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English summary 

 

Increasing food production to feed the fast growing world population particularly in 

developing countries relies on two options: either increase the arable land or improve 

the productivity of the existing cultivated land. This research focuses on the highly 

populated highlands of Tigray (northern Ethiopia), where improving the productivity of 

land is the only option for sustainable food production. In the drought-prone and highly 

degraded highlands of Tigray, rainfed cereal production is restricted by low and highly 

variable rainfall with common occurrence of dry spells during the cropping season on 

the one hand, and low levels of soil fertility on the other hand. Water saving techniques 

and applying inorganic fertilizers to intensify the staple food production are essential to 

maximize the productivity of the land. Elaborated strategies developed by crop growth 

models can be used for designing and better understanding the impact of the 

aforementioned strategies.  

 

In this study the water productivity model AquaCrop, developed by FAO, was used as a 

tool to test different field management strategies for improving productivity of tef under 

the local environmental conditions in the highlands of Tigray. The model estimates 

yield by relating crop transpiration with biomass and yield production and allows the 

users to simulate yield under various conditions.  

 

Tef (Eragrostis tef (Zucc.) Trotter) is an endemic cereal crop and staple diet in Ethiopia. 

It is highly preferred by the farmers not only in view of its adaptability to a wide range 

of environmental conditions but also for its high market value of both grain and crop 

residue (straw). However, low productivity is often reported mainly due to water and 

fertility stress.  

 

Considering this context, a research project was designed with field experiments in 

Randomized Complete Block Design (RCBD) with split plot arrangement, conducted in 

2008, 2009 and 2010 at two sites located in the south-east and east of Tigray in two soil 

types. Five levels of nitrogen (N) and phosphorus (P) fertilizers (no input, 50%, 75%, 

100% and 150% of the recommended doses) were applied to both rainfed and irrigated 

plots. The objectives of the study were:  
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a) to gain insight in the response of tef to water and soil fertility stress; 

b) to obtain the necessary field data to calibrate and validate the AquaCrop model 

for the local crop tef, considering both water and fertility stress;  

c) to investigate the effect of inorganic fertilizer application (N and P) on yield 

and yield components of the crop;  

d) to evaluate the impact of supplementary irrigation (SI, a practice of applying a 

limited amount of water to essentially rainfed crops when the rainfall fails to 

provide sufficient moisture for normal growth) in mitigating the impact of dry 

spells during the growing season and to improve the productivity of tef; 

e) to assess the nutrient use efficiency of tef in different conditions of nutrient 

availability and  supplementary irrigation; and  

f) to test different field management strategies to improve the productivity of tef 

in Tigray. 

 

The field experiments, complemented with a mini-lysimeter experiment conducted in 

2008 and 2009, were used to gain insight in the response of tef to water and soil fertility 

stress and to calibrate and validate the AquaCrop model for tef under water and fertility 

stress conditions. Additionally, data collected during field experiments conducted in 

2006 and 2007 in the frame of master research were also used as additional inputs for 

the calibration process.  

 

The results of the crop response revealed that the water sensitive stage for tef is at or 

around flowering. Supplementary irrigation (SI) during this growth stage produced a 

surplus of 98 to 111% in yield (Y), 52 to 54% in water use efficiency (WUE) and 41 to 

88% in dry aboveground biomass (B) compared to rainfed crops. SI also improved the 

uptake of nutrients, thereby increasing the quality of the grain and also advancing the 

recovery capacity and agronomic efficiency of the crop. Similarly, the effect of various 

nutrient levels (N and P) showed a significant impact on Y, WUE and B. Y, WUE and 

B were significantly lower in plots without fertilizer (control), started to increase 

strongly if a small amount of the fertilizer (50% less than the recommended application 

dose) was applied and continued to increase until it reached the optimal rate (100% 

recommended dose). The optimal fertilizer application dose resulted in a significant 

increase in Y (43 to 69%), WUE (86 to 90%), B (55 to 63%) and total uptake of both 

nutrients. However, the crop’s efficiency to convert the applied nutrients into 

marketable yield was higher in the lowest nutrient application (50% less than the 

recommended). This study demonstrates that application of inorganic fertilizers more 

than the recommended dose is not advised as this did not resulted in an additional 

output, both in limited and unlimited water conditions.  
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The simulation analysis with AquaCrop revealed that the model was adequately able to 

simulate the yield of tef in response to water and fertility stress under various 

environmental conditions in Tigray. This was confirmed by accurate estimation of the 

soil water balance and canopy development that determine the crop transpiration and the 

biomass and yield production. With the calibrated and validated model, three 

management strategies were evaluated in four locations and on three soil types in the 

region, including soil fertility management, early sowing and applying a small irrigation 

dose (deficit irrigation, DI) around flowering.  

 

The effect of soil fertility management was assessed by simulating the production of tef 

according to the farmers’ practice sown at the end of July or beginning of August for six 

predetermined soil fertility categories. The high soil fertility levels (0 to 40% soil 

fertility stress) in locations with relatively good rainfall and on soils with a relatively 

high available water level (clay loam) resulted in low failure years (0-13%). However, 

high yield production was limited due to frequently occurring episodes of water stress 

during critical growth stages like flowering. This finding confirmed that a balanced 

rainfall distribution is more important than the total amount of rainfall, and urges for 

planning of optimal sowing time and / or DI if fertility levels are sufficiently high. In 

areas with relatively less rainfall, the estimated risk of failure year was 29%. Yet, on 

sandy loam and silty clay soils with poor and very poor soil fertility levels (60 to 75% 

soil fertility stress), the probability of failure year reached 60-100% in dry areas. 

 

The production of tef according to the farmers’ sowing practice is strongly limited by 

water stress as maturity is far from reached at the end of the rainy season. Planning for 

optimal sowing time is therefore crucial. For this purpose, the DEPTH criterion (Raes et 

al., 2004) that considers a cumulative rainfall depth of 40 mm during a maximum of 

four successive days was used to determine the onset of the growing period. The model 

simulations suggested 16 to 20 July (2-3 weeks earlier than the normal practice) as 

optimal sowing time for tef. For this period, the risk of failure year was considerably 

reduced while the proportion of moderate and high yield production was increased.  

 

Additional water supply combined with early sowing was found to further improve tef 

yield as the water demand of the crop exceeds the rainfall supply in the region. Given 

the possibility to collect, by surface runoff, a small amount of excess rainfall in field 

ponds during the short rainy season, the research was focused on DI. In the DI strategy, 

one irrigation was applied at the critical growth stage at or around flowering. This 

strategy was beneficial both in areas with relatively low rainfall and with relatively 

good rainfall and stablized yield at a relatively high level. In the more rainy locations, 

the yields shifted not only from moderate to high but also the average high yield 
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increased. Nevertheless, the crops benefited more in low rainfall areas since DI highly 

reduced the proportion of low yield and increased the possibility to produce high and 

moderate yields.  

 

Improving water productivity is the greatest potential to increase food production in 

rainfed agriculture to feed the fast growing population. DI can help to mitigate the effect 

of dry spells during the growing season (where rainwater harvesting techniques in ponds 

or micro-dams can be used as a source). This study demonstrated that careful planning 

of sowing dates for effective use of the available rainfall combined with DI and optimal 

application of inorganic fertilizers can be an important strategy for sustainable food 

production in drought-prone areas like Tigray. 
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Het verhogen van de voedselproductie om een antwoord te bieden op de voedselvraag 

van de snel groeiende wereldbevolking, in het bijzonder in ontwikkelingslanden, steunt 

op twee opties: ofwel verhoging van het landbouwareaal ofwel verbetering van de 

productiviteit van de bestaande landbouwgrond. Deze studie focust op de dichtbevolkte 

hooglanden van Tigray (Noord-Ethiopië) waar enkel productiviteitsverbetering een 

valabele optie is voor duurzame voedselproductie. In de droogte-gevoelige en 

gedegradeerde hooglanden van Tigray is regengevoede graanproductie gelimiteerd door 

lage en erg variabele neerslag. De graanproductie heeft er bovendien te kampen met 

periodes van droogte en een lage bodemvruchtbaarheid. Waterbesparende 

landbouwtechnieken en anorganische meststoffen zijn essentieel om de 

landbouwproductiviteit in de streek te optimaliseren. Gewasmodellen kunnen gebruikt 

worden om goede landbouwstrategieën te ontwerpen en de impact ervan te begrijpen.  

 

In deze studie werd het waterproductiviteitsmodel AquaCrop, ontwikkeld door FAO, 

gebruikt als een instrument om verschillende veldbeheerstrategieën te testen om de 

productiviteit van tef, een lokaal graangewas, te verbeteren. Het model simuleert de 

gewasopbrengst door de biomassa- en oogstproductie te associëren met 

gewasverdamping onder verschillende omstandigheden. 

 

Tef (Eragrostis tef (Zucc.) Trotter) is een inheems graangewas en het belangrijkste 

basisvoedsel in Ethiopië. Het geniet sterk de voorkeur van de boeren, niet alleen 

vanwege zijn aanpassingsvermogen aan een breed scala van groeiomstandigheden, maar 

ook vanwege de hoge marktwaarde van het graan en het stro. Een nadeel is de lage 

productiviteit, voornamelijk als gevolg van water- en nutriëntenstress.  

 

In deze context werd een onderzoeksproject ontworpen met veldexperimenten in een 

Randomized Compleet Block Design (RCBD) met split plot opstelling, uitgevoerd in 

2008, 2009 en 2010 op twee locaties gelegen in het zuid-oosten en oosten van Tigray in 

twee bodemtypes. Vijf niveaus van stikstof (N) en fosfor (P) meststoffen (geen input, 

50%, 75%, 100% en 150% van de aanbevolen doseringen) werden toegediend voor 

zowel regengevoede als geïrrigeerde percelen. De doelstellingen van het onderzoek 

waren: 
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a) inzicht vergaren in de respons van tef op water- en nutriëntenstress; 

b) verzamelen van de nodige veldgegevens om AquaCrop te kalibreren en 

valideren voor het lokale gewas tef, rekening houdend met zowel water- als 

nutriëntenstress; 

c) onderzoeken van het effect van anorganische meststoffen (N en P) op de 

opbrengst; 

d) evalueren van de invloed van supplementaire irrigatie (SI, een irrigatiemethode 

waarbij een beperkte hoeveelheid water aan hoofdzakelijk regengevoede 

gewassen word toegediend als de neerslag niet voldoet aan de watervraag van 

het gewas) op het verminderen van waterstress tijdens droge periodes en de 

verbetering van de productiviteit van tef; 

e) beoordelen van de gewasefficiëntie om voedingsstoffen te benutten voor 

verschillende niveaus van nutriënten en irrigatiedosissen; en 

f) testen van verschillende veldbeheerstrategieën om de productiviteit van tef in 

Tigray te verhogen. 

  

De veldexperimenten, aangevuld met een mini-lysimeter experiment in 2008 en 2009, 

werden gebruikt om inzicht te verwerven in de respons van tef op water- en 

nutriëntenstress en om het AquaCrop model te kalibreren en valideren voor tef onder 

omstandigheden van water- en nutriëntenstress. Veldexperimenten uitgevoerd in 2006 

en 2007 werden gebruikt als extra informatie voor het kalibratieproces. 

 

Uit de resultaten van de gewasrespons bleek dat de meest watergevoelige groeifase van 

tef zich situeert tijdens of rond de bloeiperiode. SI toepassen in deze groeifase zorgde 

voor een opbrengst- (Y) vermeerdering met 98 tot 111%, een verhoging van de 

waterproductiviteit (WUE) met 52 tot 54% en een verhoging van de bovengrondse 

biomassaproductie (B) met 41 tot 88% vergeleken met de regengevoede gewassen. SI 

verbeterde ook de opname van nutriënten, wat de kwaliteit van het graan ten goede 

kwam evenals de herstelcapaciteiten en agronomische efficiëntie van het gewas. Ook 

nutriënten (N en P) hadden een aanzienlijke invloed op de gewasopbrengst. Y, WUE en 

B waren significant lager in percelen zonder kunstmest (controle), namen sterk toe als 

een kleine hoeveelheid kunstmest (50% van de aanbevolen dosis) werd toegediend en 

namen nog toe bij hogere dosissen (100% van de aanbevolen dosis). De optimale 

bemestingsdosis resulteerde in een significante verhoging van Y (43-69%), WUE (86-

90%) en B (55-63%) en de totale opname van beide nutriënten. Echter, de 

gewasefficiëntie om nutriënten om te zetten in opbrengst was hoger in percelen met het 

laagste bodemvruchtbaarheidniveau (50% van de aanbevolen dosis). Deze studie toont 

aan dat zowel onder beperkte als ongelimiteerde waterbeschikbaarheid het niet 
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aanbevolen is om meer anorganische meststoffen toe te dienen dan de aanbevolen dosis 

omdat dit niet leidde tot extra opbrengst. 

 

Uit de simulaties met AquaCrop bleek dat het model goed in staat was om de opbrengst 

van tef te simuleren onder verschillende omstandigheden van water- en 

nutriëntenbeschikbaarheid in Tigray. Dit werd bevestigd door de nauwkeurige simulatie 

van de bodemwaterbalans en gewasontwikkeling die bepalend zijn voor 

gewastranspiratie en de daaruit voortvloeiende biomassa- en oogstproductie. Met het 

gekalibreerde en gevalideerde model werden vervolgens drie beheerstrategieën 

beoordeeld op vier locaties en drie bodemtypes in de regio, namelijk het 

bemestingsbeheer, de zaaidatum en een kleine irrigatie (deficit irrigation, DI) rond de 

bloeiperiode. 

 

Met modelsimulaties werd het effect van nutriëntenbeheer en bodemvruchtbaarheid op 

de productie van tef, volgens de gebruiken van plaatselijke landbouwers gezaaid eind 

juli of begin augustus, geanalyseerd voor zes vooraf bepaalde 

bodemvruchtbaarheidniveaus. Hoge bodemvruchtbaarheidniveaus (0-40% 

nutriëntenstress) in regio’s met relatief veel regenval en op bodems met een relatief 

hoge waterbeschikbaarheid voor planten (kleileem) leidden tot een beperkt aantal jaren 

waarin de oogst mislukte (yield failure years: 0-13%). Potentiële, hoge opbrengsten 

waren beperkt door waterstress tijdens kritieke groeistadia zoals de bloeiperiode. Deze 

vaststelling bewees opnieuw dat een evenwichtige neerslagverdeling belangrijker is dan 

de totale hoeveelheid neerslag en pleit voor een optimale planning van de zaaidatum 

en/of DI. In gebieden met minder neerslag was het geschatte risico op mislukking van 

de oogst (yield failure) 29%. Op zandleem en siltklei bodems met een laag 

vruchtbaarheidniveau (60-75% nutriëntenstress) anderzijds, steeg het aantal jaren 

waarin de oogst mislukte tot 60-100% in de relatief droge locaties. 

 

De productie van tef gezaaid volgens de gebruiken van de lokale landbouwers wordt 

sterk beperkt door waterstress aan het einde van het regenseizoen voor het gewas 

volledig is afgerijpt. Planning van de optimale zaaidatum is daarom van cruciaal belang. 

In de simulaties werd hiervoor het DEPTH criterium gebruikt (Raes et al., 2004) 

waarbij een cumulatieve regenval van 40 mm in maximaal vier opeenvolgende dagen 

werd aangenomen om het begin van de groeiperiode in de verschillende studiegebieden 

te bepalen. Volgens het criterium lag de optimale zaaiperiode voor tef tussen 16 tot 20 

juli (2 tot 3 weken eerder dan de gebruikelijke zaaidatum). Zaaien in deze periode 

betekende dat het risico op mislukking van de oogst sterk verminderd werd terwijl het 

aandeel aan hoge en middelmatig hoge opbrengst werd verhoogd. 
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Extra irrigeren in combinatie met vroeg zaaien bleek de opbrengst van tef nog te 

verhogen omdat de waterbehoefte van het gewas hoger is dan de neerslag in de regio. 

Gegeven de mogelijkheid om, door oppervlakte runoff, tijdens het korte regenseizoen 

kleine hoeveelheden overmatige neerslag te verzamelen in kleine opvangbekkens, lag 

de focus in dit onderzoek op deficit irrigation (DI). In de DI strategie werd één irrigatie 

toegediend tijdens de kritische groeifase in of rond de bloeiperiode. Deze strategie bleek 

gunstig, zowel in gebieden met relatief weinig neerslag als met relatief veel neerslag. In 

de regio’s met meer neerslag verschoof de opbrengst niet alleen van middelmatig naar 

hoog, maar verhoogde ook de gemiddelde opbrengst. Toch profiteerde het gewas meer 

van DI in gebieden met weinig neerslag omdat irrigatie het aantal jaren met een lage 

oogst sterk verminderde en de mogelijkheid verhoogde om middelmatige en zelfs hoge 

opbrengsten te genereren. 

 

Verbetering van de waterproductiviteit heeft het grootste potentieel om de 

voedselproductie te verhogen in regenafhankelijke landbouw en zo de snel groeiende 

bevolking te voeden. DI kan helpen om waterstress tijdens droge periodes te beperken 

(regenwater uit kleine opvangbekkens of micro-dammen kan worden gebruikt als bron). 

Ook werd in deze studie aangetoond dat het zorgvuldig plannen van de zaaidatum om 

zo de beschikbare neerslag optimaal te benutten in combinatie met DI en optimale 

toediening van anorganische meststoffen een belangrijke strategie vormt voor duurzame 

voedselproductie in droogte-gevoelige gebieden zoals Tigray. 
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List of symbols 

 

AE  Agronomic efficiency (kg kg-1) 

AEN Agronomic efficiency of nitrogen (kg kg-1) 

AEP Agronomic efficiency of phosphorus (kg kg-1) 

ANOVA Analysis of variance 

BoANRD Bureau of Agriculture and Natural Resources Development 

BoPED Bureau of Planning and Economic Development 

BC Before Christ 

B Dry aboveground biomass (t ha-1) 

CC Green canopy cover (%) 

CCx Maximum green canopy cover (%) 

CDC Canopy decline coefficient (% day-1) 

CEC Cation exchange capacity 

CGC Canopy growth coefficient (% day-1) 

CSA Central Statistics Agency 

DAP Diammonium phosphate 

DEPTH Criterion for determining planting dates 

DMRT Duncan's Multiple Range Test 

DNA Deoxyribonucleic acid  

EF Nash-Sutcliffe efficiency 

ETo Reference evapotranspiration (mm) 

ET Evapotranspiration (mm) 

ETa Actual evapotranspiration (mm) 

ETc Crop evapotranspiration under non-stress condition (mm) 

FAO Food and Agriculture Organization of the United Nations 

FC Field capacity (v %) 

FI Full irrigation 

GDP Gross Domestic product 

g gram 

ha hectare 
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Chapter 1: General introduction 

1.1. Overview 

In Ethiopia, agriculture is mainly subsistence farming, predominantly owned by 

smallholding farmers and managed with simple and traditional production technologies. 

On the other hand, agriculture constitutes the base for the entire socioeconomic 

structure and has a major influence on all other economic sectors and development 

processes in the country.  

 

The agricultural sector directly supports about 85% of the population in terms of 

employment and livelihood, contributes to about 50% of the country’s gross domestic 

product (GDP), generates about 90% of the export earnings and supplies around 70% of 

the raw material for agricultural based domestic industries. Crop production is estimated 

to contribute about 60% of the total agricultural value and outclasses other sub-sectors 

including animal husbandry (livestock), forestry and fisheries and apiculture (MEDaC, 

1999). Cereals including tef (Eragrostis tef (Zucc.) Trotter), maize (Zea mays spp.), 

wheat (Triticum spp.), sorghum (Sorghum bicolor (L.) Moench), barley (Hordeum 

vulgare L.), finger millet (Eleusine coracana), oats (Avena sativa) and rice (Oryza 

sativa) cover the major part in terms of cultivated area and volume of crop production. 

Tef, on which this research focuses, is produced for local consumption and as cash crop. 

In the last decade, tef ranked first in area coverage and second or third in total 

production volume. In the whole country the area coverage for tef is 29% and its share 

in total production 20%, while in Tigray region this is respectively 26% and 20% 

compared to other cereals (CSA, 2000-2010).  

1.2. Problem setting 

Notwithstanding its importance, crop production (including tef production) cannot 

guarantee the food security in the country in general and in the region in particular. In 

semi-arid areas like the northern highlands of Ethiopia, Tigray, where this study is 

conducted, the most limiting factors for low productivity and instability of food 

production are water and soil fertility.  

 

Water is a limiting factor because the majority of the crop production sector relies on 

rainfall as a source of water. Rainfall in the region is characterized as erratic, torrential, 

highly variable in space and time, and poorly distributed over the growing season 

(mainly confined between July and August) (Nyssen et al., 2005; Hagos et al., 2002 and 

recorded metreological data analyzed in this study). Especially early cessation of 
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rainfall implying water stress at later development stages (during the reproductive stage) 

negatively affects crop productivity in the region. Research studies (Aspinal et al., 

1964; Wastgate and Boyer, 1986; Wastgate and Thomson Grant, 1989; and Boonjung 

and Fukai, 1996) documented a dramatic yield reduction of cereals when water stress 

coincided with the period of early flowering and grain initiation. This was supported by 

Rockström and Barron (2007) and Allen et al. (1998) who reported that water stress 

during flowering or yield formation reduced yield of most crops in contrast with water 

deficits during the vegetative period and ripening. Tef, which is predominantly sown at 

the end of July or early August in Tigray, is strongly affected by this phenomenon of 

water stress. The rainfall often ends before the crop reaches flowering. Given these 

conditions, it is a challenge to secure food in the region.  

 

Various opportunities exist to improve the productivity of rainfed crops. As explained 

by Geerts and Raes (2009), maximizing productivity per unit of water is a good strategy 

in water-scarce regions. Worldwide, some rewarding opportunities in water-scarce areas 

come from strategies that mitigate dry spells (short periods of drought) during water 

sensitive crop stages (Rockström et al., 2010; Rockström and Barron, 2007; Oweis, 

1997; Oweis et al., 2000; Turner, 2004). In semi-arid and sub-humid agroecosystems, 

dry spells occur in almost every rainy season (Barron et al., 2003) but can be bridged 

through investments in appropriate water management techniques, unlike the 

meteorological droughts that occur on average once or twice every decade and require 

different coping mechanisms (Rockström et al., 2010). Another option to improve and 

stabilize yields of rainfed crops during dry spells is supplementary irrigation. This 

strategy implies the application of a small amount of water to essentially rainfed crops 

during times when rainfall fails to provide sufficient moisture for normal plant growth 

(Oweis et al., 1997).  

