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STELIJNGEN 

1. De zon is de meest onderbenutte natuurlijke hulpbron. 

2. Bij onderzoek naar de effecten van temperatuur en fotoperiode op de 

reproductieve ontwikkeling van peulvruchten moet zowel naar de bloei als naar 

de vruchtzetting worden gekeken. 

Dit proefschrift. 

3. De effecten van temperatuur en fotoperiode op de vruchtzetting van bambara 

aardnoot kunnen op dezelfde wijze worden gekwantificeerd als hun effecten op 

de bloei. 

Dit proefschrift. 

4. Een geleidelijke toename of afname van de fotoperiode heeft in bambara 

aardnoot geen invloed op de ontwikkelingssnelheid van bloei tot peulvorming, 

hetgeen betekent dat de ontwikkelingssnelheid per dag berekend kan worden 

op basis van de fotoperiode en temperatuur van die dag en dat deze dagelijkse 

ontwikkelingssnelheden kunnen worden geaccumuleerd. 

Dit proefschrift. 

5. Wil de Landbouwuniversiteit een 'Werelduniversiteit' blijven, dan dient zij er 

zorg voor te dragen dat haar kennis en ervaring op het gebied van de landbouw 

in de tropen op peil worden gehouden. 

6. In tegenstelling tot wat termen als 'natuurbescherming' en 'natuurbehoud' doen 

vermoeden, kan 'de natuur' niet worden vernietigd. 

7. Het is een misverstand te menen dat natuurlijke geneesmiddelen per definitie 

minder schadelijk zijn dan synthetische medicijnen. 



8. De mens is ook maar een dier. 

Frans de Waal, 1996. Good nattered: the origins of right and wrong in 

humans and other animals. Harvard University Press, Cambridge, 

U.S.A. 296 pp. 

9. Pas als de politieke kleur van kandidaten en niet hun nationaliteit 

doorslaggevend is bij benoemingen voor Europese topfuncties, is er werkelijk 

sprake van Europese éénwording. 

10. Het woord 'kinderachtig' heeft geheel ten onrechte een negatieve betekenis. 

11. "Al ligt een boomstam nog zo lang in het water, hij wordt nooit een krokodil." 

Mandinka spreekwoord. 

Martin Brink 

Matching crops and environments: quantifying photothermal influences on 

reproductive development in bambara groundnut (Vigna subterranea (L.) Verde) 

Wageningen, 5 juni 1998 



ABSTRACT 

The extent to which crops are adapted to specific environments greatly depends 

on how their development is affected by climatic factors. Development in bambara 

groundnut (Vigna subterranea (L.) Verde.) is known to be influenced by temperature 

and photoperiod. The objective of this study was to quantify the influence of these 

factors on reproductive development in selections from different origins. Models 

relating development rates to photoperiod and temperature with linear equations were 

made for different bambara groundnut selections on the basis of research in semi-

controlled environments. The photoperiod and temperature responses could be 

explained very well by the photothermal conditions in the regions where the selections 

were obtained. Validation of the models with the results of glasshouse and field 

experiments showed good to reasonable agreement between observed and predicted 

times to flowering and podding. It is shown that the average photoperiod between 

flowering and podding determines the rate from flowering to podding, and that a 

gradual increase or decrease in photoperiod does not affect that rate. This means that 

photothermal models intended to predict bambara groundnut development in field 

situations with fluctuating photoperiods can be based on studies with constant 

photoperiods. It is also shown that growth and development in bambara groundnut are 

largely independent and that there are no strong direct photoperiod effects on dry 

matter partitioning. The usefulness of photothermal development models for 

identifying suitable selections for different locations and sowing dates is demonstrated 

in a simulation study for Botswana. It is concluded that the influence of photoperiod 

and temperature on bambara groundnut development can be quantified through 

descriptive linear models, using data from semi-controlled environment experiments 

with constant temperatures and photoperiods. These quantitative models, either on their 

own or incorporated into a crop growth model, can be useful instruments for matching 

bambara groundnut genotypes and specific environments. 

Keywords: bambara groundnut {Vigna subterranea), photoperiod, temperature, 

development, phenology, flowering, podding, modelling. 
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PREFACE 

This thesis is the tangible result of five years of work on the relatively 

unknown African food crop bambara groundnut. The study was carried out in the 

framework of the international research programme Evaluating the potential for 

bambara groundnut as a food crop in semi-arid Africa, supported by the Life Sciences 

and Technologies for Developing Countries Programme of the European Union. I 

sincerely hope that this thesis will not only help to evaluate, but also help to fulfil the 

potential of this crop, and that it will make a contribution, however small, to increased 

food security in Africa. 

Many people have been involved in the work that led to this thesis. First of all, 

I want to express my gratitude to my co-promotor Egbert Westphal for his day-to-day 

guidance from the earliest beginnings to the conclusion of this project. Egbert, I 

greatly appreciate that your door was always open for me to discuss what I had on my 

mind. Your continuous support, enthusiasm and optimism were very encouraging. I 

also want to thank my promotors Marius Wessel and Rudy Rabbinge for their patient 

and positive supervision. Both of you were always ready to discuss plans and papers. 

My predecessor, bambara groundnut pioneer Anita Linnemann, is gratefully 

acknowledged for sharing her extensive knowledge of the crop. Her help enabled me 

to make a flying start. My colleagues at the Department of Agronomy, TUPEA and 

PROSEA are thanked for their help and for the interest they showed. 

Within the EU-programme, Wageningen Agricultural University co-operated 

with Botswana College of Agriculture (Botswana), Njala University College (Sierra 

Leone), Sokoine University of Agriculture (Tanzania) and the University of 

Nottingham (U.K.). I want to thank Dr Azam-Ali, Dr Collinson, Prof. Karikari, Mrs 

Kwerepe, Dr Munthali, Mr Ramolemana, Dr Sesay, Dr Sibuga, Dr Tarimo, Dr 

Wigglesworth and all others involved in the EU-programme for the pleasant 

cooperation and the hospitality during my visits to the partner institutions. 

The heart of this thesis is a series of experiments carried out in Wageningen 

from 1993 to 1996. Several students participated in the experimental work: Sait 

Drammeh, Ana Cristina Garcez, Alwin Kamstra, Ralf Köhne and Sergio Mateus are 

thanked for their commitment and enthusiasm, which persisted through many hours 



of tedious work. Joke Belde, Ildiko van de Linde and Sandra Bot were very helpful 

and patient in the execution of the experiments, observational work and harvesting. 

Anton Houwers, Tek-An Lie and Martin Muilenburg are acknowledged for supplying 

Rhizobium for the experiments. I am grateful to Willem Keltjens and Jeanne Dijkstra 

for their advice on matters regarding nutrient supply and plant diseases respectively. 

Many people of UNIFARM have been involved in the organization and execution of 

the experiments. I especially want to thank Ton Blokzijl, Theo Damen, Wim den 

Dunnen, Gerrit van Geerenstein, Jan van der Pal, Casper Pillen, Harry Scholten, Taede 

Stoker, Gerrit Timmer, Evert Verschuur and Rinus van de Waart. Jack van Zee 

provided technical assistance and made the cover photograph of the flower and the 

pods. 

