawn no-till seeders (NATP. 2002). In 

Zimbabwe, tractor drawn implements are not readily available because they are not produced locally 

hence the majority of farmers rely on manual seeding methods.  

 

Conservation agriculture increases crop productivity by improving water infiltration, soil fertility, 

soil erosion control and soil surface aggregates (Jat et al. 2012). Consequently, higher maize yields of up 

to 2.5 t ha-1 have been reported in CA compared to less than 1 t ha-1 in conventional tillage (CT) systems 

in Nepal and Zimbabwe (Paudel et al. 2014, Pedzisa et al. 2015). In spite of all the benefits of CA and 

resources channeled to facilitate its widespread adoption, there has been a slow and low uptake of this 

farming system in the smallholder sector due to many factors including challenges of weed control 

(Muoni et al. 2014, Mtambanengwe et al. 2015, and Mhlanga et al. 2016). The majority of farmers in 

these areas rely predominantly on manual weeding for weed control despite the fact that it is tedious, 

ineffective and highly labour intensive, requiring up to 300 labour days ha-1 season-1 (Chivinge 1990, 

Mashingaidze et al. 2009, Muoni et al. 2013). This is exacerbated by the fact that farmers prefer to finish 

planting in all the fields to take advantage of moisture at the expense of weed control in early planted 

fields thereby exposing their crops to intense weed competition during the critical weed free periods of 

most crops (Mavunganidze et al. 2014). Furthermore, the majority of resource poor farmers have hardly 

adopted herbicides rendering weed management in reduced tillage systems a challenge since farmers fail 

to cope with the initial surge in weed populations in the early phase of shifting from CT to CA 

(Mashingaidze et al. 2012)   

 

2.4  Effect of CA on weed dynamics and community response 
Shifting from CT to CA results in changes in weed population dynamics and species composition 

necessitating the need for adjusting weed control methods (Nichols et al. 2015) especially in the early 

years of adoption (Mavunganidze et al. 2014). There are conflicting reports on the effect of reduced 

tillage systems on weed dynamics in arable fields. However, most reports seem to suggest a shift in CA 

from annual weeds towards the dominance of perennial weeds like couch grass (Cynodon dactylon L.) 

which are difficult to control especially by manual hand hoe weeding (Vogel 1994, Derpsch 2008, 

Mtambanengwe et al. 2015). Proliferation of perennial weeds is attributed to faster rates of establishment 

due to the presence of larger reserves for nutrients in the vegetative reproductive propagules of these 
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weeds such as bulbs, tubers, rhizomes and stolons. The problem is aggravated by the concentration of 

weed seeds in the surface layers of the soil in the absence of tillage concomitantly resulting in increased 

weed seedling emergence (Singh et al. 2015). Moreover, surface mulching of soil with a mixture of cereal 

and legume crop residues commonly practiced in CA results in improved nitrogen supply due to 

mineralisation and improved water conservation which may increase the germination rate of weeds 

(Mashingaidze et al. 2012, Mhlanga et al. 2016). The change in weed flora under CA demands for new 

strategies to curb weed-interference induced yield losses. Since herbicide application is costly and can be 

associated with human health concerns, development of resistant weed biotypes and environmental 

pollution, there is a need for cheap and sustainable alternative weed control strategies, apart from 

chemical control, that minimise toxicological issues whilst protecting the environment (Khan et al. 2012). 

One such strategy may be the use of allelopathic cover crops to combat the most common weeds such as 

blackjack (Bidens. pilosa L.) or goosegrass [Eleusine indica (L.) Gaertn] in Zimbabwe. 

 

 2.5   Blackjack (Bidens pilosa L.) biology and economic importance 
Blackjack is a dicotyledonous C3 perennial herbaceous plant that belongs to the Asteraceae family. It 

grows as an annual in arable fields frequently disturbed by tillage and has an erect stem that can range 

from 20 cm to a maximum of 150 cm which aids in its competitiveness for light (PIER 2007, Bartolome 

2013). It has a dark green stem with opposite leaves on its stems and branches that range from 4 cm to 20 

cm in length. Blackjack produces dimorphic seeds, deeply dormant shorter achenes that are sensitive to 

light and non-dormant longer achenes (Fig. 2.1) (López-Ovejero et al. 2006; Amaral and Takaki 1998).  

 

 

Figure 2. 1  The two forms of blackjack seed produced. (A) The longer non-dormant achene and (B) the 
shorter dormant achene. (Adapted from Amaral and Takaki, 1998).   

 One blackjack plant can produce about 30 000 - 35 000 viable seeds at maturity depending on 

environmental conditions (Reddy and Singh 2005). It can have three or four generations in a year 

rendering the species a problem weed in both summer and winter crops in Zimbabwe (Mitich 1994). 
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Germination of non-dormant seeds occurs in three to four days after exposure to adequate moisture 

(Bartolome 2013). Viable seeds can readily germinate at depths less than 4 cm because it requires light 

and good aeration to germinate (Chivinge 1996). The seeds of blackjack have longevity of between three 

to five years making the weed difficult to manage once the seeds have entered the soil seed bank. 

Blackjack seeds were found to maintain a viability of 80% after three years of storage (Holm et al. 1977). 

 

 Blackjack is classified as a major weed of important crops in Zimbabwe including maize and soya 

bean (Glycine max L.), tea (Camellia sinensis L.), coffee (Coffea Arabica L.) and cotton (Gossypium 

herbaceum L.) (Holm et al. 1977, Chivinge 1988, CABI 2015). This weed is able to reduce yields as a 

result of its rapid growth and competitive ability due to its tap root system (Bartolome 2013). Yield 

reduction due to blackjack infestation of up to 43%, 80% and 49% has been recorded in sugarcane 

(Saccharum officinarum L), common bean (Phaseolus vulgaris L.) and soya bean, respectively (Cerna 

and Valdez 1987, CABI 2015).  

 Previous studies highlighted the presence of alleopathic compounds, mainly, polyacetylenes, 

flavonoids, terpenes, phenols and organic acids in all parts of blackjack which enhances its capacity in 

interspecific competition thereby promoting its invasion (Arthur et al. 2012). Its management using 

herbicides is becoming a problem because the weed has developed resistance to acetolactase synthase 

(ALS) inhibitors such as imazapyr and dinitroanilines as well as glyphosate in the United States of 

America (Avila-Garcia et al. 2012). As a result, there is need to integrate existing and new strategies of 

managing this important weed.  

 

2.6  Goosegrass [Eleusine indica (L.) Gaertn] biology and economic importance 
Goosegrass, a tufted annual grass of the Poaceae family is considered an economically important 

agricultural weed in at least 42 countries (Randall 2012). It is a very aggressive C4 plant that is considered 

one of the most devastating weeds of maize in Zimbabwe and South Africa (Chivinge 1990, 

Rambakudzibga et al. 2002). Goosegrass can grow up to a height of about 60 cm and is very competitive 

due to its ability to produce an extensive fibrous root system (Vargas et al. 2013). Under conducive 

environments one goosegrass plant can produce up to 50 000 seeds whose persistence in the seed bank 

poses major weed management problems even where superior varieties and improved farming methods 

are used (Chauhan and Johnson 2008). It phenotypically mimics finger millet [Eleusine coracana (L.) 

Gaertn], a drought tolerant small grain commonly grown in arid regions of Zimbabwe where chances of 

maize failure due to insufficient moisture are high (Chivinge 1990). Crop losses are expected in a 

goosegrass-crop interaction because it is highly competitive (Wandscheer et al. 2013, Jalaludin et al. 

2014). Maize, groundnut (Arachis hypogaea L.), and upland rice (Oryza sativa L.) yields were reduced by 
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15%, 25% and 80% when ten or more goosegrass plants m-2 grew with the crop (Eke and Okoreke 1990, 

Kyu Bae Lee 2013). It also exerts deleterious effects on neighbouring plants through allelopathy. Prussic 

acid isolated from goosegrass exhibited phytotoxic activity on many crops (Marin et al. 2014).  

 

 The future of chemical weed control of goosegrass using currently available synthetic herbicides is 

bleak because this weed has developed multiple resistances to several herbicide chemistries including 

glyphosate, paraquat, glufosinate, dinitroanilines and acetyl CoA carboxylase inhibitors (Vaughn et al. 

1987; Seng et al. 2010; Mueller et al. 2011; Osuna et al. 2012; Vargas et al. 2013). The development of 

multiple resistances in goosegrass leaves farmers with limited herbicide options for chemical control 

(Jalaludin et al. 2014). The current challenges being experienced in the management of goosegrass call 

for the development of alternative ways of managing this aggressive weed. One such method is the 

exploitation of allelopathy in weed management. 

 

2.7  Allelopathy 
Allelopathy is a sub-discipline of chemical ecology which involves the production of biochemical 

compounds by plants that influence the growth, survival, development, and reproduction of other plant 

organisms (Cheng and Cheng 2015). This biological phenomenon involves both detrimental and 

stimulatory effects due to secondary metabolites called allelochemicals (Rice 1984). Literature abounds 

with information on the inhibitory activity of allelochemicals on crops, weeds, pests and diseases (Farooq 

et al. 2011). However, the stimulatory effect of allelochemicals at low concentrations, a phenomenon 

known as “hormesis” has been reported by several researchers (Belz et al. 2005). The term “hormesis” 

was first used by Southam and Erlich in 1943 who reported that extracts of western red cedar heartwood 

(Juniperus virginiana L.) exhibited inhibitory effects on fungi at high concentrations but stimulated 

fungal growth at low concentrations (Duke et al. 2006, Abbas et al. 2017b). Conversely, some 

allelochemicals have been found to be phytotoxic at low concentration while they are stimulatory at 

higher concentrations (Ahmed et al. 2007). Therefore, the effect of the same allelochemicals may differ 

depending on the concentration applied or reacting on recipient plants.  

 

 Allelopathy can be divided into two categories, “true allelopathy” and “functional allelopathy” 

(Zimdahl 2013). True allelopathy involves the direct release into the environment of allelochemicals 

without any chemical/microbial metabolisation as leaf leachates, volatiles or root exudates (Baratelli et al. 

2012). Allelochemicals can also be found in seeds and flowers (Farooq et al. 2011). On the other hand, 

allelochemicals may also be released as the plant tissues usually applied under field conditions as mulches 

decompose to produce phytoactive secondary compounds by chemical or microbial metabolisation, a 
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phenomenon called functional allelopathy (Zimdahl 2007). Several allelopathic interactions of 

agricultural importance have been reported including crop to weed, weed to crop, crop to crop, plant to 

insect and plant to pathogen (Zohaib et al. 2016, Abbas et al. 2017b). There are several plants that 

produce allelochemicals that negatively influence the growth of the same plant, a phenomenon called 

autotoxicty (Singh et al. 1999).  

 

 According to Cheng and Cheng (2015) allelochemicals are classified based on their chemical 

similarities namely into the following groups; flavonoids, terpenes, alkaloids, water soluble organic acids, 

cinnamic acids and its derivaties, simple unsaturated lactones, long chain fatty acids, polyacetylenes, 

benzoquinones, complex quionones, simple phenols, benzoic acid and its derivaties, ketones, coumarin, 

tannins, terpenes, steroids, amino acids and peptides, cyanohydrins, sulfide and glucosinolates, purines, 

nucleotides and nucleosides. Although the physiological basis of individual allelochemicals has not yet 

been widely studied, it has been documented that they interfere with important processes in plants such as 

photosynthesis, respiration, cell division and enlargement etc. (Lin et al. 2004). Furthermore, 

allelochemicals may interact with biological systems such as pathogens, show antioxidant activity and 

form irreversible complexes with proteins, inhibiting enzymatic processes and interfering with the 

development of the plants (Mendes and Rezende 2014).  

 

 Allelopathy amongst plant species also plays an important role in plant succession through several 

mechanisms involving inhibition of the growth of neighbouring plants, stimulating weed germination 

(Abbas et al. 2017a) and protecting the donor plant from adverse biotic conditions (Kong 2010). The 

advancement of allelopathic research has also been necessitated by the rising demand for sustainable crop 

production systems like organic farming and CA which require minimal or no use of synthetic pesticides 

(Kruidhof et al. 2008). The utilisation of allelopathic plant extracts and mulches for weed control is one 

such strategy that has received worldwide attention. Strategies through which allelopathy could be 

exploited are discussed in detail below. 

 

2.8  Exploitation of allelopathy in weed management 
Over the years researchers have developed several ways of exploiting the allelopathic properties of plants 

to achieve sustainable weed control in arable fields. Some of the practically feasible key strategies of 

exploiting allelopathy include (a) the use of an allelopathic main crop known as crop allelopathy (b) 

application of aqueous extracts as post emergence sprays and (c) use of cover crop residues as surface 

mulch in crop rotations. 
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2.8.1 Crop allelopathy  
Crop allelopathy involves the use of crop cultivars that have the capacity to produce putative 

allelochemicals to suppress weeds in crop-weed mixtures. A number of crops have been reported to be 

allelopathic to other crops and weeds when used either as rotational crops or intercrops (Batish et al. 

2001). For example allelopathic activity of rye (Secale cereal) residues is attribured to the activity of 

benzoxazinones 2,4 dihydroxyl-1, 4(2H)-benzoxazin-3-one (DIBOA) and 2(3H)-benzoxazolinone (BOA), 

phenolic compounds like ferulic acid, vallinic acid and several other compounds (Schulz et al. 2013, 

Jabran et al. 2015). Similarly, DIBOA and 2, 4-dihydroxy-2H-1, 4-benzoxazin-3(4H)-one (DIMBOA) 

were identified as the main active allelopathic compounds in wheat (Triticum spp) (Belz and Hurle 

(2005). Barley (Hordeum vulgare) is known to produce two allelopathic alkaloids gramine (N, N-

dimethyl1H-indole- 3-methanamine) and heordenine (p-[2-dimethylamino) ethyl] phenol) which 

demonstrated allelopathic activity when used in mixture (Liu and Lovett 1993a, 1993b). 

 

  The other crop whose allelopathic potential has been widely documented is sorghum [Sorghum 

bicolor (L.) Moench]. Allelopathic suppression of weeds by sorghum is attributed to several 

allelochemicals including the root exuded sorgoleone (Weston et al. 2012), phenolics and dhurrin 

(Weston et al. 2013). In rice more than ten allelochemicals have been identified. A review of rice 

allelopathy by Kato-Noguchi (2005) reported the presence of several allelochemicals in rice (Oryza sativa 

L.) including fatty acids, indoles, phenolic acids, benzoxazinoids, terpenoids and phenylalkanoic acids. 

Crops in the Brassicacea family are also known to produce glucosinolate in all the tissues of the plant 

(Fahey et al. 2001). Glucosinate is volatile and is converted into several biologically active compounds 

such as isothiocynate which suppress the growth of susceptible plants (Petersen et al. 2001). Sunflower 

(Helianthus annuus L.) also demonstrated allelopathic activity to weeds when used as a live mulch or 

when its dry residues are applied as surface mulch (Jabran et al. 2015). Several phenolic compounds with 

phytotoxic activity have been detected in sunflower varieties (Jabran et al. 2015). Several other crops with 

allelopathic activity have been identified and can be used to suppress weed grown and reduce over 

reliance on herbicides in crop production. 

 

2.8.2 Allelopathic water extract 
Several researchers have demonstrated that exploitation of allelopathic water extracts has great potential 

for effective and sustainable weed control in agriculture (Jamil et al. 2009, Jabran et al. 2010). The 

application of allelopathic water extracts for weed control can boost crop growth directly or indirectly 

(Farooq et al. 2011, Abbas et al. 2017a). First, an increase in yields by allelopathic extracts could be 

attributed to toxicant-induced hormesis on crops which occurs when phytotoxins are applied at crop-

tolerant, low dosages (Cedergreen et al. 2009). For example, a tank mixture of sorghum water extract at 
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12 L ha-1 and pendimethalin at one-third of the recommended full dose resulted in higher cotton 

(Gossypium hirsutum L.) yields than the full pendimethalin dose although weed suppression was 

relatively less (Iqbal et al. 2009). The increase in cotton yield reported by these authors suggests that the 

sorghum-pendimethalin mixture may have caused desirable hormesis on this crop despite poor weed 

control. Similarly, post emergence application of aqueous extracts of moringa (Moringa oleifera Lam.) 

and sorghum at 3% w v-1 increased maize yield by 52% and 42%, respectively (Iqbal 2014). This shows 

that effective weed suppression may not be the only allelopathic mechanism that researchers should focus 

on when developing strategies to enhance crop production through allelopathy. This increase in crop yield 

at concentrations of allelopathic extracts lethal to young weeds but stimulatory to crops has been 

attributed to enhanced membrane stability and water relations among other mechanisms (Munir 2011).  

 

 Furthermore, desirable hormesis in fields sprayed with allelopathic water extracts can also be 

attributed to enhancement of physiological processes such as photosynthesis, respiration, increased 

gaseous exchange and stabilisation of the plant’s photosynthetic pigment system (Kaya et al. 2009). 

Cedergreen et al. (2009) reported that the hormetic effect of glyphosate was only transferred into 

harvestable yield when the systemic herbicide was applied to barley (Hordeum vulgare L.) at anthesis 

stage with earlier applications not translating into an increase in crop productivity. This lends credence to 

the assertion that there is need to apply the allelochemicals-herbicide mixtures repeatedly within the same 

life cycle of a crop in order to sustain the hormetic effect of phytotoxins which may disappear if a single 

application is done early in the season (Abbas et al. 2017a). Therefore, maximum benefits of allelopathic 

water extracts are likely to be realized when they are applied repeatedly commencing early in the life 

cycle of the crop when the weed seedlings are still susceptible to phytotoxic damage.  

 

 Secondly, improved crop productivity observed in crops sprayed with water extracts of allelopathic 

plants can also be attributed to effective weed control. For example, sunflower water extracts reduced 

weed density by 46% and increased plant height, leaf area, spike length and grain yield of wheat by 14%, 

26%, 17% and 76% over control respectively (Khan et al. 2017). Utilisation of sole water extracts of 

plants offers prospects for effective weed control in farming systems like organic farming where use of 

synthetic chemicals is prohibited (Santos et al. 2007, Jabran et al. 2010). Application of phenolics 

obtained from jack bean [Canavalia ensiformis (L.) DC] controlled lilac tassel flower [Emilia sonchifolia 

(L.) DC] and Prickly fan petals (Sida spinosa L.) within 15 and 30 days after application, respectively 

(Silva and Rezende 2016). However, the long time taken post application of sole extracts could result in 

the crop suffering from early season weed pressure.  
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 Ashraf et al. (2017) reported that tank mixtures of sorghum and sunflower reduced the weed density 

in wheat by 65% and improved grain yield by 5.5%. The phytotoxic activity demonstrated by both 

sunflower and sorghum could be attributed to the presence of the allelochemicals sorgoleone, helianone 

and leptocarpin in the extracts of these crops (Bogatek et al. 2006). However, in most cases effective 

weed control was obtained with repeated applications of extracts in order to keep weed populations below 

the economic threshold. Repeated application of allelopathic water extracts required to achieve 

satisfactory weed control is likely to be a deterrent to the adoption of this strategy since repetitive 

spraying may increase the operational costs of weed control. Furthermore, repeated application will 

require an increased supply of plant extracts which may not be feasible especially in production systems 

with competing interests for the crop residues (Nyagumbo 2008). Farooq et al. (2011) reported that 

effective weed suppression paralleling herbicide control was achieved when extracts of different plants 

were tank mixed compared to applications of the sole extracts of individual plant tissues. This 

underscores the need to explore the effect of mixing extracts of different cover crops in order to benefit 

from mixture effects of different classes of allelochemicals. 

 

2.8.3 Combining plant water extracts and synthetic herbicides 
The other promising strategy of exploiting allelopathy in weed management is to combine allelopathic 

water extracts and reduced dosages of synthetic herbicides (Duke 2007). Several researchers have 

reported satisfactory weed control when reduced herbicide dosages were tank mixed with allelopathic 

water extracts. For example, Khan et al. (2017) reported a reduction in weed density of 50% when 

Parthenium weed (Parthenium hysterophorus L.) extract was tank mixed with half of the recommended 

dosage of fenaxoprop-p-ethyl and bromoxynil plus MCPA resulting in higher wheat (Triticum aestivum 

L.) yield compared to the control. In another study, combining 10 L ha-1 of a mixture of sorghum, 

sunflower, sugar beet (Beta vulgaris L.) and safflower (Carthamus tinctorius L.) water extracts and 

herbicides 2.4-D and tribenuron methyl resulted in a weed density reduction of 85-88% and an increase in 

wheat yield of 18% over the control (Miri and Armin 2013). Elahi et al. (2011) reported that a 67% 

decrease in the dosage rate of isoproturon when it was tank mixed with 12 L ha-1 each of sorghum, 

sunflower and rice water extracts reduced weed dry weight by 92% and 93% when the weeds were 

sprayed at 40 and 70 days after sowing, respectively.  

 

 Razzaq et al. (2012) reported higher wheat yields and a reduction in herbicide use of 70% when 

sunflower and sorghum water extracts were combined with herbicides. In another study, a combination of 

sorghum and rice water extracts each at 15 L ha-1 mixed with 600 g a.i. ha-1 of pendimethalin gave a 

maximum weed biomass reduction of 68 and 66% at 40 and 60 days after sowing canola, respectively 
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(Jabran et al. 2008). It was postulated that allelochemicals and herbicides may work additive or 

synergistically resulting in weed control paralleling full herbicide dosages (Farooq et al. 2011). In 

addition, combining herbicides and allelopathic water extracts has economic benefits. Jabran et al. (2008) 

reported a decrease in herbicide use of 50-67% and a concomitant increase in marginal returns of 1793-

2059%. However, the economic analysis done by these researchers excluded the cost of producing and 

processing the cover crop material which when included is likely to reduce the marginal returns of 

herbicide/allelopathic extract combinations. Apart from achieving satisfactory weed control and reducing 

the cost of weed control, the application of low dosages of synthetic herbicides also reduces 

environmental pollution due to reduced application of herbicides in the agroecosystem. As a result, those 

herbicides which are problematic in crop rotations due to a long residual period may be more safely used 

in seasons preceding planting of susceptible crops without fear of phytotoxic damage on non-target plants 

(Muoni et al. 2014).  

 

2.9  Cover crop mulches 
Cover crops are grown for several reasons, including prevention of nitrogen leaching, improvement of 

soil structure, soil enrichment by biological nitrogen fixation and control of soil borne pests such as 

nematodes (Kruidhof et al. 2008). By definition, cover crops are leguminous or non-leguminous plants 

that may be grown as rotational or relay intercrops during part or all of the main crop season (Hartwig and 

Ammon 2002, Bezuidenhout et al. 2012). Alternatively, cover crops can be grown in late summer after 

harvest of the main cereal crop until the sowing of the subsequent spring crop (Moore et al. 1994). They 

play an important role in integrated weed management (Kruidhof et al. 2008). Weed suppressive ability of 

cover crops can be attributed to their fast emergence, rapid canopy development and root growth (Rueda-

Ayala et al. 2015). As a result the level of weed suppression will depend on the amount and thickness of 

the mulch and the management system used (Creamer 1996). Bezuidenhout et al. (2012) reported the 

detrimental effects of cover crops of oats (Avena sativa L.), rye (Secale cereale L.) and three annual 

ryegrass varieties on weed emergence and consequently maize yield suggesting the need for screening of 

cover crops and/or use of mulching rates that do not affect growth of the main crop.  

 

 Cover crops may increase crop yields through improved weed suppression and increased supply of 

nutrients that are released as their residues decompose thereby improving the vigor and competitive 

ability of the main crop (Boddey et al. 2006). Leguminous cover crops also improve crop vigor by 

supplementing nitrogen through biological nitrogen fixation (Mhlanga et al. 2015a). Although it has been 

demonstrated that cover crops can suppress weeds effectively under laboratory and greenhouse 

conditions, it still remains a challenge to separate the allelopathic activity of the residues from other weed 
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suppression mechanisms of mulches in field and pot trials (Rueda-Ayala et al. 2015). The presence of live 

cover crop biomass or residues on the soil surface may also reduce weed germination by interfering with 

phytochrome-mediated germination of photoblastic weed seeds (Teasdale and Mohler, 1993). This 

suggests that the efficacy of cover crop mulches in suppressing weeds also depends on the weed species 

present in the soil seed bank (Teasdale and Mohler, 1993).  

 

 The presence of cover crop residues on the soil surface as mulch lowers soil temperature and results 

in reduced seed germination (Teasdale et al. 2007). However, care must be taken to establish the optimum 

amount of mulch that is required to optimize weed suppression without adversely affecting crop 

performance (Wicks et al. 1994). In addition, cover crop biomass conserves soil moisture thereby 

interfering with weed germination. In drought years, when water is in limited supply, the mulch may 

conserve moisture and supply weed seeds with water thereby promoting weed seed germination 

(Mashingaidze et al. 2012). Conversely, mulches may result in the retention of excess moisture which 

creates water logging conditions and consequently reduce weed seed germination due to seed-rot linked 

to excessive moisture experienced during seasons that receive a lot of rainfall (Mtambanengwe et al. 

2015). It is therefore difficult to extract useful generalisations since the moisture conservation ability of 

cover crop biomass to effectively suppress weeds is dependent on environmental conditions, edaphic 

factors and weed species composition of the soil seed bank (Mhlanga et al. 2015b). As a result, it is 

difficult to extrapolate the efficacy of cover crops in suppressing weeds based on results obtained from 

research done elsewhere in the world. 

 

 Cover crops residues can also reduce weed seed bank size through increased seed predation because 

the mulches provide food and nesting habitat for herbivorous micro and macro fauna (Yang et al. 2013). 

Moreover, residues of some cover crops may reduce the germination and growth of weeds through 

allelopathy (Farooq et al. 2011). Cover crops may also suppress weeds through the production of 

allelochemicals which suppress both germination and early seedling development of certain weed species. 

In addition, integrating reduced herbicide dosages with allelopathic cover crop mulches may provide 

effective weed control and reduce the development of herbicide resistance which occurs when weeds are 

continuously exposed to herbicides with the same mode of action (MOA) (Jabran et al. 2010). The use of 

allelopathic crop residues is a promising strategy of achieving cost effective, safe and environmentally 

friendly weed suppression in arable fields (Jabran et al. 2015).  

 

 Mtambanengwe et al. (2015) reported that surface mulching with retained cowpea [Vigna 

unguiculata (L.) Walp] residues suppressed weed emergence between 40% and 60% under CA in 
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Zimbabwe. Weed suppression using allelopathic mulches can be achieved through crop rotation or 

intercropping. Residues of allelopathic plants may be left on the soil as mulch after harvesting crops in 

reduced tillage systems (Ashraf et al. 2017) or may be incorporated into the soil in CT systems where 

they release putative allelochemicals during decomposition (Abbas et al. 2017b). However, mulching is 

only effective against weeds before or during germination and does not provide effective weed control if 

done after weed emergence (Ashraf et al. 2017). Furthermore, allelochemicals are generally unstable in 

soil and can only provide weed suppression for a short duration after mulching. Hence, the exploitation of 

allelopathic mulches for weed control should be part of a bigger integrated weed management programme 

(Nichols et al. 2015). Nevertheless, the use of allelopathic plant residues has been reported to be an 

effective way of suppressing weeds because the allelochemicals are released in the soil environment in 

close proximity to weed seeds or the roots of weed seedlings and can therefore be readily absorbed by the 

receiver plant (Zohaib et al. 2016). Liebman and Davis (2000) reported that the allelopathic effects of 

crop residues are more pronounced on small seeds than larger seeds. Since many crop seeds are relatively 

bigger than weed seeds, there are prospects for selective control of weeds using allelopathic mulches 

(Liebman and Mohler 2001). Moreover, the ability of crop seeds to tolerate allelopathic mulches can also 

be attributed to their ability to metabolically deactivate the allelochemicals as well as the presence of 

sufficient food reserves to support germination and successful emergence (Bezuidenhout et al. 2012). 

 

 Allelochemicals released by crop mulches may also influence plant growth indirectly by altering soil 

characteristics and inhibiting soil micro fauna (Kobayashi 2003, Zohaib et al. 2016). Consequently, 

accumulation of allelochemicals in the soil results in suppression of seed germination and plant growth, 

decrease in the volume of primary roots and increased secondary roots, reduced uptake of water and 

nutrients and subsequently chlorosis ultimately resulting in the death of the plant (Narwal et al. 2005). For 

example, application of Malabar catmint [Anisomeles indica (L.) Kuntze] root residues as mulch in wheat 

(Triticum aestivum L.) at 2 t ha-1 reduced little seed canary grass (Phalaris  minor Retz) emergence and 

growth but increased wheat yield under natural field conditions (Batish et al. 2007). Abbas et al. (2017a) 

reported that combining sorghum, rice and maize mulches with reduced herbicide mixtures increased little 

seed canary grass mortality up to 98%, significantly reduced dry weed biomass and provided up to 92% 

weed control efficiency. They further reported a reduction in seed viability and increased loss of little 

seed canary grass seeds where allelopathic mulches were integrated with reduced herbicide mixtures. The 

increase in seed decay and loss of viability could be partially attributed to the phytotoxic activity of 

allelochemicals released during the decomposition of the mulches (Nichols et al. 2015). This 

demonstrates the potential of allelopathic mulches integrated with reduced herbicide dosages to contribute 

to reduce weed seed bank size in the long run. 
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 Allelopathic weed suppression in studies conducted under controlled environments has been 

demonstrated using artificially high concentrations despite the fact that these natural herbicides can 

usually be found only in very minute quantities in the soil (Algandaby and El-Darier 2016). Furthermore, 

variable efficacy by the same mulch could be due to variations in the concentration of allelochemicals in 

the plant, variations in the amount of mulch and variations in soil activity depending on environmental 

and edaphic factors. As a result, increased weed emergence and seedling growth was reported from fields 

treated with allelopathic mulches which could be partially attributed to the hormetic effects of the 

allelochemicals at low concentrations (Belz et al. 2005). This underscores the need for site specific 

evaluation of allelopathic weed suppression by different mulches.  

 

 The cover crops currently being promoted in Zimbabwe include jack bean [Canavalia ensiformis (L.) 

DC], velvet bean [Mucuna pruriens (L.) DC var utilis], hyacinth bean (Lablab purpureus L.), red 

sunnhemp [Crotalaria ochroleuca (G.) Don], showy rattlebox (Crotalaria spectabilis Roth.), common 

bean (Phaseolus vulgaris L.), common rattlepod (Crotalaria grahamiana Wight & Arn.), radish 

(Raphanus sativus L.), tephrosia (Tephrosia vogelii L.) and black sunnhemp (Crotalaria juncea L.) 

(Runzika et al. 2013, Mhlanga et al. 2015b). Morphological and biochemical characteristics of these 

cover crops are discussed below. 

 

2.9.1 Jack bean  
Jack bean, a legume belonging to the Fabaceae family, is a climbing perennial commonly grown as an 

annual and is used as a fodder crop and green manure cover crop (GMCC) (Hauze and Tran 2013). The 

tolerance of jack bean to both biotic and abiotic stress such as low soil moisture and low fertility as well 

as its pest suppression characteristics makes this cover crop a promising source of natural pesticides 

(Mendes and Rezende 2014). In addition to improving soil fertility through biological nitrogen fixation 

(BNF) jack bean is also a cover crop of choice in most parts of the world because it is relatively free from 

pests and has nematicidal properties (Santos et al. 2007). Intercropping jack bean with maize reduced 

Pratylenchus zeae by 32% and reduced nematode disease severity by 26% (Arim et al. 2006). On the 

other hand rotating maize with jack bean did not adversely affect maize productivity but reduced total 

weed density even when planted at the same time with maize (Mhlanga et al. 2015a). Conversely, lettuce 

(Lactuca sativa L.) and sorghum seed germination was reduced by 66% and 49% respectively when  they 

were treated with 3.3 % m v-1  aqueous extracts of jack bean (Martínez Mera et al. 2016). These results on 

the effect of jack bean allelochemicals on crops demonstrates the need to establish the most effective way 

of using of jack bean to achieve effective weed control without compromising crop productivity. The 

differences observed on the effect of jack bean extracts/residues could probably be due to differences in 
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seed size of the target species which was reported to impact the influence of allelochemicals on seed 

germination (Bezuidenhout et al. 2012).  

 

 In another study Mhlanga et al. (2016) reported that the effect of jack bean mulches on individual 

weed species varied among species. Other studies reported the inhibitory activity of jack bean residues 

and water extracts on Echinochloa crus-galli (L.) P. Beauv, Mimosa pudica L., Cassia spp, Ipomea plebia 

R.Br and Commelina bengalensis L. suggesting the presence of allelochemicals with a wide spectrum of 

activity in the tissues of this cover crop (Dinardo et al. 1998, Santos et al. 2007, Mendes and Rezende 

2014, Poonpaiboonpipattana 2015). L-Canavinine, a non-protein amino acid contained in jack bean 

inhibited the elongation of the second leaf sheath of rice seedlings (Nakajima et al. 2001). Several other 

putative allelochemicals have been isolated from jack bean including phenolics such as ferulic acid (Silva 

et al. 2016), atropine, clorogenic acid, genistein, naringenin and kaempferol (Santos et al. 2007). Santos et 

al. (2010) isolated phytotoxic polyamines from the roots of jack bean.  Silva and Rezende (2016) reported 

that post emergence application of phenolics extracted from jack bean leaves caused chlorosis and 

necrotic brown spots on the leaves of soya bean [Glycine max (L.) Merr] within 24 hours after spraying 

suggesting that allelochemicals found in jack bean interfere with the photosynthetic pigment systems of 

susceptible plants. Jack bean seed extracts exhibited selective phytotoxic activity on broadleaved weeds 

in both transgenic and conventional soya bean at 25 and 50 g L-1 (Mendes and Rezende 2014). However, 

the selective control of weeds demonstrated in pot experiments need to be confirmed under field 

conditions. Jack bean can also smother weeds due to its ability to establish a lot of ground cover (more 

than 80% in 60 days) within a short period of time (Bayorbor et al. 2006). A plant density of 88 888 

plants ha-1 produces more than 5 t of biomass (Mhlanga et al. 2016). 

 

2.9.2 Velvet bean  
Velvet bean, a legume belonging to the Fabaceae family, is commonly grown in Zimbabwe and other 

Sub-Saharan African countries as both a cover crop or green manure (Appiah et al. 2015). It can tolerate 

drought, plant parasitic nematodes and diseases thereby greatly reducing the use of synthetic chemicals in 

arable fields (Fujii 2003, Lawson et al. 2007). It is also cultivated as a fodder crop due to its ability to 

produce a lot of biomass with high digestibility (Appiah et al. 2015, Soares et al. 2014).  Velvet bean has 

been reported to contain levodopa, a direct precursor of the neurotransmitter dopamine that has profound 

aphrodisiac properties (Eucharia and Edward 2010) and is also used to treat the neurodegenerative 

disorder, Parkinson disease (Pulikkalpura et al. 2015). In cropping systems, it is either planted as an 

intercrop or rotational crop in CA (Mhlanga et al. 2015b). It has been reported that velvet bean can 

biologically fix more than 100 kg N ha-1 (Lawson et al. 2007) rendering it a cover crop of choice in 
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maize-cover crop rotations. Whitbread et al. (2004) reported a yield improvement of 64% when maize 

was grown following velvet bean demonstrating its ability to improve crop productivity through increased 

N supply. Moreover, velvet bean exhibited significant weed suppression in the range of 79-90% (Lawson 

et al. 2006). However, timing of planting velvet bean in intercrops is important as it influences whether 

the crops will benefit from improved weed suppression or suffer from interspecies competition. Lawson 

et al. (2006) reported that maximum benefits in terms of weed suppression and maize yield improvement 

are obtained when velvet bean is planted at four weeks after maize planting and weeded once after five 

weeks from the date of planting (Lawson et al. 2007). The ability of velvet bean to suppress weeds is 

attributed partly to its ability to produce a dense canopy over 60-90 days after planting in the range of 5-

13 t ha-1 biomass depending on rainfall (Buckles 1995).  

 

 It is also widely documented that velvet bean can suppress weeds through allelopathy. The 

allelopathic potential of velvet bean is attributed to a non-protein amino acid called L-3, 4-

dihydroxyphenylalanine (L-DOPA) (Fujii, 2003). Velvet bean plant tissues contain 4-7% of L-DOPA and 

can release an estimated 100-450 kg ha-1 of this allelochemical into the soil through leaf deposition and 

root exudation (Fujii 1999, Nishihara et al. 2005).  The amount of L-DOPA that is released by velvet bean 

roots into the rhizosphere is sufficient to suppress growth of neighbouring plants. The phytotoxic activity 

of velvet bean extracts on several weeds has been previously reported by several authors (Caamal-

Maldonado et al. 2001, Adler and Chase 2007, Runzika et al. 2013). Discoloration and suppression of 

radicle growth observed where aqueous extracts of velvet bean were applied on susceptible species was 

attributed to the formation of reactive quinones during the metabolism of L-DOPA (Fujii, 2003, Appiah et 

al. 2015). The phytotoxic activity of L-DOPA was shown to be selective. Plants in the Brassicaceae, 

Compositae, Cucurbitaceae and Hydrophyllaceae families are more susceptible to L-DOPA in terms of 

root growth compared to those in the Poaceae, Gramineae and Fabaceae families (Adler and Chase 2007, 

Soares et al. 2014).  

 

2.9.3 Tephrosia  
Tephrosia also known as fish/fish-poison bean is a leguminous much branched shrub belonging to the 

Fabaceae family (Mhlanga et al. 2016). Tephrosia is widely used in entomology where it is used to 

control or repel insects (Ogendo et al. 2003). This cover crop is able to biologically fix up to 154 kg N ha-

1 but should not be rotated with solanaceous crops like tobacco (Nicotiana tabacum L.) and tomato 

(Solanum lycopersicum L.) because it is susceptible to some of the important pests and diseases that affect 

these crops (Rutunga et al. 1999, PACE 2011). Although fish bean is tolerant to poor soil fertility and 

drought conditions, it is rarely used as a cover crop in Sub-Saharan Africa because it rarely achieves full 
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ground cover at the recommended population of 144 444 plants ha-1. It is a slow germinator and does not 

tolerate shading. Consequently, it is not suitable for early season weed control (Bunch 2003, Mhlanga et 

al. 2015b). Mhlanga et al. (2016) reported higher weed densities in plots where maize was rotated with 

tephrosia and attributed the high weed populations to poor ground cover and low biomass production by 

this cover crop. The low biomass production of this cover crop under Zimbabwean conditions coupled 

with its slow establishment makes it unsuitable as an intercrop and can only be utilised as a rotational 

crop (Mupangwa et al. 2016). Consequently, tephrosia is unsuitable as a smother crop and, hence, 

allelopathic suppression could possibly be the only effective way to exploit this cover crop for weed 

management. There are few studies that evaluated the allelopathic potential of tephrosia for weed control. 

Bioassays conducted using tephrosia 5% wv-1 aqueous extracts and volatiles at 0.03g cm-3 inhibited seed 

germination and seedling growth of tall fescue (Festuca arundinacea Schreb), couch grass [Cynodon 

dactylon (L.) Pers] and crab finger grass [Digitaria sanguinalis (L.) Scop] (Wang et al. 2011). In another 

study, tephrosia aqueous extracts inhibited germination, radicle and plumule length of pearl millet 

[Pennisetum americanum (L.) Leeke] by 44%, 96% and 86% respectively, demonstrating strong 

allelopathic activity against some crop species Runzika et al. (2013). Purohit and Pandya (2013) reported 

selective control of weeds in legume crops when tephrosia extracts were used at 1% concentration. 

Tephrosia mulch reduced total weed biomass by 16% and increased maize yield by 14% under field 

conditions (Wang et al. 2011). The presence of flavonoids, saponins, alkaloids and tannins in the leaves 

of tephrosia was reported by Dafam et al. (2014) but they were not tested to ascertain their phytotoxic 

activity on crops and weeds.  

 

2.9.4 Hyacinth bean  
Hyacinth bean (synonym Dolichos lablab L. ex Sweet)] is a legume that is commonly grown on 

degraded, less fertile and acidic soils in areas that receive low rainfall (Massawe et al. 2016). It is rich in 

protein and for that reason is used as both a food crop for people and fodder crop for livestock (Maass et 

al. 2010). It is also used as a rotational crop because it has the capacity to fix a lot of nitrogen (up to 400 

kg ha-1 year-1) resulting in a significant reduction in the use of synthetic fertilisers (Amel et al. 2014). 

 

 Contrasting results have been obtained on the efficacy of hyacinth bean to control weeds in cropping 

systems. For example, hyacinth bean effectively controlled weeds without suppressing crop growth in 

sugarcane (Kobayashi et al. 2003). In another study hyacinth bean smothered mission grass [Pennisetum 

polystachion (L.) Schult] in rubber (Hevea brasiliensis Mull.Arg) under field conditions (Ashraf et al. 

2017). In contrast, Creamer and Baldwin (2000) reported that hyacinth bean did not suppress weeds, 

instead it resulted in higher weed biomass as it was out competed by weeds because of slow emergence 
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and establishment. Mwangi et al. (2015) reported variable suppression of individual weed species by 

hyacinth bean when it was intercropped with imazapyr resistant maize. They found that hyacinth bean 

suppressed the density of chicken weed (Portulaca quadrifida L.) but had no effect on goosegrass 

[Eleusine indica (L.) Gaertn] due to the ability of the grass weed to overtake the cover crop in resource 

capture early in the season when the growth rate of hyacinth bean was low. Generally, there is paucity of 

published information on the allelopathic potential of hyacinth bean both under controlled and field 

environments.  

 

2.9.5 Radish  
Radish is a crop belonging to the Brassicaceae family and is used in direct seeding systems both as a 

green manure and cover crop (Ali 2016). It has a very short life cycle, is easy and cheap to grow and is 

therefore able to accumulate a lot of biomass within a very short time contrary to other cover crops that 

require a long growing season to exert a suppressive effect on weed growth. Radish is allelopathic to both 

annual and perennial weeds in vitro and has great potential for use in integrated weed management (Ch et 

al. 2016). Aqueous extracts of radish exhibited phytotoxic activity on the regeneration of rhizomes of 

Johnsongrass [Sorghum halepnse (L.) Pers] and couch grass [Cynodon dactylon (L.) Pers] which are 

some of the difficult to control perennial weeds in reduced tillage systems (Uremis et al. 2009). However, 

care must be taken when using residues of radish because it also exhibited allelopathic activity on some 

important crops including tobacco (Nicotiana tabaccum L.), lettuce, bean (Phaseolus vulgaris L.) and 

maize among other crops. Low concentrations of radish caused significant hormesis of redroot amaranth 

(Amaranthus retroflexus L.) but inhibited its germination at higher extract concentration demonstrating 

the need to establish the optimum mulching rates that will suppress weeds without affecting crop 

productivity (Uludag et al. 2006). Several compounds with phytotoxic activity have been isolated from 

radish. Fiorucci et al. (2014) reported the presence of dehydrovomifoil; kaempferol 3, 7- di-O- α-L- 

rhamnopyranoside and quercertin 3, 7- di-O-α-L- rhamnopyranoside and ferulic acid from the aerial parts 

of radish. Allelopathic activity of this plant was also attributed to the presence of isothiocyanates that are 

released during the breakdown of glucosinolates (Uludag et al. 2006, Ali 2016). The allelopathic potential 

demonstrated by radish under controlled environments offer great prospects for its exploitation as a 

rotational crop or intercrop in integrated weed management.  

 

2.9.6 Pigeon pea (Cajanus cajan (L.) Huth 
Pigeon pea (Family: Fabaceae) is one of the most common tropical and subtropical legumes used for 

grain, fresh peas or as a forage with high levels of proteins and important amino acids like methionine, 

lysine and tryptophan (Pal et al. 2011). It was reported to fix 40-97 kg N ha-1 year-1 in Africa and does not 

require inoculation (Hauze et al. 2017). As a result it is commonly grown in maize based systems as an 
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intercrop. Pigeon pea grows slowly during the first six weeks making it unsuitable for weed control as a 

smother crop (Bhengra et al. 2010). However, there is scope for utilisation of the allelopathic properties 

of this legume in sustainable agriculture. Leaf extracts of pigeon pea caused root tip necrosis, stunting and 

reduced seed germination of soya bean, hyacinth bean and several weeds (Hepperly and Díaz 1983). 

These authors reported that the leaf litter extracts of pigeon pea inhibited grass species more than the 

broadleaved weeds. The inhibitory activity of pigeon pea which could be measurable for at least two 

months after application of leaf mulches was attributed to the presence of phytotoxic polyphenols and 

terpenes in its seeds and leaves, respectively (Hepperly and Díaz, 1983).  

 

 Germination, emergence and growth of smooth pigweed (Amaranthus hybridus L.) increased under 

pigeon pea mulch. Similar findings were reported by Mhlanga et al. (2016) who reported proliferation of 

smooth pigweed under legume cover crop rotations and attributed this increase to the build-up of N 

through BNF. In a laboratory study, pigeon pea seed and leaf aqueous extracts caused a concentration 

dependent inhibition of Lolium perenne L., Festuca arundinacea Schreb, Setaria sphacelata (Schum) 

Stapf & Hubb, Leucaena leucocephala (Lam.) de Wit, Macroptilum atropurpureum (Moc. & Sessé ex 

DC.) Urb. and Trifolium repens L. (Xu et al. 2008). These authors reported that seed extracts of pigeon 

pea were more phytotoxic than the leaf extracts.  However, the decline of pigeon pea yields in 

monoculture systems point to the possibility of autotoxicity hence the need to grow it in rotation with 

other crops (Hepperly et al. 1992), 

 

2.9.7 Crotalaria species 
Crotalaria species are herbaceous and woody shrubs in the Fabaceae family with the capacity to 

biologically fix significant amounts of N in the soil hence their widespread use as cover crops or green 

manures in arable crop production systems. Four Crotalaria species that were used in this study include 

black sunnhemp (Crotalaria juncea L.), red sunnhemp [Crotalaria ochroleuca (G.) Don], showy 

rattlebox (Crotalaria spectabilis Roth) and common rattlepod (Crotalaria grahamiana Wight & Arn). 

The most commonly grown Crotalaria species is black sunnhemp due to its ability to suppress plant 

parasitic nematodes as well as its ability to produce a lot of biomass of 5-13 t ha-1 and fix 135 to 285 kg N 

ha-1 (Skinner et al. 2012). It is not only able to produce a lot of biomass, but its allelopathic properties can 

also be exploited to suppress the growth of weeds when it is used either as a rotational crop or intercrop 

(Adler and Chase, 2007). The plant growth inhibitory activity demonstrated by water extracts of black 

sunnhemp was attributed to the presence of a non-protein compound called 5- hydroxyl-2-aminohexanoic 

acid which was isolated from the seeds of this cover crop (Pilbeam and Bell, 1979). Aqueous extracts and 

mulches of black sunnhemp were found to reduce root growth of wheat, bell pepper (Capsium annum L.) 
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but were not phytotoxic to tomato (Solanum lycopersicum L.). Conversely, soil incorporation of black 

sunnhemp residues promoted root growth of maize (Sangakkara et al. 2004) which underscores that 

selective weed control can be achieved with black sunnhemp residues and water extracts.  

 

 Although common rattlepod, showy rattlebox and red sunnhemp have demonstrated great potential 

in suppressing weed growth as well as improvement in crop yields (Runzika et al. 2013, Mhlanga et al 

2015a), the putative allelochemicals responsible for the phytotoxic activity of their extracts and mulches 

have not yet been reported.  
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Chapter 3 
 
Allelopathic potential of common green manure cover crops 

on germination and early seedling development of 

goosegrass [Eleusine indica (L.) Gaertn], blackjack (Bidens 

pilosa L.) and maize (Zea mays L.) 
 
Abstract 
The objective of this study was to evaluate the allelopathic potential of ten green manure cover crops 

(GMCCs) on the germination and seedling development of two weeds of divergent morphology namely 

goosegrass [Eleusine indica (L.) Gaertn], blackjack (Bidens pilosa L.) and maize (Zea mays L.). The 

study aimed at developing a cost effective and environmentally friendly weed control method for resource 

poor conservation agriculture farmers. Aqueous leaf, stem and root extracts of jack bean [Canavalia 

ensiformis (L.) DC], velvet bean [Mucuna pruriens (L.) DC var utilis], hyacinth bean (Lablab purpureus 

L), red sunnhemp [Crotalaria ochroleuca (G.) Don], showy rattlebox (Crotalaria grahamiana Wight & 

Arn.), common bean (Phaseolus vulgaris L.), common rattlepod (Crotalaria spectabilis Roth.), radish 

(Raphanus sativus L.), tephrosia (Tephrosia vogelii L.) and black sunnhemp (Crotalaria juncea L.) at 0, 

1.25, 2.5, 3.75 and 5% wv-1 were applied to weed seeds to determine their effect on germination, radicle 

and plumule growth as well as germination vigor index. The different cover crop aqueous extracts 

differentially reduced all germination parameters of both weeds in the order leaf > stem > root extract 

except for radish root extracts being most inhibitory to all germination parameters of goosegrass. 

Consequently, the aqueous extracts of all cover crops significantly reduced germination vigor index of 

both weeds, but did not affect maize germination. However, the majority of cover crops demonstrated 

phytotoxic activity on early seedling development of maize except hyacinth bean and tephrosia.  

 
Key words:  allelopathy, Bidens pilosa, Eleusine indica, green manure cover crop, Zea mays  
 
3.1  Introduction 
Weed management remains one of the most important yield reducing biotic factors in arable crop 

production in Zimbabwe’s smallholder sector (Mhlanga et al. 2015b). The majority of Zimbabwean 

farmers are aware of the immediate benefits of correct and timeous application of synthetic herbicides to 

manage weeds. However, only a small population of the resource poor farmers in Zimbabwe has adopted 
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the use of herbicides due to various reasons. The main reasons being cited by farmers for not using 

herbicides is the fear that herbicides “kill the soil” referring to the long residual periods of some 

herbicides in soils (Rugare, personal communication). Moreover, the majority of farmers cannot afford to 

purchase herbicides and application equipment that is required to apply them (Mashingaidze et al. 2012; 

Mtambanengwe et al. 2015). On the other hand environmentalists are lobbying for reduced application of 

synthetic herbicides due to the negative effects of these chemicals on non-target sites and non-target 

organisms in the ecosystem (Razzaq et al. 2012, Abbas et al. 2017). Furthermore, injudicious application 

of synthetic herbicides has been cited as a key factor contributing to the development of herbicide 

resistant weed biotypes (Adam et al. 2010). These socioeconomic and ecotoxicological effects associated 

with herbicide use for arable weed management necessitates the development of alternative weed control 

strategies that are also  within the reach of smallholder farmers, are environmentally more benign, lower 

the risk of resistance development, and fit in the context of minimum tillage and organic farming systems 

(Khan et al. 2012).  

 

 Green manure cover crops (GMCCs) are commonly grown in conservation agriculture (CA) and 

organic agriculture systems as intercrops or rotational crops to improve soil fertility through nitrogen 

fixation (Gan and Goddard 2008), reduce soil erosion (Skinner et al. 2012), improve water infiltration 

(Price et al. 2012), improve soil physical and biological properties (Price and Norsworthy 2013) as well as 

to suppress weed growth. Weed suppression is achieved by the smothering effect of the abundant foliage 

produced by these crops (Mhlanga et al. 2015a). Moreover, some of the cover crops have been reported to 

be sources of phytotoxic secondary compounds called allelochemicals (Silva and Rezende 2016). Several 

authors have suggested that allelopathic compounds released from GMCCs cause weed suppression 

(Alder and Chase 2007; Collins et al. 2007, Price et al. 2008). For example, allelopathy in velvet bean 

[Mucuna pruriens (L.) DC var utilis] and black sunnhemp (Crotalaria juncea L.) has been attributed to L-

3-[3, 4-dihydroxyphenylalanine] (L-DOPA) and 5-hydroxyl-2-aminohexanoic acid, respectively (Fujii, 

1999; Nishihara et al. 2005). Santos et al. (2007) reported the presence of several phytotoxic compounds 

that inhibited germination of weeds in jack bean [Canavalia ensiformis (L.) DC]. In the past, cover 

cropping research concentrated mainly on the nitrogen fixing ability and other benefits of cover crops 

neglecting exploitation of their allelopathic potential in integrated weed management (Adler and Chase 

2007). There are two possible approaches that can be used to exploit cover crop allelopathy in cultural 

weed control. The first approach is to use allelopathic cover crop residues as mulch to inhibit weed 

germination and early seedling growth (Mhlanga et al. 2015b). A second, recent approach is to use 

allelopathy in the form of aqueous extracts of allelopathic plants as post emergence sprays (Razzaq et al. 

2010, Razzaq et al. 2012, Silva and Rezende 2016).  

Stellenbosch University  https://scholar.sun.ac.za



34 
 

 Research on weed suppression through allelopathy by most of the green manure cover crops 

(GMCC’s) proposed for adoption in the CA sector in Zimbabwe has been minimal. Ten green manure 

cover crops have been proposed for adoption by resource poor farmers in Zimbabwe, but their 

allelopathic activity under Zimbabwean conditions has not yet been widely studied. Identification of 

cover crops with allelopathic potential is likely to improve their adoption by resource poor farmers who 

are struggling to cope with weed pressure in CA systems in the absence of ploughing. Among the 

common cover crops being promoted for adoption in Zimbabwe are jack bean, velvet bean, hyacinth 

bean, red sunnhemp, showy rattlebox, common bean, common rattlepod, radish, tephrosia and black 

sunnhemp, the majority of which are leguminous.  The purpose of this study was to evaluate the 

allelopathic potential of ten cover crops proposed for adoption by CA farmers. The effect of the aqueous 

extracts of their leaves, stems and roots on the germination and growth of two weeds of divergent 

morphology namely goosegrass and blackjack were assessed. The effect of the GMCCs on maize 

germination was also evaluated to ascertain the potential for selective allelopathic effects of these cover 

crops in maize based crop rotations. On the basis of this study a recommendation for a cover crop 

allowing for an effective use of residue or extract allelopathy is provided. 

