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Summary 
 
Nitisols, which are the dominant soils in the southwestern Ethiopian highlands, are generally P and 
N deficient. Therefore, yields from subsistence farming systems are suboptimal and soil fertility is 
decreasing. Integrated soil fertility management practices, including cereal-legume rotations can 
contribute positively to the building up of more fertile soils and enhance farmers’ well-being in the 
region. This research focused on cereal-legume rotations with faba bean (Vicia faba L.) and wheat 
on two locations, “Dedo” and “Dimtu” in southwestern Ethiopia. In each location, field experiments 
with different faba bean varieties and P fertilizer levels have been carried out. The objective was to 
select the best faba bean varieties in terms of efficient P utilization, biological nitrogen fixation and 
nutrient return to the soil upon residue incorporation. The overall aim of the project is to move 
farmers’ practice from using harvest residues as animal feed towards incorporation of these residues 
into the soil, in order to prevent nutrient depletion. 
 

Physicochemical characteristics of the soils from both locations (Dedo and Dimtu) were 
contrasting. Results showed that Dedo soil (pHKCl 5.2, 2.8 %C, 0.29%N and plant available P of 9.9 
mg kg-1 soil) was more beneficial for faba bean production than Dimtu soil (pHKCl 4.7, 1.6 %C, 
0.15%N and plant available P of 2.8 mg kg-1 soil). For Dedo, the field experiment was carried out in 
a split plot design on farmer’s fields and consisted of three selected faba bean varieties (Degaga, 
Moti and Obse) in combination with four P fertilizer levels (0, 10, 20 and 30 kg P ha-1) and 3 
replications. A local faba bean variety representing farmers’ practice and wheat plots as reference 
for biological nitrogen fixation, have also been included in the design. For Dimtu, the field 
experiment was carried out in a randomized complete block design and consisted of six selected 
faba bean varieties (CS20DK, Moti, Gebelcho, Walki, Obse, and Degaga) at two P fertilizer levels 
(0 and 30 kg P ha-1) and wheat plots, with three replications. At flowering of the plants, samples of 
roots and shoots were taken at both locations for dry weight, N and P determinations. In Dimtu, 
nodulation of the plants was assessed 2, 4 and 6 weeks after emergence. For Dedo this was done 
only at flowering. Dedo yield parameters (pods and grains) and wheat subplots were harvested at 
maturity of the faba bean plants. Faba beans in Dimtu did not reach maturity stage due to sudden 
wilting of the plants and therefore yield data were not available and selection of the best varieties 
was not possible.  
 

The Dedo site did not show an effect of different P fertilizer levels, suggesting that Dedo soil 
contains sufficient plant available P for faba bean growth. With respect to varieties, Moti was 
clearly the best choice. Moti was found to have a significant higher shoot dry weight (12% higher 
than the average of 4 tons ha-1) and N- and P-return through residue incorporation (186 ± 27 kg N 
ha-1 compared to 151 ± 30 kg N ha-1 for the other varieties and 15 ± 2 kg P ha-1 compared to 12 ± 2 
kg P ha-1 for other varieties). When farmers’ practices could be changed and harvest residues would 
be incorporated into the soil, about 20 ± 13 times more N would be returned to the soil compared to 
current practice. In addition, biological nitrogen fixation, as calculated with two different 
techniques, i.e. the nitrogen difference method and the 15N natural abundance technique, was 
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significantly higher for Moti than for other faba bean varieties (156 ± 30 versus 118 ± 29 kg N fixed 
ha-1 for the nitrogen difference method and 164 ± 29 versus 129 ± 33 kg N fixed ha-1 for the 15N 
natural abundance technique).  
 

The suboptimal soil characteristics in Dimtu for faba bean production were confirmed in the field 
experiment. Nodules showed characteristics of inefficient N2 fixation, which is possibly due to the 
insufficient plant available P content in the soil, limiting the Rhizobium-faba bean symbiosis. P 
fertilizer only had a significant effect on root dry weight (an increase of 20% with P fertilizer at 30 
kg P ha-1). Also climatic factors could have played a role in the suboptimal faba bean growth.  
 

Soil from Dedo and Dimtu field was transported to Ghent University, where a pot experiment with 
two faba bean varieties (Moti and Gebelcho), a P fertilizer treatment (0, 30 kg P ha-1), a biochar 
treatment (0, 13 tons ha-1) and a liming treatment (0, 3.7 tons ha-1, only for Dimtu soil) was carried 
out. Plants were grown in a growth chamber for 45 days at 24°C and with a 16h light regime. At 
flowering of the plants, disease symptoms were observed and Fusarium oxysporum was identified 
from the isolates of a severly infected plant. Evidence suggested that this fungus originated from 
inside the faba bean seeds. Disease assessment was carried out with the use of a disease index based 
on foliar symptoms. The fungus infection significantly reduced shoot dry weight for all faba beans. 
Results showed that faba beans grown in Dedo soil were significantly more affected than faba beans 
grown in Dimtu soil (39 ± 8 versus 25 ± 12 %). For Dimtu soil, Gebelcho was significantly more 
diseased than Moti and the same was true for Dedo soil with P fertilizer addition. With P fertilizer 
addition on Dedo soil, Moti was significantly less diseased than without P fertilizer addition. 
Percentage P in the shoots of faba beans grown in Dimtu soil was found to be significantly higher 
than for faba beans grown in Dedo soil (0.18 ± 0.04 versus 0.12 ± 0.02 %P), which is in contrast 
with the higher plant available P content for Dedo soil than for Dimtu soil. This high shoot P 
content in Dimtu soil was possibly due to a physiological P translocation because of P deficiency. 
For Dimtu soil only, Gebelcho had a significant higher P concentration in the shoots than Moti, 
suggesting Gebelcho to be more responsive to P stress than Moti. When liming was applied on 
Dimtu soil, the varieties did not show significant differences in shoot P content, suggesting that the 
P deficiency stress was partially solved. Biochar showed several significant interactions with other 
factors (e.g. 3-way interaction of soil*variety*biochar for %P in the shoots), but never had a 
significant main effect on plant parameters. 
 

Further research on nutrient return to the soil and the amount of N from the faba beans residues that 
will be taken up by subsequencing cereals would be interesting. Also the infection by Fusarium 
oxysporum and its presence in the seeds is a highly important topic for further studies. In addition, 
phosphorus responsiveness to P fertilizer and P deficiency should be clarified and a study of 
interactions between biochar, P fertilizer and mycorrhizal fungi could be interesting for this project. 
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Samenvatting 

 
Nitisols, de meest voorkomende bodems in zuidwest Ethiopië, hebben over het algemeen een tekort 
aan fosfor en stikstof voor plantengroei. Daarom zijn gewasopbrengsten in deze streek, waar men 
vooral van subsistentielandbouw leeft, suboptimaal en daalt de bodemvruchtbaarheid gestaag. 
Geïntegreerd bodemvruchtbaarheidsbeheer omvat verschillende landbouwpraktijken die kunnen 
bijdragen tot de opbouw van vruchtbare bodems in zuidwest Ethiopië en daarbij ook het welzijn van 
de plaatselijke bevolking kunnen verbeteren. Een voorbeeld van zo’n praktijk is het toepassen van 
gewasrotaties met graangewassen en stikstoffixerende leguminosen. Leguminosen oefenen daarbij 
een positief effect uit op de bodem en kunnen opbrengsten van de daaropvolgende graangewassen 
verhogen. 
 

Dit thesisonderzoek richt zich uitsluitend op graan-leguminosen rotaties met faba bonen (Vicia faba 
L.) en tarwe, op twee locaties (‘Dedo’ en ‘Dimtu’) in het zuidwesten van Ethiopië. Op beide 
locaties werden veldexperimenten met verschillende variëteiten faba bonen en een P-bemesting met 
verschillende niveaus uitgevoerd. Het doel van het onderzoek was om de beste bonenvariëteiten te 
selecteren, op vlak van P efficiëntie, biologische stikstoffixatie en nutriëntenterugvoer naar de 
bodem door incorporatie van oogstresten. Het algemene doel van het project was om de gangbare 
landbouwpraktijk, het gebruik van oogstresten voor diervoeder, te verleggen naar het inwerken van 
gewasresten in de bodem. Op deze manier wordt de opbouw van vruchtbare bodems gegarandeerd. 
 

Fysisch-chemische kenmerken van de bodems van beide locaties (Dedo en Dimtu) werden 
bestudeerd. Resultaten toonden aan dat de bodem van Dedo (pHKCl 5,2; 2,8 %C; 0,29 %N en een 
plantbeschikbare P hoeveelheid van 9,9 mg kg-1 bodem) gunstiger is voor faba bonen productie dan 
de bodem van Dimtu (pHKCl 4,7; 1,6 %C; 0,15 %N en een plantbeschikbare P hoeveelheid van mg 
kg-1 bodem). In Dedo werd een veldexperiment uitgevoerd in een split plot design bestaande uit drie 
geselecteerde faba bonen variëteiten (Degaga, Moti en Obse) in combinatie met P-bemesting op 
vier niveaus (0, 10, 20 en 30 kg P ha-1) met drie herhalingen. Ook een lokale faba boon variëteit, die 
de gangbare landbouwpraktijk simuleert, en tarwe percelen als referentie voor biologische 
stikstoffixatie werden aan het experiment toegevoegd. Voor het veldexperiment in Dimtu werd 
gebruikt gemaakt van een gerandomiseerd blokontwerp met zes geselecteerde faba boon variëteiten 
(CS20DK, Moti, Gebelcho, Walki, Obse en Degaga), twee P-bemestingsniveaus (0 en 30 kg P ha-1) 
en drie herhalingen. Tijdens de bloei van de faba bonen werden op beide locaties stalen van de 
wortels en bovengrondse plantendelen genomen voor bepalingen van het drooggewicht en N- en P- 
gehaltes. In Dimtu werd nodulatie van de planten beoordeeld op drie verschillende tijdstippen (2, 4 
en 6 weken na opkomst). In Dedo werd nodulatie enkel tijdens de bloei gemeten. Faba boon granen, 
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peulen en tarwe planten werden geoogst bij rijpheid. In Dimtu bereikten de planten het 
oogststadium niet, waardoor oogstparameters niet beschikbaar waren en selectie van de beste 
variëteiten onmogelijk was. 
 

Analyse van plantenstalen van Dedo toonde aan dat er geen effect was van de verschillende niveaus 
van P-meststof. Dit suggereert dat bodem van Dedo genoeg plantbeschikbare P bevat voor de groei 
van faba bonen. Moti was duidelijk de beste keuze wat betreft de verschillende variëteiten. Moti 
bleek een significant hoger drooggewicht te hebben (12% hoger dan het gemiddelde van 4 ton ha-1) 
en een significant hogere N-en P-terugvoer te behalen bij oogstrest incorporatie (186 ± 27 kg N ha-1 
in vergelijking tot 151 ± 30 kg N ha-1 voor de andere variëteiten en 15 ± 2 kg P ha-1 in vergelijking 
met 12 ± 2 kg P ha-1 voor andere variëteiten). Indien oogstresten zouden worden ingewerkt in de 
bodem zou de hoeveelheid N die na faba bonen productie opnieuw aan de bodem wordt toegediend 
20 ± 13 keer hoger zijn dan in de huidige situatie, waarbij bovengrondse stengeldelen van het veld 
verwijderd worden. Bovendien was ook de biologische stikstoffixatie, berekend met twee 
verschillende technieken, de nitrogen difference method en de 15N natural abundance technique, 
significant hoger voor Moti dan voor de andere variëteiten (156 ± 30 t.o.v. 118 ± 29 kg N2 ha-1 voor 
de nitrogen difference method en 164 ± 29 t.o.v. 129 ± 33 kg N2 ha-1 voor de 15N natural abundance 
technique).  
 

De suboptimale kenmerken van bodem van Dimtu voor faba bonen productie werd bevestigd in het 
veldexperiment. De nodulen op de plantenwortels vertoonden kenmerken van inefficiënte N2 fixatie 
wat mogelijks te wijten is aan het ontoereikende gehalte plantbeschikbare P in de bodem. P 
deficiëntie belemmert de Rhizobium-faba boon symbiose. P bemesting had enkel een significant 
effect op het drooggewicht van de wortels (een stijging van 20% met P-meststof toediening van 30 
kg P ha-1).  
 

Bodem van Dedo en Dimtu werd getransporteerd naar Universiteit Gent, waar een pot experiment 
met twee faba bonen variëtieten (Moti en Gebelcho), P bemesting (0, 30 kg P ha-1), een biochar 
behandeling (0, 13 ton ha-1), bekalking (0 en 3,7 ton ha-1, enkel voor bodem van Dimtu) en met vier 
herhalingen werd uitgevoerd. De planten werden in een groeikamer gekweekt gedurende een 
groeiperiode van 45 dagen bij 24 °C en met een 16h licht regime. Tijdens de bloei van de planten 
werden ziekteverschijnselen waargenomen en Fusarium oxysporum werd geïdentificeerd. 
Verschillende factoren wezen op een overdracht van de schimmel via de faba bonen zaden. 
Beoordeling van de ziektesymptomen werd uitgevoerd aan de hand van een ziekte-index op basis 
van bladsymptomen. Het drooggewicht van de bovengrondse plantendelen van de faba bonen was 
significant lager door de schimmelaantasting. Faba bonen geteeld in bodem van Dedo waren 
significant zieker dan faba bonen geteeld in bodem van Dimtu (39 ± 8 versus 25 ± 12%). Voor 
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bodem van Dimtu was de Gebelcho variëteit significant zieker dan de Moti variëteit en hetzelfde 
werd waargenomen voor bodem van Dedo mét P bemesting. Moti was significant minder aangetast 
door de schimmel in bodem van Dedo met P bemesting vergeleken met bodem van Dedo zonder P 
bemesting. 
 

Percentage P in de bovengrondse plantendelen van faba bonen geteeld in bodem van Dimtu bleek 
significant hoger te zijn dan voor faba bonen geteeld in bodem van Dedo (0,18 ± 0,04 versus 0,12 ± 
0,02% P). Dit is tegenstrijdig met het hogere plantbeschikbare P-gehalte voor bodem van Dedo 
tegenover bodem van Dimtu. Deze hoge P-gehaltes in de bovengrondse plantendelen voor bodem 
van Dimtu was wellicht te wijten aan fysiologische P-translocatie in de planten als gevolg van P-
deficiëntie. In bodem van Dimtu had Gebelcho een significant hogere P-concentratie in de 
bovengrondse plantendelen dan Moti wat impliceert dat Gebelcho een hogere respons voor P-stress 
vertoont dan Moti. Bij bekalking op bodem van Dimtu werden geen significante verschillen in P 
gehaltes gedetecteerd tussen de verschillende faba bonen variëteiten, wat suggereert dat de P-stress 
minder limiterend was. Biochar had een aantal belangrijke interacties met andere factoren (bv. 3-
voudige interactie van bodem * variëteit * biochar voor % P in de bovengrondse plantendelen), 
maar vertoonde nergens een significant hoofdeffect op de gemeten plantparameters. 
 

Verder onderzoek m.b.t. nutriëntenterugvoer naar de bodem en de hoeveelheid N uit de faba bonen 
residuen die zal worden opgenomen door het daaropvolgende graangewas is belangrijk om de 
voordelen van graan-leguminosen rotaties beter in kaart te brengen. De infectie door Fusarium 
oxysporum en de potentiële aanwezigheid van deze schimmel in de zaden is een zeer belangrijk 
onderwerp voor verdere studies. Ook de verschillende reacties van de faba bonen op P-stress en P-
bemesting dienen verder uitgeklaard te worden. Een studie van interacties tussen biochar, P 
bemesting en mycorrhiza-schimmels kan interessant zijn voor dit project. 
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1 Introduction 
 
Ethiopia has a population of about 80 million people, of which 80% is active in the agricultural 

sector. Allmost all people participating in agriculture are rural small-scale subsistence farmers. In 

South-West Ethiopia, the dominating soils are Nitisols, known for their favourable physical 

properties for agricultural practices. However, Nitisols are typically acidic, suffering from 

phosphorus and nitrogen deficiencies and thus limiting crop production. Besides, agricultural 

systems in the hilly landscapes of southwestern Ethiopia are characterised by little or no inputs. 

Consequently, nutrients are depleted and soil fertility is declining steadily. As a result, the region is 

prone to food shortage, while the population continues to increase. Therefore, integrated soil 

fertility management practices should be applied, in order to enhance soil fertility and sustain food 

security for the future.  
 

This research project focuses on a specific aspect of integrated soil fertility management, i.e. cereal-

legume rotation with wheat and faba beans (Vicia faba L.), both among the main crops cultivated in 

the region. The objective is to select efficient faba bean varieties in terms of biological nitrogen 

fixation and phosphorus utilization efficiency, so that incorporation of faba bean harvest residues 

into the soil can replenish nutrients and restore soil fertility. Field experiments were carried out at 

two different locations in the Gilgel Gibe catchment area of southwestern Ethiopia. 

Physicochemical characteristics of the soil from both locations were studied and compared. A pot 

experiment with different treatments, based on results from the soil analysis, was established. Plant 

parameters were measured and biological nitrogen fixation was calculated for several faba bean 

varieties.  
 

This research only focuses on cereal-legume rotation using two crops and two locations. For the 

building up of fertile soils and hereby sustainable agricultural systems, many other factors should be 

studied. Nevertheless this project can increase farmers’ yields and enhance their well-being. 
 

In this Master thesis, an introductory part on southwestern Ethiopia, on faba beans, on biological 

nitrogen fixation and on cereal-legume rotation is given first. The set-up of the field and pot 

experiments, together with the methods used for soil and plant analysis is explained in the chapter 

on Materials and Methods. The following chapter, Results and Discussion, deals with the results 

from soil analysis and an overview and discussion of the results from the field and pot experiments. 

Finally, conclusions and further research recommendations are given. 
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2 Literature review  
 

2.1 Southwestern Ethiopia: environment, soils and agricultural practices  
 
South-West Ethiopia is dominated by mid altitude (1900-2300m) and highland (2300-3000m) areas. 

Average day temperatures are about 18.6°C and yearly rainfall is around 1450-1800mm, with 

bimodal distribution. The dominating soils of the region are Nitisols, known as the most productive 

soils of Ethiopia. These soils are strongly weathered, well drained and have favourable physical 

properties for agricultural practices. Main crops cultivated in this region are maize, sorghum, wheat, 

teff (Eragrostis tef Zucc.), enset (Ensete ventricosum Maurelli), faba bean and coffee (Agegnehu et 

al., 2008; Amanuel et al., 2000).  

 

However, Nitisols often have N- and P-deficiencies, which are the main constraints for cereal and 

legume production in the Ethiopian highlands (Agegnehu and Tsigie, 2004). Due to the low soil pH 

(<5.5), phosphorus is adsorbed to Al and Fe (hydr)oxides. Soil reactions only partially release P, 

and diffusion of plant available P trough the soil is slow. Therefore, plant utilization of P is 

restricted (Ahmad et al., 2001; Dakora and Phillips, 2002). As a solution to this, plants can acidify 

the rhizosphere through root exudation of organic anions. Acidification of the rhizosphere increases 

the ratio of H2PO4
- to HPO4

2- ions, which increases P availability and absorption by the plant’s roots 

(Gillespie and Pope, 1991; Nuruzzaman et al., 2005). However, in most soils, the main factor 

limiting P uptake is transport of P to the root surface, rather than uptake of P by the roots. Roots 

with a high density, length and surface area generally have an improved P acquisition (Jemo et al., 

2006). In addition, P uptake by roots is also dependent on the plant P status, i.e. the demand for P 

by the plant (Gillespie and Pope, 1991). Plant genotypes are known to differ in their ability to 

absorb P, especially at low P availability (Ahmad et al., 2001). Several indicators are used to 

classify species and varieties by their use of phosphorus: 
 

i) The phosphorus use efficiency (PUE) of a plant genotype is defined by the ability to 

acquire P, per unit of P applied, from the rhizosphere and incorporate it in plant material 

(above ground material, below ground material or utilizable plant materials) 

ii) Phosphorus utilization efficiency (PUTE) is defined as the amount of biomass produced 

per unit of phosphorus present in the biomass. It is used to compare the efficiency of 

phosphorus utilization of different plant varieties. A variety producing the highest yield 

at a specific P amount, shows the lowest P concentration (Ahmad et al., 2001).   
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Phosphorus availability is highly subjected to soil acidity, with changes in soil pH as the most 

important soil acidity index (Frageria and Baligar, 2003). Phosphorus has the highest availability at 

a pH-range close to neutrality. Increasing the pH of acid Nitisols by liming, which neutralizes the 

positive charges of Al and Fe (hydr)oxides and reduces P immobilization, could therefore 

ameliorate P uptake by plants. Frageria and Barbosa Filho (2008) found significant increases in 

shoot dry weight and grain yield of Phaseolus vulgaris L. by raising the pH to optimal values. 

Several authors state that acid soils should be limed to a pH in the range of 6.0 to 7.0, to favour crop 

growth and increase grain yield of annual crops (Alley and Zelazny, 1987; Lathwell and Reid, 

1984).  
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2.2 Faba bean (Vicia faba L.) 
 

2.2.1 General plant characteristics 
 
The faba bean (Vicia faba L., broad bean, horse bean) (Figure 2.1), is native in the Near East and 

Mediterranean basin (Zohary and Hopf, 2000). It is a long-day plant with optimal performance in 

good-structured clay or loam soils with pH 6.5-9 and temperatures between 18 and 27 °C (Jensen et 

al., 2009; Link et al., 2010). Faba bean is the major grain legume for food in Ethiopia, especially 

important in the southwestern highlands (Agegnehu et al., 2006), where it occupies about 17902 

hectares with an annual production of around 0.20 million tons (CSA, 2008). This legume has 

attracted attention due to its demand as export crop and is now one of the leading pulses in Ethiopia 

(Agegnehu and Tsigie, 2004). However, the high potential of faba bean is not optimized and the 

yield in the southwestern Ethiopian highlands is generally low (1.3 compared to 1.8 ton ha-1 world 

average) (FAOSTAT, 2008; Ghizaw et al., 1999). This is due to low yielding local varieties, low 

soil pH and low P-availability in Nitisols (Agegnehu and Chilot, 2009; Agegnehu et al., 2006). 

However, faba bean has the capacity to mobilize soil phosphorus by secretion of acids from its 

rhizosphere, and is therefore of important value in low-input crop rotation systems (Nuruzzaman et 

al., 2005).  

 

The most severe disease in faba beans in southwestern Ethiopia is the chocolate spot disease 

(Botrytis fabae Sard.), with symptoms varying from small brown spots on the leaves to black 

discolouration of the entire plant. This fungus can cause yield losses up to 60% (Dereje and Yaynu, 

2001). The impact of chocolate spot disease can be reduced by proper weeding, early planting, 

optimal spacing, use of resistant cultivars (CS20DK) and reduction of waterlogged conditions 

(Jensen et al., 2009; Sahile et al., 2008). Above all, cultivating faba beans in the Ethiopian 

highlands has many advantages for soil fertility enhancement. Moreover, the crop has a good 

nutritional value; it has a low saturated fat and cholesterol content and is a good source of proteins, 

phosphorus, copper, manganese and folate (Crépon et al., 2010; USDA SR-21, 2010).   
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Figure 2.1 Faba bean (Vicia faba L.) (Thomé, 1885)  
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2.2.2 Biological nitrogen fixation 
 

N-deficiency is a serious problem for plant growth in Nitisols, resulting in reduced plant growth and 

yellowing of older leaves (chlorosis). To meet their N requirements, plants fully depend on soil 

mineral N and N derived from Biological Nitrogen Fixation (BNF). BNF is a natural process in 

legume crops, where atmospheric dinitrogen (N2) is fixed into ammonia (NH3) in plant root nodules 

by a symbiotic form of Rhizobia, a Gram-negative Proteobacteria. The plant assimilates this NH3 

into proteins, nucleic acids and other nitrogenous compounds (Strodtman and Emerich, 2009). BNF 

is important in terms of: 
 

 saving fertilizer costs and hereby reducing costs for crop production and avoiding ground water  

pollution;  

 enhancing protein production and thus improving nutrition status of the people;  

 fixing N for succeeding crops and contributing to improved soil fertility (Hardarson, 1993). 
 
According to Smil (1999), BNF from legume crops contributes 36.4 million tons N to agriculture 

globally. BNF has a high potential for low-input systems, as in large regions of Africa, where more 

N is removed from the soil than is replenished, which results in depletion of soil nutrients and land 

degradation (Cocking, 2009). 

 

Among the family of the Leguminosae (Fabaceae), Vicia faba L. is one of the best N2 fixers 

(Amanuel et al., 2000; Jensen et al., 2009), fixing an amount of atmospheric nitrogen in the range 

of 165 to 240 kg N ha-1. López-Bellido et al. (2006) reported that up to 96% of the N taken up by 

the faba bean was derived from the atmosphere (%Ndfa, percentage nitrogen derived from 

atmosphere). The symbiont for the biological nitrogen fixation of the faba bean is the soil bacteroid 

Rhizobium leguminosarum bv. viciae.   

 

2.2.2.1 Development of the legume-Rhizobia symbiosis 
 
In order to form the symbiosis, Rhizobia is dependent on certain compounds (flavonoids, betaines) 

which are released by the host plant’s roots, and serve as inducing signals. These compounds 

determine the specificity of the plant-host interaction and induce the nod-genes, required for 

nodulation (Broughton et al., 2000; Gage, 2009; Perret et al., 2000). The inducing signals from the 

plant roots are recognized by the bacteria’s NodD-protein, a LysR-type transcriptional factor 

(Lindström and Mousavi, 2010). This factor binds inducing or inhibiting compounds, which further 
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inhibits or enhances the transcription of nod-gene promotors in the bacteria (Peck et al., 2006). 