The information collected in the experiments had to be analysed and written 

up. I thank Gerrit Gort and Martin van Montfort for their assistance with the statistical 

analysis. Dr Craufurd (the University of Reading) is acknowledged for providing the 

RoDMoD computer programme and Dr Collinson (the University of Nottingham) for 

providing a programme to analyse reciprocal transfer experiments. Drafts of most 

chapters of this thesis were discussed in group 1 of the CT. de Wit Graduate School 

for Production Ecology. The participants in this discussion group are sincerely thanked 

for their very useful contributions. The comments of Conny Almekinders, Joost 

Brouwer, Jan Goudriaan, Herman van Keulen, Anita Linnemann, Tjeerd Jan Stomph, 

Paul Struik, Jan Vos and Jan Wienk on parts of this thesis are also very much 

appreciated. Joy Burrough-Boenisch corrected most parts of this thesis, and Helen 

West and Joost Brouwer smaller sections. Any remaining language errors present in 

this thesis are certainly due to my incorrigible habit of making last-minute changes to 

'final' versions. 

Finally, I want to thank my family. My parents always encouraged me in my 

studies and helped me to arrive at where I am at the moment. Corry is thanked for her 

understanding and support during the past years, in which this thesis took up a large 

part of my time, thoughts and energy. My son Lukas has enriched and livened up my 

life in the past two years. 
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General introduction 

1 GENERAL INTRODUCTION 

1.1 Matching crops and environments 

A substantial increase in food production has been achieved in the more humid 

parts of the tropics in the last 50 years, particularly in Asia, where crop yields have 

increased through the use of high-yielding cultivars, fertilizers, irrigation and improved 

cropping practices. In semi-arid Africa, on the other hand, food production has hardly 

increased. Here, the techniques that could overcome existing production constraints are 

not available or affordable for the large majority of farmers. Under these conditions, 

an alternative, more realistic approach to increase food production may be to grow 

crops and crop genotypes that are adapted to existing production constraints like low 

rainfall and poor soils, instead of trying to overcome these constraints by applying 

irrigation and fertilizers. In other words, a strategy of matching crops and 

environments instead of trying to control and change environments. 

One crop considered to be adapted to semi-arid Africa, is the grain legume 

bambara groundnut (Vigna subterranea (L.) Verde). Bambara groundnut has the 

advantages of legumes in general (Smil, 1997): it is able to fix atmospheric nitrogen 

through symbiosis with Rhizobium bacteria, it has a high protein content, and it can 

be consumed in many ways. Additionally, it is reported to give reasonable yields in 

regions where soils are too poor and rainfall is too low for other legumes like 

groundnut (Arachis hypogaea L.), cowpea {Vigna unguiculata (L.) Walp.) and 

common bean (Phaseolus vulgaris L.) (Linnemann and Azam-Ali, 1993). 

In 1992, the international research programme Evaluating the potential for 

bambara groundnut as a food crop in semi-arid Africa was started with funding from 

the European Union and involving institutions from Botswana, Tanzania, Sierra Leone, 

the United Kingdom and The Netherlands. The objectives of this programme were: (1) 

to identify suitable agro-ecological regions and seasons for the cultivation of bambara 
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groundnut in Tanzania, Botswana and Sierra Leone; (2) to produce a validated model 

of bambara groundnut for predicting biomass and pod yields of different genotypes 

in contrasting environments; (3) to identify the physiological attributes associated with 

the ability of bambara groundnut to produce yields under semi-arid conditions; (4) to 

recommend suitable management practices to stabilise the yields of bambara groundnut 

under rainfed conditions; and (5) to outline a methodology for applying a similar 

approach to rapidly assess the potential of other underutilised species in tropical 

environments (Azam-Ali, 1997). 

The present study, undertaken within the framework of this programme and 

carried out in The Netherlands, investigates environmental effects on development in 

bambara groundnut. Development is an important aspect of plant adaptation to 

environments, because a successful match of crops and environments requires that 

crops complete their reproductive development within the available growing season 

and have an optimal balance between vegetative and reproductive phases. Furthermore, 

critical stages of their development should not coincide with unfavourable conditions 

(Loomis and Connor, 1992). Quantification of the influence of environmental factors 

on development in different bambara groundnut genotypes is a step in the process of 

matching crops and crop genotypes to specific environments. 

1.2 Bambara groundnut 

Bambara groundnut is an indeterminate annual herb, with creeping stems 

carrying trifoliolate leaves with erect petioles. Flowers form at the base of the petioles, 

usually in pairs. Self-pollination is the rule. After pollination and fertilization, the 

peduncle grows and pods form on or under the ground. The pods usually contain one 

seed, which may be cream, white, red, black, purple or brown. Some genotypes have 

an eye around the hilum; the eye varies in colour and shape (IBPGR/IITA/GTZ, 

1987). 
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The area of origin of bambara groundnut extends from northern Nigeria to 

Cameroon (Hepper, 1970). At present, the major producers are Nigeria, Niger, Ghana, 

Burkina Faso and Ivory Coast, but the crop is also widely grown in eastern and 

southern Africa and in Madagascar (Appa Rao et al., 1986; Linnemann and Azam-Ali, 

1993). It is not important outside Africa. Reliable production figures are difficult to 

obtain, because the crop is mainly grown for home consumption and sale at local 

markets (Hepper, 1970; Goli et al., 1991). The annual world production is estimated 

to be around 330,000 MT, with 45-50% produced in West Africa (Coudert, 1982). 

Bambara groundnut is primarily grown for the seeds, which are used as food, 

but the vegetative parts may be used as fodder (Hepper, 1970). An important 

advantage of bambara groundnut is that not only mature, but also immature seeds can 

be consumed by humans. These immature seeds can be used to fill the 'hungry gap' 

during the growing season, when stores are empty and the main crops are not yet 

harvestable. The time from sowing to maturity in the field is reported to range from 

90 to 170 days (Doku and Karikari, 1971; Linnemann and Azam-Ali, 1993). 

Farmers value bambara groundnut because it has multiple uses, tastes good, 

tolerates poor soils, is relatively free of diseases and pests, and tolerates drought 

(Linnemann and Azam-Ali, 1993). The drought tolerance of bambara groundnut has 

been confirmed in glasshouse experiments, where bambara groundnut gave seed yields 

equivalent to 300 kg ha"1 under levels of drought where groundnut failed to even 

produce pods (Linnemann and Azam-Ali, 1993). 

1.3 Environmental influences on development in grain legumes 

Photoperiod and temperature play an important role in the regulation of 

development in grain legumes (Summerfield and Wien, 1980). The most obvious 

example is soya bean (Glycine max (L.) Merrill), which has been a pioneer crop in 

photoperiod research. Early this century, it was found that flowering in soya bean may 
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be delayed by long photoperiods and that genotypes differ in their response to 

photoperiod (Garner and Allard, 1920, 1923, 1930). It is now known that soya bean 

is sensitive to photoperiod and temperature in all phases from flowering to maturity 

(Johnson et al., 1960; Morandi et al., 1988; Grimm et al., 1993, 1994). 