  

3.2  Materials and Methods 
3.2.1 Experimental site 
The study was carried out at the University of Zimbabwe (UZ) situated 17.78oS; 31.05oE with an altitude 

of 1523 m above sea level (Chitagu et al. 2014). Petri dish bioassays were carried out in the Weed 

Science laboratory and the pot experiments were carried out in a greenhouse at the Crop Science 

Department.  

 

3.2.2 Biomass preparation 
The GMCCs used in the study were grown under irrigation in a field at the UZ’s Crop Science 

Department in September 2014. The GMCC were grown in soils with 18% Clay, 16% Silt, and 66 % 

Sand with a pH (CaCl2) of 5.2. Exchangeable cations in milliequivalents percent (me %) of soil were 

7.61, 4.17, 0.32 for calcium, magnesium and potassium, respectively. Red sunnhemp, black sunnhemp, 

common rattlepod, tephrosia, showy rattlebox and radish were dribbled in rows 0.45 m apart targeting at 

an intra-row spacing of 0.25 m to achieve a plant density of 444 444 plants ha-1. Velvet bean, hyacinth 

bean, jack bean and common bean were planted in rows 0.45 m apart targeting at an intra-row spacing of 

0.25 m to achieve a plant density of 88 888 plants ha-1. Individual plots had a plot size of 6.3 m * 5 m. 
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A basal application of Compound D (7% N: 14% P2O5: 7% K2O) was applied at a rate of 150 kg ha-1 at 

planting. The GMCC plots were manually weeded using hand hoes to keep the plots weed free during the 

growth of the cover crops. The GMCC plants were harvested fresh at approximately 120 days (flowering 

stage) after planting because the concentration of allelochemicals is known to be higher at flowering than 

at the maturity stages of most plants (Nyagumbo 2008, Movaghatian and Khorsandi 2014). After 

harvesting the GMCC plants were separated into leaves, roots and stems. The separated plant parts 

(extract tissues) were cut into 2 cm pieces, air dried in the glasshouse for three weeks and later oven dried 

at 70 oC for 48 hours.  The different plant parts were ground into powder using a hammer mill grinder. 

The powder was stored in khaki bags for three days at room temperature (approximately 23-25oC) before 

being used in experiments. Goosegrass and blackjack seeds used as test species were harvested dry at 

Henderson Weed Research Station, Zimbabwe, and the UZ Crop Science plots, respectively. The seeds 

were stored in khaki envelopes at room temperature. Maize variety SC403, which is the most commonly 

grown short season variety in the smallholder sector was purchased from SEEDCO and used in the maize 

experiments.  

 

3.2.3 Aqueous extract preparation 
Fifty grams of GMCCs powder were soaked in 1000 ml distilled water to produce a 5% wv-1 solution on a 

dry weight basis. The solution was then stirred for 24 hours at room temperature (25 oC) on an orbital 

shaker at 100 rpm. The extracts were then strained through four layers of cheese cloth before being 

centrifuged at 4000 rpm for 15 minutes. The clear solution was pipetted to separate it from supernatant. 

This stock solution was then stored in parafilm sealed bottles at 4 oC for 24 hours before being used. The 

stock solution was then diluted with distilled water to produce 1.25%, 2.5% and 3.75% plant extracts 

prior to use. Conductivity of the 5% wv-1 aqueous extract concentrations of the ten GMCCs was measured 

using a conductivity meter (Model SX713 version 2.0 2013-7-30) and the values obtained were used to 

calculate the osmotic potential using the formula (Sisodia and Siddiqui 2010):  

 

Osmotic potential (in Mpa) = conductivity (in mS) * -0.036.   

 

Osmotic potential values for the different stock solutions (5% wv-1 concentrations) of the different GMCC 

tissue aqueous extracts treatments are presented in Table 3.1.  
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Table 3. 1  Osmotic potential of the aqueous extract concentrations of ten common leguminous cover crops  

 
Cover crop  

Osmotic potential (Mpa) 
Leaf Stem Root 

Jack bean -0.16 -0.18 -0.06 
Velvet bean -0.16 -0.12 -0.08 
Hyacinth bean -0.14 -0.12 -0.11 
Red sunnhemp -0.17 -0.11 -0.11 
Showy rattlebox -0.09 -0.17 -0.13 
Common bean -0.21 -0.10 -0.09 
Common rattlepod -0.17 -0.17 -0.07 
Radish -0.26 -0.19 -0.14 
Tephrosia -0.10 -0.09 -0.07 
Sunnhemp -0.19 -0.11 -0.12 
 
 In order to ascertain whether the inhibitory activity exhibited by different extracts concentrations of 

the cover crop tissues was not due to differences in osmotic pressure of the solutions, germination 

bioassays were conducted using polyethylene glycol (PEG) 6000 solutions at 0.00, 0.05, 0.10, 0.15, 0.20, 

0.25 and 0.30 MPa (i.e. the range of osmotic potentials of the 5% wv-1 of the cover crop tissues presented 

in Table 3.1). The Petri dish germination bioassays were done in glasshouse at Stellenbosch Univeristy 

with day and night temperature set at 25 oC under natural light. The different PEG 6000 solutions were 

prepared using the formula developed by Michael and Kaufmann (1973). 

 
Ψs = - (1.18 * 10-2) C-(1.18 * 10-4) C2 + (2.67 * 10-4) CT + (8.39 * 10-7) C2T 
 
Where T = Temperature (oC) and C = g/L PEG-6000 in water. 
  
3.2.4 Effect of cover crop aqueous extracts on weed seed germination and early seedling growth  
The weed bioassays were carried out in the Weed Science laboratory between January and March 2015. 

The weed laboratory bioassays for individual GMCCs were laid out as 3 * 5 factorial experiments with 

two factors in a Completely Randomised Design (CRD) with four replications. The factors were extract 

tissue type at three levels (leaf, stem and root) and extract concentration at five levels (0, 1.25, 2.50, 3.75 

and 5%). In all the laboratory experiments distilled water was used as the control. Each weed species was 

considered a separate experiment and the experiments were repeated once. Goosegrass seeds were soaked 

in 32% Hydrochloric acid (HCl) for 20 minutes and washed twice in distilled water to break seed 

dormancy. Since blackjack produces dimorphic seeds (Amaral and Takaki 1998), only the non-dormant 

long achenes were selected and used in the bioassay. Twenty five seeds of the respective weeds were 

counted, sterilised in 1% sodium hypochlorite for 10 minutes, rinsed four times with distilled water and 

placed in 90 mm diameter Petri dishes lined with Whatman No. 2 filter paper. The seeds in the Petri 

dishes were treated with 10 ml of the respective extract concentration, sealed with parafilm and placed 

randomly on a table in the laboratory at room temperature (approximately 25 oC day temperature). Data 
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on germination, plumule and radicle length were collected from five randomly selected plants on day 10 

and day 14 in blackjack and goosegrass, respectively. Germination was considered to have occurred when 

the radicle was 2 mm long. Germination percentage (G %) and germination vigor indices (VI) were 

calculated using the formulae given below:  

 

G % = (a/b) * 100, 

 

Where a is the number of germinated seeds and b is the total number of seeds in each Petri dish.  

 

VI = Germination % * (radicle + plumule length) (Abdul-Baki and Anderson 1973). 

 

3.2.5 Maize germination bioassay 
The maize bioassays were conducted in the Weed Science laboraoty between January and February 2016. 

The maize bioassay was laid out as a completely randomised design (CRD) with leaf, stem and root 

ground biomass of jack bean and velvet bean as the treatments and replicated five times. Distilled water 

was used as the control. The experiment was repeated once. In the maize bioassay only the 5% wv-1 stock 

solution concentration was used and ten maize seeds were placed in a 90 mm Petri dish per treatment. 

Germination, plumule and radicle length data were collected as previously described ten days from the 

onset of the experiment. The lids of the Petri dishes were removed after five days and an additional 5 ml 

of extracts added to the Petri dishes. 

 

3.2.6 Data analysis 
The data were subjected to test for Normality using the Shapiro-Wilk Test. Germination vigor index data 

did not meet the assumptions of analysis of variance (ANOVA) and were transformed before being 

analysed using Genstat version 14. The goodness of fit of the models was evaluated using the coefficient 

of determination (R2). Trendlines were omitted where there were no significant differences amongst 

concentrations within the same extract tissue. Mean separation was done using Fischer’s protected least 

significance difference (LSD) at 5% significance level.  

 
3.3  Results 
3.3.1 Germination and early seedling growth of blackjack and goosegrass in PEG 6000 solutions 
There were no significant differences in germination, radicle and plumule length of blackjack in PEG 

6000 solutions of different osmotic potentials (Table 3.2, Appendix 3.1-3.3). Germination of goosegrass 

seeds in the different PEG solutions was significantly lower in the control (0.00 Mpa) and the -0.2 Mpa 

solution than in the other solutions that did not vary significantly amongst each other (Table 3.2, 
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Appendix 3.4). However, both radicle length and plumule length of goosegrass did not differ significantly 

from each other amongst the different solutions (Appendix 3.5-3.6).  

 
Table 3. 2  Response of blackjack and goosegrass germination and early seedling development to different 

osmotic potentials of polyethylene glycol (PEG) solutions 

 
PEG solution 
Osmotic potential 
(Mpa) 

Blackjack  Goosegrass 

Germination % 

Radicle 
Length 

(mm) 

Plumule 
Length 

(mm) 

 

Germination % 

Radicle 
Length 

(mm) 

Plumule 
Length 

(mm) 
0.00 97.60 43.00 16.52  62.40a 15.60 9.88 
0.05 98.40 46.48 15.44  81.60c 19.36 10.80 
0.10 100.00 42.12 14.12  80.00bc 19.68 10.64 
0.15 97.60 46.68 15.32  68.00ab 15.48 10.08 
0.20 98.40 44.76 15.52  62.40a 14.96 9.68 
0.25 98.40 36.80 16.00  83.20c 18.20 11.28 
0.30 99.20 45.24 15.28  73.60abc 17.52 10.88 
P-value 0.482 0.111 0.438  0.008 0.063 0.575 
Lsd ns ns ns  13.41 ns ns 
CV% 2.0 12.7 14.1  14.2 16.5 14.1 
Means followed by different letters in the same column are significantly different at p<0.05. 
 

3.3.2 Response of weed seed germination and seedling growth to aqueous extracts of different 
cover crops 

The effect of the aqueous extracts of the different GMCCs on germination, radicle length, plumule length 

and germination vigor index of goosegrass and blackjack are presented in Figures 3.1 to 3.20. The results 

of the present study show that the aqueous extracts of common GMCCs differentially affected the 

germination, plumule length, radical length and vigor index of goosegrass and blackjack positively or 

negatively.   

3.3.2.1 Effect of jack bean aqueous extracts on blackjack germination parameters.  
There was a significant (p<0.05) interaction between jack bean extract tissue and concentration on all the 

germination parameters of blackjack evaluated (Appendix 3.7-3.10).  

 Germination: Blackjack seeds treated with leaf and stem extracts of jack bean showed reduced 

germination with increasing extract concentration (Figure 3.1). In both leaf and stem extracts, inhibition 

was observed at 3.75% and 5% concentration with maximal reduction being observed at 5%. Root 

extracts did not influence germination (Figure 3.1A).  

 Radicle length: All extracts caused decreases in radicle length of blackjack at 5% concentration 

(Figure 3.1B). The leaf and stem extracts inhibited radicle growth better than the root extracts. There was 

a linear reduction of blackjack radicle elongation as stem extract concentration was increased from 0 to 

5%. In contrast, root aqueous extracts caused hormesis on radicle growth at the concentration of 1.25% 

but further increases in extract concentrations were inhibitory to radicle growth.  
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 Plumule length: Stem aqueous extracts were more efficient in inhibiting plumule growth compared 

to leaf and root extracts (Figure 3.1C). Root extracts caused a hormetic effect on plumule length at the 

concentration of 1.25% but performed similarly as stem extracts at high extract concentration. Leaf and 

stem aqueous extracts of jack bean caused a linear reduction in plumule length within the concentration 

range tested.  

 Germination vigor index: Consequently, all the tissue extracts linearly reduced germination vigor 

index of blackjack (Figure 3.1D). Overall, jack bean stem extracts were more efficient at decreasing the 

seedling vigor of blackjack. 
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Figure 3. 1  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 

index (VI) of blackjack when treated with jack bean aqueous extracts at various concentrations.  

3.3.2.1 Effect of jack bean aqueous extracts on goosegrass germination parameters 
The interaction between jack bean extract tissue and concentration on goosegrass germination, radicle 

length, plumule length and germination vigor index was significant (p<0.05, Appendix 3.11-3.14).  

A B 

C D 
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 Germination: Leaf extracts of jack bean reduced germination of goosegrass at all concentrations with 

complete inhibition being achieved at an estimated extract concentration of 4.2% (Figure 3.2A).  Stem 

extract at 1.25 to 3.75% concentration caused hormesis on germination and a reduction was only observed 

at 5% concentration. All concentrations of jack bean root extracts did not affect germination of 

goosegrass.  

 Radicle length: Jack bean aqueous extracts inhibited goosegrass radicle length in the order leaf > 

stem > root. All the leaf extract concentrations inhibited radicle growth of goosegrass (Figure 3.2B). Root 

extracts did not influence (p>0.05) radicle growth of goosegrass at any of the concentrations used.  

 Plumule length: Plumule elongation was inhibited (P<0.05) by all leaf aqueous extracts of jack bean 

with complete inhibition being observed at an estimated concentration of 4.3% (Figure 3.2C). Stem 

extracts were only inhibitory to plumule growth at 5% concentration whereas the root extracts did not 

influence the elongation of the plumule of goosegrass.  

 Germination vigor index: Consequently, the germination vigor index of goosegrass seeds treated 

with jack bean leaf extracts decreased linearly in the tested range of concentrations (Figure 3.2D).  The 

germination vigor index of goosegrass seeds treated was not influenced by jack bean stem extracts, but 

influenced by higher concentrations of root extracts. Overall, germination vigor index of goosegrass was 

suppressed in the order leaf > root > stem.  
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Figure 3. 2  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 

index (VI) of goosegrass when treated with jack bean aqueous extracts at various concentrations.  

 
3.3.2.3 Effect of velvet bean aqueous extracts on blackjack germination parameters 
The velvet bean extract tissue and concentration interaction was significant (p<0.05, Appendix 3.15-3.18) 

on all blackjack germination parameters.  

 Germination: Velvet bean leaf and stem extracts exhibited a better phytotoxic activity than root 

extracts on blackjack germination. (Figure 3.3A).  

 Radicle length: Stem extracts also caused a concentration dependant reduction of radicle growth as 

extract concentration was increased from 0% to 5% (Figure 3.3 B).   

 Plumule length: Root extracts had a stimulatory effect on plumule elongation at 1.25% to 3.75% 

concentration and were only inhibitory at 5% concentration (Figure 3.3C). In contrast, leaf extracts were 

highly phytotoxic to blackjack radicle elongation with complete inhibition being observed at an estimated 
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concentration of 4.4%. Leaf extracts decreased vigor index linearly within the tested range of extract 

concentration. Stem extracts reduced VI of both weeds only at 5% extract concentration. Consequently, 

germination vigor index was reduced in the order leaf>stem.  
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Figure 3. 3  (A) Germination %, (B) radicle length, (C) plumule length and (D) germination vigor index (VI) 

of blackjack bean when treated with velvet bean aqueous extracts at various concentrations.  

 
3.3.2.4 Effect of velvet bean aqueous extracts on goosegrass germination parameters.  
The interaction of velvet bean extract tissue and concentration was significant (p<0.05, Appendix 3. 19-

3.22) on all the germination parameters of goosegrass evaluated. All the aqueous extracts of velvet bean 

suppressed germination and early seedling growth of goosegrass seeds (Figure 3.4A, 3.4B and 3.4C). 

 Germination, radicle and plumule: Leaf extracts reduced germination of goosegrass better than stem 

and root extracts which performed statistically the same. Velvet bean leaf and stem extracts exhibited 

concentration depended inhibition of goosegrass seed with maximal reduction being obtained at 5% 
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concentration.  Root extracts of velvet bean caused a hormetic response on goosegrass germination and 

plumule growth at 1.25% extract concentration but reduced all the evaluated parameters at aqueous 

extract concentrations above 2.5%.  

 Germination vigor index: Overall, velvet bean leaf extracts reduced vigor index of goosegrass better 

than the other extract tissues. Stem, leaf and root extracts reduced germination vigor indices of goosegrass 

linearly. (Figure 3.4D).   
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Figure 3. 4 (A) Germination %, (B) radicle length, (C) plumule length and (D) germination vigor index of 
goosegrass when treated with velvet bean aqueous extracts at various concentrations.  

 
3.3.2.5 Effect of hyacinth bean aqueous extracts on blackjack germination parameters.  
There was a significant (p<0.05, Appendix 3.23-3.26) interaction between extract tissue and 

concentration on all the germination parameters of blackjack treated with hyacinth bean aqueous extracts. 
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Germination, radicle length and plumule length of blackjack were reduced in the order leaf > stem > root 

(Figure 3.5A-C). Radicle and plumule growth was zero at an estimated concentration of 3.3% and 5.0% 

leaf extract, respectively. Consequantly, all tissues linearly reduced the germination vigor index of black 

jack with leaves showing the highest activity followed by stems (Figure 3.5 D). 
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Figure 3. 5  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 
index (VI) of blackjack when treated with hyacinth bean aqueous extracts at various 
concentrations.  

 
3.3.2.6 Effect of hyacinth bean aqueous extracts on goosegrass germination parameters.  
The interaction of hyacinth bean extract tissue and concentration was significant (p<0.05, Appendix 3.27-

3.30) on all germination parameters of goosegrass.  
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 Germination: Leaf extracts significantly reduced germination of goosegrass linearly with complete 

germination inhibition at approximately 5% extract concentration. Hormesis on germination was 

observed at 1.25% and 2.5% stem extract concentrations (Figure 3.6A). Root extracts caused complete 

germination inhibition at an estimated concentration of 4.8%.  

 Radicle and plumule growth: Goosegrass radicle growth was completely inhibited by leaf and root 

extracts at estimated extract concentrations of 4.6% and 4.9%, respectively (Figure 3.6B). Similar results 

were obtained on plumule growth (Figure 3.5D).  

 Germination vigor index: Consequently, leaf and root extracts reduced germination vigor index of 

goosegrass significantly better than stem extract (Figure 3.6D). 
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Figure 3. 6 (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 
index (VI) of goosegrass when treated with hyacinth bean aqueous extracts at various 
concentrations.  
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3.3.2.7 Effect of red sunnhemp aqueous extracts on blackjack germination parameters.  
The interaction between red sunnhemp extract tissue and concentration was significant (p<0.05) on all 

germination parameters of blackjack (Figure 3.8, Appendix 3.31-3.34). Leaf extracts were more effective 

in reducing all the parameters better  than the stem and root extracts that perfomed very similar (Figures 

3.7A-D). Consequently, the leaf extract significantly reduced germination vigor index better than stem 

and root extracts. 
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Figure 3. 7  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 
index (VI) of blackjack when treated with red sunnhemp aqueous extracts at various 
concentrations.  

 
3.3.2.8 Effect of red sunnhemp aqueous extracts on goosegrass germination parameters.  
The extract tissue and concentration of red sunnhemp aqueous extract interaction was significant (p<0.05, 

Appendix 3.35-3.38) on all germination parameters of goosegrass.  
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 Germination: Leaf aqueous extracts reduced germination of goosegrass at 3.75% and 5% extract 

concentrations (Figure 3.8A). Stem and root extracts did not inhibit the germination of goosegrass. 

 Radicle length: Leaf extracts caused a concentration dependant reduction of radicle growth of 

goosegrass. Stem and leaf extracts showed a hormetic effect at 1.25% concentration.  

 Plumule length: Leaf extracts of red sunnhemp reduced the plumule growth of goosegrass only at 

3.75% and 5% concentration.  In contrast, stem and root extracts did not reduce plumule growth of this 

weed.  

 Germination vigor index: Germination vigor index of goosegrass was linearly reduced significantly 

only by leaf and stem extracts (Figure 3.8D).     
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Figure 3. 8  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 
index (VI) of goosegrass when treated with red sunnhemp aqueous extracts at various 
concentrations.  
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3.3.2.9 Effect of showy rattlebox aqueous extracts on blackjack germination parameters.  
The extract tissue and concentration interaction was significant (p<0.05, Appendix 3. 39-3.42) on all 

germination parameters of blackjack treated with showy rattlebox aqueous extracts. Aqueous extracts of 

showy rattlebox exhibited phytotoxic activity on all germination parameters in the order leaf > root > 

stem (Figure 3.9).  

 Germination: Maximal germination inhibition was achieved using leaf extracts at approximately 5% 

concentration compared to stem and root extracts that exhibited less phytotoxic activity on the 

germination of blackjack (Figure 3.9A).  

 Radicle growth: Radicle growth decreased linearly as concnetration of root extracts increased and 

was maximal at 4.52% concentration of leaf extracts (Figure 3.9B). Root extracts caused a reduction of 

radicle growth as extract concentration was increased from 0% to 5%.  

 Plumule growth: Leaf extracts caused complete plumule growth inhibition at an estimated 

concentration of 4.8% (Figure 3.9C). Root extracts reduced plumule growth better than stem only at the 

extract concentration of 5%. 

 Germination vigor index: Consequently, leaf extracts significantly reduced germination vigor index 

better than the other tissue extracts as from 2.5% concentration onwards. Stem extracts did not 

significantly affect germination vigor of the seedlings whereas root extracts were only significantly 

phytotoxic to blackjack seedlings at 5% concentration (Figure 3.9D). 
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Figure 3. 9  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 

index (VI) of blackjack when treated with showy rattlebox aqueous extracts at various 
concentrations.  

 
3.3.2.10  Effect of showy rattlebox aqueous extracts on goosegrass germination parameters.  
There was a significant (p<0.05, Appendix 3.43-3.46) interaction between extract tissue and 

concentration of showy rattlebox aqueous extracts on all germination parameters of goosegrass.  

 Germination: Leaf extracts significantly reduced germination percentage as concentration was 

increased from 2.5% to 5% (Figure 3.10A). Root extract did not affect germination whilst all the stem 

extract concentrations significantly stimulated germination of goosegrass.  

 Radicle length: In contrast, all tissue extracts of showy rattlebox linearly reduced radicle growth of 

goosegrass within the concentration range tested (Figure 3.10B).  
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 Plumule length: Leaf extracts reduced plumule length and germination vigor index better than root 

and stem extracts. Plumule growth decreased linearly as concentration of stem and root extracts was 

increased from 0% to 5% (Figure 3.10C).  

 Germination vigor index: Leaf extracts of showy rattlebox linearly reduced the germination vigor 

index of goosegrass better than root and stem extracts. Stem extract did not exhibit any allelopathic 

activity on goosegrass germination vigor index (Figure 3.10D). 
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Figure 3. 10  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 
index (VI) of goosegrass when treated with showy rattlebox aqueous extracts at various 
concentrations.  

 
3.3.2.11  Effect of common bean aqueous extracts on blackjack germination parameters.  
The extract tissue and concentration interaction was significant (p<0.05, Appendix 3.47-3.50) on all 

germination parameters of blackjack treated with common bean aqueous extracts.  

D C 

B A 

Stellenbosch University  https://scholar.sun.ac.za



51 
 

 Germination: Germination percentage of blackjack decreased as leaf and stem extract concentration 

increased (Figure 3.11A).  

 Radicle and plumule length: Leaf and stem extracts reduced radicle and plumule length better than 

root extracts (Figure 3.11B and C).  

 Germination vigor index: Consequently, vigor index decreased linearly and was lower where leaf 

and stem extracts were used compared to  root extracts (Figure 3.11 D).  
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Figure 3. 11  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 
index (VI) of blackjack when treated with common bean aqueous extracts at various 
concentrations.  

 
3.3.2.12  Effect of common bean aqueous extracts on goosegrass germination parameters.  
There was a significant (p<0.05, 3.51-3.54) interaction between extract tissue and concentration on all the 

germination parameters of goosegrass seeds treated with common bean aqueous extracts.  

A B 

C D 

Stellenbosch University  https://scholar.sun.ac.za



52 
 

 Germination: All the extract types were only inhibitory at 5% concentration but they did not differ in 

their effectiveness in inhibiting goosegrass germination (Figure 3.12A).  

 Radicle growth: Stem and root extracts out performed leaf extracts on radicle growth inhibition. 

However, their effect at 5% was the same (Figure 3.12B).  

 Plumule growth: Extracts of the different plant parts of common bean performed similar on their 

effect on plumule growth of goosegrass with reduction being observed starting at 3.75% concentration  

(Figure 3.12C).  

 Germination vigor index: Overall, leaf, root and stem extracts reduced germination vigor index 

linearly within the tested range (Figure 3.12D), but  extracts did not differ amongst each other.  
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Figure 3. 12  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 
index (VI) of goosegrass when treated with common bean aqueous extracts at various 
concentrations.  
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3.3.2.13  Effect of radish aqueous extracts on blackjack germination parameters.  
The radish extract tissue and concentration interaction was significant (p<0.05, Appendix 3. 55-58) on all 

germination parameters of blackjack. Germination percentage, radicle, plumule and germination vigor 

indices of blackjack were decreased by radish aqueous extracts in the order leaf > root > stem (Figure 

3.13). Leaf extract resulted in complete inhibition of germination, plumule and radicle protrusion at the 

estimated concentrations of 4.9%, 2.8% and 4.9%, respectively. Subsequently, leaf extracts were more 

effective at reducing the vigor index of blackjack than the stem and root extracts. 

y = 2.19x2 - 31.29x + 100.46
R² = 0.99

y = -0.59x2 - 0.15x + 92.74
R² = 0.96

y = -2.56x2 + 1.44x + 98
R² = 0.99

-20

0

20

40

60

80

100

120

0 1 2 3 4 5 6

G
er

m
in

at
io

n 
(%

)

Concentration (%)

y = 3.35x2 - 25.08x + 43.96
R² = 0.95

y = -5.1x + 42.66
R² = 0.97

y = 3.53x2 - 23.28x + 43.66
R² = 0.81

-10

0

10

20

30

40

50

60

0 1 2 3 4 5 6

Ra
di

cl
e 

le
ng

th
 (m

m
)

Concentration (%)

y = -0.41x2 - 2.49x + 21.86
R² = 0.98

y = -2.20x2 + 11.88x + 18.48
R² = 0.95

y = -1.48x2 + 6.03x + 21.97
R² = 0.89

-5

0

5

10

15

20

25

30

35

40

0 1 2 3 4 5 6

Pl
um

ul
e 

le
ng

th
 (m

m
)

Concentration (%)

y = -1.70x + 9.55
R² = 0.93

y = -0.12x + 8.79
R² = 0.75

y = -0.33x + 8.79
R² = 0.93

0

2

4

6

8

10

12

0 1 2 3 4 5 6

ln
 (V

I)

Concentration (%)
 

       Leaf      stem     root 
 
Figure 3. 13 (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 

index (VI) of blackjack when treated with radish aqueous extracts at various concentrations.  

 
3.3.2.14  Effect of radish aqueous extracts on goosegrass germination parameters.  
There was a significant (p<0.05, Appendix 3.59-3.62) interaction between extract tissue and 

concentration of radish aqueous extracts on germination parameters of goosegrass. Only root extracts 
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exhibited phytotoxic activity on all the germination parameters of this weed (Figure 3.14).  Root extracts 

caused complete germination, plumule and radicle elongation inhibition at  estimated concentrations of 

4.0%, 4.6% and 3.5%, respectively. In contrast, leaf and stem extracts did not affect the germination 

parameters of goosegrass.   
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Figure 3. 14  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 

index (VI) of goosegrass when treated with radish aqueous extracts at various concentrations.  

 
3.3.2.15  Effect of common rattlepod aqueous extracts on blackjack germination parameters.  
The interaction between common rattlepod extract tissue and concentration was significant (p<0.05, 

Appendix 3.63-3.66) on blackjack germination parameters.  

 Germination: Extracts reduced germination parameters of blackjack in the order leaf > stem > root 

(Figure 3.15A). Maximal germination inhibition was obtained with leaf extracts at 5% concentration. 

C D 

B A 

Stellenbosch University  https://scholar.sun.ac.za



55 
 

 Radicle length: Radicle growth inhibition was maximal at an estimated leaf extract concentration of 

3.1% (Figure 3.15B).  

 Plumule length: Moreover, plumule length decreased linearly within the tested range of aqueous leaf 

extract added and was zero at the estimated concentration of 4.8% (Figure 3.15C).  

 Germination vigor index: Leaf extracts reduced germinination vigor index better than stem and root 

extracts. Root extracts did not affect the germination vigor index of blackjack (Figure 3.15D). 
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Figure 3. 15  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 

index (VI) of blackjack when treated with common rattlepod aqueous extracts at various 
concentrations.  

 
3.3.2.16  Effect of common rattlepod aqueous extracts on goosegrass germination parameters.  
There was a significant (p<0.05, Appendix 3.67-3.70) interaction between common rattlepod extract 

tissue and concentration on all germination parameters of goosegrass.  
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 Germination: Leaf extracts caused concentration dependent reduction of germination of goosegrass 

and caused complete germination inhibition at the estimated concentration of 4.7% (Figure 3.16A). Root 

extracts caused significant hormesis on germination at 1.25% and 2.5% concentration and was only 

inhibitory at 5%. On the other hand, stem extracts increased germination within the tested range of 

concentrations as  extract concentration increased.  

 Radicle and plumule: Similarly, stem extracts stimulated radicle and plumule elongation (Figure 

3.16B and C). In contrast, leaf and root extracts were inhibitory to radicle length and plumule length as 

concentration was increased above 2.5%.  

 Germination vigor index: Consequently, vigor index decreased linearly in the order leaf > root > 

stem (Figure 3.16D). 
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Figure 3. 16  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 

index (VI) of goosegrass when treated with common rattlepod aqueous extracts at various 
concentrations.  
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3.3.2.17  Effect of tephrosia aqueous extracts on blackjack germination parameters.  
There was a significant (p<0.05, Appendix 3.71-3.74) interaction between extract tissue and 

concentration of tephrosia on all the germination parameters of blackjack.  

 Germination: Leaf extracts reduced germination at concentrations above 2.5% (Figure 3.17A). Stem 

extracts were only inhibitory at 5% and root extracts did not affect germination of blackjack seeds. 

 Radicle length: Radicle length was reduced in the order leaf > stem > roots (Figure 3.17B).  

 Plumule length: Leaf extracts of tephrosia reduced plumule elongation linearly within the tested 

concentration range of 0-5%. (Figure 3.17C).  

 Germination vigor index: Consequently, only leaf and stem extracts reduced germination vigor index 

of blackjack seeds (Figure 3.17D). Root extracts did not exhibit phytotoxic activity on plumule growth 

and subsequently germination vigor index. 
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Figure 3. 17  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 

index (VI) of blackjack when treated with tephrosia aqueous extracts at various concentrations.  

A 

C D 

B 

Stellenbosch University  https://scholar.sun.ac.za



58 
 

3.3.2.18  Effect of tephrosia aqueous extracts on goosegrass germination parameters.  
There was a significant (p<0.05, Appendix 3.75-3.78) extract tissue and concentration interaction of 

tephrosia aqueous extracts on goosegrass germination parameters.  

 Germination: Leaf extracts reduced germination percentage of goosegrass seeds better than those 

obtained from stems and roots with maximal inhibition at 5% (Figure 3.18A). Stem and root extracts only 

inhibited germination at 5% concentration.  

 Radicle length: Leaf extracts reduced radicle growth of goosegrass better than the other tissues. In 

contrast, root extracts caused hormesis on radicle growth at 1.25% and 3.75% extract concentration 

(Figure 3.18B).  

 Plumule length: Maximal plumule growth inhibition was obtained at 5% concentration of leaf 

extracts and was lower than where root extracts were used at the same concentration (Figure 3.18C).  

 Germination vigor index: Consequently, germination vigor index was decreased by tephrosia extracts 

in the order leaf > stem > root (Figure 3.18D). 
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Figure 3. 18  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 

index (VI) of goosegrass when treated tephrosia aqueous extracts at various concentrations.  
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3.3.2.19  Effect of black sunnhemp aqueous extracts on blackjack germination parameters.  
Black sunnhemp extract tissue and concentration interaction was significant (p<0.05, Appendix 3.79-

3.82) on all germination parameters of blackjack. Germination percentage, radicle growth, plumule 

growth and germination vigor index of blackjack were reduced in the order leaf > stem > root. Leaf 

extracts caused complete inhibition of germination, radicle and plumule growth at the estimated 

concentrations of 4.6%, 3.7% and 4.7%, respectively (Figure 3.19). Overall, leaf extracts reduced 

germination vigor index better than stem extracts. Root extract did not affect germination vigor of 

blackjack seedlings. 
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Figure 3. 19  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 
index (VI) of blackjack when treated with black sunnhemp aqueous extracts at various 
concentrations.  
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3.3.2.19  Effect of black sunnhemp aqueous extracts on goosegrass germination parameters.  
The effect of different black sunnhemp aqueous extracts on germination parameters of goosegrass are 

shown in Figure 3.20. The tissue and concentration of black sunnhemp aqueous extracts interaction was 

significant (p<0.05, Appendix 3.83-3.86) on all goosegrass germination parameters. Germination 

percentage, radicle, plumule length and germination vigor index were only reduced black sunnhemp leaf 

extracts at 5% concentration. Stem and root extracts did not significantly affect all the germination 

parameters of goosegrass. 
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Figure 3. 20  (A) Germination percentage, (B) radicle length, (C) plumule length and (D) germination vigor 
index (VI) of goosegrass when treated with black sunnhemp aqueous extracts at various 
concentrations.  

 

Table 3.3 summarises the results of all laboratory experiments. The results show that leaf extracts of all 

cover crops were most allelopathic to all the germination parameters of blackjack. Similarly, leaf extracts 
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most efficantly suppressed goosegrass germination parameters except radish leaf extracts which 

stimulated plumule and radicle growth.  

 

Table 3. 3  Summary of the effect of all the GMCCs aqueous extracts on germination and seedling growth of 
goosegrass and blackjack 

  
Goosegrass 

    
Blackjack 

Tissue G% RL PL VI    G% RL PL VI 
Jack bean 

Leaf - - - -    - - - - 
Stem - - 0 0    - - - - 
Root 0 0 - -    - - - 0 

Velvet bean 
Leaf - - - -    - - - - 
Stem - - - -    - - - - 
Root - - - -    - - - 0 

Hyacinth bean 
Leaf - - - -    - - - - 
Stem - - - -    - - - - 
Root - - - -    0 - 0 0 

Red sunnhemp 
Leaf - - - -    - - - - 
Stem 0 0 0 -    - - - - 
Root 0 0 0 0    - - - - 

Showy rattlebox 
Leaf - - - -    - - - - 
Stem - - - -    - - - 0 
Root + - 0 -    - - - - 

Common bean 
Leaf - - - -    - - - - 
Stem - - - -    - - - - 
Root - - - -    - - - - 

Common rattlepod 
Leaf - - - -    - - - - 
Stem - + 0 +    - - - - 
Root 0 - - -    - - 0 0 

Radish 
Leaf 0 + + 0    - - - - 
Stem + + + 0    0 - + 0 
Root - - - -    - - 0 - 

Tephrosia 
Leaf - - - -    - - - - 
Stem - - - -    - - - - 
Root - - - -    0 - 0 0 

Black sunnhemp 
Leaf  - - - -    - - - - 
Stem 0 0 0 0    - - - - 
Root 0 0 0 0    0 - 0 0 
Key: 0 - no inhibitory effect, (-) - inhibitory effect, (+) – stimulatory effect.  G (%) – germination percentage, RL – 
radicle length, PL – plumule length, VI – vigor index 
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3.3.2 Maize germination bioassay 
The response of maize germination parameters to aqueous extracts of GMCCs is shown in Table 3.3. The 

different cover crop tissue extracts showed variable activity in maize germination parameters (Appendix 

3.87-3.126). Jack bean stem extracts significantly (p<0.05) reduced germination of maize seeds but the 

other extract tissues of this GMCC had no significant effect on maize germination. The leaf and root 

aqueous extracts of common rattlepod significantly (p<0.05) reduced maize germination. The aqueous 

extracts of the other GMCCs had no effect on maize germination.  

 

 However, most of the GMCC aqueous extracts significantly (p<0.05) reduced radicle growth except 

tephrosia.  Generally, the leaves were more effective in reducing radicle growth compared to other tissues 

of GMCC aqueous extracts used. The GMCCs showed variable activity on plumule growth inhibition. 

Aqueous extracts significantly (p<0.05) reduced plumule growth except velvet bean, hyacinth bean, 

common bean and tephrosia. Consequently, most of the GMCCs significantly reduced germination vigor 

index of maize seedlings except hyacinth bean and tephrosia.  
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Table 3. 4  Effect of 5% w/v aqueous extracts of green manure cover crops on germination percentage, radicle 
length, plumule length and germination vigor index of maize seedlings 

Extract 
tissue Jack bean 

Velvet 
bean 

hyacinth 
bean 

Red 
sunnhemp 

Showy 
rattlebox 

Common 
bean 

Common 
rattlepod Tephrosia Radish 

Black 
sunnhemp 

Germination % 
Control 87.00a 89.00 90.00 97.00 95.00 89.00 97.00c 90.00 89.00 95.00 
Leaf 90.00a 91.00 89.00 84.00 91.00 90.00 87.00ab 94.00 89.00 93.00 
Stem 75.00b 86.00 89.00 85.00 92.00 86.00 94.00bc 92.00 90.00 85.00 
Root 91.00a 91.00 92.00 85.00 85.00 92.00 85.00a 87.00 91.00 89 
P-value 0.016 0.735 0.939 0.134 0.077 0.724 0.015 0.456 0.965 0.136 
Lsd 10.64 Ns ns ns ns ns 8.16 ns ns ns 

Radicle length (mm) 
Control 34.30b 27.72b 26.74c 24.09c 24.56b 27.72c 34.85b 26.74 41.10c 24.56b 
Leaf 18.82a 16.90a 12.66a 8.26a 10.04a 12.20a 19.73ab 18.02 19.96a 13.41a 
Stem 24.14a 15.36a 20.62bc 13.93b 13.58a 15.92ab 11.57a 22.96 24.88b 20.13b 
Root 43.86b 18.03a 17.04ab 17.11b 23.09b 20.20b 28.50b 23.08 41.92c 21.29b 
P-value 0.014 0.001 0.000 <0.001 <0.001 <0.001 0.044 0.076 0.003 <0.001 
Lsd 15.759 6.090 6.364 3.498 4.083 5.612 16.91 NS 13.726 5.157 

Plumule length (mm) 
Control 13.98a 37.38 35.86 68.92c 79.46c 37.40 24.09b 35.86 17.28b 35.90b 
Leaf 10.44a 24.54 22.52 24.00a 27.18a 21.10 8.76a 19.10 10.66a 8.61a 
Stem 11.14a 15.28 22.54 42.05b 44.24a 19.50 11.53a 23.54 11.72a 16.99a 
Root 17.46b 27.55 26.16 42.81b 68.92b 23.30 11.75a 25.71 16.78b 23.91ab 
P-value 0.032 0.095 0.402 0.001 0.000 0.116 <0.001 0.222 0.003 0.011 
Lsd 5.053 ns ns 15.354 17.443 ns 4.192 ns 4.124 16.07 

Vigor index 
Control 7.92a 8.60b 8.53 9.09c 9.17c 8.60b 8.54b 8.53 8.43b 8.56c 
Leaf 7.78a 8.17a 7.85 7.86a 8.06a 7.88a 7.40a 8.14 7.85a 7.60a 
Stem 7.81a 7.82a 8.20 8.41b 8.49b 7.98a 7.63a 8.33 8.04a 7.99b 
Root 8.59b 8.20a 8.22 8.46c 8.94c 8.25a 8.02ab 8.31 8.53b 8.24bc 
P-value 0.038 0.010 0.119 <0.001 <0.001 0.012 0.006 0.205 0.006 <0.001 
Lsd 0.304 0.437 ns 0.279 0.309 0.449 0.648 ns 0.415 0.362 

Mean values indicated by different letters within a column differ significantly from each other at the p=0.05 level. 
 
3.4  Discussion 
Results obtained demonstrated that all the GMCCs extracts used in this study inhibited the germination 

and early seedling growth of goosegrass and blackjack. The degree of inhibition varied greatly amongst 

the different cover crops and tissues within each cover crop with leaf extracts showing the greatest 

phytotoxic activity followed by the stems, except radish root extracts that were more efficient on 

goosegrass than the other tissue extracts. The inhibition of germination of both weeds especially by leaf 

extracts of all the cover crops except radish on goosegrass suggests the presence of allelochemicals in 
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these GMCCs. The reduced seedling growth caused by the cover crop extracts could also imply reduced 

early seedling growth which would give the crops a head start and competitive advantage over the weeds 

resulting in reduced crop-weed competition during the early stages of crop development when crop 

seedlings would be sensitive to weed pressure. Seedling vigor index (V1) gives the overall effect of the 

treatments on seedling germination and growth (Purohit and Pandya 2013). In this study leaf extracts of 

all the GMCCs and root extracts of radish reduced VI demonstrating their effectiveness in suppressing 

germination and early seedling growth of monocotyledonous and dicotyledonous weeds.  

 

 Generally, the inhibitory effects of aqueous solutions in Petri dish experiments could be attributed to 

factors like allelopathy and variations in osmotic potential (Conway et al. 2002, Sisodia and Siddiqui 

2010). In this study, the osmotic potentials of the different cover crop aqueous extracts that were 

equivalent to those of PEG solutions used in the study did not affect seed germination and seedling 

development and as such it is highly unlikely that the osmotic potentials observed could have caused any 

inhibitory effect on germination and early seedling growth of plants (da Cruiz-Silva and Matiazzo 2015). 

When osmotic potential values show little variation amongst treatments, they presumably have no effect 

on the germination variables evaluated (Sidosia and Siddiqui 2010). Therefore, the inhibitory activity of 

extracts observed in this present study could be attributed to the presence of phytotoxic allelochemicals in 

aqueous extracts of the cover crops (Anese et al. 2015). 

 

 Inhibition of germination and early seedling development of both goosegrass and blackjack that was 

observed in this study indicated that jack bean leaves possess allelochemicals with strong phytotoxic 

activity. The inhibition that was observed was concentration dependent. The findings corroborate the 

earlier findings of Runzika et al. (2013) who reported weed germination, plumule and radicle growth 

inhibition of more than 90% by whole plant extracts of jack bean. The results also lend credence to the 

previous assertions of Dinardo et al. (1998) and Poonpaiboonpipattana (2015) who reported allelopathic 

activity of jack bean on barnyard grass [Echinochloa crus-galli (L.) Beauv.]. These results also 

corroborate the work by Santos et al. (2007) and Mendes & Rezende (2014) who reported that phenolic 

compounds found in jack bean tissues inhibited broad leaved weeds including sensitive plant (Mimosa 

pudica L.), Cassia spp, morning glory (Ipomea plebia L.) and wandering jew (Commelina bengalensis 

L.). In this study the different tissue aqueous extracts showed variable inhibitory activity suggesting 

differences in concentrations of potent allelochemicals in the different plant parts or different active 

compounds. Leaf extracts exhibited higher germination inhibition suggesting the presence of more potent 

allelochemicals in the foliage of jack bean than the other tissues of this cover crop. Gulzar and Sidiquie 

(2010) working with different plant parts of Eclipta alba (L.) Hassk reported that foliar extracts were 
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generally more potent than stem and root extracts probably due to greater metabolic activity in the 

foliage. The fact that jack bean root aqueous extracts inhibited the germination parameters of blackjack 

but not goosegrass suggests the presence of allelochemicals with a narrower spectrum of activity than the 

other above ground parts of the plant.  

 

 In this study significant hormesis was observed on goosegrass germination, radicle and plumule 

growth where root extracts of jack bean were used suggesting the presence of allelochemicals with a 

stimulatory effect at low concentrations. Generally, a lot of work on allelopathic weed control has 

concentrated on the inhibitory effects of allelochemicals disregarding the stimulatory effects of these 

allelochemicals on plants (Belz et al. 2005). The stimulatory effects of extracts observed in this study 

could be exploited to induce germination and growth of susceptible weed species like goosegrass and then 

control them before they flower, a phenomenon known as the sterile seedbed technique. This could 

possibly offer potential benefits in reducing weed seed bank sizes and achieve effective long term weed 

control.  

 

 These results therefore suggest the presence of potent allelochemicals with a wide spectrum of 

activity in jack bean tissues rendering this cover crop a desirable candidate for inclusion as a cultural 

weed control strategy in integrated weed control programmes.  Specific allelopathic compounds extracted 

from jack bean include atropine, citric acid, ferulic acid, rutin, naringenin, kaempferol and phytotoxic 

polyamines (Santos et al. 2007, Santos et al. 2010). It has been reported that phenolic compounds are 

highly phytotoxic to germinating seedlings due to their ability to stimulate production of oxidative 

enzymes that modify membrane permeability, lignin synthesis and consequently reduce the growth of the 

roots (de Moraes Gomes et al. 2017). Embryo dormancy and death caused by inhibitors present in the 

extracts of cover crops, obstruction of water imbibition and alteration in the synthesis or activities of 

gibberellic acid have also been suggested as some possible mechanisms responsible for reduced seed 

germination (Olofsdotter 2001; Tawaha and Turk 2003, Anjana and Pramod 2010).  

 

 Extracts of the different plant parts of velvet bean inhibited germination and early seedling growth of 

both goosegrass and blackjack. The different plant parts exhibited differential phytotoxic activity on 

weeds with the leaves having higher phytotoxicity than stem and roots. The hormetic effect of stem 

extracts of velvet bean on radicle and plumule growth observed in this study concurs with findings by 

Appiah et al. (2015) who reported significant hormesis of velvet leaf extracts of 104% of control on 

radicle growth in lettuce (Lactuca sativa L.). The allelopathic activity of velvet bean observed in both 

weeds may be attributed to the presence of allelochemicals found in this cover crop. Fujii (2003) 
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identified an amino acid L-3, 4- Dihydroxyphenylalanine (L-DOPA) and cyanamide as the 

allelochemicals in velvet bean that inhibit plant growth. Fujii (1999) and Hachinohe & Matsumoto (2007) 

suggested that the growth inhibitory activity of velvet bean that was observed on cucumber was caused by 

reactive quinones generated from melanin during metabolism of L-DOPA which resulted in quinoprotein 

formation and mitochondrial impairment. This study indicated that all tissues of velvet bean used in this 

study possess phytotoxic allelochemicals.  

 

 Results showed that only radish roots exhibited phytotoxic activity on goosegrass whereas its leaf 

residues were more phytotoxic to germination and seedling growth of blackjack. Consistent with current 

results, Ali (2016) reported inhibition of germination of other annual grasses including wheat (Triticum 

aestivum L.), barley (Hordeum vulgare L.), canary grass (Phalaris canariensis L.) and black mustard 

(Brassica nigra L.) using aqueous root extracts of radish. The presence of protein synthesis inhibitors 

namely vanilic acid and ferulic acid in the roots of radish has previously been reported (Jing et al. 2014). 

The lack of phytotoxic activity of radish root extracts on black jack demonstrated in this study contradicts 

the findings of Zhou and Yu (2006) who reported the inhibitory activity of radish root extracts on other 

broadleaved annual plants. The inhibitory activity of radish leaf extracts could be attributed to the 

presence of isothiocynates that are released by the foliage of this crop (Petersen et al. 2001). Uludag et al. 

(2006) reported infestation of Johnsongrass [Sorghum halepense (L.) Pers] in cotton (Gossypium hirsutum 

L.) grown after harvest of garden radish demonstrating the selective activity of allelochemicals produced 

by radish. Therefore, the insensitivity of blackjack seeds to root extracts of radish underscores that broad 

spectrum weed control may best be achieved using whole plants as mulch or sources of extracts.  

 

 Aqueous extracts of all the Crotalaria species used in this study exhibited phytotoxic activity on 

germination of goosegrass and blackjack in the order leaf > stem > root indicating the presence of more 

potent allelochemicals in the leaves than any other plant part. These results concur with those of Adler 

and Chase (2007) who reported germination inhibition of smooth amaranth, bell pepper (Capsicum 

annuum L.) and tomato where extracts and mulches of black sunnhemp were used. Black sunnhemp 

roots, leaves, stems and seeds are known to contain several dehydropyrrolidizine alkaloids such as 

junceine, trichodesmine, isohemijunceines A, B, C and acetyl isohenmijunceines (Morris et al. 2015). 

Pilbeam and Bell (1979) identified the non-protein 5-hydroxy-2-aminohexanoic acid as the allelochemical 

responsible for the phytotoxic activity exhibited by black sunnhemp. There are no reports of any 

phytotoxic allelochemicals isolated from common rattlepod, showy rattlebox, red sunnhemp and hyacinth 

bean. However, results obtained in this study indicate the potential of these moderately used cover crops 

as sources of bio-herbicidal compounds for annual grass and broad leaf control. The fact that the aqueous 
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extracts of the above ground parts of these cover crops were phytotoxic to weeds makes them promising 

candidates for use as allelopathic cover crops due to the ability of the plants to produce a lot of foliage 

within a short period of time.  

 

 Tephrosia leaves were highly inhibitory to the germination and seedling growth of both weeds. The 

allelopathic activity of tephrosia leaf extracts and volatiles as well as soil incorporated biomass on several 

weeds was reported previously (Wang et al. 2011). These findings corroborate the work of Purohit and 

Pandya (2013) who reported reduced weed germination of Indian Nettle (Acalypha indica L.), spiny 

amaranth (Amaranthus spinosus L.), swollen fingergrass (Chloris barbata Sw.) and marvel grass 

(Dichanthium annulatum Forssk.) seeds that had been treated with tephrosia extracts. They attributed the 

inhibitory activity of tephrosia leaves to the presence of coumarins, flavonoids, carotenoids and quercetin 

(Purohit and Pandya 2013).  

 

 Although jack bean aqueous extracts had no effect on maize germination, its leaf and stem extracts 

reduced radicle length. Dinardo et al. (1998) reported similar finding in which jack bean residues 

significantly reduced the root length of radish and cucumber. Similarly, common rattlepod leaf and stem 

extracts exhibited allelopathic activity on germination, radicle length and plumule length suggesting 

possible allelopathic activity of this cover crop in the field provided the allelochemicals produced are not 

rendered less phytotoxic by edaphic factors. Reports of the allelopathic activity of common rattlepod are 

scarce in literature. These results contradict the findings of Runzika et al. (2013) who reported that 

common rattlepod 10% wv-1 extracts had no effect on germination, radicle length and plumule growth of 

pearl millet [Pennisatum glaucum (L.) R.Br]. These findings suggest that common rattlepod contains 

putative allelochemicals. However the allelochemicals present in common rattlepod have not yet been 

isolated and identified. Mhlanga et al. (2015a) reported that cover crops did not affect maize emergence 

and productivity in the field suggesting that this staple cereal crop is less likely to be affected by 

allelochemicals that exhibited phytotoxic activity on weeds in this study.  

 

3.5  Conclusion 
In conclusion, the study indicated that all the GMCCs used in this study contain possible allelochemicals 

that could be responsible for the inhibition exhibited on goosegrass and blackjack germination as well as 

seedling growth. Leaf extracts of all the GMCCs were more efficient in inhibiting germination and 

seedling growth of both weeds in the laboratory experiment except radish roots extracts that exhibited 

greater phytotoxic activity than the other tissue extracts. However, most of the cover crops aqueous 

extracts exhibited phytotoxic activity on maize seedling growth except hyacinth bean, tephrosia and black 
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sunnhemp. These results provide a reasonable basis for suggesting the use of these three cover crops 

aqueous extracts and/or mulches for broad spectrum weed control in maize. Whilst these findings 

complement the results from previous research studies where these cover crops where used, there is still a 

knowledge gap on the possible mode of action of these chemicals in susceptible plants. Future studies 

should therefore focus on identifying and quantifying the putative allelochemicals in the different plant 

parts of the cover crops as well as evaluating their efficacy on weeds and crops when applied post 

emergence. It is further recommended that the allelopathic potential of these cover crops be studied under 

field conditions to determine their efficacy in reducing seed viability and concomitantly weed emergence 

in arable fields.  These GMCCs are also known to be resistant to common pests and diseases as well as 

reducing weeds by their smothering effect since they produce a lot of biomass rapidly. Farmers are 

therefore likely to experience remarkable weed germination and growth suppression in the early season in 

addition to the other known benefits of these cover crops if these cover crop tissues are used at 

concentrations that are inhibitory to weed growth.  
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Chapter 4 
 

Interference of soil incorporated green manure cover crop 

biomass on the emergence and dry weight of goosegrass 

[Eleusine indica (L.) Gaertn], blackjack (Bidens pilosa L.) 

and maize (Zea mays L.)  
  