When the transcription of a nod-gene is enhanced, a protein is encoded, which synthesizes and 

secretes a Nod factor (lipochitooligosaccharide signal) in the bacteria (Dénarie and Cullimore, 

1993). This Nod factor triggers the plant responses that are needed for nodulation: alterations in root 

hair growth, cell division at infection sites in plant roots and the regulation of plant genes for 

nodulation (Gage, 2009). All this results in development of nodules by the host plant, in which the 

Rhizobia are present in the symbiosomes of the plant cells. These membrane-bound compartments 

have a low oxygen concentration, which is required for the activity of nitrogenase, the enzyme 

responsible for nitrogen fixation (Cocking, 2009). In return for this nitrogen fixation, the nodule 

receives photosynthesized carbohydrates such as glucose and sucrose. These components are 

metabolized to organic acids, which are used by the bacteria to derive energy and low potential 

electrons needed by the nitrogenase enzyme (Strodtman and Emerich, 2009).  Equation 2.1 shows 

the reduction of atmospheric dinitrogen (N2) to ammonia (NH3) by the nitrogenase enzyme.  

 

N2 + 8 e- +16 MgATP + 8 H+ → 2 NH3 + H2 + 16 MgADP + 16 Pi                            (Eq. 2.1) 

 
About two weeks after emergence of the faba beans, the first nodules are set. These nodules start to 

fix atmospheric N2 at flowering state (Köpke and Nemecek, 2010). When no other factors are 

limiting, the faba bean fixes N2 at increasing rate from flowering until early maturity (Jensen et al., 

2009; Vinther and Dahlmann-Hansen, 2005). At maturity, N2 fixation is limited due to C 

competition between nodules and the growing pods of the matured plant (Schulze et al., 2000). 

Nodule formation and functioning requires a lot of energy (ATP), which makes P the main limiting 

factor for atmospheric nitrogen fixation (Ammanuel et al., 2000; Leidi and Rodríguez-Navarro, 

2000; Ribet and Drevon, 1996).  

 
The amount of N2 fixed by a legume is determined by the amount of N accumulated by the legume 

crop during the growing season, and the relative reliance of the crop on N2 fixation for growth. The 

last parameter is expressed as the proportion of the crop N derived from N2 (%Ndfa ). It is dependent 

on legume genotype as well as Rhizobia strain, but it also reflects the interaction between crop 

growth and plant-available N in the soil (Jensen et al., 2009).  

 

Nodule assessment of Leguminosae is often reported in terms of nodule number, nodule position on 

the host plant’s roots and nodule colour inside (Desta and Angaw, 1988). Schulze et al. (2000) 

reported that the number of nodules per plant has no effect on N2 fixation per plant. According to 
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Hardarson (1993), the nodules that are positioned on the lower part of the roots can fix more 

nitrogen during the growing season than nodules that are positioned on the crown part of the roots. 

The inside colour of the nodules can vary from white to pink to dark red. A white inside colour 

indicates a symbiosis where the N2 fixation is not (yet) effective. Dark pink to deep red colour, 

developed by the leghaemoglobin pigment, indicates active N2 fixation (Amanuel et al., 2000; 

Habtemichial et al., 2007; Lindström and Mousavi, 2010).  
 
 

2.2.2.2 Rhizobia characteristics 
 
Rhizobia are naturally abundant in most agricultural soils, especially in those soils where there has 

been a history of legume cultivation (Lindström et al., 2010; Zengeni et al., 2006). A soil often 

contains a wide diversity of Rhizobia populations, of which the presence, density and effectiveness 

is influenced by the soil pH, salinity, soil aggregation, clay content and temperature (Bond et al., 

1985; Graham, 2009). In soils with pH lower than 5, survival of Rhizobium leguminosarum 

becomes critical (Graham, 2005; Unkovich et al., 1997). Therefore, Rhizobia may be indicators of 

soil properties, with high numbers and diversity of Rhizobia indicating soils with consistent soil 

fertility management and legume cropping (Lindström et al., 2010). 

 

As stated above, the legume-Rhizobia symbiosis is host-specific. A Rhizobia strain influences the 

efficiency of N2 fixation, whereby one strain may be efficient with one faba bean genotype, but 

inefficient in symbiosis with another genotype (Jensen et al., 2009; Schulze et al., 2000). 

Furthermore, Oger et al. (2004) reported that legumes are able to influence the growth of Rhizobia 

strains in the rhizosphere, through exudation of specific substrates. Thus, a wide diversity of 

Rhizobia strains increases the potential for an optimal legume-Rhizobia symbiosis and thereby a 

maximal nitrogen fixation (Lindström et al., 2010).  

 

When a legume is introduced into a new area, the compatible Rhizobia is often not present in that 

soil. In that case, one may opt for inoculation of the soil with a suitable Rhizobia strain (Lindström 

et al. 2010). The newly introduced strain will compete with the indigenous strains for colonization 

of the host plant (Brockwell et al., 1995). Indigenous Rhizobia are often better and faster at 

infecting the host plant’s roots and developing nodules than the inoculated strains, but their nodules 

are ineffective (no N2 fixation). This becomes problematic when no other sources of N are available 

for the plant (Lindström and Mousavi, 2010).  
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Rhizobia can also associate with the roots of non-legumes, and ameliorate growth of the non-

legumes by altering root morphology for improved nutrient uptake, production of siderophores for 

iron uptake, reduction of pathogen growth, and so on (Dakora and Phillips, 2002; Mehboob et al., 

2009).  

 

Several species of Rhizobia were found to solubilize phosphates in the rhizosphere and mobilize it 

to their host plants (Chabot et al., 1998; Dakora and Phillips, 2002), with chickpea (Cicer arietinum 

L.) nodulating Rhizobia as the most powerful phosphate solubilizers (Rivas et al., 2006). These 

Phosphate Solubilizing Bacteria (PSB, e.g. Bacillus, Pseudomonas) secrete organic acids that lower 

the pH in the rhizosphere and dissociate bound forms of phosphates, making the P available to the 

plant (Afzal and Asghari, 2008; Deubel and Merbach, 2005; Kang et al., 2002). Although it is 

known that P is the main factor limiting N2 fixation, little research has been done on phosphate 

solubilizing capacity of nodulating bacteria (Khan et al., 2006). However, dual inoculation of 

Phosphate Solubilizing Fungi (Aspergillus niger, A. fumigatus and Penicillium pinophilum) and 

nitrogen fixing Rhizobium leguminosarum on faba beans under field conditions had positive effects 

on growth, nutrient uptake (N and P) and yield (Mehana and Wahid, 2002).  

 

2.2.2.3 Interactions between soil P, fertilizers and BNF 
 
 
With low N fertilizer inputs, the availability of soil P is the main factor restricting N2 fixation. This 

is common in low pH soils and results in a limited growth of Rhizobia, a restricted growth of the 

nodules (Drevon and Hartwig, 1997; Kihara et al., 2010) and a reduced growth of the faba beans 

(Ammanuel et al., 2000; Giller, 2001; Kouas et al., 2005; Leidi and Rodríguez-Navarro, 2000; Toro 

et al., 1998). Although nodule growth was diminished at low P availability, Kouas et al. (2005) 

found that individual nodule biomass and efficiency of N2 fixation was not sensitive to P deficiency. 

However, plant species differ in their ability to absorb soil P, depending on the number of roots per 

shoot, their lifetime and the roots potential to absorb P (Sanginga, 2003). Overall, the effect of P 

deficiency on plant performance is dependent on the plant‘s specific P absorbing capacity and the 

extent to which nodule growth is hampered.  
 
On the other hand, high levels of soil nitrate (NO3

-), induced by fertilizer N or excessive tillage, are 

known to disturb biological nitrogen fixation (Figure 2.2) (Ghizaw et al., 1999). This effect of high 

N levels can not be reversed by increasing the P availibility (Kihara et al., 2010; Leidi and 
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Rodríguez-Navarro, 2000). Fan et al. (2006) found a decrease in %Ndfa from 64% at 0 kg N ha-1 to 

40% at 120 kg N fertilizer ha-1.  

 

 
 

Figure 2.2 The impact of concentrations of available soil N at sowing on plant reliance upon N2 fixation for 
growth (%Ndfa) by farmers’ faba bean crops in Australia (Jensen et al. 2009) 

 
 

2.2.2.4 Arbuscular mycorrhizal fungi 
 
Arbuscular mycorrhizal fungi (AMF) are soil organisms that develop a filamentous network in the 

soil and in the roots of almost all tropical crops, which leads to symbiotic associations with low host 

specificity (Cardoso and Kuyper, 2006; Talaat and Abdallah, 2008). The filamentous network 

serves as transport system for nutrients and water from the fungi to the plant, which makes this 

symbiosis essential for the host plants’ growth. In return, the plant provides photosynthates to the 

fungi (Gupta et al., 2000; Rooney et al., 2009; Seguin et al., 2003). Mycorrhizal symbiosis also 

benefits the plant by decreasing disease incidence through interaction with plant pathogens 

(Hayman, 1983; Liu, 1995). Furthermore, mycorrhizal fungi contribute to soil structure: their 

external hyphae network holds soil particles together, which allows formation of micro- and macro-

aggregates (Cardoso and Kuyper, 2006; Miller and Jastrow, 2000). However, the most important 
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advantage of this symbiosis for the plant, is the increased P absorbance and translocation by the 

extensive mycorrhizal hyphae network (Cardoso and Kuyper, 2006; Richardson, 2001). In low pH 

soils, such as Nitisols, where plant available P is low, this mechanism is the most important 

symbiotic plant adaptation for enhanced P uptake (Baird et al., 2010; Harley and Smith, 1983; 

Smith et al., 2009).    

 

Several authors reported positive effects on nodulation, growth, nutrient uptake and yield of faba 

beans inoculated with both Rhizobium and mycorrhizal fungi under low-fertility conditions (Ahmed 

and Elsheikh, 1998; El-Ghandour et al., 1996; Koreish et al., 2004; Rabie, 1998). The main effect 

of AMF on Rhizobium activity, and thus N2 fixation, is the ameliorated P uptake, which enhances 

biological nitrogen fixation (Houngnandan et al., 2000; Nwoko and Sanginga, 1999; Rabie, 1998; 

Talaat and Abdallah, 2008). This illustrates the important role of both AMF and Rhizobium for 

tropical crops in soils with nutrient deficiencies.  

 
 

2.2.2.5 Influences of biochar additions on AMF and BNF 

Biochar is plant biomass derived material, created by partial combustion of carbonaceous source 

materials from natural and antropogenic sources (Knicker, 2007; Schmidt and Noack, 2000). 

Complete combustion of the source material, the so-called feedstock, is prevented by restricting the 

oxygen supply during the production process (pyrolisis) (Warnock et al., 2007). The chemical and 

physical properties of biochar vary according to the identity of the source material and the 

combustion temperature (Gundale and DeLuca, 2006; Singh et al., 2010; Sohi et al., 2010). 

Biochar is highly resistant to decomposition and can be used to store carbon in the soil for hundreds 

to thousands of years (Pietikäinen et al., 2000; Warnock et al., 2007). Common biomass source 

materials include wood chips; corn stover; rice and peanut hulls; tree bark; papermill sludge; animal 

manure and agricultural, urban and forestry biomass residues. Apart from producing biochar, the 

pyrolisis process also produces bioenergy (Warnock et al., 2007).  

 

Through the addition of biochar to agricultural soils, nutrient availability for plants improves and 

leaching is reduced (Gundale and DeLuca, 2006; Rondon et al., 2007). Thus, biochar has a high 

potential towards the creation of sustainable food and fuel production (Warnock et al., 2007).  
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Several studies reported positive effects of biochar additions on soil micro-organisms, especially 

mycorrhizal fungi (Ishii and Kadoya, 1994; Rondon et al., 2007; Yamato et al., 2006). However, 

extensive knowledge about the mechanisms by which biochar affects growth and functioning of soil 

micro-organisms, is limited. Warnock et al. (2007) proposed 4 mechanisms by which interactions of 

biochar with mycorrhizal fungi could be explained: 

 

I. Additions of biochar to the soil may change physical and chemical soil parameters as well as 

nutrient availabilities. Nutrient changes can limit or stimulate fungal growth, and can control the 

plants’ root colonization by the fungi (Ishii and Kadoya, 1994; Miller et al., 2002; Yamato et al., 

2006). These changes in nutrient availabilities are the result of changes in chemical and physical 

soil properties, which include pH, cation exchange capacity (CEC), water holding capacity 

(WHC) and bulk density. Changes in soil characteristics mainly occur at micro-scale, so only 

hyphae that are in the direct neighbourhood of biochar particles are affected (Gundale and 

DeLuca, 2006). Adding biochar to soils results in an increased soil pH and increased CEC (Glaser 

et al., 2002). This in turn increases the bio-availability of P and base cations. It is also shown that 

biochar itself contains nutrients that are available for soil biota and plant roots (Gundale and 

DeLuca, 2006; Lehmann et al., 2003).  

 

II. Several bacterial species (such as Mycorrhization Helper Bacteria (MHB) and Paenebacillus), are 

able to secrete metabolites that facilitate the colonization of plant roots by mycorrhizal fungi 

(Founoune et al., 2002; Hildebrandt et al., 2006). The role of biochar in this mechanism is to 

provide reduced carbon compounds and nutrients for these soil bacteria (Pietikäinen et al., 2000), 

which include Mycorrhization Helper Bacteria and Phosphate Solubilizing Bacteria (such as 

Pseudomonas aeruginosa), who increase the availability of nutrients accessable to the fungi and 

the host plant (Kothamasi et al., 2006). Increased populations of MHB and PSB directly benefit 

the mycorrhizal fungi (Warnock et al., 2007). 

 
III. Biochar may influence signalling processes, leading to altered root colonization by mycorrhiza. 

Signalling between plant roots, microbes and mycorrhizal fungi occurs in the rhizosphere 

(Harrison, 2005). Several compounds that are excreted by the plant roots improve colonization of 

the roots by Arbuscular Mycorrhizal Fungi (Xie et al., 1995). Addition of biochar to the soil can 

influence the signalling in a variety of ways. For example, biochar usually increases soil pH, 

which may cause some of the compounds to change their impact on soil biota (Rondon et al., 

2007, Warnock et al., 2007). Due to its absorptive properties, biochar can serve as either a source 
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or a sink for both signalling and inhibitory compounds (Pietikäinen et al., 2000). It can also 

absorb compounds that are not immediatly absorbed by mycorrhizal fungi. These compounds can 

later be released when water reaches the biochar particles. In this way, biochar can be seen as a 

second source of signalling molecules. The sink-role of biochar can also have a negative impact 

on the fungal colonization of plant roots. This is due to the permanent removal of signalling 

compounds from the soil, as less compounds will reach the mycorrhizal fungi, resulting in a 

reduced hyphal growth (Warnock et al., 2007). Another positive effect of biochar in the soil is the 

absorption of compounds that are toxic for mycorrhizal fungi (Cheng and Lehmann, 2009; 

Wallstedt et al., 2002).  

 

IV. By colonizing biochar particles, fungi and bacteria may be protected from soil predators 

(including mites, collembola, protozoa, and nematoda) (Ezawa et al., 2002; Pietikäinen et al., 

2000). The biochar particles have an average pore diameter smaller than 16 μm, perfect for soil 

bacteria and fungal hyphae to hide in. Soil predators have an average body size between 8 μm and 

2 mm, which exludes most of them from entering the biochar pores. This gives biochar the role of 

refuge zone for MHB, PSB and mycorrhizal fungi (Ezawa et al., 2002; Warnock et al., 2007). 

However, the extraradical part of the fungal mycelium is not protected by the biochar pores, 

whereas the finer mycelium part (hyphae) has access to the small biochar pores. This finer 

mycelium is the part of the fungi that is the most vulnerable to soil predators (Klironomos and 

Kendrick, 1996). The pore size of biochar is determined by both the structure of the biological 

material that is used to produce the biochar, and by the charring temperature. A higher 

temperature results in finer pores. The importance of biochar as refuge zone is thus dependent on 

the extent to which the hyphae can be protected by the biochar pores, and the extent to which the 

protected part contributes to nutrient uptake (Warnock et al., 2007).  
 

Also on biological nitrogen fixation, biochar seems to contribute positively, which gives biochar the 

potential to improve N-input in agricultural systems. Rondon et al. (2007) found an increase in the 

proportion of N fixed in common beans (Phaseolus vulgaris L.) from 50 to 72%, with 90g biochar 

per kg of soil.  
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Several studies found an increased nodulation and positive effects on Rhizobium inoculants on soils 

with biochar (Lal and Mishra, 1998; Sylvester-Bradley et al., 1980). However, detailed information 

on interactions of biochar-rich soils and BNF has not been published. The main hypotheses for a 

higher biological nitrogen fixation in biochar-rich soils are: 
 

 A decreased N availability because of the higher C/N ratio of biochar (Glaser et al., 2002).  

 An increase in the availability of B, Mo and P, and an increased pH (Lehmann et al., 2003) 

 A greater mycorrhizal infection, enhancing N2 fixation due to the improved P-uptake by the 

plant roots (Saito and Marumoto, 2002). 

 
However, it can not be assumed that biochar additions will always result in positive effects on 

mycorrhizal functioning and plant growth, even though few negative effects have been reported. It 

is important to know as much details as possible about the applied biochar, to facilitate comparisons 

between studies. Further research about influence of management on biochar and AMF interactions 

is needed, as well as data on AMF species composition in relation to mycorrhizal functioning 

(Warnock et al., 2007).  

 

2.2.3 The role of faba beans in legume-cereal rotations 
 
Crop rotation is the successive planting of crops on the same land, to enhance soil fertility and crop 

yield. Faba bean is of great importance in cereal-legume rotation systems in southwestern Ethiopia, 

where it is used as a break crop for wheat, teff or maize (Ammanuel et al., 2000). It has the 

potential to enhance N and P nutrition of cereals when grown in rotation (Habtemichial et al., 2007; 

Nuruzzaman et al., 2005). Moreover, it decreases diseases and weeds through diversification of the 

system, reduces the consumption of fossil energy, ameliorates the soil structure by stabilizing soil 

aggregates, increases available soil water and provides protein rich food (Agegnehu et al., 2008; 

Garofalo et al, 2009; Jensen et al., 2009; Jemo et al., 2006; Kirkegaard et al., 2008; Peoples et al., 

2009a; Peoples et al.,  2009b; Rochester et al., 2001). 

 

During the growth of faba bean, a high amount of N2 is fixed, often resulting in a positive N balance 

when plant residues are incorporated in the soil after grain harvest. Net N gains due to residue 

incorporation of about 84 kg N ha-1 have been reported (Amanuel et al., 2000, Maidl et al., 1996). 

Growing legumes and incorporating the residues has two main merits: the legume is produced 

without fertilizer inputs (nitrate sparing by the legume), and because of mineralization of the 

legume residues, the consecutive cereal can be grown without or with a reduced amount of 
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fertilizers (Ammanuel et al., 2000; Evans et al., 1991; Shah et al., 2003). Several studies reported 

savings of up to 100-200 kg N ha-1 in the amount of N-fertilizers applied to cereals following faba 

beans (Jensen et al., 2009). Yield increases up to 20% were found by Kirkegaard et al. (2008). 

Habtemichial et al. (2007) obtained grain yield increases of 36% in the faba bean-wheat rotation 

compared to a barley-wheat rotation. In addition, legume residues improve the soil fertility, reduce 

wind and water erosion and prevent nutrient run-off and leaching (Bakht et al., 2009; Shah et al., 

2003).  

 

In low-input systems of less developed countries, plant residues are often removed from the field to 

use as animal feed. In order to change these practices, farmers need to be convinced that plant 

residues have more benefits when used as source of nutrients (Bakht et al., 2009; Giller, 2001). 

Introduction of legumes in intensive N-fertilized cereal rotation systems reduced energy use, global 

warming potential and environmental pollution. Nevertheless, one should also consider possible N-

losses from the N-rich plant residues to the environment due to rapid mineralisation. This can be the 

case when N supply is not synchronized with N demand of the crop (Köpke and Nemecek, 2010; 

Peoples et al., 2009b). However, N benefits from legumes compared to N-fertilizers, are small for 

intensive cereal production systems, but significant in low-input subsistence farming systems 

(Köpke and Nemecek, 2010; Sanginga, 2003; Shah et al., 2003).  
 
 

2.2.4 Contribution of legume-cereal rotations to sustainable agriculture 
 
Sustainable agriculture refers to an agricultural system where ressources are carefully managed to 

satisfy changing human needs, with respect to protection of the environment and preservation of 

ressources for future generations (Bohlool et al., 1992). Soils in the tropics are generally highly 

weathered, with a low capacity to retain nutrients and water, a low aggregate stability and a low 

organic matter content. Suitable crop rotations and retention of plant residues are good practices to 

improve long term soil fertility (Boddey et al., 1996). This makes the legume-cereal rotation in the 

Ethiopian highlands a good example of sustainable management. With low inputs, soil fertility is 

enhanced and future production on these soils is secured.  

 

Intensive agricultural systems are characterised by a high N fertilizer input, of up to 50 % of the 

total energy input per hectare (Köpke and Nemecek, 2010). N fertilizer is known to have a very low 

input efficiency and a high risk of environmental pollution (Bohlool et al., 1992). One of the 
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agricultural principles is that chemical nutrients, removed by crops, must be replenished. For 

nitrogen, this means that the amount of N removed by crops needs to be replaced by N fertilizers or 

N derived from atmospheric nitrogen fixation (Peoples et al., 1995). Peoples et al. (2009b) 

compared the main benefits and problems related to N fertilizer inputs with those resulting from 

biological nitrogen fixation (Table 2.1).  

 

Table 2.1 Potential benefits and risks of using N from fertilizers or N2 fixing legumes for crop production 
(Peoples et al. 2009b) 

  

It is clear that N from biological nitrogen fixation has a lot of ecological and energetic advantages 

compared to fertilizer N. Therefore, legume-cereal rotation is good practice for sustainable 

agriculture (Crews and Peoples, 2004).  
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3 Materials and methods 
 

3.1 Introduction to the research project 
 
This thesis research is part of the Institutional University Cooperation (IUC) project between 

different Flemish Universities and Jimma University (JU) in Ethiopia, under the umbrella of the 

Flemish Interuniversity Council (Vlaamse Interuniversitaire Raad – Universitaire 

Ontwikkelingssamenwerking, VLIR-UOS). The IUC-JU project focuses on the impact of the Gilgel 

Gibe hydro-electric dam (with a reservoir covering 63 km2 and a capacity of 183 MW), on human 

and animal health, agronomy and ecology. Different research disciplines were established, of which 

the Soil Fertility Project is one. The overall research objectives of the research are to select N-and 

P-efficient faba bean varieties for different locations of the Gilgel Gibe catchment area, covering an 

area of 5500 km² in South-West Ethiopia (Figure 3.1). Good yielding faba bean varieties that have 

in addition a high nitrogen fixation potential, are possible soil fertility enhancers for this region. 

During the first years of the project (2007-2009), several field experiments have been established: 

 
In the 2007/2008 cropping season, a field experiment for the first phase of the research project was 

carried out, involving a local faba bean variety and 15 faba bean varieties obtained from the Holetta 

agricultural research center, the breeding center for faba beans in Ethiopia. These varieties were 

selected for the highlands (2300-3000m) and mid altitude areas (1900-2300m) of Ethiopia. The 

experiment was carried out in randomized complete block design (RCBD) with three replicates at 

Ela-Dale (Jimma) and Dedo. The faba bean varieties were evaluated for yield and adaptation to the 

acidic soils of the region in order to select the best performing varieties for further use in soil 

fertility management practices. Six high yielding faba bean varieties (CS20DK, Degaga, Moti, 

Gebelcho, Obse and Walki) have been selected in 2008 (Table 3.1).  

Table 3.1 Main characteristics of the 6 selected faba bean varieties  

Variety  
name 

Days to 
flowering 

Days to 
maturity 

Grain yield 
potential         
(kg ha-1) 

Adaptation zone 
(m a.s.l.) 

CS20DK 57-67 145-160 1500-3000 2300-3000 
Degaga 45-62 116-135 2000-4500 1800-3000 

Moti 43-65 108-165 2300-3500 1800-3000 
Gebelcho 51-69 103-167 2000-3000 1800-3000 

Obse 43-65 87-166 2100-3500 1800-3000 
Walki 49-61 133-146 2000-4200 1800-2800 
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In Dedo, a second project phase field experiment with 6 selected faba bean varieties was carried out 

in 2009. The objective was to select the 2 or 3 best faba bean varieties for that specific location in 

terms of  biological nitrogen fixation, yield parameters and phosphorus use efficiency. From this 

experiment the varieties Degaga, Moti and Obse have been selected as best performing faba bean 

varieties.  

 

Further experiments, as a part of this master thesis research, were conducted in 2010 on 

experimental fields at two different locations, Dedo and Dimtu, in the Gilgel Gibe catchment area 

(Figure 3.1).  

 
Figure 3.1 Location of the Gilgel Gibe catchment area in Ethiopia and location of the research sites in 2010 
(Dedo and Dimtu) in the Gilgel Gibe catchment area (Kefelegn, G. The geography site, 2010 + processing 
Broothaerts (2010) + own processing).   
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3.2 Study sites and experimental design 
 

3.2.1 Dedo 
 
Dedo is located in South-West Ethiopia at 7°28’48” latitude and 36°52’19” longitude (Figure 3.1). 

The region has an average yearly rainfall of 1920,4mm (data from 1975-2007). The mean annual 

temperature is 20.2°C. Three farmer’s fields, in Geshe and Gerima Lemessa (Dedo), were selected 

for faba bean experiments. The fields are located at an altitude of 2187m, 2179m and 2162m a.s.l. 

The soil was classified as Nitisols (FAO Soil classification). Land preparation of the agricultural 

fields consists of partial burning and ploughing. The land has been continuously cultivated with a 

wheat, potato, teff and faba bean cropping system.  

 

On July 23 and 25, 2010, the 3 selected faba bean varieties (Degaga, Moti, Obse), were sown at the 

three agricultural fields to evaluate biological nitrogen fixation, P-use efficiency, yield and 

contribution to soil fertility in relation to sequencing cereals.  