Groundnut, on the other hand, has long been considered a day-neutral plant 

(Fortanier, 1957). More recent research has shown that the appearance of the first 

flower may be unaffected by photoperiod, but that photoperiod does influence 

development after the onset of flowering: flower, peg and pod numbers are higher 

under short days than under long days (Wynne at al., 1973; Emery et al., 1981; Flohr 

et al., 1990; Bagnall and King, 1991a, 1991b; Bell et al., 1991). 

With respect to cowpea, it has long been known that the appearance of flower 

buds and open flowers may be retarded under long photoperiods (Njoku, 1958; Wienk, 

1963). Photoperiod effects on the appearance of flower buds, flowers and mature pods 

are modified by temperature (Hadley et al. 1983a). 

In common bean, all stages of the life cycle may be sensitive to photoperiod 

(Evans, 1993). The onset of flowering has been found to be unaffected by photoperiod 

in some genotypes and retarded by long photoperiods in others (White and Laing, 

1989). In mungbean (Vigna radiata (L.) Wilczek), lentil {Lens culinaris Medic), 

chickpea (Cicer arietinum L.) and faba bean {Vicia faba L.), the time to flowering is 

reported to be sensitive to photoperiod and temperature (Roberts et al., 1985; 

Summerfield, et al., 1985; Ellis et al., 1990; Imrie and Lawn, 1990). 

Development in bambara groundnut is known to be influenced by temperature 

and photoperiod, and there are large differences between genotypes in their response 

to these factors. Glasshouse experiments at Wageningen Agricultural University have 

shown that the onset of flowering in most genotypes is photoperiod-insensitive, but 

that long photoperiods retard the onset of pod growth ('podding'). Of the 13 genotypes 

studied by Linnemann (1994a), only 'Ankpa4' from Nigeria appeared to be 

photoperiod-sensitive with regard to flowering, while all were photoperiod-sensitive 

with regard to podding. The finding that the onset of flowering in bambara groundnut 
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may be photoperiod-insensitive but the onset of podding photoperiod-sensitive has 

been confirmed in a field experiment in Botswana (Harris and Azam-Ali, 1993). 

1.4 Quantifying the influence of environmental factors on development 

Quantifying the influence of environmental factors on crop development can 

be very useful for the design of genotype-management combinations (Loomis and 

Connor, 1992) and is an important aspect of the development of crop growth 

simulation models (Jones et al., 1991). Multi-locational field trials or controlled 

environment experiments may be used to identify the influencing factors and to 

quantify their effects. One advantage of controlled-environment experiments is that 

they make it easier to separate the effects of photoperiod, temperature and other 

factors. Another advantage is that constant temperature and photoperiod conditions can 

be imposed. Whether multi-locational field trials or controlled-environment 

experiments are used, the range of photoperiod and temperature conditions included 

must be carefully chosen and sufficiently wide. Given that photoperiod response is 

genotype-specific, this response has to be quantified for each genotype. 

Much work has been done to characterize the effects of photoperiod and 

temperature effects on development in soya bean. Different types of models have been 

developed, including linear models (Hadley et al., 1984; Mayers et al., 1991; 

Summerfield et al., 1993), linear-plateau models (Grimm et al., 1993) and logistic 

models (Sinclair et al., 1991). These models have been based on controlled-

environment experiments (e.g. Hadley et al., 1984) or field experiments (Mayers et al., 

1991; Sinclair et al., 1991; Grimm et al., 1993). Although much of the research on 

photoperiod effects in soya bean has focused on flowering, there have been some 

attempts to quantify the effects of environmental factors on development stages 

beyond flowering (Major et al., 1975; Hodges and French, 1985; Mayers et al., 1991; 

Grimm et al., 1994). The phenology part of the SOYGRO crop growth model includes 
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all phases from flower initiation to maturity (Jones et al., 1991). 

For groundnut, temperature effects on the onset of flowering have been 

quantified for several genotypes in glasshouse and growth chamber studies (Bagnall 

and King, 1991a; Nigam et al, 1994). Leong and Ong (1983) quantified the effects of 

temperature on flowering, pegging and podding of one cultivar ('Robut 33-1'), but 

they did not investigate photoperiod effects. 

With respect to cowpea, the effects of photoperiod and temperature on the first 

appearance of flower buds, flowers and mature pods have been quantified with linear 

models based on controlled environment experiments (Hadley et al., 1983a). Linear 

flowering models have also been developed on the basis of field experiments (Ellis et 

al., 1994a). 

Less work has been done on other legumes. For mungbean (Imrie and Lawn, 

1990; Ellis et al., 1994b), chickpea (Roberts et al., 1985; Ellis et al., 1994c), lentil 

(Summerfield et al., 1985; Erskine et al., 1994) and faba bean (Ellis et al., 1990) the 

influence of photoperiod and temperature on flowering of different genotypes has been 

characterized through linear models based on controlled-environment or field 

experiments. 

For bambara groundnut, a first attempt to quantify the influence of photoperiod 

and temperature on the onset of flowering and podding was carried out on three 

Nigerian genotypes (Linnemann and Craufurd, 1994). The present study builds further 

on this by quantifying the photothermal responses of selections from more diverse 

origins, validating the models with independent data and using the models in a field 

situation. 

1.5 Research objective and methodology 

The objective of this study is to quantify the influence of photoperiod and 

temperature on development in bambara groundnut selections from different origins 

8 
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on the basis of controlled environment research. The resulting quantitative models 

should be able to predict development in field situations, which would make them 

useful for identifying crop genotypes that would do well in specific environments. The 

study included the following elements: 

1. experimentation to investigate the effects of photoperiod and temperature on 

development in different selections; 

2. quantification of the effects of photoperiod and temperature on development 

through linear models; 

3. validation of the models through (a) comparison of photothermal responses 

with temperatures and photoperiods in the regions where the selections were 

obtained and (b) comparison of model predictions with data from glasshouse 

experiments and field trials; 

4. exploration of the potential of these models to identify well adapted genotypes 

for specific environments. 

1.6 Outline of the thesis 

First, temperature and photoperiod effects on the onset of flowering and the 

onset of podding of bambara groundnut selections from different origins are quantified 

with linear photothermal models (Chapter 2). It is then investigated whether the time 

from sowing to podding in bambara groundnut can be divided into photoperiod-

sensitive and photoperiod-insensitive phases in the same way as the time between 

sowing and flowering in other crops (Chapter 3). Chapter 4 examines the applicability 

of the findings from controlled environment research with constant photoperiods in 

field situations with fluctuating photoperiods. Chapter 5 investigates the validity of 

some common assumptions in crop modelling: are development and growth 

independent and can development be modelled separately from crop growth? Are dry 

matter partitioning factors dependent on development stage and not directly influenced 



Chapter 1 

by photoperiod? In Chapter 6, photothermal models are developed for bambara 

groundnut selections from contrasting origins, near the equator (Tanzania) and near 

the Tropic of Capricorn (Botswana), and these models are validated. Chapter 7 

presents a case-study for Botswana, which shows the implications of genotypic 

differences in responses to photoperiod and temperature in bambara groundnut and 

demonstrates the usefulness of photothermal development models for identifying 

suitable selections for different locations and sowing dates. In Chapter 8, the findings, 

methodology and implications of the whole study are discussed and evaluated. 