 

In literature, the terms supplementary irrigation (SI) and deficit irrigation (DI) are used 

synonymously. In this dissertation however, the term SI is used for irrigation when 

rainfall ceases, i.e. from flowering onwards to ripening (chapter 3, chapter 4, chapter 5). 

The irrigation covers about 80-85% of the crop water requirement. On the other hand, if 

irrigation water is only applied during one specific critical period (at flowering, chapter 

4) or when a single irrigation with fixed depth is applied at flowering (chapter 6), the 

term DI was used. In both cases, the additional irrigation water is applied to the rainfed 

crop after the rainfall ceased. 

 

Another drought-alleviating mechanism is adjusting sowing dates so that the crop 

development is already well advanced during sensitive stages and can use the stored soil 

water during critical stages. Essential for this strategy is to determine the appropriate 
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onset of the growing period. This should be selected with care since the rainy seasons in 

semi-arid regions are characterized with false start light showers followed by dry spells 

(Raes et al., 2004).  

 

Nutrient depletion, the second bottleneck for crop productivity, is strongly present in 

Tigray region. The phenomenon is a cumulative effect of top soil erosion on the steep 

slopes of the region, cultivation of marginal lands, neglect of fallowing, continuous 

cultivation of the arable land with limited external input, less crop residues and less 

manure from the cattle and overgrazing. Efforts have been made by governmental and 

non-governmental organizations to amend the soil degradation in the region with 

different soil and water conservation measures including stone and soil bunds, area 

closures and afforestration. These human interventions improved the situation in terms 

of vegetation cover on non-arable lands and in-between cultivated plots (with grasses 

and shrubs) (Nyssen et al., 2007; Nyssen et al., 2009). Intensification of staple food 

production using inputs, especially improved seed and fertilizers, is another intervention 

implemented in the country. However, despite governmental demonstration programs 

with the help of the extension service and credit led strategies for fertilizers, only 37% 

of the farmers in the country uses inorganic fertilizers. If fertilizers are applied, it is 

often at a lower rate than the recommended application rates (≤ 16 kg ha-1, Byerlee et 

al., 2007). If the use of fertilizer is encouraged in the future, there is a need for advice 

on optimal fertilizer use. Moreover, knowledge on nutrient uptake of crops and research 

on nutrient use efficiency is crucial for effective soil fertility management strategies.  

 

Increasing food production to feed the fast growing population living worldwide in 

drought-prone areas like Tigray, Ethiopia, relies on two options, either increase the 

arable land to be cultivated or improve land productivity. The first option is less realistic 

and may not address the problem of water scarcity in view of land scarcity and limited 

land reserve. A more practical option is investigating and elaborating alternative 

strategies to improve land productivity. To verify these strategies, long-term 

experiments may not provide quick answers that are promptly needed. Scientifically 

based crop growth models can be useful to understand and formulate innovative 

strategies related to agricultural crop production. Yet, these models also have to be 

calibrated against field data and validated under widely differing environmental 

conditions. Validated simulation models have been used successfully not only to obtain 

promising field management strategies but also to test existing strategies (Geerts et al., 

2009). The water productivity model AquaCrop (Steduto et al., 2009; Raes et al., 

2009a) developed by FAO can be used for this purpose as it simulates the yield of crops 

for different possible scenarios by using a limited number of easily obtainable input. 

The model estimates crop yield based on a soil water balance that determines the crop 
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transpiration and subsequently biomass and yield. With the validated model, different 

strategies can be developed for optimal use of the resources available in a particular 

area. 

1.3. Research objectives 

For this study, a mini-lysimeter experiment in a greenhouse (2008 and 2009) and field 

experiments at two sites (2008, 2009 and 2010) were conducted during the main 

growing seasons in Tigray i) to obtain the necessary field data to calibrate and validate 

the AquaCrop model for the local crop tef, considering both water and fertility stress. 

Next to the calibration and validation exercises, the field experiments were used ii) to 

investigate the agronomic effect of different rates of fertilizer, mainly nitrogen and 
phosphorus, on the yield, biomass and water use efficiency of tef, iii) to assess the 

impact of supplementary irrigation to mitigate dry spells at late development stages on 

the yield, biomass and water use efficiency and iv) to evaluate the nutrient use 

efficiency of tef. With the validated AquaCrop model, three management strategies (soil 

fertility, optimal planting and supplementary irrigation) were tested in four sites and 

three types of soils in Tigray.  

1.4. Structure of the thesis 

Chapter 1 provides general information on the study, the problem settings, objectives 

and structure of the thesis. Figure 1.1 shows an overview of the thesis and how the 

different chapters are linked to each other. 

Chapter 2 contains a review on tef production in Tigray, and a description of the crop 

tef. 

Chapter 3 investigates the effect of nitrogen and phosphorus fertilizers and 

supplementary irrigation on yield, biomass and water use efficiency of tef, tested in the 

field experiments. It also explores the nutrient use efficiency of the crop. 

Chapter 4 deals with the calibration and validation of the AquaCrop model for tef under 

the local conditions of Tigray with regard to water stress.  

Chapter 5 deals with the calibration and validation of the AquaCrop model for tef under 

the local conditions of Tigray with regard to fertility stress.  

Chapter 6 explores the application of the AquaCrop model in determining different 

strategies (soil fertility, optimal planting date and supplementary irrigation) to improve 

the productivity of tef in Tigray. 

Chapter 7 summarizes the overall conclusions of the PhD study and gives 

recommendations for future research. 
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Figure 1.1: Flow chart of the thesis. 
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Chapter 2: Description of tef and its production in Tigray  

2.1. Environment 

2.1.1. Location of Tigray 

Tigray located in the northernmost highlands is one of the nine member states of the 

Federal Democratic Republic of Ethiopia. The state is delimited by Eritrea in the north, 

by Amhara regional state in the south, by Afar regional state in the east and in the west 

by Sudan (Fig. 2.1). Tigray occupies about 52 thousand square kilometers and is located 

between the coordinates 12° 15’ 30” N and 14° 51’ 10” N and 36° 27’ 20” E and 39° 

59’ 40” E (Flint et al., 2009). Tigray has an estimated population of 4.3 million, out of 

which 80.5% lives in the rural areas (CSA census report, 2008). In 2009 more than 58% 

of the total population was living in absolute poverty (earning less than a dollar a day), 

thereby exceeding the national average (44.4%) (WFP, 2009). 

 

 

 

Figure 2.1: Location of Tigray on the map of the regional states of Ethiopia (Adapted from 

Natural Earth, 2012). 

 



Chapter 2  

 8

2.1.2. Climate 

2.1.2.1.  Classification 

The Ethiopian climate is mainly controlled by the seasonal migration of the Intertropical 

Convergence Zone (ITCZ) following the position of the sun relative to the earth and the 

associated atmospheric circulation. Also the complex topography of the country affects 

the climate in the region. Based on the moisture index, a large portion of Ethiopia is 

classified as semi-arid and arid climates. The most commonly used methods for climate 

classification in the country are Koppen’s classification and the traditional climatic 

classification (NMSA, 2001).  

 

Gonfa (1996) divided Ethiopia in to 10 agroclimatic zones using Koppen’s 

classification, which is based on annual and monthly averages of temperature and 

precipitation. On the other hand, 14 agroclimatic zones have been identified by 

combining growing period with temperature and moisture regimes (NMSA, 1996), 

while the traditional classification method which is based on altitude and temperature 

shows five agroclimatic zones (Table 2.1). 

 

Table 2.1: Classification of the traditional agro-ecological zones of Ethiopia. 

Agro-ecological 

Zones 

Traditional  

name 
Altitude (m) 

Temperature 

(oC) 

Mean rainfall  

(mm) 

1 Very cold or alpine Wurch >3500 <10 >1,000 

2 
Moist cold Erteb dega 2,500-3,500 10-14 >1,000 

Cold Dega 2,500-3,500 14-18 900-1,000 

3 

Moist - cool Erteb Weinadega 1,500-2,500 18-20 >1,000 

Sub-moist cool Weinadega 1,500-2,500 18-20 900-1,000 

Dry - warm Weinadega 1,500-2,500 18-20 <900 

4 Sub-moist warm Erteb Kola 500-1,500 18-24 900-1,000 

5 Dry - hot Bereha 500-1,500 >22 <900 

Source: Ministry of Agriculture (MoA, 2000). 

 

Tigray is characterized by a tropical semi-arid climate (Virgo and Munro, 1978) and 

comprises 53% of lowlands (Kola, < 1,500 meters above sea level (m.a.s.l)), 39% of 

medium highland (Weinadega, between 1,500 and 3000 m.a.s.l), and 8% of upper 

highland (Dega, > 3,000 m.a.s.l) (BoPED, 1995 as quoted by Hagos et al., 2002). 

However, different microclimates and agro-ecological niches are found within short 

distances as a result of marked variation in topography and altitude (Belay, 1996). 
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2.1.2.2.  Rainfall 

Among the climatic factors, rainfall is the most important as it determines the rainfed 

agriculture in the country. It is highly variable both in amount and distribution and 

ranges from more than 2,000 mm in the southwest highlands to less than 300 mm in the 

northeast and southeast lowlands of the country. Three seasons are identified on the 

basis of rainfall occurrences, namely: Bega (dry season from October to January), Belg 

(short rainy season from February to May) and Kiremt (long rainy season from June to 

September) (NMSA, 2001). 

 

The rainfall in Tigray region is predominantly unimodal where most of the rain occurs 

in July and August (Nyssen, 2005), although there is a short rainy season (Belg) in some 

parts of the region. Figure 2.2 shows the unimodal nature of the rainfall in the region 

analyzed from 20 meteorological stations. The selected stations had continuous records 

from 1992-2009, with the exception of five of the stations that started from 1994/95. 

Data from 2010 collected from 50% of the stations were also included in the 

computation. Accordingly the main rainy season with 77% of the rainfall runs from 

June to September, but the intensified rainfall that accounts for 61% of the total rainfall 

was confined to July and August. The average annual rainfall of the region for the last 

19 years was 700 mm. The rainfall showed a higher coefficient of variation (> 50) in the 

dry (Bega) and short rainy season (Belg) than in the main rainy season (Kremt) 

indicating the huge variability of the rainfall throughout the year. Hagos et al. (2002) 

described the rainfall of the region as sparse, unevenly distributed with highly temporal 

and spatial variability, and a high coefficient of variation in annual rainfall compared to 

the national range. In a similar way, Conway (2000) mentioned that the extremely 

erratic character of rainfall and its scarcity for rainfed agriculture is more manifested in 

Tigray. Differences in topographical aspect further influence the amount of precipitation 

in the Tigray highlands (Nyssen et al., 2005). 
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Figure 2.2: Mean monthly rainfall of Tigray region (data collected for 1992-2010 from 20 

stations in Tigray) (source: National Meteorological Service Agency of Tigray). 

 

The growing periods of rainfed crops follow the temporal distribution of the rainfall that 

starts in the end of June and in most cases ends in the 2nd decade of September (Fig. 

2.2). Due to early cessation of the rainfall, the majority of field crops suffer water stress 

in the late or reproductive growth stages. Dry spells occur in almost every rainy season 

in semi-arid and sub-humid agroecosystems (Barron et al., 2003). In Tigray, tef is one of 

the crops affected by such kind of water stress. As such, appropriate water management 

techniques to mitigate crop failures due to water stress and hence increase yield 

production are one of the focuses of this study.  

 

Figure 2.3 illustrates the regional trend and irregular pattern of rainfall in Tigray for 

1992-2010. Temporal (annual, seasonal, monthly) and spatial (regional, national) 

variability of rainfall were reported as main features of the rainfall pattern in the 

northern highlands of Ethiopia (Tilahun, 2006; Bewket and Conway, 2007), where the 

spatial distribution is significantly influenced by topography (Tesfaye and Walker, 

2004). However, different controversial reports by different researchers on the trend of 

rainfall patterns in the country have been documented. Conway (2000) reported a lack 

of any long-term trend for annual rainfall in the northern and northeastern parts of the 
country. Conway’s observations were supported by Seleshi and Zanke (2004) who 

failed to find a declining trend in the annual and seasonal rainfall totals in the central, 

northern and northwestern parts of the country for over 37 years. On the other hand, 

Verdin et al. (2005) reported that annual rainfall declined in the southwestern and 
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eastern part of the country. A descending trend of rainfall during summer (June-

September) in the central highlands was also reported (Osman and Sauerborn, 2002). 

The main reasons for the contrasting results of the rainfall trend, as mentioned by 

Bewket and Conway (2007), could be the use of different periods in the analysis, lack of 

long series of data availability for most of the research studies and the basis used in the 

studies, where some studies might have used areal averages while other studies could be 

based on too few stations or divided the study area arbitrarily. Also the quality of the 

available data could explain the conflicting results (Easterling et al., 2000; Seleshi and 

Zanke, 2004). 

 

 

Figure 2.3: Mean annual rainfall pattern in Tigray (data collected for 1992-2010 from 20 

stations) (source: National Meteorological Service Agency of Tigray). 

2.1.3. Soils 

Ethiopia has a variety of land forms (mountains, plateaus, the Rift Valley, gorges and 

plains) resulting from volcanism, faulting, deposition and other processes over time. 

Consequently the country has all types of rocks (igneous, sedimentary and 

metamorphic). The wide ranges of topographic and climatic factors, parent material and 

land use have resulted in an extreme variability of soils (FAO, 1984). The Ethiopian 

Ministry of Agriculture (MoA, 2000) documented 19 soil types. A large proportion of 

the country’s land surface is covered by Lithosols (163,183 km2), Nitosols (150,090 

km2), Regosols (133,596 km2) and Cambisols (124,038 km2). These soils cover 

respectively 14.7%, 13.5%, 12% and 11.1% of the land surface. 
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Similar to Ethiopia, the region of Tigray has a complex land form composed of plateaus, 

rising and falling hills and powerful incised valleys with an altitude that ranges from 

500 m.a.s.l. in the lowland plains (north east) to about 4,000 m.a.s.l. in the peak 

mountains (southwest) (Hagos et al., 2002). The region is characterized by highly 

diversified and laterally extensive coverage of Paleozoic and Mesozoic sedimentary 

rocks. The former is the oldest and sparsely distributed in the central and eastern part of 

the region and is known as Enticho Sandstone and Edaga Arbi Tillites. Mesozoic 

sedimentary rocks cover the other part of the region where the outliers are composed of 

Adigrat Sandstone, Antalo Supersequence and an early Cretaceous Sandstone (Amba-

Aradam Formation) (Gebreyohannes et al., 2010).  

 

Hunting Technical services (1975) identified 13 major soil types in Tigray, namely 

Cambisols, Luvisols, Vertisols, Lithosols, Acrisols, Fluvisols, Arenosols, Rendzinas, 

Xerosols, Solonchacks, Regosols, Nitosols and Andosols, although some of the soils 

like Lithosols, Xerosols and Rendzinas are no longer included in the revised World 

Reference Base classification (WRB, 2007). Very shallow Lithosols (Leptosols) are 

dominant on the steep slopes of the eastern zone as a result of slow weathering 

processes, while Cambisols and Vertisols developed on alluvial depositions and are 

derived from basaltic parent material that dominates the soils of southern Tigray (Hagos 

et al., 2002). The climatological, physical, chemical and geographical conditions are 

ideal for the formation of smectite clays, which results in Vertisols and Vertic 
Cambisols found in flat areas (Deckers et al., 1998; Nyssen et al., 2000; Driessen et al., 

2001). 

2.1.4. Farming systems and crop production 

The wide range of agro-climatic conditions of Ethiopia is the basis for diverse cultural 

and farming practices. According to Plant Genetic Resources Center of Ethiopia 

(PGRC) (1995), the major agricultural systems of the country can be grouped in: 

i) The highland mixed farming system that includes the mixed crop livestock 

complex, typically practiced in areas of higher elevation (> 2,000 m.a.s.l) 

where crop production is diverse and multiple cropping with limited inter-

cropping is intensively employed. Continuous cropping is exercised through 

crop rotation (cereal/legume crops). Livestock is kept throughout the year on 

natural pasture and stubble. 

ii) The low plateau and valley mixed agriculture that comprises the intermediate 

or low highlands, often practiced in areas with an altitude ranging from 1,500 

to 2,000 m.a.s.l. Although both crop and livestock production are economically 

important, the diversity of crops grown and the degree of integration of crop 

and livestock production is less pronounced. The livestock in this farming 



Description of tef and its production in Tigray 

13 

system is usually removed from the cropping zone during the crop growing 

season and is returned back after the harvest of the crops where animals are 

partly fed with crop residues. 

iii) The pastoral livestock production of the arid and semi-arid farming system that 

dominates areas elevated below 1,500 m.a.s.l. In the arid zone, the nomadic 

and semi-nomadic pastoral livestock production is dominated by camels and 

goats. In the semi-arid zone, cattle and sheep are the major components of the 

livestock production. 

 

The farming systems in Tigray are mixed crop-livestock farming systems, pastoral and 

mixed pastoral farming systems and cereal production systems. The first and the second 

farming systems are dominant in the highlands and lowlands respectively (Hagos et al., 

2002). About 65% of the land in the region is under cultivation, with the rest taken up 

by pasture, forests and wasteland. Over 95% of the cultivated area is farmed by 

smallholders, most of whom follow a mixed crop-livestock system (BoANRD, 1997; 

Atkilte et al., 2006). Cereal crops provide the major means of livelihood in the mixed 

farming system where rotation with legume crops is practiced.  

 

Agriculture in Ethiopia forms the basis for the entire socio-economic structure and has a 

major influence on all other economic sectors and development processes in the 

country. It includes crop production, animal husbandry (livestock), forestry, fisheries 

and apiculture. The crop production sector is estimated to contribute on average 60% of 

the total agricultural value, whereas livestock accounts for 27% and forestry and other 

sub-sectors for 13%. Agriculture directly supports about 85% of the population in terms 

of employment and livelihood. It contributes to 50% of the country’s gross domestic 

product (GDP), generates 90% of the export earnings and supplies 70% of the raw 

material requirement of agricultural based domestic industries (MEDaC, 1999). 

Nonetheless the agricultural sector in the country is subsistence based, predominantly 

traditional farming by smallholders and managed with simple and traditional production 

technology. Ploughing is done with Maresha (animal drawn implement), whereas 

weeding and harvesting is done using simple farm tools. The major crops produced in 

almost all regions of the country are cereals (the principal food crops), pulses and oil 

crops.  

 

Cereal crop production comprises tef (Eragrostis tef (Zucc.) Trotter), maize (Zea mays 

spp), wheat (Triticum spp), sorghum (Sorghum bicolor (L.) Moench), barley (Hordeum 

vulgare L.), finger millet (Eleusine coracana), oats (Avena sativa) and rice (Oryza 

sativa). The first five crops are most significant both in Tigray and nationwide. Out of 

all the grain crops, cereals cover the largest area (80% (7.8 million ha)) and volume of 
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production (86% (11.11 million tons)) in the country (CSA, 2000-2010). Similarly in 

Tigray, these cereal crops were cultivated on 0.6 million hectares (ha) of land in Tigray, 

corresponding to 84% of area coverage and 87% (0.74 million tons) of the total crop 

production in the region. However, the share of Ethiopia’s production in terms of area 

and volume is less compared to the Oromya, Amhara and Southern Nations 

Nationalities and Peoples (SNNP) regional states.  

 

Faba bean (Vicia faba), field pea (Pisum sativum), haricot bean (Phaseolus vulgaris), 

chick pea (Cicer arietinum), lentil (Lens culinaris Medik) and grass pea (Lathyrus 

sativus) are amongst the pulses commonly produced and contribute a major role in the 

country’s economy next to cereals. The oil seeds produced to flavour the food are a 

source of cash for the farmers and of foreign currency for the country. Typical crops are 

sesame (Sesamum indicum), sunflower (Helianthus annuus), Niger seed (Guizotia 

abyssinca), linseed (Linum sativum), rapeseed (Brassica napus) and groundnuts 

(Arachis hypogaea).  

2.1.5. Tef production  

Tef, which is mainly produced for local consumption and to ensure income (cash crop) 

is cultivated on 2.3 million ha annually in the country (CSA, 2000-2010). Oromiya and 

Amhara have the largest acreage among the tef growing regional states, followed by 

SNNP and Tigray (Table 2.2). 

 

Table 2.2: Area under tef cultivation and share in total area under tef cultivation for the regional 

states of Ethiopia and the administrative zones of Tigray. 

(Source: Central Statistics Agency of Ethiopia (CSA), 2000-2010)  

 

At national level tef stood 1st in area coverage (29%) out of all cereals. It accounted for 

20% in production and was ranked 2nd or 3rd compared to maize, sorghum, wheat and 

barley (Fig. 2.4). The yield produced per ha and the total production of tef, cereals and 

Ethiopia Tigray 

Regional states 
Cultivated 

area (ha) 
% of total 

Administrative 

Zones 

Cultivated 

area (ha) 
% of total 

Oromiya 96,9534.6 43.0 Central 55,884.9 35.2 

Amhara 92,1105.8 40.8 South 51,120.7 32.2 

S.N.N.P 188,520.9 8.4 Northwest 33,864.7 21.4 

Tigray 151,531.2 6.7 West 9,416.1 5.9 

Benishangul-Gumuz 16,239.0 0.7 Eastern 8,310.6 5.2 

Addis Abeba 5,204.9 0.2 Total 158,597.0 100% 

Afar 3,298.1 0.1    

Total 2,255,434.5 100%    
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grains showed an increasing trend in the last 10 years. The rise can partly be attributed 

to the increase in cultivated area (Fig. 2.4). For example for tef, the cultivated area was 

raised from 2.1 million ha in 2000 to 2.6 million ha in 2010, an increase of 24%. 

Correspondingly, the total production of tef also rose from 1.72 to 3.18 million tons 

(85% increases). The accelerated production observed in the past years due to the 

increment of land cultivation was confirmed by Zelleke et al. (2010), Amede et al. 

(2001) and Taffesse (2008). The yield of tef produced per ha also increased by 49% 

(from 0.82 t ha-1 to 1.22 t ha-1), which could be attributed to growing efforts in field 

management practices.  