 

The field experiments were carried out in split plot with 3 replications and 2 factors: the faba bean 

variety and P fertilizer. The three experimental fields each have a dimension of 18.75m x 15m, from 

which the main plot, with a surface of 60m2 (15*4), received the factor variety at three levels and 

from which the subplots, with a dimension of 3m x 4m, received the factor P fertilizer at four levels.  

 

The faba bean seeds have been sown by broadcasting at the rate of 200kg grains ha-1, in order to 

simulate farmer practices. The fertilizer treatment was 0, 10, 20 or 30 kg orga-P ha-1. Orga-P, which 

contains 10%P and 1%N, is a local fertilizer, manufactured from organic ressources, sold to local 

farmers at affordable prices. The fields include a border crop (wheat), a reference crop (wheat) and 

a subplot with a local faba bean variety. The local faba bean subplot represents the farmer’s usual 

practice during the whole experiment.  

 

At plant flowering, biological nitrogen fixation and root parameters were measured (see further). At 

maturity, yield parameters were measured (see further). After harvest of the faba bean pods 

(November 2010), the remaining plant material was incorporated in the soil, to serve as green 

fertilizer. This is the case for each subplot, except the one with the local faba bean variety. In this 

subplot, the plant residues were taken away by the farmer for use as animal feed, which is common 
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practice in the region. The soil of this subplot is used as a reference, since there will be no 

mineralisation of faba bean material. In June 2011, the fields will be ploughed and wheat will be 

sown on all subplots to characterise the positive yield effect of faba bean residues on the cereal 

yields. 

 

3.2.2 Dimtu 
 
Dimtu is located at 1791m a.s.l. in South-West Ethiopia at 2° 45' 16" latitude and 42° 17' 53" 

longitude (Figure 3.1). The region has an average yearly rainfall of 1431.8mm (data from 1982-

2007). Detailed information about annual temperatures in Dimtu is not yet available. In Dimtu, the 

project is still in the phase of selecting three best faba bean varieties out of six varieties, which has 

already been done for Dedo in 2009. One agricultural field was selected for this faba bean 

experiment. The soil was classified as Nitisol (WRB Soil classification).  

 

In Dimtu, the 6 faba bean varieties that were selected in 2008, have been planted on August 2, 2010, 

on one experimental field, using a RCBD with 3 replications, 2 treatments (faba bean variety and P 

fertilizer application) and wheat as a reference crop in each replication (Figure 3.2). The faba bean 

seeds have been sown in 4 rows for each plot. The fertilizer treatment was 0 kg P ha-1 or 30 kg P ha-

1, with P as triple super phosphate (TSP) (3Ca(H2PO4)2, 17-23%P). Starting from 2 weeks after 

emergence of the faba beans, nodulation counting was carried out, and this was repeated every 2 

weeks. At flowering, root samples were taken. About 10 weeks after emergence, all faba bean 

plants showed severe growth problems. The plants died and the experiment was finalized at late 

flowering stage. Reasons for the uncompleted growth cycle were investigated.  
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Figure 3.2 Experimental field at Dimtu, with 3 replications and wheat as a reference crop  

 

3.2.3 Project overview 
 
A general overview of the different phases in the research project, carried out in Dedo and Dimtu, is 

given in Figure 3.3. The reason why in 2010, for Dedo three experimental fields were used and for 

Dimtu only one, is thus the de-phasing in the research. In Dedo the project is in the third phase, 

while for Dimtu in 2010 the second phase still needed to be completed. 

 
PHASE 1: Selection of 6 faba bean varieties out of 15 varieties at Dedo and Ela-Dale in 2008  

CS20DK, Degaga, Moti, Gebelcho, Obse and Walki have been selected 

↓ 
PHASE 2: Selection of 3 best faba bean varieties out of 6 in terms of P-uptake and BNF  

Dedo: completed in 2009 (Moti, Obse and Degaga have been selected)  

Dimtu: carried out in 2010 

↓ 
PHASE 3: 3 selected varieties at different P fertilizer levels, and wheat/teff rotation effects.  

Dedo: carried out in 2010  

Dimtu: 2011/2012 

Figure 3.3 Overview of the different project phases  
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3.3 Soil analysis 
 

3.3.1 Soil sampling and collection 
 

Soil from the Dimtu agricultural field was collected on the 1st of September 2010 for detailed 

chemical analysis at Ghent University. For each replicate, samples from different depth layers, 0-

10, 10-20 and 20-30cm, were taken. Within each replicate and for each depth layer, 9 soil samples 

were taken and mixed to one representative soil sample for that depth layer. For every replication in 

the field experiment, 9 bulk soil samples (0-20cm) were taken and mixed to one representative bulk 

soil sample per replication.  

 

At Dedo, soil samples were collected from each of the 3 fields. Per plot of a field, three bulk soil 

samples (0-20cm) were collected at different places and mixed to get one representative bulk soil 

sample for that plot, so three bulk soil samples for each field in Dedo. Soil samples from different 

depth layers were not taken in Dedo, since this has been done in an earlier phase of the project. 

 

All soil samples were air dried and sieved at JUCAVM and shipped to Ghent University. In the 

ISOFYS laboratory, soil samples were sieved trough a 2mm sieve for further analysis. Samples 

from the different depth layers from Dimtu were used for a detailed soil analysis regarding particle 

size, CEC and exchangeable bases. Bulk soil samples were used to determine general physical and 

chemical soil properties related to soil fertility. 

 

3.3.2 Soil pH 
 
 
The pH of the soil samples was measured with both the KCl and H2O method (Reeuwijk, 2002). 

For the KCl method, 25 mL of 1N KCl solution was added to 10g of soil, the solution was stirred 

and after 10 minutes, the pHKCl was measured by immersing the electrode in the solution. For the 

H2O method, 50 mL of deionized water was added to 10g of soil. The solution was stirred and left 

for 18h to rest. Then, the soilsuspension was stirred and an electrode was used to measure the 

pHH2O. 
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3.3.3 Particle size, CEC and exchangeable bases  
 
Analysis of the soil samples for partcile size, CEC and exchangeable bases was done at the 

laboratory of Prof. E. Van Ranst, Faculty of Sciences, Ghent University. Particle size detemination 

was done with the pipette method (Day, 1965), which separates the main sand (63-2000 μm), silt 

(2-63 μm) and clay (<2 μm) fractions in a soil sample. Gravel (>2 mm) was separted from the 

smaller soil particles by sieving and the percentage sand in the samples was isolated by wet sieving. 

Silt and clay contents of each sample were determined by using a pipette, measuring the actual 

percentage by weight of each particle size class, a settling method based on Stoke’s Law. Cation 

exchange capacity (CEC) and exchangeable bases (Ca, Mg, Na, K) were determined by the neutral 

(pH 7) 1M ammonium acetate (NH4OAc) method (Reeuwijk, 2002). The soil samples were 

percolated with ammonium acetate and the exchangeable bases were measured in the percolate. The 

samples were then percolated with sodium acetate, by which excess salts are removed and adsorbed 

sodium is exchanged by percolation with ammonium acetate. The sodium in the percolate is then a 

measure for the CEC.  

 

3.3.4 Total carbon and nitrogen content 
 
The soil samples were analyzed for total carbon (TC) and nitrogen (TN) content with the Elemental 

Analyzer-Isotope Ratio Mass Spectrometry (EA-IRMS) (20-20, SerCon, Crewe, UK) in the 

ISOFYS laboratory. Ideal sample weight for TN and TC analysis was determined by comparing 

indicative C:N ratio with the standard C:N ratio (40: 1.75). The soil samples were weighed in tin 

cups and introduced into the EA-IRMS.  

 

3.3.5 Phosphorus content 

3.3.5.1 Total phosphorus 
 
The wet acid digestion procedure, developed by Bowman (1988) was used to determine total P (PT) 

in the soil. A 0.5g soil was digested by sequential addition of concentrated H2SO4, H2O2 and HF. 

The solution was filtered through Whatman no. 5 filter paper and 5mL of the filtrate was pipetted 

into a 50mL volumetric flask, containing 15mL deionized water (DI, water that has had its mineal 

ions removed). The aliquot was neutralized by adding drops of 4 M NaOH and 0.25 M H2SO4, with 

p-nitrophenol as indicator. Colourimetric determination of orthophosphate concentrations was done 

through blue colour development due to reduction of a phosphoantimonylmolybdenum complex by 
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ascorbic acid (Murphy and Riley, 1962). Absorbance was measured at 882 nm with a UV/VIS 

spectrophotometer (Manual UV 1205 spectrophotometer, Shimadzu, Australia) and total P 

concentrations (mg P kg-1 soil) in the soil samples were derived from the calibration curve.  

3.3.5.2 Plant available phosphorus 
 
The plant available P fraction in the soil samples was determined using the Bray I method (Bray 

and Kurtz, 1945). Two g of soil was mixed with 14mL extracting solution Bray I, containing 0.03 

M NH4F and 0.025 M HCl. The solution was shaken for 1 minute and filtered through Whatman no. 

5 filter paper. 1 mL of the sample was pipetted into a test tube and 2 mL boric acid as well as 3 mL 

mixed reagent was added. Solutions were left for about 1 hour to develop the blue colour. 

Absorbance was measured at 882nm with a UV/VIS spectrophotometer and plant available P 

concentrations (mg P kg-1 soil) in the soil samples were derived from the calibration curve.  
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3.4 Plant parameters 

3.4.1 Nodule assessment 
 
At Dimtu, nodule assessment of the faba beans was carried out every two weeks, starting from 14 

days after emergence. For every plot with faba beans, 2 plants from the outer rows, so 4 plants for 

each plot, were uprooted and the plant roots carefully washed in water. Nodule parameters on each 

plant were scored according to Desta and Angaw (1988). 

 Nodule number 

For every selected plant, the number of nodules on the roots was counted.  

 Nodule colour inside 

The colour inside of the nodules was evaluated using a 4-point scale: 1= white, 2= light 

pink, 3= slightly dark red, 4= deep dark red.  

 Nodule position on the plant roots 

The position of the main number of nodules on the plant roots was evaluated using a 4-point 

scale: 1= when most of the nodules are situated on the top (crown) of the root, 2= when most 

of the nodules are situated on the middle part of the root, 3= when most of the nodules are 

situated on the lower part of the root, 4= when most of the nodules are situated on the lateral 

or secondary roots.  

 
For the experimental fields in Dedo, nodule assessment was measured at late flowering. For every 

field, 5 faba bean plants from the inner part of each subplot were uprooted. Roots were carefully 

washed in water. Because of the very high density of nodules (Figure 3.4), plant roots were taken to 

the laboratory at JUCAVM for nodule counting. For the Dedo experimental fields, following 

parameters have been measured on the nodules: 

 Nodule number 

Nodules were removed from the roots and nodules per root were counted.  

 Nodule colour inside and nodule position on the plant roots (See above) 

 Nodule fresh weight 

Nodules of roots from the same subplot were weighed together. 

 Nodule dry weight 

Nodule dry weight for roots from the same subplot was determined after 48h drying at 70°C 

in the oven. Nodules were pounded in the mortar, packed and transported to Ghent 

University for N and P analysis.  
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Figure 3.4 Roots of faba bean plant for nodule assessment, Dedo  

 

3.4.2 Root parameters 
 
Root samples from the Dimtu experimental field were taken at flowering. Five plants from the inner 

2 rows of each plot were randomly chosen and uprooted. Roots were brought to the soil laboratory 

of JUCAVM, where they were carefully washed in tap water and air dried before weighing the root 

fresh weight (RFW). Roots from the same plot were weighed together in a paper bag. Paper bags 

with the roots from each plot were oven dried at 70°C for 48 hours. Thereafter, the dry weight was 

measured (RDW). For Dedo, 5 randomly chosen plants from the middle part of each subplot were 

uprooted at late flowering stage. Root fresh weight and root dry weight was determined analogously 

as for Dimtu roots. All roots were ground, packed and transported to Ghent University for N and P 

analysis.  

3.4.3 Shoot parameters 
 
On the Dimtu field, 5 shoots from the inner 2 rows were randomly chosen and taken to the soil 

laboratory of JUCAVM, where fresh weight (SFW) was measured. After 24h oven drying at 70°C, 

dry weight (SDW) was measured. In Dedo, shoots (including leaves, flowers and pods) from 5 

randomly chosen plants per subplot were collected together and transported to JUCAVM soil 

laboratory, where total fresh weight per subplot was measured. The shoot samples were air dried in 

the lab for 48h and oven-dried for 24h at 70°C and their dry weight was measured. Shoots were 

ground, packed and transported to Ghent University for plant N and P analysis (see further).  
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3.4.4 Yield parameters 
 
Faba beans from the Dedo experimental fields were harvested in the beginning of November 2010. 

All pods from 1m2 in the center of every subplot, which contains on average 20 plants, were 

harvested. Since an equal amount of seeds per plot was used at sowing, and germination rate is 

about 98%, number of plants per m2 do not differ significantly from 20. Grains were separated from 

pods and both were dried separately in the oven at 70°C for 48h. They were ground and packed for 

transport to Ghent University, where N analysis was performed. Wheat plots were harvested at the 

same time and in the same way as the Dedo faba beans for yield measurements. They were dried in 

the oven for 48h at 70°C. Wheatgrains as well as whole wheat plants were ground and transported 

to Ghent University. Faba beans at the Dimtu field did not develop grains due to the sudden wilting 

of the plants at late flowering stage (see above). Wheat plots from Dimtu were harvested on the 29th 

of October 2010. Drying and grinding was done the same way as for Dedo wheat samples. 
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3.5 Plant analysis  
  

3.5.1 Total nitrogen content 
 
At the ISOFYS laboratory at Ghent University, all plant samples (nodules, roots, shoots, pods and 

grains) were analysed for total nitrogen (TN) by the Elemental Analyzer-Isotope Ratio Mass 

Spectrometry (EA-IRMS), analogous as for soil samples (paragraph 3.3.4).  

 

3.5.2 Phosphorus content 
 
Total phosphorus content in the plant samples was determined by the dry-ashing procedure of 

Chapman and Pratt (1961) with slight modifications by Ryan et al. (2001). Plant samples of 0.5 g 

were ashed in porcelain crucibles for 5 hours at 550°C. The ash was dissolved in 5 mL 2 N HCl and 

milli-Q water (water that has been purified and deionized to a high degree) was added until a 

volume of 25 mL was reached. The solution was filtered through Whatman No. 5 filters. The filtrate 

was analysed for P content with the Auto Analyser (Autoanalyzer 3, Bran+Luebbe, Norderstedt, 

Germany). The P concentration (PC) was expressed in mg P g -1 dry weight and %P per plant part. 

The total P uptake (TPU) and P utilization efficiency (PUTE) were calculated as: 

 

Total P uptake (mg P) =  

P concentration in the dry biomass (mg P g-1 dry plant material) x dry weight of the biomass (g)       (Eq. 3.1) 

 

 

Phosphorus Utilization Efficiency (g dry plant material mg -1 P) =  

Dry weight of the biomass (g) / total P uptake (mg P)                         (Eq. 3.2) 
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3.5.3 Nitrogen yield and biological nitrogen fixation  
 

3.5.3.1 Nitrogen yield  
 
After determination of  total N in the plant samples, the nitrogen yield and the distribution of 

nitrogen in the different parts (nodules, roots, shoots, pods and grains) of faba bean plants was 

calculated. The amount of nitrogen in e.g. the shoots (N yield for the shoots) was calculated as: 

 

Shoot N yield (g) = (Shoot dry weight) (g) x  (%N) /100                                              (Eq. 3.3) 

 
The total N yield was calculated as: 

 

Total N yield (g) =  

Nodule N yield (g) + Root N yield (g) + Shoot N yield (g) + Pod N yield (g) + Grain N yield (g)       (Eq. 3.4) 

 
 

The distribution of N in the different plant parts, e.g. % of total N present in the shoot, could then be 

calculated as: 

 

% of total N in the shoot  = 100 x  Shoot N yield (g) / Total N yield (g)               (Eq. 3.5) 

 

3.5.3.2 Nitrogen Difference Method 
 
The Nitrogen Difference Method, used for calculation of the amount of N2 fixed by a legume, is 

based on the comparison of a legume and a non N2-fixing reference plant. The N yield of the 

legume, here the faba bean, is composed of N derived from the soil and N derived from the 

atmosphere, whereas the N yield of wheat as reference plant, is derived from the soil only (Peoples 

et al., 2009c). Assuming that the legume assimilates the same amount of soil mineral N as the 

reference plant, the amount of N2 fixed can be calculated by substracting the N yield of the 

reference plant from the N yield of the legume: 

 

N2 fixed (g) = (legume DM x %N x 100) – (reference DM x %N x 100)                      (Eq. 3.6) 
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The method is simple and cheap but errors may occur due to different capacities of exploiting soil N 

between the legume and the reference plant, because of their species-own root morphology and 

rooting depth (Boddey et al., 1984; Chalk, 1998).  

 

3.5.3.3 15N Natural Abundance Technique 
 
Other techniques for BNF measurements include the 15N Isotope Techniques. Nitrogen has two 

main stable isotopes, 14N and 15N, of which 14N is naturally more abundant. The isotopic abundance 

of 15N is usually expressed as % of total N (atom% 15N) (Peoples et al., 2009c):  

 
Atom % 15N = [15N / (14N + 15N)] x 100               (Eq. 3.7) 
 

In atmospheric N2, the 15N isotope occurs at a constant abundance of 0.3663 atoms%, which is used 

as an international standard (Högberg, 1997). Natural variations in 15N abundance are expressed in 

δ-units, with δ15N as the sample natural abundance expressed as parts per thousand (‰), relative to 

atmospheric N2 (Mariotti, 1983): 

 

δ15N  (‰) =  1000 x [(15N / 14N)sample - (15N / 14N)standard ] / (15N / 14N)standard        (Eq. 3.8) 
 

The natural abundance of atmospheric N2 has by definition a δ15N value of 0‰. The 15N abundance 

in soils is often higher than in atmospheric N2, because of the fractionation between 14N and 15N 

during soil N transformations. However, the total N value of soil and hereby its δ15N value, is not 

representative for the δ15N of the plant available N in the soil. Therefore, the δ15N value of soil 

mineral N is determined from analysis of a non N2 fixing reference plant. These reference plants 

only rely on soil mineral N for their growth and can then be compared with a N2 fixing legume, 

which uses both soil mineral N and N derived from the atmosphere. The percentage of plant-N, 

derived from atmospheric N2 (%Ndfa), can then be calculated based on 15N measurements of the 

legume and the reference plant (Peoples et al., 2009c): 

 

%Ndfa = 100 x (δ15Nreference plant - δ15Nlegume) / (δ15Nreference plant - B value)            (Eq. 3.9)  
 
Where the B value is the 15N content of a legume fully dependent on N2 fixation for growth. A B-

value of -0.50‰ was used, presented by Unkovich et al. (2008) as average B value for faba beans. 



Chapter 3: Materials and methods 

 31 

Figure 3.5 shows the 15N abundance as part of the total N in the atmosphere, in the soil and in plants 

used for %Ndfa calulations. 

 

Figure 3.5 15N abundance as a part of the total N (14N + 15N) for 3 plants: Left: N2 fixing plant in nitrogen 
free soil, uses only atmospheric N2 for growth and has thus a low 15N abundance. Right: Non-fixing plant, 
fully dependent on soil mineral N and thus having a higher 15N abundance in its plant material. Middle: N2 
fixing plant, combining atmospheric N and soil mineral N for growth.  Both the left and right plant are used 
to estimate the contributions of soil mineral N and atmospheric N2 to the growth of this N2 fixing test plant 
and to assess the significance of atmospheric nitrogen fixation (based on Peoples et al., 1989). 
 

The amount of N2 fixed by the legume is then: 

 

Amount of N2 fixed (kg ha-1) = (legume N yield in kg ha-1) x (%Ndfa) x 100        (Eq. 3.10) 
 

Isotope techniques are expensive (cost of a mass spectrometer) and the issue of choosing a 

representative reference plant is similar to that for the nitrogen difference method. Reference plants 

are assumed to rely only on soil mineral N for growth and use soil pools of identical 15N 

concentrations as the legumes. However, these methods provide a time-integrated estimate of 

%Ndfa, from sowing until harvest (Unkovich et al., 2008). 
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3.6 Pot experiments  
 
Some 80kg bulk soil was collected from both Dedo and Dimtu. In Dedo, the soil was collected 

from the agricultural field where 6 varieties of faba beans have been tested in 2009 and where teff 

was growing at time of soil collection. To collect bulk soil, the teff was removed and some 20kg 

soil was taken from the top layer (0-20cm). This was repeated 4 times at different locations in the 

field. In Dimtu, 80kg bulk soil was collected from the experimental field where the 6 faba bean 

varieties were growing in 2009. The soil was brought to the greenhouse at JUCAVM, where it was 

sieved, air dried and packed for transport to Ghent University.  

 

3.6.1 Preliminary pot experiment 
 
Two faba bean cultivars, Walki and Selale, were grown in pots with soil from Dedo and Dimtu, with 

3 replications. The objective was to identify optimal greenhouse conditions and assess nodule 

development. Due to problems with soil compaction, root rot, light deficiency and spider mite, there 

was no nodule development and the preliminary greenhouse experiment was finalized 2 months 

after planting date. 

 

3.6.2 Final pot experiment 

3.6.2.1 Design 
 
A final pot experiment was conducted to evaluate the effect of site on the performance of faba bean 

varieties. The soil from Dedo and Dimtu, used for this pot experiment, was analysed for physical 

and chemical characteristics in the ISOFYS laboratory and in the laboratory of Professor E. Van 

Ranst, Faculty of Sciences, Ghent University, with the methods described earlier. Results of this 

analysis were the basis for the design of the final pot experiment.  

 
A liming treatment was designed for the Dimtu soil. The required amount of CaCO3 per pot, to 

reach a pH of 6 for optimal P availability (= target pH) and improved plant growth (Alley and 

Zelazny, 1987; Lathwell and Reid, 1984), was calculated with the current soil pH and the 

exchangeable acidity (Crozier and Hardy, 2004): 

 

Lime (ton acre-1) = Exchangeable acidity x (target pH – current pH) / (6.6 – current pH)        (Eq. 3.11) 
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Exchangeable acidity, the acidity released upon exchange by an unbuffered KCl solution, was 

determined by the method described by Reeuwijk (2002). Ten g soil was percolated with a 1 M KCl 

solution and exchangeable acidity (cmolc kg-1 soil) was determined by titration with 0.025 M 

NaOH. This resulted in a value of 0.21 cmol kg-1 soil. The required amount of lime to reach the 

target pH of 6 for optimal P availability was then 0.37 kg CaCO3 m-2. Conversions to grams CaCO3 

per kg soil in a pot was done by using an average bulk density for A horizons of Nitisols (1.3g cm-3) 

and a soil depth of 20cm. This resulted in a required amount of 1.4g CaCO3 per kg of soil. This 

amount was carefully mixed with 1kg of soil for pots indicated as receiving liming treatment (+L). 

 
A P fertilizer treatment (+P) was applied for Dedo and Dimtu. P fertilizer recommendations for 

southwestern Ethiopia report values of 20-30 kg P fertilizer ha-1. When using P fertilizers with 

about 23% P (such as diammonium phosphate, DAP), this is converted to 0.575 g P m-2. Using 

KH2PO4 as a P source in the pot experiment and conversion to mg P needed per kg of soil, resulted 

in an addition of 9.09 mg of KH2PO4 for each P fertilized pot. This amount was dissolved in 

deionized water (DI) and mixed with the soil.  

 

A biochar treatment was included to assess effects of biochar on nutrient availability in the soil. A 

relative small dose of biochar was used, in order to avoid too high carbon levels, but still aiming an 

effect on the soil. A biochar dose of 5g per kg of soil (i.e. a rate of 13 tons ha-1) was chosen. The 

biochar was ground in a mortar and the dose was added to pots indicated as receiving biochar 

treatment (+B). For Dedo soil, this increased the %C in the soil with 11%, for Dimtu with 23%. 

Chemical parameters of the biochar were analysed at ILVO (Instituut voor Landbouw en Visserij 

Onderzoek), Merelbeke. Determination of nitrate (NO3-N) and ammonium (NH4-N) was done by 

extraction with potassium chloride (KCl). Plant-available nutrients (Fe, K, Mg, Ca, Mn, Na and P) 

were determined by extraction with ammonium lactate and measured with an inductively coupled 

plasma optical emission spectrometer (ICP-OES). Biochar physical and chemical characteristics are 

given in Table 3.2. 
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Table 3.2 Physical and chemical characteristics of biochar used in the pot experiment 

Starting material Common reed (Phragmites australis) 
Carbonisation temperature 600°C 

N (%) 0.6 
C (%) 73.7 

NO3-N (mg kg -1 DM) < 0.5 
NH4-N (mg kg -1 DM) 4.9 

pHKCl 6.9 
Fe (mg 100g -1 DM) < 9.2 
K (mg 100g -1 DM) 171.2 

Mg (mg 100g -1 DM) 16.9 
Ca (mg 100g -1 DM) 116.1 
Mn (mg 100g -1 DM) 4.2 
Na (mg 100g -1 DM) 80.0 
P (mg 100g -1 DM) 15.1 

 
 

The faba bean varieties Moti and Gebelcho were chosen for this final pot experiment. In earlier 

experiments, these varieties showed interesting characteristics for the future of the research project. 

Moti seemed to be suitable for farming systems where little or no fertilizer is used, due to its high P 

utilization efficiency. Gebelcho showed a high response to P fertilizer application, which makes this 

variety suitable for areas where farmers have access to P fertilizers.  

 

Overall research questions for this final pot experiment were: 

 

 Whether liming on Dimtu soils could have a positive effect on the P uptake of the faba bean 

plants and plant biomass, and whether P fertilizer makes a difference. 

 Whether biochar improved P uptake or plant biomass of faba bean plants in both soils. 

 Whether there is a difference between the 2 chosen faba bean varieties for all treatments. 

 Whether there is a clear difference in plant performance for the different soils. 

 
The design of the final pot experiment is shown in Figure 3.6 for Dimtu and Figure 3.7 for Dedo. 