Abstract 
The objective of this study was to investigate the herbicidal potential of soil incorporated biomass of ten 

green manure cover crops (GMCCs) on the emergence and early seedling development of goosegrass 

[Eleusine indica (L.) Gaertn], blackjack (Bidens pilosa L.) and maize (Zea mays L.). The weed bioassays 

were done using leaf, stem and root residues separately and each experiment was laid out as a Completely 

Randomised Design with four replications. Twenty five seeds of each weed were separately planted in 

approximately 400 g of soil mixed with cover crop tissue powder at 1% concentration per pot. In the 

maize bioassay ten seeds were planted in soil mixed with leaf, stem and root dry biomass of jack bean and 

velvet bean at 1% concentration per pot.  The leaf, stem and root soil incorporated residues of GMCCs 

significantly (p<0.05) affected seedling emergence, dry weight and vigor indices of both weeds. Overall, 

jack bean [Canavalia ensiformis (L.) DC] residues exhibited the greatest phytotoxic activity on weed 

seedling emergence and growth. Although significant (p<0.05) variations in maize emergence and dry 

weight of maize were observed among GMCC treatments, they did not exhibit deleterious effects on 

maize seedlings compared to the control. Instead the residues of jack bean and velvet bean stimulated 

seedling emergence and early growth of maize. Based on the results of this study it was concluded that 

the different GMCC tissues contain allelochemicals that inhibit the emergence of both monocotyledonous 

and dicotyledonous weeds. It was further concluded that the different plant parts of jack bean and velvet 

bean [Mucuna pruriens (L.) DC] are not phytotoxic to maize and can therefore be used to safely manage 

weeds in this crop.  

 
Key words:  Allelopathy, Bidens pilosa, Eleusine indica, green manure cover crop, seedling 

emergence, vegetative growth, Zea mays.  
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4.1  Introduction 
The widespread and improper use of synthetic herbicides leads to environmental damage and a surge in 

the development of herbicide resistant weed biotypes (Lou et al. 2016). This has created the need for 

alternative sustainable weed control methods. Crop rotations with GMCCs mainly practiced in 

conservation agriculture (CA) and organic farming are arguably the most efficacious, environmentally 

friendly and economically feasible alternative or complement to herbicides (Abdin et al. 2000). Cover 

crops play an important role in integrated weed management (IWM) either as smother crops, mulches or 

allelopathy (IWM) (Rueda-Ayala et al. 2015).  

 

 Most of the cover crops that are being promoted in the smallholder sector of Zimbabwe are fast 

growing and produce a lot of biomass resulting in rapid canopy closure which smothers weeds when they 

are used as live mulches (Mhlanga et al. 2015). Alternatively, their dead residues may be used as surface 

mulches or be incorporated into the soil. Weed suppression when cover crop residues are incorporated 

into the soil may occur via altered nutrient dynamics depending on several other factors including type of 

tillage used, carbon to nitrogen ratio (C:N) of the decomposing cover crop material, soil type and the 

environment (Nichols et al. 2015). In addition, cover crops can suppress weeds by competing for 

resources (Norsworthy et al. 2011), disruption of life cycles of crop bound and crop associated weeds 

(Khan et al. 2010), through resource and light competition (Teasdale 1998, Morris et al. 2015), creation of 

soil conditions that promote seed decay and predation (Muoni and Mhlanga 2014) and prevention of weed 

seed set and dispersal (Nichols et al. 2015).  Furthermore, some cover crops such as stooling rye (Secale 

cereal L.), barley (Hordeum vulgare L.) and black sunnhemp (Crotalaria juncea L.) have demonstrated 

allelopathic activity (Bezuidenhout et al. 2012, Skinner et al. 2012, Halde et al. 2014).  Ferreira and 

Reinhardt (2010) reported the possibility of using cover crops to manage herbicide resistant weeds.  

 

 Allelopathy, a phenomenon occurring in natural or agricultural communities of plants is defined as 

the inhibitory or stimulatory effects of one plant species on another through the release of chemicals 

called allelochemicals (Farooq et al. 2011). Allelochemicals are released by live plants directly into the 

environment as volatiles, leachates and/or root exudates (de Gouveia Baratelli et al. 2012). The 

allelochemicals are also released when the residues of the plants decompose (Rice 1984). According to 

Ayeni (2016) allelopathy can be exploited to achieve reduced application of synthetic herbicides since 

most allelochemicals do not have residual effects and can therefore be exploited for early season weed 

control in arable fields without affecting successive crops in crop rotations. Barberi and Lo Cascio (2001) 

reported that maize-cover crop rotations reduced weed density under field conditions demonstrating the 

possibility of exploiting allelopathic cover crops for effective weed control in IWM.  
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 The fact that allelopathic effects from decomposing cover crop residues were reported to be more 

pronounced on small seeds and early emerging species compared to large seeded crops offers an 

opportunity for exploiting them for selective weed control in arable crop production (Liebman and Davis 

2000). Whole plant aqueous extracts of common cover crops that are being promoted in Zimbabwe 

reduced weed germination and early seedling development under laboratory conditions (Runzika et al. 

2013). However, although laboratory screening experiments showed that aqueous extracts of plants 

suppressed weed germination in the order leaf>stem>roots (Chapter three), it is important to evaluate 

whether the phytotoxic activity demonstrated by the cover crops under laboratory conditions can be 

expressed when their residues are mixed with the soil in order to ascertain their ability to suppress weeds 

under field conditions. Suppression of weeds in a soil environment is a more realistic indicator of 

allelopathic potential than suppression in germination studies in Petri dishes. Hence the need to further 

evaluate the effect of cover crop residues in pot experiments at biomass concentrations that simulate the 

natural situation, is obvious (Algandaby and El-Darier 2016, Yang et al. 2016). 

 

 Most of the cover crops being proposed for adoption in smallholder CA are legumes with a low 

carbon to nitrogen (C:N) ratio resulting in a faster decomposition than cereal residues that have higher 

C:N ratios (USDA-NRCS 2011). As such, when allelopathic materials of leguminous cover crops are 

applied in the field, a considerable amount of nutrients are added, which may cause stimulation of weed 

growth due to mineralisation (USDA-NRCS 2011, Hong et al. 2003) and hormesis as observed in chapter 

3. The need for finding allelopathic cover crops whose phytotoxicity outweighs their weed growth 

stimulation activity is therefore indispensable (Xuan et al. 2003).  

 

 This work aimed at the assessment of the allelopathic potential of leaf, stem and root soil 

incorporated biomass of ten cover crops. The hypothesis tested in the present study was that soil 

incorporated cover crop biomass could suppress blackjack (Bidens pilosa L.) and goosegrass [Eleusine 

indica (L.) Gaertn] emergence and growth but not those of maize (Zea mays L.). These two weeds of 

divergent morphology were used as test species to ascertain the potential of the cover crops to control 

both broad leaved and grass weed species.  

 
4.2  Materials and Methods 
4.2.1 Experimental site 
Pot experiments were conducted in a greenhouse at the Crop Science Department of the University of 

Zimbabwe (UZ).  The goosegrass bioassays were conducted between Janaury and March 2015 whereas 

the blackjack bioassays were conducted between June and August 2016. Only the maize bioassays were 

done in 2017. The UZ is situated 17.78oS; 31.05oE with an altitude of 1523 m above sea level (Chitagu et 
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al. 2014). Average day and night temperatures in the glasshouse were 28.1oC and 15.2oC. No artificial 

light was used in the glasshouse. 

 

4.2.2 Biomass preparation 
The cover crops used in the weed bioassays were grown in the field at the UZ’s Crop Science Department 

in September 2014 under irrigation and harvested in Janaury 2015 whereas the jack bean and velvet bean 

cover crop material used in the maize experiment was grown in pots during September to December of 

2016. The cover crops used include, jack bean [Canavalia ensiformis (L.) DC], velvet bean [Mucuna 

pruriens (L.) DC var utilis], hyacinth bean (Lablab purpureus L), red sunnhemp [Crotalaria ochroleuca 

(G.) Don], showy rattlebox (Crotalaria spectabilis Roth.), common bean (Phaseolus vulgaris L.), 

common rattlepod (Crotalaria grahamiana Wight & Arn.), radish (Raphanus sativus L.), tephrosia 

(Tephrosia vogelii L.) and black sunnhemp (Crotalaria juncea L.). Cover crop plants were harvested 

fresh at approximately 120 days (flowering stage) after planting and were separated into leaves, stems and 

roots. The separated plant parts (extract tissues) were cleaned using running tap water to remove soil 

particles, chopped into 2 cm pieces, air dried in a well ventilated fibre glasshouse for three weeks and 

later oven dried at 70 oC for 48 hours.  The different plant parts were ground into powder using a hammer 

mill grinder and stored in khaki envelopes under room temperature in the Weed Science laboratory for 

between two and five days before they were used in the experiments. Goosegrass and blackjack seeds 

used as test species were harvested from mature plants at Henderson Weed Research Station and the UZ 

Crop Science plots, respectively. An early maturing maize variety SC403 purchased from SEEDCO was 

used in the maize experiments.  

 

4.2.3 Weed bioassays 
The glasshouse study was carried out using the method described by Naderi and Bijanzadeh (2012). Each 

pot experiment was laid out as a Completely Randomised Design (CRD). The effect of the different cover 

crop tissues on the emergence and seedling growth of goosegrass and blackjack were compared separately 

i.e. leaves of the different cover crops and the stems and roots were evaluated separately. No cover crop 

residues were put in the control pots. The pot experiments were replicated four times and only goosegrass 

experiments were repeated once. Each weed species was considered a separate experiment. The soil used 

in the goosegrass bioassays was granite derived sands from Domboshava (17o 37' S, 31o 10' E and 1560 

metres above sea level) whereas UZ red soils were used in the blackjack bioassay in order mimic edaphic 

factors under which the two weeds exert their dominance (Chivinge, 1988). The chemical and physical 

properties of the soils used are shown in Table 4.1.  
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Table 4. 1  Chemicaal and physical properties of soil that was used in the study 
Soil properties UZ red soil Domboshava sand soil 
% Clay 18 7 
% Silt 16 5 
% Sand 66 88 
Ca me % 7.61 4.6 
Mg me % 4.17 0.2 
K me % 0.32 0.23 
Na me %  0.22 0.46 
CEC me % 12.32 2.81 
% H2O 2.98 1.76 
% Organic carbon 1.66 0.41 
pH (CaCl2) 5.20 0.05 
% Organic matter 3.32 0.61 
me % = milliequivalents percent 

 

Pots measuring 90 mm bottom diameter, 105 mm top diameter and 65 mm height were filled with 400 g 

of soil in which one gram of compound D (7% N, 14% P2O5, 7% K2O) was added. The respective cover 

crop tissue powder was thoroughly mixed with soil at a concentration of 1% [cover crop biomass 

concentration adopted from Caamal-Maldonado et al. (2001) and Fujii 2003] aiming to provide a 

concentration of the cover crop residues similar to what would be obtained by the cover crops in nutrient 

depleted soils under dry land conditions. Thereafter, 25 seeds of the respective weed species were counted 

and placed on the soil surface in the pots after which they were covered with a thin layer of soil. A 

uniform amount of tap water of 150 ml was applied to the pots daily using a perforated cup. The number 

of emerged goosegrass and blackjack seedlings in the pots was recorded daily until no further emergence 

was noted.  Final emergence percentage was calculated using the following formula:  

 

 
 

 On day 21 after planting of the weed seeds, the seedlings were harvested and washed gently with tap 

water to remove any soil from the roots. The uprooted weeds were oven dried for 72 hours at 70 oC to 

obtain the dry weight of the weeds. Seedling vigor index (SVII) was calculated using the formula adopted 

from Abdul-Baki and Anderson (1973) as follows: 

 

. 

 Inhibition of the different cover crop plant parts was evaluated using the method of Hong et al. 

(2003) where inhibition magnitudes were ranked based on the mean inhibition of leaf, stem and root soil 

incorporated biomass in descending order. The average inhibition percentages were then grouped into 
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three categories where more than 80%, 50% and 20% were classified as the first, second and third 

strongest inhibitory degree, respectively. Inhibition percentage was calculated as follows: 

 

 

4.2.4 Maize bioassay 
A pot experiment was carried out in the glasshouse to evaluate the influence of soil incorporated ground 

tissue biomass of jack bean and velvet bean on the emergence and dry weight of maize. Only jack bean 

and velvet bean were used in this experiment because their above ground tissues had proved to be 

inhibitory to both weeds. Moreover, they are the only two GMCC that demonstrated tolerance to mid 

season dry spells contrary to the other GMCCs that established poorly and showed signs of wilting early 

under field conditions. Brust et al. (2014) suggested using better adapted cover crops. Moreover, they 

were able to achieve complete soil cover faster than the other cover crops which left the soil bare for 

longer periods of time. The experiment was laid out as a CRD with five replications.  Pots of 200 mm 

diameter and 175 mm height were three quarter filled with sandy soil from Domboshava Training Centre. 

The soil in the pots was mixed with 2 g of Compound D which translates to 88 kg ha-1 in order to mimic 

the practice of resource poor farmers who apply low rates of babsal fertilizer in maize. Thereafter, 8 

grams of ground biomass of leaf, stem and roots of jack bean and velvet bean were thoroughly mixed 

with 800 g of soil and placed in separate pots to mimic the amount of basal fertliser that farmers apply per 

planting basins. Subsequently, ten maize seeds (SEEDCO variety SC403) were planted in the pots to a 

depth of 50 mm after which the pots were watered with tap water to field capacity using a watering can 

fitted with a fine rose. Maize emergence and dry weight data were recorded using the same procedure 

described in the weed bioassays.  

 

4.2.5 Data analysis 
The data were tested for normality using the Shapiro-Wilk Test (p<0.05) and plotted for residuals using 

Genstat Release 14 (Genstat 2011) to check assumptions for the analysis of variance (ANOVA). Mean 

separation was done using Fischer’s protected least significance difference (LSD) at 5% significance 

level.  

 

4.3  Results 
4.3.1 Effect of cover crop soil incorporated residues on emergence, dry weight and seedling vigor 

index of blackjack 
The emergence of blackjack was significantly (p<0.05, Appendix 4.1-4.3) affected by different cover crop 

leaf, stem and root soil incorporated residues (Table 4.2). Leaf, stem and root soil incorporated biomass 
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inhibited blackjack seedling emergence by 42-96%, 49-94% and 46-93%, respectively.  Generally, the 

leaf tissues were more inhibitory than the stem and root tissues. Overall, tephrosia and hyacinth bean 

residues inhibited blackjack emergence significantly (p<0.05) better than the other cover crops with a 

percentage mean inhibition of above 80%.  
 

Table 4. 2  Effect of soil incorporated residues of different plant parts of cover crops on emergence (%) of 
blackjack 

 
Cover crop Leaf 

% 
inhibition Stem 

% 
inhibition Root 

% 
inhibition 

Mean % 
inhibition 

 
Rank 

Control 67.0a  67.0a  67.0a    
Jack bean 6.0c 91 18.0dbc 73 19.0dce 72 79 3** 
Velvet bean 3.0c 96 25.0bc 63 32.0bc 52 70 5** 
Hyacinth bean 8.0c 88 14.0dc 79 12.0de 82 83 2*** 
Red sunnhemp 8.0c 88 29.0bc 57 19.0cde 72 72 4** 
Showy rattlebox 39.0b 42 24.0bc 64 5.0e 93 66 8** 
Common bean 4.0c 94 29.0bc 57 31.0bc 54 68 7** 
Common rattlepod 34.0b 49 34.0b 49 35.0b 48 49 10* 
Radish  6.0c 91 28.0bc 58 27.0bcd 60 70 5** 
Tephrosia 11.0c 84 4.0d 94 10.0e 85 88 1*** 
Black sunnhemp 9.0c 87 29.0bc 57 36.0b 46 63 9** 
P-value <0.001  0.001  <0.001    
LSD 12.85  17.48  15.72    

Means followed by the same letter in the same column are not significantly different at p<0.05. 
***, **,* represents species with mean inhibition over control ≥80%, ≥50%, and ≥20%, respectively. 

 

 Leaf, stem and root soil incorporated residues of all cover crops significantly (p<0.05, Appendix 4.4-

4.6) suppressed the dry weight of blackjack (Table 4.3). Results showed that among the ten cover crop 

species, jack bean, velvet bean, common bean, hyacinth bean and tephrosia exhibited the greatest average 

suppression on dry weight of blackjack with a mean inhibition above 80% over the control. Showy 

rattlebox showed the least mean inhibition of 46%. 
 

Table 4. 3  Effect of soil incorporated residues of different plant parts of cover crops on dry weight (g) of 
blackjack 

 
Cover crop Leaf 

% 
inhibition Stem 

% 
inhibition Root 

% 
inhibition 

Mean % 
inhibition 

 
Rank 

Control 0.074a  0.074a  0.074a    
Jack bean 0.010c 86 0.021dc 72 0.016bc 78 79 3** 
Velvet bean 0.005c 93 0.029c 61 0.041b 45 66 5** 
Hyacinth bean 0.009c 88 0.01dc 86 0.008c 89 88 1*** 
Red sunnhemp 0.020bc 73 0.046b 38 0.018bc 76 62 8** 
Showy rattlebox 0.047b 36 0.029c 61 0.044b 41 46 10** 
Common bean 0.014c 81 0.028c 62 0.037bc 50 64 6** 
Common rattlepod 0.018c 76 0.030c 59 0.028bc 62 66 7** 
Radish 0.021bc 72 0.041b 45 0.035bc 53 56 9** 
Tephrosia 0.017c 77 0.001d 99 0.022bc 70 82 2*** 
Black sunnhemp 0.023bc 69 0.023dc 69 0.023bc 69 69 4** 
P-value 0.001   <0.001  <0.001    
LSD 0.027  0.023  0.031    

Means followed by the same letter in the same column are not significantly different at p<0.05). 
***, **,* represents species with mean inhibition over control ≥80%, ≥50%, and ≥20%, respectively. 
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 Seedling vigor index of blackjack was significantly (p<0.05, Appendix 4.7-4.9) reduced by different 

tissue residues of the cover crops (Table 4.4). Percentage inhibition ranged from 82-99%, 76-100%, 73-

97% over control where leaf, stem and root residues were used, respectively. Overall, all the cover crops 

were ranked to be in the first level of allelopathic potential with mean inhibition above 80%.  

 

Table 4. 4  Effect of soil incorporated residues of different plant parts of cover crops on seedling vigor index 
(SVII) of blackjack 

 
Cover crop 

 
Leaf 

% 
inhibition 

 
Stem 

% 
inhibition 

 
Root 

% 
inhibition 

Mean % 
inhibition 

 
Rank 

Control 2.30c 
(5.007)  

2.30c 
(5.007)  

2.30c 
(5.007)  

  

Jack bean 0.75a 
(0.062) 99 0.94abc 

(0.385) 92 0.89abc 
(0.320) 94 95 3*** 

Velvet bean 0.73a 
(0.037) 99 1.12abc 

(0.838) 83 1.35e 
(1.356) 73 85 5*** 

Hyacinth bean 0.77a 
(0.087) 98 0.83ab 

(0.190) 96 0.79a 
(0.132) 97 97 1*** 

Red sunnhemp 0.83a 
(0.200) 96 1.36c 

(0.401) 92 0.92abcd 
(0.359) 93 94 7*** 

Showy rattlebox 1.50b 
(0.914) 82 1.15abc 

(0.031) 99 0.83ab 
(0.197) 96 92 10** 

Common bean 0.76a 
(0.082) 98 1.15abc 

(0.873) 83 1.29de 
(1.207) 76 86 6*** 

Common rattlepod 0.99a 
(0.560) 89 1.19bc 

(0.980) 80 1.12abcde 
(0.820) 84 84 8*** 

Radish 0.82a 
(0.192) 96 1.27bc 

(1.224) 76 1.21cde 
(1.016) 80 84 9*** 

Tephrosia 0.85a 
(0.225) 96 0.72a 

(0.016) 100 0.85abc 
(0.242) 95 97 2*** 

Black sunnhemp 0.87a 
(0.280) 94 1.07abc 

(0.660) 87 1.16bcde 
(0.960) 81 87 4*** 

P-value <0.001  <0.001  <0.001    
LSD 0.371  0.450  0.369    

Means followed by the same letter in the same column are not significantly different at p<0.05. 
***, **,* represents species with mean inhibition over control ≥80%, ≥50%, and ≥20%, respectively. 
Data were √(x+0.5) transformed. Untransformed data given in brackets was used to calculate the inhibition 
percentages.  
 

4.3.2 Effect of cover crop soil incorporated biomass on emergence, dry weight and seedling vigor 
index of goosegrass 

Leaf biomass of all the cover crops except showy rattlebox exhibited significant (p<0.05, Appendix 4.10) 

phytotoxic activity on the emergence of goosegrass with inhibition percentages that ranged from 24-56% 

(Table 4.5). Most of the cover crops caused weak inhibition of goosegrass emergence except jack bean, 

hyacinth bean, red sunnhemp and common rattlepod that reduced emergence by more than 50% over the 

control. Similarly, stem residues apart from showy rattlebox, exhibited significant (p<0.05, Appendix 

4.11) allelopathic activity on the emergence of goosegrass with the highest percentage reduction of 70% 

being observed where black sunnhemp stem residues were mixed with the soil. Except for showy 
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rattlebox and common bean, soil incorporated root residues of cover crops significantly (p<0.05, 

Appendix 4.12) reduced emergence of goosegrass. Radish and hyacinth bean caused the highest inhibition 

percentage over the control compared to the other cover crops. 
 

Table 4. 5  Effect of soil incorporated biomass of different plant parts of cover crops on emergence of 
goosegrass 

 
Cover crop Leaf 

% 
inhibition Stem 

% 
inhibition Root 

% 
inhibition 

Mean % 
inhibition 

 
Rank 

Control 98.3e  98.3e  98.3e    
Jack bean 46.0a 53 47.5bc 52 37.0ab 62 56 4** 
Velvet bean 81.5cd 17 38.5ab 61 57.0cd 42 40 8* 
Hyacinth bean 44.4a 55 38.1ab 61 32.5ab 67 61 1** 
Red sunnhemp 45.7a 54 56.9cd 42 42.5bc 57 51 6** 
Showy rattlebox 88.0de 10 89.0e 9 86.0e 13 11 10 
Common bean 75.0cd 24 68.5d 30 63.5d 35 30 9* 
Common rattlepod 43.5a 56 43.5abc 56 31.5ab 68 60 3** 
Radish 48.0a 51 42.0abc 57 26.0a 74 61 1** 
Tephrosia 57.5ab 42 35.5ab 64 44.5bc 55 53 5** 
Black sunnhemp 71.0bc 28 29.0a 70 44.5bc 55 51 6** 
P-value <0.001  <0.001  <0.001    
LSD 16.13  18.31  15.44    

Means followed by the same letter in the same column are not significantly different at p<0.05. 
***, **,* represents species with mean inhibition over control ≥80%, ≥50%, and ≥20%, respectively. 
 
 Results in Table 4.6 show that the effect of cover crop leaf residue type on the dry weight pot-1 of 

goosegrass was significant (p<0.05, Appendix 4.13). Jack bean leaf residues were more effective in 

inhibiting goosegrass dry weight than the other cover crops with a percentage reduction above 80%. 

However, velvet bean stimulated weed growth by 29%. Soil incorporated stem biomass of the cover crops 

significantly (p<0.05, Appendix 4.14) reduced goosegrass dry weight by 57-97% except showy rattlebox 

residues that stimulated weed growth by 12% above the control.  Root residues of the different cover 

crops significantly (p<0.05, Appendix 4.15) reduced goosegrass dry weight except velvet bean which 

caused a stimulation of 60%. Overall, jack bean caused the highest inhibition of goosegrass dry weight 

accumulation with mean inhibition over the control of 94%. Red sunnhemp, common bean, common 

rattlepod and black sunnhemp showed strong allelopathic potential with mean inhibition percentages that 

were above 80%. Overall, Jack bean inhibited dry weight of goosegrass better than the other GMCCs.  
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Table 4. 6  Effect of soil incorporated residues of different plant parts of cover crops on dry weight (g) of 
goosegrass pot-1 

 
Cover crop 

 
Leaf 

% 
inhibition 

 
Stem 

% 
inhibition 

 
Root 

% 
inhibition 

Mean % 
inhibition 

 
Rank 

Control 1.14ef  1.14b  1.14c    
Jack bean 0.16a 86 0.02a 98 0.02a 98 94 1*** 
Velvet bean 1.47f -29 0.25a 78 1.82c -60 -4 9 
Hyacinth bean 1.13ef 1 0.09a 92 0.06a 95 63 8** 
Red sunnhemp 0.24ab 79 0.04a 96 0.03a 97 91 3*** 
Showy rattlebox 0.87de 24 1.28b -12 0.32b 72 28 10 
Common bean 0.42abc 63 0.05a 96 0.03a 97 85 4*** 
Common rattlepod 0.25a 78 0.02a 98 0.02a 98 92 2*** 
Radish 0.72cd 37 0.05a 96 0.04a 96 76 6** 
Tephrosia 0.81de 29 0.02a 98 0.04a 96 75 7** 
Black sunnhemp 0.58bcd 49 0.01a 99 0.03a 97 82 5** 
P-value <0.001  <0.001  <0.001    
LSD 0.389  0.123  0.574    

Means followed by the same letter in the same column are not significantly different at p<0.05). 
***, **,* represents species with mean inhibition over control ≥80%, ≥50%, and ≥20%, respectively. 
 
 Except for velvet bean, leaves of the other cover crops significantly (p<0.05, Appendix 4.16) 

inhibited seedling vigor of goosegrass (Table 4.7). Three cover crops (jack bean, red sunnhemp and 

common rattlepod) significantly suppressed seedling vigor of goosegrass by more than 80% over the 

control. Conversely, velvet bean leaf residues significantly stimulated goosegrass seedling vigor by 8%. 

On the other hand, stem residues of all cover crops significantly (p<0.05, Appendix 4.17) suppressed 

goosegrass seedling vigor except showy rattlebox which caused a negligible stimulation of 2%. Apart 

from velvet bean, root biomass of the different cover crops significantly (p<0.05, Appendix 4.18) reduced 

goosegrass seedling vigor. The majority of cover crops exhibited strong allelopathic potential above 80%, 

except velvet bean and showy rattlebox. Overall jack bean exhibited the highest mean inhibition over the 

control. 
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Table 4. 7  Effect of soil incorporated residues of different plant parts of cover crops on seedling vigor index 
(SVI) of goosegrass 

 
Cover crop Leaf 

% 
inhibition Stem 

% 
inhibition Root 

% 
inhibition 

Mean % 
inhibition 

 
Rank 

Control 9.75de 
(111.78)  

9.75de 
(111.78)  

9.75de 
(111.78)  

  

Jack bean 2,74a 
(7.17) 94 1.20a 

(1.01) 99 1.11a 
(0.74) 99 97 1*** 

Velvet bean 10.88e 
(120.41) -8 3.04b 

(10.25) 91 9.64c 
(116.67) -4 26 9 

Hyacinth bean 6.86bc 
(49.91) 55 1.86ab 

(3.74) 97 1.34a 
(1.63) 99 84 8*** 

Red sunnhemp 3.06a 
(10.66) 90 1.63ab 

(2.46) 98 1.37a 
(1.51) 99 96 3*** 

Showy rattlebox 8.62cd 
(76.62) 31 10.64cd 

(114.16) -2 4.96b 
(25.83) 77 35 10 

Common bean 5.59b 
(35) 68 1.84ab 

(3.29) 97 1.42a 
(1.68) 98 88 4*** 

Common rattlepod 3.30a 
(11.02) 90 1.22a 

(11.48) 99 1.00a 
(0.56) 99 96 2*** 

Radish 5.78b 
(36.38) 67 1.55ab 

(2.18) 98 1.18a 
(0.95) 99 88 6*** 

Tephrosia 6.81bc 
(48.22) 57 1.11a 

(0.77) 99 1.41a 
(21.63) 99 85 7*** 

Black sunnhemp 6.38b 
(42.20) 62 1.55a 

(0.53) 100 1.44a 
(21.76) 98 87 5*** 

P-value <0.001  <0.001  <0.001    
LSD 1.985  1.565  2.190    

Means followed by the same letter in the same column are not significantly different at p<0.05. 
***, **,* represents species with mean inhibition over control ≥80%, ≥50%, and ≥20%, respectively. 
Data were √(x+0.5) transformed. Untransformed data given in brackets was used to calculate the inhibition 
percentages.  
 
Table 4.8 summarises the effect of the different cover crop tissue ground residues on blackjack and 

goosegrass.  
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Table 4. 8  Summary of the effect of cover crop soil incorporated residues on emergence and seedling growth 
of goosegrass and blackjack 

 Goosegrass    Blackjack 
Tissue E% Dry weight SVII    E% Dry weight  SVII 

Jack bean 
Leaf - - -    - - - 
Stem - - -    - - - 
Root - - -    - - - 

Velvet bean 
Leaf - + +    - - - 
Stem - - -    - - - 
Root - + +    - - - 

Hyacinth bean 
Leaf - - -    - - - 
Stem - - -    - - - 
Root - - -    - - - 

Red sunnhemp 
Leaf - - -    - - - 
Stem - - -    - - - 
Root - - -    - - - 

Showy rattlebox 
Leaf - - -    - - - 
Stem - - -    - - - 
Root - - -    - - - 

Common bean 
Leaf - - -    - - - 
Stem - - -    - - - 
Root - - -    - - - 

Common rattlepod 
Leaf - - -    - - - 
Stem - - -    - - - 
Root - - -    - - - 

Radish 
Leaf - - -    - - - 
Stem - - -    - - - 
Root - - -    - - - 

Tephrosia 
Leaf - - -    - - - 
Stem - - -    - - - 
Root - - -    - - - 

Sunnhemp 
Leaf  - - -    - - - 
Stem - - -    - - - 
Root - - -    - - - 
Key:  (0) - no inhibitory effect, (-) - inhibitory effect, (+) - stimulatory effect; E% – emergence percentage, Wt – 

dry weight, SVII – vigor index 
 

4.3.3 Effect of cover crop soil incorporated residues of jack bean and velvet bean on emergence, 
dry weight and seedling vigor of maize 

The effect of soil incorporated leaf, stem and root residues of jack bean and velvet bean tissues on maize 

emergence and dry weight is presented in Table 4.9. The effect of tissue type on maize emergence was 

significant (p<0.05, Appendix 4.19). None of the residues of jack bean tissues exhibited deleterious 
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effects on maize emergence. Instead, jack bean leaf biomass significantly stimulated the emergence of 

maize by 32.5% as compared to the control. Velvet bean stem and root biomass significantly increased 

maize emergence by 28.2% and 45.5% as compared to the control, respectively. Velvet bean leaf residues 

however, did not affect maize emergence compared to the control. Velvet bean root residues significantly 

(p<0.05, Appendix 4.20) increased maize dry weight by 46% over the control. The other treatments were 

not statistically different from each other. Consequently, velvet bean root residues significantly (P<0.05, 

Appendix 4.21) increased seedling vigor index by 108.7% over the control. The other treatments did not 

significantly affect vigor index.  

 
Table 4. 9 Effect of leaf, stem and root soil incorporated residues on emergence, dry weight and seedling 

vigor index of maize 
Biomass type Emergence (%) Dry weight (g) Seedling vigor (SVI) 
Control 61.60a 2.39a 149.31a 
Jack bean leaf 81.60bc 1.93a 157.84a 
Jack bean stem 75.00abc 1.61a 121.17a 
Jack bean root 72.00ab 1.82a 133.63a 
Velvet bean leaf 62.40a 1.70a 117.77a 
Velvet bean stem 79.00bc 2.38a 197.93a 
Velvet bean root 89.60c 3.48b 311.63b 
P-value 0.009 0.002 0.002 
LSD 16.040 0.913 91.914 
Means in columns followed by the same letter are not significantly different as determined by Fisher’s protected 
least significant difference test (p ≤ 0.05). 
 
4.4  Discussion 
Results obtained in this study proved the hypothesis that soil incorporated biomass of cover crops could 

suppress the emergence and growth of weeds but not maize. The biomass of all the cover crop plant 

tissues used differentially suppressed the emergence of both weeds. It is suggested that the suppression of 

emergence and seedling growth observed was due to the presence of allelochemicals that were released 

by the cover crop residues into the soil. These findings confirm the allelopathic suppression of the weeds 

that was observed in the laboratory experiments (Chapter 3). Suppression of weed emergence by soil 

incorporated biomass of allelopathic plants was also reported by several other authors (Adler and Chase 

2007, Skinner et al. 2012, Rueda-Ayala et al. 2015). Inhibition of weed emergence could be due to the 

disruption of mitosis which results in a reduction in root elongation and a concomitant reduction in root 

volume (Jabran et al. 2010). As a result the roots fail to absorb enough moisture to support the emergence 

of the germinated seedling. For example, Soares et al. (2014) reported that L-DOPA, an allelochemical 

found in velvet bean and many species of the Fabaceae family caused deformed and malfunctioning roots. 

This interference with root growth could be responsible for reduced emergence and seedling dry weight 
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that was observed in this study due to poor growth of the nutrient and moisture starved plants (Niakan and 

Saberi 2009).  

 

 The study revealed that the ability of soil incorporated biomass of different plant parts varied 

significantly among cover crops with leaves showing more inhibitory activity than the stems and roots on 

blackjack but all the tissues exhibited the same level of germination and growth suppression on 

goosegrass. The presence of more putative allelochemicals in leaf tissues of other plants compared to 

stems and roots has previously been reported (Gulzar and Sidiquie 2010) and has been attributed to 

greater metabolic activity in the foliage than other plant parts except in radish where roots are the 

principal storage organ of the plant (Uludag et al. 2006, Skinner et al. 2012). The soil incorporated 

biomass of all the jack bean tissues consistenly reduced all the parameters of both weeds measured. These 

findings suggest the presence of putative allelochemicals with non-selective activity on weeds in this 

GMCC. The inhibitory activity of jack bean may be attributed to the presence of phenolic acids and 

phytotoxic polyamines that were isolated from the tissues of this leguminous cover crop earlier (Santos et 

al. 2007, Santos et al. 2010). The other cover crops showed variable efficacy in inhibiting weed 

emergence. Variable inhibition was observed on goosegrass with leaf and stem biomass of showy 

rattlebox exhibiting lack of inhibitory activity on this monocotyledonous weed.  

 

 Morphological examination showed that the goosegrass plants that had emerged turned yellow and 

slowly became necrotic, a symptom which is characteristic of photosystem 2 inhibiting herbicides. The 

fact that chlorosis was only observed in pots where soil was mixed with GMCC biomass but not in the 

control where the soil was not mixed with GMCCs biomass suggests the presence of photosynthesis 

inhibiting allelochemicals in the residues of jack bean. Alternatively, chlorosis could be a result of 

reduced nutrient uptake which can be caused by a reduction in root volume and function triggered by the 

phytotoxic activity of allelochemicals on root cells (Shahid et al. 2006). There is also a possibility that the 

allelochemicals produced could interact with the soil by increasing cation exchange capacity (CEC) 

which led to reduction of nutrient uptake. It is also possible that the allelochemicals could have reacted 

with nutrients to form insoluble complexes that are not available for plant uptake resulting in chlorosis.  

 

 The different cover crop tissues differentially affected the dry weight accumulation and vigor indices 

of goosegrass. The majority of cover crop tissues suppressed seedling growth of the weeds except leaf 

and root biomass of velvet bean that did not affect the dry weight and germination vigor index of 

goosegrass. The fact that some of the cover crop treatments reduced emergence but stimulated dry weight 

of weeds shows that phytotoxicity lasted only a short time (Xuan et al. 2003). Alternatively, the high 
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biomass in pots that had low emergence could be a result of reduced intra specific competition for 

resources amongst the plants in the same pot. This could probably the reason why goosegrass dry weight 

in the control and velvet bean was similar to that of hyacinth bean although both had twice as many plants 

that emerged than hyacinth bean. Whilst it is possible to ascribe the differences in emergence percentages 

to the presence of possible allelochemicals in the cover crop tissues, it is probable that many other factors 

could also be responsible for differences in dry matter accumulation observed. These findings are in 

agreement with those of Yang et al. (2016) who reported that 0.002 g of Eucalyptus spp leaf extracts 

increased the biomass of broad leaved weeds in potted experiments. Growth stimulation was not observed 

in blackjack, which demonstrates that this dicotyledonous weed is more susceptible to allelochemicals 

than the monocotyledonous goosegrass.  These findings contradict the findings of Runzika et al. (2013) 

who reported suppression of the dry weight of these two weeds by whole plant extracts of the cover crops 

used in this study. The differences could be because they used whole plant extracts where allelochemicals 

from different plants parts could have acted synergistically. Moreover, they used higher residue 

concentrations of 10% compared to 1% used in this study. The growth stimulation observed can be 

attributed to high levels of nitrogen in the leaves of these leguminous cover crops (de Moraes Gomes et 

al. 2017) or hormetic effects of allelochemicals at low concentrations (Rueda-Ayala et al. 2015). 

Although many studies have demonstrated allelopathic potential of some cover crops, weed suppression 

was observed with artificially high concentrations yet allelochemicals exist in very low concentrations 

under fields conditions (Belz et al. 2005). As such, these present results are of practical significance since 

they represent conditions that are most likely to occur under natural conditions. In such cases where 

hormesis is most likely to occur, it may be necessary to combine the use of allelopathic mulches or 

extracts with herbicides or other weeds control options in order to achieve satisfactory control of weeds 

(Jabran 2010).  

 

 Soil incorporated residues of jack bean and velvet bean crops did not suppress maize emergence. 

Instead, the presence of cover crop tissues stimulated emergence of the maize plants. This suggested that 

maize is not affected by concentrations of these allelochemicals that exhibited phytotoxic activity on 

weeds. The results concur with findings by Mhlanga et al. (2015) who reported that jack bean and velvet 

bean did not affect maize emergence and productivity suggesting that it is not affected by allelochemicals 

that exhibited various degress of phytotoxic activity on weeds in this study. Lack of phytotoxic activity of 

GMCC residues could be due to differences in seed size or sensitivity. Sensitivity to allelochemicals has 

been observed to be high in small seeds compared to large seeds (Adler and Chase, 2007; Pellissier, 

2013). Bezuidenhout et al. (2012) reported that maize was not affected by leaf residues of cover crops and 
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this was attributed to the large amount of resources that are present in maize seeds to support germination 

and early seedling establishment.  

 

 Tolerance of large seeded crops to allelochemicals that exhibit phytotoxicity to small seeded weed 

species could also be attributed to the ability of large seeded plants to enzymatically detoxify the 

allelochemicals or due to low absorption and translocation of these phytotoxic chemicals in the plants 

(Liebmann and Sundberg, 2006). However, there is a possibility that the differences in susceptibility of 

the two weeds to possible allelochemicals in velvet bean biomass could be a result of their physiology. It 

was evident that goosegrass was less affected by velvet bean biomass compared to black jack and these 

differences could be attributed to differences in morphology. Soares et al. (2014) reported that Gramineae 

and Leguminosae species were less affected by jack bean extracts, with respect to root growth, than 

species of Brassicaceae, Compositae, Cucurbitaceae and Hydrophyllaceae. However, these findings 

contradicted those of Rueda-Ayala et al. (2015) who reported that cover crop extracts suppressed root 

growth of bigger seeded maize and the small seeded weed species equally. It is known that herbicide 

activity is dosage dependent therefore aqueous extracts of these two cover crops can be used at these 

concentrations without affecting the growth of maize. It therefore implies the possibility of utilising cover 

crop residues to achieve selective weed control in maize. Maize growth stimulation that was observed 

could be due to hormesis since the cover crop biomass concentration used in this study was very low in 

order to mimic field conditions. 

 

 Overall, soil incorporated cover crop residues demonstrated allelopathic activity on blackjack and 

goosegrass except showy rattlebox and velvet bean which consistently promoted weed growth. Results 

obtained in this study demonstrated the need to evaluate the efficacy of the mulches and extracts of these 

cover crops in the field to establish whether the allelopathic activity observed in this study can be 

expressed under natural conditions taking into consideration the differences in edaphic factors since these 

could affect the activity of allelochemicals.  

 
4.5   Conclusion 
In conclusion, the study revealed the possibility of the presence of putative allelochemicals with 

phytotoxic activity on goosegrass and blackjack emergence as well as seedling growth in the cover crops 

used. Leaf residues of cover crops were more efficient in reducing emergence and dry weight of both 

weeds. Overall, the leaf, stem and root residues of jack bean and hyacinth bean tissue inhibited both 

weeds better than all the GMCCs that were evaluated in this study. It was also concluded that the amount 

of residues of the velvet bean and jack bean used in this study are not allelopathic to maize and could 

therefore be included in rotations as a cultural method of weed control. The effect of the soil incorporated 
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biomass of the rest of these cover crops on maize emergence and early seedling growth could not be 

established because they were not evaluated in this study hence no conclusion on their effect could be 

made. Therefore, it is recommended that the effect of the other GMCCs that were not studied in this study 

on maize be evaluated in future studies. Whilst these findings complement the results from the laboratory 

bioassays where these cover crops were used, there is still a knowledge gap on the possible mode of 

action of these allelochemicals in susceptible plants. Future studies should therefore focus on identifying 

and quantifying the putative allelochemicals in the different plant parts of the cover crops as well as 

evaluating their activity on weeds and crops when applied post emergence. It is further recommended that 

the allelopathic potential of these cover crops be studied under field conditions to determine their efficacy 

in reducing seed viability and concomitantly weed emergence in arable fields.   
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Chapter 5 
 
 

Profiling and bioactivity assessment of possible allelopathic 

compounds from velvet bean [Mucuna pruriens (L.) DC] and 

jack bean [Canavalia ensiformis (L.) DC] 
 
Abstract 
 

Profiling of phenolic and other polar compounds in jack bean [Canavalia ensiformis (L.) DC] and velvet 

bean [Mucuna pruriens (L.) DC] was carried out by Liquid Chromatography Mass Spectrometry coupled 

to quadrupole time-of-flight mass spectrometry. Possible polar allelopathic compounds were extracted in 

methanol from the leaves, stems and roots of the two cover crops. Thereafter, germination bioassays were 

carried out using standards of compounds previously reported in literature to determine their efficacy in 

suppressing seedling growth of blackjack (Bidens pilosa L.) and goosegrass [Eleusine indica (Gaertn)]. 

The major compounds detected in both cover crops were kaempferol derivatives. Quercetin 3-O-

glucoside 7-O- rhamnoside was detected in all the tissues of both cover crops. It is the first time this 

compound is being reported in these two cover crops. Two compounds with major peaks in velvet bean 

could not be identified. Quantification of phenolics using LCMS confirmed the presence of kaempferol, 

naringenin, rutin and genistein in jack bean tissues. On the other hand, only genistein and atropine were 

detected in velvet bean. Some of the phenolic compounds inhibited seedling growth of both blackjack and 

goosegrass with the highest inhibition being obtained where kaempferol was used on both weeds. 

 
Key words: Allelopathy, Bidens pilosa, Canavalia ensiformis, Eleusine indica, kaempferol, 

Mucuna pruriens, 
 
5.1  Introduction 
Weeds are major pests that account for 43% of crop yield losses throughout the world (Lemessa and 

Wakjira 2015). In sub-Saharan Africa smallholder farmers mainly rely on manual weeding which is 

generally ineffective in managing aggressive weeds (Chikoye et al. 2007). The problem is exacerbated by 

the low rate of adoption of herbicide technology in these farming systems (Mtambanengwe et al. 2015). 

In most cases, farmers prefer to continue planting new fields with the early rains at the expense of weed 

control thereby exposing their young crops to early season weed pressure (Mavunganidze et al. 2014). By 

the time they perform the first weeding at approximately five weeks after crop emergence the crops would 
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have already suffered from weed competition (Meksawat and Pornprom 2010). Weeds are adapted to 

competition when resources are limiting due to their luxury resource consumption coupled with their 

ability to exhibit developmental plasticity. Surveys done in Zimbabwe’s smallholder sector have 

identified Eleusine indica (L.) Gaertn, commonly known as goosegrass, and blackjack (Bidens pilosa L.), 

as some of the most aggressive and difficult to control weeds in several crops (Chivinge 1988, Takano et 

al. 2016).  

 

 Goosegrass, an economically important annual weedy grass worldwide, can cause losses of between 

20% and 60% in crop production (Rodenburg et al. 2011, Jalaludin et al. 2014). Goosegrass is adapted to 

several environments making it a problematic weed in both warm- and cool-season crops (McCullough et 

al. 2015) in all the agro-ecological regions of Zimbabwe (Mashingaidze 2004). It mimics the vegetative 

stage of cultivated rapoko [Eleusine corocana (L.) Gaertn] and has synchronized its life cycle with that of 

several crops and as a result its seeds are harvested together with crop seeds (Abdallah et al. 2012, Issaka 

et al. 2012, Zhou et al. 2013). Since most resource poor farmers use uncertified seed of especially small 

grain crops to plant their crops, goosegrass seed end up being dispersed into new fields. This weed has a 

high fecundity rate, producing between 10 700 and 137 000 viable seeds with longevity of more than 10 

years (Sibiya and Chivinge 2000). Futhermore, it displays developmental plasticity and is able to produce 

seeds even under extreme conditions under which crops can hardly reproduce. As a result goosegrass is 

difficult to control once it has been introduced into the soil seed bank. There are very few herbicide 

options for control of goosegrass because it has developed cross resistance to several herbicide 

chemistries rendering chemical weed control ineffective against this weed (Breeden et al. 2017). 

 

  Blackjack is a broad leaved annual weed that grows throughout the year and is classified as a major 

weed of several crops including sorghum (Sorghum bicolor Moench), cotton (Gossypium hirsutum L.) 

and maize (Zea mays L.) (Shivakumar et al. 2014). A single blackjack plant can produce about 30 000-35 

000 dimorphic seeds with different germination requirements making it impossible to eradicate once the 

seeds are deposited into the soil seed bank (Reddy and Singh 1992). It reduces crop yields by competing 

for water and resources as well as eroding crop quality in crops like cotton by contaminating the lint with 

its seeds. Avila-Garcia et al. (2012) reported resistance to acetolactase synthase (ALS) inhibitors and 

dinitroaniline in blackjack biotypes rendering the future of chemical weed control of this important weed 

bleak. Moreover, environmental and health concerns have created the need for creating cost effective and 

sustainable strategies of managing weeds. The integration of cover crops showing allelopathic activity 

could possibly provide effective weed suppression in integrated weed management programmes.  
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 The exploitation of allelopathic crops for weed control has received widespread attention in recent 

years. Some of the cover crops whose residues and aqueous extracts have shown allelopathic potential 

include jack bean [Canavalia ensiformis (L.) DC] and velvet bean [Mucuna pruriens (L.) DC] (Dinardo et 

al. 1998, Lawson et al. 2006, Lawson et al. 2007, Runzika et al. 2013).  The aqueous extracts of these 

cover crops demonstrated allelopathic activity on both goosegrass and blackjack in laboratory 

germination bioassays in the order leaf>stem>roots (Chapter three of this thesis, Mendes and Rezende 

2014). Soil incorporated residues of velvet bean and jack bean differentially suppressed seedling 

emergence and dry weight of the two weeds of divergent morphology (Chapter four of this thesis). 

Furthermore, post emergence application of aqueous extracts of jack bean and velvet bean exhibited 

phytotoxic activity on goosegrass and blackjack suggesting the presence of putative allelochemicals with 

phytotoxic activity on pre and post germination processes of goosegrass and blackjack (Chapter six of this 

thesis).  

 

 Previous studies have ascribed the allelopathic activity of velvet bean to the presence of the non-

protein amino acid L-3, 4 dihydroxyphenylalanine (L-DOPA) found in the different parts of this 

leguminous cover crop (Fujii et al. 1992, Fujii 2003, Appiah et al. 2015). However, there is paucity of 

information on the phenolic composition in velvet bean hence the need to establish the phenolic 

composition of this cover crop. On the other hand, phytotoxic activity of jack bean tissue extracts on 

some broadleaved weeds was ascribed to the presence of phenolics, alkaloids and the non-protein amino 

acid L-Canavanine (Nakajima et al. 2001, Santos et al. 2007). Identification of potent allelochemicals in 

several plants has been achieved using bio-activity guided fractionation of allelochemicals using lettuce 

or radish as test species to identify the most active fraction. Thereafter, the most active fraction(s) were 

then subjected to Liquid Chromatography Mass Spectrometry (LC-MS) and/or Gas Chromatography 

Mass Spectrometry (GC-MS) in order to identify possible putative allelochemicals. Work done with both 

velvet bean and jack bean residues and extracts has predominantly concentrated on their activity on 

broadleaved weeds despite the fact that weeds of divergent morphology occur together in arable fields. 

Furthermore, the production of allelochemicals in plants and their concentration depends on the 

prevailing conditions under which the plants were exposed during their growth (de Gouveia Baratelli et 

al. 2012). As such it is important to establish the phenolic composition of these cover crops under 

Zimbabwean conditions in order to ascertain the type of allelochemicals that could be responsible for the 

allelopathic activity demonstrated in previous experiments.  

 

 Isolation and identification experiments precede studies on physiological activity of these putative 

allelochemicals in order to determine their mode of action after which synthetic analogues of natural 
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compounds with less environmental and health side effects can be manufactured (Anese et al. 2015). This 

study aimed at isolating and identifying putative allelochemicals from velvet bean and jack bean with 

phytotoxic activity on the germination and early seedling development of goosegrass and blackjack. In 

this study the leaves, stems and root methanol extracts of velvet bean and jack bean were subjected to 

LCMS analysis to identify possible new allelopathic compounds. Bioassays were conducted using 

standards of the major compounds that were detected in velvet bean and jack bean tissues to determine 

their phytotoxic activity on the two test weed species. 

 

5.5  Materials and Methods 
5.5.1 Extract preparation 
Jack bean and velvet bean plants were grown under field conditions at the University of Zimbabwe in the 

2014-15 seasons and were harvested at the flowering stage (Approximately 120 days after crop 

emergence). Leaves, stems and roots were separated and dried in a greenhouse for 14 days to allow 

natural drying of the tissues. Thereafter, the different plant parts were oven dried for 48 hours at 70 oC 

before being ground to a fine powder using a hammer mill grinder. The ground powder was kept in khaki 

envelopes at room temperature until use. Except for the velvet bean root sample (30 ml), 15 ml of 

extraction solvent (50% MeOH containing 1% Formic acid) were added to approximately 2 g of each 

sample. The samples were then sonicated for 1 h after which 1.6 ml of the supernatant was transferred 

into 2 ml Eppendorf tubes. The 2 ml tubes were centrifuged for 10 min and 1 ml of the supernatant was 

transferred into analysis vials. 

 

5.2.2 Liquid chromatography-mass spectrometry  
LC-MS of jack bean and velvet bean tissue samples was done at Stellenbosch University’s Central 

Analytical Facilities (CAF) using their phenolics method as described below. Identification of phenolic 

compounds was achieved using LC-MS through comparison of retention times of unknown with standard 

compounds including kaempferol, pherulic acid, chlorogenic acid, naringenin, rutin, atropine, genistein, 

p-anisic acid and hesperidin (Fujii 2003, Santos et al. 2007). Since published data demonstrated that 

methanolic extracts were more effective in extracting putative allelochemicals from these two crops, only 

methanolic extracts were used in this study (Fujii 2003, Santos et al. 2007). All the standards used were 

purchased from Sigma Aldrich, South Africa. A Waters Synapt G2 quadrupole time-of-flight mass 

spectrometer was used for LC-MS analysis.  It was fitted with a Waters Ultra pressure liquid 

chromatograph and photo diode array detection.  Separation was achieved on a Waters Waters HSS T3, 

150 x 2.1 mm column.  A gradient was applied using 0.1% formic acid (solvent A) and acetonitrile 

containing 0.1% formic acid (solvent B).  The gradient started at 100% solvent A for 1 minute and 

changed to 28% B over 22 minutes in a linear way.  It then went to 40% B over 50 seconds and a wash 
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step of 1.5 minutes at 100% B, followed by re-equilibration to initial conditions for 4 minutes.  The flow 

rate was 0.3 ml/min and the column was kept at 55 ºC. The injection volume was 2 µL. Data was acquired 

in MSE mode which consisted of a low collision energy scan (6V) from m/z 150 to 1500 and a high 

collision energy scan from m/z 40 to 1500.  The high collision energy scan was done using a collision 

energy ramp of 30-60V.  The photo diode array detector was set to scan from 220-600 nm. The mass 

spectrometer was optimized for best sensitivity, a cone voltage of 15 V, desolvation gas was nitrogen at 

650 L hr-1 and desolvation temperature 275 ºC.  The instrument was operated with an electrospray 

ionization probe in the negative mode.  Sodium formate was used for calibration and leucine encephalin 

was infused in the background as lock mass for accurate mass determinations. 

 

5.2.3 Experimental design for germination bioassays 
Weed germination bioassays were conducted using a Completely Randomised Design (CRD) with five 

treatments (control, kaempferol, rutin, genistein, atropine and naringenin) replicated five times. Distilled 

water was used as the control. The experiments were done separately for blackjack and goosegrass using 

analytical standards of compounds that were detected and quantified by LC-MS analysis.  

 
5.2.3.1 Procedure  
Seeds of goosegrass were immersed in 32% Hydrochloric acid (HCL) for 20 minutes to break dormancy. 

Thereafter, they were thoroughly washed with distilled water five times. Seeds of both goosegrass and 

blackjack were then separately sterilised with 2% sodium hypochlorite (NaClO) for 1 minute and rinsed 

five times with sterile distilled water. Standards of the allelochemicals were then dissolved in methanol at 

10 mg L-1 (Santos et al. 2007). Five millilitres of the different solutions were then applied to double disks 

of Munktell, Ahlstrom filter paper (Supplied by Lasec, South Africa) in 30 mm diameter Petri dishes. 