 

 

Figure 2.4: Area coverage (a) and production per ha (b) of tef in 2000-2010 compared to other 

cereals in Ethiopia (source: CSA, 2000-2010). 

 

In Tigray tef was cultivated on 0.15 million ha per annum mainly in the central, 

southern and northwestern zones (Table 2.2). Similar to the national statistics, the area 

coverage of tef in Tigray showed an increasing trend. The crop accounts for 26% of the 

area under cereal cultivation and stood 1st except in 2006 and 2007, which was next to 
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sorghum. In terms of production, tef contributed 19% of all cereal production and 

ranked 2nd following sorghum in the region (Fig. 2.5). The increasing trend, although 

not consistent, in total production and yield per ha in Tigray as observed in the past 10 

years was also similar to the national level and this for the same reason (Fig. 2.5). The 

acreage for tef in 2000 was 0.13 million ha and rose to 0.19 million ha in 2010. This 

indicates an expansion of the cultivated land by 46%. The yield was improved by 21%. 

 

 

 

Figure 2.5: Area coverage (a) and production per hectare (b) of tef in 2000-2010 compared to 

other cereals in Tigray (source: CSA, 2000-2010). 

 

Keeping in mind the fast population growth of Ethiopia of 2.6% per annum (CSA 

census report, 2008), the yield produced per ha is still low. The national average of 1.31 

t ha-1 (grains) and 0.99 t ha-1 (tef) cannot guarantee the food security in the country.  

Although national yields are low compared to other countries, the average yield of tef, 

grains and cereals was respectively 5.4%, 10.4% and 14% lower in Tigray than the 

national record in the last 10 years (CSA, 2000-2010). As such, this research studies the 

impact of field management strategies to improve the production of tef in particular in 

Tigray. 
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2.2. Environmental factors affecting tef production 

2.2.1. Climatic constraints 

Tef is genetically diverse, grown at elevations of 1,000 to 2,500 m.a.s.l and a mean 

temperature range of 10°C to 27°C (Ketema, 1997). It is considered to be tolerant to 

both drought and water logging (Ayele et al., 2001). This feature of the crop is valuable 

for resource poor farmers in regions with highly variable environmental conditions. Tef 

has some tolerance to frost and flooding and to high temperatures up to 35°C, but can’t 

survive a prolonged freeze (NRC, 1996). 

 

The low and extremely variable rainfall poses a serious constraint to rainfed crop 

production in Tigray. Figure 2.6 shows the main cropping season of tef as recorded in 

the growing seasons of 2008-2010 in two study sites in the highlands of Tigray. The 

length of growing period for the crop was very short due to early cessation of the 

rainfall, which stopped in the 1st or 2nd week of September. It shows the need to mitigate 

the gap caused by water stress until the crop completes its growth cycle. 

 

 

Figure 2.6: Tef growing season and average 10-day rainfall and ETo as recorded in the growing 

seasons of 2008-2010 in two study sites (Dejen and Maiquiha) in Tigray. Rainfall and ETo are 

the 10-day average for the two sites and the three years. 

 

With regard to water stress, at least one of the coping mechanisms of tef appears to be 

osmotic adjustment. A study of Ayele et al. (2001) with many genotypes reported that 

most of the tef lines osmotically adjusted by more than 0.4 MPa to slowly developing 

drought. However, under water stress canopy senescence is accelerated (Araya et al., 

2010a) as in most crops. The rapid vegetative growth nature of the crop and short life 

cycle make tef particularly suitable for areas subject to drought after short rains. 
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According to NRC (1996), many cultivars require 200 to 300 mm of water during their 

early growth and Ketema (1997) mentioned that 300 to 500 mm of rainfall in a growing 

season is adequate, while for early maturing cultivars even less than 300 mm seasonal 

rainfall may be sufficient. This could be the reason why tef is often planted after a 

cereal fails due to early drought, as a rescue crop in the same season, taking advantage 

of later rains to yield some grain and straw. Seasonal evapotranspiration (ET) of early 

maturing tef in the Ethiopian highlands, estimated using AquaCrop or other simulation 

models, would fall in the range of 280 to 300 mm. Hence, a short life cycle variety tef 

may not even experience water stress in such a situation, although the yield would be 

less compared to longer cycle cultivars. 

2.2.2. Soil fertility constraints 

2.2.2.1.  Soil nutrient depletion 

Another major factor for low crop production in developing countries and Tigray in 

particular is land degradation due to erosion, cultivation of steeply slopes and marginal 

lands as a result of population pressure, overgrazing and continuous cultivation of the 

farm land with limited external input. The shallow depth of the soils lead to poor 

infiltration and a low water holding capacity, excessive pulverization of the soils that 

directs to poor soil structure and dimished soil fertility. Nutrient mining is a very fast 

process through which, in a matter of decades, originally fertile lands are transformed 

into infertile ones where cereal yields are less than 1 tons ha-1(Deckers, 1998).  

 

Lack of plant nutrients is one of the principal causes for low agricultural productivity 

and food insecurity in Africa (Nandwa and Bekunda, 1998; Sanchez, 2002; Smaling, 

1993). Reports point out that the hope to produce enough food to feed its growing 

population without using inorganic fertilizer (Wallace and Knausenberger, 1997) is very 

limited. Without this input, the continent still requires a doubling of the land planted 

with leguminous crops or 120-360 ha of land for grazing animals to provide sufficient 

manure to sustain the nitrogen balance for one ha of maize (Seckler, 1994). Moreover, 

organic manure sources are limited in most African countries, even in Ethiopia 

notwithstanding the highest number of livestock in the continent. Manure is primarily 

used as a cooking fuel and rarely to improve the fertility of the soil. On top of this, the 

current agricultural practices mine large quantity of soil nutrients. In Africa an average 

removal of more than 24 kg ha-1 year-1 of nitrogen (N), phosphorus (P) and potassium 

(K) is reported (Wallace and Knausenberger, 1997). As such, Africa needs to use 

inorganic fertilizers to increase production and attain food security.  
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Nutrient depletion is also severe in Ethiopia. More soil nutrients are exported than 

replenished by natural and anthropogenic inputs (Elias et al., 1998; Okumu, 2000), 

keeping the country as one of the Sub-Saharan Africa countries (SSA) having the 

highest nutrient depletion rate. A large-scale soil nutrient depletion study for the country 

and its regional scales using nutrient balances indicated an annual depletion rate of 122 

kg N ha-1, 13 kg P ha-1 and 82 kg K ha-1. Soil erosion was the main cause that removes 

70% N, 80% P and 63% K from the cereal cropping. The nutrient loss by erosion in tef 

field was estimated at 70% N, 82% P and 62% K attributed to the finely prepared seed 

beds, which are subjected to severe erosion at the onset of the rainfall (Haileslassie et 

al., 2005). Moreover there are no permanent crops in tef fields whose leaves and roots 

can provide soil protection and stability (Wood, 1990). 

 

Soil nutrient depletion and the related low agricultural productivity are more serious in 

the highlands of the country (Haileslassie et al., 2006). Similarly FAO (1992) reported 

that the soils in the northern Ethiopia, especially in Tigray, Wello, northern and eastern 

Gonder and northern Shoa are heavily eroded. The intensive rainfall within a short 

period coupled with the steep terrains and the fast expansion of agriculture have caused 

severe soil erosion in Tigray. The annual average nutrient loss recorded in the region 

due to erosion in 1999/2000 was estimated at 37.7 kg N ha-1, 7.8 kg P ha-1 and 28.3 kg 

K ha-1 (Haileslassie et al., 2005). Consequently, inorganic fertilizers are regarded as the 

most important input to increase yields in the region as well as in the country. 

 

Fertilizer was first introduced to Ethiopia in 1967 following four years of trial carried 

out by the government with the assistance from FAO's Freedom from Hunger 

Campaign. Under this program about 364 trials were conducted throughout the country 

where tef was considered as one of the major crops experimented for its response for N, 

P, NP and NPK (Mamo et al., 2001). According to FAO (1995), the consumption of 

fertilizers by the peasant sector rose from 14,000 MT in 1974/75 to 50,000 MT in 

1979/80. A supplementary report shows the increased rate of fertilizer consumption for 

arable land from 0.4 kg ha-1 in 1970 to 13 kg ha-1 in 1994 (IFDC 1995, and 1996). Since 

the launch of grain and fertilizer marketing in 1992, total consumption initially fell from 

140,000 tons to 90,000 tons and then rose to 245,000 (1995) and 250,000 tons (1996) 

before falling to 206,000 tons in 1997 (Deckers, 1998). Recently Yamano and Aria 

(2011), citing FAOSTAT 2010, reported on the total consumption of nitrogenous 

fertilizers in the country in three 5 year phases, where the consumption was raised from 

49,996 tons in the 1st phase (1993-1997) to 78,443 tons in the 2nd phase (1998-2002) and 

was declined to 31,861 tons in the 3rd phase (2003-2007) due to the high worldwide 

fertilizer prices and shortage of budget. Urea (CO(NH2)2) and Diammonium phosphate 
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((NH4)2HPO4), (DAP)) are the manufactured fertilizers widely imported and used as a 

source of nitrogen and phosphorus respectively.

 

Nutrient input by smallholder farmers for inorganic fertilizers 

estimated on national scale at 8.5 kg N yr-

cereals was about 10.6 kg N ha-1 yr-1 and 12 kg P ha

although 75% of the total fertilizer consumed by the peasant sector in Ethiopia is 

attributed in the Amhara (Gojam) and Oromiya (Shoa and Arsi) regional stat

one-third of the farmers apply fertilizer and their rate of application is much lower (less 

than 50 kg ha-1) than the recommended rate (150 kg ha

 

In general the nutrient input by inorganic fertilizers in the country is low compared to 

mean values for some SSA countries, e.g. Kenya, Lesotho, Swaziland, Malawi and 

Zimbawe (Fig. 2.7). The average rate of fertilizer use in Africa is 21 kg ha

ha-1 in SSA (excluding South Africa), while the world average is more than 90 kg ha

(IFDC, 1996). 

 

Figure 2.7: Fertilizer consumption in 38 nations of sub

 

Notwithstanding the soils of Tigray are relatively poor in N, P and soil organic matter 

(Haile et al., 2002; Beyene et al., 2006), nutrient input in the region is also estimated to 

be one of the lowest in the country. In 1999/2000 the N and P fertilizer input in the 

region was 7.2 and 5.4 kg ha -1 year-1 respectively, which implies 15% and 45

20 

manufactured fertilizers widely imported and used as a 

source of nitrogen and phosphorus respectively. 

for inorganic fertilizers in 1999/2000 were 
-1 and 9.8 kg P yr-1 per ha. The input for 

and 12 kg P ha-1 yr-1. FAO (1995) stated that 

although 75% of the total fertilizer consumed by the peasant sector in Ethiopia is 

attributed in the Amhara (Gojam) and Oromiya (Shoa and Arsi) regional states, only 

third of the farmers apply fertilizer and their rate of application is much lower (less 

) than the recommended rate (150 kg ha-1). 

In general the nutrient input by inorganic fertilizers in the country is low compared to 

e.g. Kenya, Lesotho, Swaziland, Malawi and 

Zimbawe (Fig. 2.7). The average rate of fertilizer use in Africa is 21 kg ha-1 and 10 kg 

in SSA (excluding South Africa), while the world average is more than 90 kg ha-1 

 

Fertilizer consumption in 38 nations of sub-Saharan Africa (FAO-STAT, 2004). 

Notwithstanding the soils of Tigray are relatively poor in N, P and soil organic matter 

2006), nutrient input in the region is also estimated to 

n 1999/2000 the N and P fertilizer input in the 

respectively, which implies 15% and 45% less 
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compared to the national level (Haileslassie et al., 2005). As tef constitutes the largest 

area of production in the region, it is not surprising that most of the fertilizers are 

applied to this crop. To address the problem of nutrient depletion and declining crop 

productivity in the region, public-led soil conservation programs aimed at increasing 

crop productivity and promoting yield-enhancing inputs, particularly mineral fertilizers, 

reported some impressive results when fertilizer use increased by 13% (Hagos, 2011). 

 

Since the establishment of the National Fertilizer and Input Unit (NFIU) in 1985 

through the assistance of FAO, different fertilizer trials mainly by the national tef 

research coordinating center (Debre Zeit Agricultural Research Center) have been 

conducted on Vertisols, the dominant soil type in the central highlands of Ethiopia. The 

results showed that both tef grain and straw yields responded to nitrogen application 

rates, but not to P (Mamo et al., 2001). The authors stressed the importance of 

understanding the P deficiency tolerance mechanism of tef as the crop has been grown 

on soils of low available P, especially on the Vertisols of the central highlands. The 

National Fertilizer and Input Unit (1993) recommended different rates of N and P for tef 

based on soil type as indicated in Table 2.3. Although the blanket recommendation of 

fertilizers is still used in the country, site specific assessment of different rates of N and 

P could be useful to identify a more efficient way of fertilizer use. 

 

Table 2.3: National nitrogen (N) and phosphorus (P) recommendations in Ethiopia for various 

soil types.  

Soil type N (kg ha-1) P ( kg ha-1) 

Vertisols 80 26.2 
Nitosols 40 24.0 
Cambisols 50 21.9 
Luvisols 45 21.9 
Andosols 45 21.9 
Black soils 75.0 26.2 
Grey soils 75 21.9 
Red soils 40 21.9 
Brown soils 50 24.0 

Source: National Fertilizer and Input Unit (NFIU, 1993). 

 

Various reports and research results confirmed that the use of fertilizer has increased in 

Ethiopia in recent years, but there is sufficient evidence that most farmers are still not 

adequately compensating for the loss of soil nutrients caused by intensive cultivation. 

Some reasons to mention include sharp raise of fertilizer costs due to devaluation of 

national currency as a result of high inflation rate, elimination of fertilizer subsidies 

since 1997, poor competitive fertilizer markets and high local transport costs. Moreover 

the drop in grain price (as the farmers are pressurized to sell their output immediately 
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after harvest to pay off input credit) coupled with the risk avoidance behavior of the 

farmers especially to water stress, demotivated farmers to invest more in fertilizers. 

Furthermore the small land holding per capita, which has fallen from 0.5 ha in the 1960s 

to only 0.2 ha by 2005 in the rural highlands of the country (Byerlee et al., 2007) was 

also raised as an additional reason. The land holding by small peasants in the Tigray 

highlands specifically is reduced to the extent of 0.25 ha (Wondumagegnehu et al., 

2007) 

2.2.2.2.  The role of the most limiting nutrients  

Nitrogen 

Nitrogen is one of the most widely distributed elements in nature and constitutes 99.8% 

of the global N (N2). The atmosphere that constitutes 78% N2 is the ultimate source 

(Lœgreid et al., 1999), although it has to be converted to ammonium (NH4
+) or nitrate 

(NO3
-) to be available to the plant. The main sources of plant available nitrogen are 

mineralization of organic matter pools, nitrogen fertilizers and decomposition of organic 

inputs such as plant biomass and animal manures (Deckers, 1998). Ammonium ions 

bind to the soil’s negative charges (exchangeable cations) and behave much like other 

cations in the soil. Nitrate ions do not bind to the soil solids because they carry negative 

charges, but exist dissolved in the soil water, or precipitated as soluble salts under dry 

conditions (Lœgreid et al., 1999). Once the nutrient is absorbed by the plant, it is a vital 

component of many important structural, genetic and metabolic compounds in plant 

cells. It is a major component of chlorophyll, the compound by which plants use 

sunlight energy to produce sugars from water and carbon dioxide (i.e. photosynthesis). 

It is also a major component of amino acids, the building blocks of proteins. Some 

proteins act as structural units in plant cells while others act as enzymes, making 

possible many of the biochemical reactions on which life is based. Nitrogen is a 

component of energy-transfer compounds, such as adenosine triphosphate (ATP), which 

allows cells to conserve and use the energy released in metabolism. Last but not least, 

nitrogen is a significant component of nucleic acids like deoxyribonucleic acid (DNA), 

the seat of genetic inheritance that allows cells (and eventually whole plants) to grow 

and reproduce (Brady and Weil, 2002).  

 

Although nitrogen is one of the major nutrients for crop growth and development, the 

nutrient is easily lost through different processes like volatilization, denitrification and 

leaching. As such, special consideration should be given to its efficient utilization. For 

example waterlogging on Vertisols calls on the need for surface drainage to avoid loss 

of N through denitrification. Similarly, sub surface placement of urea (used as the main 

source of N in Ethiopia) and soil incorporation are important to minimize ammonia 
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(NH3) volatilization from agricultural fields. Also application of N in small amounts 

(split application), avoidance of excessive or untimely N input could be a useful strategy 

to improve nitrogen use efficiency as intensive rainfall after fertilizer application can 

cause leaching of mineral fertilizers like urea. 

 

Tef yield doesn’t exceed 1 t ha-1 as national average, although different researchers 

reported yields of more than 2 tons ha-1 with good agronomy. Nutrient limitation, 

especially nitrogen, can be one factor that contributes to the low yield. In one study of 

Tulema et al. (2005) on two soil types and three locations in central Ethiopia, 64 kg ha-1 

of N was applied to the soil in all cases. The late maturing cultivar of tef yielded 0.77, 

1.6 and 1.9 t ha-1 and the measured N (grain plus straw) totaled 58, 103 and 126 kg ha-1 

respectively. For the highest yield, the amount of N applied was only about half of the N 

removed by 1.9 t ha-1 crop. These results indicate that N may be a major factor limiting 

current yields. Yet, increasing N fertilization may increase lodging, which is another 

important reason for low yield of tef. About 17-20% yield loss is reported by lodging. 

Phosphorus  

Phosphorus is the major essential element next to nitrogen for plants. It is a component 

of DNA, ribonucleic acid (RNA) that directs protein synthesis, ATP (the high energy 

phosphate group that drives most energy driven biochemical process like uptake of 

nutrients, transportation and assimilation of biomolecules), and also the phospholipids 
that form all cell membranes. In cereal crops the nutrient stimulates root and tiller 

growth, strengthens structural tissue such as those found in stalks, hastens plant maturity 

and contributes to the production of good quality seed (Brady and Weil, 2002). The 

major available forms of phosphorus in the soil solution are the orthophosphate anions 

(HPO4
2- and H2PO4

−). 

 

The most important factors controlling the availability of soil P are the concentration of 

phosphate ions in the soil solution, the ability of the soil to replenish these ions when 

plant roots remove them (the P-buffer capacity of the soil) and the plant root depth. 

Moreover, factors that affect crop yield such as soil moisture and the plant health status 

can influence P uptake by the crop and thus the recovery of P and its efficiency (Syers 

et al., 2008). The efficiency of fertilizer P use by crops ranges from 10 to 30% in the 

year that it is applied. The remaining 70 to 90% becomes part of the soil P pool, which 

is released to the crop over the following months and years where this pool contributes 

to future crop production (Malhi et al., 2002). The high fixation capacity of the nutrient, 

coupled with its deficiency in the soils of Tigray limits the production of economically 

viable reliable yield. 
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A widely studied problem on agricultural soils in arid and semi-arid regions is the low 

phosphorus availability caused by intense calcium phosphate fixation (Diez et al., 

1992). In these regions the presence of mineral calcium carbonate (CaCO3 or lime) is 

common and when P fertilizer is added to these soils, a series of fixation occur that 

gradually decrease P solubility and eventually its availability (Leytem and Mikkelsen, 

2005). Moreover, the importance of Fe, Al and Mn should not be ignored as they 

immobilize phosphates. The integration of available organic resources with commercial 

phosphorus fertilizers and crop rotation with leguminous crops may have potential to 

increase the efficiency of fertilizer uptake (Deckers, 1998). 

2.2.3. Pests and diseases  

Tef is seriously damaged by weeds especially at its early growth stage due to its lower 

competition coefficient than wheat, barley, sorghum and maize (Strekozov, 1981). The 

author mentioned a crop competition coefficient (R) of 0.76 for tef compared to 0.92 for 

wheat and barley, and 0.88 for maize and sorghum. Yield loss due to weeds at the 

national level varied from 23 to 65% (Fessehaie and Tadele, 2001). Traditionally hand 

weeding is the common method of weed control in Ethiopia. Ketema (1997) suggested 

one time hand weeding at the early tillering stage as adequate if the weed population is 

low. Otherwise, a second weeding could be done at the stem elongation stage if the 

infestation is high, but not after heading as it might cause heavy damage. Tef is reported 

as a crop having low incidence of diseases (Amogne et al., 2001) and insects attack 

(Chichaybelu et al., 2001). However the authors respectively mentioned that the 

diseases tef rust, head smudge and damping off and the insects Wello bush cricket, red 

tef worm, tef fly, black tef beetle, grasshoppers and termites are economically 

important. 

2.3. Description of Tef (Eragrostis tef (Zucc.) Trotter)  

2.3.1. Origin and history of tef 

Tef (Eragrostis tef (Zucc.) Trotter) is originated and diversified in Ethiopia (Vavilov, 

1951). Only in the country it is produced as a cereal crop (Ketema, 1991). The genus of 

tef Eragrostis is a member of the tribe Eragrosteae, subfamily Eragrostoideae, and of the 

family Poaceae (Ketema, 1997, Costaniza et al., 1979). Five possible progenitors for 

this cereal were suggested, namely: Eragrostis pilosa (L.) (Hackel, 1890; Rozhevits, 

1928), Eragrostis aethiopica or Eragrostis pseudo-teff (Trotter, 1938), Eragrostis 

macilenta (Chevalier, 1940) and Eragrostis longifolia (Portères, 1958), where the first 

two morphologically resemble more to tef than the remaining three (Clayton et al., 

1974). The exact date and place of tef domestication in Ethiopia is not clear even though 

there is no doubt that it is a very ancient crop in the country. Some anthropologists 
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believe that the Cushites (the first Arabic immigrants) domesticated tef before the 

Semitic invasion (Simoons, 1965; Werth, 1937). This was confirmed by Portères 

(1976), who stated that tef was already under cultivation when the Semites invaded the 

northern highlands of the country between 1,000 and 4,000 BC. Others believe that the 

Semites or some of their descendents, the Christian Amhara, were the domesticators of 

tef (Stiehler, 1948).  