10 
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Rates to flowering and podding 

2. RATES OF PROGRESS TOWARDS FLOWERING AND PODDING IN BAMBARA 

G R O U N D N U T (VLGNA SUBTERRANEÀ) A S A F U N C T I O N O F T E M P E R A T U R E A N D 

PHOTOPERIOD 

M. Brink 

Abstract 

The influence of temperature and photoperiod on phenological development of 

three bambara groundnut (Vigna subterraned) selections from Botswana, Zimbabwe 

and Mali was investigated in a semi-controlled environment experiment with factorial 

combinations of three constant temperatures (20.9, 23.4, and 26.2 °C) and four 

constant photoperiods (10.0, 12.5, 13.5, and 16.0 h d"'). In all three selections, the 

onset of flowering was influenced by temperature but not by photoperiod, while the 

onset of pod-growth ('podding') of all three selections was influenced by both factors. 

The influence of temperature and photoperiod was quantified by means of 

photothermal models, linking development rates to temperature and photoperiod with 

linear equations. The rate of progress from sowing to flowering of the three selections 

could be described very well (r2>95%) as a function of temperature; the rate of 

progress from flowering to podding was described reasonably well as a function of 

both temperature and photoperiod by a combination of one to three response planes 

(r2 for the different selections ranging from 63% to 90%). Model testing with 

independent data sets showed good agreement between observed and predicted times 

to flowering and podding. 

13 
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2.1 Introduction 

The leguminous crop bambara groundnut (Vigna subterranea (L.) Verde, syn. 

Voandzeia subterranea (L.) Thouars)) is an important secondary food crop in semi-

arid Africa, where it is mainly grown by smallholders (Linnemann and Azam-Ali, 

1993). It produces protein-rich seeds which are eaten unripe or ripe. Compared to 

groundnut {Arachis hypogaea L.), bambara groundnut performs relatively well under 

water stress and is less susceptible to diseases (Linnemann and Azam-Ali, 1993). 

To explore the potential production of different bambara groundnut selections 

in various agro-ecological regions and assess the possibilities of transferring selections 

to other regions, it is necessary to know how development rates are influenced by 

environmental factors. In most crops, development rates are mainly determined by 

temperature and/or photoperiod (Roberts and Summerfield, 1987; Squire, 1990). Multi-

locational field trials and/or controlled environment research are needed to identify the 

influencing factors and to quantify their effects. However, it is easier to separate the 

effects of photoperiod, temperature, and radiation in controlled environments than in 

field situations. 

Quantification of the influence of temperature and photoperiod on development 

has been done with different types of models (Hodges, 1991; Sinclair et al., 1991). A 

relatively simple method, developed at the University of Reading, uses linear equations 

to relate the rate of progress from sowing to flowering (calculated as the inverse of 

the duration from sowing to flowering) to the mean pre-flowering photoperiod and 

temperature (Hadley et al., 1983b; Summerfield et al., 1991; Lawn et al., 1995). The 

main advantages of this method are that the responses to photoperiod and temperature 

become linear and that interactions between temperature and photoperiod influences 

often disappear (Summerfield et al., 1991). The method has been used to describe the 

flowering response to temperature and photoperiod in various leguminous crops: 

cowpea {Vigna unguiculata (L.) Walp.) (Hadley et al., 1983a; Ellis et al., 1994a); soya 

bean (Glycine max (L.) Merr.) (Hadley et al., 1984; Summerfield et al., 1993); 
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mungbean (Vigna radiata (L.) Wilczek) (Ellis et al., 1994b); chickpea (Cicer 

arietinum L.) (Roberts et al., 1985; Ellis et al., 1994c); lentil {Lens culinaris Medic.) 

(Summerfield, et al., 1985; Erskine et al., 1994); and faba bean {Vicia faba L.) (Ellis 

et al., 1990). 

In the short-day species bambara groundnut, not only the onset of flowering, 

but also the onset of pod growth ('podding') is affected by photoperiod (Harris and 

Azam-Ali, 1993; Linnemann, 1993; Linnemann et al., 1995). Photoperiod usually has 

a stronger effect on the onset of podding than on the onset of flowering. Linnemann 

and Craufurd (1994) applied the Reading method to ascertain the rate of progress 

towards flowering and podding, but they did not validate their results with independent 

data sets. 

The objectives of the present study were to assess the influence of temperature 

and photoperiod on flowering and podding in bambara groundnut selections from 

different origins; to quantify the temperature and photoperiod effects by means of 

photothermal models which relate development rates to photoperiod and temperature 

by means of linear equations; and to test whether these photothermal models 

adequately predict development rates in other situations. 

2.2 Materials and methods 

Experiments 

The study involved eight different experiments: a main semi-controlled 

environment experiment used to construct development models and seven other 

experiments to test the models. 

The main experiment was carried out from 16 May to 2 November 1994 in 

three identical glasshouses in Wageningen, The Netherlands (51°58' N). The 

experimental design was a split-split-plot with temperature (three levels) as first main 
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factor, photoperiod (four levels) as second main factor, and selection (three selections) 

as subfactor. The bambara groundnut selections included were 'GabC92' from 

Botswana, 'NTSC92' from Zimbabwe, and 'Tiga Nicuru' from Mali. 

Temperature in the three glasshouses was set at 20, 23, and 26 °C respectively. 

These temperatures were chosen, because preliminary experiments at the Department 

of Agronomy of Wageningen Agricultural University had indicated that bambara 

groundnut does not grow well at constant temperatures below 20 °C and that the 

optimum temperature for podding of some selections was lower than 28 °C (A.R. 

Linnemann, personal communication). It was not possible to keep the temperature in 

the glasshouses at these predetermined levels all the time, because of the warm, sunny 

weather during the experiment. Measured mean daily temperatures were 20.9, 23.4, 

and 26.2 °C respectively. Relative air humidity in the glasshouses was kept above 

60%, and the glasshouses transmitted 52% of the outside photosynthetically active 

radiation (PAR). 

The photoperiod treatments were constant photoperiods of 10, 12.5, 13.5, and 

16 h d"1. These photoperiod treatments were chosen, because earlier research had 

shown that at an average temperature around 25 °C, the main photoperiod response 

of 'Tiga Nicuru' occurs between photoperiods of 12 and 14 h d'1 (A.R. Linnemann 

personal communication; results have later been published in Linnemann et al. (1995)). 