Control disks were similarly treated with pure methanol. The Petri dishes were left open in the laboratory 

for 36 hours to allow methanol to evaporate. For the blackjack assays, 10 seeds were distributed in the 

Petri dishes. Thereafter, the seeds were treated with 2.5 ml of distilled water. Goosegrass showed erratic 

germination so uniform pre-germinated seeds of this weed were used in this bioassay. Sterile goosegrass 

seeds were placed in 90 mm diameter Petri dishes and were treated with 10 ml of sterile distilled water. 

The Petri dishes were then placed in a glasshouse with day and night temperature set at 25 oC. After 5 

days, seeds with 1 mm long radicles were selected and used in the germination bioassay with different 

standards. Ten pre-germinated seeds of goosegrass were put in 30 mm diameter Petri dishes lined with 

double filter paper treated with different solutions as previously described in the blackjack bioassay. The 

seedlings were then treated with 2.5 ml of distilled water and placed in the glasshouse at 25 oC for ten 

days. Germination of blackjack seeds was evaluated after seven days, while the goosegrass assay was 

terminated after 10 days. Seeds were considered to have germinated when their radicle was 2 mm long. 
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At the end of the experiments the radicle and plumule length of both goosegrass and blackjack were 

measured from five randomly selected seedlings. The stimulatory or inhibitory percent of the analytical 

standards was calculated using the literature equation (Sheng et al. 2012). 

 

Inhibition (-)/stimulation (+) % = [(extract – control)/control] x 100, 

 

 Where extract = parameter measured in presence of allelopathic plant extract and control = 

parameter measured in presence of distilled water.  

 

5.2.4 Statistical analysis 
Data were analysed by an analysis of variance with mean separation by the least significance difference 

(lsd) test at p<0.05 using Genstat version 14 (Genstat 2011).  

 
5.3  Results 
5.3.1 Liquid chromatography-mass spectrometric analysis of allelopathic compounds 
The masses of several allelochemicals were confirmed in both jack bean and velvet bean leaf, stem and 

root samples. Mass spectra showed a number of major molecular peaks at different m/z values (Figure 

5.1, Figure 5.3, and Table 5.1) and these allelochemicals were confirmed by comparing with literature 

values. LC-MS analysis of crude methanol extracts of jack bean and velvet bean showed several major 

peaks of possible phenolic compounds.  The major peaks in jack bean were compared with literature and 

were found to be kaempferol-3-rutinoside (m/z = 593.1509, 19.18 min retention time) as shown in Figure 

5.2a. This compound was detected in jack bean leaves and stems but not in the roots. Kaempferol-3-O-(6-

O-rhamnosylglucoside)-7-O-rhamnoside with m/z ion at 739.2108 and 16.96 min retention time was 

detected in the leaves and stems of jack bean (Figure 5.2b). The molecular peak ion at m/z of 755.2057 

and 15.82 min retention time was detected in jack bean leaves and tentatively identified as kaempferol 3-

O-[6-O-(glucosyl) glucoside] 7-O-rhamnoside (Figure 5.2c). The compound with m/z ion = 295.0450 and 

14.75 min retention time detected in jack bean leaves was tentatively identified as 2-O-caffeoylmalic acid 

(Figure 5.2d). The compound with m/z ion at 299.1 and 22.33 min retention time detected only in jack 

bean roots was tentatively identified as hydroxybenzoic acid hexose (Table 5.1). A compound with m/z = 

163.0 and retention time of 12.21 min detected in jack bean leaves (Figure 5.1a) was tentatively identified 

as p-coumaric acid. 

 

 Similarly leaf extracts of velvet bean had more compounds than the stem and root extracts as shown 

by the highest number of major peaks (Figure 5.3). An unidentified compound with parent m/z ion at 

563.1 and 15.82 min retention was found in velvet bean leaves only (Figure 5.4a). The compound with 
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m/z ion 593.1501 and 14.42 min retention time was detected in the leaves and stems of velvet bean and 

was tentatively identified as kaempferol-3-rutinoside (Figure 5.4b). Another unidentified compound with 

retention time 17.66 min and molecular mass of 533.1255 and fragments at 245.0936 and 203.0662 was 

detected in velvet bean leaves and stems but not in the roots (Figure 5.4c). Compound with m/z ratio of 

609.1 and retention time of 17.55 min which was detected in the samples of all the cover crop tissues was 

tentatively identified as quercetin 3-O-glucoside 7-O-rhanoside (Figure 5.3, Table 5.1). Citric acid (m/z = 

191, Retention time = 3.23 min) was detected in all the tissues of jack bean and velvet bean (Figure 6.1, 

Figure 5.3 and Table 5.1). Velvet bean leaves and stems contained a compound with m/z ratio of 579.1 

and retention time of 14.69 min which was tentatively identified as kaempferol O-sabubioside (Table 

5.1). Several other molecular ion peaks were detected at different m/z values, i.e. 449.1, 741.2, 461.1 and 

187.1 but their identities could not be ascertained. 
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Figure 5. 1  LC-MS chromatograms of leaf, stem and root methanol extracts of jack bean. 
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Figure 5. 2  Cumulative LC-MS spectra of major peaks from extracts of different parts of jack bean 
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Figure 5. 3  LC-MS chromatograms of leaf, stem and root methanol extracts of velvet bean. 
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Figure 5. 4  Cumulative LC-MS spectra of major peaks from extracts of different parts of jack bean. 
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Table 5. 1 Retention times, mass spectral data and tentative identification of the phenolic compounds in different parts of jack bean and velvet bean 
 
 
 
Proposed compound 

 
 
Rt 
(min) 

 
 
Exact 
mass 

 
 
Calculated 
mass 

 
 
 
Fragments 

 
Jack bean 

  
Velvet bean 

 
Leaf 

 
Stem 

 
Root 

  
Leaf 

 
Stem 

 
Root 

1. Kaempferol-3-O-rutinoside 18.56 593.1506 593.1506 285 + + +  + + - 
2.Kaempferol-3-O-(6-O-rhamnosyl 
glucoside)-7-O-rhamnoside 

16.76 739.2099 739.2086 739, 593, 
285, 741 

+ + -  - - - 

3. Kaempferol 3-O-[6-O-(glucosyl)] 7-O-
rhamnoside 

15.82 755.2047 755.2035 609, 285 + + -  - - - 

4. Quercetin 3-O-Glucoside 7-O-
rhanoside 

17.55 609.1 609.1461 449 + + +  + + + 

5. 2-O-Caffeoylmalic acid 14.75 295.0 295.0459 179.0355 +- - -  - - - 
6. p-Coumaric acid (4-hydrocinnamic 
acid hexose) 

12.21 163.0 163.0401 - + - -  - - - 

7. Hydroxybenzoic acid hexose 22.33 299.1 299.0772 - - - +     
8. Citric acid 3.23 191.0 191.0197 - + + +  + + + 
9. Unidentified compound 14.26 449.1 - - + - -  - + - 
10. Unidentified compound 16.40 741.2 - -        
11. Unidentified compound 9.86.1 461.1  285 - + +     
12. Kaempferol O-sabubioside 14.69 579.1  - - - -  + + - 
13. Unidentified (C26H27O14) 15.90 563.1 563.1405 - - - -  + - - 
14. Unidentified compound 17.66 533.1 - - - - -  + + - 
15. Unidentified compound 20.49 187.1 - - - - -  + + + 
16. Violanthin (apigenin-6-C-glucosyl-8-

C-rhamnoside 
13.19 577.1 577 449, 741 - - -  - - + 

17. Kaempferol O-glycoside 16.09 447.1 447.372 - - - -  - + + 
(+) indicates compound was detected whilst (-) indicates that the compound was not detected in tissue. 
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5.3.2 Quantification and detection of polar compounds by comparison with pure standards 
Quantification of allelochemicals done using LC-MS indicated differences in the amount of phenolic 

acids in the different tissues of both jack bean and velvet bean. Kaempferol concentration (ppm) was 23% 

and 41% higher in the roots than in the stems and leaves of jack bean, respectively. Similarly, root 

extracts had the highest concentration of genistein of 71.6 ppm followed by stems, with the leaves having 

the lowest amount. Rutin was the most abundant compound in jack bean. The concentration of rutin was 

162% more in the leaves than in the stem extracts and roots had less than 10 ppm of this compound.  

 

 Of all the phenolics quantified, only genistein was detected in amounts exceeding 10 ppm in the 

roots and stems of velvet bean but was not detected in the leaf tissues. Genistein was sevenfold more 

abundant in velvet bean root extracts compared to the stems. Atropine was only detected in velvet bean 

stem extracts.  

 
Table 5. 2  Detection and quantification (ppm) of major compounds in jack bean and velvet bean tissue 

samples 
 
Compound 

Jack bean  Velvet bean 
Leaf Stem Root  Leaf Stem Root 

Kaempferol 76.9 99.5 130.6  nd<10  nd<10  nd<10  
Naringenin 449.1 nd<10  nd<10   nd<10  nd<10  nd<10  
Chlorogenic acid nd<10  nd<10  nd<10   nd<10  nd<10  nd<10  
Ferulic acid nd<10  nd<10  nd<10   nd<10  nd<10  nd<10  
Rutin 4512.1 1719.8 nd<10   nd<10  nd<10  nd<10  
Genistein 19.0 32.0 71.6  nd<10  19.7 141.9 
Hesperidin nd<10  nd<10  nd<10   nd<10  nd<10  nd<10  
Atropine nd<10 nd<10 nd<10  nd<10 0.036 nd<10 
nd = no detection (concentration was less than 10 ppm) 
 

5.3.3 Weed germination bioassays 
Germination of blackjack was not affected (p>0.05, Appendix 5.1) by the standards of different secondary 

compounds identified at concentration of 10 mg L-1 (Table 5.2). However, rutin exhibited 22% inhibition 

of blackjack germination compared to the control. Naringenin exhibited negligible inhibition of 

germination of less than 10%.  Rutin exhibited significant (p<0.05, Appendix 5.2) reduction of plumule 

growth of blackjack of 37.1% of control. Atropine, and rutin significantly (p<0.05, Appendix 5.3) 

reduced radicle growth of blackjack. Rutin caused the highest radicle elongation inhibition of above 62% 

whilst genistein exhibited the lowest inhibition of 13%.  
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Table 5. 3  Inhibition of germination, plumule and radicle growth of blackjack by different plant secondary 
compounds 

 Treatment Germination % 
Inhibition 
% 

Plumule 
(mm) 

Inhibition 
% 

Radicle 
(mm) Inhibition % 

Control 100.00   17.27a   39.47a   
Atropine 88.00 12.00 15.73ab 8.88 23.53bc 40.37 
Genistein 88.00 12.00 17.40a -0.77 34.27ab 13.18 
Kaempferol 86.00 14.00 15.73ab 8.88 29.80ab 24.49 
Naringenin 92.00 8.00 15.73ab 8.88 31.53ab 20.10 
Rutin 78.00 22.00 10.87c 37.06 14.53c 63.18 
P-value 0.249   0.021   0.004   
Lsd ns    3.796   11.67   
CV 15.1   18.6   30.7   
ns - not significant. Means followed by the same letter in the same column are not significantly different from each 
other at p<0.05. 
 
 All the secondary compounds significantly (p<0.05, Appendix 5.4) suppressed the elongation of the 

plumule of goosegrass (Table 5.4). Kaempferol and rutin inhibited plumule growth by more than 50% 

compared to the control. Similarly, radicle growth of goosegrass was significantly (p<0.05, Appendix 5.5) 

inhibited by the majority of secondary compounds except naringenin. Genistein and kaempferol caused 

the highest inhibition of 78% followed by rutin which also caused more than 70% inhibition of radicle 

growth. Naringenin caused negligible inhibition of 2%. 

 
Table 5. 4  Inhibition of plumule and radicle growth of goosegrass by plant secondary compounds 

 Treatment 
Plumule  
(mm) 

Inhibition  
% 

Radicle  
(mm) 

Inhibition 
% 

Control 7.60a   15.07a   
Atropine 5.53c 27.19 9.67b 35.84 
Genistein 4.00d 47.37 3.27c 78.32 
Kaempferol 3.73d 50.88 3.27c 78.32 
Naringenin 6.53b 14.04 14.73a 2.22 
Rutin 3.73d 50.88 4.27c 71.68 
P-value <0.001   <0.001   
Lsd 0.557   2.838   
CV 8.1   25.7   
Means followed by the same letter in the same column are not significantly different from each other at p<0.05. 
 
 
5.4  Discussion 
Possible allelopathic compounds were identified by rigorously comparing their molecular weight (m/z 

ratio) and retention times with literature values. The results obtained in this study showed that the major 

compounds detected in the different parts of jack bean and velvet bean were related to Kaempferol.   
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 The compound with the peak obtained at m/z 593 and 19.18 min retention time was tentatively 

identified as kaempferol-3-rutinoside, which was previously reported in pumpkin and zucchini (Cucurbita 

pepo L.) (Pericin et al. 2009, Iswaldi et al. 2013). Kaempferol-3-O-(6-O-rhamnosylglucoside)-7-O-

rhamnoside was detected in leaf and stem extracts of jack bean. It was eluted at retention time 16.76 min 

with m/z ion at 739.2099 and presented three product ions as m/z 593, 285, 741. The presence of this 

compound and fragments was previously reported in zucchini (Iswaldi et al. 2013) and Viola tricolor L. 

commonly known as heartseases (Koike et al. 2015). The compound with retention time = 15.82 and m/z 

= 755.2057 was tentatively identified as kaempferol 3-O-[6-O-(glucosyl) glucoside]-7-O-rhamnoside 

(Schatz et al. 2003). These findings concur with those of Santos et al. (2007) who reported the presence of 

kaempferol in jack bean root. The LC-MS chromatograms showed the presence of kaempferol O-

glycoside and kaempferol-O-sabubioside in the stems and roots of velvet bean. However, the amount of 

kaempferol in velvet bean tissues could not be ascertained because it existed in amounts less than 10 ppm 

which the LC-MS equipment could not detect. Reports on the presence of kaempferol and its derivatives 

in velvet bean could not be found in the literature suggesting that this could be the first time it is being 

reported in this cover crop.  

 

 A new compound that was never reported in jack bean was tentatively identified as 2-O-

caffeoylmalic acid. This compound had a fragment at m/z 179.0337 which corresponds to the [caffeic 

acid-H]- ion. These findings are in agreement with those of Iswaldi et al (2013) who reported the presence 

of a compound with similar parent and fragment ions in zucchini although they could not establish its 

identity. Santos et al. (2007) reported the presence of caffeic acid in jack bean roots but it did not exhibit 

phytotoxic activity on weed germination of several weeds species suggesting that this compound may not 

be a very important allelochemical on its own. However, it is probable that this allelochemical could be 

allelopathic when acting together with other allelochemicals. Hence there is a need to evaluate its 

synergistic or additive effect when mixed with other compounds isolated from jack bean (Kato-Noguchi 

et al. 2011).  

 

 Results obtained in this study show the presence of a compound which has not yet been reported in 

these two cover crops before, namely quercetin 3-O- glucoside 7-O- rhamnoside. This compound showed 

a retention time of 17.55 min and m/z 609.1 and was present in all the cover crop tissues. It was 

tentatively identified by comparing its m/z with literature (Schatz et al. 2003). Quercetin 3-O-Glucoside-

7-O-rhamnoside was previously reported in V. odorata and V. tricolor (Koike et al. 2015). It is possible 

that this compound played a role in allelopathic suppression of germination and seedling growth of weeds 

by jack bean and velvet bean extracts reported in Chapter 3, 4 and 6. However, a standard of this 
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compound was not available and as a result germination bioassays on the target weed species could not be 

conducted to establish its allelopathic potential.  

 

 The compound with m/z ion 563.1405 detected in velvet bean leaf samples could not be identified. Li 

et al. (2017) also reported the presence of a compound with similar properties but could not establish its 

identity. Therefore, the identification of this compound together with another unidentified compound (m/z 

= 533.1255, retention time 17.66) detected in velvet bean require nuclear magnetic resonance (NMR) 

spectroscopy. Unfortunately, the quantities of these compounds were too little to allow for NMR to be 

carried out in this study.   

 

 Spectra data showed the presence of more compounds in the leaves of both jack bean and velvet 

bean compared to the stems and roots. Probably kaempferol, naringenin, rutin, and genistein detected in 

the leaves of jack been could work synergistically resulting in greater allelopathic activity compared to 

other tissues. This could explain why leaf extracts were more effective in suppressing germination and 

early seedling growth of blackjack and goosegrass (Chapter 3). In this study ferulic acid, chlorogenic 

acid, atropine, naringenin and rutin could not be detected in the roots of jack bean contrary to Santos et al. 

(2007) who reported their presence in this cover crop. These results suggest that the presence and 

concentrations of allelochemicals in the tissue of cover crops depends on environmental conditions under 

which the cover crops are grown (de Gouveia Baratelli et al. 2012). There is also a possibility that the 

differences observed in the chemical composition between results obtained in this study and those 

reported in literature could be a result of differences in genotypes of cover crops and methods of extract 

preparation as well as the method that was used to analyse the samples. 

 

 Bioassays conducted with standards of allelochemicals that were detected in jack bean and velvet 

bean exhibited allelopathic activity on both, blackjack and goosegrass. Rutin was the most phytotoxic 

compounds to blackjack. This suggests that it could be the allelochemicals that was mostly responsible 

for weed germination and growth suppression obtained in this study. Goosegrass germination and 

seedling growth was susceptible to the activity of kaempferol and rutin. Therefore, allelopathic activity 

demonstrated by extracts of jack bean and velvet bean on goosegrass could be attributed to the presence 

of allelochemicals and their derivatives. Radicle growth of both weeds was more sensitive to the effect of 

the allelochemicals than germination and plumule growth. In this study kaempferol did not affect the 

germination of blackjack. These findings confirm the selective activity of kaempferol on weed 

germination as previously reported by Santos et al. (2007) where kaempferol did not affect germination of 
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Cassia occidentalis L. but inhibited germination of Mimosa pudica L. and Cassia tora L. by 43% and 

40%, respectively.  

 

5.5  Conclusion 
Based on the results presented in this study, it can be concluded that both jack bean and velvet bean 

contain putative allelochemicals that are non-selective. Both cover crops contain kaempferol which 

demonstrated allelopathic activity on blackjack and goosegrass. Since leaves contained more possible 

allelopathic compounds, they may have a higher phytotoxic potential compared to the other tissues. This 

study reported for the first time the presence of quercetin 3-O-glucoside-7-O-rhanoside in both cover 

crops. Further research should evaluate the phytotoxic activity of this compound to determine is 

allelopathic effect on weeds.  
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 Chapter 6 
 

Evaluation of the potential of jack bean [Canavalia 

ensiformis (L.) DC.] and velvet bean [Mucuna pruriens (L.) 

DC.] aqueous extracts as post emergence bio-herbicides for 

weed control in maize (Zea mays L.) 
  
Abstract 
Application of allelopathic extracts is likely to provide solutions for post emergence weed control, 

especially in farming systems like conservation agriculture and organic farming where the presence of 

mulch at the time of planting reduces efficacy of pre-emergence herbicides. The objective of the study 

was to evaluate the effect of jack bean [Canavalia ensiformis (L.) DC.] and velvet bean [Mucuna pruriens 

(L.) DC.] aqueous extracts when applied post emergence alone or in combination with half dosage rates 

of atrazine on goosegrass [Eleusine indica (L.) Gaertn], blackjack (Bidens pilosa L.) and maize (Zea mays 

L.).  Three potted experiments with 15 treatments were laid out in a completely randomized design 

replicated three times and repeated once.  The bio-herbicidal treatments were applied to maize at two 

weeks after crop emergence and on the weeds at the 3-4 leaf stage. Height, chlorophyll content and dry 

weight data of maize and the weeds were subjected to analysis of variance whereas the visual scores were 

analysed non-parametrically. Maize height increased significantly (p<0.05) across all treatments from 24 

to 34 days after crop emergence (DACE).  Maize chlorophyll content significantly (p<0.05) increased 

from 24 to 34 DACE in all the treatments. In contrast, dry weight, height and chlorophyll content of 

goosegrass were significantly (P<0.05) reduced by all treatments. Height of blackjack was not 

significantly affected (p>0.05) while chlorophyll content and dry weight were significantly (p<0.05) 

reduced by all treatments. Kruskal-Wallis test applied on visual scores showed that all the treatments 

were significantly (p<0.05) phytotoxic to blackjack and goosegrass. All the treatments caused complete 

weed control at 6 and 10 DAS in blackjack and goosegrass, respectively. Results showed that all the 

tissue aqueous extracts of jack bean and velvet bean used were equally phytotoxic to both weeds. It was 

concluded that velvet bean and jack bean aqueous extracts possess potent allelochemicals and have 

potential to be used as post emergence bio-herbicides for selective weed control in maize.  

 
Key words:  Allelopathy, atrazine, Bidens pilosa, Canavalia ensiformis, conservation agriculture, 

Eleusine indica, Mucuna pruriens, post emergence.  
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6.1  Introduction 
Conservation agriculture (CA) is a farming system involving minimal soil disturbance, permanent soil 

cover through crop residue retention and a rational use of crop rotations (Harrington and Erenstein 2005, 

Hobbs 2007). The adoption rate of CA in the smallholder sector in sub-Saharan Africa (SSA) is still very 

low despite all the positive benefits offered by this farming system. One of the key impediments to 

widespread CA adoption is weed management (Jat et al. 2012). The majority of the resource poor farmers 

in the developing world rely mainly on hand weeding despite this method being laborious and expensive 

resulting in a significant reduction in the size of the fields being put to use for crop production (Khan et 

al. 2012; Mashingaidze et al. 2012, Rugare and Mabasa 2013, Muoni et al. 2014). Consequently, delayed 

weeding coupled with serious labour bottlenecks in the smallholder sector results in low productivity 

because farmers fail to control weeds in maize during the critical weed free period of six weeks 

(Makanganise et al. 2001).  

 

 The success of CA hinges on the use of herbicides for weed control because weed control with 

tillage is not possible. Morever, chemical weed control is a generally faster and more effective way of 

managing high populations of difficult to control weeds commonly encountered in reduced tillage 

systems (Mendes and Rezende 2014).  Permanent soil cover with a layer of mulch of retained crop 

residues is one of the underpinning principles of CA. Derpsch (2008) reported that permanent soil cover 

has been a key factor for having success in reduced tillage systems in South America. Experience in other 

countries including Zimbabwe has shown that reduced tillage without residue rentention results in poor 

yields (Ashburner 1984, Wall 1999, Sayre 2006). However, the presence of a thick layer of mulch at the 

time of planting has made the use of soil applied herbicides practically unfeasible. This is because the 

presence of mulch at the time of planting intercepts 15-80% of pre-emergence herbicides thereby 

preventing herbicide activation to form an herbicide seal, a process which is key in ensuring effectiveness 

of soil applied herbicides (Chauran et al. 2012). As a result post emergence herbicides play an important 

role in controlling weeds after crop emergence especially in cases where efficacy of pre-emergence 

herbicides would have been compromised by the presence of a thick layer of mulch at the time of 

planting. However, the excessive and injudicious use of herbicide families with the same mode of action 

has exerted selection pressure on weed populations that were previously susceptible to those herbicides 

(Pieterse 2010). This has resulted in the development of herbicide resistance in some weed populations 

(Vasileidis et al. 2015). The most commonly used herbicides in reduced tillage systems are non-selective 

herbicides like paraquat and glyphosate that are used as burn down herbicides. Unfortunately, their future 

role in weed management is bleak because some of the weeds have developed resistance to these widely 

used herbicidess (Pieterse 2010).  
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 Furthermore, intensive and continuous use of herbicides raises concerns about the sustainability of 

soil fertility. Herbicides are reported to cause changes in the cycle of nutrients due to their interaction 

with various soil types resulting in variation in the activity of soil enzymes (Singh and Ghoshal 2013). On 

the other hand, environmentalists are lobbying for significant reductions in the use of synthetic herbicides 

due to the negative effects that they can have on non-target sites and non-target species resulting in crop, 

animal and human injury especially where herbicides with high mammalian toxicity like alachlor and 

paraquat are not handled and applied correctly (Razzaq et al. 2012, Farooq 2011).  

 

 One possible strategy for managing weeds with reduced or no herbicide input in CA is the use of 

aqueous extracts of allelopathic plant parts as natural herbicides (Razzaq et al. 2012, Soltys et al. 2013). 

These extracts can be used alone or in combination with reduced herbicide dosages (Mendes and Rezende 

2014, Razzaq et al. 2012, Miri and Armin 2013). It has been reported that allelopathic aqueous extracts 

and herbicide combinations work synergistically or additive resulting in satisfactory weed control, 

considerable monetary savings and less pollution (Cheema et al. 2005, Razzaq et al. 2012). Al-Obaidi and 

Alsaadawi (2015) postulated that the use of synthetic herbicides can be reduced by 50-70% when they are 

tank-mixed with aqueous extracts of sorghum [Sorghum bicolor (L.) Moench] in many field crops 

including maize. A mixture of allelopathic extracts of sorghum, sunflower (Helianthus annuus L.), and 

mulberry (Morus rubra L.) combined with atrazine at half dosage rates showed 70-75% suppression of 

weed density and dry weight concomitantly resulting in a maize yield increase of 31% (Khan et al. 2012). 

It has been reported that the green manure cover crops (GMCCs) jack bean [Canavalia ensiformis (L.) 

DC.] and velvet bean [Mucuna pruriens (L.) DC.] are sources of potent allelochemicals (Fujii 1999, 

Nishihara et al. 2005, Santos et al. 2010, Mendes and Rezende 2014, Silva and Rezende 2016). Studies of 

jack bean extracts have so far been limited to evaluating them using broad leaved weeds as test species 

and to our knowledge have never been tested on pernicious grass weed species. Nishihara et al. (2005) 

confirmed the presence of the allelochemical L-3-[3, 4-dihydroxyphenylalanine (L-DOPA)] in velvet 

bean leaves and roots. There is paucity of information on the possible role of velvet bean aqueous extracts 

as post emergence bio-herbicides for the control of weeds of divergent morphology.  

 

 Whlist the use of atrazine in Europe is prohibited (Helling et al. 1988) and its use in other countries 

like South Africa is declining, it remains one of the key herbicides that are being used in both large scale 

and small scale arable crop production in Zimabwe. The use of atrazine in maize (Zea mays L.)-legume 

rotations in Zimbabwe is likely to increase in CA since research done in several environments 

demonstrated that 1.8 kg ha-1 active ingredient (a.i) of atrazine that is recommnended in maize does not 

affect soya bean (Glycine max L.) grown 12 months following herbicide application in the same field 
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(Muoni et al. 2014). This is contrary to conventional tillage where broad leaved crops susceptible to 

atrazine can only be safely grown after 18 months from the date of atrazine application (Hahn 2013). 

Keeping in view the potential of allelopathy in weed management, studies were carried out with the 

objective to evaluate the efficacy of post emergence applications of jack bean and velvet bean leaf, stem 

and root aqueous extracts on weed control efficacy as single treatments or in mixture with reduced dosage 

rates of atrazine. In anticipation of the possibility of using extracts of these cover crops in maize 

production, their injurious effects on this staple crop were also evaluated.  

 

6.2  Materials and methods 
6.2.1 Study site 
Greenhouse pot experiments were conducted at the University of Zimbabwe’s Crop Science Department 

between January and June 2017. The University of Zimbabwe (UZ) is located at 1523 m altitude, 

17.78oS; 31.05oE and is in Ecological region 2a (Chitagu et al. 2014). This site receives annual rainfall 

ranging from 700 to 1000 mm with an average summer temperature of 25 oC. 

 

6.2.2 Extract preparation 
The cover crops, jack bean and velvet bean that were used in the study were grown under irrigation in a 

field at the UZ Crop Science Department between September and December 2017. The cover crops were 

grown in UZ red soil (clay 18%, silt 16% and sand 66%) and were harvested at the flowering stage 

(approximately 120 days after planting). After harvesting the plants were separated into leaves, stems and 

roots. The different plant parts were chopped into 20 mm pieces before being air dried in the greenhouse 

for two weeks after which they were oven dried for 48 hours at 80 oC. The dried tissues were ground 

separately into fine powder using a hammer mill grinder and the powder was stored in khaki paper 

envelopes under room temperature for between two and three days after which they were used to make 

aqueous extracts.. Fifty grams of each of the plant tissues were soaked separately in one litre of distilled 

water and left to stir mechanically using an orbital shaker at 100 revolutions per minute for 24 hours. The 

solution was then strained through four layers of cheesecloth to remove all the solid material before being 

centrifuged for 15 minutes at 4000 rpm. The resultant supernatant was kept in the refrigerator at 4 oC until 

further use. Goosegrass seeds used in the experiment were harvested at Henderson Weed Research in 

February 2016 whilst the blackjack seeds were harvested in the UZ Crop Science Department fields in 

June 2016. Since blackjack produces dimorphic seeds with different germination requirements (Amaral 

and Takaki 1998), its short dormant achenes (seeds) were removed and only the non-dormant long 

achenes were used in this study.  Maize variety SC403 which is an early maturing and drought tolerant 

variety, purchased from SEEDCO was used in the maize bioassay.  
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6.2.3 Experimental design and treatments 
The bioassays for goosegrass, blackjack and maize were conducted separately in a greenhouse. The 

experiments were laid out in a Completely Randomised Design (CRD) with fifteen treatments that were 

replicated four times. The bioassays were repeated once. The treatments were compared against three 

controls (a) where nothing was sprayed and (b) atrazine 47% g L-1 a.i recommended full dose (3.5 l/ha) or 

(c) atrazine half dose (1.75 l/ha). The treatments used are described in Table 6.1. 

 
Table 6. 1 Treatments used in the experiments 
Treatment Description 

1. Control (nothing was sprayed) 
2. 114.5 µL active ingredient (a.i.) atrazine in 10 ml of distilled water 
3. 56.5 µL (a.i) atrazine in 10 ml of distilled water 
4. 5 ml 5% wv-1 velvet bean leaf + 56.5 µL (a.i.) atrazine in 5 ml of distilled water 
5. 10 ml 5% wv-1 velvet bean leaf extract  
6. 5 ml 5% wv-1 velvet bean root extract + 56.5 µL (a.i.) atrazine in 5 ml of distilled water 
7. 10 ml 5% wv-1 velvet bean root extract   
8. 5 ml 5% wv-1 velvet bean stem extract + 56.5 µL (a.i.) atrazine in 5 ml of distilled water 
9. 10 ml 5% wv-1 velvet bean stem extract    
10. 5 ml 5% wv-1 jack bean leaf extract + 56.5 µL (a.i.) atrazine in 5 ml of distilled water 
11. 10 ml 5% wv-1 jack bean leaf extract 
12. 5 ml 5% wv-1 jack bean root extract + 56.5 µL (a.i.) atrazine in 5 ml of distilled water 
13. 10 ml 5% wv-1 jack bean root extract   
14. 5 ml 5% wv-1 jack bean stem extract + 56.5 µL  (a.i.) atrazine in 5 ml of distilled water 
15. 10 ml 5% wv-1 jack bean stem extract    

*Atrazine treatments are based on the recommended dosage of 1.75 litres (a.i) ha-1 in maize, whilst the extracts 
dosages used translate to 200L ha-1 of 5% wv-1 of aqueous extracts of either jack bean or velvet bean tissues.   
 

6.2.4 Experimental procedure for weed bioassays 
The chemical and physical properties of the soil that was used in the pot experiments are presented in 

Table 6.2. 
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Table 6. 2 Chemical and physical properties of soil that was used in the study 
Parameter Composition 
Clay (%) 7 
Silt (%) 5 
Sand (%) 88 
pH (CaCl2) 4.6 
Moisture (%) 0.2 
Organic carbon (g/kg) 0.23 
Organic matter (%) 0.46 
CEC (me %) 2.81 
Ca (me %) 1.76 
Mg (me %) 0.41 
K (me %) 0.05 
Na (me %) 0.61 
me % = milliequivalents percent 

 

Pots measuring 90 mm base diameter, top diameter of 105 mm and a height of 65 mm were three quarter 

filled with sandy soil described in Table 6.2. One gram of compound D (7% N, 14% P2O5, 7% K2O) was 

added to each pot as basal fertilizer. Thereafter, five seeds of goosegrass were planted in each pot. 

Blackjack does not easily germinate in pots so the seeds were pre-germinated on two layers of Munktell 

Ahlstrom 90 mm diameter filter paper in 90 mm diameter Petri dishes in the weed science laboratory at 

room temperature (average temperature = 25 oC). The seedlings were then transplanted in the pots and 

were watered daily with 150 ml of tap water. Care was taken during watering not to apply water on the 

foliage of plants that had been sprayed with extracts and/or atrazine. Goosegrass and blackjack seedlings 

were thinned a week after sowing or transplanting leaving three and one plant per pot, respectively. Weed 

seedlings were sprayed with the prospective bio-herbicidal treatments when they had reached the three to 

four leaf stage to mimic the stage at which farmers usually control weeds in arable fields (approximately 

14 days after crop emergence). Application of herbicidal treatments was done using a hand held sprayer 

that was calibrated to discharge 10 ml of spray mixture per four pots in order to achieve a spray rate of 

200 L ha-1. The application of herbicides was done in the morning around at 9 am with outside 

temperatures ranging between 20 oC and 23 oC and the pots were left in the shade for two hours before 

being returned into the glasshouse. The average daily maximum and minimum greenhouse temperatures 

were 32.0 oC and 17.9 oC, respectively. 

 

6.2.5 Experimental procedure for the maize experiment 
Pots of 200 mm diameter and 175 mm height were three quarter filled with sandy soil with the 

characteristics presented in Table 6.2. The soil in the pots was mixed with 2 g of Compound D. 
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Thereafter, three maize seeds (SEEDCO variety SC403) were planted in the pots to a depth of 50 mm 

after which the pots were watered with tap water to field capacity using a watering can fitted with a fine 

rose. The maize plants in the pots were thinned leaving one healthy plant per pot seven days after sowing. 

The maize plants were sprayed with different treatments as presented in Table 6.1 following the same 

procedure that was used in the weed bioassays. The same maize plants were sprayed another two times 

with the same treatment at 14 days after crop emergence (DACE) and again at 24 DACE. Thereafter, the 

plants were allowed to grow for ten more days (observational period) after which the experiment was 

terminated.   

 

6.2.6 Data collection 
Height and chlorophyll content data of maize and the two weed species were collected in situ using a 

Minota Chlorophyll meter (SPAD 502). Maize chlorophyll content and height data were measured twice 

at 24 DACE and 34 DACE. In goosegrass chlorophyll data were collected everyday starting from the first 

day after spraying. In blackjack, chlorophyll content recording was done on day 1, 4 and 6 after spraying. 

Height of the youngest leaf of blackjack and goosegrass was measured daily up to day 4 and 7, 

respectively. Thereafter, goosegrass and blackjack plants were uprooted gently together with their roots 

and washed using running tap water to remove soil before being oven dried for 24 hours to determine the 

dry weight of the weeds. Visual assessments of the phytotoxicity of the different treatments on weeds 

were done daily up to the end of the experiments (i.e. 6 and 10 days after application of herbicidal 

treatments in blackjack and goosegrass, respectively). The visual phytotoxic assessment of the 

prospective natural herbicides and their combinations with atrazine were done collectively by three 

people using the Latin American Weed Association (ALAM) visual assessment scale (Mendes and 

Rezende 2014) (Table 6.3). All the treatments were compared to the untreated control (no extracts 

applied) and the sole atrazine treatments at full and half dosages.  

 
Table 6. 3 Latin America Weed Association (ALAM) visual assessment Scale 
Index Percentage (%) Description of the control level 
1 0-40 None or poor 
2 41-60 Regular 
3 61-70 Sufficient 
4 71-80 Good 
5 81-90 Very good 
6 91-100 Excellent 
 

6.2.7 Data analysis 
Plant height and chlorophyll content of weeds and maize were subjected to repeated measures analysis of 

variance (ANOVA) in Genstat 14 whereas weed dry weight data were analysed using one way ANOVA 

at 5% probability level. Normality was assessed using the Shapiro-Wilk test and appropriate 
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transformations were done where data did not meet the assumptions of ANOVA.  Mean separation was 

done using the Fischer Protected Least significance difference (Lsd) at p<0.05. Data from the visual 

assessments were analysed in SPSS using the Kruskal Wallis non parametric test to obtain Mean Ranks 

and Mean Separation was done using the Mann Whitney U test. Only visual assessment data for day 1, 

day 5 and day 10 were presented for goosegrass whilst data for day 1, day 5 and day 6 were presented for 

blackjack. Graphs were drawn using Sigma Plot 10.0 and R studio. 

 
6.3   Results 
6.3.1 Maize height 
Repeated measures ANOVA showed that there was no significant interaction (p>0.05, Appendix 6.1) 

between time and treatment on maize height. However, the height of maize plants significantly (p<0.05) 

increased by 51.7% from 24 DACE to 34 DACE (Table 6.4). There were significant (p<0.05) variations 

on height of maize sprayed with different herbicidal treatments (Table 6.4). All the herbicidal treatments 

significantly (p<0.05) stimulated maize height compared to the untreated control except the atrazine full 

dose, velvet bean root and jack bean + atrazine.   

 

Table 6. 4 Effect of different (bio-) herbicidal treatments on height and chlorophyll (mean of 24 and 34 
DACE) content of maize 

Herbicidal treatment Height (mm) Chlorophyll (mmolcm-2) 
Control 177.6a 34.25 
Atrazine full dose 193.8a 36.64 
Atrazine half dose 205.6a 36.68 
Velvet bean leaf + atrazine 203.1a 34.25 
Velvet bean leaf only 213.1bc 36.12 
Velvet bean stem + atrazine 206.6a 36.76 
Velvet bean stem 192.5a 33.24 
Velvet bean root + atrazine 199.6a 34.49 
Velvet bean root 179.5a 34.21 
Jack bean leaf + atrazine 229.9bcd 34.29 
Jack bean leaf only 226.9bcd 34.11 
Jack bean stem + atrazine 228.2bcd 35.83 
Jack bean stem 176.9a 33.29 
Jack bean root + atrazine 209.6ab 37.56 
Jack bean root 214.4bc 33.58 
P- value 0.006 0.681 
Lsd 31.63 ns 
CV% 13.7 25.5 

Days after first spraying 
24 DACE 161.9a 33.01a 
34 DACE 245.7b 36.96b 
P-value <0.001 0.001 
Lsd 7.16 2.283 
CV% 13.7 25.5 
Means followed by the same letter in the same column are not significantly different at p<0.05. 
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6.3.2 Maize chlorophyll content 
There was no significant interaction (p>0.05, Appendix 6.2) between time and treatment on maize 

chlorophyll content and there were no significant (p>0.05) differences in maize chlorophyll content 

across all the treatments (Table 5.4). Nevertheless, maize chlorophyll content significantly (p<0.05) 

increased from 24 to 34 DACE across all treatments (Table 6.4). 

 

6.3.3 Goosegrass chlorophyll content 
Repeated measures ANOVA showed a significant interaction (p<0.05, Appendix 6.3) on the chlorophyll 

content of goosegrass from 1 DAS to 8 DAS. Chlorophyll content in untreated plants increased 

significantly from 1 DAS to 8 DAS when complete weed kill was achieved in plants treated with either 

atrazine and/or cover crop aqueous extracts (Figure 6.1). Sole atrazine concentrations of 112.5µL and 

56.6µL a.i. significantly reduced chlorophyll content of goosegrass compared to treatments with jack 

bean extracts. The effect of jack bean leaf extracts only and that of a combination of jack bean leaf 

extracts and atrazine were similar. Velvet bean extracts also significantly reduced chlorophyll content 

gradually compared to the control. The effect of aqueous extracts of the different tissues of velvet bean 

was similar. It is noteworthy that velvet bean extracts only started to significantly reduce chlorophyll 

content at 5 DAS in contrast to atrazine treatments that had already caused complete reduction in 

chlorophyll content of goosegrass at 5 DAS. The results show that atrazine was fast acting on chlorophyll 

compared to the aqueous extracts of both jack bean and velvet bean or their combination with atrazine. 
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Figure 6. 1 Effect of different post-emergence treatments on chlorophyll content of goosegrass. Error bars 

indicate interaction standard error of the difference (SED). AFD = atrazine full dose, AHD = 
atrazine half Dose, VB = velvet bean, JB = jack bean, +A = plus atrazine half dose. 

6.3.4 Goosegrass height 
There was a significant (p<0.001, Appendix 6.4) interaction between time (days after application) and 

herbicidal treatment on goosegrass height (Figure 6.2). Untreated plants were significantly taller at 7 DAS 

compared to all the other treatments. Post emergence sprays of atrazine full dose, atrazine half dose, 

velvet bean leaf + atrazine and velvet bean stem + atrazine on goosegrass seedlings caused the plants to 

collapse resulting in a significant reduction in height by the eighth day compared to the first day of the 

experiment. On the other hand, the height of the plants that were sprayed with the other treatments and/or 

atrazine remained the same throughout the duration of the experiment.  

Lsd = 8.781 

CV% = 38.4 
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Figure 6. 2 Effect of post emergence treatments on height of goosegrass. Error bars indicate SED. AFD = 

atrazine full dose, AHD = atrazine half Dose, VB = Velvet bean, JB = Jack bean, A = Atrazine. 

6.3.5 Blackjack chlorophyll content 
There was a significant (P<0.001, Appendix 6.5) treatment * time interaction on chlorophyll content of 

blackjack (Figure 6.3). All the herbicidal treatments significantly reduced blackjack chlorophyll content 

at both 4 and 6 DAS compared to the first day. It is noteworthy that the majority of tissue extracts when 

used alone or in combination with atrazine caused complete chlorophyll destruction by day four after 

application of post emergence sprays. 

Lsd = 9.147 

CV% = 21.1 
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Figure 6. 3 Effect of different post emergence treatments on chlorophyll content of blackjack. Error bars 

represent SED. AFD = atrazine full dose, AHD = atrazine half Dose, VB = Velvet bean, JB = 
Jack bean, A = Atrazine. 

6.3.6 Blackjack height 
There was no significant (p>0.05, Appendix 6.6) interaction between time and treatment on the height of 

blackjack. No significant (p>0.05) change in height was observed from 1-4 DAS (Table 6.5).  

 
Table 6. 5 Effect of different bio-herbicidal treatments on the height of blackjack. 
Days after spraying Plant height (mm) 
1 45.87 
2 45.38 
3 47.43 
4 49.13 
P-value 0.292 
Lsd Ns 
CV% 25.0 
 
 However, significant (p<0.05) differences in blackjack height among treatments were observed 

(Figure 6.6). Velvet bean treatments did not affect blackjack height compared to the untreated control. 

Lsd = 10.532 

CV = 81.4 

Stellenbosch University  https://scholar.sun.ac.za



120 
 

Sole velvet bean extracts of different tissues significantly (p<0.05) reduced blackjack height compared to 

the full atrazine dose treatment but did not differ from the atrazine half dose treatment. All the jack bean 

treatments except jack bean root + atrazine treatment significantly reduced blackjack height compared to 

the controls.  
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Figure 6. 4 Response of blackjack height to post emergence sprays of jack bean and velvet bean bio-

herbicidal treatments. Error bars indicate SED. AFD = atrazine full dose, AHD = atrazine half 
dose, VB = velvet bean, JB = jack bean, A = atrazine. 

6.3.7 Goosegrass and blackjack dry weight 
The effects of velvet bean and jack bean on dry weight of blackjack and goosegrass are shown in Table 

6.6. All the post emergence treatments of atrazine and/or cover crop extracts significantly (p<0.01, 

Appendix 6.7) reduced dry weight of blackjack compared to the untreated control. Only the stem extracts 

of velvet bean significantly reduced blackjack dry weight when applied alone compared to both atrazine 

controls. Similarly, all the cover crop extract treatments significantly (p<0.05) reduced dry weight of 

goosegrass but they did not differ from the single atrazine treatments.   
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Lsd = 4.007 
CV% = 25.0 
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Table 6. 6 Effect of herbicide and/or aqueous extract post emergence treatments of jack bean and velvet bean 
on dry weight (g) of blackjack and goosegrass at 6 and 10 days, respectively 

Treatment 

Blackjack  Goosegrass 

Dry weight (g) 
% 
reduction 

 
Dry weight (g) 

% 
reduction 

Control 0.44(0.101) f   0.79(0.588) c  

Atrazine full dose 0.27(0.021)bcde 79  0.41(0.075) ab 87 
Atrazine half dose 0.29(0.025)de 75  0.49(0.168) ab 71 
Velvet bean leaf  + atrazine 0.31(0.029) e 71  0.39 (0.060)a 90 
Velvet bean leaf extract 0.28 (0.022)bcde 78  0.38 (0.063)a 89 
Velvet bean root extract + atrazine 0.26(0.017) bcde 83  0.54 (0.295)b 50 
Velvet bean root extract   0.28(0.024) bcde 76  0.41 (0.064)ab 89 
Velvet bean stem extract + atrazine 0.21(0.011) abc 89  0.45(0.097) ab 84 
Velvet bean stem extract    0.15(0.010) a 90  0.41 (0.071)ab 88 
Jack bean leaf  + atrazine 0.21(0.014) abc 86  0.42 (0.087)ab 85 
Jack bean leaf extract 0.26(0.018)bcde 82  0.38 (0.063)a 89 
Jack bean root extract + atrazine 0.28(0.017) cde 83  0.44 (0.067)ab 89 
Jack bean root extract   0.26(0.013) bcde 87  0.36 (0.054)a 91 
Jack bean stem extract + atrazine 0.23(0.027) bcd 73  0.40 (0.107)ab 82 
Jack bean stem extract    0.21(0.019) ab 81  0.37 (0.048)a 92 
P-value <0.001   <0.001  

LSD 0.073   0.143  

CV% 23.7   27.8  
N.B. Data were 3√x transformed. Untransformed data is shown in brackets. Means followed by the same letter in the 
same column do not differ significantly at p<0.05. 
 

6.3.8 Visual assessments 
6.3.8.1 Goosegrass 
The results of visual assessment of the toxicity on goosegrass of the different herbicidal treatments done 

using the ALAM scale is shown in Table 6.7. There were no significant differences (p>0.05) in terms of 

mean ranks and median scores at 1 DAS. However, significant differences (p<0.05) were observed at 5 

DAS. The untreated plants remained healthy whilst all the treated plants showed variable signs of 

phytotoxic damage. Mean ranks and median scores for goosegrass plants treated with velvet bean aqueous 

extracts showed no significant differences observed amongst treatments at 5 DAS (Table 6.6). The visible 

phytotoxic effect of velvet bean leaf, stem and root only aqueous extracts were similar to what was 

observed on plants to which the atrazine control was applied. Consequently, the mean ranks and median 

scores at 10 DAS showed that all the treatments achieved complete weed kill by 10 DAS.  

 

 No phytotoxic effect of any treatments with jack bean aqueous extracts was observed on 1 DAS on 

goosegrass (Table 6.7). At 5 DAS all the other tissues of jack bean performed the same except the stem 

extracts treatment and the root + atrazine treatment which resulted in significantly lower mean ranks 
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compared to the atrazine only treatments. At 10 DAS, the untreated plants remained healthy with a 

significantly low mean rank and median score of 1 but all the other treatments had already caused 

complete weed kill as shown by the significantly high mean ranks that ranged from 42-49 and a uniform 

median score of 6.  

 

 Plates 6.1 and 6.2 show the pictoral presentation of the visual phytotoxic effects of the extracts of 

velvet bean and jack bean on goosegrass in comparison with atrazine + extract treatments and the controls 

a day before the end of the experiment. It was observed that the untreated controls remained healthy and 

continued growing throughout the duration of the experiments. It is interesting to note that similar activity 

of all the treatments were observed at about the same time in the first and second runs of the experiments. 

Phytotoxic activity of atrazine was observed at 4 DAS, whereas the bio-herbicidal treatments started to 

show signs of chlorosis at 6 DAS. Symptoms that developed in all treatments were similar. The plants 

started to show chlorosis and necrosis starting at the tips and edges of the leaves and the upper leaves 

were more affected than the lower older leaves. Visually the extracts from jack bean appeared to be more 

phytotoxic than those from velvet bean although they caused similar symptoms on goosegrass. 

  

Table 6. 7 Results of visual assessments of the percent control of goosegrass, according to ALAM 
 
 
Treatment 

Day 1  Day 5  Day 10 
Mean 
Rank 

Median 
Score 

 Mean 
Rank 

Median 
Score 

 Mean 
Rank 

Median 
Score 

Control 45.50 1.0  14.00a 1.0  3.50a 1.0 
Atrazine full dose 45.50 1.0  53.00bc 4.0  49.00b 6.0 
Atrazine half dose 45.50 1.0  63.50b 4.0  49.00b 6.0 
Velvet bean leaves + atrazine 45.50 1.0  47.75bc 4.0  49.00b 6.0 
Velvet bean leaves only 45.50 1.0  58.75b 4.0  49.00b 6.0 
Velvet bean stem + atrazine 45.50 1.0  42.50bc 4.0  49.00b 6.0 
Velvet bean stem 45.50 1.0  46.08bc 4.0  49.00b 6.0 
Velvet bean root + atrazine 45.50 1.0  42.50bc 3.5  49.00b 6.0 
Velvet bean root 45.50 1.0  51.33bc 4.0  49.00b 6.0 
Jack bean leaf + atrazine 45.50 1.0  58.25b 4.0  49.00b 6.0 
Jack bean leaf 45.50 1.0  46.08bc 4.0  42.00b 6.0 
Jack bean stem + atrazine 45.50 1.0  46.08bc 4.0  49.00b 6.0 
Jack bean stem 45.50 1.0  33.92c 3.5  49.00b 6.0 
Jack bean root + atrazine 45.50 1.0  44.42bc 4.0  49.00b 6.0 
Jack bean root 45.50 1.0  44.83bc 4.0  49.00b 6.0 
Kruskal-Wallis value (x2) 0.000   28.374   79.000  
p-value 1.000   0.013   0.000  
df 14   14   14  
N 90   90   90  
N.B.  Means followed by different letters in the same column are significantly different from each other at p<0.05 
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6.3.8.2 Blackjack 
The effect of the different herbicidal treatments on blackjack plants were assessed daily and the results for 

visual assessments done 1 DAS, 5 DAS and 6 DAS using the ALAM visual assessment scale are shown 

in Table 6.8. There were no treatment differences (p>0.05) at 1 DAS showing that the different treatments 

had no immediate observable effects on blackjack. At 5 DAS treatment effects were significant (p<0.05). 

However, at 5 DAS only the untreated control remained healthy without displaying symptoms of 

phytotoxic damage. Contrastingly, the other herbicidal treatments appeared to have caused deleterious 

effects on blackjack. By 6 DAS all the herbicidal treatments had caused permanent phytotoxic damage 

(Plate 6.3 and Plate 6.4).  

 
Table 6. 8 Results of visual assessments of the percent control of blackjack according to ALAM 
 Day 1  Day 5  Day 6 
 
Treatment 

Mean 
Rank 

Median 
Score 

 Mean 
Rank 

Median 
Score 

 Mean 
Rank 

Median 
Score 

Control 30.50 1.0  2.5a 1.0  2.50a 1.0 
Atrazine full dose 30.50 1.0  16.5b 5.0  32.50b 6.0 
Atrazine half dose 30.50 1.0  16.5b 5.0  32.50b 6.0 
Velvet bean leaves + atrazine 30.50 1.0  44.5c 6.0  32.50b 6.0 
Velvet bean leaves only 30.50 1.0  16.5b 5.0  32.50b 6.0 
Velvet bean stem +atrazine 30.50 1.0  44.5c 6.0  32.50b 6.0 
Velvet bean stem 30.50 1.0  16.5b 5.0  32.50b 6.0 
Velvet bean root + atrazine 30.50 1.0  44.5c 6.0  32.50b 6.0 
Velvet bean root 30.50 1.0  44.5c 6.0  32.50b 6.0 
Jack bean leaf + atrazine 30.50 1.0  44.5c 6.0  32.50b 6.0 
Jack bean leaf 30.50 1.0  16.5b 5.0  32.50b 6.0 
Jack bean stem + atrazine 30.50 1.0  44.5c 6.0  32.50b 6.0 
Jack bean stem 30.50 1.0  16.5b 5.0  32.50b 6.0 
Jack bean root + atrazine 30.50 1.0  44.5c 6.0  32.50b 6.0 
Jack bean root 30.50 1.0  44.5c 6.0  32.50b 6.0 
Kruskal-Wallis value (x2) 0.000   59000   59.000  
p-value 1.000   0.000   0.000  
df 14   14   14  
n 60   60   60  
N.B.  Means followed by the same letter in the column are not significantly different from each other at p<0.05. 
 
 Plates 6.3 and 6.4 show the visual effect of the extracts of jack bean on blackjack. All the extracts 

performed equally to atrazine. However, during the course of the experiment, it was observed that 

atrazine acted faster than all the other tissue treatments. Plants sprayed with atrazine showed signs of 

phytotoxic damage at 3 DAS compared to the others which caused chlorosis of leaves as from day 6. 