2.3.2. Distribution of tef 

The genus Eragrostis includes about 350 species (Watson and Dallwitz, 1992) mainly in 

tropical and subtropical regions, of which about 50% are native to Africa (Ciferri and 

Baldrati, 1940; Cufodontis, 1972). Among the 54 Eragrostis species listed in Ethiopia, 

14 (or 26%) are endemic (Cufodontis, 1972). In the country 35 tef cultivars are 

recognized by Ebba (1975) based on pigmentation of caryopses and glumes, panicle 

morphology, spikelet size and plant vigor. Tef is grown in almost all regions of the 

country, became widely distributed to several countries during the late 19th century and 

is now grown as forage in Australia, India, Kenya and South Africa (Costaniza et al., 

1979). The Royal Botanic Gardens, Kew, has imported seed from Ethiopia in 1866 and 

distributed it to India, Australia, the USA and South Africa (Ketema, 1991). In 1916, 

Burt-Davy introduced it to California (USA), Malawi, Zaire, India, Sri Lanka, Australia, 

New Zealand and Argentina (Ebba, 1975). Since September 2000 the Institute of 

Biodiversity Conservation and Research of the country collected about 2,541 tef 

accessions from a wide range of agro-ecological zones (Demissie, 2001). Outside 

Ethiopia, smaller tef collections are found in Brazil, the United States, Germany and 

Japan (Tefera, 2006). 

2.3.3.  Characteristics of the crop 

Tef, a C4 annual grass having Kranz anatomical characteristics (Holden, 1973; Kebede 

et al., 1989), is also known as bunch grass. It is up to 100 cm (or more) tall, self-

pollinating and a chasmogamous plant. Tef is allotetraploid, with 40 chromosomes 

(2n=4x=40) (Ayele et al., 1996). The crop has a fibrous root system with mostly erect 

stems. The leaves are narrow, long, simple, and alternate with glabrous leaf sheath. 

Since the stem terminates at the panicle, the earlier the flowering, the fewer the leaves 

produced on the stem. The legule is ciliated, while the lamina is slender. Tef has a 

panicle type of inflorescence showing different forms from loose to compact, the latter 

appearing like a spike (Fig. 2.8(a)). The spikelets have florets, each floret having a 

lemma, palea, stamens, an ovary and fearhery stigma. The caryopsis (grain) is very 

small with white to dark brown colour (Ebba, 1975). The 1,000 seeds weigh 250 to 350 

mg (NRC, 1996). 
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Tef is photoperiod sensitive (Ketema, 2001) and its time to flowering is accelerated by 

short days. Under certain conditions, flowering can start as early as 40 days after sowing 

or even earlier. Time to flowering ranges from about 35 to 65 days, as observed in 

various studies. Canopy senescence starts about 55 days or more after planting, 

depending on genotype and environmental conditions. As its grains fill and approach 

maturity, lodging is often a problem for tef, especially if the grain is bountiful and there 

is strong wind and heavy rain. Tef is harvested when the vegetative part turns yellow or 

brown. Depending on the maturity group of the cultivar and photoperiod, tef may be 

harvested between 60 and 150 days after sowing (Hundera et al., 2001).  

 
 

 

a) Types of tef panicles (very loose, loose, 

semi-loose, semi-compact, compact) 

(Ketema, 1997). 

 

 

b) Tef panicles bearing seeds (photo taken 

during the experimental season (2010)). 

 

Figure 2.8: Tef showing panicle type of inflorescence (a) and panicles bearing seeds (b). 

 

Ketema (1997) reported a harvest index (HI) of 0.24 as a national average. A similar 

range of HI was suggested for many tef cultivars (Teklu and Tefera, 2005). On the other 

hand, Adnew et al. (2005) reported a mean HI ranging from 0.33 to 0.38 for different 

clusters of germplasm accessions. Compared to the HI of modern cultivars of other 

cereal crops (around 0.45 to 0.50), the HI of tef is low, which is another indication for 

its minimal yield. Low light use efficiency, which could be related with its small leaf 

size and specific orientation, is also documented as one of the most probable causes for 

its low yield (Mengistu, 2009). 

2.3.4. Agronomy  

Land for tef is ploughed repeatedly (3-6 times). Since the seeds are extremely small 

they need a special care such as lightly covering after sowing. The common method of 

sowing is hand broadcasting at a seed rate of 25-30 kg ha-1 (Hundera et al., 2001; 

Ketema, 1997). Germination takes a few days or longer (between 4 and 11 days), 
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depending on soil moisture and temperature. Soil temperature below 19°C slows down 

the rate of emergence. The crop is mainly grown as monocrop but occasionally 

intercropped with oil crops like rape seed, safflower and sunflower or relay-cropped 

with maize and sorghum. Tef is often cropped in a crop-rotation system which varies 

based on the soil type, but most commonly a 4 and 5 year rotation is practiced with 

pulse/tef/tef, wheat or barley/pulse, and pulse/tef/tef/other cereal/pulse (Ketema, 2007). 

Generally tef is sown between mid July and early August (Yilma and Cajuste, 1980). 

2.3.5. Nutritional composition  

The principal use of tef grain for human food is the Ethiopian bread ‘injera’. ‘Injera’ is a 

fermented, pancake-like, soft, sour, circular flat bread made of grounded tef flour and is 

a major staple food in the country. Tef, which provides about two-thirds of the daily 

dietary protein intake for most Ethiopians (Ketema, 1997; NRC, 1996; ICNND, 1959), 

is relatively unknown as a food crop elsewhere. Locally the grain of tef is also used to 

make home-brewed alcoholic drinks called ‘tela’ and ‘katikala’. Tef seeds are reported 

as more nutritious than other cereals for two reasons. First, the seeds are so tiny that 

they have a greater proportion of bran and germ (the outer portions where nutrients are 

concentrated). Secondly, as the seeds are so small, tef is almost always produced as 

whole-grain flour and consumed as whole grain form. Research results showed that 

healthful diets rich in whole grain foods help in reducing the risks of heart disease, 

certain types of cancer, and type 2 diabetes, and may also help in weight management 

(Stallknecht et al., 1993). Tef is considered as one of the exemplary cereal grains in the 

Food and Drug Administration's guidance for Whole Grain Label Statements in U.S. 

(Gebhardt and Thomas, 2007). The authors reported that the vitamin and mineral 

content of tef is as high as other whole grain crops such as quinoa, amaranth, Kamut® 

and spelt, but its protein (13.3%) and fat (2%) content is lower than Kamut® (14.7% 

protein) and amaranth and quinoa (6% fat) respectively. Other reports mention a slightly 

higher protein content of tef grain compared to sorghum, maize or oats, but lower than 

in wheat or barley (NRC, 1996). The amino acids of protein in tef grain are fairly 

balanced. It contains more lysine than maize, barley, millet, wheat, sorghum and 

slightly less than rice or oats (Table 2.4).  
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Table 2.4: Amino acid content of tef (g/16 g N) compared to other cereals. 

Amino acid Tef Barley Maize Oats Rice Sorghum Wheat 
Pearl 

millet 

Lysine 3.68 3.46 2.67 3.71 3.79 2.02 2.08 2.89 

Isoleucine 4.00 3.58 3.68 3.78 3.81 3.92 3.68 3.09 

Leucine 8.53 6.67 12.5 7.26 8.22 13.3 7.04 7.29 

Valine 5.46 5.04 4.85 5.10 5.50 5.01 4.13 4.49 

Phenylalanine 5.69 5.14 4.88 5.00 5.15 4.90 4.86 3.46 

Tyrosine 3.84 3.10 3.82 3.30 3.49 2.67 2.32 1.41 

Tryptophan 1.30 1.54 0.70 1.26 1.25 1.22 1.07 1.62 

Threonine 4.32 3.31 3.60 3.31 3.90 3.02 2.69 2.50 

Histidine 3.21 2.11 2.72 2.10 2.50 2.14 2.08 2.08 

Arginine 5.15 4.72 4.19 6.29 8.26 3.07 3.54 3.48 

Methionine 4.06 1.66 1.92 1.68 2.32 1.39 1.46 1.35 

Cystiene 2.50 - - - - - - 3.19 

Source: Ketema (1997). 

 

In addition to providing good content of amino acids, tef is also a potential source of 

minerals with high contents of calcium, iron, copper, aluminum, barium and sodium 

compared to wheat, barley and sorghum (Mengesha, 1966). The same author mentioned 

that the iron content of tef is about two to three times higher than the aforementioned 

cereals. Agren and Gibson (1969) found more than four folds of iron in tef (Table 2.5) 

compared to these cereals. These authors indicated that tef has a higher Fe, Ca and ash 

content than all the other cereals except for millet, provides a larger portion of proteins 

except for wheat and has the highest P content of all cereals (Table 2.5). Some reports 

stated that the high content of iron in tef is one of the most probable reasons for a low 

frequency of anemia in the highlands of Ethiopia. The other good quality of tef is that 

its grain lacks gluten, the gliadin fraction that causes coeliac disease; therefore it can be 

consumed by gluten intolerant people (NRC, 1996; University of Chicago Celiac 

Disease center, 2008). Additional health benefits from tef are related to its higher fiber 

content compared to maize, wheat and sorghum, which is particularly important in the 

treatment of diabetes and assisting in blood sugar control. 
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Table 2.5: Nutrient content of tef compared to other cereal grains (per 100 g). 

Content item Tef 
Millet 

(whole) 

Barley 

(whole) 

Maize 

(whole) 

Wheat  

(whole) 

Sorghum 

(whole) 

Food Energy (cal) 337.0 336.0 334.0 356.0 339.0 338.0 

Moisture (%) 10.7 12.1 11.3 12.4 10.8 12.1 

Protein(g) 10.0 7.2 9.3 8.3 10.3 7.1 

Fat(g) 2.7 1.4 1.9 4.6 1.9 2.8 

Carbohydrate(g) 73.9 77.1 75.4 73.4 71.9 76.5 

Fiber(g) 3.2 5.6 3.7 2.2 3.0 2.3 

Ash (g) 2.9 3.3 2.0 1.3 1.5 1.6 

Calcium(mg) 151.0 386.0 47.0 6.0 49.0 30.0 

Phosphorus(mg) 360.7 220.0 325.0 276.0 276.0 282.0 

Iron(mg) 45.6 85.1 10.2 4.2 7.5 7.8 

Source: Agren and Gibson (1969). 

2.3.6. Importance  

Marketwise, tef is largely consumed in urban and semi-urban Ethiopia compared to 

rural areas, where it is considered as cash crop as it has more market value than other 

cereals. Despite the increased shift to processed cereals and other cereals, tef continues 

to keep its prominence on urban food plates (23% of total per capita food spending) and 

boasts the highest income elasticity among cereals in both rural and urban areas 

(Berhane et al., 2010).  

 

Tef straw is valued as a feed for livestock, preferentially given to lactating cows and 

oxen used for traction in Ethiopia. Among cereals, tef straw is relatively the best and is 

comparable to a good natural pasture. Tef straw with appropriate supplements (locally 

available agro-industrial byproducts, herbaceous legumes or browse species) was 

proposed to be used for fattening purpose because of its good quality roughage (Bediye 

and Fekadu, 2001). Tef straw fetches higher prices than other cereal straws and thus can 

be used as a source of additional income source for the farmers. The straw is also 

preferred as binding material for walls, bricks and household containers made of clay. 

 

Outside Ethiopia (India, Australia, South America, South Africa, and other countries in 

Africa) tef is grown as a forage crop producing good quality hay that is fed to dairy 

cattle, sheep, and horses. Tef has potential for use in various applications in the U.S.: as 

an annual hay, pasture, or silage crop; as an emergency hay, pasture, or silage crop for 

planting in midsummer; as a summer annual crop for erosion control; as a green manure 

crop; or for use in crop rotation as part of a cropping system (Hunter et al., 2007). 

According to Burt-Davy (1913), the chief value of tef as a hay crop lies in its 

palatability, high nutritive value, narrow albumin ratio (for a grass hay), high yield, 
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rapid growth, drought resistance and ability to smother weeds. Hunter et al. (2009) 

confirmed that the expansion of tef production in U.S as fodder crop is due to its wide 

range adaptability to drought, water logging and its ability to establish quickly. 

Similarly, Suttie (2000) investigated that tef hay in South Africa is primary used for 

race horses, dairy cattle and wild animals due to its rapid growth, high palatability and 

digestibility. 

 

Ketema (1997) summarizes the following rationale why Ethiopian farmers are attracted 

to cultivate tef in spite of its low productivity. 

� It has better adoption to drought and poor drainage, which makes the crop 

reliable (low-risk crop). 

� It is useful as rescue crop in moisture-stress areas. 

� It is suitable and is used for double, relay cropping and intercropping. 

� Its straw is a valuable animal feed during the dry season when there is acute 

shortage of feed and is highly preferred by cattle.  

� It has acceptance in the national diet and enables farmers to earn more not only 

from the grain but also from its straw because of its higher market value than 

other cereals. 

� It can be stored easily under local storage conditions since it is not attacked by 

weevil and other storage pests, thus reducing postharvest management costs. 

� It can be stored for a relatively long period of time. 

� It has lower incidence of damage by disease and pests than any other cereal. 

2.4. Conclusion 

Tef is an endemic cereal crop and staple diet in Ethiopia. As it is a diverse crop that can 

be cultivated at low risk due to its wide range adaptability to different soils types and 

moisture level conditions, it is the most preferred crop by the farmers. Moreover as it is 

a highly valued crop by the consumers and by the cattle for its straw, tef is also used as 

a cash crop. Nation wide and in Tigray, tef covers the largest cultivated area among all 

the food crops and contributes as the second most important crop. Nonetheless, it has 

the lowest yields per ha compared to other cereals in the country and in Tigray. The 

most important causes for its low yield are water and soil nutrient stress, which are 

highly pronounced in the northern highlands of the country (Tigray). Furthermore, its 

high sensitivity to lodging due to high nitrogen fertilization, its low light use efficiency 

and low harvest index are also reported as additional but important reasons for its low 

productivity.  
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Most importantly, tef has started to be grown as forage crop outside its native country, 

but is also becoming known to compensate wheat, barley, oat and other food crops that 

contain gluten, which can not be consumed by gluten sensitive people. 
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Chapter 3: Analysis of field experiments: Understanding 

the response of tef to water and soil fertility stress 

(nitrogen and phosphorus) in Tigray 

3.1. Introduction 

Both water and soil fertility problems can be considered as the main causes for low 

productivity and food insecurity in Tigray region. Crop yield failures are often caused 

by temporal variability of rainfall, late onset and early cessation of the rainfall, resulting 

in periods of crop water deficit (dry spells) during critical growth stages in the region. 

Tef, which is the staple cereal crop of the region, is one of the crops affected by dry 

spells occurring during the growing season. Under such conditions, appropriate water 

management technologies like supplementary irrigation (SI) can alleviate the problem 

and improve productivity and water use efficiency. Oweis (1997) described the concept 

of SI based on three aspects: (i) water is applied to a rainfed crop that would normally 

produce some yield without irrigation; (ii) SI is only applied when rainfall fails to 

provide essential moisture for improved and stable production since rainfall is the 

principal source of water for rainfed crops; and (iii) the amount and timing of SI are 

scheduled not to provide moisture-stress-free conditions throughout the growing season, 

but to ensure a minimum amount of water available during the critical stages of crop 

growth that would permit optimal instead of maximum yield. Similarly Kijne et al. 

(2009) described the aim of supplementary irrigation as adding a limited amount of 

water during critical and water stress sensitive crop development stages, such as 

flowering and initial grain setting, or early establishment. 

 

The depletion of nutrients, which is strongly present in the Tigray region is another 

bottleneck resulting in low productivity for the following reasons: i) land degradation 

that involves top soil erosion due to deforestation and free grazing; ii) intensive 

cultivation of the farm land for centuries; iii) very limited or non-return of the depleted 

nutrients by crop residues or animal manure; iv) aggravated soil nutrient loss through 

erosion as a consequence of steep slope cultivation, coupled with heavy and torrential 

rainfall for short period of times; v) heavy exploitation of soil nutrients due to the cereal 

based cropping system; and vi) the alarming population growth rate, which seriously 

affects the sustainability of the natural resources. 
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Efforts have been made by governmental and non-governmental organizations to amend 

the soil degradation problem in the region by introducing different interventions such as 

soil and water conservation measures through construction of stone and soil bunds, area 

closures, afforestration and intensification of staple food production using inputs 

(especially improved seed and fertilizers). The use of mineral fertilizers (most 

commonly Urea and DAP) is becoming important to increase the production of cereals. 

Despite the huge demonstration program given by the government like a strong 

extension service, credit led strategy and participation of private enterprises in the 

marketing process of the fertilizers, only 37% of the farmers in the country use 

inorganic fertilizers with less than or equal to 16 kg ha-1 application rate (Byerlee et al., 

2007). The rationales for the reluctance of the farmers to use inorganic fertilizers are 

explained in Chapter 2.  

 

The specific objectives of this study were 1) to evaluate the effect of different rates of 

fertilizers (nitrogen and phosphorus) on yield, biomass production, water use efficiency 

and nutrient use efficiency of tef; 2) to assess the effect of SI on yield, biomass and 

water use efficiency of the crop; and 3) to evaluate the interactive effect of SI and 

fertilizers on yield, biomass and water use efficiency of tef. 

3.2. Materials and methods 

3.2.1. Study area description 

The study was conducted in two sites in Tigray (Fig. 3.1): Maiquiha (13°48' N and 

39°27' E, 2078 meter above sea level (m.a.s.l)) is located in the eastern administrative 

zone, Woreda1 ‘KilteAwlaelo’, Tabia ‘Awalo’. It is about 150 km far from the capital 

city of the region, Mekelle. The experiments in this area were conducted in the farmers’ 

training center demonstration site. 

 

Dejen (13° 20' N and 39° 22' E, 2,128 m.a.s.l) is situated in the southeastern 

administrative zone, Woreda ‘Hitntalo Wajrat, Tabia ‘Adikaela’ and is about 25-30 km 

from Mekelle. In 2008 and 2009 the experimental plots were located at the farmers’ 

training center demonstration site, whereas in 2010 the experiments were conducted in 

farmer’s land with bigger plot size. 

 

                                                           
1
 Woreda is a district and Tabia is the lowest administrative unit in a district. 
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Figure 3.1: Tigray administrative region with the location of the study sites (Adjusted from 

Natural Earth, 2012) 

 

Both study sites are located in the semi-arid agro-ecological zone, but about 200 km 

from each other with different soil types. Maiquiha has relatively high 

evapotranspiration and low rainfall when compared to Dejen.  

 

Similar to the rest of Tigray, the farming system of the study sites is mixed. Rainfed 

agriculture is combined with livestock rearing. Tef (Eragrostis tef), wheat (Triticum 

durum), barley (Hordeum vulgare), maize (Zea mays), faba bean (Vicia faba), grass pea 

(Lathyrus sativus)) and chickpea (Cicer arietinum) are among the commonly cultivated 

crops in the areas.  

3.2.2. Experimental design 

The field experiments were in Randomized Complete Block Design (RCBD) arranged 

in split plot and replicated three times. There were five application rates of nitrogen (N) 

and phosphorus (P) and two water treatments (rainfed (RF) and supplementary 

irrigation (SI)). The nutrient levels were kept as sub plot, whereas the water treatments 
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were allotted as main plot. The optimal recommended doses2 of N and P were used as a 

basis for the different application rates used during the experiment. Details for the five 

fertilizer treatments are presented in Table 3.1. In 2008, T1 to T4 were applied in both 

locations. In 2009, T3 was excluded in both locations and T5 was included. In 2010 all 

the treatments were considered but the experiments were restricted to Dejen. The size of 

the experimental plots in Dejen were 4 m2 in 2008, 6 m2 in 2009 and 9 m2 in 2010 and 4 

m2 and 9 m2 in Maiquiha in 2008 and 2009 respectively. The spacing between the 

experimental plots was 0.5 m and the replications were 1.0 m apart. 

 

Table 3.1: Treatment combinations used in the study sites. 

Treatment 

code 

Water 

management 

N and P applied 

(kg ha-1) 
Remark 

Dejen  

2008-2010 

Maiquiha  

2008-2009 

T1 
Rainfed 0 N + 0 P 0 N + 0 P 

T1= control 
SI 0 N + 0 P 0 N + 0 P 

T2 
Rainfed 20 N + 13 P 30 N + 13 P T2= 50% of the recommended 

dose SI 20 N + 13 P 30 N + 13 P 

T3 
Rainfed 30 N + 20 P 45 N + 20 P T3= 75% of the recommended 

dose SI 30 N + 20 P 45 N + 20 P 

T4 
Rainfed 40 N + 26 P 60 N + 26 P T4= (100%) optimal 

recommended dose SI 40 N + 26 P 60 N + 26 P 

T5 
Rainfed 60 N + 39 P 90 N + 39 P T5= 150% of the recommended 

dose SI 60 N + 39 P 90 N + 39 P 

SI is supplementary irrigation 

3.2.3. Field management 

In both study sites a local variety of tef ‘Gonfel’ was sown by broadcasting at a rate of 

30 kg ha-1 after the land was ploughed 3 to 4 times according to the farmers practice for 

the crop. Urea (CO (NH2)2) and Diammonium phosphate (DAP) were used as a source 

of nitrogen (N) and phosphorus (P) respectively. DAP was given at sowing and the urea 

was applied in split: a first half at sowing and a second half at the strat of the tillering 

stage of the crop.  

 
                                                           
2
 The optimal recommended doses are 40 kg N ha-1 and 26 kg P ha-1 for light soils and 60 kg N 

ha-1 and 26 kg P ha-1 for heavy soils (EARO, 2002). 
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The necessary irrigation water for supplementary

flooding the small basins. The depth of the irrigation application 

means of soil water balance described by Allen 

evapotranspiration (ETc) was calculated with the crop coefficient (Kc) and reference 

evapotranspiration (ETo) (Eq. 3.1). The daily ETo

climatic data of the respective experimental sites and crop coefficient (Kc) of 1.1 was 

used, which is a good indicative value for small cereals with good soil cover after 

development. The additional water was applied

below 10-15% of field capacity after the rains had stopped. The irrigation kept the crop 

water demand to 80-85% of its maximum and was applied from around flowering to 

ripening. 

 

  

 

 

where  ETc = crop evapotranspiration under optimal conditions

 Kc = crop coefficient 

 ETo = reference evapotranspiration 

 IT1= irrigation depth required at time T1 (mm),

 WrFC = soil water content in the root zone at field capacity (mm),

 WRT0 = soil water content in the root zone at time T0 (mm),

 = sum of daily crop evapotranspiration (mm) between time T0 and T1,

  = sum of rainfall (mm) between time T0 and T1,

 IT0 = irrigation depth at time T0 (mm).