Every treatment had 4 replications, which results in a total of 32 pots for Dedo and 64 pots for 

Dimtu.  
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Figure 3.6 Treatments for the Dimtu soil in the final pot experiment: Variety (Moti or Gebelcho), P fertilizer 
(+P or –P), liming treatment (+L or –L) and biochar treatment (+B or –B). A ‘+’ indicates that the treatment 
is applied to the group of pots, a ‘–’ means that the treatment is not applied to that group of pots. 
 

 
Figure 3.7 Treatments for the Dedo soil in the final pot experiment: Variety (Moti or Gebelcho), P fertilizer 
(+P or –P) and biochar treatment (+B or –B). A ‘+’ indicates that the treatment is applied to the group of 
pots, a ‘–’ means that the treatment is not applied to that group of pots. 

 
For every pot, 1 kg of soil was mixed with the assigned treatments and some 10 mL water was 

added. Pots were left for 1 week to restore biological activity. Seeds were surface sterilized by 

gently shaking in 70% ethanol for 2 minutes, then immersing for 10min in 1% bleach and rinsing 3 

times in sterile water. Two seeds per pot were planted. Plants were grown in a growth chamber with 

a constant temperature of 24°C and a 16h light regime. Ten days after planting, 1 of the 2 

germinated seeds per pot was removed.  

Dedo soil 

   Moti Gebelcho 

+ P + P  - P  - P 

+ B + B + B + B - B - B - B - B 

 Dimtu soil 

   Moti Gebelcho 

     + P + P   - P  - P 

+ L + L + L + L - L - L - L     - L 

  +B +B   +B +B +B +B   +B +B 

-B -B    -B    -B    -B -B    -B -B 
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3.6.2.2 Plant growth and disease assessment  
 
After 1 month of growth, at the beginning of flowering (Figure 3.8), necrosis of the leaves was 

observed, starting at the lower leaves of the plant and attacking the leaf from the leaf borders 

towards the stem.  

 
Figure 3.8 Faba beans in the growth chamber, 40 days after sowing, with disease symptoms visible on the 
lower leaves of the plants. 

 
As the disease symptoms appeared on all plants, one plant that showed many leaves with necrosis, 

necrosis at the stem base and vascular discolouration (Figure 3.9), was taken to the laboratory of 

Phytopathology, Ghent University. The shoot was cut into pieces of 1.0-2.0cm, sterilized in bleach 

for 1 min and rinsed 3 times with sterile distilled water. The shoot samples were placed on a 

medium of Water Agar (WA1) and on a medium of Modified Soil Extract Agar (MSEA2). MSEA is 

a special medium for quantification of Verticillium microsclerotia (Harris et al., 1993). A few days 

                                                
1 Water Agar is made by autoclaving a mix of 20g agar in 1L of deionized water . 
2 MSEA consists of: 0.1g MgSO4.7H2O, 1.7g KH2PO4, 4.0g K2HPO4, 0.002g FeSO4.7H20, 0.4g NaNO3, 0.1g KCl, 
24mL sterilized soil extract, 12g agar, 2g pectaat (P-3389), 1g NaOH and 1mL inbentin, made to 1L with deionized 
water. After autoclavation, 0.006g filter sterilized biotine and 0.05g oxytetracycyline, are added. 
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later, small pieces of the growing fungus colony were transferred to a Potato Dextrose Agar (PDA3) 

medium, in order to isolate and grow the fungus.  

 

  
Figure 3.9 Rot at stem base (left) and vascular discolouration in the stem (right) of a severly attacked plant. 
 
All plants were harvested after a 45 day growing period. During harvest, disease assessment was 

done with a scale. Leaves received a score from 0 to 3 when still attached to the plants and 4 when 

lost (Figure 3.10).  

 

 

           

      0    1       2          3 

Figure 3.10 Disease scale used at harvest. Leaves that fell down were given a score of 4. 

 
 

 

 
                                                
3 PDA medium is made by dissolving 39g potato dextrose agar powder in 1L deionized water. The medium is sterilized 
by autoclaving. 
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The disease index (%) per plant was then calculated as:  

 
Disease index (%) = 100 x (n0 x 0 + n1 x 1 + n2 x 2 + n3 x 3 + n4 x 4) / (n x 4)     (Eq. 3.12) 

 
With: n0: number of leaves scored as 0 

n1: number of leaves scored as 1 

n2: number of leaves scored as 2 

n3: number of leaves scored as 3 

n4: number of leaves scored as 4 

n: total number of leaves 
 
 

3.6.2.3 Biomass measurements 
 
At harvest, shoot fresh weight was measured and shoots were oven dried for 72h at 70°C, 

subsequently, shoot dry weight was measured. Shoots were ground for N, P and C analysis, which 

was done analogous to sections 3.5.1 and 3.5.2.  

 
Roots were lifted out of the soil and carefully washed in tap water. A nodule score (0-4) was given 

to each root, based on a visual observation of the number of nodules present. Roots without nodules 

were given a score of 0, roots with more than 50 nodules were given a score of 4. Root fresh weight 

was measured and a representative sample for mycorrhization study was collected from each plant 

and stored in 70% ethanol until further analysis was performed. Roots were dried in the oven for 

72h at 70°C. They were ground and analysed for N and P according to sections 3.5.1 and 3.5.2.  

 

3.6.2.4 Soil analysis 
 
At harvest, soil samples were taken from liming, biochar and liming+biochar treatments for Dimtu 

soil and from biochar treatments for Dedo soil. The pHKCl of the soil was measured to assess the 

effect of the plant growth with different treatments on the soil pH. Soil samples were taken from 

treatments without P fertilizer application. 
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3.7 Statistical Analysis 
 
Statistical analysis was performed using S-Plus statistical software (Version 8.0). For soil data 

analysis, Tukey honestly significant difference (HSD) tests (p<0.05) were used to test for 

significant differences in soil chemical and physical properties among soil depths, locations and 

treatments.  
 

For plant data analysis from field experiments, all parameters were analyzed by ANOVA models, 

using hierarchical model selection, to understand interaction and main effects of the different 

factors (P fertilizer and variety) on plant performance. By this technique, analysis starts from a 

saturated model, thus including all interaction and main effects (e.g. for field experiments: PxV + P 

+ V). Step by step, effects of the factors on a selected parameter are studied, starting with the 

highest interaction effects. When interaction effects are not significant, they are excluded from the 

model and main effects are studied. When a factor has a significant effect on a parameter, means of 

the factor levels are compared in order to know the specific levels of a factor that result in 

significant differences for the parameter. Multiple comparison of means was performed by the 

Tukey HSD test (p<0.05). Correlation between parameters was calculated (Pearson correlation 

coefficients). For the nodulation data from Dimtu, which were collected every 2 weeks, a linear 

mixed effect model was used, in order to take the time effect into account. For the Dedo field, plant 

parameters were first analyzed by ANOVA for P fertilizer factor at four levels (0, 10, 20 and 30 kg 

P ha-1) and for the variety factor at three levels (Degaga, Moti and Obse), thus excluding the local 

faba bean variety. This local variety did not receive any P fertilizer treatment. Thereafter, the three 

selected faba beans were compared to the local faba bean variety at the P = 0 kg P ha-1 level.  
 

For the pot experiment, the disease index was included in the ANOVA model, as the disease had an 

influence on plant performance. Thus, effect of factors (P fertilizer, variety, liming, biochar) could 

be analyzed while taking the effect of the disease into account. The initial model for Dimtu included 

then one 4-way interaction term (PxVxLxB), four 3-way interactions (PxVxL, PxVxB, PxLxB and 

VxLxB), six 2-way interactions (PxV, PxL, PxB, VxL, VxB and LxB), four main effects (P, V, L 

and B) and the disease factor (DI). The Dedo model was built in the same way, excluding the liming 

treatment. Hierachical model selection was then performed in the same way as for data from the 

field experiments.When comparing the effect of Dimtu and Dedo soil on plant performance, data 

from Dimtu soil that received a liming treatment were not taken into account. By this way an equal 

number of pots with Dedo soil as with Dimtu soil was analyzed, both with the factors variety, P 

fertilization and biochar. 
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4 Results and discussion 
 
 
The first part of this section involves the field experiments in Dedo and Dimtu. Results from the 

soil analysis are given for Dedo and Dimtu soil. For Dedo, these values are the mean of the three 

experimental fields. For Dimtu the values correspond to the one experimental field, which consists 

of 3 plots (replications). The reason why three versus only one experimental field was used, i.e. the 

de-phasing in the project, has been explained in the ‘Materials and methods’ section. Results from 

the plant data analysis are first discussed for Dedo, than for Dimtu. For each location, a table with 

the mean values of the measured plant parameters for all applied factors in the experiment will be 

given. Subsequently, the significant effects of the treatment factors on the plant parameters, as 

assessed by statistical analysis, will be discussed. 

 

The second part involves a pot experiment. Observations during plant growth are discussed first. 

Results of the soil and plant analysis in the pot experiment are discussed subsequently. Results from 

plant analysis were discussed for Dedo soil, Dimtu soil, and a combination of Dedo and Dimtu soil. 

Mean values of plant parameters for all treatments are given and statistically significant effects are 

discussed in detail.   
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4.1 Field experiments 
 

4.1.1 Soil physical and chemical characteristics 
 

4.1.1.1 pH, carbon, nitrogen and phosphorus 
 

The pH, total carbon (TC), total nitrogen (TN) and total and plant available phosphorus for soils 

from Dedo and Dimtu fields are given in  

Table 4.1. The pH of the Dimtu soil was about 0.5 pH units lower than the pH of the Dedo soil, and 

all pH values are significantly different.  

 
Table 4.1 pHKCl, pHH2O, total carbon, total nitrogen and C:N ratio for Dimtu and Dedo soil (mean ± standard 
deviation). All values are significantly different for the two locations Dedo and Dimtu (p<0.05) by Tukey 
HSD Test. 

Soil  pHKCl pHH2O 
Total 

Carbon 
(%) 

Total 
Nitrogen 

(%) 

Total P 
(mg P kg-1 soil) 

Plant available P 
(mg P kg-1 soil) 

Dimtu 4.69 ± 0.04 5.23 ± 0.02 1.56 ± 0.12 0.15 ± 0.01 662 ± 69 2.80 ± 1.66 

Dedo 5.17 ± 0.16 5.67 ± 0.15 2.83 ± 0.33 0.29 ± 0.03 1190 ± 96 9.91 ± 3.80 

 
Mahler et al. (1988) reported that optimal values for pHH2O in soils for faba bean production are 

between 5.7 and 7.2. Soils with a pHH2O lower than 5.6 result in lower grain yields. Dimtu soil has 

thus a pH that is too low for optimal faba bean yields. Effect of the low soil pH in Dimtu on other 

chemical characteristics is discussed further. Dedo soil does not reach optimal pH values either. It 

has a pH above the 5.6 border value for good grain yields, but the difference is marginal.  

 

Total carbon (TC) was 81% higher for Dedo soils than for Dimtu soil. Total nitrogen (TN) was 

almost doubled for Dedo compared to Dimtu. TN and TC values for Dimtu soil are in the range of 

values found by Agegnehu and Fessehaie (2006), for Nitisols in Ethiopia (0.17-0.22% N and 1.5-

1.8% C). TN and TC values for Dedo are higher and comparable to values found by Amanuel et al. 

(2000) for Nitisols in the southeastern Ethiopian highlands (0.25% N and 3.0% C). 

 
Total phosphorus, as determined by the Bowman wet acid digestion procedure (Bowman, 1988) is 

twice as high for Dedo soil as for Dimtu soil. Plant available phosphorus, as determined by the Bray 

I method (Bray and Kurtz, 1945) in the Dimtu soil is very low compared to Dedo soil.  
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Values for total phosphorus are comparable to levels found in southwestern Ethiopian highlands, 

874 to 1426 mg P kg-1 soil, by Solomon et al. (2002) and in West-Cameroon, 1025 ± 23.1 mg P kg-1 

soil, by Tchienkoua and Zech (2003). Results from the soil analysis for plant available P in Dedo 

are in the range of the values (5.0 to 10.1 mg P kg-1 soil) found for Nitisols in the Ethiopian 

highlands (Agegnehu and Fessehaie, 2006). Plant available P levels found in Dimtu are lower than 

described in literature.  

 
As reported by Agegnehu and Fessehaie (2006) and Mahler et al. (1988), faba beans grow best in 

soils that have a plant available P content between 12.9 and 34.4 kg ha-1. The plant available P 

content in Dedo soil (25.8 kg P ha-1) is thus enough for good faba bean production, whereas for 

Dimtu soil the plant available P content (7.3 kg P ha-1) is far too low. In general, soils with a pHH2O 

less than 5.5 (as is the case for Dimtu), are deficient in available P, Ca and/or Mg content because 

of complexation and uptake of cations by adsorbing surfaces in the soil (Agegnehu and Sommer, 

2000; Marschner, 1995). Due to P complexation and slow release of P fertilizers, the proportion of 

the P available for plants becomes inadequate (Leon and Le Mare, 1990).  

 

4.1.1.2 Soil texture, CEC and exchangeable bases 
 

The texture analysis of the Dedo and Dimtu bulk soil is shown in Table 4.2. According to the 

USDA textural triangle, Dedo soil can be classified as silty clay and Dimtu soil as clay. Results 

showed that Dimtu bulk soil contains a significant higher clay percentage (77%) than the Dedo soil 

(54%). The CEC of the Dimtu soil was significantly lower than for Dedo soils, and Ca values are 2 

times higher for Dedo soils compared to Dimtu soil. 
 

Table 4.2 Soil texture, cation exchange capacity (CEC) and exchangeable bases for Dedo and Dimtu bulk 
soil (mean ± standard deviation). Means in a column followed by the same letter are not significantly 
different from each other (p<0.05) as assessed by Tukey HSD test. 

Texture 
 

% clay % silt % sand 
CEC 

(cmolc kg -1) 
Ca  

(cmolc kg -1) 
Mg  

(cmolc kg -1) 
Na  

(cmolc kg -1) 
K  

(cmolc kg -1) 

Dimtu 77.3 ± 0.6 19.7 ± 0.6 3 ± 0 29.2 ± 0.8 6.5 ± 0.0 2.4 ± 0.0a 0.4 ± 0.3a 1.0 ± 0.1a 

Dedo 54.1 ± 2.1 43.8 ± 2.1 2.1 ± 0.3 37.3 ± 1.8 13.8 ± 1.3 2.6 ± 0.3a 0.1 ± 0.0a 1.3 ± 0.3a 
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Table 4.3 shows the results of texture analysis, CEC and exchangeable bases for different depth 

layers (0-10cm, 10-20cm and 20-30cm) in Dimtu soil. The clay percentage in the 20-30cm layer of 

the Dimtu soil is 28% higher than in the 0-10cm layer. The CEC significantly decreased with depth 

and Mg significantly increased with depth.  

 

Table 4.3 Soil texture, CEC and exchangeable bases for different depth layers in Dimtu (means ± standard 
deviation). Means in a column, followed by the same letter, are not significantly different (p<0.05) by Tukey 
HSD Test. 

Texture 
 

%  
clay 

%  
silt 

%  
sand 

CEC 
(cmolc kg -1) 

Ca  
(cmolc kg -1) 

Mg  
(cmolc kg -1) 

Na  
(cmolc kg -1) 

K  
(cmolc kg -1) 

0-10 
cm 

64.0 ± 2.7 31.7 ± 2.1 4.3 ± 0.6 a 32.3 ± 3.3a 6.1 ±0.2 a 2.0 ± 0.1 0.04 ± 0.02a 1.1 ± 0.1a 

10-20 
cm 

72.7 ± 3.1 23.3 ± 3.1 4 ± 0 a 30.2 ± 2.0ab 6.3 ± 0.1 a 2.1 ± 0.0 0.03 ± 0a 1.0 ± 0.0a 

20-30 
cm 

82.0 ± 2.7 15.3 ± 2.1 2.7 ± 0.6 27.0 ± 1.4b 6.4 ± 0.4 a 2.5 ±0.1 0.05 ± 0.02a 1.0 ± 0.1a 
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4.1.2 Plant analysis from Dedo field 
 

The Dedo field experiment was conducted on three farmer’s fields. Three varieties (Degaga, Moti, 

Obse) that were selected as best performing varieties out of phase 2 of the project, together with a 

local faba bean variety, were used as the factor ‘variety’ in this experiment. The second factor was a 

P fertilizer treatment at four levels (0, 10, 20 and 30 kg P ha-1). The local faba bean variety did not 

receive any P fertilizer treatment, since this one is representing the local practices. Wheat subplots 

were included as a reference crop for calculations related to biological nitrogen fixation. Pearson 

correlation coefficients (r) were calculated for the parameters from the Dedo field experiment. Only 

significant correlations are described further. The main and interaction effects of the factors (variety 

and P fertilization) were analyzed using ANOVA hierarchical model selection. In order to assess 

factor effects on the parameters, ANOVA was performed with the three faba bean varieties 

(Degaga, Moti and Obse) that received all P fertilizer levels. When factors had significant effects on 

the concerned parameter, the three varieties were compared to the local variety at a P level = 0 kg P 

ha-1. Every section handles a group of measured parameters (nodule assessment, biomass, 

phosphorus content, nitrogen content and biological nitrogen fixation) and related calculations. First 

of all, an overview of the measured data for different factors will be given. When main or 

interaction effects of the factors were significant, these are discussed subsequently.  

 

4.1.2.1  Nodule parameters 
 

Results from nodule assessment are given in Table 4.4, for different varieties and P fertilizer levels. 

No significant differences between varieties or P treatments were found for the number of nodules, 

nodule colour inside and nodule position on the plant roots. Plants had an average of 188 ± 46 

nodules, mostly situated near the top (crown) of their roots, with a dominating deep dark red colour 

inside. This confirms beneficial characteristics for nodulation initiation in Dedo soil and a high 

potential N2 fixation efficiency of the nodules (Amanuel et al., 2000; Habtemichial et al., 2007; 

Lindström and Mousavi, 2010).  
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Table 4.4 Overview of nodulation data for Dedo field experiment: number of nodules, inside nodule colour 
and nodule position on the roots (mean ± standard deviation) per plant for the factors variety (Degaga, Moti, 
Obse and a local faba bean variety) and P fertilizer treatment (0, 10, 20 and 30 kg P ha-1). Nodule colour 
inside was assessed using a 4-point scale: 1= white, 2= light pink, 3= slightly dark red, 4= deep dark red. 
Position of the nodules on the plant roots was assessed using a 4-point scale: 1 = top, 2 = middle, 3 = lower 
part, 4 = secondary roots. 

Variety 

P fertilizer 

treatment 

(kg P ha-1) 

Number of 

nodules 

Nodule colour 

inside 
Nodule position 

0 168 ± 25 3.7 ± 0.5 1 ± 0 

10 193 ± 48 3.8 ± 0.4 1.5 ± 0.5 

20 194 ± 67 3.8 ± 0.4 1.4 ± 0.5 
Degaga 

30 215 ± 60 4 ± 0 1.4 ± 0.4 

0 238 ± 47 4 ± 0 1.4 ± 0.4 

10 181 ± 77 4 ± 0 1.2 ± 0.4 

20 173 ± 41 3.8 ± 0.4 1.3 ± 0.2 
Moti 

30 199 ± 41 4 ± 0 1.2 ± 0.4 

0 166 ± 22 4 ± 0 1.2 ± 0.4 

10 170 ± 16 4 ± 0 1.2 ± 0.4 

20 159 ± 22 4 ± 0 1.2 ± 0.4 
Obse 

30 181 ± 37 4 ± 0 1.5 ± 0.4 

Local variety - 205 ± 74 3.8 ± 0.4 1.4 ± 0.4 

 

 

4.1.2.2  Biomass of the faba beans 
 

Dry weight values in kg ha-1 or ton ha-1 are shown in Figure 4.1 to Figure 4.6 for the factors variety 

and P fertilizer treatment. As the local faba bean variety did not receive any P fertilizer treatment, 

dry weight values for this variety are given only at the P = 0 kg ha-1 factor level. 
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Figure 4.1 Nodule dry weight (kg ha-1) for plants grown in Dedo soil for different varieties (Degaga, Moti, 
Obse and a local faba bean variety) and different P fertilizer treatments (0, 10, 20 and 30 kg P ha-1). Error 
bars represent the standard deviation of the mean. 
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Figure 4.2 Root dry weight (kg ha-1) for plants grown in Dedo soil for different varieties (Degaga, Moti, 
Obse and a local faba bean variety) and different P fertilizer treatments (0, 10, 20 and 30 kg P ha-1). Error 
bars represent the standard deviation of the mean. 
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Figure 4.3 Shoot dry weight (ton ha-1) for plants grown in Dedo soil for different varieties (Degaga, Moti, 
Obse and a local faba bean variety) and different P fertilizer treatments (0, 10, 20 and 30 kg P ha-1). Error 
bars represent the standard deviation of the mean. 
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Figure 4.4 Pod dry weight (kg ha-1) for plants grown in Dedo soil for different varieties (Degaga, Moti, Obse 
and a local faba bean variety) and different P fertilizer treatments (0, 10, 20 and 30 kg P ha-1). Error bars 
represent the standard deviation of the mean. 
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Figure 4.5 Grain dry weight (ton ha-1) for plants grown in Dedo soil for different varieties (Degaga, Moti, 
Obse and a local faba bean variety) and different P fertilizer treatments (0, 10, 20 and 30 kg P ha-1). Error 
bars represent the standard deviation of the mean. 
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Figure 4.6 Total plant dry weight (ton ha-1) for plants grown in Dedo soil for different varieties (Degaga, 
Moti, Obse and a local faba bean variety) and different P fertilizer treatments (0, 10, 20 and 30 kg P ha-1). 
Error bars represent the standard deviation of the mean. 
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From all biomass measurements (nodules, roots, shoots, pods and grains), only shoot dry weight 

(SDW) was significantly influenced by the treatments (p<0.05). Dry weight of the nodules, roots, 

pods and grains did not result in any significant difference for different varieties or for P fertilizer 

treatments. Average dry weights for these plant parts were: 0.3 ± 0.1g for the nodules, 1.9 ± 0.4g for 

the roots, 4.8 ± 1.1g for the pods and 21.3 ± 5.5g for the grains. Root dry weight was significantly 

negative correlation with the %N in the root (r = 0.36 with p<0.05) and the %P in the root (r = -0.51 

with p<0.01). 

 

For the SDW, the effect of varieties was significant. The P fertilizer treatment did not have a 

significant effect on the SDW. The SDW of the variety Moti was significantly higher than the SDW 

of the Degaga variety. The mean value of the Obse variety was intermediate between Moti and 

Degaga and was not significantly different from both of them. Moti was thus the variety with the 

highest SDW (Tukey HSD test with p<0.05), being 11.5% higher than the average SDW of 20 ± 4g 

per plant (4 tons ha-1). SDW had a significant positive correlation with the root dry weight (r = 0.64 

with p<0.01). Moti is thus adventageous in terms of shoot incorporation into the soil, because a 

higher shoot dry weight is linked to increased return of  N and P to the soil.  

 

4.1.2.3  Phosphorus content in the plant samples 
 

Values for percentage P in the nodules, roots and shoots can be seen in Figure 4.7 for the different 

varieties and P fertilizer treatments. Phosphorus utilization efficiency (PUTE, in g dry weight g-1 P) 

for the different plant parts and with two factors is given in Table 4.5.  
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Figure 4.7 Percentage P in different plant parts (nodules, roots and shoots) for different varieties (Degaga, 
Moti, Obse and a local variety) and P fertilizer treatments (0, 10, 20 and 30 kg P ha-1) in Dedo. Error bars 
represent the standard deviation of the mean. 

 

Table 4.5 Phosphorus utilization efficiencies (g DW g -1 P, mean ± standard deviation) for different plant 
parts (nodules, roots and shoots), for the factor variety (Degaga, Moti, Obse and a local variety) and the 
factor P fertilizer treatment (0, 10, 20 and 30 kg P ha -1) in the Dedo field experiment.  

Variety 
P fertilizer 

treatment 
PUTE nodules PUTE roots PUTE shoots 

0 kg P ha-1 0.24 ± 0.02 0.52 ± 0.09 0.32 ± 0.04 

10 kg P ha-1 0.29 ± 0.03 0.54 ± 0.02 0.33 ± 0.04 

20 kg P ha-1 0.28 ± 0.09 0.50 ± 0.03 0.36 ± 0.07 
Degaga 

30 kg P ha-1 0.28 ± 0.07 0.53 ± 0.02 0.31 ± 0.03 

0 kg P ha-1 0.22 ± 0.01 0.53 ± 0.03 0.30 ± 0.03 

10 kg P ha-1 0.22 ± 0.03 0.55 ± 0.07 0.32 ± 0.03 

20 kg P ha-1 0.23 ± 0.03 0.56 ± 0.07 0.32 ± 0.07 
Moti 

30 kg P ha-1 0.26 ± 0.04 0.61 ± 0.09 0.30 ± 0.01 

0 kg P ha-1 0.25 ± 0.02 0.62 ± 0.12 0.33 ± 0.04 

10 kg P ha-1 0.26 ± 0.02 0.54 ± 0.04 0.34 ± 0.03 

20 kg P ha-1 0.23 ± 0.01 0.55 ± 0.06 0.34 ± 0.02 
Obse 

30 kg P ha-1 0.23 ± 0.01 0.56 ± 0.03 0.33 ± 0.02 

Local variety - 0.21 ± 0.01 0.52 ± 0.03 0.32 ± 0.02 
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Phosphorus concentrations for faba beans grown in Dedo were not significantly different for 

different varieties and different P treatments. The average P content in the different plant parts was 

0.42 ± 0.06 %P in the nodules, 0.18 ± 0.02 %P in the roots and 0.31 ± 0.03 %P in the shoots. The 

phosphorus utilization efficiency (PUTE) of the nodules was significantly different for different 

varieties. Degaga showed the highest PUTE, followed by Obse and Moti, with a difference of 

respectively 11 and 15% compared to Degaga. This means that Degaga produced more nodule 

biomass per unit of phosphorus present in the nodules compared to other varieties. PUTE for roots 

and shoots were not significanlty different for P fertilizer treatments or varieties. The average P 

content in the shoot of faba beans grown in Dedo soil was similar to the values reported by Jensen 

et al. (2009). 