Similar findings were observed when the experiment was repeated. Generally, the effects of jack bean and 

velvet bean extracts were more apparent and developed faster on blackjack than on goosegrass.   
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Plate 6. 1  Phytotoxic effects of tank mixtures of atrazine and aqueous extracts of velvet bean on goosegrass 9 days after spraying  
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Plate 6. 2  Phytotoxic effects of tank mixtures of atrazine and aqueous extracts of jack bean on goosegrass 9 days after spraying 
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Plate 6. 3  Phytotoxic effects of leaf, stem and root extracts of jack bean versus the untreated and atrazine control of blackjack 
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Plate 6. 4  Phytotoxic effects of leaf, stem and root extracts of velvet bean versus the untreated and atrazine full dose controls on blackjack 
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6.4  Discussion 
 Post emergence application of aqueous extracts of jack bean and velvet bean did not affect the 

height and chlorophyll content of maize plants. Maize height increased across all the treatments 

indicating that the growth of maize plants was not adversely affected by the allelochemicals present in 

the tissues of the two cover crops. Moreover, there was an increase in maize chlorophyll content from 

24 DACE to 34 DACE across all the treatments suggesting that the aqueous extracts of jack bean and 

velvet bean had no effect on the photosynthetic pigment system of maize. Khan et al. (2012) reported 

similar findings when maize was sprayed using atrazine tank mixes with sorghum [Sorghum bicolor 

(L.) Moench], sunflower (Helianthus annuus L.), brassica and mulberry (Morus rubra L.) extracts. 

These results also support the findings of Dinardo (1998) who reported that maize was not affected by 

soil incorporated biomass of jack bean tissue extracts. It was also reported that the allelochemical L-

3,4-dihydroxyphenylalanine (L-DOPA) found in velvet bean did not exhibit deleterious effects on 

maize when residues of a L-DOPA containing cover crop were used as mulch (Adediran et al. 2004). 

Selective weed control using allelopathic extracts on their own or with reduced herbicide dosages 

applied as post emergence sprays have also been reported in wheat (Triticum aestivum L.) (Razzaq et 

al. 2010) and canola (Brassica napus L.) (Jabran et al. 2008). This lends credence to the fact that 

allelochemicals produced by jack bean and velvet bean could be selective and are likely to offer 

prospects for use to selectively control weeds of divergent morphology in maize.  

 

 Variable responses of different plant species to allelochemicals have been reported. For example, 

plants belonging to the Gramineae family to which maize belongs were seen to be less affected by L-

DOPA due to their ability to detoxify this allelochemical (Soares et al. 2014).  Offen et al. (2001) 

reported that L-DOPA could be enzymatically decarboxylated by L-DOPA decarboxylase to form 

dopamine or form 3-O-methyldopa through the action of catechol-O-methyltransferase. However, 

these findings contradict the findings of Caamal-Maldonado et al. (2001) who reported the phytotoxic 

activity of aqueous extracts of fresh velvet bean extracts on maize. The results obtained where 

aqueous extracts of jack bean and velvet bean were applied are similar to those where atrazine was 

applied suggesting that the cover crop aqueous extracts were phytotoxic to the test species. Atrazine is 

a pre- and early post-emergence s-chlorotriazine herbicide which is applied to selectively control 

mainly broadleaved weeds and some grasses in maize and other grass crops (Ross and Lembi 1985). It 

is well documented that maize is tolerant to atrazine. This tolerance is due to the ability of the maize 

plants to enzymatically detoxify atrazine. Two enzymes, namely cytochrome P450 monoxygenase and 

glutathione-s-transferase, catalyse the conversion of atrazine to the non-phytotoxic conjugates OH-2-

atrazine and glutathione-atrazine that are responsible for conferring tolerance of maize to this 

herbicide (Ibrahim et al. 2013). It is probable that the same enzymes could also enzymatically 

detoxifying potent allelochemicals produced by jack bean and velvet bean.  
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 In contrast, aqueous extracts of jack bean reduced chlorophyll content and dry weight of both 

blackjack and goosegrass. All the herbicidal treatments caused gradual chlorosis, necrosis and death 

of plant leaves. The visual effects of the extracts were similar to what was observed in the atrazine 

treatments. Symptom development was more visible in the youngest and top leaves, which are the 

ones that were more exposed to herbicide sprays. In addition, symptoms developed first at the tips and 

edges of the affected plants which are characteristic of apoplastically translocated photosystem 2 

inhibitor herbicides (Ross and Lembi 1985). These results concur with findings by Silva and Rezende 

(2016) who reported that foliar application of jack bean extracts caused chlorosis with some brown 

spots on soybean (Glycine max L.) plants within 24 hours after application of the bio-herbicide. 

Inhibition of photosynthesis, decrease in chlorophyll content, enzymatic activity inhibition and cell 

membrane destruction are possible mechanisms through which allelochemicals could exert their effect 

on susceptible species (Khan et al. 2012). Reduction of chlorophyll content, carotenoid content, plant 

dry weight and other growth parameters was reported in field bindweed (Convolvulus arvensis L.) 

treated with 10 g L-1 of Crocus sativus L., Ricinus communis L., Nicotiana tabacum L., Datura inoxia 

Mill., Nerium oleander L. and Sorghum vulgar Pers extracts. Furthermore, Dadkhah (2012) reported 

reduced chlorophyll content in Cirsium arvense (L.) Scop treated with Ephedra major Host. extracts 

and attributed the phytotoxic activity observed to the presence of phenolics, alkaloids and other 

volatile compounds found in the leaves of E. major. In this study it was not clear whether the 

observed chlorosis was a result of disintegration of chlorophyll already in the plant or direct 

chlorophyll biosynthesis inhibition (Batish et al. 2002).  

 

 The phytotoxic activity of jack bean extracts observed in this study may be attributed to the 

presence of phenolic compounds; p-anisic acid, chlorogenic acid, naniringin and rutin that were found 

to exhibit phytotoxic activity in Commelina bengalensis L., Ipomoea grandifolia (Dammer) O'Donell 

(Mendes and Rezende 2014), Emilia sonchifolia and Sida spinosa L. (Silva and Rezende 2016). 

Santos et al. (2007) reported germination inhibition in Mimosa pudica L., Cassia tora L. and Cassia 

occidentalis L.which ranged from 45.6% to 72.4% due to the effect of the allelochemical atropine in 

jack bean root extracts. Hence, the results obtained in this study further confirm the allelopathic 

activity of jack bean allelochemicals on broad leaved plants.   

 

 Similar results were obtained in experiments where goosegrass, an annual grass weed belonging 

to the Poacea family was also used as a test weed species. The fact that jack bean aqueous extracts 

exhibited phytotoxic activity on both dicotyledonous and monocotyledonous weeds suggests the 

presence of allelochemicals that have a broad spectrum of activity. To our knowledge the allelopathic 

activity of post emergence sprays of both jack bean and velvet bean aqueous extracts on grass weed 

species has not yet been reported. Herbicide activity is known to be dosage dependent and the current 

lack of phytotoxic activity of extracts in maize could probably be due to subtoxic dosages of the 
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potent allelochemicals. These results imply that 5% wv-1 sole aqueous extracts of jack bean can 

effectively control annual broad leaved and narrow leaved weeds in maize. Moreover, allelochemicals 

are known to be less stable and are therefore less likely to affect rotational crops especially in CA and 

organic farming where crop rotations are a key cultural component in integrated weed management 

(Farooq et al. 2011). In addition, the utilisation of allelopathic aqueous extracts as post emergence 

sprays has prospects to perform better than when residues  are used because their efficacy is less 

likely to be compromised by edaphic factors. El-Shahawy and Abdelhamid (2013) reported loss of 

allelopathic activity of cover crop residues due to processes like enzymatic modification and 

adsorption especially in soils with high biological activity and cation exchange capacity (CEC). This 

is less likely to occur when extracts are applied post emergence because they are readily absorbed by 

the foliage of the plant before they are broken down due to environmental factors.  

 

 Velvet bean also exhibited similar effects as where jack bean extracts were used. Extracts from 

all tissues exhibited phytotoxic activity on both weeds suggesting the presence of potent 

allelochemicals in leaves, stems and roots of velvet bean. The phytotoxic activity of velvet bean on 

weeds has been previously reported (Adler and Chase 2007, Runzika et al. 2013). The reduction in 

growth consequently causes reduced biomass accumulation in susceptible plants (Soares et al. 2014). 

In this study all the tissues of velvet bean were equally phytotoxic to both weed species. Velvet bean 

extracts reduced chlorophyll content of both weeds. The effects of velvet bean extracts reported in this 

study are in consonance with the findings of Bernard and Udensi (2015) who reported the adverse 

effects of L-DOPA on chlorophyll synthesis in the plants. However, the effects of velvet bean extracts 

were faster and more devastating in blackjack than in goosegrass. These findings corroborate the work 

of Nishihara et al. (2005) who reported that velvet bean extracts had a more deleterious effect, on 

broadleaved weeds than on grass species. Similarly, Uddin et al. (2009) reported that broadleaf weeds 

were more susceptible to the herbicidal activity of sorgoleone than grass weed species. These 

observations suggest that the degree of phytotoxic damage due to allelochemicals from other plants 

could be species specific (Nekonam et al. 2013).  

 

 Results suggest that both jack bean and velvet bean are promising sources of bio-herbicides that 

can be applied post emergence to control weeds in sustainable agricultural systems. It has been 

reported that the application of allelopathic plant extracts as bio-herbicides may be a sustainable weed 

control strategy because they are usually less stable and have short half-lives (Dinardo et al. 1998, 

Farooq et al. 2011). However, their use alone may not translate into a meaningful yield benefit 

indicating the need to mix them with reduced dosages of herbicides (Al-Obaidi and Alsaadawi 2015). 

In this study a combination of cover crop tissue extracts and atrazine gave similar results to atrazine at 

a full dose. Similar results were obtained by Cheema et al. (2003).  Sole extracts treatments also 

controlled weeds at a similar rate as treatments with synthetic herbicides. Similar findings were also 
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obtained by several researchers working with sorghum aqueous extracts (Cheema et al. 2003, Cheema 

et al. 2004). It therefore implies that satisfactory weed control can be achieved without applying full 

atrazine dosages in maize. The reduced application of atrazine will enhance provision of an 

economically benign strategy of managing weeds at the same time reducing environmental pollution 

caused by this persistent herbicide with a half-life of 60 days in the soil (Ross and Lembi, 1985). 

While a lot of researchers have obtained successful results from allelopathic plants applied as post 

emergence natural herbicides, there still exists the need to establish the optimum concentrations and 

conditions under which this weed control strategy could be employed under large scale arable crop 

production (Weston et al. 2013).  

 

 In this study it was shown that all the tissue extracts of both jack bean and velvet bean exhibited 

phytotoxic activity on blackjack and goosegrass as shown by the differences in chlorophyll content 

between treatment and the untreated control on the last day of the experiment. The fact that both 

weeds were effectively controlled in these bioassays suggests the presence of allelochemicals that 

have a broad spectrum of activity. Interestingly, the herbicidal effects of the extracts that was 

demonstrated on the weeds was not observed in maize. Moreover, the results demonstrated that there 

was no extra benefit that was gained by combining aqueous extracts of the cover crops with reduced 

atrazine dosages. This is an important result because it demonstrated the potential use of these 

allelopathic aqueous extracts for weed control without the need for synthetic herbicides. The results 

show that the two cover crops have potential to be used as post emergence sprays in maize to 

effectively control emerged weed seedlings even without combining them with atrazine.  

 
6.5   Conclusion 
The present study suggests that the phytotoxic activity of jack bean and velvet bean that was also 

demonstrated in previous laboratory and greenhouse studies on blackjack and goosegrass (Chapters 3 

and 4) is due to allelopathy. It could be concluded that both jack bean and velvet bean leaf, stem and 

root tissues possess allelochemicals that have herbicidal effects on blackjack and goosegrass, while 

maize is rather insensitive. It can therefore be further concluded that 5% wv-1 aqueous extracts of the 

leaf, stem and root tissues of jack bean and velvet bean can be used to effectively control annual weed 

seedlings in maize. These findings provide a reasonable base for suggesting that the use of jack bean 

and velvet bean aqueous extracts as post emergence sprays could provide an effective and 

environmentally friendly method of weed control. However, there is need to evaluate the efficacy of 

these extracts under field conditions in different soils and agro-ecological regions. There could also be 

merit in evaluating the allelopathic activity of these two cover crops on other important and 

commonly occurring weeds in maize production and other crops. Economic analysis may also need to 

be done to establish the economic feasibility of using these bio-herbicides in weed management as 

well as establishing the optimum application rate of these extracts.  
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Chapter 7 
 

Effect of short-term maize-green manure cover crop 

rotations on weed seed bank size and community 

composition under conservation agriculture 
 
Abstract 
The effect of one and two year maize-cover crop rotations on weed seed bank dynamics were 

evaluated in fields at the University of Zimbabwe and CIMMYT between 2014 and 2017. Cover 

crops were rotated with maize and weed seed bank analysis were done using the seedling emergence 

method at the onset of the maize phase of the rotations. Soil samples were taken from plots in which 

nine different cover crops had previously been growing. Maize was used as the control. The 

experiment was laid out as a split plot with soil sampling depth as the main plot and cover crop type 

as the sub plot factor with seven replications. The results indicated that weed density was not 

significantly (p>0.05) affected by cover crop mulch type across the seasons. However, there was a 

significant (p<0.05) decline in weed density in the second maize phase of the rotation in UZ Field A. 

Blackjack (Bidens pilosa L.), gallant soldier (Galinsoga parviflora Cav.), smooth pigweed 

(Amaranthus hybridus L.) and goosegrass (Eleusine indica (L.) Gaertn) were the dominant weeds in 

all the seed banks. Blackjack density significantly (p<0.05) decreased in the second seasons in UZ 

Field A but did not vary significantly among cover crops (p>0.05) in the first season. In contrast, 

goosegrass density was not significantly (p>0.05) influenced by season, depth and maize-cover crop 

rotation in UZ Field A. Significant (p<0.05) changes in weed species richness, evenness and diversity 

were only observed in the second phase of the rotation in UZ Field A but did not vary within the same 

season among the maize-cover crop rotations. The results suggest that maize-cover crop rotations 

could be effective in reducing seed bank size in the short term but have no short term effect on weed 

species community composition. The study provides useful information for smallholder conservation 

agriculture farmers on the possible role of allelopathic cover crops in managing weeds in maize based 

crop rotations. 

 
Key words: allelopathy, cover crops, conservation agriculture, crop rotation, seed bank 
 
7.1  Introduction 
Viable seeds and vegetative propagules that are produced by weeds are deposited into the soil by the 

various types of dispersal agents where they form the soil weed seed bank also known as the non-

aerial seed bank (Singh et al. 2012). Since weeds produce seeds in abundance, the seed bank 
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comprises of millions of weed propagules some of which may remain viable for very long periods 

depending on the dormancy characteristics and longevity of the weed seeds in the soil (Hossain and 

Begum 2015). Seed dormancy ensures that not all the seeds in the soil germinate at the same time 

making it almost impossible to completely eliminate a weed species once it has been introduced into 

the seed bank. Seed banks are the main source of weed infestations in arable fields (Chen et al. 2017). 

Therefore, targeting the soil weed seed bank is a major component of sustainable and effective weed 

management (Hossain and Begum 2015) and can therefore be used as a useful tool in evaluating the 

ability of cropping systems to control weeds (Barberi and Lo Cascio 2001). Seed bank studies can be 

conducted for the whole seed bank or specific weeds up to a specific soil depth to determine the 

influence of cropping systems on seed bank density and species composition (Abbas et al. 2017).  

Information obtained from the seed bank studies is used to predict future weed infestations and is 

therefore a useful tool in determining the type of weed control to employ (Forcella et al. 1997). The 

management of the soil seed bank is an important long-term weed management strategy because it 

strives to reduce addition of seeds in the seed bank by minimising seed production and/or dispersal 

into the field at the same time promoting loss of viability and death of those already in the seed bank 

(Hossain and Begum 2015).   

 

 To date few studies have been done to evaluate the influence of cover crops to manage weeds in 

arable fields in Zimbabwe (Mhlanga et al. 2015a, 2015b, 2016). Allelopathic cover crops may 

produce allelochemicals as root exudates thereby suppressing germination of weeds. Alternatively, 

bio-herbicidal compounds may be produced as the residues of these cover crops decompose to 

produce phytotoxins that can impose secondary dormancy on the weeds in the seed bank consequently 

suppressing both weed germination and emergence (Bezuidenhout et al. 2012, Rueda-Ayala et al. 

2015). Moreover, addition of these natural herbicides in the soil may reduce weed seed bank size by 

creating a microenvironment which promotes predation and rotting of weed seeds (Nichols et al. 

2015). For example, an increase in soil moisture of 6-24% experienced in fields mulched with cover 

crop residues resulted in an increase in microbial populations and a concomitant increase in wild oat 

(Avena fatua L.) mortality of 23-88% (Mickelson and Grey 2006) and reduced seed viability in the 

range 41-69% (Abbas et al. 2017). Surface mulching of soils with cover crop residues causes an 

increase in the population of phytophagous soil inhabiting insects like beetles and crickets which 

reduce weed seedling emergence by 5-15% thereby demonstrating their potential to reduce weed seed 

bank size in cropping systems (White et al. 2007, Nichols et al. 2015).  In addition, cover crops can be 

used to stimulate suicidal germination of crop bound parasitic weeds like witch weeds (Striga spp) 

(Reinhardt and Teramichael 2011, Muoni and Mhlanga 2014). For example, Khan et al. (2006) 

reported reduced Striga parasitism when the cover crop Desmodium spp. was rotated or intercropped 

with maize.  
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 Previous research on the possible role of cover crops in weed management concentrated on their 

effect on weed seedling emergence without paying much attention to their effect on weed seed bank 

dynamics (Mhlanga 2015a, 2015b, 2016). Management of the soil seed bank is a key strategy that 

ensures the control of weeds before they emerge and cause injury to the crop. The objective of this 

study was to evaluate the short term effects of maize cover crop rotations on weed seed bank density, 

richness, evenness and diversity under CA conditions.  It was hypothesised that there are some among 

the cover crops tested that are effective in reducing the size and species composition of the soil seed 

bank within two rotations and may thus be promoted for inclusion in smallholder CA.   

 

7.2  Materials and methods 
7.2.1 Study site 
The study was conducted at the University of Zimbabwe (UZ) and CIMMYT Zimbabwe station fields 

between August 2014 and March 2017. The UZ Field A and B are situated at the University of 

Zimbabwe’s Crop Science Department (31o 05’E 18o12’S and 1523 m above sea level) (Chitagu et al. 

2014). The CIMMYT plot is located at the UZ Farm (31o03’E 18o22’S and altitude of 1503 m above 

sea level), 20 km North of Harare (Mhlanga et al. 2016). Both sites lie in Zimbabwe’s agro-ecological 

Region IIa according to classification of agroecological regions in Zimbabwe and receive rainfall of 

800-1000 mm in a unimodal season between November and March (Mtambanengwe et al. 2015). 

Mean daily maximum temperature at both sites is 30 oC. Weed seed germination of weeds seeds in the 

soil samples taken from different GMCC plots in the field was done in a glasshouse at the University 

of Zimbabwe. The soils at both the UZ and CIMMYT are granite-derived and are classified according 

to the FAO classification as Chromic Luvisols (Nyamapfene 1999). The chemical and physical 

characterisation of the soil from which the samples were taken was done in the Department of Soil 

Science at UZ and the results are presented in Table 7.1.  

 
Table 7. 1  Results of the chemical and physical analyses of the field soils used 
Soil properties UZ Field A UZ Field B CIMMYT 
% Clay 18 16 26 
% Silt 16 17 16 
% Sand 66 67 58 
Ca me % 7.61 9.19 6.34 
Mg me % 4.17 4.67 2.86 
K me % 0.32 0.46 0.33 
Na me %  0.22 0.24 0.62 
CEC me % 12.32 14.56 10.15 
% H2O 2.98 3.10 3.16 
% Organic carbon 1.66 1.53 2.15 
pH (CaCl2) 5.20 5.40 4.60 
% Organic matter 3.32 3.05 4.31 
UZ -University of Zimbabwe, me %= milliequivalents percent 
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7.2.2 Treatments and history of the sampled plots 
Soil samples that were used in the seed bank study were taken at the beginning of the maize phase of 

the rotation from plots in which maize was rotated with different cover crops. Red sunnhemp 

[Crotalaria ochroleuca (G.) Don], black sunnhemp (Crotalaria juncea L.), common rattlepod 

(Crotalaria grahamiana Wight & Arn),  tephrosia (Tephrosia vogelli L.), showy rattlebox (Crotalaria 

spectabilis Roth) and radish (Raphanus sativas L.) were dribbled in separate plots in rows 0.45 m 

apart targeting at an intra-row spacing of 0.25 m to achieve a plant density of 444 444 plants ha-1. 

Velvet bean [Mucuna pruriens (L.) DC], hyacinth bean [Lablab purpureus (L.) Sweet], jack bean 

[Canavalia ensiformis (L.) DC] and common bean (Phaseolus vulgaris L.) were planted in rows 0.45 

m apart targeting at an intra-row spacing of 0.25 m to achieve a plant density of 88 888 plants ha-1. 

The cover crops and maize were grown under dry-land conditions except in the first cover crop phase 

in UZ Field A where they were grown under irrigation between August and December 2014. These 

cover crops were chosen because they are being evaluated as potential rotational crops for smallholder 

CA in Zimbabwe. The cover crops were grown in plots with a gross plot size of 31.5 m2 (6.3 m x 5 m) 

and net plot size of 18 m2 (4.5 m x 4 m). The field layout was a Randomised Complete Block Design 

(RCBD) with three blocks in each field.   

 
In UZ Field A the rotation was initiated in August 2014 with the planting of cover crops under 

irrigation. The cover crops were chopped down with a hand slasher and the residues uniformly spread 

in the same plots in which they were grown. Thereafter, a uniform maize (variety SC403) crop was 

sown in January 2015. The rotation was repeated in the summer season of 2015-16 with the planting 

of the cover crops in the same plots where they were sown in the first cover crop phase of the rotation 

followed by a uniform maize crop in the 2016-17 cropping season. In UZ Field B the rotation was 

initiated in January 2015 with the planting of cover crops that were allowed to grow up to September 

2015. Thereafter, the cover crops were slashed down and spread in their respective plots and then a 

uniform maize crop was grown in December 2015. At CIMMYT, the rotation was initiated in the 

summer cropping season (December 2015 to July 2016) followed by a uniform maize crop in the next 

cropping season (2016-17). The trial was done under no-tillage conditions and planting of both maize 

and cover crops was done in furrows opened by a hoe.  

   

7.2.3 Experimental design of the seed bank study (Green house seedling emergence 
experiment) 

The experiment was laid out as a 3*10 factorial in a split plot design with seven blocks. The main 

factor was soil sampling depth with three levels (0-5 cm, 5-20 cm and 10-15 cm) and the subplot 

factor was the maize-cover crop type at ten levels as described earlier. 
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7.2.4 Seed bank sampling and analysis 
Soil samples were collected at the beginning of the maize phase of the rotation in the respective plots 

using an auger of 0.12 m diameter from three sampling positions per net plot. Soil samples were 

collected from three sampling depths being 0-5 cm, 5-10 cm and 10-15 cm per sampling position. A 

total of nine soil samples (three samples per sampling position) were collected from each plot. 

Consequently, a total of 270 samples were collected at each site. Each set of three samples from the 

same treatment were mixed according to depth to produce a composite (Chen et al. 2017) sample 

resulting in a total of 90 representative samples for each depth per respective field. The soil samples 

were dried in the glasshouse to prevent germination of weeds and were stored at room temperature in 

the field laboratory until further use. Estimation of the weed seed bank size and community 

composition was done using the seedling emergence method (Mandumbu et al. 2010). Each soil 

sample was placed in a plastic tub of 9.5 cm base diameter x 4.3 cm height to a depth of 3 cm. Seven 

representative sub-samples from each soil depth per cover crop were obtained making 210 

representative samples. The tubs were placed on tables in a glasshouse and were watered initially to 

field capacity to maintain adequate moisture for the germination of the weed seeds. Thereafter, the 

pots were watered daily with 100 ml of tap water using a peforated cup. Temperature in the 

glasshouse was not controlled but the day and night temperature ranged from 28-29 oC and 18-19 oC, 

respectively. The emerged weed seedlings were identified, counted by species, recorded and removed 

daily for 14 days.  After two weeks, the soil from each pot was turned to promote germination of 

photoblastic weed seeds and watered to field capacity. The identification process continued for the 

next 14 days. The samples were then placed in a cold room at 4o C for two weeks to break weed seed 

dormancy (Mandumbu et al. 2010). Thereafter, the pots were returned to the glasshouse where they 

were watered and the process described above was repeated every fortnight for another four weeks.  

 

7.2.5 Calculation of species composition parameters 
The total number of weeds that germinated throughout the duration of the experiment in the respective 

pots was converted to weed density m-2. Relative contribution of each weed species to the seed bank 

was expressed as a percentage of the total weed density m-2 (Morris et al. 2015). Weed species 

richness was expressed as the number of individual species counted in each pot (Muoni et al. 2013). 

Weed species diversity was calculated using two components of Shannon-Weiner’ diversity index, 

viz. species richness and evenness. Shannon-Weiner’ diversity index (H) was calculated as follows:  

pi = ni / N 
 

(1) 

H = −∑pi *(ln (pi)) (2) 
 
 Where: ni = number of individuals of species, N = Total number of individuals of all species, pi 

= relative abundance of species [Equation (1)] and H = the Shannon Diversity Index [Equation (2)] 

(Mtambanengwe et al. 2015). 
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Evenness (E) was calculated as follows: 
E = H / ln N 

Where E = relationship between the observed and total number of species (Mhlanga et al. 2015a). 
 

7.2.6 Data analysis 
Analysis of variance (ANOVA) was carried out on all parameters using Genstat (14th edition) and 

figures were plotted in Sigma plot version 10.0. All the data were subjected to Shapiro-Wilk test for 

normality testing and data that did not meet the assumptions of ANOVA were transformed except 

where transformation did not give any difference in the results and therefore inference (Mandumbu et 

al. 2012). Weed density, species richness, diversity and evenness data were log10(x) transformed. 

Mean separation was done using the least significant differences (Lsd) test at the 0.05 probability 

level. The models (Little and Hills 1978, Gomez and Gomez 1984) used to do the (1) combined 

season ANOVA for data obtained from UZ fields and (2) one season ANOVA for CIMMYT fields 

are given below: 

 
Yijk= µ + Sk + Dj + Rk + Si x Dj + Dj x Rk + Si x Rk + Si x Dj x Rk + eijk   (A) 

Yjk = µ + Dj + Rk + Dj x Rk + eijk       (B) 

 
 Where Yijk is the weed density in the ith season, µ is the overall mean weed density, Dj is the 

effect of the jth depth, and Rk is the effect of the kth rotation. Si x Dj x Rk is the interaction of the ith 

season, jth depth and kth rotation. Si x Rk is the interaction of the ith season x kth rotation, Dj x Rk is 

the interaction of the jth depth and the kth rotation, Si x Dj is the interaction of the ith season and the 

jth depth, eijk is the error term. Maize-cover crop rotation plus maize-cover crop rotation x 

environment interaction (GGE) analysis was carried out on the means from the across environments x 

maize-cover crop rotation ANOVA using Genstat (Genstat 2011). The model for the GGE biplot used 

was described by Yan et al. (2000) and Yan and Kang (2002) as Yij - µ - βj = k∑l =1 λl ξil ηjl + εij, where 

Yij is the average weed density of the ith
 cover-crop rotation in the jth environment; µ is the grand mean; 

βj is the main effect of the environment j; λl is the singular value of the lth principal component and k 

=2 in this case; ξil is the eigen vector of the maize-cover crop rotation i for PC l; ηlj is the eigen vector 

of environment j for PC l; and εij is the residual associated with maize-cover crop rotation i in the 

environment j. Based on this model the biplot is environment-centered using Genstat (Genstat 2011). 

 
7.3  Results 
7.3.1 Weed relative density 
A total of 12 weed species were recorded in the soil seed bank in UZ Field A in the 2014-15 season of 

which 58.3% were annual broad leaves, 25% annual grasses and 16.7% perennial sedges. In the 2016-

17 season, the number of weed species in the seed bank decreased to ten. Out of these, 50% were 

annual broadleaves, 40% annual grasses and 10% perennial sedges. The seed bank in UZ Field B 
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comprised of 77% annual broad leaves, 15% annual grasses and 8% perennial sedges. The seed bank 

at CIMMYT comprised of 75% broad leaves, 16.7% annual grasses and 8.3% perennial sedges. The 

dominant weeds that were present in the seed bank included smooth pig weed (Amaranthus hybridus 

L.), blackjack (Bidens pilosa L.), and goosegrass [Eleusine indica (L.) Gaertn], gallant soldier 

(Galinsoga parviflora L.) and Mexican clover (Richardia scabra L.).  

 

 The life cycle, type of reproduction and relative density of the weeds found in the different seed 

banks is presented in Table 7.2. The relative densities of individual species differed between years and 

across sites. In the 2014-15 season in UZ Field A, the primary broadleaved weed species were smooth 

pig weed and blackjack whilst goosegrass was the dominant grass species. In the 2016-17 season 

there was a general increase in both weed species number and relative density of individual species in 

UZ Field A. The dominant weed species in UZ Field A in the second maize phase (2016-17 season) 

were smooth pig weed, black jack, goosegrass, gallant soldier and purslane (Portulaca oleracea L.). 

However, the relative density of pigweed decreased fivefold to 11% from a previous high of 49% in 

the 2014-15 season. In 2015-16, blackjack, goosegrass, gallant soldier and Mexican clover were the 

primary weed species in UZ Field B. The primary weeds at CIMMYT were smooth pig weed, gallant 

soldier and Mexican clover. Goosegrass consistently maintained its position as the dominant grass 

species between seasons and across sites.  

 
Table 7. 2  Relative weed density (averaged over all treatments) of all species found in the total seed bank 

(0-15 cm) at all the sites from which soil samples were taken. 
 
 
 
Scientific name 

 Relative density (%) 
Life 
cycle 

UZ Field 
A 
2014-15 

UZ Field 
A 
2016-17 

UZ Field 
B 
2015-16 

CIMMYT 
2016-17  

Amaranthus hybridus L.  A, Br 49 11 3 17 
Bidens pilosa L. A, Br 11 24 18 1 
Commelina bengalensis L. A* 2 - 8 6 
Eleusine indica (L.) Geartn A, Gr 6 11 17 6 
Urochloa panicoides Beauv. A, Gr 4 8 4 - 
Sckhuhria pinnata (Lam.) Kuntze A, Br - - 1 - 
Galinsoga parviflora Cav. A, Br 8 23 29 37 
Chenopodium album L. A, Br 2 - 1 - 
Portulaca oleracea L. A, Br 9 10 4 - 
Oxalis latifolia Kunth A, Br 3 - - - 
Cyperus esculentus L. P, Se 1 4 2 1 
Nicandra physaloides (L.) Gaertn A, Br - - - 2 
Rottboellia conchinchinensis L.f. A, Gr 1 2 1 - 
Richardia scabra L. A, Br 3 1 12 23 
Setaria pumila (Poir.) Roem. & Hideber. A, Gr - 6 - 2 
Ipomoea plebia R. Br. A, Br - - - 1 
Conyza albida (Retz) E.H. Walker A, Br - - - 3 
Datura stramonuim L. A, Br - - - 2 
N.B: * Possesses characteristics of both monocotyledons and dicotyledons 
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Table 7. 3  ANOVA output explaining the effects of different maize-cover crop rotations, depth of soil 
sampling and season on weed seed density and community composition 

 
 
 
Site                                     

 Weed 
seed 
density 

Weed 
species 
richness 

Weed 
species 
diversity 

Weed 
species 
evenness 

Source P-value P-value P-value P-value 
UZ plot two seasons 
combined  
2014-15 and 2016-17 

Season 0.002 0.002 <0.001 <0.001 
Depth <0.001 <0.001 0.003 0.006 
GMCC 0.016 0.229 0.594 0.902 
Season x Depth 0.028 0.276 0.258 0.228 
Season x GMCC <0.001 0.053 0.012 0.136 
Depth x GMCC 0.001 0.357 0.143 0.463 
Season x Depth x GMCC 0.216 0.152 0.322 0.780 

      
UZ new plot 
2015-16 

Depth 0.011 0.042 0.035 0.073 
GMCC 0.007 0.001 0.006 0.045 
GMCC x Depth 0.014 0.359 0.198 0.735 

      
CIMMYT plot 
2016-17 

Depth <0.001 0.012 0.025 0.032 
GMCC <0.002 0.002 0.031 0.104 
GMCC x Depth 0.110 0.005 0.319 0.446 

 

7.3.2 UZ Field A total weed seed density (Season 2014-15 and 2016-17) 
Table 7.3 shows the effect of season, depth of soil sampling and maize-cover crop rotations as well as 

their interactions on weed seed density, species richness, diversity and evenness. Combined analysis 

of variance for 2014-15 and 2016-17 seasons showed that the seasons x depth of sampling x maize-

cover crop rotation interaction on weed seed density in UZ Field A was not significant (p>0.05, 

Appendix 7.1) (Table 7.3). However, the depth of sampling x season, season x maize-cover crop 

rotation and depth of sampling x maize-cover crop rotation interactions were significant (p<0.05). 

Weed seed density was significantly (p<0.05) lower across all maize-cover crop rotations in the 2016-

17 season compared to the 2014-15 season (Figure 7.1A), except where common rattlepod, tephrosia, 

showy rattlebox and jack bean were rotated with maize. Weed density in the maize after maize control 

increased by 4.8% in 2016-17 compared to the 2014-15 season although the increase was not 

significant. However, the influence of the different maize-cover crop rotations on weed seed density 

did not differ within the same season in both seasons. Significant reductions in weed seed bank size 

were observed in the maize after maize, maize-black sunnhemp, maize-velvet bean and maize-

hyacinth bean rotations as soil sampling depth was increased from 0-5 cm to 10-15 cm depth (Figure 

7.1B). In the maize-pigeon pea rotation, weed density was significantly higher in the 10-15 cm depth 

compared to the 5-10 cm depth.   
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Figure 7. 1  Effect of (A) cover crop and season on weed density in 2014/15 and 2016/17 seasons, (B) 

cover crop and sampling depth on weed seed density. The vertical bar above the histogram 
represent ± interaction least significant difference at p<0.05. Data were log10(x) transformed. 

 
 The interaction between season and sampling depth on weed seed density in UZ Field A was 

significant (p<0.05). There was a significant (p<0.05) decline in weed seed density in the 0-5 cm soil 

sampling depth in the 2016-17 season compared to the 2014-15 season (Figure 7.2). However, there 

were no significant changes in weed seed density in the lower soil depths of 5-10 cm and 10-15 cm 

between 2014-15 and 2016-17 seasons.  
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Figure 7. 2  Interaction effects of soil sampling depth and season on total weed seed density in UZ plot A. 

The vertical bar above the histogram represent ± interaction least significant difference at 
p<0.05. Data were log10(x) transformed. 
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7.3.3 UZ Field B total weed density (2015-16 season) 
Weed seed bank studies done in UZ Field B in one season (2015-16) showed that there was a 

significant interaction (p<0.05, Appendix 7.5) between soil sampling depth and maize-cover crop 

rotation on weed seed density. Weed seed density in the maize-jack bean, maize-velvet bean and 

maize-red sunnhemp rotations was significantly higher in the 0-5 cm depth compared to the 5-10 cm 

and 10-15 cm depths which did not differ in seed bank size (Figure 7.3). Weed seed density in the 0-5 

cm and 5-10 cm depths was the same as in the maize after maize, maize-black sunnhemp, maize-

hyacinth bean and maize-showy rattlebox rotations but was significantly higher than in the 10-15 cm 

layer. Maize-common rattlepod and maize-tephrosia rotations did not affect total weed seed density 

across all sampling depths. 
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Figure 7. 3  Interaction effects of soil sampling depth and maize-cover crop rotation on weed seed density 

in UZ Field B in 2015-16. The vertical bar above the histogram represent ± interaction least 
significant difference at p<0.05. Data were log10(x) transformed. 

 

7.3.4 CIMMYT total weed density (2016-17 season) 
The cover crop x sampling depth interaction was not significant (p<0.05, Appendix 7.9) at CIMMYT. 

There were variations in weed seed bank size in the different layers of the soil with significantly 

(p<0.05) higher densities in the upper soil layers. Weed seed density significantly (p<0.05) decreased 

from the 0-5 cm depth as sampling depth was increased (Figure 7.4A). A comparison of the influence 
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of different cover crop rotations showed that there were significant (p<0.05) differences in weed seed 

bank size among the treatments (Figure 7.4B). Weed seed density was 55% and 40% lower in the 

maize-red sunnhemp and maize-pigeon pea rotations compared to the maize after maize control. The 

other maize cover crop rotations performed the same as the maize after maize control.   
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Figure 7. 4  Effect of (A) soil sampling depth and (B) crop rotation on weed seed density at CIMMYT in 

the 2016-17 season. Where bars are indicated with different letters there was significant (P < 
0.05) differences between treatments. 

 
 Figure 7.5 shows the influence of the different rotations on the total weed density at all the sites 

in the different seasons. In all the plots, total weed seed density was highest in the maize after maize 

control followed by the maize-showy rattlebox and maize-tephrosia rotation. The biplot shows that 

the different sites and seasons can be grouped into one mega environment. 
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Figure 7. 5  The which-won-where biplot showing the influence of maize-cover crop rotations on total 

weed density in the different plots across seasons. The biplot was produced based on maize-
cover crop rotation type SVP, no transformation, no scaling and the data were environment 
(site and season) centered. Co-red sunnhemp, Cj-black sunnhemp, Cg-common rattlepod, Mp-
velvet bean, Tv-tephrosia, Ll-hyacinth bean, Cs-showy rattlebox, Ce-jack bean, Pp-pigeon 
pea, UZAA (UZ Field A 2014-15 season), UZAB (UZ Field A 2016-17 season), UZB (UZ 
Field B 2015-16 season). 

 
7.3.5 Weed species richness, diversity and evenness 

7.3.5.1 UZ Field A (combined seasons analysis 2014-15 and 2016-17) 
There were no significant (p>0.05, Appendix 7.2-7.4) interactions between season, depth and cover 

crop type on weed species richness and evenness in UZ Field A between 2014 and 2017 (Table 7.3). 

The effect of maize cover crop type on species richness and evenness was not significant (p>0.05) 

(Table 7.4).  
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Table 7. 4  Effect of different maize-cover crop rotations on weed species richness and Shannon‘s 
evenness indices at UZ Field A (2014-15/2016-17) 

Rotation Species richness  Species evenness 
Maize after maize 1.51 (2.08)  0.92 (0.41) 
Maize/Red sunnhemp 1.39 (1.60)  0.86 (0.27) 
Maize/Black sunnhemp 1.50 (1.95)  0.90 (0.35) 
Maize/Common rattlepod 1.31 (1.48)  0.88 (0.32) 
Maize/Velvet bean 1.39 (1.69)  0.91 (0.37) 
Maize/Tephrosia 1.35 (1.52)  0.89 (0.34) 
Maize/Lablab 1.38 (1.64)  0.91 (0.38) 
Maize/Showy rattlebox 1.38 (1.65)  0.88 (0.32) 
Maize/Jack bean 1.39 (1.55)  0.92 (0.39) 
Maize/Pigeon pea 1.28 (1.33)  0.88 (0.32) 
P-value 0.229  0.902 
CV% 29.7  21.1 
N.B: Data were log10(x) transformed. Untransformed data is shown in brackets. 
 
 There was a significant (p<0.05) effect of soil sampling depth on weed species richness and 

evenness in UZ Field A (Figure 7.7A and C). Both species richness and evenness were significantly 

higher in the 0-5 cm depth compared to the other sampling depths which had similar species richness 

and evenness. Weed species richness and evenness significantly (p<0.05) decreased in the 2016-17 

compared to the 2014-15 season (Figure 7.7B and D).  
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Figure 7. 6  Effect of soil sampling depth (A-C) and season (B-D) on weed species richness and evenness 
(m-2) at UZ Field A in both seasons (2014-15 and 2016-17).  Where bars are indicated with 
different letters there was significant (p<0.05) differences between treatments. 
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 However, the season x maize-cover crop rotation interaction was significant (p<0.05) on weed 

species diversity (Figure 7.7). The Shannon-Weiner diversity indices for the maize after maize and 

maize-red sunnhemp remained unchanged in both season.  In contrast, weed species diversity indices 

in the other maize-cover crop rotations were significantly lower in the 2016-17 season compared to 

the 2014-15 season. 
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Figure 7. 7  Interaction effects of season and type of rotation on weed species diversity in UZ Field A. The 

vertical bar above the histogram represent ± interaction least significant difference at p<0.05. 
 
 The effect of sampling depth on weed species diversity was significant (p<0.05). Weed species 

diversity was 10.3% and 6.4% higher in the 0-5 cm soil layer compared to the 5-10 cm and 10-15 cm 

depths, respectively (Figure 7.8).  
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Figure 7. 8  Effect of soil sampling depth on weed species diversity in UZ Field A in both seasons (2014-
15 and 2016-17). Where bars are indicated with different letters there were significant 
differences between treatments at p<0.05. 

 
7.3.5.2 UZ field B (season 2016-17) 
In Field B at the University of Zimbabwe in the 2016-17 season, no significant (p>0.05, Appendix 

7.6-7.8) interactions between factors were observed on all weed species composition parameters 

studied. However, the effect of maize-cover crop type was significant (p<0.05) on weed species 

richness. Weed species richness was significantly lower in plots where maize was rotated with black 

sunnhemp, common rattlepod, hyacinth bean, showy rattlebox, jack bean and pigeon pea compared to 

the maize after maize control (Figure 7.9A). Similarly, there were significant (p<0.05) differences in 

richness between soil sampling depths. Significantly lower weed species richness was observed in the 

10-15 cm depth compared to the 0-5 cm depth (Figure 7.9B).  

 

 Weed species diversity showed variable response to different maize-cover crop rotations. Weed 

species diversity was significantly (p<0.05) lower in plots where black sunnhemp, common rattlepod, 

hyacinth bean and pigeon pea were rotated with maize compared to the maize after maize control 

(Figure 6.9C). Analysis of variance showed that species diversity was significantly (p<0.05) affected 

by soil sampling depth. There was a significant decline in species diversity in the 10-15 cm soil layer 

compared to the 0-5 cm depth (Figure 6.9D). However, weed species diversity in the intermediate 

depth of 5-10 cm did not significantly differ from the other sampling layers.  

 

 The effect of maize-cover crop rotation on weed species evenness was significant (p<0.05). 

Significantly higher species evenness indices were obtained where maize was rotated with red 

a b b 
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sunnhemp, velvet bean and tephrosia compared to the other cover-crop rotations but these did not 

differ from the maize after maize control (Figure 7.9E). There were no significant (p<0.05) 

differences in species evenness amongst the soil sampling depths (Figure 7.9F). 
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Figure 7. 9  Effect of maize-cover crop rotation (A, C, E) and soil sampling depth (B, D, F) on weed 

species richness, diversity and evenness in UZ plot B in 2015-16. Where bars are indicated 
with different letters there was significant (p<0.05) differences between treatments. NS-not 
significant. 
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7.3.5.3 CIMMYT (2016-17 season) 
The interaction between soil sampling depth and maize-cover crop rotation was not significant 

(p>0.05, Appendix 7.11-7.12) on weed species diversity and evenness. Maize-cover crop rotation 

significantly (p<0.05) affected weed species diversity at CIMMYT (Table 7.5). Velvet bean, red 

sunnhemp and pigeon pea reduced weed species diversity by 34.9%, 40.6% and 45.3%, respectively 

compared to the maize after maize control. The other maize-cover crop rotations had species diversity 

indices that were similar to the maize after maize control. Conversely, the different maize-cover crop 

rotations did not significantly (p>0.05) affect weed species evenness at CIMMYT in the 2016-17 

season. The effect of sampling depth on weed species diversity and evenness was significant (p<0.05) 

(Table 7.5). There were no significant differences in species diversity and evenness between the 0-5 

and 5-10 cm depths, however, significantly lower diversity and evenness indices were obtained at the 

10-15 cm soil sampling depth. 

 
Table 7. 5  Effect of weed species diversity and evenness at CIMMYT in the 2016-17 season 
Rotation Weed species diversity Weed species evenness 
Maize after maize 1.23 (1.06)c 1.13 (0.79) 
Maize/Red sunnhemp  1.03 (0.63)a 1.04 (0.63) 
Maize/Black sunnhemp 1.10 (0.75)abc 1.11 (0.77) 
Maize/Common rattlepod 1.18 (0.91)bc 1.16 (0.87) 
Maize/Velvet bean 1.06 (0.69)ab 1.02 (0.59) 
Maize/Tephrosia 1.13 (0.82)abc 1.11 (0.76) 
Maize/Lablab 1.19 (0.98)bc 1.15 (0.85) 
Maize/Showy rattlebox 1.12 (0.82)abc 1.08 (0.71) 
Maize/Jack bean 1.18 (0.92)bc 1.15 (0.84) 
Maize/Pigeon pea 1.01 (0.58)a 1.03 (0.61) 
p-value 0.031 0.104 
Lsd0.05 0.139 ns 
CV% 20.3 17.3 

Soil sampling depth (cm) 
0-5 1.10 (0.86)a 1.14 (0.73)a 
5-10 1.15 (0.10)a 1.17 (0.84)a 
10-15 1.05 (0.69)b 1.06 (0.65)b 
p-value 0.032 0.025 
Lsd0.05 0.075 0.080 
CV% 17.3 20.3 
N.B: Data were log10(x) transformed. Untransformed data is shown in brackets. Means followed by the same 
letter in the same column are not significantly different from each other at p<0.05. 
 
 There was a significant (p<0.05, Appendix 7.10) interaction between soil sampling depth and 

maize-cover crop rotation on weed species richness at CIMMYT in the 2016-17 season. There was a 

significant decline in species richness at each successive soil sampling depth in the maize after maize 

control only (Figure 7.10). In contrast, there were no significant differences in weed species richness 

in the other maize-cover crop rotations.  
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Figure 7. 10  Interaction effect of maize-cover crop type and soil sampling depth on weed species richness 
at CIMMYT in the 2016-17 season. The vertical bar above the histogram represent ± 
interaction least significant difference at p<0.05. 

 

7.3.6 Response of major weed species to different cover crop rotations at the different sites 
and across seasons 

Table 7.6 summarises the ANOVA output for major weeds in the different fields.  
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Table 7. 6  ANOVA output explaining the effects of different maize-cover crop rotations, depth of soil 
sampling and season on densities of major weeds in different fields. 

 
 
Site                                     

  
Blackjack 

Smooth 
pig weed 

Gallant 
soldier 

 
Goosegrass 

Source p-value p-value p-value p-value 
UZ plot two 
seasons combined  
2014-15 and 
2016-17 

Season 0.072 <0.001 0.755 0.186 
Depth 0.254 0.251 <0.001 0.144 
GMCC <0.001 <0.001 <0.001 0.066 
Season x Depth <0.001 <0.001 <0.001 0.175 
Season x GMCC <0.001 <0.001 <0.001 0.211 
Depth x GMCC <0.001 <0.001 <0.001 0.079 
Season x Depth x GMCC 0.002 0.270 <0.001 0.288 

UZ new plot 
2015-16 

Depth 0.998 0.363 0.330 - 
GMCC <0.001 0.787 0.086 - 
Season x Depth 0.001 0.860 0.023 - 

     Mexican 
clover 

CIMMYT plot 
2016-17 

Depth - 0.180 <0.001 0.379 
GMCC - 0.396 0.004 0.090 
Season x Depth - 0.093 0.001 0.129 

 
7.3.6.1 UZ Field A (2014-15 and 2016-17 seasons) 
Combined season ANOVA for the 2014-15 and 2016-17 seasons was done on the major weeds in UZ 

Field A and the results are presented in Figure 7.10 to 7.13. There was a significant (p<0.05, 

Appendix 7.13) season x depth x maize-cover crop rotation interaction on the density of blackjack 

(Figure 7.11). Blackjack density was significantly (p<0.05) higher in the 2016-17 season than the 

2014-15 season at the 5-10 cm and 10-15 cm depths in the maize after maize, showy rattlebox and 

jack bean rotations only. The density of blackjack did not significantly change between seasons and 

across the three sampling depths in the other maize-cover crop rotations.  
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Figure 7. 11  Response of blackjack density to different maize-cover crop rotations and soil depth across 
seasons. Data were log10(x) transformed. The vertical bar above the histogram represent ± 
interaction least significant difference at p<0.05. 

 
 There was no significant (p>0.05, Appendix 7.16) interaction of season, depth and maize-cover 

crop rotation on goosegrass density in UZ Field A between 2014 and 2017. Goosegrass density was 

not significantly (p>0.05) influenced by the type of maize-cover crop rotation that was used (Figure 

7.12A). The density of goosegrass did not vary significantly (p>0.05) in the different layers of the soil 

profile (Figure 7.12B). There were no significant (p>0.05) differences in goosegrass density between 

the 2014-15 and 2016-17 seasons (Figure 7.12C).  
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Figure 7. 12  Response of goosegrass to (A) maize-cover crop rotation, (B) soil sampling depth and (C) season in UZ 

Field A. Data were √(x+0.5) transformed. The vertical bar above the histogram represent ± interaction 
least significant difference at p<0.05. 

 
 There was no significant (p>0.05, Appendix 7.14) season x depth x maize-cover crop rotation 

interaction on the density of smooth pig weed in UZ Field A. However, the season x maize-cover crop 

rotation, depth x maize cover crop rotation and season x depth interactions were significant (p<0.05) 

(Figure 7.13). Smooth pig weed density declined significantly in the second season in all the rotations 

except where maize was rotated with common rattlepod and showy rattlebox as well as the maize 

monoculture plot (Figure 7.13A). Significant (p<0.05) variations in smooth pigweed densities were 

observed amongst the different maize-cover crop rotations in the 2014-15 seasons but not in the 2016-

17 season. In the 2014-15 season, smooth pigweed density was significantly (p<0.05) higher in the 

maize-red sunnhemp, maize-black sunnhemp and maize-velvet bean compared to the maize after 

maize control. The other maize cover crop rotations did not significantly differ with the maize after 

maize control.  A significant (p<0.05) variation in the density of smooth pigweed across the different 

soil layers was only obtained in the maize-velvet bean rotation (Figure 7.13B). In the other maize-
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cover crop rotations, the density of smooth pig weed did not vary. Smooth pigweed density was 

significantly (p<0.05) higher in the 0-5 cm depth compared to the other layers in the 2014-15 season 

(Figure 7.13C). In the 2016-17 season, there were no significant differences in the density of smooth 

pigweed across the three soil layers.   

Sm
oo

th
 p

ig
 w

ee
d 

m
-2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
2014-15 season
2016-17 season

M
ai

ze
 a

fe
te

r m
ai

ze

M
ai

ze
/R

ed
 su

nn
he

m
p

M
ai

ze
/B

la
ck

 su
nn

he
m

p

M
ai

ze
/ C

om
m

on
 ra

ttl
ep

od

M
ai

ze
/V

el
ve

t b
ea

n

M
ai

ze
/T

ep
hr

os
ia

M
ai

ze
/H

ya
ci

nt
h 

be
an

M
ai

ze
/S

ho
w

y 
ra

ttl
eb

ox

M
ai

ze
/J

ac
kb

ea
n

M
ai

ze
/P

ig
eo

n 
pe

a

Sm
oo

th
 p

ig
 w

ee
d 

m
-2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
0-5 cm
5-10 cm
10-15 cm

Season

2014-15 2016-17
Sm

oo
th

 p
ig

 w
ee

d 
de

ns
ity

 m
-2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
0-5 cm
5-10 cm
10-15 cm

 
Figure 7. 13  Response of smooth pigweed to (A) maize-cover crop rotation and season, (B) soil sampling 

depth and season and (C) maize cover crop rotation and depth in UZ Field A. Data were 
log10(x) transformed. The vertical bar above the histogram represent ± interaction least 
significant difference at p<0.05. 

 
 Results for the effect of season, depth and maize-cover crop rotation on the density of gallant 

soldier at UZ Field A are shown in Figure 7.14. There was a significant (P<0.05, Appendix 7.15) 

season x depth x maize-cover crop rotation interaction on the density of gallant soldier. Gallant 

soldier density was significantly (p<0.05) higher in the 0-5 cm depth compared to the other soil 

sampling depths in the maize after maize control, black sunnhemp, common rattlepod, velvet bean 

and jack bean rotations in the 2014-15 season. However, there were no significant variations in gallant 

soldier densities across the different maize-cover crop rotations in the 2016-17 season. Gallant solider 

density significantly (p<0.05) decreased between seasons in the 0-5 cm depths where maize was 
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rotated with black sunnhemp, velvet bean and jack bean. In contrast, the density of gallant soldier 

significantly (p<0.05) increased across all sampling depths in the maize-showy rattlebox rotation. 
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Figure 7. 14  Response of gallant soldier density to different maize-cover crop rotations and soil depth 
across seasons. Data were log10(x) transformed. The vertical bar above the histogram represent 
± interaction least significant difference at p<0.05. 

 
7.3.6.2 UZ field B plot major weeds (2015-16 season) 
The major weeds at UZ Field B in the 2015-16 season were blackjack, smooth pig weed and gallant 

soldier. There was a significant (p<0.05, Appendix 7.17) interaction between depth and maize-cover 

crop rotation on the density of blackjack. In the maize after maize control blackjack density was 

significantly higher in the 0-5 cm than in the other soil layers (Figure 7.15A). Blackjack density in the 

0-5 cm layer was significantly lower than the 5-10 and 10-15 cm layer in the maize-showy rattlebox 

rotation. The density of blackjack in the other maize-cover crop rotations did not significantly vary 

across all the soil layers. The depth x maize-cover crop rotation interaction was also significant 
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(p<0.05, Appendix 7.19) on the density of gallant soldier. A significant decline in gallant soldier was 

observed in the maize-red sunnhemp and maize-hyacinth bean rotations as depth was increased from 

0-5 cm to 5-10 cm (Figure 7.15B). In the maize-pigeon pea rotation, the density of gallant soldier was 

significantly higher in the 5-10 cm depth compared to the other soil layers. The density of smooth 

pigweed did not vary significantly (p>0.05, Appendix 7.18) across the different types of rotations 

(Figure 7.15C) and soil layers of the soil (Figure 7.15D).  
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Figure 7. 15  Response of (A) blackjack, (B) gallant soldier and (C&D) smooth pigweed to different maize-

cover crop rotations at three soil seed bank depths. Data were log10(x) transformed. The 
vertical bar above the histogram represent ± interaction least significant difference at p<0.05. 
NS-not significant. 