 

Weeds were removed regularly by hand from all pl

the plots when damage by shoot fly (Hylemya arambourgi

common insect pest in tef fields was observed.

3.3. Data collection 

3.3.1.1. Climatic data 

Daily rainfall data (ordinary raingauge) and minimum and maximum air temperature 

during the study period were collected at each study site. Moreover, 18 years (1993

2010) of daily seasonal rainfall data (June to September) from

stations (Dongolat and Wukro) were collected from Tigray Meteorological Service 
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supplementary irrigation treatment was applied by 

The depth of the irrigation application was determined by a 

described by Allen et al. (1998) (Eq. 3.2). The crop 

evapotranspiration (ETc) was calculated with the crop coefficient (Kc) and reference 

The daily ETo was estimated from historical 

climatic data of the respective experimental sites and crop coefficient (Kc) of 1.1 was 

used, which is a good indicative value for small cereals with good soil cover after 

. The additional water was applied when the soil water content dropped 

15% of field capacity after the rains had stopped. The irrigation kept the crop 

85% of its maximum and was applied from around flowering to 

    (Eq. 3.1) 

 

 (Eq. 3.2) 

evapotranspiration under optimal conditions 

= irrigation depth required at time T1 (mm), 

= soil water content in the root zone at field capacity (mm), 

oot zone at time T0 (mm), 

= sum of daily crop evapotranspiration (mm) between time T0 and T1, 

= sum of rainfall (mm) between time T0 and T1, 

= irrigation depth at time T0 (mm). 

Weeds were removed regularly by hand from all plots and an insecticide was sprayed to 

Hylemya arambourgi), which is one of the most 

common insect pest in tef fields was observed. 

Daily rainfall data (ordinary raingauge) and minimum and maximum air temperature 

during the study period were collected at each study site. Moreover, 18 years (1993-

seasonal rainfall data (June to September) from nearby meteorological 

ns (Dongolat and Wukro) were collected from Tigray Meteorological Service 
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Agency. Dongolat is at about 7 km distant from Dejen and Wukro is 20 km away from 

Maiquiha. To determine ETo in Dejen with the FAO-56 Penman-Monteith equation 

(Allen et al., 1998), additional climatic data (daily minimum and maximum 

temperature, wind speed, sunshine hours, and relative humidity data) were obtained 

from Mekelle airport meteorological station (25-30 km far from Dejen). For Maiquiha 

the missing climatic data were estimated from the minimum and maximum air 

temperature according to the procedure specified by Allen et al. (1998). 

3.3.1.2. Soil data 

In November 2010, profile pits were excavated (one in each study site) for soil profile 

description. Composite soil samples from each profile pit and each horizon at different 

depths (0-0.10, 0.10-0.55 and 0.55-0.75 m in Dejen 2008 & 2009; 0-0.13, 0.13-0.40, 

0.40-0.75 and > 0.75 m in 2010; 0-0.25, 0.25-0.50 and 0.50-0.100 m in Maiquiha) were 

collected. The samples were sent to Laboratory of Soil Science in Ghent University 

(Belgium) for physical (particle size distribution) and chemical analysis (pH, nitrogen 

(N), organic carbon (OC), cation exchange capacity (CEC), exchangeable calcium (Ca), 

magnesium (Mg); potassium (K), sodium (Na) and phosphorous (P)). The soils were 

also tested for carbonates (CaCO3) using 48% hydrochloric acid (HCl). During the 

research (2008 to 2010), composite soil samples of the surface layer (0-0.20 m) from 

representative plots were collected prior to sowing to determine total nitrogen (Kjeldahl 

method), available phosphorus (Olsen et al., 1954), organic carbon (Walkley-Black 

method; Black,1965) and soil pH (on 1:2.5 soil:water suspension). 

3.3.1.3. Crop data 

Biomass and yield determination 

Dry aboveground biomass (B) at harvest and final grain yield (Y) were determined in an 

area of 2.5 m2 (2008), 3.8 m2 (2009) and 6 m2 (2010) in the centre of the experimental 

plots. The grain weight was taken after checking the standard moisture content of the 

grains (12% like other cereals). The moisture content of the grains for each plot in each 

growing season was determined by the difference in weight of the fresh and oven dry 

grinded samples (130°C in a ventilated oven for 2 hours).  

 

Difference (percentage) on B, Y, ater use efficiency (WUE) and nutrient use efficiency 

(NUE) as a result of water and fertilizer management were computed (Eq.3.3). 
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where B is final biomass production at harvest and Y is the final grain yield

 

Plant nutrient analysis 

Plant nutrient analysis was done from the samples in 2009 and 2010 after physiological 

maturity. Composite dried samples taken in three replications from each treatment were 

used to determine the nitrogen (N) and phosphorus (P) concentration in the plant. 

nutrient analysis was done separately for the grain and non

was determined by the Kjeldahl method. For P determination, the grinded samples were 

subjected to dry ashing in a muffle furnace to destroy the organic components a

obtain a solution of inorganic ions. The ashed samples were dissolved in 2N HCl and 

the filtrated solution was used to determine P by means of a 

wavelength of 410 nano meter. 

 

Total aboveground nutrient uptake of the plant was com

uptakes in the grain and straw multiplied by their respective concentrations from each 

treatment (Eq. 3.4). 

 

 

where TN is total nutrient (kg ha-1), Nconc is nutrient concentration (kg kg

for straw and grain weight are kg ha-1. 

 

Nutrient use efficiency analysis 

Nutrient use efficiency (NUE) is expressed in several ways as reported in literature 

(Moll et al., 1982; Crawswell and Godwin, 1984; Mengel and Kirkby, 1987). Cassman 

et al. (1998) mentioned four methods for measuring the efficiency of plant

in agriculture as cited by Syers et al. (2008): 

i) direct method that can only be used for those nutrients where the fertilizer can 

be labelled e.g. using 32P-labelled or 

uptake from the fertilizer directly; 

ii) difference method, which measures the nutrient use efficiency in two ways: 
agronomic efficiency (kg of crop yield increase per kg of nutrient applied) and 
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  (Eq. 3.3) 

where B is final biomass production at harvest and Y is the final grain yield. 

Plant nutrient analysis was done from the samples in 2009 and 2010 after physiological 

maturity. Composite dried samples taken in three replications from each treatment were 

used to determine the nitrogen (N) and phosphorus (P) concentration in the plant. The 

nutrient analysis was done separately for the grain and non-grain part (straw). Total N 

was determined by the Kjeldahl method. For P determination, the grinded samples were 

subjected to dry ashing in a muffle furnace to destroy the organic components and 

obtain a solution of inorganic ions. The ashed samples were dissolved in 2N HCl and 

the filtrated solution was used to determine P by means of a spectrophotometer at a 

Total aboveground nutrient uptake of the plant was computed as a summation of the 

uptakes in the grain and straw multiplied by their respective concentrations from each 

(Eq. 3.4) 

is nutrient concentration (kg kg-1). The units 

Nutrient use efficiency (NUE) is expressed in several ways as reported in literature 

., 1982; Crawswell and Godwin, 1984; Mengel and Kirkby, 1987). Cassman 

mentioned four methods for measuring the efficiency of plant-nutrient use 

  

direct method that can only be used for those nutrients where the fertilizer can 

labelled or 15N-labelled fertilizer, to measure nutrient 

difference method, which measures the nutrient use efficiency in two ways: 

agronomic efficiency (kg of crop yield increase per kg of nutrient applied) and 
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apparent recovery or apparent efficiency (kg of nutrient uptake by the c

kg of nutrient applied);  

iii) physiological efficiency (kg yield increase per kg of increase in nutrient taken 
up); 

iv) partial factor productivity index, which calculates the partial factor productivity 
of the applied nutrients in terms of kilograms of product produced per kilogram 

of nutrient applied.  

 

The 2nd method was used to determine the agronomic efficiency and apparent recovery 

efficiency. The agronomic efficiency (AE) reflects the ability of the plant to t

the applied nutrients into grain yield and was computed as given in 

data 2008-2010 were used to compute the AE.

 

   

where AE (kg kg-1) is agronomic efficiency, 

YN and YO are crop yields (kg ha 
-1) with and without the nutrient being tested,

           FN is the amount of nutrient applied (kg ha 

 

Apparent recovery efficiency (RE) was determined based on the total uptake of the 

nutrients (N and P) per amount of fertilizers applied 

analysis in 2009 and 2010 were used for this purpose.

 

  

 

where RE is apparent recovery efficiency,  

NN and N0 (kg ha
-1) are nutrient uptake by the crop with and without the applied 

nutrient respectively, 

FN (kg ha
-1) is the amount of nutrient applied.

 

Water use efficiency analysis 

Water use efficiency (WUE), which is also called crop water productivity is expressed 

as the ratio of crop output (grain yield) per amount of water lost by the process of 

evapotranspiration (ET) (Raes et al., 2007) (Eq. 3.7). In this case the ET was taken 

the output of AquaCrop model (data from modeling of the yield response to water and 

fertility stress as described in Chapter 4 and 5). 

40 
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physiological efficiency (kg yield increase per kg of increase in nutrient taken 

partial factor productivity index, which calculates the partial factor productivity 

ied nutrients in terms of kilograms of product produced per kilogram 

method was used to determine the agronomic efficiency and apparent recovery 

. The agronomic efficiency (AE) reflects the ability of the plant to translate 

the applied nutrients into grain yield and was computed as given in Equation 3.5. Crop 

2010 were used to compute the AE. 

    (Eq. 3.5) 

 

 

) with and without the nutrient being tested, 

is the amount of nutrient applied (kg ha -1). 

Apparent recovery efficiency (RE) was determined based on the total uptake of the 

zers applied (Eq. 3.6). The plant nutrient 

analysis in 2009 and 2010 were used for this purpose. 

    (Eq. 3.6) 

) are nutrient uptake by the crop with and without the applied 

) is the amount of nutrient applied. 

Water use efficiency (WUE), which is also called crop water productivity is expressed 

as the ratio of crop output (grain yield) per amount of water lost by the process of 

., 2007) (Eq. 3.7). In this case the ET was taken from 

modeling of the yield response to water and 

fertility stress as described in Chapter 4 and 5).  
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where WUE is water use efficiency (kg m-3).

3.3.1.4. Data analysis 

Analysis of variance (ANOVA) was used to 

regime) and the interaction between them have significant difference on response 

variables (yield, biomass, water use efficiency

package (Michigan State University, 1993) was

group variances was also tested using this software. Differences between the treatment 

means were computed by means of the Duncan's Multiple Range Test (DMRT) and the 

T-test at 5% level of significance. 

 

Minitab 14 (Minitab Inc., 2003) was used for normality testing of the data sets using 

probability plots and to explore the relationship between the independent variables 

(fertilizer rates and water). Microsoft Excel was used for data management and for 

making the graphs. 

3.4. Results and discussion 

3.4.1. Climatic data analysis 

The average 10-day rainfall (RF) and reference evapotranspiration (ETo) of the daily 

seasonal observations during the study period (2008, 2009 and 2010) are presented in 

Figure 3.2. The main rainy season in the study sites runs from the end of June until the 

first week of September. Most of the rains are concentrated in July and August 

3.2). 
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    (Eq. 3.7) 

). 

 test whether the treatments (fertilizer/water 

regime) and the interaction between them have significant difference on response 

variables (yield, biomass, water use efficiency etc). MSTAT-C statistical software 

Michigan State University, 1993) was used for this purpose. The equality of 

group variances was also tested using this software. Differences between the treatment 

means were computed by means of the Duncan's Multiple Range Test (DMRT) and the 

(Minitab Inc., 2003) was used for normality testing of the data sets using 

probability plots and to explore the relationship between the independent variables 

(fertilizer rates and water). Microsoft Excel was used for data management and for 

day rainfall (RF) and reference evapotranspiration (ETo) of the daily 

seasonal observations during the study period (2008, 2009 and 2010) are presented in 

n the study sites runs from the end of June until the 

. Most of the rains are concentrated in July and August (Fig. 
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Figure 3.2: 10-day rainfall (bars) and reference evapotranspiration (lines) in the study sites of 

Dejen and Maiquiha. (Source: Observed climatic data from 2008-2010 during the study period). 

 

The historical average seasonal rainfall (June-September) collected for 18 consecutive 

years (1993-2010) from Dongolat and Wukro was 571 mm and 523 mm respectively. 

This rainfall was used as a reference to compare the rainfall in Dejen and Maiquiha. In 

Dejen the seasonal rainfall recorded was 382 mm (2008), 351 mm (2009) and 487 mm 

(2010) that computes to 403 mm. Similarly, 374 mm (2008) and 277 mm (2009) of 

rainfall was recorded in Maiquiha and the average of was 326 mm. Compared to the 

reference stations of Dongolat and Wukro, the recorded seasonal rainfall in both study 

sites was below the average. 

 

The evapotranspiration (ETo) rate recorded in June decreased during the main rainy 

season (July and August) due to the high cloud coverage. ETo started to rise in the post 

rainy season (Fig 3.2). The length of growing period (LGP) defined as the time when 

rainfall exceeds half of the potential ETo (Kassam et al., 1993) does not exceed 75-80 

days for both study sites. For tef, which is sown at the end of July or beginning of 

August, the growing period is even shorter.  

3.4.2. Soil profile description  

The excavated profile pits at each experimental site were described based on the FAO 

soil description guidelines (FAO, 2006) and the reference soil groups were classified 

based on World Reference Base classification (WRB, 2007). The basic soil physical and 
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chemical characteristics in each soil profile and the description of each profile are 

presented in Table 3.2 to 3.4. 

 

Table 3.2: Soil profile description and physical and chemical characteristics for the study site of 

Dejen (2008 and 2009). 

Profile: Haplic Luvisol (Ruptic, Hypereutric), Dejen (2008 and 2009), Tigray, Ethiopia 

Soil profile pit-1 Soil depth (m) Horizon Description 

 

0-0.13 A 

Yellowish brown; 

sandy loam with sub 

angular blocky 

structure 

0.13-0.50 Bt1 

 

Yellow brown, loam 

with poorly developed 

sub angular blocky 

structure 

 

0.55-0.70 Bt2 

Grayish yellow, silty 

clay loam with poorly 

developed fine to 

medium platy 

structure, contains 2% 

of CaCO3 

Soil characteristics Horizons 

Physical characteristics A Bt1 Bt2 

Clay (%) 14  26 31 

Sand (%) 57 38  16  

Silt (%) 29 36  53  

Chemical characteristics A Bt1 Bt2 

pH (pH H2O, 1:2.5) 8.06 8.32 8.25 

N (%) 0.05 0.03 0.03 

OC (%) 0.4 0.3 0.3 

CEC (cmolc/kg of soil) 14.37 22.52 26.31 

Ca (cmolc/kg of soil) 10.33 16.13 20.31 

K (cmolc/kg of soil) 0.18 0.18 0.19 

Mg (cmolc/kg of soil 3.08 5.67 7.09 

Na (cmolc/kg of soil 0.05 0.28 0.43 

P (ppm) 1.2 <0.1 <0.1 
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Table 3.3: Soil profile description and physical and chemical characteristics for the study site of 

Dejen (2010). 

Profile: Haplic Luvisol (Ruptic, Hypereutric, siltic), Dejen (2010), Tigray, Ethiopia 

Soil profile pit-2 Soil depth (m) Horizon Description 

 

0-0.13 Ap 

Light brown, loam, sub 

angular blocky structure, dry 

& slightly hard consistency. 

0.13-0.40 Bw1 

Dark brown; loam  with 

vertical prismatic structure, 

dry & slightly hard 

consistency 

0.40-0.75 Bw2 

 

Brown; silty loam  with 

massive structure, friable & 

softer consistency, less 

CaC03 
 

>0.75 B/C 

Mix of reddish brown & 

whitish black; silty loam with 

massive structure,  friable and 

soft consistency; high CaCO3 

content 

Soil characteristics Horizons 

Physical characteristics Ap Bw1 Bw2 B/C 

Clay (%) 15 22 13 7 

Sand (%) 46 36 33 40 

Silt (%) 39 42 53 53 

Chemical characteristics Ap Bw1 Bw2 B/C 

pH (pH H2O, 1:2.5) 7.8 8.32 8.17 8.38 

N (%) 0.06 0.05 0.07 0.02 

OC (%) 0.5 0.4 0.2 0.1 

CEC (cmolc/kg of soil) 22 38.32 38.64 29.26 

Ca (cmolc/kg of soil) 18.96 29.23 28.83 14.10 

Mg (cmolc/kg of soil) 5.48 11.19 15.43 17.98 

K (cmolc/kg of soil) 0.11 0.08 0.07 0.04 

Na (cmolc/kg of soil) 0.09 0.36 0.56 1.44 

P (ppm) 1.5 0.5 <0.1 <0.1 
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Table 3.4: Soil profile description and physical and chemical characteristics for the study site of 

Maiquiha (2008 and 2009). 

Profile: Hyperskeletic, Rendzic Leptosol (Calcaric), Maiquiha (2008-2009), Tigray, Ethiopia 

Soil profile pit-3 Soil depth (m) Horizon Description 

 

0-0.12 Ap 

Vertic-calcic soil; dark 

brown; silty loam with 

medium to course sub 

angular blocky 

structure, 10% 

stoniness; slightly hard 

consistency 

0.12-0.25 Bw1 

Dark brown, silty clay 

loam with fine sub 

angular blocky 

structure; 10% stoniness 

of 20-30 diam. 

0.25-0.50 Ca1 

Calcic soil, whitish, 

silty clay with  massive 

structure, friable 

consistency 

0.50-1.0 Ca2 

Calcic soil, whitish 

yellow, silty clay with 

massive structure 

Soil characteristics Horizons 

Physical characteristics Ap-Bw1 Ca1 Ca2 

Clay (%)  66 50 77 

Sand (%) 7 8 3 

Silt (%) 27 42 20 

Chemical characteristics Ap-Bw1 Ca1 Ca2 

pH (pH H2O, 1:2.5) 8.17 8.58 8.51 

N (%) 0.17 0.03 0.02 

OC (%) 1.8 0.2 0.2 

CEC (cmolc/kg of soil) 26 12.32 12.06 

Ca (cmolc/kg of soil) 42 27.23 30.72 

Mg (cmolc/kg of soil) 1.25 0.46 0.72 

K (cmolc/kg of soil 0.55 0.15 0.16 

Na (cmolc/kg of soil) 0.03 0.02 0.03 

P (ppm) 4.1 2 <0.1 
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The soils of Dejen are categorized as Ruptic, Haplic Luvisol originating from weathered 

sandstone parent material. Iron (Fe) and manganese (Mn) segregations at the bottom 

depth were observed in Dejen (2008-2009) with a small amount (about 2%) of calcium 

carbonate (CaCo3). On the other hand the soil of Maiquiha is originated from weathered 

limestone parent material classified as Hyperskeletic, Rendzic Leptosol (calcaric) with 

relatively high CaCO3 accumulation. The upper surface of the soil (0-0.25m) consists of 

smectatic clay with low permeability and is composed of stones (10%). Below this 

depth there were layers of stones as can be seen clearly in Table 3. 4.  

 

The results of the particle size analysis (sand%, silt% and clay%) were used to 

determine the textural class of the soils with pedotransfer function (Saxton and Rawls, 

2006). Accordingly the soils of Dejen (2008-2009) could be classified as sandy loam (0-

0.13 m), loam (0.13-0.50 m) and silty clay loam (0.55-0.70 m); Dejen (2010) as loam 

(0-0.40 m) and silty loam (0.40 to >0.75 m), and Maiquiha as silty loam (0-0.50 m) and 

and silty clay (0.50-1.m).  

 

The soils at both locations are categorized as slightly alkaline because of their high soil 

pH values (7.80-8.38 in Dejen and 8.17-8.58 in Maiquiha). The high pH of the soils 

could be the result of a continuous cultivation of the land whereby high pH subsoil 

material is brought to the surface. The accumulated CaCO3 found in both soil profiles 

also confirmed the alkalinity of the soils, although the extent varied in both sites. The 

soil pH values are higher than the optimum soil pH range reported for most plants. A 

medium soil pH (5.5-7.0) is preferred for most crops (Landon, 1991). 

 

The N content of the soils before sowing ranged from 0.02 to 0.07% (Dejen) and 0.02 to 

0.17 (Maiquiha). Correspondingly, the P content varied from less than 0.1 to 1.5 ppm 

(Dejen) and from less than 0.1 to 4.1 ppm in Maiquiha. Landon (1991) rated soils with 

0.1% to 0.2% N as soils with a low N content, and less than 0.1% as soils with a very 

low N content, whereas soils are classified as deficient in P if the P content is less than 4 

ppm. Accordingly the soils of Dejen and Maiquiha could be classified as soils with very 

low to low N content respectively and deficient in P. The average organic carbon 

content of the soils was less than 1% (0.3% (average)) in Dejen (Table 3.2 & 3.3) and 

0.7% (average) in Maiquiha (Table 3.4), which is also very low. These values 

correspond to 0.5% and 1.3% organic matter. The soil analysis results on N, P and 

organic carbon contents confirm the research findings of Haile et al. (2002). The 

authors examined over 300 plots in Tigray and revealed that 76% of the total plots had 

extremely low total nitrogen content, 98% were low in available phosphorus, 33% were 

low in available potassium and 94% were very low in organic carbon content. Similarly, 
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Beyene et al. (2006) documented that the farming practice of Tigray is characterized by 

a negative nutrient balance where more than half of the soils have a shallow depth, are 

very low in organic matter and extremely scarce both in total nitrogen and available 

phosphorus. 

 

The cation exchange capacity (CEC) was relatively higher in Dejen (14-39 cmolc kg
-1 of 

soil) than in Maiquiha (12-26 cmolc kg
-1 of soil) but the exchangeable calcium (Ca) 

level of the soil was higher (27-42 cmolc kg
-1 of soil) in Maiquiha than in Dejen (7-23 

cmolc kg
-1 of soil). 

3.4.3. Crop response to water and fertilizers 

The ANOVA analysis showed that the water and fertilizer effect on yield (Y), dry 

aboveground biomass (B) and water use efficiency (WUE) was not significant (p>0.05). 