A photoperiod of 10 h d"1 was expected to be below the critical photoperiod of 'Tiga 

Nicuru' in the temperature range of the experiment, and a photoperiod of 16 h d"1 

above the ceiling photoperiod. A tent with lightproof tent-cloth (a double layer of 

LS 100 from Ludvig Svensson Ltd Company) with four compartments, each 3.10 m 

wide, 1.50 m long, and 2.05 m high, was erected in each glasshouse. The photoperiod 

treatments were randomly allocated over the compartments. The tents were open from 

08:00 h to 16:00 h, and closed from 16:00 h to 08:00 h. The plants in all 

compartments received natural daylight from 08:00 h to 16:00 h. The photoperiod was 

prolonged separately in each compartment by means of low intensity artificial light 

(two Philips TLD 36 W fluorescent tubes (colour no. 84) and two Philips 40 W bulbs 
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in each compartment, together giving around 10 /zmol m"2 s'1 PAR at plant height). 

Artificial light was on from 07:00 h to 8:00 h and from 16:00 h to 17:00 h, 19:30 h, 

20:30 h, and 23:00 h for the 10, 12.5, 13.5, and 16 h d-' photoperiod treatments 

respectively. From 16:00 h to 08:00 h, removable metal roofs were put over the 

glasshouses to exclude daylight and to prevent the temperature inside the tents from 

becoming too high. Each compartment contained a staging, on which 78 plants (26 

plants per selection) were placed randomly. Within each compartment, the plants were 

circulated weekly. 

Seeds were pre-germinated at 30 °C in a germination cabinet. When the root 

tips were visible, the seedlings were put singly in white plastic pots (upper diameter 

20 cm; lower diameter 15 cm; height 20 cm; capacity 4.8 litres), filled with a 1:1 v/v 

mixture of sand and potting compost ('potting compost no.4' from Lentse potgrond 

b.v., consisting of 85% peat and 15% clay). A water extract of the sand/compost 

mixture (1:2 v/v soil and water) contained 66 mg l"1 N, 11 mg l"1 P and 35 mg l"1 K. 

At transplanting, the seedlings were inoculated with Rhizobium spp. strain CB 756, 

obtained from the Department of Microbiology, Wageningen Agricultural University. 

Fertilization was done with a standard complete nutrient solution which had proven 

to give good results in bambara research at Wageningen Agricultural University (A.R. 

Linnemann, personal communication). The standard solution was obtained by mixing 

0.833 g 'Nutriflora-t' (supplied by Windmill Holland b.v.) and 1 g calcium nitrate in 

one litre water, resulting in a nutrient content of 172 mg l"1 N, 39 mg l"1 P, and 263 

mg l"1 K. Nutrient solution was given at 28 (100 ml per plant), 39 (200 ml), 58 (200 

ml) and 96 (200 ml) d after sowing. Water was applied manually when necessary. 

Predators were introduced preventively at regular intervals: Amblyseius cucumeris and 

Orius insidiosus against thrips (Frankliniella occidentalis and Thrips tabaci), and 

Phytoseiulus persimilis against spider mites (Tetranychus urticae). 

Observations included dates of first flowering and onset of podding of each 

plant. The start of podding was defined as the moment the plant had a pod of at least 

0.5 cm long. Direct podding observations were possible because the selections 
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included in the experiment form pods on the soil surface and not below. Podding 

observations in a treatment combination were stopped when 50% of the plants in that 

treatment combination had started podding. The time to flowering in a treatment was 

defined as the time between the sowing date and the date when 50% of the plants in 

that treatment had started to flower ('50% flowering'). Similarly, the time from 

flowering to podding was defined as the time from the date of 50% flowering to the 

date when 50% of the plants had started podding ('50% podding'). 

Data sets from seven other experiments, carried out in Wageningen in 1993 and 

1994 were used to test the models (Table 2.1). Experiments 1-5 were carried out in 

glasshouses, experiment 6 in a Heraeus growth cabinet, and experiment 7 in a growth 

chamber. In the experiments 1, 2, and 5, the photoperiod treatments were established 

as described for the main trial (8 h d"1 natural daylight, extended by low intensity 

artificial light). In the other experiments, there was no photoperiod extension by means 

of low intensity light, but high intensity natural and/or artificial light throughout the 

light period. Experiment 3 received natural daylight; experiment 4 natural daylight 

with supplementary lighting (Philips SON-T lamps giving 130 /xmol m"2 s"' PAR at 

plant height); experiment 6 received light from 16 fluorescent tubes (Philips TLD 58 

W, colour no. 84) and two Philips 100 W incandescent bulbs (total PAR at plant 

height: 230 jumol m"2 s"1); and experiment 7 light from Philips HPI and SON-T lamps, 

fluorescent tubes, and incandescent bulbs (total PAR at plant height: 210 fimol m"2 s"1). 

In all test experiments plants were grown in white 5 1 pots with a mixture of sand and 

potting compost, and crop management was as described for the main trial. The onset 

of flowering and podding was determined directly for individual plants in the same 

way as in the main experiment. For experiments 1 and 2 only flowering data were 

available. 
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Chapter 2 

Modelling 

The influence of temperature and photoperiod on the rate of progress from 

sowing to flowering and the rate of progress from flowering to podding of the three 

bambara groundnut selections was modelled according to the photothermal approach 

developed at the University of Reading (Hadley et al., 1984; Summerfield et al., 

1991). In this approach, the rate of progress to flowering (1//; with/being the number 

of days from sowing to flowering) is related quantitatively to photoperiod (P) and/or 

temperature (T) by means of one to three linear equations, assuming that temperatures 

are between the base and optimum temperatures for flowering. In the most complex 

situation three separate but intersecting planes, characterized by six parameters (a„ b„ 

a2, b2, c2 and a}) can be distinguished (Fig. 2.1): 

A: a thermal plane, characterized by the equation: 

Vf=a, + b,T (1.1) 

B: a photothermal plane: 

l/f=a2 + b2T + c2P (1.2) 

C: a plane of minimum development rate: 

\lf = a3 (1.3) 

Interactions between temperature and photoperiod effects only occur when 

plane boundaries are transgressed. Within the planes, there is no interaction. The 

boundary line between plane A and plane B gives the critical photoperiod (Pcr) as a 

function of temperature: 

Pcr = ((a,-a2) + (bl-b2)T)/c2 (1.4) 

The boundary line of plane B and plane C represents the ceiling photoperiod (.Pce): 

Pce = (a3-a2-b2 T)lc2 (1.5) 

When the actual photoperiod is shorter than Pu, the development rate is influenced 

solely by temperature. At a photoperiod between P„ and Pœ, M f is determined by P 

and T, and above Pœ the development rate is constant. For a given selection, 1 If can 

be described by one of five possibilities: (1) a thermal plane only; (2) a photothermal 
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plane only; (3) a thermal plane and a photothermal plane; (4) a photothermal plane 

and a plane of minimum rate; (5) all three planes. 