 
7.3.6.3 Major weeds at CIMMYT (2016-17 season) 
The major weeds at CIMMYT in the 2016-17 season were Mexican clover, smooth pigweed and 

gallant soldier. The density of Mexican clover and smooth pigweed was not significantly (p>0.05, 

Appendix 7.20 and 7.22) influenced by the maize-cover crop rotation type (Figure 7.16B and D). 

Similarly, there were no significant (p>0.05) variations in the densities of both weeds across the 
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different soil layers (Figure 6.16A and C). However, there was a significant (p<0.05, Appendix 7.21) 

depth x maize-cover interaction on the density of gallant soldier. The density of gallant soldier was 

significantly (p<0.05) higher in the maize-tephrosia, maize-hyacinth bean, maize-showy rattlebox and 

maize-jack bean rotations compared to the maize-red sunnhemp rotation at the 0-5 cm depth (Figure 

7.16).  At 5-10 cm depth the maize-velvet bean and maize-tephrosia rotations also had significantly 

higher gallant soldier densities than the maize-red sunnhemp rotations while at the 10-15 cm soil 

depths the gallant soldier densities varied from more than the maize-red sunnhemp density to less than 

the maize-red sunnhemp densities but the differences were not statistically significant. 
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Figure 7. 16  Response of Mexican clover (A and B), smooth pigweed (C and D) and (E) gallant soldier to 

different maize-cover crop rotations at three soil seed bank depths. Data were log10(x) 
transformed. The vertical bar above the histogram represent ± interaction least significant 
difference at p<0.05. 

 

7.3.7 Analysis of weed density of major weeds across environments and seasons 
The which-won-where scatter bi-plots (Figure 7.17A-D) show the influence of the different maize-

cover crop rotations on the total density of major weeds across the environments and seasons in the 0-
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15 cm depth seed bank. Blackjack density was highest in the maize after maize plots at UZ Field B 

(2015-16 season) and CIMMYT (2016-17 season). On the other hand, the density of blackjack was 

highest in the maize-hyacinth bean and maize-jack bean rotations in the UZ A field in the 2014-15 

season. Blackjack density was also high in the maize-black sunnhemp rotations at both UZ Field A 

(2014-15) and UZ B (2015-16 season).   

 

 Smooth pigweed density was high in UZ Field A in the order red sunnhemp>black sunnhemp > 

hyacinth bean in both the 2014-15 and 2016-17 seasons. The density of smooth pig weed was highest 

in maize-velvet bean and maize-common rattlepod rotation at CIMMYT. The maize after maize 

control and maize-velvet bean rotation had the highest density of gallant soldier at all UZ fields across 

all the seasons.  

 

 At CIMMYT gallant soldier density was highest in the maize-tephrosia followed by maize-jack 

bean rotations. Goosegrass density was highest in black sunnhemp at all UZ fields across seasons. In, 

contrast, the density of goosegrass was highest in red sunnhemp and pigeon pea at CIMMYT.    
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Figure 7. 17  The which-won-where bi-plot showing the influence of maize-cover crop rotations on the density 
of blackjack, smooth pig weed, gallant soldier and goosegrass in the different plots across seasons. 
The biplot was produced based on maize-cover crop rotation type SVP, no transformation, no 
scaling and the data were environment (site and season) centered. Co-red sunnhemp, Cj-black 
sunnhemp, Cg-common rattlepod, Mp-velvet bean, Tv-tephrosia, Ll-hyancinth bean, Cs-showy 
rattlebox, Ce-jack bean, Pp-pigeon pea. UZAA (UZ Field A 2014-15 season), UZ AB (UZ Field A 
2016-17 season), UZ B (UZ Field B 2015-16). 
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7.4  Discussion 
7.4.1 Effect of different maize-cover crop rotations on relative weed dominance 
The relative densities of weeds that germinated at all sites during the study showed that the seed banks of 

different fields are dominated by annual weeds of which the majority is broadleaved. The abundance of 

annual weeds in the seed banks could be attributed to the fact that most of the plots were within their first 

two to three years after shifting from conventional tillage to CA. The only perennial weeds that were 

present in the 0-15 cm seed bank were the Cyperus species probably because they have a dual mode of 

reproduction and can germinate from seed although their predominant mode of reproduction is through 

tubers (Botha 2001). The low numbers of perennial weeds could also be due to the fact that they 

reproduce vegetatively and the sampling done could have missed the vegetative structures such as 

rhizomes and stolons. The results concur with findings by Mandumbu et al. (2012) who reported the 

presence of several annual weeds and only one perennial in the seed bank under CA in the early years of 

adopting reduced tillage.  Generally, there were similarities in terms of the types of weed species present 

in the different seed banks probably because of similarities in the previous land use, soil types and 

climatic conditions of the fields used. Nichols et al. (2015) reported that the initial state of the seed bank 

influences study results.  

 

7.4.2 Effect of maize-cover crop and sampling depth on total weed seed density 
Total weed seed density in the plots where maize-cover crop rotations were repeated were lower in the 

maize phase of the rotation only in the 0-5 cm depth, but did not differ among the different maize-cover 

crop rotations. The higher weed densities obtained in the 0-5 cm depth compared to the deeper soil layers 

in this study are consistent with results from other weed seed bank studies (Barberi and Lo Cascio 2001, 

Mandumbu et al. 2012, Chen et al. 2017). The higher weed densities in the 0-5 cm depth could be due to 

the accumulation of weed seeds (60-90%) in the top 5 cm of the soil (Barberi et al. 2001, Mandumbu et 

al. 2012). Unlike in conventional tillage, weed seeds penetrate the deeper soil layers through very slow 

processes like cracks and fauna (Nichols et al. 2015) hence the differences in seed bank size reported in 

this study may be due to lack of tillage which distributes weed seeds vertically in the soil profile rather 

than the direct influence of crop rotations. The results concur with the findings of Barberi and Lo Cascio 

(2001) who reported that weed community composition in the 0-15 cm layer seemed more influenced by 

tillage system than by crop rotation.  

 

 However, there was a general decline in the density of weed seeds in the seed bank between the 

seasons in the plots where rotations were repeated (Figure 7.2). This decline in weed density may be 

attributed to the ability of the residues of different cover crops to suppress weed growth and germination 

thereby reducing seed rain.  Similar findings were reported by Abbas et al. (2017) who reported increased 
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decay and reduced seed viability of Phalaris minor in the seed bank after being buried in soil treated with 

different allelopathic mulches. The maize-velvet bean, maize-jack bean, maize-black sunnhemp and 

maize-red sunnhemp rotations significantly reduced weed density in the 0-5 cm layer demonstrating their 

ability to suppress weed growth under field conditions.  

 Previous studies done under controlled environments identified L-DOPA from velvet bean (Fujii 

1999, Nishihara et al. 2005, Soares et al. 2014), phenolics, alkaloids, flavonoids, and phytotoxic 

polyamines from jack bean (Santos et al. 2007, Santos et al. 2010) and delta-hydroxynorleucine (5-

hydroxy-2-aminohexanoic acid) from Crotalaria spp (Adler and Chase 2007) as the allelochemicals 

responsible for weed suppression. The presence of these compounds was also confirmed in chapter 6 of 

this thesis. It is possible that the release of these allelochemicals could have resulted in the lower numbers 

of viable weeds in the second year of the rotation. Mechanisms of allelopathic activity include induction 

of dormancy (Nichols et al. 2015) and enhancement of natural loss of viability of seeds in the soil 

(Anderson 2005). Moreover, surface accumulation of weed propagules which happens in CA exposes 

seeds of annual weeds to greater risks of mortality through weather variability and predation by both 

micro-fauna and macro-fauna (Nichols et al. 2015). Blubaugh and Kaplan (2015) reported the increase in 

seed-consuming fauna under reduced tillage compared to conventional tillage due to increased habitat 

(Baraibar et al. 2009) or decreased tillage-induced mortality (Shearim et al. 2007). However, these 

findings contradict the findings of Mtambanengwe et al. (2015) and Barberi & Lo Cascio (2001) who 

reported that differences in weed species composition is not affected by mulches in the short term. These 

differences in results could be due to differences in the initial seed bank composition. In this study, the 

seed bank was dominated by small seeded weeds which are more susceptible to the effect of 

allelochemicals compared to their studies in which large seeded weeds and perennials were more 

dominant (Liebman and Davis 2000, Rueda-Ayala et al. 2015). However, principle component analysis 

(PCA) of the effect of cover crops in the different environments (fields and seasons) grouped them into 

the same mega environment (Figure 7.5) demonstrating that the changes in weed densities observed could 

be due to cover crop effects rather than differences in initial weed seed bank composition.  

 

 The higher weed seed densities in the 10-15 cm depth (Figure 6.3) in some maize-cover crop 

rotations in UZ Field B lend credence to the assertion that weed species response to crop rotations in the 

first years of CA adoption is mainly influenced by the previous management practices. The increase in 

weed density observed in the maize after maize plots clearly demonstrates the variable response of weeds 

to different types of mulches. These results are in agreement with findings of Mhlanga et al (2015a) who 

reported high weed densities in plots mulched with maize despite the fact that maize had higher mulch 

biomass weight and percent ground cover compared to the leguminous cover crops. This increase in weed 
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density in plots mulched with maize was also reported by Mtambanengwe et al. (2015) clearly 

demonstrating that the low weed densities recorded in the cover crop plots were not just a result of the 

physical effects of mulching but may also be due to the allelochemicals produced as the cover crop 

residues decomposed. Mulches that are not allelopathic may result in increased weed pressure due to 

creation of soil micro-climate that is conducive for weed germination (Mashingaidze et al. 2012). 

 

7.4.3 Effect of cover crop rotation on the density of major weeds 
There were variations in the response of blackjack to different maize-cover crop rotations. Blackjack was 

a dominant weed in two UZ fields but not at CIMMYT. Very low blackjack numbers recorded at 

CIMMYT could be attributed to previous high levels of management because it is an on-station 

experimental site (Muoni et al. 2013). At UZ, management of late season weeds was poor in preceding 

seasons and could have resulted in the addition of large quantities of blackjack seed into the seed bank. In 

both UZ plots, blackjack density was significantly higher in the maize after maize plots compared to the 

other rotations. Similar findings were reported by Mhlanga et al. (2015b) who reported higher weed 

densities in the plots mulched with maize residues. This could imply that this weed is susceptible to 

allelochemicals produced by the cover crops. These results corroborate the work by Runzika et al. (2013) 

who reported the reduced germination and seedling growth of blackjack when treated with aqueous 

extracts and soil incorporated biomass of cover crops. However, results obtained in this study contrasted 

the findings of Mhlanga et al. (2015b) who reported high blackjack emergence in pigeon pea plots and 

attributed the high weed number to low biomass production which left the ground bare and allowed for 

proliferation of weeds.  

 

 Goosegrass was the dominant grass species at all sites. This grassy weed produces very small seeds 

with a high voilure coefficient and is prone to hydrochory and anemochory (Mandumbu et al. 2012). 

However, there were no differences in goosegrass density among the different cover-crop rotations and 

across soil layers probably due to age of the rotation which was too short to have resulted in significant 

changes in weed density as a result of treatment effects.   

 

 Smooth pigweed densities decreased in the second season with most of the seeds being found in the 

0-5 cm depth although its density was not influenced by soil sampling depth as well as maize-cover crop 

rotation type except in the maize after maize and maize-showy rattlebox rotations where it did not 

significantly change. These findings suggest that this weed is susceptible to different allelochemicals 

produced by the cover crops hence the higher densities in maize residues which are generally not 

allelopathic. Showy rattlebox establishes slowly, produces little biomass and does not achieve complete 
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ground cover. As a result it leaves a lot of gaps in the field which allow penetration of light and heat 

resulting in high soil temperatures that are conducive for the proliferation of smooth pigweed (Damalas 

2008).   

 Gallant soldier was present in high numbers at all sites accounting for more than 20% of total weed 

density at all sites probably due to the fact that it is a cosmopolitan weed which can survive in different 

habitats (Botha 2010). The which-won-where biplot showed higher densities of gallant soldiers in maize 

after maize plot in UZ fields compared to the other maize-cover crop rotations further lending credence to 

the assertion that it could have been affected by allelochemicals that were produced by the cover crops as 

they decomposed. LC-MS analysis done on the residues (chapter 6) of jack bean and velvet bean revealed 

the presence of several allelopathic compounds including rutin and kaempferol that were also previously 

reported to be allelopathic (Fujii 1992, Fujii 2003, Santos et al 2007). It is possible that these 

allelochemicals released by the cover crop residues could have played a role in suppressing weed growth 

and reducing subsequent addition of more weed seeds into the non aerial seed bank.  

 

 Mexican clover was a primary weed only at CIMMYT but its density was not affected by both 

sampling depth and maize-cover crop rotation. This weed is an acidophile which tends to dominate in 

light textured soils with very low soil pH and fertility. These results concur with those of Mhlanga et al. 

(2015b) who reported high Mexican clover numbers in maize after maize plots. However, they reported 

low numbers of Mexican clover in maize-velvet bean rotation contrary to results of this study which 

showed high Mexican clover densities in velvet bean.  

 

7.4.4 Effect of cover crops on weed species community composition 
The number of weed species (species richness) present in the seed bank did not vary among maize-cover 

crop rotations in both seasons. The lack of substantial variation in species richness in short term rotations 

was previously reported by Barberi and Lo Cascio (2001) who attributed that to the buffering effect of 

weed seed banks. This result implies that short term rotations may not be a faster way of reducing the 

number of troublesome weeds in arable fields. The significantly higher species richness in the 0-5 cm soil 

layer could be due to the deposition of weed propagules in these layers due to several dispersal agents 

which does not happen in the 5-15 cm layer. These findings are in agreement with results of Chen et al. 

(2017) who reported significantly higher weed species richness in the 0-5 cm depth. A similar trend was 

observed with species evenness which is a measure of how evenly weeds are distributed in an 

environment (Nolan and Callahan 2006). Weed species evenness ranged from 0.27 to 0.41 at UZ showing 

that there were dominant weeds in this plot. However, the species evenness values at CIMMYT were 

higher ranging from 0.61 to 0.79. Species evenness at both sites did not vary significantly among maize-
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cover crop rotations demonstrating that short term rotations do not significantly influence the weed 

community composition in the seed bank and the differences in species evenness observed between UZ 

and CIMMYT sites could have been due to differences in initial seed bank composition. However, the 

lower species evenness values in the second season of the rotation at UZ show the emergence of dominant 

species in the rotations. This could imply that the cover crops are effective at suppressing growth of some 

weeds but not all. The dominant weeds that remain can be controlled by spot weeding or application of 

herbicides thereby reducing the cost of weed control (Muoni et al. 2014). Consequently, there were 

significant variations in species diversity. Species diversity decreased in the 2016-17 season at UZ 

indicating the ability of the cover crop mulches to suppress some weed species. Similar findings were 

reported by Jones et al. (1999) and Mtambanengwe et al. (2015) who reported low diversity where 

mulching and timeous weeding were combined. However, no clear trends were obtained in the first 

season of the rotations indicating that changes in weed community composition occur after at least one 

rotation.  

 

7.5   Conclusion 
The results of this study show the short term benefits of maize-cover crop rotations on total weed density. 

The results show that mulching with cover crop residues reduces seed bank size better than maize 

residues and this change in weed populations may be attributed to the release of allelochemicals and 

alteration of the soil microenvironment. The cover crops were effective in reducing the density of 

blackjack but not the other broadleaved weeds suggesting that the effect of the weed suppression activity 

of cover crops could be weed species specific. However, no clear trends on weed species composition 

were established due to short term maize cover crop rotations. Therefore, there could be merit in 

practicing the crop rotations for several seasons in order to realize the changes in weed species 

composition reported by other researchers. The effect of the different cover crops in reducing weed seed 

bank size was similar therefore the choice of cover crop to use would depend on other factors and not just 

their ability to control weeds because they all demonstrated potential to reduce weed seed bank size. 

There is need for this study to be replicated in several agro-ecological regions under farmer managed 

conditions to determine the effect of the maize cover crop rotations on weeds in different soil types with 

different initial weed species composition including perennial and parasitic weeds. 
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Chapter 8 
 
 

Effect of short term maize-cover crop rotations on weed 

emergence, biomass and species composition under 

conservation agriculture 
 
Abstract 
Recent advances in crop production have identified crop rotation with cover crops as a key component of 

sustainable crop production. However, the implementation of cropping systems involving diverse crop 

rotations in the smallholder sector of Zimbabwe is still minimal due to the anticipated increases in weed 

pressure where they are used. A field study was done at the University of Zimbabwe from 2014 to 2017 

to study the effect of different maize-cover crop rotations on weed infestations under conservation 

agriculture. The experiment was laid out as a Randomised Complete Block Design with nine cover crops 

as treatments and maize as the control. Sedges (Cyperus esculentus L. and Cyperus rotundus L.), 

blackjack (Bidens pilosa L.), smooth pig weed (Amaranthus hybridus L.) and gallant soldier (Galinsoga 

parviflora Cav.) were the primary weed species. Maize-velvet bean [Mucuna pruriens (L.) DC] and 

maize-red sunnhemp [Crotalaria ochroleuca (L.) DC] rotations consistently reduced (p<0.05) weed 

density and biomass across seasons at the first weed count. However, there were no significant (p>0.05) 

differences in the density of individual dominant weed species among maize-cover crop rotations.  The 

different maize-cover crop rotations had no effect (p>0.05) on species richness, evenness and diversity 

across seasons. The different maize-cover crop rotations did not affect (p>0.05) maize emergence 

compared to the maize after maize control. Significant (p<0.05) variations in maize height were only 

observed at three weeks after crop emergence.  It was concluded that short term maize-velvet bean and 

maize-red sunnhemp rotations can reduce early season weed density but do not have an influence on weed 

species composition in the short term. It was further concluded that the mulches of the different cover 

crops used in this study do not have detrimental effects on maize emergence and early growth.  

 
Key words: Conservation agriculture, cover crops, maize, weed emergence, weed species 

composition 
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8.1  Introduction 
Promotion of the adoption of conservation agriculture (CA) in the smallholder sector has received a lot of 

attention from the Zimbabwean government (Nyagumbo 2008), the United Nations and other 

humanitarian organisations because it is perceived as an effective strategy for increased sustainable crop 

production (Nichols et al. 2015). However, the adoption of this climate-smart and resource-saving 

farming system is still very low in the smallholder sector despite a lot of resources having been channeled 

to facilitate its widespread adoption. This low adoption of CA practices has been attributed to many 

factors of which weed control is perceived as one of the key impediments to extensive uptake of CA 

(Mazvimavi and Twomlow 2009). A Shift from conventional tillage to CA results in changes in weed 

dynamics in the field (Mhlanga et al. 2015). The concentration of seeds of annual weeds in surface layers 

which occurs in CA results in increased weed emergence (Cardine et al. 2002). Furthermore, no-tillage 

combined with maintenance of a permanent soil cover through residue retention creates a conducive 

environment which promotes the establishment of problem weeds like couch grass [Cynodon dactylon 

(L.) Pers] (Derpsch 2008). Cardine et al. (2002) reported an increase of volunteer crops and wind 

dispersed weeds in CA due to the absence of tillage which places seeds in deep soil layers where they are 

less likely to germinate. The problem is exacerbated by monoculture which promotes a proliferation of 

pernicious crop bound and crop associated weeds that are difficult to control with the selective herbicides 

commonly used.  

 

 Smallholder farmers rely on manual hand hoe weeding for weed control despite the fact that it is 

laborious requiring up to 300 labour days ha-1 season-1 (Chivinge and Mpofu 1990, Muoni et al. 2013), is 

slow and generally ineffective against perennial weeds that require deep cultivation for effective control 

(Mashingaidze et al. 2009). Moreover, weeding time normally coincides with other activities like planting 

and cattle herding resulting in labour bottle necks (Mashingaidze et al. 2012). This has seen farmers 

failing to timeously control weeds during the critical weed free period of six weeks in maize (Zea mays 

L.) (Mavunganidze et al. 2014). Failure to control weeds during the critical period can result in yield 

losses of up to 30-70% under severe weed infestation due to exposure of the crop to severe competition 

for water, nutrients, light and space (Abdin et al. 2000).  

 

 There has been some effort to develop economically feasible weed control strategies integrating 

manual weeding and application of herbicides (Rugare and Mabasa 2013, Muoni et al. 2013). These 

authors reported a reduction in labour costs where herbicides were applied compared to strategies of only 

manual hoe weeding. However, the adoption of the herbicide technology has been very low despite them 

being fast and effective on a wide range of weeds. This is because the majority of farmers do not know 
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how to use herbicides correctly without injuring the crop (Mtambanengwe et al. 2015). Moreover, 

resource poor smallholder farmers cannot afford to purchase herbicides and the equipment that is required 

to apply it (Mashingaidze et al. 2012). Therefore, the control of weeds in the absence of the plough 

remains a challenge under CA (Mashingaidze et al. 2009, Thierfelder et al. 2015). 

 

 There is a trend towards research for allelopathic cover crops in order to incorporate them in 

integrated weed management (IWM) as rotational crops (Hong et al. 2003, Morris et al. 2015). Cover 

crops are defined as “crops grown to cover the ground in order to protect the soil from erosion and from 

loss of plant nutrients through leaching and runoff” (Reeves 1994). In dry land agriculture, the cover 

crops are intercropped with maize or grown in late summer towards harvesting of cereal crops and 

allowed to grow until sowing of the subsequent crops (Rueda-Ayala et al. 2015). The benefits of cover 

crops are many and include protection of the soil from erosion because they produce biomass rapidly and 

cover the soil reducing runoff and improving infiltration (Thierfelder and Wall 2010). They also host 

beneficial insects (Blanco-Canqui et al. 2012), biologically fix nitrogen (Thierfelder and Wall 2012) and 

sequester carbon (Dabney et al. 2001). It has been reported that they can also play an important role in 

removing excess herbicide molecules from the soil (Potter and Bosch 2007).  

 

 Furthermore, cover crops play a critical role in weed management by generating a competitive crop 

environment for water, light and nutrients within 4-8 weeks after sowing (Morris et al. 2015). Their weed 

suppressive ability is attributed to their fast emergence and rapid canopy development (Mhlanga et al. 

2016). As a result they are able to smother weeds and prevent penetration of light thereby inhibiting 

phytochrome mediated germination of photoblastic weeds (Blanco-Canqui et al. 2012) concomitantly 

reducing herbicide usage (Moore et al. 1994). Their mulches may also create a favourable environment 

that promotes the predation, decay and loss of viability of small seeds found in the surface layers of the 

soil (Mwale 2009).  

 

 Moreover, some cover crops produce allelochemicals which interfere with germination and growth 

of weeds (Farooq et al. 2011, Bezuidenhout et al. 2012). Several allelochemicals with phytotoxic activity 

on weeds have been isolated from many cover crops. These allelochemicals can be released directly into 

the environment as volatiles, leachates or root exudates or indirectly as secondary products of 

decomposition of plant residues, a phenomenon known as functional allelopathy (Zimdahl 2007). The 

cover crops may impose secondary dormancy on the weed seeds and delay weed seed germination thus 

giving the crop a head start over the weeds in competition for resources. Residues of rye (Secale cereal 

L.), a commonly used cover crop, reduced weed growth for a period of six weeks after rye desiccation 

Stellenbosch University  https://scholar.sun.ac.za



173 
 

(Dabney et al. 2001). However, most of these cover crops demonstrated allelopathic activity under 

laboratory conditions but their effect on weed species communities in the field still remains unclear hence 

there is a need to test them under field conditions (Hong et al. 2003). It is possible that the allelopathic 

potential demonstrated by cover crop mulches and extracts under controlled environments may be 

modified by edaphic factors resulting in either a loss of phytotoxic activity or even weed growth 

stimulation  (Xuan et al. 2005). Muoni et al. (2014) posited that different cover crops could show variable 

effects on weed community composition due to differences in growth patterns as well as morphological 

and biochemical properties. Most studies have concentrated on the effect of cover crops on weeds without 

paying attention to the establishment of companion crops (Bezuidenhout et al. 2012, Rueda-Ayala et al. 

2015). This study sought to establish the effect of leguminous cover crop mulches on weed emergence 

and seedling growth in maize grown under conservation agriculture in a field study. Identification of 

cover crops with weed suppressive effects in the field is likely to result in the development of effective 

and environmentally friendly methods of weed control that are within the reach of resource poor farmers. 

Consequently, this could facilitate the widespread adoption of cover cropping as a cultural component of 

IWM.  

 

8.2  Materials and methods 
8.2.1 Experimental site 
A field experiment was conducted in two fields (Field A and B) at the University of Zimbabwe’s (UZ) 

Crop Science Department experimental plots between 2014 and 2017. The UZ is located at 1523 m 

altitude, 17.78oS; 31.05oE and is in Ecological region 2a with a unimodal rainfall pattern averaging 700-

1000 mm per growing season (Chitagu et al. 2014, Muoni et al. 2014).  Rainfall commences in November 

and ends in April. The average summer temperature ranges between 15.5 oC and 30 oC. The soils are 

granite-derived and are classified according to the FAO classification as Chromic Luvisols (Nyamapfene 

1999). The physical properties of the soil in the two study fields are summarized in Table 8.1. 
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Table 8. 1  Results of the chemical and physical analysis of soils in the field in which the rotations were 
carried out 

Soil properties Field A  Field B 
% Clay 18  16 
% Silt 16  17 
% Sand 66  67 
Ca me % 7.61  9.19 
Mg me % 4.17  4.67 
K me % 0.32  0.46 
Na me %  0.22  0.24 
CEC me % 12.32  14.56 
% H2O 2.98  3.10 
% Organic carbon 1.66  1.53 
pH (CaCl2) 5.20  5.40 
% Organic matter 3.32  3.05 
me % = milliequivalents percent 

8.2.2 Meteorological data at the experimental site 
The 2015-16 season was a relatively dry season with the highest average temperature of all the seasons 

and total rainfall that was 44% below the average of the 2014-15 and 2016-17 seasons that had normal 

rainfall (Table 8.2).  
Table 8. 2  Meteorological data for the University of Zimbabwe during the study period. 
Growing season Month/Year Max T oC Min T oC Average T oC Rainfall (mm) 
2014-15 November 28.9 18.1 23.5 0.0 
 December 26.7 16.6 21.6 162.6 
 January 25.5 15.9 20.7 198.0 
 February 26.6 16.4 21.5 228.5 
 March 26.3 15.1 20.7 54.7 
 April 24.6 13.5 19.0 59.0 
 Mean 26.4 15.9 21.2  
 Total    702.8 
2015-16 November 28.8 17.6 21.2 5.3 
 December 29.2 18.0 23.6 103.1 
 January 28.0 17.1 22.5 120.4 
 February 28.5 17.4 23.0 64.0 
 March 27.3 17.3 22.3 83.1 
 April 25.1 14.0 19.5 20.3 
 Mean 27.8 16.9 22.0  
 Total    396.2 
2016-17 November 27.7 17.1 22.4 85.6 
 December 27.0 16.8 21.9 134.1 
 January 24.9 16.5 20.7 255.5 
 February 26.2 17.0 21.6 112.3 
 March 25.4 15.2 20.3 97.3 
 April 23.9 13.3 18.7 31.7 
 Mean 25.9 16.0 21.0  
 Total    716.5 
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8.2.3 Experimental design 
The experiment was laid out as a randomized complete block design (RCBD) with ten treatments 

replicated three times according to the slope. The gross plot size was 31.5 m2 (6.3 m x 5 m) and the net 

plot size was 18 m2 (4.5 m x 4 m). The treatments used in the study are shown in Table 8.3. 

 
Table 8. 3  List of maize-cover crop rotations used in the study 
 Crop rotated with maize  Spacing (m)   
Common name  

Scientific name 
  

In-row 
Intra
-row 

 Crop plant 
density ha-1 

Maize (Control) Zea mays L.  0.9 0.25  44 444 
Red sunnhemp Crotalaria ochroleuca G. Don.  0.45 0.05  444 444 
Black sunnhemp Crotalaria juncea L.  0.45 0.05  444 444 
Common rattlepod Crotalaria grahamiana Wight & Arn.  0.45 0.05  444 444 
Velvet bean Mucuna pruriens (L.) DC.  0.45 0.05  88 888 
Tephrosia Tephrosia vogelli L.  0.45 0.05  444 444 
Hyacinth bean Lablab purpureus (L.) Sweet  0.45 0.25  88 888 
Showy rattlebox Crotalaria spectabilis Roth  0.45 0.05  444 444 
Jack bean Canavalia ensiformis (L.) DC  0.45 0.25  88 888 
Pigeon pea Cajanus cajan (L.) Huth  0.90 0.25  44 444 
 
8.2.4 Plot management 
In Field A, the rotation was started in August 2014 with the planting of different cover crops under 

irrigation. The cover crops were chopped down at the flowering stage in December 2014 and the residues 

were evenly distributed in the respective plots after which a uniform maize crop was planted in January 

2015. The cover crops were planted again in the same plots in which they had been sown previously in 

December 2015 and allowed to grow up to July 2016. Cover crop seeds were harvested prior to slashing 

down of the plants and the residues were uniformly spread as mulch in the respective plots. Maize was 

not planted in the 2016-17 season. In Field B, the rotation was initiated in January 2015 with the planting 

of different cover crops. The cover crops were allowed to grow up to September 2015 and the above 

ground plant parts of the cover crops were then uniformly spread as mulch in the same plots in which they 

were growing. Afterwards, a uniform maize crop was planted in December 2015. Three seeds of SC403, 

an early maturing maize variety, were planted at 0.05 m depth in furrows spaced at 0.90 m inter-row and 

0.25 m intra-row spacing to achieve a plant population of 44 444 plants per ha-1. The maize seedlings 

were thinned to one plant per station one week after crop emergence (WACE). All treatments received 

10.5 kg ha-1 N, 21 kg ha-1 P2O5 and 10.5 kg ha-1 K2O in the form of Compound D. The crop was top 

dressed using ammonium nitrate (34.5% N) at 5 WACE at a rate of 150 kg ha-1. Manual hoe weeding was 

done whenever weeds were 10 cm tall or 10 cm in diameter for rhizomatous and stoloniferous weeds 

(Muoni et al. 2014) and synthetic herbicides were not used in this study. 
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8.2.5 Data collection 
 
8.2.5.1 Weed density and biomass 
Weed counts were done prior to hand hoe weeding whenever weeds were 10 cm tall or 10 cm in length of 

weeds with a stoloniferous growth habit to mimic what farmers do in the smallholder sector. In the 2014-

15 season the first and second weed counts were done at 5 and 9 WACE. In the 2015-16 season the first, 

second and third weed count were done 3, 8 and 13 WACE. In the 2016-17 weed counts were done at 3, 6 

and 9 WACE. Weed counts were done using a 0.5 m x 0.5 m quadrat which was randomly placed two 

times in each plot. Individual weeds were counted by species in the quadrat using weed identification aids 

from Makanganise and Mabasa (1999). Cyperus esculentus L. and Cyperus rotundus L. were classified as 

Cyperus spp due to difficulties in identifying them at the seedling stage. Thereafter, the weeds were cut at 

ground level, oven dried at 80 oC for 48 hours and weighed for biomass determination. Total weed counts 

and dry weight per plot for the whole season was calculated per m-2.  

 
8.2.5.2 Relative density 
Relative density of each weed species averaged over all treatments was calculated using the formula 

adopted from Morris et al. (2015): 

 
Relative density = (Density of individual weed species/Total weed density) * 100. 

 
8.2.5.3 Species richness, evenness and diversity 
Weed species richness (S) was expressed as the number of individual species counted in each quadrat 

(Muoni et al. 2013). Evenness (E) was calculated as follows:  

  
E = H / ln N 

   
 Where E = relationship between the observed and total number of species (Muoni et al. 2014). See 

below for definitions of H and N.  The values of E range from 0 to 1, with values close to 1 showing that 

the species are uniformly distributed in the plots (Muoni et al. 2014). Weed species diversity was 

calculated using two components of Shannon-Weiner’ diversity index: species richness and evenness. 

Shannon-Weiner’ diversity index (H) was calculated as follows:  

 
pi = ni / N (1) 
H = -∑pi *(ln (pi)) (2) 

 
 Where: ni = number of individuals of a species, N = total number of individuals of all species, pi = 

relative abundance of species [Equation (1)] and H = Shannon Diversity Index [Equation (2)] (Magurran 

1988). According to Kurniadie et al. (2016) the value of H ranges from 0-7. A value of H less than one 
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means very low diversity. H = 0 means there is only one species present (Muoni et al. 2014), H > 1-2 

means low diversity, H > 2-3 means moderately diverse, H > 3-4 falls in the higher diversity class and H 

> 4 shows quite high diversity.  

 
8.2.5.4 Maize emergence and height 
Maize emergence data and height were only recorded in the 2015-16 season. The number of maize plants 

that had successfully emerged was counted and used to calculate the emergence percentage as shown 

below: 

 

 
 Maize height was measured weekly from 3 to 8 WACE using a tape measure. Height measurements 

were taken from the base of the plant to the ligule of the top fully developed leaf.  

 

8.2.5.5 Statistical analyses 
Due to differences in time of planting of maize crops in the 2014-15 and 2016-17 seasons in Field A, 

every weed count in every year was analysed separately and data from different seasons were not 

statistically compared. Results from all measurements were subjected to a test of normality using the 

Shapiro-Wilk normality test before being subjected to analysis of variance (ANOVA) using Genstat 

version 14 (Genstat 2011). Where the F test was significant, mean separation was performed using the 

least significance difference (LSD) test at p<0.05. Data that did not meet the assumptions of ANOVA 

were log10 (x) transformed except on the densities of individual dominant weeds because transforming 

data did not give any difference in the results and therefore inference (Mandumbu et al. 2012). Where 

data were transformed, the untransformed data is shown in brackets. Data on weeds were analysed using 

the RCBD linear model (Little and Hills 1978, Gomez and Gomez 1984) as shown below: 

 

Yhi = µ + θh + τi+ εhi εhi  

 where Yhi is the random variable representing the response for treatment i observed in block h, µ is a 

constant,  θh is the (additive) effect of the hth block (h = 1, 2, … , b) τi is the (additive) effect of the i th 

treatment (i = 1, 2, … , v) εhi is the random error for the i th treatment in the hth block. 

 

8.3  Results 

8.3.1 Relative weed density  
There were 25 species of weeds in the University of Zimbabwe fields (Table 8.4). Among these 20 

species were annuals, of which 75% were broad leaves and 5% grasses. Perennial weeds constituted 20% 
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of the weed species in the fields. The five key weeds found were Cyperus spp, Bidens pilosa L., 

Amaranthus hybridus L., Galinsoga parviflora Cav and Oxalis latifolia (L.) Kunth  
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Table 8. 4  Relative weed density % averaged over sampling times and treatments in both fields during the 2014-15, 2015-16 and 2016-17 rain season 
    Relative weed density (%) 
    Field A  Field B 
Common name Scientific name Classification  2014-15 2016-17  2015-16 
Nutsedge Cyperus spp. Perennial sedge  47.17 15.57  20.33 
Blackjack Bidens pilosa L. Annual broad leaf  27.98 72.08  41.29 
Smooth pigweed Amaranthus hybridus L. Annual broad leaf  8.61 1.86  - 
Gallant soldier Galinsoga parviflora Cav. Annual broad leaf  2.90 1.56  16.63 
Couch grass Cynodon dactylon (L.) Pers Annual grass  2.87 0.30  0.68 
Purple garden sorrel Oxalis latifolia (L.) Kunth Perennial broad leaf  2.41 3.79  3.55 
Wandering jew Commelina bengalensis L. Annual broad leaf  2.09 1.37  0.35 
Spindlepod Cleome monophylla L. Annual broad leaf  0.99 -  - 
Wild pointsettia Euphorbia heterophylla L. Annual broad leaf  0.85 0.06  0.03 
Dwarf marigold Sckhuhria pinnata (Lam.) Kuntze Annual broad leaf  0.61 1.01  0.50 
Purslane Portulaca oleracea L. Annual broad leaf  0.60 0.49  0.13 
Star grass Cynodon nlemfuensis Vanderyst (Bogdan) Perennial grass  0.55 -  - 
Apple of Peru Nicandra physaloides (L.) Gaertn Annual broad leaf  0.49 0.46  0.12 
Garden urochloa Urochloa panicoides P. Beauv Annual grass  0.45 0.49  0.08 
Goosegrass Eleusine indica (L.) Gaertn Annual grass  0.37 0.32  0.04 
Billy goat weed Ageratum conyzoides L. Annual broad leaf  0.25 0.05  - 
Mexican marigold Tagetes minuta L. Annual broad leaf  0.15 0.26  - 
Bobbin weed Leucas martinicensis (Jacq) R.Br Annual broad leaf  0.12 -  - 
Mexican clover Richardia scabra L. Annual broad leaf  0.12 0.39  15.89 
Unidentified broad leaf Unidentified broad leaved weed Perennial broad leaf  0.12 -  - 
Crab finger grass Digitaria sanguinalis (L.) Scop Annual grass  0.12 -  - 
Fleabane Conyza albida (Retz) E.H. Walker Annual broad leaf  0.11 0.29  - 
Bur grass Setaria verticillata (L.) P. Beauv Annual grass  - 0.14  - 
Shamva grass Rottboellia conchinchinensis L.f. Annual grass  - -  0.38 
Stock rose Hibiscus meeusei Excell Annual broad leaf  - -  0.01 
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8.3.2 Effect of different maize-cover crop rotations on weed density 
8.3.2.1 2014-15 season 
Figure 8.1a shows that weed densities for maize-red sunnhemp (4 plants m-2) and common rattlepod (27 

plants m-2) rotations were significantly (p<0.05, Appendix 8.1) lower than the maize after maize control 

(167 plants m-2) but were statistically similar to the maize-velvet bean rotation (53 plants m-2) at the first 

weed count. The maize-black sunnhemp, maize-tephrosia, maize-showy rattlebox and maize-pigeon pea 

rotations appeared to enhance weed density by more than 50% compared to the maize after maize control 

although they were statistically not different. There was a general increase in weed density from first 

weed count in most rotations except where maize was rotated with showy rattlebox and pigeon pea.  

There were no significant (P>0.05, Appendix 8.2) differences in weed count among treatments at second 

weed count. Overall, the different maize-cover crop rotations did not significantly differ (P>0.05, 

Apendix 8.3) on the total weed seedling density in the 2014-15 season due to large variation within 

treatments. 

 
8.3.2.2 2015-16 season 
Weed density varied significantly (p<0.05, Appendix 8.4) among the different cover crop rotations at the 

first weed count in the 2015-16 season (Figure 8.1b). Weed density in the maize-hyacinth bean (781 

plants m-2) rotation was statistically at par with the maize after maize rotation (787 plants m-2) whereas 

the other rotations significantly reduced the density of weeds at first weed count compared to the control. 

The greatest reduction was achieved in the maize-pigeon pea (209 plant m-2) and maize-red sunnhemp 

(231 plants m-2) rotations. There were no significant (p>0.05, Appendix 8.5-8.6) differences in weed 

density among the different maize-cover crop rotations at the second and third weed count. Weed density 

was lower in all rotations at the third weed count compared to the first weed count. Overall, the maize-red 

sunnhemp, maize-black sunnhemp, maize-velvet bean and maize-pigeon pea rotations significantly 

(P<0.05, Appendix 8.7) suppressed weed density by 51%, 59%, 59% and 61% compared to the control, 

respectively. The other maize-cover crop rotations had total weed densities that were statistically at par 

with the maize after maize control. 

 
8.3.2.3 2016-17 season 
There were no significant (p<0.05, Appendix 8.8) differences in weed density among different maize-

cover crop rotations at the first weed count in the 2016-17 season (Figure 8.1c). However, at the second 

weed count weed density was significantly (p<0.05, Appendix 8.9) influenced by maize-cover crop 

rotation type. The different maize-cover crop rotations significantly reduced weed density compared to 

the maize after maize control except maize-red sunnhemp (506.7 plants m-2) and maize-black sunnhemp 

(513 plants m-2) rotations which had statistically similar weed densities to the control (571.7 plants m-2). 
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At third weed count the maize-hyacinth bean (219 plants m-2) rotation was not effective in weed control 

and resulted in significantly (p<0.05, Appendix 8.10) higher weed density than the maize after maize 

control (124.7 plants m-2). Conversely, the maize-pigeon pea rotation significantly suppressed weed 

density by 44% over the control. Overall, there were no significant (p>0.05, Appendix 8.11) differences 

in weed density among the cover crop rotations. However, there was a steady decrease in weed density 

from first weed count to the third weed count. 
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Figure 8.1  Effect of maize-cover crop rotation type on weed density m-2 in the (a) 2014-15 (b) 2015-16 (c) 

2016-17 seasons. Where bars are indicated with different letters there was significant (p < 0.05) 
differences between treatments. M-Maize, Co-red sunnhemp, Cj-black sunnhemp, Cg-common 
rattlepod, Mp-velvet bean, Tv-tephrosia, Ll-hyacinth bean, Cs-showy rattlebox, Ce-jack bean, Cc-
pigeon pea. 
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8.3.4 Effect of different maize cover crop rotations on weed biomass 
8.3.4.1 2014-15 season 
In 2014-15 season, weed biomass was significantly (p<0.05, Appendix 8.12) affected by maize-cover 

crop type (Table 8.5). Weed biomass was 81% and 92% lower in maize-red sunnhemp and maize velvet 

bean rotations respectively, compared to the maize after maize control, yet the differences were not 

statistically significant (p>0.05). The maize-black sunnhemp and maize-hyacinth bean rotations had 

significantly higher weed biomass than the maize after maize control.  At the second weed count the 

different maize-cover crop rotations did not cause significant (p>0.05, Appendix 8.13) differences in 

weed biomass. However, total weed biomass was significantly (P<0.05, Appendix 8.14) higher in the 

maize-black sunnhemp and maize-showy rattlebox rotations compared with the maize after maize control. 

Only the maize-red sunnhemp and maize-velvet bean rotations reduced total weed biomass by 14% and 

49% compared to the maize after maize treatment, respectively.  

 
8.3.4.2 2015-16 season 
The different maize-cover crop rotations did not significantly (p>0.05, Appendix 8.15-8.18) influence 

weed biomass in the 2015-16 season (Table 8.5). Nevertheless, a WCE of 21% was achieved in plots 

where maize was rotated with pigeon pea.  

 
8.3.4.3 2016-17 season 
In the 2016-17, weed biomass differed significantly (p<0.05) among the different cover crop rotations 

throughout the season (Table 8.5, Appendix 8.19-8.22). At the first weeding, the maize-red sunnhemp, 

maize-showy rattlebox and maize-jack bean rotations significantly suppressed dry weed biomass of 

weeds over the maize after maize control. The other maize-cover crop rotations performed statistically at 

par with the control. At the second weeding the maize-tephrosia, maize-showy rattlebox and maize-

pigeon pea rotations had significantly lower weed biomass compared to the maize after maize control.  

 

 At the third weeding the majority of maize cover crop rotations significantly suppressed weed 

biomass over the control except in the plots where maize was rotated with velvet bean, tephrosia, 

hyacinth bean and showy rattlebox. Weed biomass was 65%, 69% and 82% lower in maize-red 

sunnhemp, maize-showy rattlebox and maize-jack bean rotations, respectively compared to the maize 

after maize control.  Consequently, maize-showy rattlebox, maize-jack bean and maize pigeon pea 

rotations had significantly lower total weed biomass compared to the maize after maize control in the 

2016-17 season (Table 8.5). Red sunnhemp, showy rattlebox, jack bean and pigeon pea reduced weed 

biomass over the control by more than 50%.  
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Table 8. 5  Effect of maize cover crop rotations on weed biomass (g m-2) in the 2014-15, 2015-16 and 2016-17 seasons 
 Season  

 2014-15 (Field A)  2015-16 (Field B)  2016-17(Field A)  
Rotation First Second Total  First Second Third Total  First Second Third Total  
Maize/maize 10.93ab 2.50 13.47a  54.40 26.90 37.00 118.20  83.83cd 16.7cd 6.99c 107.5cd  
Maize-Co 2.07a 9.50 11.53a  42.70 24.30 44.20 111.10  29.60ab 15.00bcd 3.79ab 48.40ab  
Maize-Cj 189.47d 21.80 211.30c  42.70 25.60 37.30 105.60  76.57bcd 22.40d 3.55ab 102.60bcd  
Maize-Cg 64.24bc 10.30 74.13ab  50.70 34.50 45.60 130.80  117.54d 14.60bcd 3.59ab 135.70d  
Maize-Mp 0.93a 6.00 6.90a  41.50 18.40 41.90 101.70  121.93d 15.10cd 4.50abc 141.50d  
Maize-Tv 27.33abc 8.90 36.27ab  40.90 44.60 51.70 137.30  39.83abc 15.90ab 7.04c 62.70abc  
Maize-Ll 39.67abc 22.60 62.30ab  63.00 27.40 36.10 126.60  118.93d 14.30abcd 4.51abc 137.70d  
Maize-Cs 76.30c 7.50 83.77b  68.70 25.10 46.80 140.60  25.77ab 5.20ab 5.98bc 36.90a  
Maize-Ce 47.30abc 14.80 62.13ab  49.70 27.50 34.60 111.80  15.33a 11.00abc 2.36a 28.70a  
Maize-Cc 37.30abc 6.00 42.12ab  32.40 28.10 32.70 93.20  43.6abc 4.70a 3.33ab 51.70ab  
Mean 49.55 10.99 60.39  48.67 28.24 40.79 117.69  67.29 13.4 45.64 85.34  
P-value <0.001 0.050 <0.010  0.421 0.064 0.485 0.555  0.001 0.041 0.039 <0.001  
Lsd 59.34 ns 68.58  ns ns ns ns  52.67 9.82 2.932 53.96  
Means followed by the same letter in the same column are not significantly different at p=0.05. 
Co- red sunnhemp, Cj – black sunnhemp, Cg – common rattlepod, Mp – velvet bean, Tv- tephrosia, Ll – hyacinth bean, Cs – showy rattlebox, Ce – jack bean, Cc 
– pigeon pea. 
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8.3.5 Effect of different maize-cover crop rotations on weed species richness, evenness and 
diversity 

Weed species richness, evenness and diversity indices did not differ significantly (p>0.05, Appendix8.23-

8.28) among the different maize-cover crop rotations throughout the season in the 2014-15 cropping 

season (Table 8.6). Similar results were obtained in the 2015-16 and 2016-17 seasons (Appendix 8.29-

8.46). However, there was a general increase in the number of species (species richness) that emerged in 

the different rotations in the 2016-17 season compared to the 2014-15 season. 
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Table 8. 6  Effect of different maize-cover crop rotations on species richness (S), evenness (E) and diversity 
(H) in the 2014-15, 2015-16 and 2016-17 seasons 

  
First weed sampling 

 
Second weed sampling 

 
Third weed sampling 

Rotation S E H  S E H  S E H 
Field A 2014-15 

Maize/Maize 6.33 0.68 1.83  8.33 0.65 1.65  - - - 
Maize/Co 1.33 0.57 0.46  5.33 0.56 0.92  - - - 
Maize/Cj 8.00 0.65 2.04  10.67 0.74 1.74  - - - 
Maize/Cg 2.33 0.44 0.69  8.67 0.59 1.23  - - - 
Maize/Mp 3.33 0.77 1.13  6.67 0.56 1.06  - - - 
Maize/Tv 5.00 0.46 1.60  6.00 0.38 0.68  - - - 
Maize/Ll 3.00 0.21 0.69  8.33 0.56 1.12  - - - 
Maize/Cs 7.33 0.36 1.59  8.67 0.65 1.40  - - - 
Maize/Ce 3.67 0.39 1.13  7.33 0.68 1.30  - -  
Maize/Cc 2.67 0.51 0.92  9.33 0.53 1.17  - - - 
Mean 4.30 0.50 1.21  7.93 0.59 1.23     
P-value 0.160 0.474 0.177  0.252 0.246 0.086  - - - 
Lsd ns ns ns  ns ns ns  - - - 

Field B 2015-16 
Maize/Maize 4.33 0.44 0.62  7.00 0.67 1.28  4.67 0.69 0.96 
Maize/Co 4.67 0.53 0.81  6.33 0.69 1.26  5.33 0.68 1.14 
Maize/Cj 3.67 0.65 0.82  7.67 0.77 1.57  4.33 0.64 1.00 
Maize/Cg 4.33 0.56 0.79  6.67 0.72 1.37  5.33 0.59 0.94 
Maize/Mp 2.67 0.63 0.57  7.00 0.69 1.34  5.33 0.70 1.16 
Maize/Tv 4.33 0.58 0.84  5.33 0.71 1.18  4.33 0.73 1.04 
Maize/Ll 4.00 0.44 0.59  7.00 0.76 1.48  6.00 0.56 0.98 
Maize/Cs 4.00 0.48 0.61  5.33 0.60 0.98  4.67 0.70 1.08 
Maize/Ce 4.33 0.58 0.82  6.67 0.71 1.33  5.00 0.725 1.17 
Maize/Cc 3.67 0.63 0.81  5.67 0.81 1.40  5.33 0.73 1.08 
Mean 4.00 0.55 0.73  6.47 0.71 1.32  5.03 0.67 1.06 
P-value 0.400 0.746 0.390  0.116 0.806 0.251  0.939 0.850 0.945 
Lsd ns ns ns  ns ns ns  ns ns ns 

Field A 2016-17 
Maize/Maize 9.33 0.23 1.00  11.00 0.16 1.04  7.00 0.24 1.18 
Maize/Co 4.33 0.10 0.38  7.67 0.24 0.53  5.33 0.22 0.91 
Maize/Cj 6.33 0.08 0.50  9.00 0.18 1.11  6.67 0.28 1.29 
Maize/Cg 7.00 0.21 1.05  10.67 0.25 1.46  6.00 0.27 1.12 
Maize/Mp 4.67 0.07 0.42  8.00 0.20 1.17  4.67 0.19 0.90 
Maize/Tv 6.00 0.20 1.10  7.67 0.16 0.90  5.00 0.21 1.03 
Maize/Ll 5.67 0.06 0.39  7.67 0.18 0.91  6.33 0.21 1.13 
Maize/Cs 6.00 0.09 0.58  6.00 0.20 1.05  6.00 0.22 1.05 
Maize/Ce 6.33 0.23 1.06  7.33 0.26 1.32  5.00 0.22 1.04 
Maize/Cc 7.33 0.24 0.90  5.67 0.17 0.78  5.33 0.24 1.02 
Mean 6.30 0.15 0.74  8.07 0.20 1.03  5.73 0.23 1.07 
P-value 0.761 0.063 0.519  0.558 0.954 0.722  0.687 0.940 0.948 
Lsd ns ns ns  ns ns ns  ns ns ns 
Co- red sunnhemp, Cj – black sunnhemp, Cg – common rattlepod, Mp – velvet bean, Tv- tephrosia, Ll – hyacinth 
bean, Cs – showy rattlebox, Ce – jack bean, Cc – pigeon pea. 
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8.3.6 Effect of maize-cover crop rotations on major weeds  
The top five major weeds that germinated in both fields in the different seasons include Cyperus spp, 

blackjack, gallant soldier, purple garden sorrel and wandering jew (Table 8.7). The different cover crop 

rotations did not significantly (p>0.05, Appendix 8.47-8.61) influence the density of most major weeds in 

both fields across seasons except gallant soldier and wandering jew in the 2014-15 season. The density of 

gallant soldier was significantly (p<0.05) higher in the maize-black sunnhemp rotations (45.7 m-2) 

compared to all the other rotations. On the other hand, significantly (p<0.05) lower wandering jew 

densities were recorded in the maize after maize and in plots where maize was repeatedly rotated with red 

sunnhemp, tephrosia and hyacinth bean.  
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Table 8. 7  Effect of different maize cover crop rotations on the density of major weeds (m-2) in the 2014-5 and 2016-17 season in Field A and in the 2015-
16 season in Field B 

   Crop rotated with maize    
 
Weed 
species 

 
 
Field 

 
 
Season Maize Co Cj Cg Mp Tv Ll Cs Ce Cc 

 
 

Mean 
p-

value 

 
 

Lsd 
Cyperus spp           A 2014-15 133 96 219 82 79 162 239 219 121 292 164.2 0.483 ns 

2016-17 81 13 28 55 38 113 123 53 28 13 54.5 0.739 ns 
B 2015-16 286 171 100 155 141 170 273 311 83 76 54.5 0.084 ns 

Blackjack A 
 

2014-15 70 42 148 133 45 287 56 59 59 75 87.4 0.086 ns 
2016-17 777 460 471 115 499 138 1371 671 277 491 527.0 0.403 ns 

B 2015-16 471 482 188 200 386 386 502 276 247 448 358.6 0.407 ns 
Gallant 
soldier 

A 
 

2014-15 6.7a 2.3a 45.7b 7.7a 3.7a 2.0a 3.3a 12.3a 15.3a 2a 10.1 0.003 18.62 
2016-17 31.3 0.0 15.0 2.3 0.3 35.7 0.0 1.3 0.7 0.0 8.7 0.532 ns 

B 2015-16 63 80 26 318 115 258 88 20 322 154 144.4 0.222 ns 
Purple 
garden 
sorrel 

A 
 

2014-15 12.3 0.3 4.0 6.3 2.3 13 10 8.3 5.0 22.3 8.4 0.368 ns 
2016-17 8.7 4.3 0.3 11.7 19.7 6.3 16.3 3.7 15.7 18.3 10.5 0.485 ns 

B 2015-16 16.3 57.7 21.0 20.0 15.3 33.7 58.7 32 24.7 28.7 30.8 0.103 ns 
Wandering 
jew 

A 
 

2014-15 3.49bc 
(12) 

1.00a 
(0.7) 

4.28c 
(20.3) 

2.57abc 
(7) 

1.49ab 
(2.3) 

1.00a 
(0.7) 

1.05a 
(0.7) 

1.72ab 
(2.7) 

3.54bc 
(19.3) 

2.56abc 
(7.2) 

 
7.29 0.049 

 
2.27 

2016-17 12.7 2.7 2.0 9.7 2.0 1.0 0.0 8.7 2.0 12.0 5.28 0.361 ns 
B 2015-16 0.0 8.33 6.33 0.33 4.33 1.0 0.0 0.67 3.67 5.67 3.03 0.348 ns 

* Wandering jew data were √(x+0.5) transformed and the original untransformed data is given in brackets. Means followed by different letters in the same row 
are significantly different at p<0.05. Co - red sunnhemp, Cj – black sunnhemp, Cg – common rattlepod, Mp – velvet bean, Tv – tephrosia, Ll – hyacinth bean, Cs 
– showy rattlebox, Ce – jack bean, Cc – pigeon pea. 
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8.3.7 Effect of different maize cover crop rotations on maize emergence and height in the 2015-16 
season 

The effect of different maize-cover crop rotations on the emergence of maize was not significant (p>0.05, 

Appendix 8.62). Generally, maize emergence ranged from 96-99% (Table 8.8). Maize height was 

significantly (p<0.05, Appendix 8.63) influenced by the maize-cover crop rotation at three weeks after 

crop emergence (3 WACE). Maize plants grown in plots where it was rotated with jack bean were the 

only ones that had significantly taller plants than the control. The height of maize in the other maize-

cover crop rotations was statistically similar (p>0.05) with the maize after maize control. The lowest 

height was recorded in the maize-hyacinth bean rotation at 3 WACE. However, there were no significant 

(p>0.05, Appendix 8.64-8.68) differences in height among the maize-cover crop rotations from 4 WACE 

onwards.   