This means both explanatory variables (water and fertilizer) have an additive effect on 

the yield and yield components of tef. The average Y, B and WUE during the study 

seasons (2008-2010) in both sites increased as the fertilizer rate increased from no input 

application (T1) to the optimum rate of fertilizer application (T4) both in the rainfed and 

SI treatments (Fig. 3.3). Although the average yield (Fig 3.3b) and WUE (Fig 3.3c) in 

the SI showed an increase at T5 (a treatment that received an additional 50% more than 

the recommended rate), the difference with T4 was not significant.  
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Figure 3.3: The interaction effect of water and fertilizer on (a) mean final dry above ground 

biomass, (b) mean grain yield and (c) mean water use efficiency in the study sites of Dejen and 

Maiquiha. See Table 3.1 for the treatment code. Error bars represent standard deviations of the 

means of three years in Dejen and two years in Maiquiha. 
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Similarly an additional supply of water (SI) during the critical growth stage supports the 

crop to produce more Y, B with a higher WUE. All the three crop components (Y, B 

and WUE) were always higher in SI than in RF both for fertilized and non-fertilized 

treatments (Fig 3.3). This also indicates the importance of supplemental water for the 

crop as the rainfall ceases in most cases when the crop reaches the reproductive growth. 

Generally the interaction plots (Fig 3.3) indicate that the fertilizers and the water 

treatments have independent effect on Y, B and WUE. As the soils are poor in fertility 

the crop responds very well to the additional supply of fertilizers and the yield and other 

components gets higher as an additional water was supplied both to the fertilized and 

non-fertilized treatments. 

 

As the interaction effect of both explanatory variables was not significant, the mean 

comparisons of means were done separately for each main factor (fertilizers and water 

regime). Their effect on the Y, B, WUE and nutrient use efficiency (NUE) of tef were 

discussed independently. 

3.4.4. Crop response to nitrogen and phosphorus fertilization 

3.4.4.1. Biomass response  

Marketable yield is the primary objective of tef production in Ethiopia. However the 

importance of biomass is also related to the concern of the straw (crop residue) as an 

integral part of feed resource especially during the dry season. In this study the biomass 

discussed refers to the dry aboveground part of the crop (B).  

 

The response of the crop to the fertilizer rates showed a significant difference in B 

(p<0.001), (p<0.05, in Dejen 2009) for the low and high fertilization applications 

irrespective of the water treatments (Table 3.5 to 3.9). 
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Table 3.5: Impact of nitrogen (N), phosphorus (P) and supplementary irrigation (SI) on dry 

aboveground final biomass (B), yield (Y) and water use efficiency (WUE) of tef in Dejen (2008). 

Dejen 2008 

Treatment 

code 

N and P applied 

(kg ha-1) 

Water 

regime 

Final B 

(t ha-1) 

Final Y 

(t ha-1) 

WUE 

(kg m-3) 

T1 
0 N + 0 P RF 2.10 ± 0.10 0.54 ± 0.002 0.20 ±0.001 

0 N + 0 P SI 6.60 ± 0.60 1.17 ± 0.25 0.36± 0.08 

T2 
20 N + 13 P RF 3.60 ± 0.20 0.81 ± 0.29 0.30 ± 0.01 

20 N + 13 P SI 8.00 ± 1.22 1.59 ± 0.17 0.47 ± 0.05 

T3 
30 N + 20 P RF 3.77 ± 0.56 0.90 ± 0.11 0.33 ± 0.04 

30 N + 20 P SI 8.11 ± 0.73 1.62 ± 0.17 0.48 ± 0.05 

T4 
40 N + 26 P RF 5.83 ± 1.28 1.30 ± 0.29 0.44 ± 0.10 

40 N + 26 P SI 8.68 ± 1.81 1.79 ± 0.20 0.54 ± 0.06 

T5 not included in this year not included in this year 

T1 4.35c 0.86c 0.28c 

T2 5.80b 1.20b 0.38b 

T3 5.94b 1.26b 0.40b 

T4 7.25a 1.54a 0.49a 

SE 0.28 0.08 0.02 

LSD (0.05) 0.85 0.24 0.07 

                                                 RF 3.83b 0.87b 0.32b 

                                                        SI 7.85a 1.54a 0.46a 

 SE 0.50 0.09 0.02 

RF is rainfed. Means not connected by the same letters are significantly different at alpha 0.05. 

LSD: Least significance difference, SE: Standard error of means and values given ±1 is standard 

deviation (n=3). 
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Table 3.6: Impact of nitrogen (N), phosphorus (P) and supplementary irrigation (SI) on dry 

aboveground final biomass (B), yield (Y) and water use efficiency (WUE) of tef in Dejen (2009).. 

Dejen 2009 

Treatment 

code 

N and P applied 

(kg ha-1) 

Water 

regime 

Final B 

(t ha-1) 

Final Y 

(t ha-1) 

WUE 

(kg m-3) 

T1 
0 N + 0 P RF 1.85 ± 0.09 0.54 ± 0.06 0.20 ± 0.02 

0 N + 0 P SI 3.89 ± 0.17 1.29 ± 0.16 0.38 ± 0.03 

T2 
20 N + 13 P RF 2.92 ± 0.18 0.88 ± 0.05 0.36 ± 0.02 

20 N + 13 P SI 4.71 ± 1.09 1.60 ± 0.11 0.48 ± 0.03 

T3 not included in this year not included in this year 

T4 
40 N + 26P RF 3.99 ± 1.11 1.16 ± 0.13 0.50± 0.05 

40 N + 26P SI 5.49 ± 0.88 1.83 ± 0.26 0.65 ± 0.09 

T5 
60 N + 39 P RF 4.23 ± 1.64 1.33 ± 0.30 0.59 ± 0.13 

60 N + 39 P SI 5.42 ± 0.86 1.79 ± 0.21 0.64 ± 0.08 

T1 2.87b 0.92c 0.29c 

T2 3.82ab 1.24b 0.42b 

T4 4.74a 1.49a 0.58a 

T5 4.83a 1.56a 0.61a 

SE 0.38 0.06 0.03 

LSD(0.05) 1.16 0.19 0.08 

 RF 3.25b 0.97b 0.41b 

             SI 4.88a 1.63a 0.54a 

 SE 0.29 0.09 0.03 

RF is  rainfed. Means not connected by the same letters are significantly different at alpha 0.05. 

LSD: Least significance difference, SE: Standard error of means and values given ±1 is standard 

deviation (n=3). 
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Table 3.7: Impact of nitrogen (N), phosphorus (P) and supplementary irrigation (SI) on  dry 

aboveground final biomass (B), yield (Y) and water use efficiency (WUE) of tef in Dejen (2010). 

Dejen 2010 

Treatment 

code 

N and P applied 

(kg ha-1) 

Water 

regime 

Final B 

(t ha-1) 

Final Y 

(t ha-1) 

WUE 

(kg m-3) 

T1 
0 N + 0 P RF 2.11 ± 0.18 0.31 ± 0.06 0.15± 0.03 

0 N + 0 P SI 4.54 ± 0.32 1.63 ± 0.01 0.43 ± 0.03 

T2 
20 N + 13 P RF 2.54 ± 0.09 0.51 ± 0.08 0.25 ± 0.04 

20 N + 13 P SI 5.39 ± 1.29 1.80 ± 0.49 0.50 ± 0.13 

T3 
30 N + 20 P RF 2.91 ± 0.22 0.66 ± 0.02 0.32 ± 0.01 

30 N + 20 P SI 6.17 ± 0.47 2.02 ± 0.13 0.55 ± 0.03 

T4 
40 N + 26P RF 3.49 ± 0.29 0.93 ± 0.03 0.44 ± 0.01 

40 N + 26P SI 6.83 ± 0.35 2.25 ± 0.13 0.73 ± 0.04 

T5 
60 N + 39 P RF 3.39 ± 0.28 0.82 ± 0.06 0.39 ± 0.03 

60 N + 39 P SI 6.93 ± 0.54 2.29 ± 0.37 0.74± 0.12 

T1 3.33d 0.97c 0.29d 

T2 3.96c 1.16b 0.37c 

T3 4.54b 1.34b 0.43b 

T4 5.16a 1.59a 0.59a 

T5 5.16a 1.55a 0.57a 

SE 0.18 0.06 0.02 

LSD(0.05) 0.54 0.18 0.06 

 RF 2.89b 0.65b 0.31b 

 SI 5.97a 2.00a 0.59a 

   SE 0.33 0.14 0.04 

Dejen 2008-2010 (Average) 

 RF 3.33b 0.84b 0.35b 

 SI 6.27a 1.77a 0.54a 

 SE 0.32 0.10 0.03 

T1 3.52d 0.91c 0.29d 

T2 4.53c 1.20b 0.39c 

T3 5.24ab 1.30b 0.42c 

T4 5.72a 1.54a 0.55b 

T5 5.00bc 1.56a 0.59a 

SE 0.18 0.04 0.01 

LSD(0.05) 0.54 0.13 0.04 

RF is rainfed. Means not connected by the same letters are significantly different at alpha 0.05. 

LSD: Least significance difference, SE: Standard error of means and values given ±1 is standard 

deviation (n=3). 
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Table 3.8: Impact of nitrogen (N), phosphorus (P) and supplementary irrigation (SI) on yield (Y), 

dry aboveground final biomass (B) and water use efficiency (WUE) of tef in Maiquiha (2008).  

Maiquiha 2008 

Treatment 

code 
N and P applied 

(kg ha-1) 

Water 

regime 

Final B 

(t ha-1) 

Final Y 

(t ha-1) 

WUE 

(kg m-3) 

T1 
0 N + 0 P RF 2.93 ± 0.29 0.41 ± 0.15 0.14 ± 0.05 
0 N + 0 P SI 3.54± 0.52 0.72 ± 0.13 0.21 ± 0.04 

T2 
30 N + 13 P RF 3.29 ± 0.11 0.59 ± 0.06 0.20 ± 0.02 
30 N + 13 P SI 4.35 ± 0.73 0.82 ± 0.03 0.26± 0.01 

T3 
45 N + 20 P RF 3.35 ± 0.32 0.62 ± 0.04 0.21 ± 0.01 
45 N + 20 P SI 4.34 ± 0.25 0.84 ± 0.13 0.27 ± 0.04 

T4 60 N + 26 P RF 3.73 ± 0.50 0.83 ± 0.18 0.36 ± 0.08 
 60 N + 26 P SI 5.50 ± 0.39 1.03 ± 0.10 0.41 ± 0.04 
T5 not included in this year not included in this year 

T1 3.22c 0.57c 0.17c 
T2 3.82b 0.71bc 0.23bc 
T3 3.84b 0.73b 0.24b 
T4 4.62a 0.93a 0.38a 

SE 0.14 0.05 0.02 

LSD(0.05) 0.43 0.14 0.06 

 RF 3.32b 0.61b 0.23b 
 SI 4.43a 0.85a 0.29a 

 SE 0.18 0.05 0.02 

RF is rainfed. Means not connected by the same letters are significantly different at alpha 0.05. 

LSD: Least significance difference, SE: Standard error of means and values given ±1 is standard 

deviation (n=3). 
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Table 3.9: Impact of nitrogen (N), phosphorus (P) and supplementary irrigation (SI) on yield (Y), 

dry aboveground final biomass (B) and water use efficiency (WUE) of tef in Maiquiha (2009). 

Maiquiha 2009 

Treatment 

 code 

N and P  

applied (kg ha-1) 

Water 

regime 

Final B 

(t ha-1) 

Final Y 

(t ha-1) 

WUE 

(kg m-3) 

T1 
0 N + 0 P RF 2.12 ± 0.13 0.58 ± 0.05 0.20± 0.02 
0 N + 0 P SI 3.23 ± 0.26 1.45 ± 0.07 0.34± 0.02 

T2 
30 N + 13 P RF 2.79 ± 0.08 0.65 ± 0.02 0.22± 0.01 
30 N + 13 P SI 4.01 ± 0.53 1.58 ± 0.01 0.43± 0.004 

T3 not included in this year not included in this year 

T4 
60 N + 26 P RF 3.40 ± 0.51 0.80 ± 0.17 0.37± 0.08 
60 N + 26 P SI 5.73 ± 0.50 1.85 ± 0.09 0.52± 0.02 

T5 
90 N + 39 P RF 3.22 ± 0.41 0.57 ± 0.12 0.21± 0.05 
90 N + 39 P SI 4.69 ± 0.30 1.72± 0.17 0.42± 0.04 

T1 2.69d 1.02c 0.27c 
T2 3.40c 1.12bc 0.32b 
T4 4.57a 1.33a 0.44a 
T5 3.96b 1.15b 0.31b 

SE 0.17 0.04 0.01 

LSD(0.05) 0.53 0.11 0.04 

 RF 2.89b 0.65b 0.25b 
 SI 4.42a 1.65a 0.43a 

 SE 0.23 0.11 0.02 

Maiquiha 2008 and 2009 (Average) 

T1 2.96C 0.79c 0.22c 
T2 3.61b 0.91b 0.28b 
T3 3.84b 0.73c 0.24c 
T4 4.60a 1.13a 0.41a 
T5 3.96b 1.15a 0.31b 

SE 0.14 0.04 0.01 

LSD(0.05) 0.41 0.12 0.04 

                                                  RF 3.14b 0.63b 0.23b 
                                                SI 4.44a 1.25a 0.35a 

                                                SE 0.17 0.07 0.02 

RF is rainfed. Means not connected by the same letters are significantly different at alpha 0.05. 

LSD: Least significance difference, SE: Standard error of means and values given ±1 is standard 

deviation (n=3). 

 

The mean comparison of the treatments in all the growing seasons (2008-2010) 

indicated a linear increase in B production with increasing fertilizer amounts until the 

optimal rate (T4) (Fig 3.4). The average maximum B found for the optimal 

recommended fertilizer rate (T4) was 5.72 t ha-1 in Dejen and 4.60 t ha-1 in Maiquiha. 

The lower biomass production was reached in the control treatment (no input, (T1) with 

3.52 t ha-1 and 2.96 t ha-1 in the respective study sites. Correspondingly, the application 

of the optimal recommended fertilizer dose resulted into a 63% B gain in Dejen and 

55% in Maiquiha compared with T1. 



Analysis of field experiments 

55 

 

 

Figure 3.4: Mean final dry aboveground biomass in response to the different fertilizer treatments 

in the study sites of Dejen and Maiquiha. See Table 3.1 for the treatment code. Error bars 

represent standard deviations of the means of three years in Dejen and two years in Maiquiha. 

 

The highest (5.72 t ha-1) and lowest (3.52 t ha-1) B production found in Dejen was 

comparable with the study by Edwards et al. (2007) who reported 5.2 t ha-1 and           

3.6 t ha-1 as an average B of tef on farmers field in Tigray with recommended rate of 

fertilizers (Urea and DAP) and with no input respectively. Both the maximum B 

production of the field experiments and found by Edwards et al, are higher than the 

national average (4.1 t ha-1) reported by Ketema (1997).  

 

Tef, which received 50% (T2) and 25% (T3) less N and P than T4 had also significant 

difference in B compared to T1 but the difference was insignificant between T2 and T3 

in 2008 in both sites. In 2010 there was a significant difference between these 

treatments with higher B production in T3. The average B production was increased by 

29% and 49% in T2 and T3 compared to T1 in Dejen and by 22% and 30% in 

Maiquiha. This could suggest that due to the high cost of the fertilizers and the risks 

related to water stress, farmers who could not afford to buy the full recommended dose 

can still have considerable amount of B production by applying half of the 

recommended rate. They can boost their production as well by applying this rate with 

the available organic manure. This is in line with the actual practice of the farmers in 

the study sites and probably in most areas in Tigray, where the farmers are applying 

about half of the recommended dose of the fertilizers to their field crops due to the high 

cost of the fertilizers (personal communication with the farmers). Ayele and Mamo 

(1995) similarly advocated that farmers in Ethiopia often apply suboptimal rates of 
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fertilizers due to limited access to credit, limited supply of fertilizers as well as 

continued rise in price of the fertilizers. This could be (partly) compensated by a 

combination with organic fertilizers. Combining organic fertilizers with inorganic 

fertilizers is advantageous: to increase the efficiency of mineral fertilizers as the animal 

and household manure may provide micro-nutrients, which are not present in the 

inorganic fertilizers (Manyoung et al., 2002), for a more effective recycling and 

availability of phosphorous and to enrich soil organic matter (Merckx, 2002). The later 

maintains the physical and physio-chemical components contributing to soil fertility 

such as cation exchange capacity, and soil structure. Another more practical reason for 

the combination of both organic and mineral fertilizers is to obtain a good balance as 

either one of them may not be available or affordable in sufficient quantities (Vanlauwe 

et al., 2002). 

 

The average B in T5 (50% higher dose than the recommended) was significantly 

different from T4, where T5 resulted in lower B production (13% in Dejen and 16% in 

Maiquiha) compared to T4 (Fig. 3.4). This reduction could be attributed to lodging 

observed in T5 in the field especially in the SI treatment. Lodging, the permanent 

displacement of crop plants from their vertical position (van Delden et al., 2010) is 

reported as one of the major agronomic problems in tef production. Because of the 

higher doses of fertilization, the crop tends to grow vigoriously and as the time the plant 

reaches heading it easily bends due to weak stem and/or high shoot to root ratio. 

Moulding caused by lodging reduces the quality and quantity of the biomass. Another 

possible reason for the reduction of B in this treatment could be due to excessive 

transpiration caused as a resulr of vigourous vegetative growth. This could result fast 

depletion of the vailable water and the plant  will expose to water stress during the later 

growth stage when the rainfall ceases and produce lower B as in case for the rainfed 

crops. In contrary (Habtegebrial et al., 2007)  reported that the dry biomass production 

of tef increased in with the increase of nitrogen application up to 90 kg ha-1 although the 

reported yield was decresed. 

 

The effect of N and P on B production observed in T4, T3 and T2 could be associated 

with the plant density, which was higher at harvest as a result of fast shoot growth with 

a well developed root system compared to the non-fertilized treatment (T1). Nitrogen is 

an essential nutrient for plant growth usually used for rapid growth. However, the visual 

increase in plant growth through its higher supply delays senescence. P is required for 

good rooting, growth of tillering and ripening of seed and fruit (Lœgreid et al., 1999). 

The application of fertilizers enables the crop to withstand early water stress during the 

growing season as a result of fast growth, which increases the survival of the crops.  
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3.4.4.2. Yield response  

Exclusive of the water treatments, the applied fertilizers significantly increase (p<0.001) 

the final yield (Y) of tef in both study sites (Table 3.5 to 3.9). Tef grown without 

additional input resulted in a lower yield with an average of 0.91 t ha-1 in Dejen and 

0.79 t ha-1 in Maiquiha. This is in the range of many research reports that put the grain 

yield of tef below 1.0 t ha-1 at the national level. Ketema (1997) explained that despite 

the fact that tef gives the lowest yield production (0.91 t ha-1) at the national level 

compared to other cereal crops, farmers prefer to grow it for its cultural, market and 

agronomic value. Lower yields of tef (0.54 t ha-1) than the national average and obtained 

at the study sites are reported by Rockstrom et al. (2009) from conventional tillage 

without fertilizer application. The authors mentioned that many subsistent farmers in 

Ethiopia attain such a low yield from tef. Similarly, Habtegebrial et al. (2007) reported 

0.37 t ha-1 yield in the absence of nitrogen fertilizer. 

 

The average yield in T4 was 1.54 t ha-1 (Dejen) and 1.13 t ha-1 (Maiquiha), which shows 

an increase of 69% and 43% respectively compared to Y in T1. The yield in T2 and T3 

resulted in 32% and 43% increase over T1 in Dejen. However the yield difference 

between T2 and T3 was not significant. The low Y observed in T3 (Fig. 3.5) in 

Maiquiha was due the fact that it represents only one year data (2008) of a relatively dry 

season compared to 2009.  

 

 

Figure 3.5: Mean grain yield in response to the different fertilizer treatment in the study sites of 

Dejen and Maiquiha. See Table 3.1 for the treatment code. Error bars represent standard 

deviations of the means of three years in Dejen and two years in Maiquiha. 
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The average yield difference between T5 and T4 was not significant in both sites (Fig 

3.5), but in 2009 growing season in Maiquiha it resulted in a yield loss of 14%, which 

could be associated with lodging in the SI treatment or excessive transpiration in RF 

treatment. Lodging prevents the crop from ripening properly and often results in mouldy 

panicles, inferior seed quality and sprouting seeds on the panicle (van Delden et al., 

2010). A yield loss of tef from 1.33 t ha-1 to 0.79 t ha-1 with high application of nitrogen 

(90 kg N ha-1) was investigated by Habtegebrial et al. (2007). Furthermore Ketema 

(1997) and Gebre et al. (2009) reported about 17% and 20% grain loss due to lodging 

respectively. Ketema (1983) also mentioned that higher doses of N application caused 

tef plant to have limited absorption of nutrients and water from the soil, especially at the 

later growth stage as a result of an increased shoot to root ratio, which makes the plant 

more vulnerable to lodging. High rates of N fertilizers were found to promote lodging of 

the crop with increased straw but low grain yields (Alkamper, 1973).  

 

The overall implication of the mineral fertilizers on tef showed that both Y and B 

responded significantly to the applied nutrients up to the optimal level, which could be 

related to the fast early growth rate of the crop during its vegetative growth stage. The 

amount of dry matter (B) produced by a crop is important. As yield is the marketable 

production of B, the higher amount of dry matter produced could enable the crop to 

convert it to yield, which implies the need to restore the depleted soil nutrients in Tigray 

region. 

 

Soil characteristics in Tigray are variable as influenced by topography and underlying 

geological formation (Nyssen, 2001). Moreover soils are poor in N, P and organic 

matter content (Haile et al., 2002; Beyene et al., 2006), which was also confirmed in 

this study. The use of organic fertilizers by farmers is limited due to the farmers’ 

priority to use organic residues for other purposes (animal manure as source of fuel and 

crop residues as livestock feed). Fallowing of agricultural land as an alternative of soil 

fertility management might be impractical due to scarcity of land as a result of 

demographic pressure, expansion of urbanization and industrialization in the country in 

general and in Tigray in particular. Therefore, mineral fertilizers hold an opportunity to 

replenish the depleted soils and to produce higher yield.  

 

Although the levels may vary, most studies in Ethiopia confirmed the need to fertilize 

tef in order to achieve optimum yield. Yizengaw and Verheye (1993) and Mamo et al. 