1/f(d"1) 

0.05 

Temperature (°C) 30 
Photoperiod (hd1) 

Fig. 2.1. Rate of progress to flowering (1//; with ƒ being the number of days from sowing to 
flowering) as a function of temperature and photoperiod (hypothetical example for a short-day 
plant at temperatures between the base and optimum temperature for flowering; after 
Linnemann and Craufurd, 1994). A, thermal plane; B, photothermal plane; C, plane of 
minimum development rate. 
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In the application of this approach to the results of the experiment, these five 

possibilities were examined not only for the rate of progress from sowing to flowering 

(1//) of each of the three selections, but also for the rate of progress from flowering 

to podding (l/(p-f))- This is different from Linnemann and Craufurd (1994), who 

considered the rate from sowing to flowering and the rate from sowing to podding 

(1/p), and did not look at the rate of progress from flowering to podding. However, 

to study the photothermal effects on flowering and podding, it seems more appropriate 

to separate the two phases completely, and not include the time to flowering in the 

podding analysis. 

The best fit was determined by means of the RoDMod computer program 

(Watkinson et al., 1994), which uses an iterative procedure to minimize the combined 

sums of squares of deviations of observed from estimated rates. The simplest model 

(only a thermal plane) is fitted first, followed by the more complex models. A more 

complex model is accepted only if it statistically significantly reduces the residual 

sums of squares of the deviations of model estimates from observations. The 

temperature values used in the equations were the measured average temperatures from 

sowing to flowering or flowering to podding. 

Model testing 

Predictions of the time from sowing to flowering and the time from flowering 

to podding in the seven test experiments in Table 2.1 were made with the PREDICTF 

routine of the RodMod computer program (Watkinson et al., 1994) on the basis of the 

average daily temperature and photoperiod data from the test experiments and the 

model parameters derived from the main experiment. The PREDICTF routine 

calculates the development rate in 1-day time-steps, on the basis of photoperiod and 

mean temperature of each day separately. The predictions were compared with the 

times from sowing to flowering and the times from flowering to podding observed in 

the experiments. 
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2.3 Results 

Experiment 

Flowers and pods were formed in all treatments. The time from sowing to 50% 

flowering varied from 35 to 53 d for 'Tiga Nicuru', from 40 to 55 d for 'NTSC92' 

and from 42 to 58 d for 'GabC92'. For all three selections, flowering was influenced 

by temperature, but photoperiod had no influence (Fig. 2.2). 

The greatest differences in the time from 50% flowering to 50% podding were 

found for 'Tiga Nicuru': 25 to 82 d. For 'NTSC92' the time from 50% flowering to 

50% podding ranged from 29 to 72 d, and for 'GabC92' from 32 to 74 d. 

Development from flowering to podding in all three selections was influenced by both 

temperature and photoperiod (Fig. 2.3). 

Modelling 

The rate of progress from sowing to flowering of the three selections could be 

adequately (r2 > 95%) described by thermal response planes (Table 2.2, Fig. 2.2). The 

fitted equations for the flowering responses of 'GabC92' and 'NTSC92' had very 

similar parameter values. 

The influence of photoperiod and temperature on the rate of progress from 

flowering to podding of 'GabC92' and 'NTSC92' in the temperature range of the 

experiment could be described by a photothermal response plane, but the fit was much 

better for 'GabC92' than for 'NTSC92' (Table 2.3, Fig. 2.3). For both selections, the 

parameters b2 and c2 had negative values, reflecting that in the temperature and 

photoperiod range of the experiment, the rate of progress from flowering to podding 

decreased with both temperature and photoperiod. 
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Temperature (°C) 

Fig. 2.2. Rate of progress from sowing to flowering {\lf, with/being the number of days from 
sowing to flowering) in bambara groundnut selections 'GabC92' (A), 'NTSC92' (B), and 
'Tiga Nicuru' (C) as a function of temperature under constant photoperiods of 10 h d"1 (o), 
12.5 h d-' (v), 13.5 h d"1 (A), and 16 h d"1 (•). The solid lines refer to the fitted models. 
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Pig. 2.3. Rate of progress from flowering to podding (\l(p-f); with (p-f) being the number of 
days from flowering to podding) in bambara groundnut selections 'GabC92' (A), 'NTSC92' 
(B), and 'Tiga Nicuru' (C) as a function of temperature under constant photoperiods of 10 h 
d'1 (o), 12.5 h d"' (v), 13.5 h d"1 (A), and 16 h d"1 (•). The lines are the fitted model values 
for 10 h d"1 ( ), 12.5 h d"1 ( ), 13.5 h d"1 ( ), and 16 h d' ( • • • • ). 
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Chapter 2 

According to the results of the RoDMod analysis, the rate of progress towards 

podding of 'Tiga Nicuru' was described by a photothermal plane as well. However, 

the experimental results indicate a different model, with a thermal plane, a 

photothermal plane, and a plane of maximum delay (model 5). Therefore, the results 

for 'Tiga Nicuru' were analyzed in an alternative way as well (method 2). The 12 

temperature/photoperiod combinations were divided into three groups, with group 1 

(the thermal plane) consisting of the 10.0 h d"1 treatments; group 2 (the photothermal 

plane) consisting of the 12.5 h d"' and the 13.5 h d"1 treatments except the 26.2 °C / 

13.5 h d"1 treatment; and group 3 (the plane of minimum development rate) of the 16.0 

h d"1 treatments and the 26.2 CC / 13.5 h d"1 treatment. A regression analysis was 

carried out for each plane separately, using the GENSTAT statistical package (Payne 

et al., 1993). Results are shown in Table 2.3. This alternative model fits the 

experimental results very well (Fig. 2.3C). In this model, the critical photoperiod for 

the rate from flowering to podding in 'Tiga Nicuru' decreases from 12.47 h d"1 at 22 

°C to 11.32 h d"1 at 26 °C, the ceiling photoperiod from 13.95 h d"1 at 22 °C to 13.07 

h d"1 at 26 °C (Table 2.4). 

In summary, within the temperature (20.9 - 26.2 °C) and photoperiod (10 - 16 

h d ' ) ranges considered, the rates from flowering to podding of 'GabC92' and 

'NTSC92' decrease with both temperature and photoperiod. The rate from flowering 

to podding of 'Tiga Nicuru' increases with temperature at short photoperiods, is 

constant at long photoperiods, and decreases with photoperiod and temperature at 

intermediate photoperiods. 

Model testing 

Application of the fitted models shown in Tables 2.2 and 2.3 to data sets from 

the test experiments showed that the time from sowing to flowering was well 

predicted: all deviations were within 10% of the predicted values (Fig. 2.4A). 

Predictions for the time from sowing to podding were less accurate (Fig. 2.4B), 
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especially for experiment 5 (Table 2.5). For TigaNicuru', the podding model derived 

by method 2 gave better predictions than the method 1 model (Table 2.5). The values 

for 'Tiga Nicuru' in Fig. 2.4B are those derived with method 2. Predictions of the time 

from sowing to podding, calculated by adding the predictions of the time to flowering 

and the time from flowering to podding were in good agreement with observed data: 

deviations between predicted and observed times from sowing to podding were less 

than 10% (Fig. 2.4C), except for experiment 5 (Table 2.5). 