 
Table 8. 8  Effect of different maize cover crop rotations on maize emergence and height 
 
 
Rotation 

 
Emergence 

% 

  Maize height (cm) 
 Week 

3 
Week 

4 
Week 

5 
Week 

6 
Week 

7 
Week 

8 
 Maize after maize 96.7  13.8abcd 34.5 75.3 212.1 213.1 214.2 
 Maize-red sunnhemp 98.7  15.0cde 32.0 93.3 222.1 216.4 214.0 
 Maize-black sunnhemp 99.3  15.1cde 36.3 80.1 223.3 208.3 230.6 
 Maize-common rattlepod 96.0  14.3bcd 34.6 75.8 204.4 207.9 212.2 
 Maize-velvet bean 98.7  15.8de 37.1 95.7 214.7 209.9 215.3 
 Maize-tephrosia 98.0  12.71ab 32.9 76.6 209.7 210.6 203.6 
 Maize-hyacinth bean 95.7  11.7a 31.0 68.5 188.1 203.9 218.7 
 Maize-showy rattlebox 97.7  13.8abcd 34.9 79.3 199.3 208.2 206.7 
 Maize-jack bean 97.3  16.9e 40.7 91.1 217.6 207.6 217.3 
 Maize-pigeon pea 98.3  13.3abc 32.8 71.9 204.8 203.5 210.3 
Mean 97.64  14.241 34.68 80.76 209.61 208.94 214.29 
P-value 0.136  0.004 0.059 0.367 0.053 0.25 0.805 
Lsd ns  2.155 ns ns ns ns ns 
CV % 1.6  8.8 9.2 18.5 5.8 2.7 7.9 
Means followed by the same letter in the same column are not significantly different at P<0.05. ns-not significant. 
 
8.4  Discussion 
8.4.1 Effect of maize-cover crop rotations on weed density 
The results show the dominance of annual broadleaved weeds in both plots. This high density of annual 

weed species could be explained by the high initial seed bank size of these weeds in the soil. Annual 

weeds reproduce sexually through seeds which are shed as the plant matures. The high numbers of annual 

weed seedlings that emerged in the different maize-cover crop rotations in the early years of CA adoption 

was previously reported (Andersson and D’Souza 2014). Perennial weeds only constituted 20% of the 

total population. These findings concur with those of Morris et al. (2015) who reported low densities of 

perennial weeds in the first few years after adoption of CA. However, these findings contradict the 

findings of Mtambanengwe et al. (2015) who reported the dominance of perennial grasses, Cynodon 

nlemfuensis Vanderyst (star grass) and (couch grass) Cynodon dactylon (L.) Pers. in light textured soil 

under CA. These differences suggest that the numbers of weeds that are found in the first years of CA are 

influenced by the previous history of the field rather than the direct influence of crop rotations only. Other 

studies attributed the high numbers of weed seedlings in CA to concentration of weed propagules in the 
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surface layers where the chances of successful emergence are high due to their proximity to the 

germination and growth promoting conditions (Vogel, 1994).  

 

 The results show effective suppression of weed density in some of the maize cover crop rotations 

(maize-red sunnhemp, maize-black sunnhemp, maize-velvet bean) at the first weed count (5 WACE) in 

2014-15. The results concur with the findings of Ngouajio et al. (2003) who reported reduced weed 

seedling emergence where mulches of cover crops were used. Odhiambo et al. (2015) also reported an 

immediate decline in weed populations in farming systems involving cover cropping. The critical weed 

free period of maize is 6 weeks and any method of weed control that can effectively control weeds during 

this period could result in reduced crop-weed competition consequently resulting in increased maize 

productivity (Odhiambo et al. 2015). This could be attributed to the ability of these cover crops to emerge 

fast and rapidly produce a lot of biomass acting as a live mulch resulting in a reduction of the initial weed 

seedling emergence and growth during the cover crop phase of the rotation. As a result the chances of 

high seed rain in the cover crop phase of the rotation were low in these plots compared to other cover 

crops that had a slow start and could have allowed some weeds to grow and shed seed which later on 

germinated in the maize phase of the rotation. However, results obtained in the first maize phase of the 

rotation in a different field (Field B) were different from those obtained in the 2014/15 season (Field A) 

suggesting that results could have been influenced by both cover crop type, initial seed bank size and 

environmental conditions since the 2015-16 season was a relatively dry season (Table 8.2).  

 

 The weed suppressive effect of the mulches diminished at the second weed count. This could be due 

to the fast rate of decomposition of the cover crop mulches since they are legumes with a low carbon to 

nitrogen ratio (Baldwin and Creamer 2006) leading to faster reduction in ground cover. Decomposition of 

the legumes leaves the soil bare and allows proliferation of weeds due to absence of plant materials that 

physically impede weed emergence and growth. As for instance the maize residues with a higher C:N 

ratio decompose slower and had a better suppression of weeds at the time of the second count. 

Alternatively, the allelopathic activity of the cover crops could have diminished as the cover crops 

decomposed due to degradation and/or immobilisation. This is supported by Xuan et al. (2005) who 

reported diminishing phytotoxic activity of allelochemicals when plant residues were incorporated into 

the soil. This implies that whilst the cover crops may be effective in reducing early season weed pressure, 

there still exist the need to integrate them with other weed control methods to ensure effective weed 

control throughout the season to prevent weeds from flowering and shedding more seed. Weed density at 

the third weed count was lower than the second count. This reduction could have been due to light 

interception which reduced weed emergence since the maize crop had already achieved complete ground 

cover in the 2014-15 and 2015-16 seasons. However, the reduction in weed density at the third weed 

count in the 2016-17 where maize was not planted could have been due to changes in environmental 

conditions which did not support weed emergence.  
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 Furthermore, the results show that the densities of specific weeds did not differ in both plots across 

all the seasons except in maize-black sunnhemp plots. Black sunnhemp seemed to stimulate weed 

emergence and growth in all fields across seasons. This is in contrast to findings of Mhlanga et al. (2016) 

who reported reduction in the densities of major weed species among maize-cover crop rotations 

including in plots where maize was rotated with black sunnhemp. These differences could be due to the 

differences in the ages of the rotations which were two years in contrast to four years in their studies 

(Mandumbu et al. 2012). The similarities of the effect of different maize cover crop rotations on densities 

of specific weeds obtained in this study after two years of crop rotations were also reported by Odhiambo 

et al. (2015). There was a general decrease in the density of sedges and gallant soldier in the 2016-17 

season compared to the 2014-15 season and an increase in blackjack density in Field A. This shows the 

selective nature of cover crop mulches on weed suppression under field conditions. These results 

demonstrate that the use of allelopathic cover crops can only be effective when integrated with other 

methods of weed control in order to guarantee effective wide spectrum weed suppression. 

 

8.4.2 Effect of maize cover crop rotations on weed biomass 
In the 2014/15 season, only red sunnhemp and velvet bean reduced weed biomass with percentage 

reductions of 14% and 49%, respectively. The rest of the cover crops stimulated the growth of the weeds 

that had emerged. These findings suggest that probably only red sunnhemp and velvet bean are 

allelopathic and were able to suppress both weed density and biomass. The other cover crops although 

they showed some degree of weed emergence suppression did not reduce weed biomass. This observation 

suggests that whilst they were able to reduce weed emergence, their suppressive effect on weed growth 

could have been masked by the beneficial attributes of cover crops on weed growth. All the cover crops 

used are legumes and could have supplied the weeds with nitrogen to enhance vigorous growth (Ngouajio 

et al. 2003). Moreover, the presence of mulch could have resulted in moisture conservation which 

promoted weed growth (Ngwira et al. 2014). There is also a possibility that the allelochemicals produced 

by the mulches could have reacted with soil resulting in less potent chemicals or too low levels of 

allelochemicals to cause weed emergence suppression. Cover crops that enhance growth of weeds are 

undesirable because they are likely to increase the competitive ability of weeds resulting in reduced yield. 

Weed biomass is a better indicator of the weed’s competitive effects than density because it gives an 

indication of the resources that are absorbed by the weeds at the expense of crop growth. Such weeds that 

are able to acquire a lot of biomass in the presence of these mulches are able to flower and produce seed 

which will be added to the soil seed bank and are therefore undesirable for purposes of weed 

management.  

 

8.4.3 Effect of maize cover crop rotations on weed community response 
Weed species richness is the number of weed species in a given area, whereas species evenness is the 

relative abundance of species in a given area (Nolan and Callahan 2006). Species diversity takes into 

account both species richness and evenness. Generally, weed species richness was low early in the season 

and increased as the seasons progressed. These findings contradict those of Ngouajio (2003) who reported 
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higher species richness early in the season. The increase in weed species richness could be due to the 

decomposition of residues which allowed more weeds to emerge later including those that do not tolerate 

shading. The increase in species richness could also be attributed to reduced allelopathic activity as the 

season progressed since allelochemicals are not stable and therefore do not achieve long season weed 

control due to their short half-life (Belz 2007). The short half-life of allelochemicals provides a 

sustainable and environmentally friendly weed management option for farmers since they are less likely 

to interfere with crop rotations. The increase in species richness within the season could also be accounted 

for by the increase in breaking of dormancy caused by an increase in nitrogen in the rotations where 

legumes were rotated with maize (Mhlanga et al. 2015). It is also possible that soil disturbance that 

occurred during hand hoe weeding after each weed count could have stimulated the germination of weeds 

at the second weed count.  

 

 Species evenness and diversity did not vary significantly among the different maize-cover crop 

rotations. The lack of variation could imply that the cover crops created microenvironments that were the 

same (Mhlanga et al. 2015). Similar results were obtained by Mtambanengwe et al. (2015). The species 

diversity indices obtained in the study was low. This is probably because of the low species richness and 

uneven distribution of weed species in the plots (Kurniadie et al. 2016). This may have been due to the 

failure of the different maize-cover crop rotations to effectively reduce the densities of individual weed 

species.   

 

8.4.4 Effect of different maize cover crop rotations on maize emergence and height 
Results obtained in the 2015-16 season show that there were no significant differences in maize 

emergence where different mulch types were used. This is an important finding which demonstrates the 

possibility of safely using cover crop mulches for weed control in maize. Whilst the different cover crop 

mulches showed some degree of weed emergence suppression, none affected maize emergence. This 

could be due to the size of the maize seed in relation to the amount of allelochemicals produced. Plants 

with large seeds are able to emerge and tolerate the effect of allelochemicals due to the presence of large 

food reserves to support early weed growth (Bezuidenhout et al. 2012). This further confirms results that 

were obtained in laboratory and greenhouse bioassays where maize germination, emergence, height and 

chlorophyll content were not affected by the aqueous extracts of these cover crops (Chapters 3, 4 and 5). 

The findings also agree with those of Caamal-Maldonado et al. (2001) who reported that Leucaena 

leucocephala (Lam.) de Wit, Lysiloma latisili-quum (L.) Benth and jack bean significantly suppressed 

barnyard grass (Echinochloa spp) but did not affect maize.  

 

 Significant variations in maize height were observed at 3 WACE. Maize height was lowest in the 

plots where maize was rotated with hyacinth bean. The reduced height in these plots could be due to weed 

competition since weed density was higher in the plots where maize was rotated with hyacinth bean. 

Similar findings were reported by Mhlanga et al. 2015 who attributed higher weed densities in hyacinth 
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bean plots to its slow growth and inability to produce a lot of biomass. It therefore shows that cover crops 

that have a slow initial growth rate and fail to achieve complete early ground cover are likely to result in 

high weed pressure and a concomitant reduction in crop growth. The reduced maize height cannot be 

attributed to allelopathy since small seeded weeds were not affected by the residues of this cover crop. 

Moreover, addition of aqueous extracts of hyacinth bean did not affect plumule growth of maize in the 

Petri dish experiments (Chapter 3). Maize height was high where maize was rotated with jack bean, 

velvet bean, red sunnhemp, showy rattlebox, common rattlepod and black sunnhemp. This is probably 

because these leguminous cover crops biologically fix a lot of nitrogen which could have promoted 

vigorous growth of maize plants. There is also a possibility of hormesis if allelochemicals existed in very 

low concentrations in the soil (Belz et al. 2005). The high growth could also be attributed to high 

moisture conservation where the biomass of these cover crops was used as mulch since they produce a lot 

of biomass. 

 

 Results show that the different cover crop mulches did not cause significant differences in maize 

height as from the fourth week after crop emergence. There is a possibility that the allelochemicals 

produced had been rendered ineffective through leaching, volatilisation, chemical alteration during 

decomposition of residues or microbial interactions. These findings clearly demonstrate that the use of 

cover crops in maize-based crop rotations does not have detrimental effects on maize growth.  

 
8.5   Conclusion 
The study showed that maize-cover crop rotations reduce weed density and biomass early in the season 

but the weed suppression capacity of these cover crops could not be sustained throughout the season. This 

shows the important role that cover crops can play in the management of weeds during the critical weed 

free period of weeds. Velvet bean and red sunnhemp reduced both weed density and biomass 

demonstrating their potential as possible candidates for inclusion in cultural weed control programmes in 

maize based cropping systems. The species composition of weeds was not affected by short term maize-

cover crop rotations. On the other hand the different cover crop mulches did not interfere with the 

emergence and height of maize.  
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Chapter 9 
 

General discussion, conclusions and recommendations 
 
This chapter is a summation of the entirety of the study and reports on the major findings, conclusions 

and recommendations that emanate from it. The aims of the study are presented together with the key 

findings followed by the conclusions based on the results obtained. The last section of this chapter 

outlines recommendations for farmers and researchers. 

 
9.1  General Discussion 
The target group for investigations of the present study is the smallholder farmers situated in the arid and 

low potential areas of the world. These areas are generally dominated by resource poor farmers who 

mainly practice excessive tillage based farming systems which have resulted in environmental 

degradation and a concomitant decrease in food production (Mavunganidze et al. 2014, Mtambanengwe 

et al. 2015). As a result household food security of these subsistence farmers is under threat. Climate 

smart farming systems like conservation agriculture (CA) being promoted in these areas could reduce the 

negative effects of conventional tillage systems resulting in improved crop productivity. However, the 

success of these emerging and climate change mitigatory farming systems may not be realised due to low 

uptake by smallholder farmers despite the fact that such systems could solve food shortage challenges. 

Adoption of CA is reportedly lagging behind due to a myriad of operational challenges of which weed 

management is most important. This study sought to develop a safe, economically feasible and 

environmentally benign method for weed management under CA to be used by smallholder farmers 

through exploitation of allelopathic leguminous cover crops that are currently being promoted to 

rehabilitate and protect soils from erosion as well as improving soil biological activity.  

 

 The first two experiments aimed at identifying cover crops with high allelopathic potential. Both, 

laboratory and greenhouse experiments demonstrated that the cover crops used in this study are indeed 

allelopathic to grasses and broadleaved weeds but not or to a negligible extent to maize. Results from 

laboratory and pot studies showed that jack bean [Canavalia ensiformis (L.) DC} consistenly inhibited 

germination and seedling growth either when applied to weed seeds or when applied post emergence. LC-

MS analysis revealed the presence of kaempferol, naringenin, rutin and genistein in jack bean that were 

also previously reported to be allelopathic (Santos et al. 2007, Mendes and Rezende 2014). This 

demonstrated that the cover crops used are important sources of several putative allelochemicals that can 

be studied in future to isolate potent bio-herbicidal compounds. After the putative major allelochemicals 

are identified, their efficacy in suppressing important weeds can be studied and their their mode of action 

established. Once their physiological mode of action is fully understood and promising, synthetic 

analogues of the herbicidal allelochemicals can be produced. The use of natural products in managing 

Stellenbosch University  https://scholar.sun.ac.za



 

189 
 

weeds is a promising strategy in reducing environmental pollution from chemical weed control and 

development of herbicide resistance due to over use of herbicide chemistries with the same mode of 

action (Pieterse 2010).  

 

 The fact that leaves and stems of almost all cover crops demonstrated greater phytotoxic activity than 

the roots demonstrates that it is practically feasible to use cover crop extracts and mulches to manage 

weeds since cover crops produce a lot of biomass which is easy to harvest and manage even without 

complicated equipment. Moreover, the 5 kg of dry leaf and stem material required to produce 100 litres of 

the 5% wv-1 extracts that proved efficient is fairly easy to get thus making the utilisation of aqueous 

extracts of cover crops as post emergence sprays practically feasible.  Alternatively, allelopathic cover 

crops could be used simultaneously in the field as surface mulches as well as post emergence tank mixes 

of reduced herbicide dosages and allelopathic extracts (Farooq et al. 2011, Ashraf et al. 2017). These 

strategies are likely to receive widespread adoption since leguminous cover crops are cheap to produce, 

do not require nitrogen fertilizers to grow, can be grown from retained seeds and have the advantage of 

replenishing the nitrogen content of soils which in turn improves the vigor and competitiveness of crops 

(Kramberger et al. 2008). In this study, the hypothesis that extracts of jack bean and velvet bean 

effectively suppress weeds of divergent morphology without affecting maize was not rejected. However, 

extracts of jack bean and velvet bean should be sprayed on several other weeds and crops to ascertain 

whether they are fully selective or not in order to confirm this hypothesis (Mendes and Rezende 2014). It 

has been postulated that natural based herbicides can help to combat herbicide resistance and 

environmental pollution caused by the currently used synthetic herbicides (Ferreira and Reinhardt, 2010).  

 

 This study also revealed that cover crops can reduce weed seed bank density when rotations are 

repeated in the same field suggesting that their use in crop rotations can be an important component of 

integrated weed control programmes. Weed control strategies that discourage growth and reproduction of 

weeds at the same time accelerating loss of viability of weed seeds in the soil seed bank are key in 

reducing weed pressure in arable fields (Nichols et al. 2015). Although laboratory and greenhouse 

experiments showed that all the cover crops were effective in suppressing weeds, some of the cover crops 

failed to withstand mid-season droughts except velvet bean, jack bean and red sunnhemp. It therefore 

implies that the choice of cover crops to use depends also on the environmental conditions if the weed 

suppressive potential of cover crops is to be fully exploited. However, it was difficult to separate the 

allelopathic activity of cover crops from the other weed suppression activity of cover crops and as a result 

it was difficult to ascribe the reduction in weed density to allelopathy only.  

 

 The results of this study showed that maize germination and growth were not affected by cover crops 

demonstrating that they can be used to safely manage weeds in maize based cropping systems. However, 

the cover crops were shown to be only effective in suppressing weeds during the first 3-5 weeks after 

maize emergence (Mavunganidze et al. 2014). This temporal suppression of weeds by cover crop extracts 
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could be explained by the fact that release of allelochemicals from residues follows certain dynamics with 

initially high amounts which later on decrease due to degradation or immobilisation (Xuan et al. 2005). 

This demonstrates that the cover crops are effective in suppressing weed growth during the critical weed 

free period of this important of maize but may not be effective in controlling late season weeds. 

Generally, red sunnhemp (Crotalaria ochroleuca G. Don) consistently exhibited greater weed 

suppression in laboratory, greenhouse and field studies. It therefore suggests that the reduction in weed 

emergence and growth that was observed in the field study where red suunhemp was rotated with maize 

could also be partly due to the release of allelochemicals by this cover crop. The other cover crops 

exhibited the ability to suppress weeds under controlled environments but were not able to suppress weed 

growth under field conditions. Therefore, the utilisation of cover crops as the only weed control strategy 

may not be an effective way in achieving weed control throughout the season and should therefore be 

used together with other methods of weed control. Overall, the study demonstrated that there is scope in 

adopting the use of cover crops to manage weeds in maize.  

 
9.3  Conclusions 
The following conclusions were made from this study: 

1. The cover crops namely, jack bean (Canavalia ensiformis (L.) DC), velvet bean (Mucuna 

pruriens (L.) DC var utilis), hyacinth bean (Lablab purpureus L), red sunn hemp (Crotalaria 

ochroleuca G. Don), showy rattlebox (Crotalaria grahamiana Wight & Arn.), common bean 

(Phaseolus vulgaris L.), common rattlepod (Crotalaria spectabilis Roth.), radish (Raphanus 

sativus L.), tephrosia (Tephrosia vogelii L.) and black sunnhemp (Crotalaria juncea L.) possess 

possible putative allelochemicals that suppress germination and early seedling growth of 

goosegrass and blackjack. 

2. Jack bean was the most effective GMCC with its leaves showing greater allelopathic activity than 

the stems and the roots both under laboratory and greenhouse conditions. 

3. The 5% wv-1 leaf, stem and root aqueous extracts of jack bean and velvet bean at 200 litres ha-1 

when used alone or 100 litres ha-1 when mixed with half atrazine dosage were efficient selective 

post emergence bio-herbicides with an efficacy under greenhouse conditions equaling that of 

atrazine at full dose when applied to two selected weeds at the 3-4 leaf stage.  

4. The study identified kaempferol, naringenin, rutin, and genistein as some of the putative 

allelochemicals in jack bean. Genistein, atropine and kaempferol were identified as the 

phytotoxic allelochemicals present in velvet bean tissues. A new compound was detected in the 

tissues of both cover crops and was tentatively identified as Quercetin 3-O-glucoside 7-O-

rhamnoside but the study could not establish whether it was allelopathic on the two weeds species 

or not.  

5. Surface mulching of maize fields with cover crop residues could be used to reduce weed seed 

bank density, subsequently reducing weed emergence during the critical weed free period of 

maize. The study revealed that the cover crops are able to reduce seed density in the seed bank in 

the short term. The study revealed that red sunnhemp is the most promising cover crop that could 
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be considered for direct use in the field or for further exploiting this strategy. However, the study 

revealed that short term maize-cover crop rotations do not have an impact on weed species 

composition. 

 
9.4  Recommendation  

1. The search for more putative allelochemicals in all the cover crops should continue. It may also 

be worthwhile to evaluate the synergistic mixture effects of the active compounds present in each 

cover crop on weeds of divergent morphology.  

2. The influence of cover crop rotations on weed community composition should to be done over 

several seasons to fully capture the effects of continuous rotations with the cover crops and 

seasonal variability.  

3. There is need to evaluate the post emergence application of jack bean and velvet bean aqueous 

extracts under field conditions to fully establish their efficacy in controlling several weed species 

under natural conditions since their activity may be influenced by environmental conditions.  

4. There is need to conduct bio-activity studies on weeds using standards of the newly identified 

allelochemical Quercetin 3-O-glucoside 7-O-rhamnoside to establish its allelopathic potential.  

5. Farmers can use surface mulching with allelopathic cover crops as well as post emergence 

application of aqueous extracts to effectively control early season weed pressure at the same time 

achieving reduced application of synthetic herbicides which is detrimental to the environment. 
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Appendices 
 
Appendix 3. 1 ANOVA table for the effect of polyethylene glycol solutions on the germination 

of black jack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 6  21.943  3.657  0.94  0.482 
Residual 28  108.800  3.886     
Total         34        130.743 
 
Appendix 3. 2 ANOVA table for the effect of polyethylene glycol solutions on the radicle 

length of black jack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 6  353.02  58.84  1.93  0.111 
Residual 28  854.85  30.53     
Total         34         1207.87 
 
Appendix 3. 3 ANOVA table for the effect of polyethylene glycol solutions on the plumule 

length of black jack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 6  16.334  2.722  1.01  0.438 
Residual 28  75.392  2.693     
Total                                             34          91.726 
 
Appendix 3. 4 ANOVA table for the effect of polyethylene glycol solutions on the germination 

of goosegrass 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 6  2385.4  397.6  3.71  0.008 
Residual 28  3001.6  107.2     
Total          34          5387.0 
 
Appendix 3. 5 ANOVA table for the effect of polyethylene glycol solutions on the radicle 

length of goosegrass 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 6  112.158  18.693  2.30  0.063 
Residual 28  227.808  8.136     
Total         34        339.966 
 
Appendix 3. 6 ANOVA table for the effect of polyethylene glycol solutions on the plumule 

length of black jack 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 6  10.430  1.738  0.80  0.575 
Residual 28  60.512  2.161     
Total            34          70.942 
 
Appendix 3. 7 ANOVA table for the effect of jack bean tissue aqueous extracts on the 

germination of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  26105.1  6526.3  48.56 <.001 
Extract 2  3878.9  1939.5  14.43 <.001 
Concentration*Extract 8  4603.7  575.5  4.28 <.001 
Residual 45  6048.0  134.4     
Total          59         40635.7 
 
 
 

Stellenbosch University  https://scholar.sun.ac.za



 

193 
 

Appendix 3. 8 ANOVA table for the effect of jack bean tissue aqueous extracts on the radicle 
length of blackjack  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3666.36  916.59  74.96 <.001 
Extract 2  982.96  491.48  40.19 <.001 
Concentration*Extract 8  562.92  70.37  5.75 <.001 
Residual 45  550.27  12.23     
Total 59  5762.51       
 
Appendix 3. 9 ANOVA table for the effect of jack bean tissue aqueous extracts on the plumule 

length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3708.65  927.16  79.79 <.001 
Extract 2  413.49  206.74  17.79 <.001 
Concentration*Extract 8  380.19  47.52  4.09 <.001 
Residual 45  522.92  11.62     
Total          59         5025.24 
 
Appendix 3. 10 ANOVA table for the effect of jack bean tissue aqueous extracts on the 

germination vigor index of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  54.7914  13.6979  53.65 <.001 
Extract 2  9.4257  4.7128  18.46 <.001 
Concentration*Extract 8  10.8621  1.3578  5.32 <.001 
Residual 45  11.4893  0.2553     
Total          59        86.5685 
 
Appendix 3. 11 ANOVA table for the effect of jack bean tissue aqueous extracts on the 

germination of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  6057.33  1514.33  16.87 <.001 
Extract tissue 2  20475.47  10237.73  114.07 <.001 
Concentration*Extract tissue 8   8117.87  1014.73  11.31 <.001 
Residual 105  9424.00  89.75     
Total 119  44074.67   
 
Appendix 3. 12 ANOVA table for the effect of jack bean tissue aqueous extracts on the radicle 

length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  6046.98  1511.74  46.61 <.001 
Extract tissue 2  11080.90  5540.45  170.84 <.001 
Concentration*Extract tissue 8   4662.34  582.79  17.97 <.001 
Residual 105  3405.29  32.43     
Total 119  25195.50 
 
Appendix 3. 13 ANOVA table for the effect of jack bean tissue aqueous extracts on the plumule 

length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  1934.467  483.617  59.43 <.001 
Extract tissue 2  2729.958  1364.979  167.75 <.001 
Concentration*Extract tissue 8   1579.305  197.413  24.26 <.001 
Residual 105  854.387  8.137     
Total 119  7098.117 
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Appendix 3. 14 ANOVA table for the effect of jack bean tissue aqueous extracts on the 
germination vigor index of goosegrass  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  221.0693  55.2673  71.27 <.001 
Extract tissue 2  432.5289  216.2644  278.89 <.001 
Concentration*Extract tissue 8   239.8102  29.9763  38.66 <.001 
Residual 105  81.4210  0.7754     
Total 119  974.8294       
  
Appendix 3. 15 ANOVA table for the effect of velvet bean tissue aqueous extracts on the 

germination of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  32604.27  8151.07  112.38 <.001 
Extract tissue 2  11827.73  5913.87  81.53 <.001 
Concentration*Extract tissue 8   17054.93  2131.87  29.39 <.001 
Residual 45  3264.00  72.53     
Total 59  64750.93       
  
Appendix 3. 16 ANOVA table for the effect of velvet bean tissue aqueous extracts on the radicle 

length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  5668.649  1417.162  222.82 <.001 
Extract tissue 2  3147.721  1573.861  247.46 <.001 
Concentration*Extract tissue 8   886.899  110.862  17.43 <.001 
Residual 45  286.200  6.360     
Total 59  9989.469 
 
Appendix 3. 17 ANOVA table for the effect of velvet bean tissue aqueous extracts on the 

plumule length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3858.000  964.500  107.56 <.001 
Extract tissue 2  2292.592  1146.296  127.83 <.001 
Concentration*Extract tissue 8   1274.008  159.251  17.76 <.001 
Residual 45  403.530  8.967     
Total 59  7828.130 
 
Appendix 3. 18 ANOVA table for the effect of velvet bean tissue aqueous extracts on the 

germination vigor index of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  255.0629  63.7657  129.32 <.001 
Extract tissue 2  108.0054  54.0027  109.52 <.001 
Concentration*Extract tissue 8   140.7402  17.5925  35.68 <.001 
Residual 45  22.1881  0.4931     
Total 59  525.9965 
 
Appendix 3. 19 ANOVA table for the effect of velvet bean tissue aqueous extracts on the 

germination vigor index of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  23195.03  5798.76  59.08 <.001 
Extract tissue 2  10154.62  5077.31  51.73 <.001 
Concentration*Extract tissue 8   6940.47  867.56  8.84 <.001 
Residual 105  10305.88  98.15     
Total 119  50595.99 
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Appendix 3. 20 ANOVA table for the effect of velvet bean tissue aqueous extracts on the radicle 
length of goosegrass  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  20346.34  5086.59  112.21 <.001 
Extract tissue 2  908.04  454.02  10.02 <.001 
Concentration*Extract tissue 8   953.83  119.23  2.63  0.011 
Residual 105  4759.83  45.33     
Total 119  26968.05 
 
Appendix 3. 21 ANOVA table for the effect of velvet bean tissue aqueous extracts on the 

plumule length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3699.64  924.91  51.92 <.001 
Extract tissue 2  645.86  322.93  18.13 <.001 
Concentration*Extract tissue 8   358.02  44.75  2.51  0.015 
Residual 105  1870.44  17.81     
Total 119  6573.96  
 
Appendix 3. 22 ANOVA table for the effect of velvet bean tissue aqueous extracts on the 

germination vigor index of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  146.1901  36.5475  58.57 <.001 
Extract tissue 2  9.5966  4.7983  7.69 <.001 
Concentration*Extract tissue 6   20.5911  3.4318  5.50 <.001 
Residual 87  54.2869  0.6240     
Total 99  230.6647       
  
Appendix 3. 23 ANOVA table for the effect of hyacinth bean tissue aqueous extracts on the 

germination of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  19145.07  4786.27  60.10 <.001 
Extract tissue 2  14324.80  7162.40  89.93 <.001 
Concentration*Extract tissue 8   8264.53  1033.07  12.97 <.001 
Residual 45  3584.00  79.64     
Total 59  45318.40 
 
Appendix 3. 24 ANOVA table for the effect of hyacinth bean tissue aqueous extracts on the 

radicle length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  5119.444  1279.861  154.18 <.001 
Extract tissue 2  2063.856  1031.928  124.32 <.001 
Concentration*Extract tissue 8   630.904  78.863  9.50 <.001 
Residual 45  373.540  8.301     
Total 59  8187.744 
 
Appendix 3. 25 ANOVA table for the effect of hyacinth bean tissue aqueous extracts on the 

plumule length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  1960.18  490.05  25.41 <.001 
Extract tissue 2  1507.01  753.51  39.08 <.001 
Concentration*Extract tissue 8   558.32  69.79  3.62  0.003 
Residual 45  867.74  19.28     
Total 59  4893.26 
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Appendix 3. 26 ANOVA table for the effect of hyacinth bean tissue aqueous extracts on the 
germination vigor index of blackjack  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  86.6917  21.6729  114.83 <.001 
Extract tissue 2  71.6894  35.8447  189.92 <.001 
Concentration*Extract tissue 8   72.8012  9.1002  48.22 <.001 
Residual 45  8.4932  0.1887     
Total 59  239.6755 
 
Appendix 3. 27 ANOVA table for the effect of hyacinth bean tissue aqueous extracts on the 

germination of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  23191.47  5797.87  69.80 <.001 
Extract tissue 2  6829.87  3414.93  41.11 <.001 
Concentration*Extract tissue 8   1650.13  206.27  2.48  0.017 
Residual 105  8722.00  83.07     
Total 119  40393.47 
 
Appendix 3. 28 ANOVA table for the effect of hyacinth bean tissue aqueous extracts on the 

radicle length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  8667.44  2166.86  73.73 <.001 
Extract tissue 2  346.47  173.23  5.89  0.004 
Concentration*Extract tissue 8   446.87  55.86  1.90  0.067 
Residual 105  3085.91  29.39     
Total 119  12546.68       
      
Appendix 3. 29 ANOVA table for the effect of hyacinth bean tissue aqueous extracts on the 

plumule length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3490.68  872.67  78.87 <.001 
Extract tissue 2  614.77  307.39  27.78 <.001 
Concentration*Extract tissue 8   740.76  92.60  8.37 <.001 
Residual 105  1161.83  11.07     
Total 119  6008.04 
 
Appendix 3. 30 ANOVA table for the effect of hyacinth bean tissue aqueous extracts on the 

germination vigor index of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  642.824  160.706  129.75 <.001 
Extract tissue 2  118.415  59.208  47.80 <.001 
Concentration*Extract tissue 8   137.585  17.198  13.89 <.001 
Residual 105  130.046  1.239     
Total 119  1028.870 
 
Appendix 3. 31 ANOVA table for the effect of red sunnhemp tissue aqueous extracts on the 

germination of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  14986.67  3746.67  50.54 <.001 
Extract tissue 2  10024.53  5012.27  67.61 <.001 
Concentration*Extract tissue 8   5370.13  671.27  9.05 <.001 
Residual 45  3336.00  74.13     
Total 59  33717.33 
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Appendix 3. 32 ANOVA table for the effect of red sunnhemp tissue aqueous extracts on the 
radicle length of blackjack  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3603.127  900.782  178.10 <.001 
Extract tissue 2  783.588  391.794  77.46 <.001 
Concentration*Extract tissue 8   570.005  71.251  14.09 <.001 
Residual 45  227.600  5.058     
Total 59  5184.320 
 
Appendix 3. 33 ANOVA table for the effect of red sunnhemp tissue aqueous extracts on the 

plumule length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3293.28  823.32  39.17 <.001 
Extract tissue 2  1688.10  844.05  40.15 <.001 
Concentration*Extract tissue 8   1091.65  136.46  6.49 <.001 
Residual 45  945.95  21.02     
Total 59  7018.98 
 
Appendix 3. 34 ANOVA table for the effect of red sunnhemp tissue aqueous extracts on the 

germination vigor index of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  39.3294  9.8324  59.51 <.001 
Extract tissue 2  32.3816  16.1908  97.99 <.001 
Concentration*Extract tissue 8   20.2964  2.5371  15.36 <.001 
Residual 45  7.4350  0.1652     
Total 59  99.4424 
 
Appendix 3. 35 ANOVA table for the effect of red sunnhemp tissue aqueous extracts on the 

germination of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  4156.5  1039.1  7.16 <.001 
Extract tissue 2  521.9  260.9  1.80  0.171 
Concentration*Extract tissue 8   5419.5  677.4  4.67 <.001 
Residual 105  15230.0  145.0     
Total 119  25327.9 
 
Appendix 3. 36 ANOVA table for the effect of red sunnhemp tissue aqueous extracts on the 

radicle length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3954.11  988.53  25.99 <.001 
Extract tissue 2  6143.17  3071.58  80.76 <.001 
Concentration*Extract tissue 8   1564.53  195.57  5.14 <.001 
Residual 105  3993.70  38.04     
Total 119  15655.50 
 
Appendix 3. 37 ANOVA table for the effect of red sunnhemp tissue aqueous extracts on the 

plumule length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  569.05  142.26  10.08 <.001 
Extract tissue 2  514.07  257.03  18.21 <.001 
Concentration*Extract tissue 8   902.88  112.86  8.00 <.001 
Residual 105  1481.69  14.11     
Total 119  3467.68       
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Appendix 3. 38 ANOVA table for the effect of red sunnhemp tissue aqueous extracts on the 
germination vigor index of goosegrass  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  74.697  18.674  13.43 <.001 
Extract tissue 2  41.619  20.810  14.97 <.001 
Concentration*Extract tissue 8   70.002  8.750  6.29 <.001 
Residual 105  145.977  1.390     
Total 119  332.294       
  
Appendix 3. 39 ANOVA table for the effect of showy rattlebox tissue aqueous extracts on the 

germination of blackjack  
Black jack germination 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  20502.9  5125.7  38.88 <.001 
Extract tissue 2  19080.5  9540.3  72.37 <.001 
Concentration*Extract tissue 8   11351.5  1418.9  10.76 <.001 
Residual 45  5932.0  131.8     
Total 59  56866.9 
 
Appendix 3. 40 ANOVA table for the effect of showy rattlebox tissue aqueous extracts on the 

radicle length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  12013.09  3003.27  233.64 <.001 
Extract tissue 2  3019.24  1509.62  117.44 <.001 
Concentration*Extract tissue 8   632.68  79.08  6.15 <.001 
Residual 45  578.44  12.85     
Total 59  16243.45 
 
Appendix 3. 41 ANOVA table for the effect of showy rattlebox tissue aqueous extracts on the 

plumule length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  2345.63  586.41  41.18 <.001 
Extract tissue 2  1604.69  802.34  56.34 <.001 
Concentration*Extract tissue 8   1095.25  136.91  9.61 <.001 
Residual 45  640.80  14.24     
Total 59  5686.37 
 
Appendix 3. 42 ANOVA table for the effect of showy rattlebox tissue aqueous extracts on the 

germination vigor index of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  116.0843  29.0211  82.25 <.001 
Extract tissue 2  95.6699  47.8350  135.56 <.001 
Concentration*Extract tissue 8   96.1304  12.0163  34.05 <.001 
Residual 45  15.8787  0.3529     
Total 59  323.7633 
 
Appendix 3. 43 ANOVA table for the effect of showy rattlebox tissue aqueous extracts on the 

germination of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  6342.0  1585.5  12.85 <.001 
Extract tissue 2  10447.0  5223.5  42.34 <.001 
Concentration*Extract tissue 8   8401.1  1050.1  8.51 <.001 
Residual 105  12952.9  123.4     
Total 119  38143.0 
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Appendix 3. 44 ANOVA table for the effect of showy rattlebox tissue aqueous extracts on the 
radicle length of goosegrass  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  11598.19  2899.55  102.58 <.001 
Extract tissue 2  833.09  416.54  14.74 <.001 
Concentration*Extract tissue 8   791.14  98.89  3.50  0.001 
Residual 105  2967.83  28.27     
Total 119  16190.25 
 
Appendix 3. 45 ANOVA table for the effect of showy rattlebox tissue aqueous extracts on the 

plumule length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  1258.16  314.54  17.79 <.001 
Extract tissue 2  1003.63  501.81  28.38 <.001 
Concentration*Extract tissue 8   466.83  58.35  3.30  0.002 
Residual 105  1856.63  17.68     
Total 119  4585.24 
 
Appendix 3. 46 ANOVA table for the effect of showy rattlebox tissue aqueous extracts on the 

germination vigor index of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  97.4824  24.3706  40.38 <.001 
Extract tissue 2  54.9767  27.4883  45.55 <.001 
Concentration*Extract tissue 8   70.1873  8.7734  14.54 <.001 
Residual 105  63.3684  0.6035     
Total 119  286.0148       
  
Appendix 3. 47 ANOVA table for the effect of common bean tissue aqueous extracts on the 

germination of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  32899.73  8224.93  97.30 <.001 
Extract tissue 2  8474.13  4237.07  50.12 <.001 
Concentration*Extract tissue 8   8789.87  1098.73  13.00 <.001 
Residual 45  3804.00  84.53     
Total 59  53967.73 
 
Appendix 3. 48 ANOVA table for the effect of common bean tissue aqueous extracts on the 

radicle length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  8719.54  2179.89  170.18 <.001 
Extract tissue 2  1164.44  582.22  45.45 <.001 
Concentration*Extract tissue 8   205.43  25.68  2.00  0.068 
Residual 45  576.43  12.81     
Total 59  10665.85 
 
Appendix 3. 49 ANOVA table for the effect of common bean tissue aqueous extracts on the 

plumule length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  1939.85  484.96  40.34 <.001 
Extract tissue 2  180.64  90.32  7.51  0.002 
Concentration*Extract tissue 8   326.40  40.80  3.39  0.004 
Residual 45  541.04  12.02     
Total 59  2987.93 
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Appendix 3. 50 ANOVA table for the effect of common bean tissue aqueous extracts on the 
germination vigor index of blackjack  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  60.55214  15.13803  191.23 <.001 
Extract tissue 2  12.80874  6.40437  80.90 <.001 
Concentration*Extract tissue 8   12.90189  1.61274  20.37 <.001 
Residual 45  3.56233  0.07916     
Total 59  89.82509 
 
Appendix 3. 51 ANOVA table for the effect of common bean tissue aqueous extracts on the 

germination of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  23476.8  5869.2  22.98 <.001 
Extract tissue 2  1428.3  714.1  2.80  0.066 
Concentration*Extract tissue 8   5614.4  701.8  2.75  0.009 
Residual 105  26816.0  255.4     
Total 119  57335.5       
  
Appendix 3. 52 ANOVA table for the effect of common bean tissue aqueous extracts on the 

radicle length of goosegrass 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  12557.36  3139.34  55.25 <.001 
Extract tissue 2  1898.03  949.01  16.70 <.001 
Concentration*Extract tissue 8   2225.91  278.24  4.90 <.001 
Residual 105  5965.82  56.82     
Total 119  22647.13 
 
Appendix 3. 53 ANOVA table for the effect of common bean tissue aqueous extracts on the 

plumule length of goosegrass 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3411.55  852.89  29.81 <.001 
Extract tissue 2  402.73  201.36  7.04  0.001 
Concentration*Extract tissue 8   411.29  51.41  1.80  0.086 
Residual 105  3004.29  28.61     
Total 119  7229.85 
 
Appendix 3. 54 ANOVA table for the effect of common bean tissue aqueous extracts on the 

germination vigor index of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  645.580  161.395  42.48 <.001 
Extract tissue 2  40.695  20.347  5.35  0.006 
Concentration*Extract tissue 8   57.762  7.220  1.90  0.068 
Residual 105  398.970  3.800     
Total 119  1143.006 
 
Appendix 3. 55 ANOVA table for the effect of radish tissue aqueous extracts on the germination 

of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  25310.4  6327.6  50.27 <.001 
Extract tissue 2  21544.5  10772.3  85.58 <.001 
Concentration*Extract tissue 8   10932.8  1366.6  10.86 <.001 
Residual 45  5664.0  125.9     
Total 59  63451.7 
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Appendix 3. 56 ANOVA table for the effect of radish tissue aqueous extracts on the radicle 
length of blackjack  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  10797.23  2699.31  267.54 <.001 
Extract tissue 2  3060.94  1530.47  151.69 <.001 
Concentration*Extract tissue 8   1580.05  197.51  19.58 <.001 
Residual 45  454.03  10.09     
Total 59  15892.25       
  
Appendix 3. 57 ANOVA table for the effect of radish tissue aqueous extracts on he plumule 

length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  1398.38  349.59  18.32 <.001 
Extract tissue 2  2638.95  1319.47  69.15 <.001 
Concentration*Extract tissue 8   1152.78  144.10  7.55 <.001 
Residual 45  858.72  19.08     
Total 59  6048.82       
  
Appendix 3. 58 ANOVA table for the effect of radish tissue aqueous extracts on the germination 

vigor index of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  102.4762  25.6190  93.41 <.001 
Extract tissue 2  116.0618  58.0309  211.59 <.001 
Concentration*Extract tissue 8   97.7512  12.2189  44.55 <.001 
Residual 45  12.3415  0.2743     
Total 59  328.6307 
 
Appendix 3. 59 ANOVA table for the effect of radish tissue aqueous extracts on the germination 

of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  20916.8  5229.2  37.10 <.001 
Extract tissue 2  1191.2  595.6  4.23  0.017 
Concentration*Extract tissue 8   4564.8  570.6  4.05 <.001 
Residual 105  14798.0  140.9     
Total 119  41470.8 
 
Appendix 3. 60 ANOVA table for the effect of radish tissue aqueous extracts on the radicle 

length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  7713.38  1928.35  37.97 <.001 
Extract tissue 2  3415.89  1707.94  33.63 <.001 
Concentration*Extract tissue 8   3123.92  390.49  7.69 <.001 
Residual 105  5332.62  50.79     
Total 119  19585.82 
 
Appendix 3. 61 ANOVA table for the effect of radish tissue aqueous extracts on the plumule 

length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3031.09  757.77  45.57 <.001 
Extract tissue 2  407.03  203.51  12.24 <.001 
Concentration*Extract tissue 8   843.25  105.41  6.34 <.001 
Residual 105  1746.01  16.63     
Total 119  6027.38 
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Appendix 3. 62 ANOVA table for the effect of radish tissue aqueous extracts on the germination 
vigor index of goosegrass  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  384.504  96.126  87.96 <.001 
Extract tissue 2  74.527  37.264  34.10 <.001 
Concentration*Extract tissue 8   97.548  12.194  11.16 <.001 
Residual 105  114.748  1.093     
Total 119  671.328       
  
Appendix 3. 63 ANOVA table for the effect of common rattlepod tissue aqueous extracts on the 

germination of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  27576.00  6894.00  78.03 <.001 
Extract tissue 2  12803.73  6401.87  72.46 <.001 
Concentration*Extract tissue 8   7633.60  954.20  10.80 <.001 
Residual 45  3976.00  88.36     
Total 59  51989.33 
 
Appendix 3. 64 ANOVA table for the effect of common rattlepod tissue aqueous extracts on the 

radicle length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  6904.37  1726.09  64.16 <.001 
Extract tissue 2  2391.09  1195.54  44.44 <.001 
Concentration*Extract tissue 8   1757.95  219.74  8.17 <.001 
Residual 45  1210.63  26.90     
Total 59  12264.04 
 
Appendix 3. 65 ANOVA table for the effect of common rattlepod tissue aqueous extracts on the 

plumule length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3463.74  865.94  61.73 <.001 
Extract tissue 2  2658.36  1329.18  94.75 <.001 
Concentration*Extract tissue 8   1383.99  173.00  12.33 <.001 
Residual 45  631.29  14.03     
Total 59  8137.38 
 
Appendix 3. 66 ANOVA table for the effect of common rattlepod tissue aqueous extracts on the 

germination vigor index of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  130.1690  32.5422  44.69 <.001 
Extract tissue 2  102.2180  51.1090  70.19 <.001 
Concentration*Extract tissue 8   84.0865  10.5108  14.43 <.001 
Residual 45  32.7672  0.7282     
Total 59  349.2407 
 
Appendix 3. 67 ANOVA table for the effect of common rattlepod tissue aqueous extracts on the 

germination of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  5491.2  1372.8  11.65 <.001 
Extract tissue 2  9545.6  4772.8  40.52 <.001 
Concentration*Extract tissue 8   8486.4  1060.8  9.01 <.001 
Residual 105  12368.0  117.8     
Total 119  35891.2 
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Appendix 3. 68 ANOVA table for the effect of common rattlepod tissue aqueous extracts on the 
radicle length of goosegrass  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  2561.34  640.33  8.61 <.001 
Extract tissue 2  4737.34  2368.67  31.83 <.001 
Concentration*Extract tissue 8   4582.59  572.82  7.70 <.001 
Residual 105  7812.80  74.41     
Total 119  19694.07 
 
Appendix 3. 69 ANOVA table for the effect of common rattlepod tissue aqueous extracts on the 

plumule length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  931.70  232.92  11.13 <.001 
Extract tissue 2  651.99  326.00  15.58 <.001 
Concentration*Extract tissue 8   624.00  78.00  3.73 <.001 
Residual 105  2196.47  20.92     
Total 119  4404.16 
 
Appendix 3. 70 ANOVA table for the effect of common rattlepod tissue aqueous extracts on the 

germination vigor index of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  158.818  39.705  21.38 <.001 
Extract tissue 2  139.586  69.793  37.59 <.001 
Concentration*Extract tissue 8   161.671  20.209  10.88 <.001 
Residual 105  194.972  1.857     
Total 119  655.047       
  
Appendix 3. 71 ANOVA table for the effect of tephrosia tissue aqueous extracts on the 

germination of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  12691.73  3172.93  42.95 <.001 
Extract tissue 2  4102.93  2051.47  27.77 <.001 
Concentration*Extract tissue 8   5529.07  691.13  9.36 <.001 
Residual 45  3324.00  73.87     
Total 59  25647.73 
 
Appendix 3. 72 ANOVA table for the effect of tephrosia tissue aqueous extracts on the radicle 

length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  4864.49  1216.12  53.27 <.001 
Extract tissue 2  1976.04  988.02  43.28 <.001 
Concentration*Extract tissue 8   484.69  60.59  2.65  0.018 
Residual 45  1027.38  22.83     
Total 59  8352.61 
 
Appendix 3. 73 ANOVA table for the effect of tephrosia tissue aqueous extracts on the plumule 

length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  922.09  230.52  18.29 <.001 
Extract tissue 2  1717.78  858.89  68.16 <.001 
Concentration*Extract tissue 8   541.08  67.63  5.37 <.001 
Residual 45  567.08  12.60     
Total 59  3748.02 
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Appendix 3. 74 ANOVA table for the effect of tephrosia tissue aqueous extracts on the 
germination vigor index of blackjack  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  28.76683  7.19171  100.94 <.001 
Extract tissue 2  19.16465  9.58233  134.49 <.001 
Concentration*Extract tissue 8   18.58414  2.32302  32.60 <.001 
Residual 45  3.20618  0.07125     
Total 59  69.72180 
 
Appendix 3. 75 ANOVA table for the effect of tephrosia tissue aqueous extracts on the 

germination of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  2740.00  685.00  9.46 <.001 
Extract tissue 2  11924.27  5962.13  82.35 <.001 
Concentration*Extract tissue 8   6594.40  824.30  11.39 <.001 
Residual 105  7602.00  72.40     
Total 119  28860.67 
 
Appendix 3. 76 ANOVA table for the effect of tephrosia tissue aqueous extracts on the radicle 

length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  613.21  153.30  3.36  0.013 
Extract tissue 2  12083.91  6041.96  132.37 <.001 
Concentration*Extract tissue 8   4779.72  597.46  13.09 <.001 
Residual 105  4792.78  45.65     
Total 119  22269.62       
  
Appendix 3. 77 ANOVA table for the effect of tephrosia tissue aqueous extracts on the plumule 

length of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  470.769  117.692  21.56 <.001 
Extract tissue 2  4139.088  2069.544  379.15 <.001 
Concentration*Extract tissue 8   1731.831  216.479  39.66 <.001 
Residual 105  573.135  5.458     
Total 119  6914.824 
 
Appendix 3. 78 ANOVA table for the effect of tephrosia tissue aqueous extracts on the 

germination vigor index of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  206.1509  51.5377  71.37 <.001 
Extract tissue 2  763.9680  381.9840  528.99 <.001 
Concentration*Extract tissue 8   453.3197  56.6650  78.47 <.001 
Residual 105  75.8201  0.7221     
Total 119  1499.2588       
  