 

 

4.1.2.4  Nitrogen concentration, nitrogen balance and BNF 
 

Data for %N in the nodules, roots, shoots, pods, grains and total plants are given in Figure 4.8 to 

Figure 4.13 for the factors variety and P fertilizer treatment. 
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Figure 4.8 %N in the nodules for different varieties (Degaga, Moti, Obse and a local faba bean variety) and 
P fertilizer treatments (0, 10, 20 and 30 kg P ha-1) on the Dedo field experiment. Error bars represent the 
standard deviation of the mean 
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Figure 4.9 %N in the roots for different varieties (Degaga, Moti, Obse and a local faba bean variety) and P 
fertilizer treatments (0, 10, 20 and 30 kg P ha-1) on the Dedo field experiment. Error bars represent the 
standard deviation of the mean 
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Figure 4.10 %N in the shoots for different varieties (Degaga, Moti, Obse and a local faba bean variety) and 
P fertilizer treatments (0, 10, 20 and 30 kg P ha-1) on the Dedo field experiment. Error bars represent the 
standard deviation of the mean. 
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Figure 4.11 %N in the pods for different varieties (Degaga, Moti, Obse and a local faba bean variety) and P 
fertilizer treatments (0, 10, 20 and 30 kg P ha-1) on the Dedo field experiment. Error bars represent the 
standard deviation of the mean. 
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Figure 4.12 %N in the grains for different varieties (Degaga, Moti, Obse and a local faba bean variety) and P 
fertilizer treatments (0, 10, 20 and 30 kg P ha-1) on the Dedo field experiment. Error bars represent the 
standard deviation of the mean. 

0

1

2

3

4

5

0 10 20 30

P fertilizer treatments in kg P per ha

%
N

 in
 th

e 
to

ta
l p

la
nt

Degaga Moti Obse Local

 
Figure 4.13 %N in the total plant for different varieties (Degaga, Moti, Obse and a local faba bean variety) 
and P fertilizer treatments (0, 10, 20 and 30 kg P ha-1) on the Dedo field experiment. Error bars represent the 
standard deviation of the mean. 
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Average N concentrations in the faba beans were: 7.6 ± 1.1 %N in the nodules, 2.0 ± 0.2 %N in the 

roots, 3.8 ± 0.4 %N in the shoots, 1.5 ± 0.1 %N in the pods and 4.6 ± 0.3 %N in the grains. 

Percentage N in the nodules, roots or shoots was not significantly different for the P fertilizer 

treatment. For the variety factor, only roots showed significantly different N concentrations, with 

Moti having 2.03% N in its roots, Degaga 2.00% and Obse 1.87%. Also here, Moti is the best 

variety in terms of residue incorporation. The roots of Moti contain significant more N than the 

other varieties. Moreover, %N in the roots is significantly correlated with %P in the roots (r = 0.60  

at p<0.01). 

 

Nitrogen Balance and farmer’s practice 
 

The distribution of N in the different plant parts (%) and the N yield per plant part (kg N ha-1) was 

calculated (Table 4.6, Table 4.7). This was used to evaluate the farmer’s practice in terms of N that 

is incorporated into the soil. Farmers in the Gilgel Gibe catchment area of southwestern Ethiopia 

generally remove the shoots from the field during harvest of the faba bean grains. Shoots are used 

as animal feed and no residues are incorporated in the soil. An objective of this research project is 

to change this practice and incorporate faba bean shoots in the soil, so nutrients will not be removed 

and soil fertility will be enhanced.  

Table 4.6 Percentage of total N (mean ± standard deviation) per plant part (nodules, roots, shoots, pods and 
grains) for different varieties (Degaga, Moti, Obse and a local faba bean) and for different P fertilizer 
treatments (0, 10, 20 and 30 kg P ha-1) used in the Dedo field experiment. 

% of total N per plant part 
Variety P 

(kg ha-1) Nodules Roots Shoots Pods Grains 
0 1.4 ± 0.6 1.8 ± 0.4 34.4 ± 16.8 4.0 ± 0.8 58.4 ± 17.0 
10 1.1 ± 0.2 2.0 ± 0.8 38.4 ± 11.1 3.9 ± 0.8 54.6 ± 12.6 
20 1.3 ± 0.2 2.0 ± 0.1 35.3 ± 7.9 3.6 ± 0.6 57.8 ± 8.5 

Degaga 

30 1.4 ± 0.4 1.9 ± 0.1 43.3 ± 2.5 3.7 ± 0.3 49.7 ± 2.7 
0 0.8 ± 0.1 1.9 ± 0.1 42.7 ± 9.1 3.0 ± 0.2 51.6 ± 9.4 
10 1.7 ± 0.6 2.3 ± 0.6 46.0 ± 7.9 3.6 ± 0.6 46.4 ± 9.3 
20 0.7 ± 0.1 1.9 ± 0.1 49.7 ± 2.1 3.0 ± 1.0 44.7 ± 1.2 

Moti 

30 1.6 ± 0.6 1.8 ± 0.3 37.4 ± 7.6 3.7 ± 0.4 55.6 ± 6.9 
0 1.3 ± 0.2 2.5 ± 0.6 42.5 ± 12.5 3.6 ± 0.8 50.0 ± 12.3 
10 1.3 ± 0.3 2.2 ± 0.4 44.0 ± 9.6 4.7 ± 0.9 47.8 ± 10.9 
20 1.2 ± 0.2 2.4 ± 0.2 46.8 ± 3.1 3.2 ± 0.3 46.4 ± 3.3 

Obse 

30 0.9 ± 0.2 1.6 ± 0.4 34.9 ± 7.8 4.8 ± 0.3 57.8 ± 8.2 
Local - 0.8 ± 0.1 1.9 ± 0.7 31.8 ± 4.9 4.4 ± 0.6 61.3 ± 6.2 
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Table 4.7 N yield (kg N ha-1, mean ± standard deviation) per plant part (nodules, roots, shoots, pods and 
grains) for different varieties (Degaga, Moti, Obse and a local faba bean) and for different P fertilizer 
treatments (0, 10, 20 and 30 kg P ha-1) used in the Dedo field experiment. 

N yield per plant part (kg N ha-1) 
Variety P 

(kg ha-1) 
Nodules Roots Shoots Pods Grains 

0 5.1 ± 1.5 7.6 ± 1.5 154.1 ± 58.9 15.0 ± 2.7 224.6 ± 74.5 

10 4.0 ± 0.8 6.6 ± 1.2 130.1 ± 11.1 13.3 ± 0.8 197.4 ± 80.0 

20 4.3 ± 0.7 6.5 ± 0.4 113.2 ± 22.7 11.4 ± 2.1 186.8 ± 35.0 
Degaga 

30 4.8 ± 0.8 6.5 ± 1.6 151.1 ± 35.2 13.0 ± 4.5 176.9 ± 61.5 

0 4.4 ± 1.4 8.2 ± 1.5 187.5 ± 30.7 14.0 ± 0.5 235.1 ± 38.9 

10 5.9 ± 1.7 7.7 ± 1.1 158.8 ± 6.6 12.6 ± 1.9 165.0 ± 50.6 

20 3.1 ± 0.4 7.6 ± 0.1 186.0 ± 20.7 14.1 ± 5.0 200.8 ± 43.0 
Moti 

30 5.6 ± 1.8 7.3 ± 1.6 178.2 ± 52.6 15.8 ± 2.0 224.2 ± 19.6 

0 4.1 ± 0.6 7.5 ± 0.8 127.6 ± 30.1 11.2 ± 3.6 156.2 ± 55.8 

10 4.3 ± 0.9 7.5 ± 0.9 146.5 ± 25.1 15.7 ± 3.1 161.8 ± 45.1 

20 3.7 ± 0.3 7.8 ± 1.1 150.3 ± 12.9 10.2 ± 0.9 149.6 ± 20.5 
Obse 

30 3.6 ± 0.5 6.0 ± 1.2 147.2 ± 16.9 20.1 ± 2.5 241.6 ± 36.0 

Local - 2.9 ± 0.1 8.1 ± 2.1 157.3 ± 60.7 15.5 ± 2.2 239.7 ± 54.9 

 

The biomass in the faba bean shoots contains on average 40.9 ± 8.7 % of the total N present in the 

plant. This corresponds to 152.9 ± 35.5 kg N ha-1. When changing farmer’s practice and thus 

incorporating shoots in the soil, an extra 152.9 ± 35.5 kg N ha-1 will be added to the soil and 

contribute to the building up of fertile soils in the region. The amount of N added to the soil (kg N 

ha-1) when shoots are incorporated, for every variety and each level of the P treatment can be seen 

in the column ‘shoots’ from Table 4.7.  

 

With the usual pratice, only nodules and roots remain in the soil after harvest. When farmer’s 

practice would be changed and shoots are incorporated, the total N available for mineralization is 

then the sum of the N that was present in the nodules, roots and shoots. Table 4.8 compares the 

amount of N added to the soil (kg N ha-1) for the ‘old’ and ‘new’ farmer’s practice. The benefit 

factor was calculated to show how much more N would be added to the soil when farmers change 
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their usual practice, thus when they would incorporate shoots into the soil.  The results for N return 

with the new practice (kg N ha-1) are similar to values found by Hauser (1987) (125 to 168 kg N ha-

1), except for Moti, for which the N return is higher. 

 

 

Table 4.8 Comparison between the ‘old’ (usual) farmer’s practice (nodules + roots) and the ‘new’ practice 
(nodules + roots + shoots) for amount of N (kg N ha-1) from plant material that will be available for 
mineralisation after faba bean harvest (mean ± standard deviation), for different varieties (Degaga, Moti, 
Obse and a local faba bean) and for different P fertilizer treatments (0, 10, 20 and 30 kg P ha-1) used in the 
Dedo field experiment. The benefit factor shows how much more N is added when farmers change their 
practice, thus when shoots are incorporated into the soil.  

Variety P 
(kg ha-1) 

N return 

(kg N ha-1) 

old practice 

N return 

(kg N ha-1) 

new practice 

Extra N added: 

benefit factor 

0 12.7 ± 2.4 166.8 ± 61.1 13 ± 3 

10 10.6 ± 0.6 140.7 ± 11.6 13 ± 0 

20 10.8 ± 0.7 124.1 ± 22.6 11 ± 2 
Degaga 

30 11.3 ± 2.1 162.3 ± 37.1 14 ± 1 

0 12.6 ± 0.2 200.1 ± 30.7 16 ± 2 

10 13.7 ± 2.6 172.5 ± 9.1 13 ± 2 

20 8.2 ± 4.0 194.1 ± 24.3 29 ± 16 
Moti 

30 10.7 ± 4.9 188.9 ± 48.1 24 ± 20 

0 11.6 ± 0.6 139.2 ± 30.5 12 ± 2 

10 11.7 ± 1.7 158.3 ± 26.7 13 ± 1 

20 11.5 ± 0.9 161.7 ± 13.8 14 ± 0 
Obse 

30 9.7 ± 1.6 156.9 ± 17.8 16 ± 2 

Local - 10.9 ± 2.0 168.2 ± 62.3 15 ± 3 
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The N return (kg N ha-1) with the new practice was not significantly different for the P fertilization 

factor. The variety factor did have a significant effect on the N return: the total N available for 

mineralisation with the new practice was significantly higher for Moti compared to Degaga and 

Obse. Figure 4.14 shows the average N return for the new practice for the three selected varieties 

(Degaga, Moti and Obse) and also shows a comparison of the non P-fertilized local faba bean 

variety with the selected varieties, at the level of 0 P kg ha-1.  

 

In the left part of Figure 4.14 can be seen that Moti has a significant higher N return compared to 

Degaga and Obse. Moti is thus the best variety when the new practice would be used in 

southwestern Ethiopia, thus when shoots would be incorporated. Compared to the usual farmer’s 

practice, about 20 ± 13 times more N would be available for mineralisation when farmers change 

their practice. However, at the 0 kg P ha-1 level, the selected faba bean varieties are not beneficial in 

N return compared to the local faba bean variety. Thus, some P fertilizer level in Dedo might be 

beneficial for Moti to reach its better N yields compared to other varieties.  

 

Since faba beans in the region are harvested in November, just after the rainy season, it can be 

assumed that soil moisture content and temperature are not limiting mineralization of the organic 

material in the soil. It can be assumed that little or no N will be lost by denitrification or leaching. 

Unfortunately, only a fraction of the N returned to the soil will be recovered by succeeding cereals, 

sown in June 2011. The N input requires turnover of organic matter and microbial conversion of 

organic N into NH4 and NO3
- before it is available for succeeding cereals (Crew and Peoples, 2005). 

Muller and Sundman (1988) reported 17% of the N applied through harvest residues of faba beans 

to be taken up by the succeeding barley.  However, more research is needed to assess the 

availability of N from the faba bean residues in Dedo to the subsequencing cereals. Positive effects 

of legumes on subsequencing cereals are discussed more detailed in the paragraph on biological 

nitrogen fixation, since the amount of N2 fixed (kg ha-1) needs to be taken into account when 

discussing net N gains of legumes to the soil.  

 

Besides, fertilizer such as NPK contain on average 18% N. The price of 1 ton NPK fertilizer is 

about $1000. Moti returns on average about 180 kg N ha-1 to the soil, which is equivalent with the N 

content in 1 ton NPK and thus an economic advantage of  $1000. This represents a big advantage in 

subsistence production systems, where fertilizer inputs are too expensive or unavailable.  
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Figure 4.14 N return (mean ± standard deviation in kg N ha-1) with the new farmer’s practice (when nodules, 
roots and shoots remain on the field). The left part of the graphs shows the three selected varieties (Degaga, 
Moti and Obse) for all P fertilizer levels (0, 10, 20 and 30 kg P ha-1) combined, the right part of the graph 
compares the N return at 0 kg P fertilizer ha-1 of these three varieties to the local faba bean variety. Bars 
headed by the same letter are not significantly different at p<0.05 (Tukey HSD test). Error bars represent the 
standard deviation of the mean. 

 

In addition nodules, roots and shoots also contain a certain amount of P. Table 4.9 shows for the 

variety and P fertilizer factors the P return to the field (kg P ha-1) when nodules, roots and shoots are 

incorporated into the soil. This was calculated using the percentage P in the nodules, roots and 

shoots in combination with the dry weight (kg ha-1). On average with the new practice 12.8 ± 2.5 kg 

P ha-1 is returned to the soil.  
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Table 4.9 P return (mean ± standard deviation in kg P ha-1) when nodules, roots and shoots remain on the 
field after harvest, for different varieties (Degaga, Moti, Obse and a local faba bean) and for different P 
fertilizer treatments (0, 10, 20 and 30 kg P ha-1) used in the Dedo field experiment. 

Variety P (kg ha-1) P return (kg P ha-1) 

0 13.0 ± 3.3 
10 11.0 ± 0.4 
20 10.0 ± 4.1 

Degaga 

30 13.5 ± 2.0 
0 15.6 ± 1.3 
10 13.8 ± 0.4 
20 15.9 ± 4.7 

Moti 

30 13.8 ± 3.5 
0 11.8 ± 0.7 
10 12.4 ± 1.2 
20 11.5 ± 1.9 

Obse 

30 12.7 ± 0.7 
Local - 13.1 ± 3.7 

 

P return with the new farmer’s practice was not significantly different for different P fertilizer 

treatments. For different varieties, P return was significantly different. Figure 4.15 shows the 

average P return for the new practice for the three selected varieties (Degaga, Moti and Obse) and 

also shows a comparison of the non P-fertilized local faba bean variety with the selected varieties, 

at the level of 0 P kg ha-1. The left part Figure 4.15, where varieties are compared independent from 

the P fertilizer level, shows that Moti had a significant higher P return than Degaga and Obse. 

When comparing the 3 selected varieties to the local faba bean (at P = 0 kg P ha-1), no significant 

differences were found.  
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Figure 4.15 P return (mean ± standard deviation in kg P ha-1) with the new farmer’s practice (when nodules, 
roots and shoots remain on the field). The left part of the graphs shows the three selected varieties (Degaga, 
Moti and Obse) for all P fertilizer levels (0, 10, 20 and 30 kg P ha-1) combined, the right part of the graph 
compares the P return at 0 kg P fertilizer ha-1 of these three varieties to the local faba bean variety. Bars 
headed by the same letter are not significantly different at p<0.05 (Tukey HSD test). Error bars represent the 
standard deviation of the mean. 

 
Moti is thus clearly the best variety for agricultural systems where farmers are being stimulated to 

incorporate harvest residues into the soil. N and P return from this variety is significantly higher 

than for Degaga and Obse. There are no significant differences in grain yield for these varieties, so 

this does not need to be taken into account when choosing a variety for an agricultural system 

where shoots are incorporated. 

  

 
 Biological nitrogen fixation 
 
The biological nitrogen fixation of the faba beans grown in Dedo was calculated with the nitrogen 

difference method and the 15N natural abundance technique. For both methods, the percentage of 

the total N in the shoots that was derived from atmospheric N fixation and the amount of N2 fixed 

(kg N ha-1) in the shoots was calculated. These data are given in Table 4.10.  
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Table 4.10 Percentage N derived from atmosphere and N2 fixed (BNF, in kg N ha-1) in the shoots, given as 
mean ± standard deviation, determined by the nitrogen difference method and the 15N natural abundance 
technique, for different varieties (Degaga, Moti, Obse and a local faba bean) and for different P fertilizer 
treatments (0, 10, 20 and 30 kg P ha-1) used in the Dedo field experiment. 

Nitrogen difference method 
15N Natural abundance 

technique 
Variety P 

(kg ha-1) %N from 

atmosphere 

BNF 

(kg N ha-1) 

%N from 

atmosphere 

BNF 

(kg N ha-1) 

0 83.8 ± 7.6 132.0 ± 58.9 92.2 ± 9.4 143.4 ± 63.3 

10 83.0 ± 1.4 108.0 ± 11.1 89.7 ± 14.6 116.3 ± 16.6 

20 79.9 ± 4.5 91.1 ± 22.7 97.7 ± 5.0 109.9 ± 17.3 
Degaga 

30 84.9 ± 3.4 128.9 ± 35.2 98.6 ± 13.6 151.1 ± 54.0 

0 88.0 ± 1.8 165.4 ± 30.7 94.1 ± 9.8 174.6 ± 12.4 

10 86.1 ± 0.6 136.7 ± 6.6 93.7 ± 8.2 149.0 ± 16.8 

20 88.0 ± 1.3 163.9 ± 20.7 92.1 ± 9.6 172.0 ± 33.5 
Moti 

30 86.8 ± 4.0 156.2 ± 52.6 89.7 ± 17.8 159.2 ± 49.9 

0 81.9 ± 4.8 105.5 ± 30.1 94.5 ± 10.2 121.5 ± 36.8 

10 84.7 ± 2.4 124.4 ± 25.1 91.2 ± 10.5 131.8 ± 6.0 

20 85.2 ± 1.2 128.2 ± 12.9 88.7 ± 10.2 134.1 ± 26.5 
Obse 

30 84.9 ± 1.9 125.1 ± 16.9 85.5 ± 13.4 126.1 ± 27.6 

Local - 84.7 ± 4.8 135.2 ± 60.7 90.3 ± 15.4 137.0 ± 32.4 

 

Values for amounts of N2 fixed in the shoot (kg N ha-1) are generally lower than the values found by 

Amanuel et al. (2000) for faba beans in Ethiopian Nitisols and determined by the natural abundance 

technique (169 to 210 kg N ha-1). This can be attributed to the lower N content of the soils used for 

experiment by Amanuel et al. (2000) (0.19 %N on average) compared to Dedo field (0.29 %N). 

Soils with a higher N content generally result in less N2 fixation by the legume (Jensen et al., 2009). 

Contrasting, values for %Ndfa and kg shoot N ha-1 measured with the natural abundance technique 

on Dedo field are high compared to values in comparable faba bean-wheat experiments by Peoples 

et al. (2009c) (%Ndfa = 62% and kg shoot N ha-1 = 117) and by Fan et al. (2006) (%Ndfa = 64% and 

kg shoot N ha-1= 104). A lot of variation exists in available data for %Ndfa and total amounts of N2 

fixed in the shoots of faba beans. Köpke and Nemecek (2010) reported in their review values for 
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%Ndfa for faba beans up to 96% and values of N2 fixed ranging from 15 to 648 kg N ha-1. This high 

variation is a result of variation in faba bean growing condition (e.g. soil texture), different faba 

bean varieties and methods used for BNF detemination. Values of the experiments in Dedo may 

therefore be higher or lower than data generated in other experiments. The use of an average B-

value from literature, since a precised B-value for the faba bean genotypes is not yet available, is 

also a factor of high influence on the obtained data. The impact of the B-value has been discussed in 

several reviews and results showed that the size of the B-value has a high influence when %Ndfa is 

above 50 (Peoples et al., 2002; Unkovich et al., 2008), as is the case for the Dedo field experiment. 

 

For the nitrogen difference method, the %N from the atmosphere was 84.8 ± 3.7% on average and 

there was an effect of variety, with Moti and Degaga showing a significant difference (87 versus 

83%). The amount of N2 fixed in the shoot (BNF), expressed in kg ha-1, was significantly different 

for Moti compared to the 2 other varieties (Figure 4.16). The 15N natural abundance technique did 

not show significant effects of variety, P fertilizer or their interaction on the %Ndfa. An average 

value of %Ndfa was 92.3 ± 10.2%. The amounts of N2 fixed in the shoot (kg N ha-1) of Moti faba 

beans was also significantly different from those of Obse and Degaga (Figure 4.16). 
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Figure 4.16 Biological nitrogen fixation in kg N ha-1 calculated with two different methods (nitrogen 
difference method and 15N natural abundance technique), for selected varieties (Degaga, Moti, Obse) used in 
the Dedo field experiment. Bars headed by the same letter are not significantly different at p<0.05 (Tukey 
HSD test). Error bars represent the standard deviation of the mean. 
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When comparing the three varieties at P = 0 kg P ha-1, to the local variety that did not receive any P 

fertilizer, results do not show any significant difference (Figure 4.17).  
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Figure 4.17 Biological nitrogen fixation in kg N ha-1 calculated with two different methods (nitrogen 
difference method and 15N natural abundance technique), for selected varieties (Degaga, Moti, Obse) at P 
fertilizer level 0 kg P ha-1 compared to the local variety (without P fertilizer addition) in the Dedo field 
experiment. Bars headed by the same letter are not significantly different at p<0.05 (Tukey HSD test). Error 
bars represent the standard deviation of the mean. 
 

Biological nitrogen fixation by faba beans can thus contribute to increased yields of subsequent 

cereals and hereby improve soil fertility. However, return of harvest residues to the soil only results 

in net gains to the system when the amount of N2 fixed by biological nitrogen fixation exceeds the 

amount of N removed by harvest materials (pods and grains) (Amanuel et al., 2000; Peoples et al., 

2009b). Faba beans have a high N-harvest index (i.e. ratio of N yield of the harvest products and N 

yield of the total plant biomass), which may limit its positive contribution to field balances (Köpke 

and Nemecek, 2010).  
 

Table 4.11 gives an overview of the N flows for the faba beans in Dedo, per variety and P fertilizer 

level. The total N yield (kg ha-1) is given in the column in the middle. This was calculated based on 

dry matter measurements and N content in different plant parts (nodules, roots and shoots were 

harvested at flowering, grains and pods were harvested at maturity). On the left side, the incoming 

N flows are given. The N derived from atmosphere was calculated with the nitrogen difference 

method. The %N derived from atmosphere in the shoots was assumed to be representative for the 

%N derived from atmosphere for the total faba bean plant. Therefore, the amount of N2 fixed and N 

derived from soil, were calculated as: 
 

N-fixed (kg N ha-1) =  total N yield (kg N ha-1) x (%N derived from atmosphere/100)         (Eq. 4.1) 
 

N derived from soil (kg N ha-1) = total N yield (kg N ha-1) – N-fixed (kg N ha-1)         (Eq. 4.2) 
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At harvest, the N present in the total faba bean plants is partially removed from the field (grains and 

pods) and partially incorporated into the soil (nodules, roots and shoots). These outgoing flows are 

quantified in the right side of Table 4.11. The field balance was calculated as: 

 

Field balance (kg N ha -1) =  

total N derived from atmosphere (kg N ha -1)  – total N removed at harvest (kg N ha -1)           (Eq. 4.3) 

 

As shown in Table 4.11, all field balances are positive. Field balances were not significantly 

different for varieties or P fertilizer treatments. These positive field balances correspond to research 

carried out by Amanuel et al. (2000), who found positive field balances (the highest value was 92 

kg N ha-1) on Nitisols cultivated with faba beans that had a high total N uptake and high dry matter 

production.  

 

Table 4.11 Overview of the N flows (mean ± standard deviation in kg N ha-1) for faba beans in Dedo, per 
variety (Degaga, Moti and Obse) and P fertilizer level (0, 10, 20 and 30 kg P ha-1). The ingoing N flows 
(left) are the N from the atmosphere (for the nitrogen difference method, NDM) and the N from the soil. The 
outgoing flows are the N in the harvest residues and the N in the pods and grains. The field balance was 
calculated as the difference between the N derived from atmosphere and the N removed from the field at 
harvest.  