Table 2.4. Critical (Pa) and ceiling (Pce) photoperiods of bambara groundnut selection 'Tiga 
Nicuru' at temperatures from 22 to 26 °C. 

7T£) Pa (h d') f, (h d') 

22 12.47 13.95 

23 12.18 13.73 

24 11.89 13.51 

25 11.61 13.29 

26 11.32 13.07 

The model in Table 2.3 was used to calculate P„ and P„. 

2.4 Discussion 

Temperature and photoperiod responses 

The results of the main experiment clearly show that flowering in the three 

bambara groundnut selections in the temperature and photoperiod ranges of the 

experiment is influenced by temperature but not by photoperiod (Fig. 2.2). The onset 

of podding, on the other hand, is clearly influenced by both temperature and 

photoperiod (Fig. 2.3). This is a pattern which has been found in most of the bambara 

groundnut selections included in experiments to date, though some selections have 
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been found for which not only podding, but also flowering is influenced by both 

temperature and photoperiod (Linnemann, 1991; Linnemann, 1993). Photoperiod 

research in other legumes has usually been confined to the flowering response, though 

the existence of photoperiod effects on development phases beyond flowering has also 

been reported for soya bean {Glycine max) (Grimm et al., 1994) and groundnut 

(Arachis hypogaea) (Flohr et al., 1990). 

Modelling 

For all three selections, the rates of progress from sowing to flowering of the 

12 treatments in the experiment could adequately be quantified as a function of 

temperature only (Table 2.2; Fig. 2.2). The rate of progress from flowering to podding 

of 'GabC92' was well described by a photothermal response plane, and that of 'Tiga 

Nicuru' by a combination of a thermal response plane, a photothermal response plane, 

and a plane of minimum development rate (Table 2.3; Fig. 2.3). The rate from 

flowering to podding of 'NTSC92' could not be quantified well, which might be due 

to the greater heterogeneity of this selection. 

The critical photoperiod for the rate from flowering to podding in 'Tiga 

Nicuru' decreased from 12.47 h d"1 at 22 °C to 11.32 h d"1 at 26 °C (Table 2.4). These 

critical photoperiods are comparable with those found in other studies. Linnemann and 

Craufurd (1994) found similar critical photoperiods for podding for the bambara 

groundnut selections 'Yola' and 'Ankpa4' from Nigeria: from 12.6 and 13.2 h d"1 at 

20 °C to 11.4 and 11.8 h d"1 at 26 °C. The critical photoperiod for flowering in a 

cowpea genotype from Uganda ('TVu 1188') has been found to range from 16.0 h d~' 

at 15 °C to 11.5 h d"1 at 25 °C (Ellis et al., 1994a). Reports on soya bean are 

contradictory: in a controlled environment study, critical photoperiods for flowering 

in eight cultivars have been found to increase with temperature (Hadley et al., 1984), 

while in field experiments, the critical photoperiods for flowering in nine different 

soya bean genotypes decreased with temperature (Summerfield et a l , 1993). In the 
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latter study, critical photoperiods of 12.6 to 13.6 h d"1 at 20 °C and 11.7 to 13.3 h d"1 

at 25 °C have been found. 

Table 2.5. Predicted (Pr) and observed (Ob) times from sowing to flowering (ƒ), flowering to 
podding (p-f) and sowing to podding (p) for three bambara groundnut selections in various test 
experiments (experiment numbers refer to Table 2.1). 

Selection 

'GabC92' 

'NTSC92' 

'Tiga N.' 

Exp. 

1 

2 

4 

5 

6 

7 

3 

5 

6 

7 

Method 1 3 

6 

7 

Method 2 3 

6 

7 

Photop. 

(h d-') 

10 
12 

12 
14 

12 

11 
14 

12.5 

13.5 

11.5 

11 
14 

12.5 

13.5 

11.5 

12.5 

13.5 

11.5 

12.5 

13.5 

Pr 

45 
45 

46 
46 

51 

46 
46 

55 

50 

44 

44 
44 

52 

47 

39 

48 

43 

ƒ 
(d) 

Ob 

43 
44 

47 
47 

55 

47 
47 

57 

46 

40 

46 
45 

52 

43 

39 

50 

39 

Pr 

35 
41 

41 
49 

41 

42 
62 

37 

43 

34 

34 
48 

34 

39 

34 

37 

46 

27 

30 

64 

P-f 
(d) 

Ob 

n.a. 
n.a. 

n.a. 
n.a. 

33 

49 
87 

41 

44 

37 

44 
72 

33 

36 

23 

34 

60 

23 

34 

60 

P 
(d) 

Pr 

80 
86 

87 
95 

92 

88 
108 

92 

93 

78 

78 
92 

86 

86 

73 

85 

87 

66 

78 

97 

Ob 

n.a. 
n.a. 

n.a. 
n.a. 

88 

96 
134 

98 

90 

77 

90 
117 

85 

79 

62 

84 

99 

62 

84 

99 

The predicted values of/ and p-f were calculated with the models in Table 2.2 and Table 2.3, 
respectively; the predicted value of p was calculated by adding the values oî f una p-f. 
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Fig. 2.4. Deviations (predicted number of days minus observed number of days in independent 
test experiments) of the time from sowing to flowering (A), the time from flowering to 
podding (B), and the time from sowing to podding (C) for bambara groundnut selections 
'GabC92' (•), 'NTSC92' (o), and 'Tiga Nicuru' (•). Solid lines show the limits of ± 10% 
deviation. Predictions of the time from sowing to flowering and the time from flowering to 
podding are based on the models in Tables 2.2 and 2.3; the predicted time from sowing to 
podding was calculated by adding the predicted time from sowing to flowering and the 
predicted time from flowering to podding. 
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The ceiling photoperiod for the rate from flowering to podding in 'Tiga Nicuru' 

decreased from 13.95 h d"1 at 22 °C to 13.07 h d"1 at 26 °C (Table 2.4). Summerfield 

et al. (1993) found that ceiling photoperiods for the rate to flowering in soya bean 

increased with temperature. The difference is due to the fact that the parameter b2 in 

the photothermal response plane of 'Tiga Nicuru' has a negative value (l/(p-f) 

decreases with temperature), while this parameter has a positive value (development 

rate increasing with temperature) for the soya bean genotypes used by Summerfield 

et al. (1993). This means that the photothermal plane of 'Tiga Nicuru' is tilted 

differently than the photothermal plane in Fig. 2.1. 

Model testing 

Model testing showed that the predictions of the time from sowing to 

flowering, based on the linear models derived from the main experiment, agreed well 

with the observed times to flowering in the test experiments: deviations between 

predicted and observed values were always lower than 10% (Fig. 2.4A). 

Predictions of the time from flowering to podding were less accurate. 