Appendix 3. 79 ANOVA table for the effect of black sunnhemp tissue aqueous extracts on the 

germination of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  20481.60  5120.40  105.12 <.001 
Extract tissue 2  22824.53  11412.27  234.28 <.001 
Concentration*Extract tissue 8   10372.80  1296.60  26.62 <.001 
Residual 45  2192.00  48.71     
Total 59  55870.93 
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Appendix 3. 80 ANOVA table for the effect of black sunnhemp tissue aqueous extracts on the 
radicle length of blackjack  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  7445.07  1861.27  166.72 <.001 
Extract tissue 2  1483.07  741.54  66.42 <.001 
Concentration*Extract tissue 8   352.70  44.09  3.95  0.001 
Residual 45  502.39  11.16     
Total 59  9783.23 
 
Appendix 3. 81 ANOVA table for the effect of black sunnhemp tissue aqueous extracts on the 

plumule length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  3124.73  781.18  40.14 <.001 
Extract tissue 2  3217.80  1608.90  82.67 <.001 
Concentration*Extract tissue 8   1233.93  154.24  7.93 <.001 
Residual 45  875.73  19.46     
Total 59  8452.18 
 
Appendix 3. 82 ANOVA table for the effect of black sunnhemp tissue aqueous extracts on the 

germination vigor index of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  119.2796  29.8199  74.17 <.001 
Extract tissue 2  140.8798  70.4399  175.20 <.001 
Concentration*Extract tissue 8   96.2719  12.0340  29.93 <.001 
Residual 45  18.0927  0.4021     
Total 59  374.5241       
  
Appendix 3. 83 ANOVA table for the effect of black sunnhemp tissue aqueous extracts on the 

germination of goosegrass  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  1677.9  419.5  2.52  0.046 
Extract tissue 2  5181.1  2590.5  15.56 <.001 
Concentration*Extract tissue 8   4430.9  553.9  3.33  0.002 
Residual 105  17478.0  166.5     
Total 119  28767.9 
 
Appendix 3. 84 ANOVA table for the effect of black sunnhemp tissue aqueous extracts on the 

radicle length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  2020.34  505.09  5.08 <.001 
Extract tissue 2  3829.44  1914.72  19.26 <.001 
Concentration*Extract tissue 8   2710.04  338.75  3.41  0.002 
Residual 105  10438.26  99.41     
Total 119  18998.08 
 
Appendix 3. 85 ANOVA table for the effect of black sunnhemp tissue aqueous extracts on the 

plumule length of blackjack  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  239.72  59.93  2.66  0.037 
Extract tissue 2  824.38  412.19  18.32 <.001 
Concentration*Extract tissue 8   844.07  105.51  4.69 <.001 
Residual 105  2362.69  22.50     
Total 119  4270.86 
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Appendix 3. 86 ANOVA table for the effect of black sunnhemp tissue aqueous extracts on the 
germination vigor index of blackjack  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Concentration 4  61.135  15.284  7.63 <.001 
Extract tissue 2  79.929  39.964  19.96 <.001 
Concentration*Extract tissue 8   134.651  16.831  8.41 <.001 
Residual 105  210.208  2.002     
Total 119  485.923       
  
Appendix 3. 87  Effect of jack bean aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  1627.5  542.5  3.95  0.016 
Residual 36  4950.0  137.5     
Total         39          6577.5 
 
Appendix 3. 88  Effect of jack bean aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  3697.2  1232.4  4.08  0.014 
Residual 36  10867.8  301.9     
Total 39  14565.0 
 
Appendix 3. 89  Effect of jack bean aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  306.33  102.11  3.29  0.032 
Residual 36  1117.23  31.03     
Total 39  1423.57 
 
Appendix 3. 90  Effect of jack bean aqueous extracts on the seedling vigor index of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  4.3013  1.4338  3.11  0.038 
Residual 36  16.5907  0.4609     
Total 39  20.8920 
 
Appendix 3. 91  Effect of velvet bean aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  167.5  55.8  0.43  0.735 
Residual 36  4710.0  130.8     
Total 39  4877.5 
 
Appendix 3. 92  Effect of velvet bean aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  936.29  312.10  6.92 <.001 
Residual 36  1624.50  45.13     
Total 39  2560.79       
  
Appendix 3. 93  Effect of Velvet bean aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  2488.2  829.4  2.29  0.095 
Residual 36  13024.2  361.8     
Total 39  15512.4       
  
Appendix 3. 94 Effect of velvet bean aqueous extracts on the seedling vigor index of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  3.0542  1.0181  4.38  0.010 
Residual 36  8.3703  0.2325     
Total 39  11.4245       
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Appendix 3. 95  Effect of hyacinth bean aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  60.0  20.0  0.13  0.939 
Residual 36  5340.0  148.3     
Total 39  5400.0 
 
Appendix 3. 96  Effect of hyacinth bean aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  1062.88  354.29  7.20 <.001 
Residual 36  1772.43  49.23     
Total 39  2835.31 
 
Appendix 3. 97  Effect of hyacinth bean aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  1189.6  396.5  1.01  0.402 
Residual 36  14194.8  394.3     
Total 39  15384.4 
 
Appendix 3. 98 Effect of hyacinth bean aqueous extracts on the seedling vigor index of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  2.2844  0.7615  2.09  0.119 
Residual 36  13.1440  0.3651     
Total 39  15.4284       
  
Appendix 3. 99  Effect of red sunnhemp aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  1147.5  382.5  1.98  0.134 
Residual 36  6950.0  193.1     
Total 39  8097.5 
 
Appendix 3. 100 Effect of red sunnhemp aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  1307.70  435.90  29.30 <.001 
Residual 36  535.52  14.88     
Total 39  1843.21       
  
Appendix 3. 101 Effect of red sunnhemp aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  10075.9  3358.6  11.72 <.001 
Residual 36  10316.8  286.6     
Total 39  20392.7       
  
Appendix 3. 102 Effect of red sunnhemp aqueous extracts on the seedling vigor index of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  7.54092  2.51364  26.49 <.001 
Residual 36  3.41656  0.09490     
Total 39  10.95748       
  
Appendix 3. 103 Effect of showy rattlebox aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  527.50  175.83  2.48  0.077 
Residual 36  2550.00  70.83     
Total 39  3077.50 
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Appendix 3. 104 Effect of showy rattlebox aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  1517.09  505.70  24.95 <.001 
Residual 36  729.66  20.27     
Total 39  2246.75 
 
Appendix 3. 105 Effect of showy rattlebox aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  16817.8  5605.9  15.73 <.001 
Residual 36  12830.8  356.4     
Total 39  29648.6  
 
Appendix 3. 106 Effect of showy rattlebox aqueous extracts on the seedling vigor index of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  7.2291  2.4097  20.74 <.001 
Residual 36  4.1830  0.1162     
Total 39  11.4121       
  
Appendix 3. 107 Effect of common bean aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  187.5  62.5  0.44  0.724 
Residual 36  5090.0  141.4     
Total 39  5277.5  
      
Appendix 3. 108 Effect of common bean aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  1332.04  444.01  11.27 <.001 
Residual 36  1418.03  39.39     
Total 39  2750.08       
  
Appendix 3. 109 Effect of common bean aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  2009.8  669.9  2.11  0.116 
Residual 36  11414.5  317.1     
Total 39  13424.3       
  
Appendix 3. 110 Effect of common bean aqueous extracts on the seedling vigor index of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  3.0708  1.0236  4.18  0.012 
Residual 36  8.8172  0.2449     
Total 39  11.8880       
  
Appendix 3. 111 Effect of common rattlepod aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  967.50  322.50  3.99  0.015 
Residual 36  2910.00  80.83     
Total 39  3877.50 
 
Appendix 3. 112 Effect of common rattlepod aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  3101.9  1034.0  2.97  0.044 
Residual 36  12519.7  347.8     
Total 39  15621.6   
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Appendix 3. 113 Effect of common rattlepod aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  1405.04  468.35  21.93 <.001 
Residual 36  769.00  21.36     
Total 39  2174.04       
  
Appendix 3. 114 Effect of common rattlepod aqueous extracts on the seedling vigor index of 

maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  7.3913  2.4638  4.82  0.006 
Residual 36  18.3952  0.5110     
Total 39  25.7865       
  
Appendix 3. 115 Effect of tephrosia aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  267.5  89.2  0.89  0.456 
Residual 36  3610.0  100.3     
Total 39  3877.5 
 
Appendix 3. 116 Effect of tephrosia aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  384.36  128.12  2.49  0.076 
Residual 36  1852.36  51.45     
Total 39  2236.72 
 
Appendix 3. 117 Effect of tephrosia aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  1509.6  503.2  1.54  0.222 
Residual 36  11791.1  327.5     
Total 39  13300.7       
  
Appendix 3. 118 Effect of tephrosia aqueous extracts on the seedling vigor index of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  0.7724  0.2575  1.61  0.205 
Residual 36  5.7705  0.1603     
Total 39  6.5429       
  
Appendix 3. 119 Effect of black sunnhemp aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  590.0  196.7  1.97  0.136 
Residual 36  3600.0  100.0     
Total 39  4190.0 
 
Appendix 3. 120 Effect of black sunnhemp aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  657.61  219.20  6.78 <.001 
Residual 36  1163.61  32.32     
Total 39  1821.22  
      
Appendix 3. 121 Effect of black sunnhemp aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  3996.0  1332.0  4.24  0.011 
Residual 36  11302.2  313.9     
Total 39  15298.1       
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Appendix 3. 122 Effect of black sunnhemp aqueous extracts on the seedling vigor index of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  4.9277  1.6426  10.31 <.001 
Residual 36  5.7346  0.1593     
Total 39  10.6623       
  
Appendix 3. 123 Effect of radish aqueous extracts on the germination of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  27.5  9.2  0.09  0.965 
Residual 36  3670.0  101.9     
Total 39  3697.5 
 
Appendix 3. 124 Effect of radish aqueous extracts on the radicle length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  3768.7  1256.2  5.48  0.003 
Residual 36  8245.1  229.0     
Total 39  12013.8 
 
Appendix 3. 125 Effect of radish aqueous extracts on the plumule length of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  347.92  115.97  5.61  0.003 
Residual 36  744.31  20.68     
Total 39  1092.24       
       
Appendix 3. 126 Effect of radish aqueous extracts on the seedling vigor index of maize.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 3  3.1287  1.0429  4.96  0.006 
Residual 36  7.5739  0.2104     
Total 39  10.7027       
  
Appendix 4. 1 Effect of cover crop leaf soil incorporated biomass on blackjack emergence 

percentage   
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  16544.73  1654.47  21.23 <.001 
Residual 33  2572.00  77.94     
Total         43       19116.73 
Appendix 4. 2 Effect of cover crop stem soil incorporated biomass on blackjack emergence 

percentage  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  9810.2  981.0  6.51 <.001 
Residual 33  4972.0  150.7     
Total                     43          14782.2 
Appendix 4. 3 Effect of cover crop root soil incorporated biomass on blackjack emergence 

percentage  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  11642.2  1164.2  9.75 <.001 
Residual 33  3940.0  119.4     
Total                                              43         15582.2 
 
Appendix 4. 4 Effect of cover crop leaf soil incorporated biomass on blackjack dry weight 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  0.0267575  0.0026758  7.31 <.001 
Residual 33  0.0120775  0.0003660     
Total                                              43    0.0388350 
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Appendix 4. 5 Effect of cover crop stem soil incorporated biomass on blackjack dry weight 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  0.0243561  0.0024356  8.67 <.001 
Residual 33  0.0092735  0.0002810     
Total                 43    0.0336296 
 
Appendix 4. 6 Effect of cover crop stem soil incorporated biomass on blackjack dry weight 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  0.0224894  0.0022489  4.88 <.001 
Residual 33  0.0152158  0.0004611     
Total                                              43    0.0377052 
 
Appendix 4. 7 Effect of cover crop leaf soil incorporated biomass on blackjack seedling vigor 

index 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  0.428018  0.042802  5.33 <.001 
Residual 33  0.264840  0.008025     
Total                                              43      0.692858 
 
Appendix 4. 8 Effect of cover crop stem soil incorporated biomass on blackjack seedling vigor 

index 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  0.391791  0.039179  8.21 <.001 
Residual 33  0.157417  0.004770     
Total                                              43      0.549208 
 
Appendix 4. 9 Effect of cover crop stem soil incorporated biomass on blackjack seedling vigor 

index 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  0.358005  0.035800  4.30 <.001 
Residual 33  0.274533  0.008319     
Total                                              43      0.632537 
 
Appendix 4. 10 Effect of cover crop leaf soil incorporated biomass on goosegrass germination 

percentage 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  32899.3  3289.9  12.51 <.001 
Residual 77  20257.8  263.1     
Total                                              87      53157.1 
 
Appendix 4. 11 Effect of cover crop stem soil incorporated biomass on goosegrass germination 

percentage 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  42502.2  4250.2  12.24 <.001 
Residual 77  26733.8  347.2     
Total          87        69236.0 
Variate: weight 
  
Appendix 4. 12 Effect of cover crop root soil incorporated biomass on goosegrass germination 

percentage 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  72680.2  7268.0  25.34 <.001 
Residual 77  67973.3  286.8     
Total                                            87        140653.5 
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Appendix 4. 13 Effect of cover crop leaf soil incorporated biomass on goosegrass dry weight 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  13.4799  1.3480  7.49 <.001 
Residual 77  13.8507  0.1799     
Total                                              87        27.3306 
 
Appendix 4. 14 Effect of cover crop stem soil incorporated biomass on goosegrass dry weight 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  12.00303  1.20030  79.27 <.001 
Residual 76  1.15079  0.01514     
Total                                              86      13.15382 
 
Appendix 4. 15 Effect of cover crop stem soil incorporated biomass on goosegrass dry weight 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  2.92552  0.29255  22.07 <.001 
Residual 71  0.94094  0.01325     
Total                                              81        3.86646 
 
Appendix 4. 16 Effect of cover crop leaf soil incorporated biomass on goosegrass seedling vigor 

index 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  215.736  21.574  6.15 <.001 
Residual 77  269.912  3.505     
Total                                              87        485.648 
 
Appendix 4. 17 Effect of cover crop stem soil incorporated biomass on goosegrass seedling vigor 

index 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  230.1969  23.0197  103.75 <.001 
Residual 76  16.8633  0.2219     
Total                                              86      247.0603 
 
Appendix 4. 18 Effect of cover crop stem soil incorporated biomass on goosegrass seedling vigor 

index 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 10  2.92552  0.29255  22.07 <.001 
Residual 71  0.94094  0.01325     
Total                                              81        3.86646 
 
Appendix 4. 19  Effect of cover crop stem soil incorporated biomass on maize emergence 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 6  3062.7  510.4  3.72  0.009 
Residual 25  3428.8  137.2     
Total 31  6491.5       
  
Appendix 4. 20  Effect of cover crop stem soil incorporated biomass on maize dry weight 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 6  12.1354  2.0226  4.56  0.002 
Residual 25  11.0981  0.4439     
Total 31  23.2334       
  
Appendix 4. 21 Effect of cover crop stem soil incorporated biomass on maize seedling dry 

wieght 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Treatment 6  134682.  22447.  5.06  0.002 
Residual 25  110995.  4440.     
Total 31  245677. 
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Appendix 5. 1 Effect of 10mg L-1 of methanol of standards of secondary compounds on 

germination percentage of blackjack.  
Source of variation DF SS MS F P 
Replication stratum 4  846.7  211.7  1.18   
Treatment 5  1306.7  261.3  1.45  0.249 
Residual 20  3593.3  179.7     
Total 29  5746.7 
 
Appendix 5. 2 Effect of 10mg L-1 of methanol of standards of secondary compounds on plumule 

length of blackjack.  
Source of variation DF SS MS F P 
Replication stratum 4  17.422  4.356  0.53   
Treatment 5  141.752  28.350  3.42  0.021 
Residual 20  165.600  8.280     
Total 29  324.774       
  
Appendix 5. 3 Effect of 10mg L-1 of methanol of standards of secondary compounds on radicle 

length of blackjack.  
Source of variation DF SS MS F P 
Replication stratum 4  443.43  110.86  1.42   
Treatment 5  1916.95  383.39  4.90  0.004 
Residual 20  1564.44  78.22     
Total         29         3924.82 
 
Appendix 5. 4 Effect of 10mg L-1 of methanol of standards of secondary compounds on plumule 

length of goosegrass. 
Source of variation df ss ms f  p 
Replication stratum 4  2.5407  0.6352  3.58   
Treatment 5  66.9519  13.3904  75.48  <.001 
Residual 20  3.5481  0.1774     
Total 29  73.0407       
  
Appendix 5. 5 Effect of 10mg L-1 of methanol of standards of secondary compounds on radicle 

length of goosegrass. 
Source of variation df ss ms v.r. F pr. 
Replication stratum 4  7.237  1.809  0.39   
Treatment 5  779.719  155.944  33.70 <.001 
Residual 20  92.541  4.627     
Total 29  879.496 
 
Appendix 6. 1  Repeated measures ANOVA table for maize height  
Source of variation      d.f.  s.s.  m.s. v.r. F pr. 
Replication stratum 7  27820.026  3974.289  195.51   
Treatment 14  688.459  49.176  2.42  0.006 
Residual 98  1992.114  20.328  2.60   
Time 1  4210.113  4210.113  538.57 <.001 
Time * Treatment 14  185.005  13.215  1.69  0.068 
Residual 105  820.802  7.817     
Total 239  35716.519 
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Appendix 6. 2  Repeated measures ANOVA table for maize chlorophyll  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Replication 7  189.58  27.08  0.63   
Treatment 14  455.02  32.50  0.75  0.714 
Residual 98  4220.44  43.07  0.54   
Time 1  907.93  907.93  11.41  0.001 
Time * Treatment 14  381.62  27.26  0.34  0.986 
Residual 105  8353.79  79.56     
Total 239  14508.37 
 
Appendix 6. 3  Repeated measures ANOVA table for goosegrass chlorophyll content 
Source of variation      d.f.   s.s.  m.s. v.r. F pr. 
Replication 2  327.18  163.59  3.58   
Treatment 8  8194.18  1024.27  22.41 <.001 
Residual 16  731.24  45.70  2.51   
Time 7  2194.33  313.48  17.23 <.001 
Time * Treatment 56  4686.15  83.68  4.60 <.001 
Residual 126  2293.06  18.20     
Total 215  18426.15 
 
Appendix 6. 4  Repeated measures ANOVA table for goosegrass height  
Source of variation      d.f.    s.s.  m.s. v.r. F pr. 
Replication 5  8.1045  1.6209  0.87   
Treatment 14  233.8455  16.7032  8.97 <.001 
Residual 70  130.3267  1.8618  5.82   
Time 6  53.4110  8.9018  27.85 <.001 
Time * Treatment 84  67.6952  0.8059  2.52 <.001 
Residual 450  143.8338  0.3196     
Total 629  637.2167 
 
Appendix 6. 5  Repeated measures ANOVA table for blackjack height 
Source of variation      d.f.  s.s.  m.s. v.r. F pr. 
Replication 3  37.983  12.661  9.86   
Treatment 14  68.988  4.928  3.84 <.001 
Residual 42  53.957  1.285  0.94   
Time 3  5.177  1.726  1.26  0.292 
Time * Treatment 42  81.077  1.930  1.41  0.087 
Residual 135  185.403  1.373     
Total 239  432.585 
 
Appendix 6. 6  Repeated measures ANOVA table for blackjack chlorophyll 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Replication 3  262.08  87.36  1.86   
Treatment 14  3758.25  268.45  5.71 <.001 
Residual 42  1974.88  47.02  1.05   
Time 2  12500.90  6250.45  139.62 <.001 
Time * Treatment 28  3138.89  112.10  2.50  0.008 
Residual 90  4029.18  44.77     
Total 179  25664.18 
 
Appendix 6. 7  ANOVA table for goosegrass dry weight 
Source of variation      d.f.  s.s.  m.s. v.r. F pr. 
Replication 5  0.12498  0.02500  1.66   
Treatment 14  0.98368  0.07026  4.66 <.001 
Residual 70  1.05590  0.01508     
Total 89  2.16456 
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Appendix 6. 8  ANOVA table for blackjack dry weight 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Replication 7  0.337691  0.048242  9.08   
Treatment 14  0.568027  0.040573  7.63 <.001 
Residual 98  0.520827  0.005315     
Total 119  1.426545 
 
Appendix 7. 1 Combined season ANOVA for effect of different cover crop rotations on weed 

density m-2 of the weed seed bank  
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Season 1    7.46250  7.46250  15.06  0.002 
Residual 12    5.94600  0.49550  6.87   
Depth 2    2.84284  1.42142  11.13 <.001 
Residual 18    2.29780  0.12766  1.77   
GMCC 9    1.50511  0.16723  2.32  0.016 
Season*Depth 2    0.52367  0.26183  3.63  0.028 
Season*GMCC 9    2.39199  0.26578  3.68 <.001 
Depth*GMCC 18    3.16964  0.17609  2.44  0.001 
Season*Depth*GMCC 18    1.63554  0.09086  1.26  0.216 
Residual 239 (91)  17.24320  0.07215     
Total 328 (91)  40.53176       
 
Appendix 7. 2 Combined season ANOVA for effect of different cover crop rotations on species 

richness (S) of the weed seed bank  
 Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Season 1    9.4358  9.4358  15.15 0.002 
Residual 12    7.4715  0.6226  3.66   
Depth 2   4.2450  2.1225  12.50  <0.001 
Residual 18    3.0570  0.1698  1.00   
GMCC 9    2.0104  0.2234 1.31  0.229 
Season*Depth 2    0.4402  0.2201  1.29  0.276 
Season*GMCC 9  2.8865 0.3207 1.89 0.053 
GMCC*Depth 18   3.3482  0.1860  1.09  0.357 
Season*GMCC*Depth 18    4.1502  0.2306  1.36  0.152 
Residual 329 (1)  55.9709  0.1701     
Total 418 (1)  92.9915 
   
Appendix 7. 3 Combined season ANOVA for effect of different cover crop rotations on species 

diversity (H) of the weed seed bank  
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Block.Season stratum 
Season 1    4.17509 4.17509  23.54 <0.001 
Residual 12    2.12814 0.17734  5.14   
Depth 2   0.67657 0.33829  8.28 0.003 
Residual 18   0.73567 0.04087  1.18   
GMCC 9    0.25610 0.02846 0.82  0.594 
Season*Depth 2    0.09396 0.04698  1.36  0.258 
Season*GMCC 9  0.74355 0.08262 2.39 0.012 
GMCC*Depth 18   0.85243 0.04736  1.37  0.143 
Season*GMCC*Depth 18   0.70150 0.03897  1.13  0.322 
Residual 329 (1) 11.35977 0.03453     
Total 418 (1) 21.67335       
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Appendix 7. 4 Combined season ANOVA for effect of different cover crop rotations on species 
evenness (E) of the weed seed bank  

Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Block.Season stratum 
Season 1    4.04867  4.04867  38.26 <0.001 
Residual 12    1.26974  0.10581  2.97   
Depth 2   0.43738  0.21869 6.78  0.006 
Residual 18    0.58079 0.03227 0.91   
GMCC 9    0.14683  0.01631 0.46  0.902 
Season.Depth 2   0.10578 0.05289 1.48  0.228 
Season.GMCC 9  0.49119 0.05458 1.53 0.136 
GMCC.Depth 18   0.63966 0.03554  1.00  0.463 
Season.GMCC.Depth 18    0.46828  0.02602  0.73  0.780 
Residual 328 (2) 11.68982 0.03564     
Total 417 (2)  19.82112 
 
Appendix 7. 5 ANOVA for effect of different cover crop rotations on weed density m-2 of the 

weed seed bank at UZ new plot in 2015-16 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2   6.09330 3.04665 5.85  0.011 
Residual 18    9.36968 0.52054 6.93   
GMCC 9   1.80697 0.20077 2.67  0.007 
GMCC.Depth 18   2.69348 0.14964  1.99  0.014 
Residual 134 (28) 10.06455 0.07511     
Total 181 (28)  25.98483 
       
Appendix 7. 6 ANOVA for effect of different cover crop rotations on weed species richness of 

the weed seed bank at UZ new plot in 2015-16 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2   80.238 40.119 3.80  0.042 
Residual 18    190.057 10.559 5.58   
GMCC 9    56.005  6.223 3.29  0.001 
GMCC.Depth 18   37.381 2.077  1.10  0.359 
Residual 162  306.514 1.892     
Total 209   670.195 
       
Appendix 7. 7 ANOVA for effect of different cover crop rotations on weed species diversity of 

the weed seed bank at UZ new plot in 2015-16 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2   1.85249 0.92624 4.06  0.035 
Residual 18    4.10506 0.22806 4.73   
GMCC 9    1.17404  0.13045 2.71  0.006 
GMCC.Depth 18   1.12112 0.06228  1.29  0.198 
Residual 162  7.80270 0.04816     
Total 209   16.05540 
       
Appendix 7. 8 ANOVA for effect of different cover crop rotations on weed species evenness of 

the weed seed bank at UZ new plot in 2015-16 season. 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Depth 2  0.82937  0.41468  3.04  0.073 
Residual 18  2.45399  0.13633  3.36   
GMCC 9  0.72233  0.08026  1.98  0.045 
Depth.GMCC 18  0.56128  0.03118  0.77  0.735 
Residual 162  6.57487  0.04059     
Total 209  11.14184       
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Appendix 7. 9 ANOVA for effect of different cover crop rotations on weed density m-2 of the 
weed seed bank at CIMMYT plot in 2016-17 season. 

Source of variation d.f. s.s. m.s. v.r. F pr. 
Depth 2  2930660.  1465330.  21.75 <.001 
Residual 18  1212921.  67385.  0.72   
GMCC 9  2451348.  272372.  2.90  0.003 
Depth.GMCC 18  2423576.  134643.  1.43  0.122 
Residual 162  15212529.  93904.     
Total 209  24231034.       
  
Appendix 7. 10 ANOVA for effect of different cover crop rotations on weed species richness of 

the weed seed bank at CIMMYT plot in 2016-17 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2   21.781 10.890 5.71  0.012 
Residual 18    34.343 1.908 1.07   
GMCC 9   50.957 5.662 3.16  0.002 
GMCC.Depth 18   70.600 3.922  2.19  0.005 
Residual 162  289.943 1.790     
Total 209   467.624 
 
Appendix 7. 11 ANOVA for effect of different cover crop rotations on weed diversity of the 

weed seed bank at CIMMYT plot in 2016-17 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2   0.46485 0.23242 4.53  0.025 
Residual 18   0.92272 0.05126 0.99   
GMCC 9   0.98783  0.10976 2.11  0.031 
GMCC*Depth 18   1.06490 0.05916  1.14  0.319 
Residual 162  8.41349 0.05194     
Total 209   11.85378 
 
Appendix 7. 12 ANOVA for effect of different cover crop rotations on weed species eveness of 

the weed seed bank at CIMMYT plot in 2016-17 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2   0.37116 0.18558 4.19  0.032 
Residual 18    0.79658 0.04425 1.23   
GMCC 9   0.53567 0.05952 1.66  0.104 
GMCC*Depth 18 (1)  0.65648 0.03647  1.01  0.446 
Residual 162 (1) 5.78520 0.03593     
Total 209   8.13343 
 
Appendix 7. 13 Combined season ANOVA for effect of different cover crop rotations on 

blackjack density at UZ   
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Season 1   2.19326  2.19326  3.88 0.072 
Residual 12   6.77853 0.56488  11.06   
Depth 2   0.57727 0.28864  1.50  0.254 
Residual 16   3.08652 0.19291  3.78   
GMCC 9    5.76150  0.64017 12.53  <0.001 
Season*Depth 2    2.04757 1.02379 20.05  <0.001 
Season*GMCC 8 (1) 4.10897 0.51362 10.06 <0.001 
GMCC*Depth 13 (5)  5.21767  0.40136  7.86  <0.001 
Season*GMCC*Depth 2 (16)   0.87952  0.43976  8.61  0.002 
Residual 23 (307) 1.17466  0.05107     
Total 88 (331)  4.34052       
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Appendix 7. 14 Combined season ANOVA for effect of different cover crop rotations on smooth 
pigweed density at UZ   

Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Season 1   10.06902  2.19326  52.60 0.001 
Residual 11  (1)  2.10581 0.56488  3.19   
Depth 2   0.90130 0.28864  1.50  0.251 
Residual 16   5.42253 0.19291 5.02   
GMCC 9   3.24208  0.36023 6.00  <0.001 
Season*Depth 2   2.16191 1.08095 18.00  <0.001 
Season*GMCC 8 (1) 3.07756 0.38469 6.41 <0.001 
GMCC*Depth 18  3.16259  0.17570  2.93  <0.001 
Season*GMCC*Depth 7 (11)  0.53717  0.07674 1.28  0.270 
Residual 90 (240) 5.40409  0.06005     
Total 166 (253)  18.04546 
 
Appendix 7. 15 Combined season ANOVA for effect of different cover crop rotations on gallant 

soldier density at UZ   
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Season 1   0.03234  0.03234  0.10 0.755 
Residual 12   3.79687 0.31641  9.45   
Depth 2   2.02375 1.01188  11.65  <0.001 
Residual 18   1.56284 0.08682 2.59   
GMCC 9   4.27132 0.47459 14.17  <0.001 
Season*Depth 2   1.88494 0.94247 28.14  <0.001 
Season*GMCC 9  2.84060 0.31562 9.42 <0.001 
GMCC*Depth 18  3.04912  0.16940  5.06  <0.001 
Season*GMCC*Depth 8 (10)  1.90257  0.23782 7.10  0.270 
Residual 21 (309) 0.70333 0.03349     
Total 100 (319)  3.66791       
 
Appendix 7. 16 Combined season ANOVA for effect of different cover crop rotations on 

goosegrass density at UZ   
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Season 1   0.24391 0.24391  1.97 0.186 
Residual 12   1.48718 0.12393  3.58   
Depth 2   0.32776 0.16388  2.16  0.144 
Residual 18   1.36321 0.07573 2.19   
GMCC 9   2.24142 0.24905 7.20  0.066 
Season*Depth 2   0.22848 0.11424 3.30  0.175 
Season*GMCC 8 (1) 0.78456 0.09807 2.83 0.211 
GMCC*Depth 15 (3) 3.21319 0.21421  6.19  0.079 
Season*GMCC*Depth 5 (13)  0.36208  0.07242 2.09  0.288 
Residual 3 (327) 0.10381 0.03460     
Total 75 (344)  0.89874 
 
Appendix 7. 17 ANOVA for effect of different cover crop rotations on blackjack density m-2 at 

UZ Field B in the 2015-16 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2    0.00852  0.00426  0.01  0.988 
Residual 15 (3)  5.14735  0.34316  15.55   
GMCC 9    1.85485  0.20609  9.34 <.001 
Depth*GMCC 10 (8)  1.68603  0.16860  7.64  0.001 
Residual 11 (151)  0.24276  0.02207     
Total 47 (162)  1.84735       
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Appendix 7. 18 ANOVA for effect of different cover crop rotations on smooth pig weed density 
m-2 at UZ Field B in the 2015-16 season. 

Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2    0.07397  0.03699  1.10  0.363 
Residual 12 (6)  0.40254  0.03355  0.74   
GMCC 8 (1)  0.19785  0.02473  0.55  0.787 
Depth*GMCC 7 (11)  0.11490  0.01641  0.36  0.860 
Residual 1 (161)  0.04536  0.04536     
Total 30 (179)  0.16955       
  
Appendix 7. 19 ANOVA for effect of different cover crop rotations on gallant soldier density m-2 

at UZ Field B in the 2015-16 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2    0.11594  0.05797  1.18  0.330 
Residual 17 (1)  0.83167  0.04892  2.00   
GMCC 9    0.51460  0.05718  2.34  0.086 
Depth*GMCC 16 (2)  1.25350  0.07834  3.20  0.023 
Residual 12 (150)  0.29344  0.02445     
Total 56 (153)  0.98189       
  
Appendix 7. 20 ANOVA for effect of different cover crop rotations on smooth pig weed density 

m-2 at CIMMYT in the 2015-16 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2    0.30576  0.15288  1.89  0.180 
Residual 18    1.45501  0.08083  2.21   
GMCC 9    0.35281  0.03920  1.07  0.396 
Depth*GMCC 16 (2)  0.94285  0.05893  1.61  0.093 
Residual 59 (103)  2.15424  0.03651     
Total 104 (105)  3.58774       
  
Appendix 7. 21 ANOVA for effect of different cover crop rotations on gallant soldier weed 

density m-2 at CIMMYT in the 2015-16 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2    2.32073  1.16036  12.02 <.001 
Residual 18    1.73812  0.09656  2.00   
GMCC 9    1.28978  0.14331  2.97  0.004 
Depth*GMCC 18    3.20432  0.17802  3.69 <.001 
Residual 99 (63)  4.77281  0.04821     
Total 146 (63)  10.59773       
  
Appendix 7. 22 ANOVA for effect of different cover crop rotations on Mexican clover density m-

2 at CIMMYT in the 2015-16 season. 
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 
Depth 2    0.16866  0.08433  1.02  0.379 
Residual 18    1.48197  0.08233  2.08   
GMCC 9    0.62170  0.06908  1.75  0.090 
Depth*GMCC 18    1.03219  0.05734  1.45  0.129 
Residual 86 (76)  3.39773  0.03951     
Total 133 (76)  5.47139       
  
Appendix 8. 1 ANOVA for the effect of maize-cover crop rotation on weed density at first weed 

count in the 2014-15 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.19544  0.09772  3.75   
Cover crop 9  1.04782  0.11642  4.47  0.003 
Residual 18  0.46888  0.02605     
Total 29  1.71214     
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Appendix 8. 2 ANOVA for the effect of maize-cover crop rotation on weed density at second 
weed count in the 2014-15 season.  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.30605  0.15303  2.35   
Cover crops 8  0.81679  0.10210  1.57  0.200 
Residual 19  1.23756  0.06513     
Total 29  2.36040       
  
Appendix 8. 3 ANOVA for the effect of maize-cover crop rotation on total weed density in the 

2014-15 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.37820  0.18910  2.25   
Cover crops 8  0.79807  0.09976  1.19  0.356 
Residual 19  1.59399  0.08389     
Total 29  2.77025       
  
Appendix 8. 4 ANOVA for the effect of maize-cover crop rotation on weed density at first weed 

count in the 2015-16 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  118116.  59058.  3.75   
Cover crop 9  1130362.  125596.  7.98 <.001 
Residual 18  283337.  15741.     
Total 29  1531815. 
 
Appendix 8. 5 ANOVA for the effect of maize-cover crop rotation on weed density at second 

weed count in the 2015-16 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.47751  0.23876  3.20   
Cover crop 9  0.97701  0.10856  1.46  0.238 
Residual 18  1.34250  0.07458     
Total 29  2.79702 
 
Appendix 8. 6 ANOVA for the effect of maize-cover crop rotation on weed density at third 

weed count in the 2015-16 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.97445  0.48722  5.37   
Cover crop 9  1.08321  0.12036  1.33  0.290 
Residual 18  1.63282  0.09071     
Total 29  3.69048 
 
Appendix 8. 7 ANOVA for the effect of maize-cover crop rotation on total weed density in the 

2015-16 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  722403.  361201.  2.84   
Cover crop 9  3463205.  384801.  3.03  0.022 
Residual 18  2289130.  127174.     
Total 29  6474737.       
  
Appendix 8. 8 ANOVA for the effect of maize-cover crop rotation on weed density at first weed 

count in the 2016-17 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.6549  0.3275  0.76   
Cover crop 9  1.6053  0.1784  0.41  0.911 
Residual 18  7.7667  0.4315     
Total 29  10.0269       
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Appendix 8. 9 ANOVA for the effect of maize-cover crop rotation on weed density at second 
weed count in the 2016-17 season.  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  119437.  59718.  6.54   
Cover crop 9  686060.  76229.  8.35 <.001 
Residual 18  164288.  9127.     
Total 29  969785.       
  
Appendix 8. 10 ANOVA for the effect of maize-cover crop rotation on weed density at third 

weed count in the 2016-17 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  7504.5  3752.2  3.89   
Cover crop 9  47569.0  5285.4  5.48  0.001 
Residual 18  17345.5  963.6     
Total 29  72419.0 
 
Appendix 8. 11 ANOVA for the effect of maize-cover crop rotation on total weed density in the 

2016-17 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.08662  0.04331  0.57   
Cover crop 9  0.76256  0.08473  1.11  0.406 
Residual 18  1.37801  0.07656     
Total 29  2.22719 
 
Appendix 8. 12 ANOVA for the effect of maize-cover crop rotation on weed biomass at first 

weed count in the 2014-15 season. 
Source  d.f. s.s. m.s. v.r. F pr. 
Block   2  4604  2302  1.94  0.174 
Cover crop   9  81852  9095  7.66  < 0.001 
Residual   17  20171  1187      
Total   28  106627  3808 
 
Appendix 8. 13 ANOVA for the effect of maize-cover crop rotation on weed biomass at second 

weed count in the 2014-15 season.  
Source  d.f. s.s. m.s. v.r. F pr. 
Block   2  484.18  242.09  4.43  0.028 
Cover crop   9  1198.35  133.15  2.43  0.055 
Residual   17  929.71  54.69      
Total   28  2612.23  93.29   
 
Appendix 8. 14 ANOVA for the effect of maize-cover crop rotation on total weed biomass at 

second weed count in the 2014-15 season.  
Source  d.f. s.s. m.s. v.r. F pr. 
Block   2  7149  3575  2.28  0.135 
Cover crop   9  95064  10563  6.74  < 0.001 
Residual   16  25087  1568      
Total   27  127300  4715      
    
Appendix 8. 15 ANOVA for the effect of maize-cover crop rotation on weed biomass at first 

weed count in the 2015-16 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  24.2  12.1  0.04   
Cover crop 9  3280.4  364.5  1.08  0.421 
Residual 18  6062.8  336.8     
Total 29  9367.4 
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Appendix 8. 16 ANOVA for the effect of maize-cover crop rotation on weed biomass at second 
weed count in the 2015-16 season.  

Source of variation       d.f.  s.s.  m.s. v.r. F pr. 
Block stratum 2  728.48         364.24  5.69   
Cover crop 9  1320.03  146.67  2.29  0.064 
Residual 18  1151.37  63.96     
Total 29  3199.89 
 
Appendix 8. 17 ANOVA for the effect of maize-cover crop rotation on weed biomass at third 

weed count in the 2015-16 season.  
Source of variation       d.f.  s.s.  m.s. v.r. F pr. 
Block stratum 2  931.6  465.8  4.00   
Cover crop 9  1030.5  114.5  0.98  0.485 
Residual 18  2095.7  116.4     
Total 29  4057.7 
 
Appendix 8. 18 ANOVA for the effect of maize-cover crop rotation on total weed biomass in the 

2015-16 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  52.2  26.1  0.03   
Cover crop 9  6715.8  746.2  0.89  0.555 
Residual 18  15145.7  841.4     
Total 29  21913.7 
 
Appendix 8. 19 ANOVA for the effect of maize-cover crop rotation on weed biomass at first 

weed count in the 2016-17 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Cover crop 9  47092.1  5232.5  5.55  0.001 
Residual 18  16971.8  942.9     
Total 29  64276.9 
 
Appendix 8. 20 ANOVA for the effect of maize-cover crop rotation on weed biomass at second 

weed count in the 2016-17 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  49.02  24.51  0.75   
Cover crop 9  762.42  84.71  2.58  0.041 
Residual 18  590.41  32.80     
Total 29  1401.85       
  
Appendix 8. 21 ANOVA for the effect of maize-cover crop rotation on weed biomass at third 

weed count in the 2016-17 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  24.812  12.406  4.25   
Cover crop 9  68.880  7.653  2.62  0.039 
Residual 18  52.595  2.922     
Total 29  146.287  
 
Appendix 8. 22 ANOVA for the effect of maize-cover crop rotation on total weed biomass in the 

2016-17 season.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  632.  316.  0.31   
Cover crop 9  53357.  5929.  5.78 <.001 
Residual 18  18477.  1027.     
Total 29  72466. 
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Appendix 8. 23 ANOVA for the effect of maize-cover crop rotation on species richness (S) in UZ 
Field A in the 2014-15 season at first weed count.  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  19.400  9.700   1.10   
Cover crop 9  148.613  14.861  1.68 0.160 
Residual 18  150.287  8.840     
Total 29  319.300 10.976      
 
Appendix 8. 24 ANOVA for the effect of maize-cover crop rotation on species evenness (E) in 

UZ Field A in the 2014-15 season at first weed count.  
Source  d.f. s.s. m.s. v.r. F pr. 
Block   2  0.65719  0.32860  3.88   
Cover crop   10  0.86276  0.08628  1.02  0.474 
Residual   17  1.44115  0.08477      
Total   29  2.96110  0.10211  
 
Appendix 8. 25 ANOVA for the effect of maize-cover crop rotation on species diversity (H) in 

UZ Field A in the 2014-15 season at first weed count.  
Source  d.f. s.s. m.s. v.r. F pr. 
Block   2  1.8227  0.9113  1.91   
Cover crop    10  8.8443  0.8844  1.85  0.177 
Residual   17  8.1187  0.4776      
Total   29  18.7856  0.6478      
  
Appendix 8. 26 ANOVA for the effect of maize-cover crop rotation on species richness (S) in UZ 

Field A in the 2014-15 season at second weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  3.467  1.733  0.32   
Cover crop 9  69.867  7.763  1.42  0.252 
Residual 18  98.533  5.474     
Total 29  171.867       
 
Appendix 8. 27 ANOVA for the effect of maize-cover crop rotation on species evenness (E) in 

UZ Field A in the 2014-15 season at second weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.03333  0.01667  0.79   
Cover crop 9  0.27306  0.03034  1.43  0.246 
Residual 18  0.38111  0.02117     
Total 29  0.68750 
 
Appendix 8. 28 ANOVA for the effect of maize-cover crop rotation on species diversity (H) in 

UZ Field A in the 2014-15 season at second weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.2612  0.1306  0.90   
Cover crop 9  2.7567  0.3063  2.10  0.086 
Residual 18  2.6197  0.1455     
Total 29  5.6376       
  
Appendix 8. 29 ANOVA for the effect of maize-cover crop rotation on species richness (S) in UZ 

Field B in the 2015-16 season at first weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  3.8000  1.9000  2.20   
Treatment 9  8.6667  0.9630  1.12  0.400 
Residual 18  15.5333  0.8630     
Total 29  28.0000       
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Appendix 8. 30 ANOVA for the effect of maize-cover crop rotation on species evenness (E) in 
UZ Field B in the 2015-16 season at first weed count.  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.00897  0.00449  0.16   
Treatment 9  0.16321  0.01813  0.64  0.746 
Residual 18  0.50699  0.02817     
Total 29  0.67918       
  
Appendix 8. 31 ANOVA for the effect of maize-cover crop rotation on species diversity (H) in 

UZ Field B in the 2015-16 season at first weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.03158  0.01579  0.46   
Treatment 9  0.34918  0.03880  1.13  0.390 
Residual 18  0.61612  0.03423     
Total 29  0.99688       
  
Appendix 8. 32 ANOVA for the effect of maize-cover crop rotation on species richness (S) in UZ 

Field B in the 2015-16 season at second weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  1.0667  0.5333  0.55   
Treatment 9  16.8000  1.8667  1.91  0.116 
Residual 18  17.6000  0.9778     
Total 29  35.4667 
 
Appendix 8. 33 ANOVA for the effect of maize-cover crop rotation on species evenness (E) in 

UZ Field B in the 2015-16 season at second weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.01035  0.00518  0.28   
Treatment 9  0.09566  0.01063  0.57  0.806 
Residual 18  0.33700  0.01872     
Total 29  0.44301 
       
Appendix 8. 34 ANOVA for the effect of maize-cover crop rotation on species diversity (H) in 

UZ Field B in the 2015-16 season at second weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.01131  0.00565  0.10   
Treatment 9  0.70339  0.07815  1.42  0.251 
Residual 18  0.98973  0.05498     
Total 29  1.70442       
  
Appendix 8. 35 ANOVA for the effect of maize-cover crop rotation on species richness (S) in UZ 

Field B in the 2015-16 season at third weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  5.067  2.533  1.08   
Treatment 9  7.633  0.848  0.36  0.939 
Residual 18  42.267  2.348     
Total 29  54.967 
 
Appendix 8. 36 ANOVA for the effect of maize-cover crop rotation on species evenness (E) in 

UZ Field B in the 2015-16 season at third weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.68360  0.34180  16.31   
Treatment 9  0.09604  0.01067  0.51  0.849 
Residual 18  0.37714  0.02095     
Total 29  1.15678       
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Appendix 8. 37 ANOVA for the effect of maize-cover crop rotation on species diversity (H) in 
UZ Field B in the 2015-16 season at third weed count.  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  1.69095  0.84547  14.09   
Treatment 9  0.18789  0.02088  0.35  0.945 
Residual 18  1.07982  0.05999     
Total 29  2.95866       
  
Appendix 8. 38 ANOVA for the effect of maize-cover crop rotation on species richness (S) in UZ 

Field A in the 2016-17 season at first weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  7.200  3.600  0.38   
Treatment 9  53.633  5.959  0.63  0.761 
Residual 18  171.467  9.526     
Total 29  232.300  
      
Appendix 8. 39 ANOVA for the effect of maize-cover crop rotation on species evenness (E) in 

UZ Field A in the 2016-17 season at first weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  7.200  3.600  0.38   
Treatment 9  53.633  5.959  0.63  0.761 
Residual 18  171.467  9.526     
Total 29  232.300       
  
Appendix 8. 40 ANOVA for the effect of maize-cover crop rotation on species diversity (H) in 

UZ Field A in the 2016-17 season at first weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.3403  0.1701  0.56   
Treatment 9  2.5647  0.2850  0.94  0.519 
Residual 18  5.4826  0.3046     
Total 29  8.3876       
  
Appendix 8. 41 ANOVA for the effect of maize-cover crop rotation on species richness (S) in UZ 

Field A in the 2016-17 season at second weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  76.47  38.23  3.71   
Treatment 9  81.87  9.10  0.88  0.558 
Residual 18  185.53  10.31     
Total 29  343.87       
  
Appendix 8. 42 ANOVA for the effect of maize-cover crop rotation on species evenness (E) in 

UZ Field A in the 2016-17 season at second weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.08789  0.04394  3.56   
Treatment 9  0.03655  0.00406  0.33  0.954 
Residual 18  0.22208  0.01234     
Total 29  0.34652       
  
Appendix 8. 43 ANOVA for the effect of maize-cover crop rotation on species diversity (H) in 

UZ Field A in the 2016-17 season at second weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.9015  0.4507  1.42   
Treatment 9  1.9233  0.2137  0.67  0.722 
Residual 18  5.7039  0.3169     
Total 29  8.5287 
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Appendix 8. 44 ANOVA for the effect of maize-cover crop rotation on species richness (S) in UZ 
Field A in the 2016-17 season at third weed count.  

Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  25.267  12.633  4.94   
Treatment 9  16.533  1.837  0.72  0.687 
Residual 18  46.067  2.559     
Total 29  87.867       
  
Appendix 8. 45 ANOVA for the effect of maize-cover crop rotation on species evenness (E) in 

UZ Field A in the 2016-17 season at third weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.009026  0.004513  0.76   
Treatment 9  0.019232  0.002137  0.36  0.940 
Residual 18  0.107187  0.005955     
Total 29  0.135444 
 
Appendix 8. 46 ANOVA for the effect of maize-cover crop rotation on species diveristy (H) in 

UZ Field A in the 2016-17 season at third weed count.  
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  0.1248  0.0624  0.51   
Treatment 9  0.3766  0.0418  0.34  0.948 
Residual 18  2.2009  0.1223     
Total 29  2.7022       
  
Appendix 8. 47 ANOVA for the density of Cyperus spp to different maize-cover crop rotations in 

Field A in the 2014-15 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  23387.  11694.  0.70   
Cover crop 9  148986.  16554.  0.99  0.483 
Residual 18  301921.  16773.     
Total 29  474294.       
  
Appendix 8. 48 ANOVA for the density of Blackjack to different maize-cover crop rotations in 

Field A in the 2014-15 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  90830.  45415.  5.55   
Cover crop 9  154754.  17195.  2.10  0.086 
Residual 18  147208.  8178.     
Total 29  392792. 
 
Appendix 8. 49 ANOVA for the density of gallant soldier to different maize-cover crop rotations 

in Field A in the 2014-15 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  105.8  52.9  0.45   
Cover crop 9  4781.4  531.3  4.51  0.003 
Residual 18  2121.5  117.9     
Total 29  7008.7       
  
Appendix 8. 50 ANOVA for the density of purple garden sorrel to different maize-cover crop 

rotations in Field A in the 2014-15 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  487.4  243.7  2.32   
Cover crop 9  1111.2  123.5  1.17  0.368 
Residual 18  1894.6  105.3     
Total 29  3493.2       
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Appendix 8. 51 ANOVA for the density of wandering jew to different maize-cover crop rotations 
in Field A in the 2014-15 season 

Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  8.769  4.384  2.51   
Cover crop 9  38.795  4.311  2.47  0.049 
Residual 18  31.474  1.749     
Total 29  79.039       
 
Appendix 8. 52 ANOVA for the density of Cyperus spp to different maize-cover crop rotations in 

Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2   49907 24954 2.40   
Cover crop 9 198448   22050 2.12  0.084 
Residual 18 187238   10402     
Total 29   435593       
 
Appendix 8. 53 ANOVA for the density of Blackjack to different maize-cover crop rotations in 

Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2   146581 73291 1.85   
Cover crop 9 394283    43809 1.11   0.407 
Residual 18 713431   39635     
Total 29 1254295       
 
Appendix 8. 54 ANOVA for the density of gallant soldier to different maize-cover crop rotations 

in Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2 214363 107182 4.05   
Cover crop 9 356797     39644 1.50   0.222 
Residual 18 475997    26444     
Total 29 1047157       
 
Appendix 8. 55 ANOVA for the density of Oxalis latifolia to different maize-cover crop rotations 

in Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  1692.6  846.3  2.28   
Cover crop 9  6634.1  737.1  1.99  0.103 
Residual 18  6678.1  371.0     
Total 29  15004.8       
  
Appendix 8. 56 ANOVA for the density of wandering jew to different maize-cover crop rotations 

in Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  434.47  217.23  9.44   
Cover crop 9  250.30  27.81  1.21  0.348 
Residual 18  414.20  23.01     
Total 29  1098.97       
  
Appendix 8. 57 ANOVA for the density of Cyperus spp to different maize-cover crop rotations in 

Field A in the 2016-17 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2 31971 15985 2.25 0.739  
Cover crop 9 41857 4651 0.65   
Residual 18 128075 7115     
Total 29 201903       
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Appendix 8. 58 ANOVA for the density of blackjack to different maize-cover crop rotations in 
Field A in the 2016-17 season 

Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2 315043 157522 0.44   
Cover crop 9 3571185 396798 1.11 0.403   
Residual 18 6428442 357136     
Total 29 10314670       
 
Appendix 8. 59 ANOVA for the density of gallant soldier to different maize-cover crop rotations 

in Field A in the 2016-17 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  379.3  189.6  0.30   
Cover crop 9  5206.7  578.5  0.92  0.532 
Residual 18  11346.7  630.4     
Total 29  16932.7       
  
Appendix 8. 60 ANOVA for the density of purple garden sorrel to different maize-cover crop 

rotations in Field A in the 2016-17 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  186.2  93.1  0.66   
Cover crop 9  1248.8  138.8  0.98  0.485 
Residual 18  2536.5  140.9     
Total 29  3971.5       
 
Appendix 8. 61 ANOVA for the density of wandering jew to different maize-cover crop rotations 

in Field A in the 2016-17 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  226.47  113.23  1.87   
Cover crop 9  647.20  71.91  1.19  0.361 
Residual 18  1092.20  60.68     
Total 29  1965.87       
  
Appendix 8. 62 ANOVA for the effect of different maize-cover crop rotations on maize 

emergence in Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  7.467  3.733  1.53   
Cover crop 9  39.633 4.404  1.81  0.136 
Residual 18  43.867  2.437     
Total 29  90.967       
 
Appendix 8. 63 ANOVA for the effect of different maize-cover crop rotations on maize height at 

3 weeks after crop emergence (WACE) in Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  9.885  4.942  3.13   
Cover crop 9  61.989 6.888  4.37  0.004 
Residual 18  28.398  1.578     
Total 29  100.272       
 
Appendix 8. 64 ANOVA for the effect of different maize-cover crop rotations on maize height at 

4 WACE in Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  396.18 198.09  19.40   
Cover crop 9  216.01 24.00  2.35  0.059 
Residual 18  183.82  10.21     
Total 29  796.01       
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Appendix 8. 65 ANOVA for the effect of different maize-cover crop rotations on maize height at 
5 WACE in Field B in the 2015-16 season 

Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  1138.8 569.4  2.54   
Cover crop 9  2370.0 263.3  1.17 0.367 
Residual 18   4040.0  224.4     
Total 29  7548.9       
 
Appendix 8. 66 ANOVA table for the effect of different maize-cover crop rotations on maize 

height at 6 WACE in Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  2758.6 1379.3  9.44   
Cover crop 9  3179.4 353.3  2.42 0.053 
Residual 18   2631.3  146.2     
Total 29  8569.4       
 
Appendix 8. 67 ANOVA table for the effect of different maize-cover crop rotations on maize 

height at 7 WACE in Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  3397.34 1698.67  53.72   
Cover crop 9  404.99 45.00   1.42 0.250 
Residual 18   569.14  31.62     
Total 29  4371.47       
 
Appendix 8. 68 ANOVA table for the effect of different maize-cover crop rotations on maize 

height at 8 WACE in Field B in the 2015-16 season 
Source of variation d.f. s.s. m.s. v.r. F pr. 
Block stratum 2  4422.9 2211.4   7.74   
Cover crop 9  1461.4 162.4   0.57 0.805 
Residual 18   5142.1  285.7     
Total 29  11026.4       
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