(2001) reported the positive response of tef to N and P fertilizer application in the main 

growing areas of the country. The authors mentioned that soil nitrogen and phosphorus 

deficiencies are the main factors limiting tef production in Ethiopia. The significantly 
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higher Y and B production recorded from fertilized tef in this study also showed the 

need to substitute the exhausted nutrients by easily soluble inorganic fertilizers, because 

the soils of the study sites and Tigray in general are highly weathered. In this study the 

optimal rate of the nutrients (N and P) is found to be effective. Also the intermediate 

fertilizer rates result in reasonable B and Y production. However, as nutrient application 

beyond the recommended rate neither leads to an extra biomass (rather a reduction in 

both study sites) nor yield, it is not recommended in order to reduce cost and avoid 

leaching of the chemical fertilizers. 

 

Because the soil pH of the study sites is relatively high (ranged between 7.8-8.38 

(Dejen) and 8.17-8.58 (Maiquiha)) and far from the optimum soil pH range for most 

plants, it could affect plant nutrient availability by making complex compounds like 

calcium phosphate and hence reducing the productivity of the crops. Soil pH affects the 

availability of P because of its influence on the presence and availability of calcium, 

iron and aluminium (Miller et al., 1995). The authors indicated a pH near 6.5 as an 

optimum for P availability in mineral soils except for some crops like cotton. Similarly, 

the pH range corresponding to the highest P availability for crops is between 6.5 to 7.5 

(Laugreid, 1999). 

3.4.4.3. Water use efficiency response  

The result from analysis of variance (Table 3.5 to 3.9) revealed that the WUE differed 

significantly for the different rates of N and P applied in both study sites (p<0.001). 

Similar to the B and Y production, the mean comparison between treatments was 

carried out for the main factors (fertilizer and water) by DMRT. The fertilized crops 

consistently had significantly higher WUE than unfertilized crops for all the seasons and 

in both locations (Fig. 3.6).  
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Figure 3.6: Mean water use efficiency of tef in response to the different fertilizer treatments in the 

study sites of Dejen and Maiquiha. See Table 3.1 for the treatment code. Error bars represent 

standard deviations of the means of three years in Dejen and two years in Maiquiha. 

 

The maximum attainable average WUE in the fully fertilized crops (T4) was 0.55 kg   

m-3 in Dejen and 0.41 kg m-3 in Maiquiha. T1 (no external input of fertilizers applied) 

resulted in a low WUE (0.29 kg m-3) in Dejen. The same treatment achieved 0.22 kg m-3 

in Maiquiha (Fig. 3.6). This implies that the WUE could be improved by 90% (from 

0.29 to 0.55 kg m-3) and 86% (from 0.22 to 0.41 kg m-3) in Dejen and Maiquiha 

correspondingly. The same trend was found for the Y production. 

 

By applying half of the optimal fertilizer rate (T2), the WUE increased with 36% (from 

0.29 to 0.39 kg m-3) compared to T1 in Dejen; and with 25% in Maiquiha. The WUE in 

T2 and T3, which received 50% and 25% less fertilizer than T4 respectively, showed a 

similar effect in 2008, but difference was observed in 2010 (Dejen) with 16% more in 

T3. The low WUE observed in T3 (Fig. 3.6) in Maiquiha is due to the same reason 

explained for the grain yield (section 3.4.4.2). As WUE is calculated as yield produced 

per unit of water consumed, the reduction in yield directly affects the WUE. 

 

The average WUE in T5 (the treatment with 50% more fertilizer than T4) was 

significantly different from T4 in Maiquiha although it is only one year data. A 

reduction of 24% in WUE was found (Fig. 3.6). This confirms the previous findings that 

rates exceeding the optimum level are not recommended as it does not result to an 

additional output.  
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The results of this study showed that mineral fertilizer applied at optimal dose can be 

regarded as one of the agronomic management options to improve the Y and B per unit 

of area as well as the production per unit of water (WUE) in water stress areas like 

Tigray. The intermediate applications of mineral fertilize also have a great role in 

improving the aforementioned crop components compared to the unfertilized 

treatments. Plant nutrients especially nitrogen is important for fast vegetative growth. It 

results in a quick canopy cover that reduces the water loss by soil evaporation. Hence, 

more water remains available for crop transpiration. This shows that improved soil 

management practices like restoring the soil fertility status is one aspect that has to be 

considered to improve the WUE of a crop. Phosphorous on the other hand speed up 

plant growth and tillering, and improve the quality of grain yield. Hence, additional 

supply of these nutrients to soils poor in soil fertility is crucial. The marked effects of 

fertilizer use on crop yields and rainwater use efficiency have been reported by various 

studies. As cited by Turner (2004), both nitrogen and phosphorus nutrition have shown 

to increase the early growth of cereals in the water limited Mediterranean environments, 

thereby increasing yields and rainfall use efficiency as a result of the increased water 

use by the crops and reduced soil evaporation (French and Schultz, 1984; Shepherd et 

al.,1987; Asseng et al., 2001). Similarly, Oweis (1997) recommended minimizing 

nutrient deficiency as one way to improve yield and WUE of bread wheat in those 

regions.  

 

Figure 3.7 shows the raise of WUE as the yield increases. It indicates the linear 

relationship between WUE and the Y produced per unit of area. The value of the 

coefficient of determination (R2 =70 to 97%) also verify the proportional relationship of 

the two components. The relatively low R2 observed for the WUE in Maiquiha is likely 

linked to the low yield as the fertilizer rate increased beyond the optimum rate.  
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Figure 3.7: Regression between mean water use efficiency and mean grain yield for the study 

sites of Dejen and Maiquiha. Observations are mean of three years in Dejen and two years in 

Maiquiha. 

3.4.4.4. Nutrient use efficiency response  

Total nutrient uptake response  

Plant nutrient analysis was done from the samples in 2009 and 2010 as explained in 

section 3.3.1.3. The response of the total nutrient uptake in the aboveground plant part 

was significantly affected (p< 0.001) due to fertilizer application in both study locations 

and years (Table 3.10 and Table 3.11). The nutrient concentration (N and P) of tef was 

higher in the fertilized treatments compared to the unfertilized (data not shown). The 

uptake of total N and P (computed as a product biomass (grain and straw) and the 

concentration of the nutrients in the biomass) was high in treatments that received 

additional supply of nutrient. This suggests that nutrient content in the dry matter of tef 

can be improved by application of inorganic fertilizers. This is an advantage to increase 

the protein content in the grain and straw as both nutrients are component of proteins.  
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Table 3.10: Total nitrogen (N) and phosphorus (P) uptake, average agronomic efficiency (AE) 

and recovery efficiency (RE) of tef in response to different fertilizer and water treatments (2008-

2009, Dejen). 

Trt    

code 

N applied 

 (kg ha-1) 

P applied 

(kg ha-1) 

Yield 

(kg ha-1) 

Total N 

uptake 

(kg ha-1) 

Total P  

uptake  

(kg ha-1) 

AEN 

(kg kg-1) 

AEP 

(kg kg-1) 

REN 

(%) 

REP 

(%) 

Dejen 2008 

T1 0 0 860.0c 

T2 20 13 1199.5b 17.2a 26.3a 

T3 30 20 1260.7b 13.5a 20.6a 

T4 40 26 1543.6a 17.2a 26.3a 

  T5                                                          not included this year 

SE  1.9 2.8 

LSD (0.05)  6.1 9.3 

Water treatment 

RF 14.9a 22.7a 

SI 17.1a 26.1a 

SE 1.9 2.9 

Dejen 2009 

T1 0 0 915.4c 22.3c 2.7c   

T2 20 13 1236.2b 35.0b 4.3b 16.0a 24.5a 60.17a 12.7a 

T3          not included this year 

T4 40 26 1490.6a 45.3a 5.0ab 14.4a 21.9a 57.7a 9.0ab 

T5 60 39 1558.0a 51.7a 5.3a 10.7a 16.3a 49.1a 6.7b 

SE 3.1 0.3 2.0 3.1 9.4 1.3 

LSD (0.05) 9.4 0.8 6.6 10.0 30.7 4.2 

Water treatment 

RF 30.0b 3.0b 12.2a 18.6a 51.0a 7.9b 

SI 47.1a 5.7a 15.2a 23.2a 60.3a 11.1a 

SE 3.2 0.4 1.2 1.8 5.7 1.1 

Note: see Table 3.1 for the treatment code. Means not connected by the same letters are 

significantly different at alpha 0.05. LSD: Least significance difference, SE: Standard error of 

means and values given ±1 is standard deviation (n=3). 
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Table 3.11: Total nitrogen (N) and phosphorus (P) uptake, average agronomic efficiency (AE) 

and recovery efficiency (RE) of tef in response to different fertilizer and water treatments (Dejen 

2010 and Maiquiha 2008 and 2009). 

Trt 

code 

N 

applied 

(kg ha-1) 

P  

applied  

(kg ha-1) 

Yield 

(kg ha-1) 

Total N 

uptake 

(kg ha-1) 

Total P  

uptake  

(kg ha-1) 

AEN 

(kg kg-1) 

AEP 

(kg kg-1) 

REN  

(%) 

 REP 

(%) 

Dejen 2010 

T1 0 0 971.7c 22.0e 3.3d 

T2 20 13 1157.8b 33.8d 4.7c 9.3a 14.2a 59.4a 11.1a 

T3 15 20 1338.8b 40.4c 5.6b 12.2a 18.7a 61.5a 11.9a 

T4 40 26 1586.1a 47.2b 6.5a 15.4a 23.4a 63.1a 12.5a 

T5 60 39 1554.5a 52.6a 6.3a 9.7a 14.8a 51.0a 7.8a 

SE 1.5 0.2 3.0 4.6 7.3 1.8 

LSD(0.05) 4.4 0.6 9.2 14.0 22.5 5.6 

Water treatment 

RF 25.12b 3.02a 11.25a 17.16a 48.96a 7.12b 

SI 53.26a 7.56b 11.85a 18.07a 68.5a 14.52a 

SE 3.4 0.5 1.4 2.2 4.3 1.2 

Maiquiha 2008 

T1 0 0 565.4c   

T2 30 13 706.2bc 4.7a 10.7a   

T3 45 20 731.0b 3.5a 8.4a   

T4 60 26 927.3a 6.0a 13.8a   

T5 not included this year 

SE 0.8 1.7   

LSD(0.05) 2.5 5.4   

Water treatment 

RF 3.6a 8.5a   

SI 5.9a 13.5a   

SE 0.8 1.9   

Maiquiha 2009 

T1 0 0 1015.3c 31.2c 2.7d 

T2 30 13 1118.8bc 48.7b 4.0c 3.5ab 7.9ab 58.3a 10.3b 

T3 not included this year 

T4 60 26 1327.1a 70.4a 5.7a 5.2a 11.9a 65.4a 11.5a 

T5 90 39 1145.3b 69.4a 5.0b 1.5b 3.3b 42.5a 5.9c 

SE 4.1 0.2 0.7 1.7 8.6 0.1 

LSD(0.05) 12.6 0.6 2.4 5.5 27.9 0.4 

Water treatment 

RF 38.0b 2.8b 1.9b 4.4b 49.6a 6.3b 

SI 71.9a 5.9a 4.8a 11.0a 61.1a 12.2a 

SE 5.2 0.4 0.6 1.5 4.6 1.0 

Means not connected by the same letters are significantly different at alpha 0.05. LSD: Least 

significance difference, SE: Standard error of means and values given ±1 is standard deviation 

(n=3). 
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The uptake of N increased as the fertilizer rate increased up to the highest level (T5) in 

Dejen (Fig. 3.8(a)). However the difference with T4 was only significant in 2010 

growing season (Table 3.11). The highest N uptake was reached in T4 in Maiquiha (70 

kg ha-1). The lowest was found in T1 in both locations. A considerable level of total N 

uptake was also found in T2 and T3 compared to T1 in both study locations (Fig. 3.8). 

T3 was not included in 2009 in Maiquiha. 

Figure 3.8: Total (a) nitrogen and (b) phosphorus uptake in response to the different fertilizer 

treatments for all the experimental years in the study sites of Dejen and Maiquiha. 

 

The slope of linear regression between uptake of N and the fertilizer application was 

proportional with high correlation coefficient (R2=0.88 to 0.97). A similar trend of 

increment in total N in the same crop was found by Habtegebrial et al. (2007) who 

revealed that total N was increased as the nitrogen application was increased from 0 to 

90 kg ha-1. The corresponding N uptake was 11 and 55 kg ha-1. Similarly Doyle and 

Holford (1993) found an increase in the uptake of N in the tops and grains of wheat as 

the N level increased up to 116 kg ha-1. 

 

The total P uptake in response to the fertilizer application followed the same trend as the 

N uptake, but it was significantly reduced in T5 in Maiquiha (Fig. 3.8(b)). The largest 

mean total P uptake between T4 and T5 was similar in Dejen (5.8 kg ha-1). A 

comparable level (5.7 kg ha-1) was found in T4 in Maiquiha. This implies an increment 

in total P uptake from 92 to 111% compared to the unfertilized treatment (T1). The 

adequate value of linear regression coefficient (R2=0.73 to 0.81) indicates the 

proportionality of the total P to the applied fertilizers. In other research results, P uptake 

was increased as the P fertilizer application was increased in wheat (Holford and Doyle, 

1993).  
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Apparent recovery efficiency response 

The different rates of N applied to tef had non-significant effect in recovery efficiency 

of nitrogen (REN) in both years and location. The same trend was observed on the 

recovery efficiency of phosphorus (REP) in the 2010 growing season. However in 2009, 

the REP was significantly affected by the applied phosphate fertilizer in both locations 

(Table 3.10 and Table 3.11). 

 

As indicated in the Table 3.10, with the succeeding increment of N and P application a 

decrease of the two efficiency parameters (REN and REP) was observed in 2009 (Dejen). 

This means that the highest recovery was found at lower N and P fertilizer application 

(T2) compared to the higher applications (T4 and T5). The REN was decreased by 9% 

and 22% in T4 and T5 respectively compared to T2. While REP declined by 29% and 

47% in the respective treatments. This finding corresponds to the research result by 

Doyle and Holford (1993) and Holford and Doyle (1993) who investigated the effect of 

N and P fertilization on the REN and REP on wheat respectively. The authors reported 

that the highest recovery of N and P nearly always occurred at the first increment of N 

and P fertilizers and decreased at each successive increment of the fertilizer. The non 

significant effect of the applied nutrients on REN and REP in 2010 (Dejen) and REN in 

Maiquiha (2009) also supports the aforementioned suggestion that the recovery 

efficiency of tef was higher at the lower application of the fertilizers.  

 

The lower average REN (48%) and REP (7%) found in T5 showed that application of N 

and P fertilizers beyond the optimal rate was not used to increase the recovery of the 

nutrient, which corresponds to the biomass and yield results found in this treatment. It 

can be regarded as wasted and might even cause hazard to the environment. The REP 

found in Maiquiha in 2009 was exceptional in that it showed a significant difference due 

to the applied phosphorus, which was higher in T4.  

 

Agronomic efficiency response 

The agronomic efficiency of nitrogen (AEN) ranged between 9 to 17 kg of grain per kg 

of N while the agronomic efficiency of phosphorus (AEP) was 14-26 kg grain per kg of 

P in Dejen. The minimum AEN and AEP occurred at the highest application rate (T5) in 

almost all the experiments, which confirms the observed results for REN and REP. 

In Maiquiha the range of both efficiencies were much lower (1.5 to 6.0 kg of grain per 

kg of N (AEN) and 3 to 14 kg of grain per kg of P (AEP), which corresponds with the 

lower yield observed in this study site. The difference in the AE of the study locations 
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can be ascribed to the fact that tef is usually sown during the wettest time of the season 

and the fertilizer is surface applied. As the soil in Maiquiha has Vertic properties, the 

pore spaces could be filled easily resulting in a high possibility of the fertilizer loss by 

surface run off due to the torrential rainfall as a result the crop might use the applied 

fertilizers less efficiently in this site. Other nutrient losses associated with the Vertic 

properties of soils like denitrification (Weier et al., 1993) could also contribute to the 

lower NUE. Moreover the relatively high content of calcium content in this soils 

coupled with the high pH could reduce the availability of P as the possibility to be 

bounded with the calcium increases. The other possible reason for low NUE in this area 

could be associated with the impeding layers of the rocks near the root zones (Table 3.4) 

that could block the root development to absorb enough moisture and nutrients from the 

soil. 

 

The computed AEN and AEP reflected the trend of their respective recovery efficiency; 

that is they increased as the recovery efficiency increased or decreased as the recovery 

efficiency decreased. Furthermore the response of the AE of both nutrients to the 

fertilizer application is similar to the recovery efficiency: the less fertilizer is applied, 

the more efficient the crop in converting the applied nutrients to yield. Except in 2009 

(Maiquiha), the AEN and AEP were statistically non significant (p>0.05) due to lower 

and higher N and P application rates (Table 3.11 and 3.12), which implies that the lower 

application was the better in efficiency. This is in agreement with Doyle and Holford 

(1993) and Holford and Doyle (1993) who found that both AEN and AEP of wheat 

declined at each successive increment of N and P fertilizers respectively. Similarly Dibb 

(2000), who described a typical yield response curve to assess the relationship between 

NUE and yield, reported that NUE was very high in the lower part of the curve 

characterized by very low yield as a result of few nutrients applied. Notwithstanding the 

fact that the optimal fertilizer rates (T4) produced higher yields in tef compared to the 

lower applied fertilizer rate (T2), it does not mean that it was efficient in converting the 

applied fertilizer to marketable yield as it was evidenced by the results of the nutrient 

efficiencies (RE and AE). In efficiency point of view, which has to be the most 

important point to be considered, the application of lower fertilizer rate (half dose of the 

optimally recommended rate) could be suggested to be considered for tef production. 
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3.4.5. Crop response to supplementary irrigation 

3.4.5.1. Biomass response  

The two-way factor analysis on the assessment of supplementary irrigation (SI) revealed 

that the irrigation water applied to the existed rainfed (RF) tef had a significant effect on 

biomass production (Table 3.5 to 3.9). The comparison of the means between the RF 

and SI was carried out using a t-test with the MSTAT-C software. Regardless of the 

fertilizers applied, the average biomass increased by 88% (from 3.33 to 6.27 t ha-1) in 

Dejen and by 41% (from 3.14 to 4.44 t ha-1) in Maiquiha. This indicates that water is 

one of the major limiting factors in dryland areas like Tigray, suggesting the need for 

supplementary irrigation to mitigate the water deficit in the seasonal rainfall. 

 

The variation in biomass production between tef grown in the two water regimes is high 

and outweighed by the SI (Fig. 3.9). The reason is clear, rainfed tef has a shorter life 

cycle due to the late sowing of the crop, earlier cessation of the rainfall and high 

evapotranspiration after the rainfall has ceased. This results in a fast dropping of the soil 

water content in the root zone (at about 60 days after sowing in our case). Consequently 

the canopy of the crop started to decline quickly (see Fig. 4.5 and Fig. 4.10b in Chapter 

4) as a result of water stress. 

 

 

Figure 3.9: Mean final dry aboveground biomass in response to supplementary irrigation for all 

the years in the study sites of Dejen and Maiquiha. Error bars represent standard deviations of 

the means (n=3). 

 

As expressed by Allen et al. (1998), the water in dry soils is less easily extracted by the 

crop since it is strongly bound to the soil matrix by capillary and absorptive forces. This 

means that after about 60 days sowing, the crop evapotranspiration could be affected as 

a result of water stress and subsequently less biomass production is expected since 
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biomass is directly related to transpiration. Thus this study has shown that by 

implementing SI even to the non-fertilized tef, a substantial increase of biomass can be 

produced in Tigray, which is taken as one of the drought prone areas in the country. In 

line with this, research results in semi-arid regions with intra-annual rainfall fluctuation 

(Stewart, 1989) suggested protective irrigation as an important method for drought 

alleviating of biomass production. 

3.4.5.2. Yield response  

Yield is expected to be larger if more water is available for crop growth. Water is 

essential to provide the medium within which most cellular functions take place and is 

required as unit of exchange for the acquisition of CO2 by the plant and hence provide 

plant growth (Condon et al, 2002). 

 

The standard ANOVA showed a significant difference (p< 0.05) in tef yield due to SI in 

both study sites. The mean comparisons (using T-test) revealed a higher grain yield in 

SI tef for every fertilizer treatment. The average grain yield for Dejen from the SI and 

RF was 1.77 t ha-1 and 0.84 t ha-1 respectively. Similarly in Maiquiha the corresponding 

yield produced was 1.25 t ha-1 and 0.63 t ha-1 (Fig. 3.10).  

 

Figure 3.10: Mean grain yield in response to supplementary irrigation for all years for the study 

sites of Dejen and Maiquiha. Error bars represent standard deviations of the means (n=3 or 2). 

 

The exceeding percentage of yield due to SI was 111% and 98% in Dejen and Maiquiha 

respectively. In other study an average increase that ranges from 30% to 400% in wheat 

grain yield supplied with SI at Tel Hadya research station (Syria) is reported (Oweis, 

1997). Similarly in Eskisehir (Turkey) the average wheat yield increase by employing 

SI was 95% to 127% (Tenkinel et al., 1992). 
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Despite the fact that it is not usual to irrigate rainfed cereal crops like tef in the country 

in general and in the region in particular, the current study revealed that supplying SI to 

the existing rainfed tef during the late season could be as an efficient strategy to 

mitigate the dry spell occurrence during the growing season and to sustain yield 

production. Kijne et al. (2009) commented the uncommon practice to supplement 

rainfed agriculture in Sub-Saharan Africa. SI showed a large potential to improve water 

productivity especially in semi-arid and dry sub-humid cropping systems with high 

rainfall variability and high intra seasonal dry spell occurrence (Barron, 2004; Pandey et 

al., 2001; Pandey et al., 2000). Research results conducted by Araya et al. (2011) in 

Tigray also showed that more than 80% of yield reduction and more than 50% of crop 

failure in tef and barley can be avoided when SI is employed during the critical growth 

stages of the crops. 