IN (kg N ha-1) OUT (kg N ha-1) 
Variety 

P 
(kg  

ha-1) 
N from 

atmosphere 
N from  

soil 

TOTAL N 

YIELD  

(kg N ha-1) 
Harvest 
residues  

Removed at 
harvest 

(pod+grain) 

Field 

balance 

0 322.0 ± 15.2 59.9 ± 1.3 382.0 ± 16.6 142.1 ± 61.1 239.8 ± 78.3 82.2 ± 63.1 

10 308.6 ± 62.9 42.9 ± 10.2 351.5 ± 69.3 140.7 ± 11.6 210.8 ± 80.4 97.8 ± 18.2 

20 270.8 ± 17.6 51.5 ± 6.3 322.3 ± 23.2 124.1 ± 22.6 198.3 ± 33.9 72.6 ± 21.4 
Degaga 

30 313.9 ± 94.2 38.3 ± 11.0 352.2 ± 102.8 162.3 ± 37.1 189.9 ± 65.9 124.0 ± 28.3 

0 401.8 ± 4.0 64.1 ± 14.1 465.9 ± 18.1 210.9 ± 30.7 255.0 ± 52.6 146.8 ± 48.6 

10 288.8 ± 34.9  61.3 ± 10.4 350.1 ± 45.0 172.5 ± 9.1 177.6 ± 51.0 111.2 ± 16.6 

20 310.7 ± 32.3  83.4 ± 17.3 394.1 ± 15.0 206.5 ± 16.3 187.6 ± 47.4 123.1 ± 33.6 
Moti 

30 339.3 ± 4.0  65.0 ± 10.8 404.2 ± 14.8 165.2 ± 35.4 239.0 ± 20.7 100.3 ± 24.6 

0 264.1 ± 48.8  42.4 ± 10.5 306.6 ± 59.3 139.2 ± 30.5 167.4 ±59.4 96.7 ± 28.3 

10 286.3 ± 13.4  49.5 ± 9.7 335.8 ± 23.1 158.3 ± 26.7 177.5 ± 44.7 108.8 ± 33.5 

20 262.4 ± 7.4 59.2 ± 27.9 321.6 ± 28.5 161.7 ± 13.8 159.8 ± 21.1 102.5 ± 17.4 
Obse 

30 362.1 ± 31.7 52.6 ± 2.5 414.7 ± 29.3 153.9 ± 24.0 260.8 ± 53.3 101.2 ± 21.6 

Local - 343.0 ± 38.8 45.8 ± 11.6 388.8 ± 50.4 132.2 ± 4.6 256.5 ± 55.0 86.4 ± 16.1 
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Apart from the positive field balances, faba bean growth and residue incorporation have several 

other benefits: reducing the incidence of diseases and pests, ameliorating the soil structure, 

preventing erosion and nutrient leaching, carry-over available soil water and reduce weeds (Bakht et 

al., 2009; Köpke and Nemecek, 2010; Shah et al., 2003). In addition, the faba bean grains are an 

excellent source of proteins for the local population. 

 

Figure 4.18 gives an overview of the N-flows in a faba bean production system. The values given in 

Figure 4.18 are for the Moti variety, as mean values over all P fertilizer levels. Moti was chosen 

because this variety was clearly the best one in terms of biological nitrogen fixation, N- and P- 

return. Green arrows represent the flows that are quantified in this masterthesis research. The 

biological nitrogen fixation represents the amount of N fixed from the atmosphere, determined with 

the nitrogen difference method. Total N yield for the faba beans was calculated based on dry matter 

measurements and N content in different plant parts. The same measurements and calculations were 

used for the out-going N flows, i.e. grain yield and harvest residues. The N derived from soil (i.e. 

the green arrow from bio-available N to the total N yield) is the difference between the total N yield 

and the N derived from atmosphere. Red arrows represent the flows that are important after 

incorporation of faba bean residues. Mineralization flows need to be quantified for determination of 

the amount of N from faba bean residues that will be available for the subsequencing cereals.  
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Figure 4.18 Nitrogen flows for the faba bean production system. Values given are values for the Moti 
variety, as a mean for all P fertilizer treatments. Green arrows represent the flows that were quantified in this 
research. Red arrows represent flows that need to be quantified in the future. When faba bean residues are 
incorporated into the soil, mineralization needs to be studied in order to quantify the amount of N from faba 
bean residues that will be available for subsequencing cereals. 

 

In general, Dedo soil is suitable for faba beans, since a good growth and yield was observed. The 

results from nodule assessment indicated sufficient and effective nodules for biological nitrogen 

fixation and this was confirmed by the high values that resulted from the calculations of biological 

nitrogen fixation. The different P fertilizer treatments (0, 10, 20 and 30 kg P ha-1) had no significant 

effects on the measured parameters. This can be an indication that Dedo soil contains enough plant 

available P for faba bean growth (paragraph 4.1.1.1). For the varieties, Moti is definitely the best 

choice. Moti has the highest shoot dry weight, the highest %N in the roots, it is the best variety 

choice in terms of residue incorporation (highest N and P return) and the biological nitrogen 

fixation for Moti is significantly higher than for other varieties. Field balances were found to be 

positive, thus incorporation of harvest residues from the faba beans will contribute positively to the 

growth of subsequencing cereals. Hereby soil fertility will be ameliorated. 
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4.1.3 Plant analysis from Dimtu field 
 
The Dimtu field experiment was conducted on one agricultural field, because for Dimtu the project 

is still in the second phase. Six varieties (CS20DK, Moti, Gebelcho, Walki, Obse and Degaga) were 

used as the factor ‘variety’ in this experiment. The second factor was a P fertilizer treatment at two 

levels (0 and 30 kg P ha-1). The objective was to select the 2 to 3 best faba bean varieties in terms of 

N, P and grain yields. Pearson correlation coefficients (r) were calculated for the parameters from 

the Dimtu field experiment. Only significant correlations are described further. The main and 

interaction effects of the factors (variety and P fertilization) were analyzed using ANOVA 

hierarchical model selection. Every section handles a group of measured parameters (nodule 

assessment, biomass and growth parameters, phosphorus content, nitrogen content) and related 

calculations. First of all, an overview of the measured data for different factors will be given. When 

main or interaction effects of the factors were significant, these are discussed subsequently. 

 

4.1.3.1  Nodule parameters 
 

The number of nodules was evaluated every two weeks, starting from 2 weeks after emergence 

(WAE) of the plants until flowering stage. Results from nodulation assessment in Dimtu are given 

in Table 4.12 for the different measurements in time (2 WAE, 4WAE, 6WAE) and for the factors 

variety (CS20DK, Moti, Gebelcho, Walki, Obse and Degaga) and P fertilizer (0 and 30 kg P ha-1). 

Nodule colour inside was assessed using a 4-point scale: 1= white, 2= light pink, 3= slightly dark 

red, 4= deep dark red. Position of the nodules on the plant roots was assessed using a 4-point scale: 

1= when most of the nodules are situated on the top (crown) of the root, 2= when most of the 

nodules are situated on the middle part of the root, 3= when most of the nodules are situated on the 

lower part of the root, 4= when most of the nodules are situated on the lateral or secondary roots. 
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Table 4.12 Data (mean ± standard deviation) for number of nodules (No.), nodule colour inside (Col.) and 
position on the plant roots (Pos.) from nodulation assessment for the Dimtu field experiment as measured at 
different periods in time (2, 4 and 6 weeks after emergence of the faba beans) and for different varieties 
(CS20DK, Moti, Gebelcho, Walki, Obse and Degaga) and P fertilization levels (0 and 30 kg P ha-1). Nodule 
colour inside was assessed using a 4-point scale: 1= white, 2= light pink, 3= slightly dark red, 4= deep dark 
red. Position of the nodules on the plant roots was assessed using a 4-point scale: 1 = top, 2 = middle, 3 = 
lower part, 4 = secondary roots. When standard deviation in the column is given as ‘-‘, this means that only 1 
value was available and standard deviation is thus not relevant. 

2 weeks after 

emergence 

4 weeks after 

emergence 

6 weeks after  

emergence Variety 
P 

 
No. Col. Pos. No. Col. Pos. No. Col. Pos. 

0 13.3 ± 6.0 1.0 ± 0 2.0 ± 0 45.0 ± 11.7 1.0 ± 0 2.5 ± 0.4 40.2 ± 14.6 1.0 ± 0 2.5 ± 0 
CS20DK 

30 40.5 ± - 1.0 ± - 2.0 ± - 92.7 ± 9.6 1.0 ± 0 2.6 ± 0.4 76.0 ± 39.4 1.1 ± 0.1 2.7±0.4 

0 26.8 ± 17.3 1.0 ± 0 2.0 ± 0 75.9 ± 38.8 1.0 ± 0 2.6 ± 0.4 66.3 ± 7.1 1.3 ± 0.3 2.6±0.3 
Moti 

30 32.8 ± 10.3 1.0 ± 0 2.0 ± 0 83.2 ± 7.4 1.1 ± 0.1 2.5 ± 0 90.3 ± 15.8 1.0 ± 0 2.7±0.4 

0 20.0 ± 7.8 1.0 ± 0 2.0 ± 0 64.3 ± 8.0 1.0 ± 0 2.6 ± 0.3 62.6 ± 11.0 1.2 ± 0.3 2.4±0.1 
Gebelcho 

30 21.3 ± 20.2 1.0 ± 0 2.0 ± 0 72.0 ± 2.6 1.0 ± 0 2.4 ± 0.4 75.5 ± 51.6 1.1 ± 0.2 2.8±0.4 

0 20.8 ± 11.5 1.0 ± 0 1.8 ± 0.3 106.5± 10.5 1.0 ± 0 2.7 ± 0.4 85.8 ± 15.2 1.0 ± 0 2.7±0.4 
Walki 

30 16.7 ± 13.3 1.0 ± 0 2.2 ± 0.3 74.5 ± 18.5 1.0 ± 0 2.3 ± 0.2 82.3 ± 5.4 1.0 ± 0 2.7±0.1 

0 12.0 ± 4.3 1.0 ± 0 2.0 ± 0 71.2 ± 29.7 1.0 ± 0 2.5 ± 0.3 71.7 ± 18.8 1.0 ± 0 2.4±0.5 
Obse 

30 11.5 ± 8.2 1.2 ± 0.3 2.2 ± 0.3 118.7± 50.4 1.0 ± 0 2.6 ± 0.1 54.0 ± 20.2 1.2 ± 0.3 2.7±0.1 

0 14.7 ± 12.6 1.0 ± 0 1.8 ± 0.3 41.5 ± 6.3 1.0 ± 0 2.5 ± 0.3 58.8 ± 34.5 1.0 ± 0 2.7±0.1 
Degaga 

30 11.0 ± 3.8 1.0 ± 0 1.8 ± 0.3 75.9 ± 29.7 1.0 ± 0 2.4 ± 0.3 46.5 ± 9.5 1.0 ± 0 2.3±0.4 

 

 

Results showed that there was a significant main effect of the variety and a significant main effect 

of the P fertilizer treatment on the number of nodules (linair mixed effect model with p<0.05). 

Figure 4.19 shows the evolution of the nodule number for the effect of variety. However, for every 

measurement in time (2, 4 and 6 WAE), the number of nodules did not differ significantly among 

varieties (Tukey HSD test with p<0.05). The increase in number of nodules from two weeks after 

emergence until four weeks after emergence was significant for all varieties except for CS20DK. 

The apparent decrease in nodule number from 4WAE until 6WAE was found not to be significant. 

This was the case for all varieties.   
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Figure 4.19 Number of nodules for the 6 faba bean varieties in Dimtu, measured 2, 4 and 6 weeks after 
emergence (WAE) of the plants, independent of P levels. Values are the mean per variety and error bars 
represent the standard deviation of the mean.  
 
Contrasting to what Figure 4.20 suggests, triple super phosphate fertilizer at a rate of 30 kg ha-1 did 

not result in a significant higher nodule formation compared to no P fertilizer additions, for all time 

measurements. The increase in nodule number from two weeks after emergence until four weeks 

after emergence was significant for both P fertilizer treatments. Also here, the visual decrease in 

nodule number after 4WAE is misleading, since there is no significant difference in number of 

nodules measured at four and at six weeks after emergence. 
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Figure 4.20 Number of nodules for the two P treatments in Dimtu (0 kg TSP ha-1 and 30 kg TSP ha-1) 
measured 2, 4 and 6 weeks after emergence (WAE) of the plants, independent of the variety. Values are the 
mean per P treatment and the error bars represent the standard deviation of the mean.  
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Number of nodules is thus not significantly ‘better’ for certain varieties or with a TSP treatment. 

Varieties and P treatments showed the same levelling off in number of nodules over time. The only 

exception was CS20DK, for which no significant differences in number of nodules was observed 

over the whole time period. The time period of 4WAE to 6WAE corresponds with the reach of an 

early maturity stage, at which N2 fixation is limited due to C competition between nodules and pods 

(Schulze et al., 2000). It is thus rather logical that number of nodules levelled off in this plant 

growth stage. 

 

However, the lack of P fertilizer effect on number of nodules is contrasting to results from 

experiments on soybean, clover, common bean, pigeon pea and cowpea (Al-Niemi et al., 1998). For 

all cases, P fertilizer addition resulted in a significant increase in number of nodules, suggesting a 

positive effect of P fertilizer on the nitrogenase activity and hereby a better biological nitrogen 

fixation. For an optimal legume-Rhizobium symbiosis, an adequate P delivery to the nodule is 

critical. Hereby a direct uptake of P through the nodule surface is an important flow of P to the 

symbiotic tissues (Al-Niemi et al., 1998). These findings suggest that for Dimtu soil there was a 

problem with adequate P delivery to the nodules. This probably obstructed increases in nodule 

numbers at P fertilization rates of 30 kg TSP ha-1. Further experiments with higher P fertilization 

rates (e.g. 60 kg TSP ha-1) and/or liming would be interesting.  

 

Nodule colour inside and position on the plant roots were not significantly different for different 

varieties or P fertilizer treatments. Most nodules were situated on the middle or lower part of the 

roots, indicating a higher nitrogen fixation potential compared to nodules that are positioned on the 

crown part of the roots (Hardarson, 1993). This is a good characteristic and is thus contrasting to all 

other negative characteristics from nodules in Dimtu. The nodules had a white colour inside, that 

did not evolve to pink or red colour over time. A white colour inside indicates inefficient N2 

fixation (Habtemichial et al., 2007; Lindström and Mousavi, 2010). In Dimtu nodules did develop 

but efficient N2 fixation was probably not possible.  
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4.1.3.2  Biomass and growth parameters 
 

Root dry weight (RDW, kg ha-1) and shoot dry weight (SDW, ton ha-1) data are shown in Figure 

4.21 and Figure 4.22 for all six varieties and for the two P fertilization levels.  
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Figure 4.21 Root dry weight (kg ha-1) for varieties (CS20DK, Moti, Gebelcho, Walki, Obse and Degaga) and 
P fertilization levels (0 and 30 kg P ha-1) used in the Dimtu field experiment. Error bars represent the 
standard deviation of the mean. 
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Figure 4.22 Shoot dry weight (ton ha-1) for varieties (CS20DK, Moti, Gebelcho, Walki, Obse and Degaga) 
and P fertilization levels (0 and 30 kg P ha-1) used in the Dimtu field experiment. Error bars represent the 
standard deviation of the mean. 

 
Root dry weight of the faba beans was significantly different for the different P treatments, with P 

fertilizer addition at a rate of 30 kg P ha-1 resulting in a increase of RDW by 20% (Figure 4.23). 

RDW was not significantly different for different varieties. There was a significant but slight 

positive correlation for RDW and %N in the shoots (Pearson correlation coefficient r = 0.35 with 

p<0.05). 
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Figure 4.23 Root dry weight (kg ha-1) as significantly affected by P fertilizer treatment (0 and 30 kg P ha-1) 
for faba beans from the Dimtu field experiment. Bars that are significantly different at p<0.05 (Tukey HSD 
test) are indicated by a ‘*’. 

 

Shoot dry weight was not significantly affected by variety or P fertilizer. Shoot dry weights from 

Dimtu field are very low compared to Dedo (average of 1.1 ton ha-1 compared to 4.0 tons ha-1), 

which is due to the sudden wilting of the plants in Dimtu after flowering stage Figure 4.24.  

 

 
Figure 4.24 Faba bean plants in Dimtu 10 weeks after emergence. Plants have lost their lower leaves and 
necrosis was observed.  
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4.1.3.3  Phosphorus content 
 
Data for percentage P in the roots and the shoots are given in Figure 4.25 and Figure 4.26. The 

calculated phosphorus use efficiencies (PUTE) for the roots and the shoots are shown in Table 4.13. 
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Figure 4.25 %P in the roots for varieties (CS20DK, Moti, Gebelcho, Walki, Obse and Degaga) and P 
fertilization levels (0 and 30 kg P ha-1) used in the Dimtu field experiment. Error bars represent the standard 
deviation of the mean. 
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Figure 4.26 %P in the shoots for varieties (CS20DK, Moti, Gebelcho, Walki, Obse and Degaga) and P 
fertilization levels (0 and 30 kg P ha-1) used in the Dimtu field experiment. Error bars represent the standard 
deviation of the mean. 
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Table 4.13 Phosphorus utilization efficiencies (PUTE in g DW mg-1 P) for the roots and shoots of faba beans 
grown in Dimtu, for different varieties (CS20DK, Moti, Gebelcho, Walki, Obse and Degaga) and P 
fertilization levels (0 and 30 kg P ha-1). Data are given as mean ± standard deviation. 

Variety 
P fertilizer 

(kg P ha-1) 
PUTE roots PUTE shoots 

0 0.35 ± 0.08 0.31 ± 0.16 
CS20DK 

30 0.33 ± 0.07 0.38 ± 0.13 

0 0.35 ± 0.01 0.25 ± 0.08 
Moti 

30 0.33 ± 0.04 0.31 ± 0.06 

0 0.34 ± 0.04 0.32 ± 0.04 
Gebelcho 

30 0.30 ± 0.02 0.35 ± 0.06 

0 0.34 ± 0.04 0.25 ± 0.03 
Walki 

30 0.31 ± 0.04 0.30 ± 0.06 

0 0.33 ± 0.05 0.31 ± 0.06 
Obse 

30 0.32 ± 0.05 0.21 ± 0.08 

0 0.34 ± 0.03 0.33 ± 0.07 
Degaga 

30 0.29 ± 0.01 0.28 ± 0.03 

 

The %P in the shoots was not significantly affected by the different varieties or P fertilization 

levels. Also PUTE for roots and shoots did not show any significant effects of the factors. However, 

the %P in the roots had a significant main effect of the P fertilizer treatments (Figure 4.27) (the 

factor variety did not have significant effect on the %P in the roots). The roots of faba beans in 

Dimtu soil can thus be P responsive, since their dry weight and P concentration increased with the P 

fertilizer treatment.   
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Figure 4.27 %P in the roots for faba beans grown at Dimtu, as affected by different P fertilizer levels (0 and 
30 kg P ha-1). Bars that are significantly different at p<0.05 (Tukey HSD test) are indicated by a ‘*’. Error 
bars represent the standard deviation of the mean. 
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4.1.3.4  Nitrogen concentration 
 

Both shoots and roots did not have any effect of variety or P fertilization on nitrogen 

concentrations. Roots contained on average 2.09 ± 0.18 %N and shoots contained on average 2.48 ± 

0.43 %N. Data for %N in the roots and the shoots are shown in Figure 4.28 and Figure 4.29. 
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Figure 4.28 %N in the roots of faba beans grown in Dimtu soil, for different varieties (CS20DK, Moti, 
Gebelcho,Walki, Obse and Degaga) and P fertilization levels (0 and 30 kg P ha-1). Error bars represent the 
standard deviation of the mean. 
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Figure 4.29  %N in the shoots of faba beans grown in Dimtu soil, for different varieties (CS20DK, Moti, 
Gebelcho,Walki, Obse and Degaga) and P fertilization levels (0 and 30 kg P ha-1). Error bars represent the 
standard deviation of the mean. 

 

For Dimtu soil in general, the results suggest that faba beans have a problem to obtain enough P for 

their growth and efficient biological nitrogen fixation. Nodules from faba beans grown on the 

Dimtu field did not show characteristics of good BNF as were observed in Dedo. Number of 

nodules did not increase significantly with P fertilization at a rate of 30 kg P ha-1, which may 

indicate an insufficient P delivery to the nodules and symbiotic tissues. However, root dry weight 

and %P in the roots increased with P fertilizer addition. 
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Selection of 2-3 best faba bean varieties out of the six varieties that were used in the field 

experiment was not possible, due to the wilting of the plants (no yield data available, no data on 

biological nitrogen fixation).  

 

Dimtu soil has major limiting soil factors for good faba bean production. The pH of the soil is low, 

%C and %N are low, and there is a deficiency in plant available P. This may be in combination with 

climatic factors.  

 

Optimal symbiosis of the Rhizobium and faba bean depends on adequate P delivery to the symbiotic 

tissues. Nodulated legumes need more P than plants only dependent on mineral N (Al-Niemi et al., 

1997). Knowing this and in combination with the other suboptimal soil characteristics, Dimtu soil 

might be more suitable for legume crops that are more tolerant to a low soil pH, such as soybean 

and cowpea (Meda and Furlani, 2005; UC SAREP, 2011). 
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4.2 Pot experiment 
 

A pot experiment was designed based on the physico-chemical characteristics of the soil from Dedo 

and Dimtu. Design of the experiment, calculations related to the treatments and statistical methods 

for data analysis were explained in the section ‘Materials and methods’.  

 

Apart from the factor soil, 4 other factors (P fertilizer, biochar, liming and variety) were used in the 

experiment. The factors P fertilizer and biochar were applied both for Dedo and Dimtu soil. The 

liming factor was used only in combination with Dimtu soil. The factor variety consisted of two 

different varieties, Moti and Gebelcho. At flowering stage of the plants, disease symptoms were 

observed on all plants and disease assessment was carried out. 

 

Physico-chemical soil data for Dedo and Dimtu are given first. Then the results from the disease 

study are discussed. Results from plant analysis are discussed for Dedo and Dimtu soil seperatly, 

followed by a comparison between the two soils. For Dedo and Dimtu soil, data for the measured 

parameters (RDW, SDW, %P and %N) are given first.  Then, for every measured parameter, 

interaction and main effects of the factors, as assessed by ANOVA hierarchical model selection, are 

discussed. A table with an overview of all significant interaction and main effects is given in 

Appendix A. 

 

4.2.1 Soil physical and chemical characteristics 
 
Table 4.14 shows the physico-chemical characteristics of the soil from Dedo and Dimtu, used for 

the pot experiment. Similar as for the analysis of the soils from the field experiments, Dimtu soil 

had a low pH and several chemical characteristics were low compared to Dedo soil: the %C and 

%N in Dedo soil is more than twice as high than the values in Dimtu soil. Also for P content (total 

P and plant available P) and Ca content, Dimtu soil scores very low compared to Dedo. Dedo soil 

has more beneficial characteristics for plant growth, nodulation and biological nitrogen fixation 

than Dimtu soil, where especially the pH and plant available P are too low for good growth of faba 

beans (Agegnehu and Fessehaie, 2006; Mahler et al., 1988).   
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Table 4.14 Physico-chemical characteristics of soil from Dedo and Dimtu used in pot experiment. 

Soil Parameters Dedo Dimtu 

pH KCl 5.0 4.6 

pH H2O 5.6 5.3 

Clay (%) 49 64 

Silt (%) 48 32 

Sand (%) 3 4 

C (%) 3.31 1.56 

N (%) 0.35 0.15 

C/N 9.5 10.4 

Total P (mg kg -1 soil) 1098 861 

Plant available P (mg kg -1 soil) 14.3 6.8 
Ca (cmolc kg -1) 13 7 

Mg (cmolc kg -1) 2.28 2.21 

Na (cmolc kg -1) 0.04 0.03 

K (cmolc kg -1) 1.55 1.20 

CEC (cmolc kg -1) 38 31 

 
 

4.2.2 Disease on the faba beans 
 

4.2.2.1 Disease symptoms and isolation of causal agent 
 

One month after emergence of the plants, at early flowering stage, progressive foliar necrosis on 

lower leaves to upper leaves was observed on all faba bean plants. This was the case for plants 

grown in Dedo soil as well as for plants grown in Dimtu soil. From the stem of a plant with vascular 

discolouration and severe necrosis on the leaves, colonies with a violet coloured mycelium were 

obtained (Figure 4.30, A and B). Vascular discolouration combined with the foliar symptoms 

described above is often associated with vascular pathogens, such as Verticillium and Fusarium 

(Berbegal and Armengol, 2009; Mwang'ombe et al., 2008; Rusuku et al., 1997).  
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Figure 4.30 Isolation of fungi from faba bean stem. Stem segments  on MSEA medium (left) and WA 
medium (right) (A). Purified isolate obtained from the stem on PDA medium shows violet coloured 
mycelium (B). 

 
At harvest, all plant shoots were examined for vascular discolouration. Only two plants showed 

vascular discolouration: the one selected for isolation of the pathogen and another one with severe 

foliar symptoms (disease index = 69%). Plants grown in Dedo soil had a severe black 

discolouration of their roots, contrasting to those grown in Dimtu soil (Figure 4.31). In general, 

roots were coloured normally in Dimtu soil. When black discolouration of roots occured on plants 

in Dimtu soil, this was limited to few patches of about 1cm in length.  

 
Figure 4.31 Faba bean roots in the pot experiment. Plants grown in Dedo soil (left) showed clear black 
discoloration of roots, while in Dimtu soil (right) plants showed normal coloured roots  

 
The disease index (%) was calculated with the use of a disease scale based on foliar symptoms. The 

higher the disease index, the more affected the plant. The disease index for each plant from the pot 

experiment is given in Table 4.15. 

A B 
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Table 4.15 Disease index (mean ± standard deviation) for the factors soil (Dedo and Dimtu), P fertilizer (30 
kg P ha-1), biochar (13 tonnes ha-1), liming (3.7 tonnes ha-1) and variety (Moti and Gebelcho) used in the pot 
experiment. A ‘-’ indicates that the treatment was not applied, ‘+’ indicates that the treatment was applied. 