Deviations were often higher than 10% (Fig. 2.4B), but in all test experiments except 

experiment 5 the difference between predicted and observed times from flowering to 

podding was less than 10 d (Table 2.5). The extreme long times to podding of 

'GabC92' and 'NTSC92' in experiment 5 might be a result of the maximum 

temperatures for podding being exceeded, because experiment 5 was carried out in a 

glasshouse without forced cooling, and maximum temperatures of 35-40 °C were 

common in the months after flowering. Deviations between predicted and observed 

times from sowing to podding were less than 10%, except for experiment 5 (Fig. 2.4C; 

Table 2.5). 

In the main experiment, the photoperiod was prolonged beyond 8 h d ' by 

means of low intensity artificial light. In the experiments 3, 4, 6, and 7, there was no 

photoperiod extension by means of low intensity light, but high intensity natural 
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and/or artificial light throughout the light period. The good prediction of the times to 

flowering and podding in the experiments 3, 4, 6, and 7 with models based on the 

main experiment indicates that light integral has no effect on development. 

2.5 Conclusion 

This study has shown that the times from sowing to flowering and from 

flowering to podding in bambara groundnut may be predicted with simple linear 

models (relating the rates of progress from sowing to flowering and from flowering 

to podding in bambara groundnut to photoperiod and temperature), based on a semi-

controlled environment experiment. Observed times from sowing to flowering and 

podding are between 90 and 110% of the predicted values. 

34 



CHAPTER 3 

THE PHOTOPERIOD-SENSITIVE PHASE FOR PODDING 

I N B A M B A R A G R O U N D N U T (VLGNA SUBTERRANEÄ) 



Submitted as: 

Brink, M. The photoperiod-sensitive phase for podding in bambara groundnut (Vigna 

subterranea). Field Crops Research. 



Photoperiod-sensitive phase for podding 

3 THE PHOTOPERIOD-SENSITIVE PHASE FOR PODDING IN BAMBARA GROUNDNUT 

(VlGNA SUBTERRANEÄ) 

M. Brink 

Abstract 

A glasshouse experiment was conducted to determine whether the period 

between sowing and the onset of podding in bambara groundnut (Vigna subterranea) 

can be divided in photoperiod-sensitive and photoperiod-insensitive phases. Treatments 

were established by transferring plants between 14 h d"1 (LD) and 11 h d"1 (SD) every 

two weeks. There were also control treatments of constant LD and SD. Flowering was 

not affected by photoperiod, but the onset of podding was delayed by long 

photoperiods. At an average temperature of 25.7 °C, the main photoperiod effect on 

podding occurred from 42 days after sowing onwards in 'NTSR94' and 'NTSC92', 

and from 57 days after sowing onwards in 'GabC92'. The time from sowing to 

podding could not be divided clearly into photoperiod-sensitive and photoperiod-

insensitive periods, because in all three selections podding tended to be later in early 

transfers from SD to LD than in constant LD, and earlier in the early transfers from 

LD to SD than in constant SD. This phenomenon has been found in rice as well, but 

cannot satisfactorily be explained. 

3.1 Introduction 

Bambara groundnut (Vigna subterranea (L.) Verde.) is an important 

leguminous food crop in tropical Africa (Linnemann and Azam-Ali, 1993). It is an 
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indeterminate annual herb with creeping stems, carrying trifoliate leaves with erect 

petioles. Flowers appear at the base of the petioles, usually in pairs. After pollination, 

the peduncle grows out and pods form on or below the soil surface. Each pod usually 

contains one seed, and both the unripe and ripe seeds are consumed by humans (Duke, 

1981; Linnemann and Azam-Ali, 1993). In many bambara groundnut genotypes, the 

onset of flowering is photoperiod-insensitive, but the onset of podding is retarded by 

long photoperiods (Linnemann, 1991; Linnemann and Craufurd, 1994). In some 

genotypes, both the onset of flowering and the onset of podding are delayed by long 

photoperiods (Linnemann, 1993; Linnemann and Craufurd, 1994). 

In a previous study, the influence of temperature and photoperiod on 

development rates in three bambara groundnut selections has been quantified by means 

of photothermal models, based on a semi-controlled environment experiment with 

constant photoperiods and temperatures (Chapter 2). The rate of progress from sowing 

to flowering of these selections could be described as a function of the average 

temperature in the period from sowing to flowering; the rate of progress from 

flowering to podding as a function of the average temperature and photoperiod in the 

period from flowering to podding. Thus, it was assumed that photoperiod plays a role 

throughout the period from flowering to podding. However, plants which are 

photoperiod-sensitive with regard to the onset of flowering, such as many soya bean 

(Glycine max (L.) Merr.) genotypes, are often not sensitive throughout the entire pre-

flowering period (Wilkerson et al., 1989; Collinson et al., 1993). Three phases are 

usually distinguished between sowing and flowering: (1) a pre-inductive phase (also 

referred to as the juvenile phase) in which plants are not sensitive to photoperiod; (2) 

an inductive phase, in which plants are sensitive to photoperiod and flower induction 

occurs; and (3) a post-inductive phase, in which flower buds develop into open 

flowers and the photoperiod does not play a role (Hodges and French, 1985; Roberts 

et al., 1986; Ellis et al., 1992). In some studies, the pre-inductive phase is defined to 

start at sowing (Ellis et al., 1992). In other studies (Hodges and French, 1985; Roberts 

et al., 1986), a fourth phase, the pre-emergence phase, is distinguished and the pre-
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inductive phase is defined to start at emergence. The duration of the different phases 

can be estimated on the basis of reciprocal transfer experiments, in which plants are 

transferred from long days to short days and vice versa at regular intervals (Van 

Dobben, 1957; Ellis et al., 1992). 

This study aims to determine whether the time from sowing to podding in 

bambara groundnut can be divided into photoperiod-sensitive and photoperiod-

insensitive phases in the same way as the time between sowing and flowering in other 

crops. 

3.2 Material and methods 

Experimental design and plant material 

A reciprocal transfer experiment was conducted in a glasshouse in Wageningen, 

The Netherlands (51°58' N), in the period 18 April to 2 November 1994. The 

experiment included 14 photoperiod treatments (six transfer times of plants from long 

days (LD, 14 h d"1) to short days (SD, 11 h d"1) or vice versa and two control 

treatments of constant LD or SD). Three bambara groundnut selections were used: 

'GabC92', collected in Gaborone, Botswana, and 'NTSR94' and 'NTSC92', obtained 

from 'National Tested Seeds' in Zimbabwe. The results of preliminary unpublished 

experiments by the author of the present study had shown that these three selections 

are insensitive to photoperiod with regard to the onset of flowering, but sensitive to 

photoperiod with regard to the onset of podding. Podding in 'GabC92' had been found 

to start later than in the other two selections, therefore the transfer dates in the present 

experiment were later for this selection than for the other two. The plants were 

arranged in six blocks, each containing one replicate plant per photoperiod treatment 

per selection. Each block consisted of two trolleys, one with SD and the other with 

LD. The treatments and selections were randomly placed on the trolleys. Within each 
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