 
Disease index (%) per variety 

Soil 
P 

fertilizer 
Biochar Liming 

Moti Gebelcho 

- B - L 42.7 ± 10.1 37.0 ± 6.5 
- P 

+ B - L 42.1 ± 11.3 40.5 ± 3.0 

- B - L 34.7 ± 5.6 44.4 ± 8.2 
Dedo 

+ P 
+ B - L 30.9 ± 3.2 43.5 ± 3.6 

- L 25.4 ± 8.1 26.6 ± 12.8 
- B 

+ L 35.4 ± 5.3 24.8 ± 8.8 

- L 17.0 ± 7.8 20.2 ± 5.7 
- P 

+ B 
+ L 24.4 ± 8.6 26.7 ± 12.7 

- L 11.8 ± 4.7 12.9 ± 3.7 
- B 

+ L 30.1 ± 5.0 29.6 ± 19.1 

- L 20.0 ± 6.4 32.0 ± 26.0 

Dimtu 

+ P 

+ B 
+ L 36.5 ± 3.5 25.7 ± 7.7 

 

The disease index was significantly different for Dedo and Dimtu soil (Tukey HSD test with 

p<0.05). Dedo had an average disease index of 39 ± 8%, while the disease index for faba beans 

grown in Dimtu soil was only 25 ± 12%. For Dimtu soil, Gebelcho was significantly more affected 

than Moti (29 ± 9 vs 21 ± 12% by Tukey HSD test with p<0.05). For Dedo soil, there was a 2-way 

interaction effect of variety with P fertilizer treatment on disease index (Figure 4.32). Moti plants 

were significantly less affected by the disease when receiving a P fertilizer treatment, but not 

Gebelcho.  
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Figure 4.32 Effect of the interaction between variety (Moti and Gebelcho) and P fertilizer treatment (no P 
and 30 kg P ha-1) on disease index (%) of faba beans grown in Dedo soil. Bars that are not significantly 
different (p<0.05 by Tukey HSD test) from each other are headed by the same letter. Error bars represent the 
standard deviation of the mean. 

 

In both Dedo and Dimtu soil, shoot dry weight (Figure 4.33) was significantly correlated with 

disease index (Pearson correlation coefficient for Dedo r = -0.44 and for Dimtu r = -0.39 with 

p<0.05). Differences in shoot dry weight for faba beans grown in Dedo and Dimtu soil and for 

varieties Moti and Gebelcho are described further (paragraph 4.2.4.1 and 4.2.4.2). 
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Figure 4.33 Correlation between  the disease, expressed as disease index (%) and shoot dry weight (g) of the 
faba beans, considering both Moti and Gebelcho, for Dedo and Dimtu soil. 

 

4.2.2.2 Preliminary identification of the causal agent of the disease 
 

At the laboratory of Phytopathology at Ghent University, the identification of the isolate   

obtained from the stem of faba bean was done by sequencing of the rDNA-ITS region (ITS = 

Internal transcribed spacer). The ITS-region was amplified using primers ITS4 and ITS5, sequenced 

and compared to the National Center for Biotechnology Information (NCBI) database using Basic 

Local Alignment Search Tool (BLAST). The isolate had 100% similarity with Fusarium oxysporum 
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isolate FOFB62 (HQ651161.1), an isolate from Grevillea robusta A. Cunn. ex R.Br. (Australian 

silver oak) in Kenya. However, the link between  F. oxysporum and the observed symptoms can 

only be proven if Koch’s postulates are fullfilled (infection of a healthy plant with an isolate of this 

fungus should cause the same symptoms and identification should again result in F. oxysporum).  

 

Moreover, F. oxysporum was isolated only from the stem of a plant with vascular discolouration. It 

should be taken into account that the observed symptoms can also be due to a combination of 

infections by different Fusarium species. Kurmut and Niremberg (2009) found many Fusarium 

species to be associated with an invidual infected faba bean plant in Sudan. Other Fusarium species 

causing root rot and wilting include F. moniliforme, F. equiseti, F. tricinctum and F. solani. 

Another possibility is that the observed root rot was caused by F.oxysporum, but the foliar 

symptoms were caused by another pathogen, e.g. Colletotrichum lindemuthianum (Sacc. & 

Magnus) Briosi & Cavara. This fungus can cause premature leaf drop with first symptoms occuring 

at flowering stage (Crop Genebank Knowledge Base, 2011). However, further research is necessary 

to test the hypothesis of the involvement of different pathogens. Samples from leaves and roots 

should also be investigated. 

  

4.2.2.3 Fusarium oxysporum in general 
 
F. oxysporum is a common vascular pathogen causing Fusarium wilt on a wide variety of host 

plants. General symptoms of a Fusarium infection include wilting, chlorosis, necrosis, premature 

leaf drop and vascular discolouration (Buruchara and Camacho, 2000; Smith et al, 1988). 

Development of the disease is favoured by high temperatures and warm, moist soils. The pathogen 

can spread by infected seeds and/or by contaminated  soil, i.e. it is a seed- and/or a soil-borne 

pathogen. Mycelium and spores of F. oxysporum can infect the roots. When the pathogen reaches 

the xylem, it provokes occlusions of the vessels, by which nutrient translocation is obstructed, 

transpiration increases above nutrient transport, stomata close and the leaves start to wilt (Agrios, 

1988). F. oxysporum does not reproduce on living tissues, but produces large numbers of 

microscopic spores (microconidia, macroconidia, chlamydospores) in dead stems and roots of its 

host plant. Chlamydospores can survive in the soil for a period of about 10 years (Crop Genebank 

Knowledge Base, 2011). 
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4.2.2.4 Fusarium oxysporum on faba beans 
 

Symptoms observed in the pot experiment are typical for infection by a vascular pathogen: foliar 

symptoms starting at flowering of the plants and progressing from lower to upper leaves. However, 

vascular discolouration in the stem, another typical symptom caused by vascular pathogens was 

only visible on two plants. The disease index of these plants were around 70%, suggesting that 

probably vascular discolouration is only visible when plants are seriously attacked. Wilting of the 

plants did not occur until the harvest of the experiment. It is possible that wilting would occur later, 

at pod forming stage. Root rot was visible on all plants grown in Dedo soil and to a limited extent 

for Dimtu soil. Interestingly, it has been shown that F. oxysporum is the causal agent of root rot and 

lower stem necrosis in faba beans in Sudan (Ibrahim and Owen, 1981; Helsper et al., 1994). More 

recently, several other Fusarium species have been also associated with root rot of faba bean in 

Sudan (Beshir and Degago, 1997; Kurmut et al., 2002; Kurmut and Niremberg, 2009). 

 

4.2.2.5 Comparison with other Fusarium-legume pathosystems 
 
Comparing the situation in the pot experiment with studies of Fusarium infection on other legumes 

give possible explanations for the observed symptom development in the pot experiment. Fusarium 

virguliforme (formerly Fusarium solani f. sp. glycines) was found to cause root rot of soybean 

legumes (Gongora-Canul and Leandro, 2011). In infected roots, pathogen toxins are formed and 

translocated to the leaves by the xylem, where they caused interveinal chlorosis and necrosis (Jin et 

al., 1996). When colonization by the pathogen is restricted to the cortical tissue a plant may show 

root rot but little or no symptoms on its leaves (Gray and Achenbach, 1996; Navi and Yang, 2008).  

 

As plant roots mature and hereby accumulate more lignin and suberin, they can become more 

resistant to pathogen infection (Ranathunge et al., 2008; Thomas et al., 2007). Therefore, growing 

conditions that allow a quick development of a good rooting system may reduce disease 

susceptibility. This can explain differences between faba beans grown on the field and faba beans 

grown in the pots. In the field, faba beans can develop their roots in a natural way. In the pot 

experiment, root growth is limited and roots can therefore be more susceptible to disease infection. 

Figure 4.34 and Figure 4.35 show the differences in root morphology for the field and the pot 

experiment. Plants grown in the field develop a highly lignified root, whereas the root system of 

plants grown in pots consists of many thin roots.  
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Figure 4.34 Roots of a faba bean plants grown in Dedo soil:  field condition (left, 9 WAE) and in the pot 
experiment (right, 6 WAE).  

 
 

  
Figure 4.35 Roots of a faba bean plants grown in Dimtu soil:  field conditions (left, 6 WAE) and  in the pot 
experiment (right, 6 WAE).  

 

Root infections can thus occur at early plant growth stage, when roots are rather weak. Foliar 

symptoms typically appear at or after flowering stage of legumes (Gongora-Canul and Leandro, 

2011).  
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4.2.2.6 Seed-borne versus soil-borne pathogens 
 

Elwakil et al. (2009) isolated F.oxysporum from faba bean seeds in Egypt. They showed that 

several fungi isolated from faba seeds, including F. oxysporum, were very pathogenic to faba beans 

causing seed decay and pre- and post-emergence damping-off (i.e. when a pathogen causes a 

seedling to darken and soften, followed by its dead). It seems that the pathogen causing the disease 

symptoms of the faba beans in the pot experiment is seed transmitted and, probably, very well 

protected in the inner part of the seed. In a previous pot experiment with faba beans (varieties Walki 

and Selale) in Dedo soil, root rot was also observed, although the soil was autoclaved and the seeds 

were surface sterilized (Upadhayay, 2010). In addition, necrosis of the leaves occured in another 

experiment where surface sterilized faba bean seeds (varieties CS20DK, Moti, Gebelcho, Walki, 

Obse and Degaga) were grown in autoclaved vermiculite (Hari Ram Upadhayay, personal 

communication). 

 

This subject is of crucial importance for the future and deserves further research.  If the seeds of the 

varieties promoted because of their beneficial characteristics are infected, the disease would be 

widely distributed in southwestern Ethiopia. In order to produce high quality faba beans, the use of 

pathogen free seed is a must.  

 

4.2.2.7 Effect of the cultivar 
 
The leaf symptoms observed during the different experiments with soil from Dedo or Dimtu at 

Ghent University, were present for all used varieties.  However, in the earlier experiments, no 

disease assessment was carried out. For the pot experiment of this thesis, the disease assessment 

made it possible to detect differences between the varieties Moti  and Gebelcho in terms of disease 

susceptibility. This is in line with findings of Ibrahim (1978), who also reported differences among 

faba bean varieties in their resistance to F. oxysporum. Moti showed lower disease severity (based 

on foliar symptoms) than Gebelcho in Dimtu soil and in Dedo soil when fertilized with phosphorus.  

 

4.2.2.8 Effect of the soil 
 

Soil suppressiveness to a plant pathogen is defined as the ability of a soil to reduce the disease 

severity, even though a virulent plant pathogen and a susceptible host plant are present 

(Alabouvette, 1986; Mazolla, 2002). Soils that are not suppressive to a pathogen are called 
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conducive soils. Soils that are naturally suppressive to F. oxysporum are known for a long time and 

for many regions in the world (Abdul Wahid et al., 1998; Fravel et al., 2002). The level of soil 

suppressiveness is dependent on abiotic (physicochemical) soil factors (e.g. texture, pH, Ca and Mg 

content) and biotic soil factors (e.g. microbial population densities, presence of non-pathogenic F. 

oxysporum) (Höper et al., 1995). Abiotic soil factors are of high influence on biotic soil factors. 

Therefore the suppressiveness of a soil is mainly determinded by its biotic soil characteristics 

(Mazolla, 2002). A soil harbouring a population of non-pathogenic F. oxysporum that is at least 10-

100 times more numerous than the population of pathogenic F. oxysporum, is able to suppress 

infection of a host plant by the pathogenic strains (Fravel et al., 2002). This suppression can be 

direct, by competition for nutrients and root surface infection sites, and/or indirect, by a plant 

defence response to microbial infection (induced systemic resistance, ISR) (Höper et al., 1995). A 

well-known example of decreased Fusarium wilt by ISR was desribed in watermelon (Biles and 

Martyn, 1989).  

 

Abdul Wahid et al. (1998) carried out research on suppressive soils against F. oxysporum on faba 

beans in Egypt. They found a great variance in disease response of fields with Fusarium-inoculated 

faba beans. The most suppressive soils were found to have a higher diversity of fungi and 

significant higher amounts of Cl and Ca ions compared to conductive soils. The suppressiveness of 

soils was decreased with autoclavation of the soil and with addition of organic additives (e.g. sugar 

cane bagasse).   

 

Differences between Dedo and Dimtu soil for disease severity can thus be due to the differences in 

soil physicochemical characteristics, influencing the microbial communities. In the pot experiment, 

faba bean plants grown in Dedo soil were significantly more affected than those in Dimtu soil. 

Physicochemical characteristics of Dimtu soil may therefore be possibly more beneficial for fungal 

antagonists, who suppress the pathogenic F. oxysporum strains. However, Dedo soil contained Ca 

values that were about 2 times higher than Ca values for Dimtu soil (Table 4.14), which is in 

contrast to findings by Abdul Wahid et al. (1998), who found high Ca values to be positive for soil 

suppressiveness. Interestingly, Beshir and Degago (1997) reported that black root rot on faba bean 

caused by F. solani was higher on vertisol than on red soil in Ethiopia.   
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4.2.2.9 Fusarium in the field? 
 

In the field experiment in Dedo field experiment, no problem concerning plant growth was 

observed. However, in the field experiment in Dimtu, plants did not reach pod stage. About 3 weeks 

after emergence, 3 plants with black discolouration were observed (Figure 4.36). At 10 weeks after 

emergence, allmost all plants in the field showed growth problems (Figure 4.36). Foliar symptoms 

observed in the pot experiment resemble those observed in Dimtu field. It is possible that the plants 

in the field were also infected by Fusarium. Faba beans at 10 weeks after emergence showed the 

same necrosis of the leaves as observed in the pot experiment and lower leaves were lost, indicating 

that the symptoms progressed from the lower leaves to the upper ones.  

 

  
Figure 4.36 Foliar symptoms on faba bean plants in Dimtu. At 3 weeks after emergence, a few plants 
showed foliar necrosis and even died  (left ). At 10 weeks after emergence, several plants showed severe 
foliar symptoms and lost their lower leaves (right).  

 

In left picture of Figure 4.36, the faba bean plant on the left died and symptoms on its neighbouring 

plants are visible. It can thus be suggested that the seed of the dead plant was infected and Fusarium 

was spread through water splashes in the heavy rain season (mud spots on the leaves indicate the 

heavy rains). The rainy season stopped at 9 to 10 weeks after emergence of the faba beans. At this 

time many plants could have been infected and the increase in temperature because of the 

subsequent dry season could have made the plants to suffer more. The foliar symptoms were 

observed in Dimtu field, but  not in Dedo, while in the pot experiment, plants grown in Dedo soil 

were more affected than plants grown in Dimtu soil. Climatic factors could have played a role in 

field, since Dedo has a cooler climate and thus lower soil temperature than Dimtu. 
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Again it should be stressed that further research is of high importance. The causal agent(s) of the 

disease observed in the pot and field experiments should be confirmed and seeds should be tested. 

The use of high quality seed is a primary requirement for the produce of high quality faba beans. 

Moreover, this thesis is part of a project that is aimed at selecting faba bean varieties in terms of P- 

and N- efficiencies. Th selected varieties will then be distributed on wide scale in southwestern 

Ethiopia and incorporation of harvest residues into the soil will be encouraged. If distributed seeds 

are infected, this whole process can lead to huge problems. Large numbers of Fusarium resistant 

spores can be produced on the dead stems and roots of the infected faba beans and once released 

into the soil, they can survive up to 10 years. If F. oxysporum is confirmed as the causal agent of the 

disease in field, varieties should therefore be selected on their resistance to this pathogen, in 

combination with P-and N-effiencies and soils should be studied for their disease suppressiveness 

potential.  

 

4.2.3 Soil pH after plant growth 
 
Both the pHKCl and pHH2O of Dimtu soil after plant growth in the pot experiment showed a 

significant (p<0.05, Tukey HSD Test) increased pH for all treatments relative to the initial soil pH 

(Table 4.16). The liming treatment on Dimtu soil increased the soil pHKCl slightly above the target 

pH of 6 and thus optimal P availability was reached. The biochar treatment on Dimtu soil increased 

the pHKCl with 13% for and the pHH2O with 11%. The biochar itself has a pHKCl of 6.9, which can 

cause a slight increase in the soil pH for the biochar treatments. The combination of biochar and 

liming in Dimtu showed a pH increase of 30% and 17% (for pHKCl and pHH2O respectively) relative 

to the initial soil pH.  For the pHKCl, the biochar+liming treatment had a significant lower pH than 

the liming only treatment. This trend was not observed in the pHH2O measurements. pH values 

measured with the pHH2O method are expected to be ± 0.5 pH units higher than for the pHKCl 

method. This was true for all measurements, except for Dimtu soil with liming and liming+biochar 

treatment. This could be due to insufficient mixing of the biochar and/or CaCO3 with the soil in the 

pot. For Dedo soil, both pHKCl and pHH2O values of the biochar treatment were significantly 

different from the initial soil pH, but for pHH2O a slight decrease was observed with biochar 

addition.  
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Table 4.16 Soil pHKCl and pHH2O of soil after pot experiment (mean ± standard deviation), all values in a row 
are significantly different by Tukey HSD Test with p<0.05.  

Soil pH method initial soil pH 
pH soil with 

biochar 

pH soil with 

liming 

pH soil with 

biochar and 

liming 

pH KCl 4.6 ± 0.0 5.2 ± 0.0 6.3 ± 0.1 6.0 ± 0.0 
Dimtu 

pH H2O 5.3 ± 0.0 5.9 ± 0.0 6.3 ± 0.0 6.2 ± 0.0 

pH KCl 5.0 ± 0.0 5.2 ± 0.0 - - 
Dedo 

pH H2O 5.6 ± 0.0 5.5 ± 0.0 - - 

 

As discussed earlier, the liming and biochar treatments did not have a significant effect on the 

disease index. Therefore, the pH values for biochar and/or liming treatments do not show significant 

differences for the disease index. Increasing soil pH is thus not an effective strategy for reducing 

disease infection. Only soil, variety and P fertilizer treatment had a significant influence on the 

disease index of faba beans in the pot experiment. 
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4.2.4 Plant analysis 
 

Results for plant parameters from the pot experiment are first discussed for Dedo and Dimtu 

separatly and then Dedo and Dimtu soil are compared (excluding liming data from Dimtu). Data are 

given and significant interaction or main effect of the factors variety (Moti and Gebelcho), P 

fertilizer (30 kg P ha-1), biochar (13 tons ha-1) and liming (3.7 tons CaCO3 ha-1) on the plant 

parameter are discussed subsequently.  

 

4.2.4.1 Dedo 
 

Data for the measured parameters (nodule score, RDW, SDW, %P shoot, PUTE shoot, %N roots 

and %N shoots) are given in Table 4.17 for all factors (P fertilizer, biochar and variety) used in the 

Dedo pot experiment. 

 

Table 4.17 Data (mean ± standard deviation for the four replications) for the plant parameters (nodule score, 
RDW (g), SDW (g), %P shoot, PUTE shoot (g DW mg-1 P), %N roots and %N shoots) from the Dedo pot 
experiment for the different factors P fertilizer (0 and 30 kg P ha-1 indicated as ‘P’), biochar (0 and 13 tons 
ha-1, indicated as ‘B’) and variety (Moti and Gebelcho, indicated as ‘V’) used in the pot experiment. A ‘-’ 
indicates that the treatment was not applied, ‘+’ indicates that the treatments was applied.  

Biomass Phosphorus Nitrogen 

P B V 
Nodule 

score RDW SDW %P shoot 
PUTE 

shoot 
%N root 

%N 

shoot 

G 1 ± 0 1.0 ± 0.3 1.5 ± 0.5 0.12 ± 0.02 0.89 ± 0.05 3.1 ± 0.3 2.9 ± 0.5 
-B 

M 1.5 ± 0.6 1.1 ± 0.2 1.8 ± 0.4 0.13 ± 0.02 0.74 ± 0.11 3.5 ± 0.5 3.3 ± 0.4 

G 1.5 ± 0.6 1.4 ± 0.3 1.6 ± 0.3 0.12 ± 0.01 0.85 ± 0.25 3.5 ± 0.3 3.3 ± 0.5 
-P 

+B 
M 1.5 ± 0.6 1.1 ± 0.4 2.6 ± 0.3 0.14 ± 0.02 0.81 ± 0.06 3.1 ± 0.6 3.5 ± 0.4 

G 1.5 ± 1.0 1.3 ± 0.3 1.3 ± 0.5 0.13 ± 0.02 0.84 ± 0.01 3.3 ± 0.2 3.4 ± 0.7 
-B 

M 1.5 ± 0.6 1.4 ± 0.5 2.5 ± 1.1 0.12 ± 0.00 0.78 ± 0.09 3.3 ± 0.2 3.6 ± 1.0 

G 1.3 ± 0.5 1.4 ± 0.4 1.3 ± 0.5 0.12 ± 0.03 0.81 ± 0.11 3.6 ± 0.3 3.4 ± 0.5 
+P 

+B 
M 1.5 ± 0.6 1.3 ± 0.3 2.8 ± 0.5 0.11 ± 0.01 0.84 ± 0.11 3.5 ± 0.3 3.2 ± 0.6 

 

 
 Nodule score 

 
The nodule score for plants in Dedo soil had no significant effects for any of the factors. All plants 

did develop nodules. However, nodules were small and there were less nodules than observed in the 

field. 



Chapter 4: Results and discussion 

 90 

Biomass  
 
Root dry weight for faba beans grown in Dedo soil did not differ significantly for different 

treatments. For shoot dry weight, there was a significant 2-way interaction effect of variety and P 

fertilizer (VARxP) and a significant main effect of both variety and P fertilizer on the SDW.  

 

The significant 2-way interaction effect of variety and P fertilizer can be seen in Figure 3.37. 

Addition of P fertilizer to the Dedo soil results in a significant higher shoot dry weight for Moti 

compared to Gebelcho. For Moti, the shoot dry weight increased significantly when P fertilizer was 

applied.   
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Figure 4.37 Effect of different varieties (Moti and Gebelcho) and P fertilizer treatments (0, 30 kg P ha-1) on 
shoot dry weight (g pot-1) for faba beans grown in Dedo soil. Bars headed by the same letter are not 
significantly different from each other (Tukey HSD test with p<0.05). Error bars represent the standard 
deviation of the mean. 
 
The main effect of variety and the main effect of P fertilizer treatment is shown in Figure 4.38. 

Varieties have a significant different SDW. For the P fertilizer treatment, the two levels (0 and 30 

kg P ha-1) were not significantly different from each other. 
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Figure 4.38 Main effect of variety (Moti and Gebelcho) and main effect of P fertilizer treatment (0, 30 kg P 
ha-1) on shoot dry weight (g pot-1) for faba beans grown in Dedo soil. Bars that are significantly different 
from each other are headed by a ‘*’ (Tukey HSD test with p<0.05). Bars that are not significantly different 
are headed by the same letter. Error bars represent the standard deviation of the mean. 



Chapter 4: Results and discussion 

 91 

However, the data for SDW were significantly influenced by the disease, causing SDW reductions. 

Conclusions for the P fertilizer effect on SDW can not be made from the figures above, since there 

was an effect of P fertilizer on the disease index for Dedo soil. This was shown in Figure 4.32. 

Relating this figure to Figure 4.37 and Figure 4.38, the results from effects of factors on shoot dry 

weight can be fully ascribed to the disease infection in stead of the P responsiveness of the varieties. 

Moti was found to have a lower susceptibility to the disease when P fertilizer was applied. This 

explains the significant increase in SDW, since disease index was significant negatively correlated 

with the SDW. When P fertilizer was applied, Gebelcho was significantly more diseased than Moti. 

Also this can be seen in Figure 4.37: with P fertilizer addition, the SDW for Gebelcho was 

significantly lower than for Moti.  

 

In order to compare varieties for their efficiencies of P acquisition, varieties with a higher relative 

biomass allocation in the roots and thus a higher root:shoot ratio, are generally better P absorbers 

(Ahmad, 2001; Nielsen et al., 2001). Gebelcho showed a significant higher relative biomass 

allocation (i.e. the distribution of total plant biomass between the different plant parts) in the roots 

compared to Moti (47.8% versus 36.7%). Also the root:shoot ratio was significantly different (1.00 

for Gebelcho and 0.59 for Moti). Again, these data are influenced by the disease index and can thus 

not give well-founded conclusions in terms of efficiency of P acquisition.   

 

 

 %P in the shoots and PUTE 
 
%P in the shoots did not show any significant interaction or main effect from the different factors 

used in the pot experiment with Dedo soil. A significant correlation was found for %P in the shoots 

with the %N in the roots (r = 0.39 with p<0.05) and the %N in the shoots (r = 0.52 with p<0.01). 

These correlations were found not to be significant in the data from the Dedo field experiment.  

 

Phosphorus utilization efficiencies (PUTE) were calculated using the %P in the shoots and the shoot 

dry weights. Since shoot dry weight was significantly affected by the disease, and therefore the 

PUTE also, statistical analysis and discussion of PUTE results are not included.  
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 %N in the roots and the shoots 
 

%N in the roots and the shoots did not show any significant interaction or main effect from the 

different factors used in the pot experiment with Dedo soil. Comparing plants grown on the Dedo 

field and in pots with Dedo soil, %N in the shoots was found to be similar: 3.81 ± 0.35 %N for the 

field and 3.32 ± 0.55 %N for the pot experiment. However, %N in the roots was not in the same 

range: roots from the field contained on average 1.96 ± 0.16 %N and roots from the pots contained 

on average 3.38 ± 0.35 %N.  
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4.2.4.2 Dimtu 
 

Data for the measured parameters (nodule score, RDW, SDW, %P shoot, PUTE shoot, %N roots 

and %N shoots) are given in Table 4.18 for all factors (P fertilizer, biochar, liming and variety) used 

in the Dimtu pot experiment.  

Table 4.18 Data (mean ± standard deviation for the four replications) for the plant parameters (nodule score, 
RDW (g), SDW (g), %P shoot, PUTE shoot (g DW mg-1 P), %N roots and %N shoots) from the Dimtu pot 
experiment for the different factors P fertilizer (0 and 30 kg P ha-1 indicated as ‘P’), biochar (0 and 13 tons 
ha-1, indicated as ‘B’), liming (0 and 3.7 tons ha-1) and variety (Moti ‘M’ and Gebelcho ‘G’) used in the pot 
experiment. A ‘-’ indicates that the treatment was not applied, ‘+’ indicates that the treatments was applied.  

Biomass Phosphorus Nitrogen 
P B L VAR 

Nodule  

score RDW SDW %P 
shoot 

PUTE  
shoot 

%N root %N shoot 

M 1.8 ± 1.0 1.2 ± 0.6 3.0 ± 0.7 0.15 ± 0.03 0.67 ± 0.10 3.0 ± 0.6 3.0 ± 0.6 
-L 

G 1.3 ± 0.5 1.3 ± 0.3 2.2 ± 0.6 0.18 ± 0.05 0.49 ± 0.16 2.6 ± 0.4 3.7 ± 1.4 

M 1.5 ± 0.6 1.2 ± 0.6 2.5 ± 0.5 0.16 ± 0.03 0.60 ± 0.11 2.9 ± 0.3 2.9 ± 0.2 
-B 

+L G 1.8 ± 0.5 1.4 ± 0.4 2.3 ± 0.8 0.16 ± 0.03 0.56 ± 0.04 2.7 ± 0.3 3.4 ± 0.4 

M 1.8 ± 1.0 1.4 ± 0.3 2.5 ± 0.3 0.22 ± 0.03 0.66 ± 0.04 2.4 ± 0.6 3.0 ± 0.7 
-L G 1.3 ± 0.5 1.1 ± 0.3 2.1± 0.6 0.17 ± 0.03 0.57 ± 0.10 3.0 ± 0.6 3.4 ± 0.7 

M 2.3 ± 1.0 1.3 ± 0.4 2.6 ± 0.8 0.15 ± 0.01 0.46 ± 0.06 2.8 ± 0.6 4.2 ± 0.4 

-P 

+B 

+L G 1.8 ± 0.5 1.4 ± 0.4 2.1 ± 0.1 0.15 ± 0.02 0.52 ± 0.06 2.4 ± 0.4 3.4 ± 0.5 

M 1.5 ±0.6 1.5 ± 0.5 2.6 ± 0.4 0.15 ± 0.01 0.65 ± 0.12 2.6 ± 0.5 3.1 ± 0.8 
-L G 1.3 ±1.2 1.4 ± 0.2 2.4 ± 0.4 0.18 ± 0.02 0.45 ± 0.06 2.6 ± 0.6 3.2 ± 0.6 

M 1.5 ±0.6 1.3 ± 0.1 2.6 ± 0.6 0.20 ± 0.01 0.59 ± 0.13 2.9 ± 0.4 3.4 ± 0.7 -B 

+L G 1.3 ±0.5 1.3 ± 0.5 2.0 ± 0.3 0.22 ± 0.03 0.56 ± 0.06 3.1 ± 0.4 3.1 ± 0.9 

M 2.0 ± 1.0 1.2 ± 0.5 2.2 ± 1.1 0.20 ± 0.02 0.63 ± 0.10 2.9 ± 0.3 3.2 ± 0.6 
-L G 1.3 ±0.5 1.1 ± 0.1 1.7 ± 0.2 0.18 ± 0.01 0.49 ± 0.03 2.9 ± 0.3 3.1 ± 0.6 

M 1.8 ±1.0 1.1 ± 0.3 3.1 ± 0.5 0.18 ± 0.03 0.69 ± 0.13 2.4 ± 0.6 3.2 ± 0.6 

+P 

+B 

+L 
G 1.0 ± 0.0 0.9 ± 0.2 1.4 ± 0.3 0.22 ± 0.06 0.68 ± 0.04 2.7 ± 0.1 2.8 ± 0.4 

 
 
Nodule score 
 
There was a significant main effect of the variety on the nodule score. Moti had a significant higher 

nodule score than Gebelcho (1.62 versus 1.29) for all plants from the pot experiment that were 

grown in Dimtu soil. P fertilizer, biochar or liming treatments did not have any significant effect on 

the nodule score. The nodules score was significantly positive correlated with both the RDW (r = 

0.42 with p<0.01) and the SDW (r = 0.43 with p<0.01). Analogous as for faba beans grown in Dedo 

soil, all plants did develop nodules but numbers were lower than for faba beans grown in the field. 
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  Biomass 

 

Root dry weight was not significantly affected by any of the treatments used for the Dimtu soil. 

There was a significant positive correlation between the RDW and SDW (r = 0.56 with p<0.01).  

 

Shoot dry weight was, as for Dedo, significantly decreased with the disease index (r = -0.44 with 

p<0.01). Contrary to Dedo, P fertilizer treatment had no significant effect on SDW in Dimtu soil. 

Due to the lower pH of the soil, the P fertilizer may be complexated. Also biochar and liming 

treatments did not result in significant differences among SDW. However, there was a significant 

effect of the variety on SDW, with Moti having a SDW of 30% higher than Gebelcho. Analogous as 

for Dedo soil in the pot experiment, Gebelcho had a significant higher relative biomass allocation in 

the roots and root:shoot ratio than Moti (37.7% versus 32.3% and 0.6 versus 0.5, respectively). 

However, as discussed above, in Dimtu soil Gebelcho was significantly more affected by the 

disease than Moti. Therefore, SDW was higher for Moti than for Gebelcho. 

 

 %P in the shoots and PUTE 
 

The %P in the shoots was significantly affected by the 3-way interaction of  P fertilizer, biochar and 

liming (PxBxL), by the 2-way interactions of variety and liming (VARxL) and P fertilizer and 

liming (PxL) and by the main effect of variety (VAR). These effects are discussed below. In Figure 

4.39, the effect of P fertilizer on %P in the shoots, for different combinations of biochar and liming 

treatments (PxBxL) can be seen. For situations where no liming or biochar was added, or only one 

of these treatments was applied (‘-L-B’, ‘-L+B’ and ‘+L-B’), P fertilizer addition had no significant 

effect on the %P in the shoots. However, when both liming and biochar was added to the soil, the P 

fertilizer treatment resulted in a slight but significant decrease of  %P in the shoots.  

 

Dimtu soil is deficient in plant available phosphorus (see above). In nutrient deficient conditions, 

nutrient allocation in plants may be different from plants grown under ideal growth conditions. 

These differences in nutrient movement can be used as adaptation strategy under stressfull 

conditions (Salinas and Sanchez, 1976). Plants experiencing a phosphorus deficiency have the 

ability to retranslocate P from inactive to active sites (Loneragan, 1978). Clarkson et al. (1978) 

reported a higher phosphorus concentration in the shoots from barley plants grown under P deficient 

conditions compared to plants grown under normal conditions. This physiological reaction increases 

the amount of P available for essential physiological functions such as photosynthesis (Adu-Gyamfi 
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et al., 1989; Ahmad et al., 2001). Therefore, the significant higher %P in the shoots of plants with a 

‘+L+B-P’ treatment compared to a situation with a ‘+L+B+P’ treatment, may be due to 

translocation of P to the shoots because of the P deficiency in Dimtu soil. Only when P fertilizer is 

added in combination with a liming and biochar treatment, this P seems to be available for the faba 

beans and less P is translocated to the shoots.     

a
a a

*a
a a

*

0.00

0.05

0.10

0.15

0.20

0.25

0.30

- L - B - L + B + L - B + L + B

Liming and biochar treatments

%
 P

 s
ho

ot

no P fert P fert

 
Figure 4.39 %P in the shoots of faba beans grown in Dimtu soil, for different treatments of P fertilizer (P), 
biochar (B) and liming (L) (3-way interaction of PxBxL). A ‘+’ indicates that the treatment was received, a 
‘–’ indicates that this treatment was not received. Bars headed by a ‘*’ are significantly different from each 
other (Tukey HSD test with p<0.05). Bars headed by the same letter are not significantly different from each 
other. Error bars represent the standard deviation of the mean. 
 
 

The 2-way interaction of variety and liming (VARxL) is shown in Figure 4.40. When no liming was 

applied, Gebelcho has a significant higher %P in the shoots than Moti. When a liming treatment was 

applied, %P in the shoots was not significantly different for Moti and Gebelcho. Gebelcho seems to 

be a better P absorber than Moti for situations where no liming is applied on Dimtu soil. 
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Figure 4.40 %P in the shoots of faba beans grown in Dimtu soil, for different treatments of liming (L) and 
for different varieties (2-way interaction of liming and variety). A ‘+’ indicates that the treatment was 
received, a ‘-’ indicates that this treatments was not received. Bars headed by a ‘*’ are significantly different 
from each other (Tukey HSD test with p<0.05). Bars headed by the same letter are not significantly different 
from each other. Error bars represent the standard deviation of the mean. 
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The 2-way interaction of P fertilizer and liming (PxL) is shown in Figure 4.41. However, different 

combinations of P with L were not significantly different from each other. 

aa
a

a

0.000

0.050

0.100

0.150

0.200

0.250

-L +L
Liming treatment

%
 P

 in
 th

e 
sh

oo
t

-P +P

 
Figure 4.41 %P in the shoots of faba beans grown in Dimtu soil, for different treatments of liming (L) and P 
fertilizer (P) (2-way interaction of liming and P fertilizer). A ‘+’ indicates that the treatment was received, a 
‘-’ indicates that this treatments was not received. Bars headed by the same letter are not significantly 
different from each other (Tukey HSD test with p<0.05). Error bars represent the standard deviation of the 
mean. 

 
There was also a significant main effect of the variety, as shown in Figure 4.42. Gebelcho has a 

significant higher %P in its shoots. These results suggest that Gebelcho is a more efficient P 

absorber than Moti for situations where plant available P in the soil is limiting.  
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Figure 4.42 %P in the shoots of faba beans grown in pots with Dimtu soil, for different varieties Moti and 
Gebelcho. Bars headed by a ‘*’ are significantly different from each other (Tukey HSD test with p<0.05). 
Error bars represent the standard deviation of the mean. 
 

For phosphorus utilization efficiencies (PUTE) calculated for the shoots, data and statistical 

analysis are not discussed, since shoot dry weights were significantly influenced by the disease and 

therefore analysis of the PUTE gives no valid information on phosphorus utilization effiencies of 

the faba beans. 
 
 %N in the roots and the shoots 
 

%N in the roots and the shoots of faba beans grown in pots with Dimtu soil was not significantly 

different for the different factors.  
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4.2.4.3 Dedo versus Dimtu 
 

When comparing plants grown in Dedo soil and plants grown in Dimtu soil for different plant 

parameters, %P in the shoots and %N in the roots resulted in siginificant differences among the two 

soils. Nodule score, RDW and percentage N in the shoots were not significantly different for the 

two soils and are not discussed in this section. SDW was significantly different between both soils, 

but this can be fully attributed to the significant difference in disease infection for Dedo and Dimtu 

soil (39 ± 8% versus 25 ± 12 %). SDWs were discussed earlier for the Dedo and Dimtu soils and 

will not be repeated in this section. 

 

 %P in the shoots 
 

Percent P in the shoots was affected by the 3-way interaction of soil, variety and biochar 

(SOILxVARxB), the 2-way interaction of soil and variety (SOILxVAR), and the main effects for 

soil and variety. The factor P fertilization did not have any significant effect on the %P in the 

shoots. Figure 4.43 shows the differences between Dedo and Dimtu soils in terms of %P in the 

shoots, influenced by biochar treatment and variety. The bars representing Gebelcho in Dimtu soil, 

for ‘–B’ and ‘+B’, are significantly different from all other treatments. The variety Gebelcho, grown 

in Dimtu soil thus yields the highest %P in the shoots. For Dimtu soil with biochar addition, the %P 

in the shoots of Gebelcho was significantly higher than for Moti. %P in the shoots did not differ 

significantly among Dedo soil treatments.  
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Figure 4.43 % P in the shoots for Dedo and Dimtu soil, variety (Moti and Gebelcho) and biochar (B) 
treatment, where ‘+B’ indicates pots receiving a biochar treatment and ‘–B’ for pots without biochar 
addition. Bars headed by the same letter are not significantly different (Tukey HSD test with p<0.05). Error 
bars represent the standard deviation of the mean. 
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The effect of the 2-way interaction of soil with variety is shown in Figure 4.44. For Dedo soil, there 

was no significant difference in %P in the shoots for Moti compared to Gebelcho. For Dimtu soil, 

the %P in the shoots from Gebelcho was significantly higher than for Moti. The %P in the shoots 

was, for both varieties, higher in Dimtu soil than in Dedo soil.  
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Figure 4.44 % P in the shoots for Dedo and Dimtu soil and for varieties (Moti and Gebelcho). Bars headed 
by the same letter are not significantly different (Tukey HSD test with p<0.05). Error bars represent the 
standard deviation of the mean. 

 

The main effect of soil (Figure 4.45, left) confirms the results from the 3-way and 2-way 

interaction, being that Dimtu soil results in a significant higher %P in the shoots compared to Dedo 

soil. The main effect of variety (Figure 4.45, right) shows that Moti and Gebelcho do not have 

significant different %P in the shoots, thus the higher %P in the shoots of Gebelcho only counts 

when grown in Dimtu soil.  

 

From previous results is known that Dimtu soil is deficient in plant available P. It was also stated 

that plants grown under P deficient conditions allocate more P to their shoots. Both varieties had a 

higher %P in their shoots for Dimtu soil compared to Dedo soil. This is probably because a 

physiological effect of P translocation to the shoots due to low P availability in Dimtu soil. 

Gebelcho had a higher %P in its shoots for Dimtu soil but not for Dedo soil. This rejects earlier 

conclusions about P absorption capacity of Gebelcho (paragraph 4.2.4.2), since for Dedo soil no 

significant differences were found. Gebelcho is thus likely a variety with a greater response to 

severe P deficiency than Moti. 
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Figure 4.45 % P in the shoots for Dedo and Dimtu soil (left) and for varieties Moti and Gebelcho (right). 
Bars headed by a ‘*’ are significantly different from each other (Tukey HSD test with p<0.05). Bars headed 
by the same letter are not significantly different. Error bars represent the standard deviation of the mean. 

 

 

 %N in the roots 
 

%N in the roots had a significant 2-way interaction of variety and biochar treatment (VARxB) and a 

significant main effect of the soil. The 2-way interaction VARxB is shown in Figure 4.46. 

However, multiple comparison of means did not result in significant differences among the 

treatment groups.  
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Figure 4.46 %N in the roots of faba beans for different varieties (Moti and Gebelcho) and biochar treatments 
(-B, +B) used in the pot experiment. ‘+B’ indicates pots receiving a biochar treatment and ‘–B’ indicates 
pots without biochar addition.Bars headed by the same letter are not significantly different (Tukey HSD test 
with p<0.05). Error bars represent the standard deviation of the mean.  
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The %N in the roots was significantly different for plants grown in Dedo soil compared to plants 

grown in Dimtu soil. Roots from Dimtu contained a significantly lower %N in their roots (2.76% 

N), than roots from Dedo (3.38% N) (Figure 4.47). This can be due to the higher amount of N 

present in Dedo soil compared to Dimtu soil. 
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Figure 4.47 %N in the roots of faba beans grown in different soils (Dedo and Dimtu) in the pot experiment. 
Bars headed by a ‘*’ are significantly different (Tukey HSD test with p<0.05). Error bars represent the 
standard deviation of the mean. 

 

Results from the pot experiment learn that number of nodules was significantly higher for Moti 

compared to Gebelcho. RDW was not significantly different for any of the applied treatments. On 

the contrary SDW was affected by many interaction and main effects. However, the attack of 

Fusarium oxysporum on the plants resulted in a significant decrease of SDW and therefore 

significant differences in SDW can not be ascribed to the factors only. The disease index that was 

designed for assessment of disease severity, was significantly higher for Dedo soil than for Dimtu 

soil. In Dimtu soil, Gebelcho was significantly more diseased than Moti and the same was true for 

Dedo soil with P fertilizer addition. Moti plants grown in Dedo soil were significantly more 

diseased when no P fertilizer treatment was applied.  

 

%N in the roots was higher for Dedo soil. This can be due to a higher %N in Dedo soil compared to 

Dimtu soil. %N in the shoots did not result in any significant differences. %P in the shoots was 

significantly higher for faba beans grown in Dimtu soil compared to Dedo soil. Gebelcho had a 

significant higher %P in the shoots than Moti, only when grown in Dimtu soil. When liming was 

applied on Dimtu soil, varieties did not show a significant difference in %P in the shoots. Biochar 

showed several significant interactions with other factors (e.g. 3-way interaction of 

soil*variety*biochar for %P in the shoots), but never had a significant main effect on plant 

parameters. 
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5 Conclusion and research recommendations 
 
Soil analysis for Dedo and Dimtu soil showed that pH, %N, %C and plant available P content in 

Dedo soil is more optimal for faba bean production than in Dimtu soil. In Dimtu soil, especially the 

pH and plant available P content are limiting for a good Rhizobium-legume symbiosis. Hereby, 

efficient biological nitrogen fixation and good faba bean grain yield are obstructed.  
 

The suitability of Dedo soil for faba bean growth, as expected from its physicochemical 

characteristics, was confirmed by the Dedo field experiment. Faba beans did not face any growth 

problems, yields were good and the Rhizobium-legume symbiosis resulted in efficient biological 

nitrogen fixation. The experiment consisted of three farmer’s fields, where three selected faba bean 

varieties (Degaga, Moti and Obse) and one local variety had been used, with a P fertilizer treatment 

at four levels. Results from the field experiment showed that P fertilization at four levels did not 

result in significant differences for the measured plant parameters. Phosphorus levels in the faba 

beans were similar as reported in literature. Application of P fertilizer on Dedo soil is thus possibly 

not required for good faba bean growth.  
 

Nitrogen yields per plant part were calculated for the faba beans grown in Dedo, in order to 

compare different farmers’ practices. When farmers in the southwestern region of Ethiopia would 

change their usual practice (i.e. removing shoots, pods and grains from the field at harvest) and 

incorporate faba beans shoots into the soil, a net N return up to 200 kg N ha-1 could be achieved. 

Compared to the usual farmers’ practice, on average 20 ± 13 times more N can be returned to the 

fields when shoots are incorporated. Moreover, incorporation of shoot residues returns on average 

13 ± 3 kg P ha-1 to the soil. This all represents a big advantage in subsistence production systems, 

where fertilizer inputs are too expensive or unavailable. The amount of N from the harvest residues 

that will be available for the subsequencing cereals will be further studied in a follow up 

experiment.  
 

Biological nitrogen fixation for the Dedo field was calculated using two different methods, the 

nitrogen difference method and the 15N natural abundance technique. For the first method, values 

ranged from 91 to 165 kg N ha-1 fixed in the shoots, with corresponding %N derived from 

atmosphere ranging from 80 to 88%. Values for the second method were somewhat higher (110 to 

175 kg N ha-1). Moti was the variety with a significant higher biological nitrogen fixation than other 
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varieties. Field balances were found to be positive and therefore faba beans are contributing 

positively to the yield of subsequent cereals. 
 

When evaluating varieties used in the Dedo field experiment for their N- and P-efficiencies, Moti 

was clearly the best choice. Moti has a significant better biological nitrogen fixation (values up to 

200 kg N ha-1) than other varieties, and a significant higher N and P return to the soil.  
 
In the Dimtu field experiment, with six faba bean varieties and a P fertilizer treatment at two levels, 

faba beans did suffer from growth problems and sudden dead of the plants was observed. Soil 

analysis indicated that the pH and plant available phosphorus in Dimtu were too low for good faba 

bean growth. This was confirmed by results of plant parameter measurements on the field. Nodules 

of faba beans in Dimtu did not show efficient biological nitrogen fixation. Root dry weight and %P 

in the roots increased with P fertilizer addition. Faba bean plants died at 10 weeks after emergence. 

Therefore, yield and biological nitrogen fixation data are not available and selection of 2-3 efficient 

varieties was not possible.  
 

The pot experiment, of which the design of the factors was based on soil physicochemical 

characteristics, shed new light on the results of the field experiment. Disease symptoms were visible 

on the faba beans at flowering stage, including black discolouration of the leaves, vascular 

discolouration and root rot. After isolation and colony growth, Fusarium oxysporum was identified 

from shoot samples of a severly attacked plant. This fungus was probably transmitted through the 

faba bean seeds. However, its presence and responsibility should be confirmed by fullfilling Koch’s 

postulates. Also, the possibility of a combined fungus infection should be studied. For the pot 

experiment, disease symptoms were significantly higher for faba beans grown in pots with soil from 

Dedo compared to Dimtu. For Dimtu, the Gebelcho variety was more diseased than Moti. The same 

was true for Dedo soil with P fertilizer addition at a rate of 30 kg ha-1. The disease significantly 

reduced shoot dry weight for all faba bean plants.  
 

When comparing symptoms of the disease in the pot experiment to what was observed on the Dimtu 

field 10 weeks after emergence of the plants, similarities were found. Faba beans on the Dimtu field 

also showed black discolouration of the leaves and symptoms started at lower leaves, going up 

along the stem. On Dimtu field, the fungus could have been introduced with the faba bean seeds. 

The fact that for Dimtu field syptoms were observed and not for Dedo field, whereas for the pot 

experiment Dedo soil seemed to be more susceptible for the disease, could be due to climatic 
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factors. Dedo has a cooler climate and thus lower soil temperature because of its higher altitude. It 

is highly recommended to carefully study this soil-climate interaction in the future.  
 

The importance of a detailed fungus study is accentuated when referring to the objective of the 

whole project, i.e. promoting residue incorporation for nutrient replenishment. If seeds of the 

selected faba bean varieties are not pathogen free, large-scale introduction of these varieties could 

result in a wide spreading of pathogens. A fungus like Fusarium oxysporum forms microspores on 

dead plant material, which would then be incorporated into the soil. The chlamydospores of F. 

oxysporum can survive up to 10 years in the soil. The use of pathogen free faba bean seed is thus a 

condition of extremely high importance. In Dedo, the project was already in the third phase, where 

shoots were incorporated into the soil. Therefore, the soil can already be infected and a fungicide 

treatment might be necessary.  
 

Measurement of plant parameters in the pot experiment showed significant influences of soil 

physicochemical characteristics on plant performance. However, results of shoot dry weight 

measurements could not be attributed to the effect of the factors (P fertilizer, biochar, liming, soil 

and variety) in the pot experiment, since shoot dry weight was significantly decreased by the 

disease. Other plant parameters were not significantly influenced by the disease and differences can 

thus be attributed to the effect of the different factors. Percentage N in the roots of faba beans 

grown in Dedo soil was significantly higher than for faba beans grown in Dimtu soil. This could be 

because of the higher %N in Dedo soil. Although Dimtu soil was known to be deficient in plant-

available P, %P in the shoots was higher for faba beans grown in pots with Dimtu soil compared to 

Dedo soil. For Dimtu soil only, Gebelcho had a significant higher %P in its shoots than Moti. 

Liming application on Dimtu soil did not result in significant differences for %P in the shoots. The 

higher percentage P in the shoots of faba beans grown in Dimtu soil could be due to the P 

deficiency, resulting in a physiological reaction of the plant, by which P is translocated to the shoots 

in order to keep processes such as photosynthesis on a good level. Gebelcho is then probably a 

variety with a higher response to P deficiency than Moti. However, the differences in %P in the 

shoots for different soils and varieties should be further investigated, as well as effects of combined 

liming and biochar treatments. Biochar showed several significant interactions with other factors 

applied in the pot experiment, but never had a significant main effect on plant parameters. Further 

study of interactions between biochar, P fertilizer and mycorrhizal fungi could be interesting for this 

project. Overall, this research project has high potential to improve soil fertility and hereby enhance 

farmers’ well-being. 
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 A 

Appendix 
 

Appendix A: Overview of the statistical significant interaction and main effects of the 
factors variety (‘VAR’), P fertilizer (‘P’), biochar (‘B’) and liming (‘L’), and the disease 
index (DI) on the measured plant parameters (number of nodules, RDW, SDW, %N roots, 
%N shoots and %P shoots) for different soils (Dedo and Dimtu) used in the pot experiment. 
A ‘*’ and ‘**’ indicate a significant effect as assessed with ANOVA hierarchical model 
selection with p<0.05 and p<0.01 respectively.  
 Factors Number of 

nodules RDW SDW %N  
roots 

%N  
shoots 

% P  
shoot 

DI ns ns * ns ns ns 
B ns ns ns ns ns ns 
P ns ns * ns ns ns 
VAR ns ns ** ns ns ns 
P*B ns ns ns ns ns ns 
VAR*B ns ns ns ns ns ns 
VAR*P ns ns * ns ns ns D

E
D

O
 S

O
IL

 

VAR*P*B ns ns ns ns ns ns 
DI ns ns ** ns ns ns 
L ns ns ns ns ns ns 
B ns ns ns ns ns ns 
P ns ns ns ns ns ns 
VAR * ns ** ns ns ** 
B*L ns ns ns ns ns ns 
P*L ns ns ns ns ns * 
P*B ns ns ns ns ns ns 
VAR*L ns ns ns ns ns ** 
VAR*B ns ns ns ns ns ns 
VAR*P ns ns ns ns ns ns 
P*B*L ns ns ns ns ns ** 
VAR*B*L ns ns ns ns ns ns 
VAR*P*L ns ns ns ns ns ns 
VAR*P*B ns ns ns ns ns ns 

D
IM

T
U

 S
O

IL
 

VAR*P*B*L ns ns ns ns ns ns 
DI ns ns ** ns ns ns 
B ns ns ns ns ns ns 
P ns ns ns ns ns ns 
VAR * ns ** ns ns ** 
SOIL ns ns ** ** ns ** 
P*B ns ns ns ns ns ns 
VAR*B ns ns ns ** ns ns 
VAR*P ns ns ns ns ns ns 
SOIL*B ns ns ns ns ns ns 
SOIL*P ns ns * ns ns ns 
SOIL*VAR ns ns ns ns ns ** 
VAR*P*B ns ns ns ns ns ns 
SOIL*P*B ns ns ns ns ns ns 
SOIL*VAR*B ns ns ns ns ns ** 
SOIL*VAR*P ns ns ** ns ns ns 

D
E

D
O

 v
s. 

D
IM

T
U

 S
O

IL
 

SOIL*VAR*P*B ns ns ns ns ns ns 