 

The importance of SI for different crops at critical growth stages is supported by various 

researchers in the world. As cited by Oweis et al. (2000) SI at or after anthesis of wheat 

not only allows the plant to increase its photosynthesis rate (Passioura, 1976) but more 

importantly gives the plant extra time to translocate carbohydrates to the grain (Zhang et 

al., 1998). The authors added that the increment of yield and water use efficiency in this 

crop by SI was associated with the increased leaf area that affects the ratio of soil 

evaporation to crop transpiration. In similar way SI was stated as one of the good crop 

water management options aimed to improve water availability and hence increase 

transpiration (Rockström and Barron, 2007). Supplemental irrigation is a key strategy, 

still underused, for unlocking rainfed yield potential and water productivity (Rockström 

et al., 2010). 

 

This study suggests that water is one of the most important limiting factors for 

production of tef or other crops in Tigray where the incidence of dry spells is a common 

phenomenon within the growing season. Research studies by Stroosnijder and Van 

Rheenen (2001; Beshah, 2003; Biamah, 2005; Hella and Slegers, 2006) demonstrated 

that farmers in semi-arid Africa always ranked drought higher than land degradation and 

erosion. It was also reported that yield decline in semi-arid regions is correlated with 

shortening of the growing season with 5-20 days and low rainfall during the critical 

growth stages. An interesting option or strategy to increase yield and water productivity 

of crops in these areas is to bridge the dry spells by supporting the rainfed crops with 

supplemental irrigation. This strategy is in line with the current policy of Ethiopia that 

encourages and supports farmers on rainwater harvesting schemes (to collect runoff 

water from the farm lands during the intensive rainfall (July and August) and to use it 

for the rainfed crops as supplemental irrigation so that the crops would complete their 
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growing season and produce better yield. As mentioned by Oweis (1997) a 

supplemental irrigation of 50–200 mm can bridge critical dry spells and stabilize yields 

in arid to dry sub-humid regions. 

3.4.5.3. Water use efficiency response 

The SI applied to the existed rainfed tef significantly increased the WUE of tef (Table 

3.5 to 3.9). In 2009 (Dejen) and 2008 (Maiquiha) the water treatments (RF and SI) were 

significantly different at p<0.1. Figure 3.11 presents the average WUE of the crop in 

both water treatments. In the SI, it was 0.54 kg m-3 and 0.35 kg m-3 in Dejen and 

Maiquiha respectively. The result for the rainfed treatment was 0.35 kg m-3 and 0.23 kg 

m-3 in the corresponding sites.  

 

Figure 3.11: Mean water use efficiency of tef in response to supplementary irrigation and rainfed 

conditions for all years in the study sites of Dejen and Maiquiha. Error bars represent standard 

deviations of the average means (n=3). 

 

This implies that SI increased the WUE up to 52-54%, indicating the positive effect of 

SI when the soil moisture dropped during the critical growth stage. On-farm research 

studies in semi-arid location of Kenya (Barron et al., 1999) and Burkina Faso (Fox and 

Rockström, 2000) also reported the significant scope of SI especially if it is combined 

with soil fertility management to improve water productivity of rainfed maize and 

sorghum respectively. The possible benefit of SI on the yield and WUE in water limited 

environmental conditions was also confirmed by Oweis et al. (2000) and Turner (2004).  
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3.4.5.4. Nutrient use efficiency response 

Total nutrient uptake response 

Supplementary irrigation applied in the late growing season of tef causes higher 

variation (p<0.05) in uptake of both nutrients (Fig. 3.12). Regardless of the fertilizer 

applied, the average N uptake in SI was 50 kg ha-1 in Dejen and 72 kg ha-1 in Maiquiha. 

In the RF tef it was 27 to 38 kg ha-1 in the respective study sites. This ranges to a 

comparable increase of 89% in the SI over the RF. Correspondingly the average P 

uptake in the SI rose to 120% (from 3.0 to 6.6 kg ha-1) in Dejen and to 111% (from 2.8 

to 5.9) in Maiquiha. Moreover the uptake of both nutrients was enhanced as the 

fertilizer rate increased in the presence of SI (Fig. 3.12). This suggests that sufficient 

moisture in the late growing season is essential for good translocation of the nutrients 

from the soil to the crop and the grain. The higher uptake of both nutrients found in SI is 

in correspondence with the yield and biomass increase for the SI treatments. Figure 3.12 

also indicates the need for application of both fertilizers and SI in tef field as the uptake 

of both nutrients increased as both components increased. 
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Figure 3.12: Total nitrogen (a) and phosphorus (b) uptake in response to different soil fertility 

levels and watering conditions in the study sites of Dejen and Maiquiha. See Table 3.1 for the 

treatment code. Error bars represent standard deviations of the average means (n=3). 

 

Recovery and agronomic efficiency response 

The REN in both study sites and years was not significantly affected (p>0.05) by the SI 

applied to tef (Table 3.10 and 11). However an increase of 23% to 29% was observed 

compared to RF tef suggesting the possibility of improving the REN using SI. The 

average REN recorded in the SI and RF tef was 63% and 50% respectively. Conversely 

the REP was significantly different in both water treatments with an average increased 

rate of 77% in the SI over the RF treatment, which indicates the need of SI.  
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The effect of SI in AEN and AEP was highly pronounced and significantly different from 

the RF treatment in Maiquiha 2009 (Table 3.11) with about 150% increment. Although 

the difference was insignificant in Dejen, both efficiencies were increased by 15% in the 

SI. These results all indicated the important role of SI in the agronomic and recovery 

efficiencies of N and P in tef, which is supported by the results of yield and biomass. 

3.5. Conclusion 

Under the current fertility status of the soils in the study sites and in Tigray in general 

the yield of tef is less than 1 t ha-1. But with proper application of the optimal rates 

(recommended dose) of nitrogen and phosphorus the yield rose to 1.5 t ha-1 with a 

considerable increase in biomass, water use efficiency and total uptake of the nutrients. 

Application of 50% less nitrogen and phosphorus than the recommended dose showed 

higher improvement in agronomic and recovery efficiency of tef. The results indicate 

that applying half of the recommended dose can be consider as a promising strategy 

related to the fertilizer use. Considering the cost of the mineral fertilizers and the risk 

associated with water stress, it might be useful strategy Moreover its efficiency could be 

increased if this limited nutrient application is combined with organic fertilizers. A 

further trial could be necessary to verify the reliability of the result in this fertilizer rate. 

On the other hand application of nutrients (N and P) beyond the recommended dose 

resulted either in a reduction or a stagnant effect on B, Y and WUE both in the rainfed 

and supplementary irrigation. Moreover it reduced the recovery and agronomic 

efficiency of the crop. This suggests avoiding such application to reduce cost and the 

possible environmental impact that could be caused by over fertilization.  

 

From the field experiments conducted for three years in two sites of Tigray, it can be 

concluded that supplementary irrigation applied to mitigate water stress during the 

reproductive growth stage increased the yield of tef from less than 1 t ha-1 to 2 t ha-1. 

The significant increase found for B, water use efficiency, total uptake of the nutrients 

and the possibility shown to increase the agronomic and recovery efficiencies of the 

crop revealed that supplementary irrigation can make up the deficit in the seasonal 

rainfall in the dryland farming systems like in Tigray. SI could be adopted not only to 

tef but also to other cereals that fail to complete their cropping cycle due to the early 

cessation of rainfall. 

 

Both mineral fertilizer and water management are found to be very important factors for 

areas with water scarcity and with degraded soils. As the soils are poor in fertility the 

crop responds very well to the additional supply of fertilizers and the yield gets higher 

as both the limiting factors are addressed. This allows getting more and stable yield.  
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The relatively high level of pH in Maiquiha suggests that in addition to the application 

of the major nutrients to the soil, measures that can reduce the soil pH should also be 

considered. 
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Chapter 4: Yield response of tef to water stress as 

calibrated and validated by AquaCrop 

4.1. Introduction 

In dryland areas including the northern highlands of Ethiopia (Tigray), water is one of 

the most limiting factors for agricultural productivity. Rainfall is the source of water for 

crops that are predominantly grown during the main rainy season, which is 

characterized as erratic, torrential, highly variable in space and time and poorly 

distributed over the growing season (confined between July and August) (Nyssen et al., 

2005; Hagos et al., 2002). Moreover the occurrence of dry spells during and in between 

growing seasons is common in the region. In semi-arid east Africa agricultural dry 

spells occur in 74 to 80% of the seasons (Barron et al. (2003). Especially early cessation 

of the rainfall affects crop productivity as it causes water stress in the later development 

stage (reproductive period). Research studies (Aspinal et al., 1964; Wastgate and Boyer, 

1986; Wastgate and Thomson Grant, 1989; Boonjung and Fukai, 1996) reported a 

dramatic yield reduction of cereals when water stress coincided with the period of early 

flowering and grain initiation. Similarly, Mengistu (2009) reported that water stress 

during this period caused great reduction in net CO2 assimilation and transpiration rates 

of tef and consequently reduced yield. Due to water stress and other stress factors, the 

regional average yield of cereals and tef is respectively 1.4 and 0.93 t ha-1 (CSA, 2000-

2010). 

 

As the population growth is increasing at an alarming rate, insufficient crop production 

by existing farming has led to food insecurity in the region. A maximization of the 

productivity of water by means of water management is strongly required. Crop growth 

models like AquaCrop can be used for this purpose as a tool to develop new and 

innovative approaches. 

4.2. Description of the AquaCrop model 

As the objectives and limitations to cropping systems/production are diverse and 

technologies and regulations are rapidly developing, long term experiments couldn’t 

provide quick answers that are promptly needed. Scientifically based crop growth 

models are useful to better understand and formulate innovative technologies related to 

agricultural crop production. CERES-Wheat model (Godwin and Vlek, 1985), CERES-

Maize (Jones and kiniry, 1986), WOFOST (Boogaard et al., 1998), CropSyst (Stockle et 

al., 1994), EPIC (Williams et al., 1989), IMPACT-Water model (Rosegrant et al., 2001) 

and DSSAT (Jones et al., 2003), are several crop growth models that are available and 
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used by agricultural researchers and/or applied to improve management. However these 

models are not widely used for different crops and locations as they require relatively 

complicated input parameters or are restricted to specific crops. More simplified models 

such as CROPWAT (Smith, 1992) and Budget (Raes et al., 2006) have been developed 

but are based on the yield response factor (Ky) approach of Doorenbos and Kassam 

(1979), relating relative yield decrease with relative evapotranspiration deficit. Since 

improving water productivity is highly demanded to cope with the accelerated water 

scarcity in the world, FAO recently developed the AquaCrop model, which tries to 

reach accuracy with simple and robust procedures. 

 

AquaCrop (Steduto et al., 2009; Raes et al., 2009a) is a water-driven simulation model 

designed with the purpose of offering practical guidelines for irrigation managers, 

project planners and field extension workers for various environments by using limited 

and most easily determined input parameters. The input parameters are stored in the 

climate, soil, crop and management files of the model where the user can update the 

data for a specific crop, location and climatic conditions. AquaCrop is used as a tool not 

only to predict yield loss due to water stress but also to provide quantitative information 

about the effect of water stress on major processes involved in the growth and 

development of a crop. Furthermore it supports design management strategies like 

developing guidelines for water management and future climatic conditions. The model 

is successfully calibrated for common crops such as maize and cotton (Heng et al., 

2009; Garcia Vila et al., 2009) and for under-utilized crops such as quinoa (Geerts et 

al., 2009). The following flowchart (Fig. 4.1) and the summarized explanation below 

describe the mechanism of the AquaCrop model and the way it describes the water 

stress effect on major processes of plant growth and development, based on Raes et al. 

(2009b). 
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Figure 4.1: Flowchart of the AquaCrop model. Processes affected by water stress are denoted 

with dotted arrows and letters a to e. Ks is the water stress coefficient, Kc is the crop coefficient, 

Kctop is the maximum crop coefficient, CC is green canopy cover, CC* is adjusted green canopy 

cover for microadvection, CCx is maximum green canopy cover, ETo is the reference 

evapotranspiration, WPb is biomass water productivity and HI is the harvest index (source: Raes 

et al., 2009a). 

4.2.1. Soil water content in the root zone

AquaCrop simulates the soil water balance by considering climate, soil, crop and 

management characteristics. The soil water content in

daily interval by keeping track of ingoing (rainfall, irrigation and capillary rise) and 

outgoing (runoff, evapotranspiration, deep percolation) water fluxes. The amount of 

water stored in the root zone (reservoir) can be 

(Eq. 4.1) or as root zone depletion (Dr) (Eq. 4.2) (Raes 

 

where  Wr = soil water content in the root zone expressed as 

 Wr, FC = soil water content in the root zone at field ca

Dr = soil water content in the root zone expressed as root zone depletion 

 θ = volumetric water content in the root zone (

 θ FC = volumetric water content in the root zone at fiel

 Zr = effective rooting depth (m). 
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odel. Processes affected by water stress are denoted 

water stress coefficient, Kc is the crop coefficient, 

is the maximum crop coefficient, CC is green canopy cover, CC* is adjusted green canopy 

cover for microadvection, CCx is maximum green canopy cover, ETo is the reference 

biomass water productivity and HI is the harvest index (source: Raes 

Soil water content in the root zone 

AquaCrop simulates the soil water balance by considering climate, soil, crop and 

management characteristics. The soil water content in the root zone is calculated at a 

daily interval by keeping track of ingoing (rainfall, irrigation and capillary rise) and 

outgoing (runoff, evapotranspiration, deep percolation) water fluxes. The amount of 

water stored in the root zone (reservoir) can be expressed as an equivalent depth (Wr) 

(Eq. 4.1) or as root zone depletion (Dr) (Eq. 4.2) (Raes et al., 2010).  

(Eq. 4.1) 

 

(Eq. 4.2) 
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The amount of water held in the soil between field capacity (FC) and permanent wilting 

point (PWP) is the total available water (TAW) and is given by (Eq. 4.3).

 

 

 

where TAW = total available water in the root zone 

 θ FC = volumetric water content in the root zone 

 θ PWP = volumetric water content in the root zone 

Zr = effective rooting depth (m). 

4.2.2. Water stress during crop development

The reservoir provides water to the crop used to develop aboveground biomass, roots 

and yield. However, this development will be hindered if the available water is limited. 

Water stress that affects the crop development occurs when the soil water content in the 

root zone drops below a specific threshold value. These thresholds (p) are expressed as 

a fraction of TAW. A distinction is made between an upper threshold, at which water 

stress starts to affect a process, and a low threshold, below which the process is 

completely inhibited. The processes affected by water stress are: leaf expansion (Ks

stomatal closure (Kssto) and early canopy senescence (Ks

of the water stress, the value of the water stress coefficient (Ks) varies between 0 and 1: 

Ks is equal to 1 at and above the upper threshold (Dr < p

at and below the lower threshold (Dr = plower
expansion is above permanent wilting point ((PWP) (p < 1)) and is fixed at PWP (p = 1) 

for stomata closure and canopy senescence.  

 

The shape of the Ks curve determines the magnitude of the water stress between the 

thresholds and can be linear or convex (Raes et al.

the three Ks coefficients are plotted for various levels of soil water depletion.
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The amount of water held in the soil between field capacity (FC) and permanent wilting 

(TAW) and is given by (Eq. 4.3). 

    (Eq. 4.3) 

where TAW = total available water in the root zone (mm), 

in the root zone at field capacity (m3 m-3), 

in the root zone at wilting point (m3 m-3), 

during crop development 

The reservoir provides water to the crop used to develop aboveground biomass, roots 

this development will be hindered if the available water is limited. 

Water stress that affects the crop development occurs when the soil water content in the 

root zone drops below a specific threshold value. These thresholds (p) are expressed as 

n of TAW. A distinction is made between an upper threshold, at which water 

stress starts to affect a process, and a low threshold, below which the process is 

completely inhibited. The processes affected by water stress are: leaf expansion (Ksexp), 

) and early canopy senescence (Ks sen). Depending on the degree 

of the water stress, the value of the water stress coefficient (Ks) varies between 0 and 1: 

Ks is equal to 1 at and above the upper threshold (Dr < pupper·TAW), and Ks is equal to 0 

lower·TAW). The lower threshold value for leaf 

expansion is above permanent wilting point ((PWP) (p < 1)) and is fixed at PWP (p = 1) 

 

determines the magnitude of the water stress between the 

Raes et al., 2010). In Figure 4.2 the variation of 

the three Ks coefficients are plotted for various levels of soil water depletion. 
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Figure 4.2: Water stress coefficients for leaf expansion (exp), stomatal conductance (sto) and 

canopy senescence (sen) at various soil water depletions (source

 

Under optimal condition (no water or fertility str

during the initial and crop development stages, reaches its maximum (CC

canopy expansion and remains constant during the mid growth stage. At senescence the 

canopy starts to decrease. The rate at which 

described by a canopy growth coefficient (CGC) and a canopy decline coefficient 

(CDC) respectively. If there is water stress, which is lower than the threshold for leaf 

expansion, the CGC is adjusted (Eq. 4.4). 

 

  

 

where Ksexp = water stress coefficient for leaf expansion,

 CGC = canopy growth coefficient, 

 CGCadj = CGC adjusted for water stress.

 

Similarly the CDC becomes larger when the soil water content is below the threshold 

for early canopy senescence. When senescence is triggered the CDC is adjusted to the 

water stress (Eq. 4.5). 

 

                                                   

 

where Kssen = water stress coefficient for early canopy senescence,

 CDC = canopy decline coefficient, 

 CDCadj = canopy decline coefficient adjusted for water stress
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: Water stress coefficients for leaf expansion (exp), stomatal conductance (sto) and 

canopy senescence (sen) at various soil water depletions (source: Raes et al., 2010). 

Under optimal condition (no water or fertility stress) the canopy cover (CC) is formed 

during the initial and crop development stages, reaches its maximum (CCx) at the end of 

canopy expansion and remains constant during the mid growth stage. At senescence the 

canopy starts to decrease. The rate at which the canopy expands and declines is 

described by a canopy growth coefficient (CGC) and a canopy decline coefficient 

(CDC) respectively. If there is water stress, which is lower than the threshold for leaf 

 (Eq. 4.4) 

= water stress coefficient for leaf expansion, 

= CGC adjusted for water stress. 

Similarly the CDC becomes larger when the soil water content is below the threshold 

en senescence is triggered the CDC is adjusted to the 

                                                   (Eq. 4.5) 

= water stress coefficient for early canopy senescence, 

anopy decline coefficient adjusted for water stress. 
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The soil water content in the root zone affects not only the canopy development and 

root zone expansion as depicted in Figure 4.1 (dotted arrow a, c and d)

harvest index (HI) (dotted arrow (e)) that directly affects crop yield. However

stress effect on HI could be positive or negative depending on the timing (vegetative 

stage, flowering and/or yield formation), severity and duration of the stress.

4.2.3. Biomass and yield formation in 

AquaCrop simulates green canopy (for water transpiration) and root growth (for water 

uptake) under the governing environmental conditions (Raes 

for water transpired, biomass is produced. Cumulative abovegrou

(B) is a function of the daily ratio of crop transpiration (Tr), which is det

canopy cover (CC) and reference evapotranspiration (ETo) (Eq. 4 6).

 

 

   

 

where B = cumulative aboveground biomass produc

WP* = crop water productivity normalized for ETo and CO

(g m-2), 

 Tri = daily crop transpiration (mm day

 EToi = daily reference evapotranspiration (

 n = sequential days spanning the period when B is produced, 

 Y = yield production (g m-2),  

 HI = harvest index (-). 

 

Crop water productivity refers to the ratio of biomass produced over water 

evapotranspired (kg m-3). To simulate aboveground dry biomass in AquaCrop, the 

proportional factor WP* (g m2) in (Eq. 4.6) is used as the water productivity normalized 

for the local climate (expressed by ETo) and the CO

2007). Yield (Y) is simulated by means of HI, which is affected by water stress. The 

final yield is calculated by multiplying the final B by the adjusted harvest index (Eq. 

4.7).  

 

The main features of AquaCrop model that differentiate it from other crop models is its 

focus on water, the use of ground cover instead of leaf area index and the use of water 

productivity values normalized for evaporative demand and carbon dioxide 

concentration (Raes et al., 2009a) and its wide range use of crops including forage, 

82 

The soil water content in the root zone affects not only the canopy development and 

root zone expansion as depicted in Figure 4.1 (dotted arrow a, c and d), but also the 

(e)) that directly affects crop yield. However, the water 

stress effect on HI could be positive or negative depending on the timing (vegetative 

stage, flowering and/or yield formation), severity and duration of the stress. 

Biomass and yield formation in the simulation model 

AquaCrop simulates green canopy (for water transpiration) and root growth (for water 

uptake) under the governing environmental conditions (Raes et al., 2009a). In exchange 

for water transpired, biomass is produced. Cumulative aboveground biomass production 

(B) is a function of the daily ratio of crop transpiration (Tr), which is determined by 

and reference evapotranspiration (ETo) (Eq. 4 6). 

(Eq. 4.6) 

    (Eq. 4.7) 

aboveground biomass production (g m-2), 

WP* = crop water productivity normalized for ETo and CO2 concentration  

mm day-1), 

y reference evapotranspiration (mm day-1), 

sequential days spanning the period when B is produced,  

Crop water productivity refers to the ratio of biomass produced over water 

). To simulate aboveground dry biomass in AquaCrop, the 

is used as the water productivity normalized 

for the local climate (expressed by ETo) and the CO2 concentration (Steduto et al., 

2007). Yield (Y) is simulated by means of HI, which is affected by water stress. The 

he final B by the adjusted harvest index (Eq. 

The main features of AquaCrop model that differentiate it from other crop models is its 

focus on water, the use of ground cover instead of leaf area index and the use of water 

ized for evaporative demand and carbon dioxide 

., 2009a) and its wide range use of crops including forage, 
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vegetable, grain, fruit, oil and tuber crops (Hsiao et al., 2009). A detailed description of 

the model can be found in Steduto et al. (2009) and Raes et al. (2009a) who describe the 

underlying principles and distinctive components as well as the structural details and 

algorithms of the AquaCrop model. 

 

The research for this study was carried out in Tigray, the northernmost region of 

Ethiopia. It is regarded as one of the most important regions for tef production in the 

country. The crop production of this rather unknown crop was modelled to gain insight 

into its physiological response to water stress. In this chapter, the calibration and 

validation of AquaCrop for tef is discussed. Field experiments were carried out in three 

locations in the region for four successive (2006, 2007, 2008 and 2009) years, under 

rainfed and irrigation treatments, with both local and improved tef varieties. Preliminary 

yield response of tef to water stress has been investigated by Araya et al. (2010a). They 

analyzed only two growing seasons and used all the observed data for both calibration 

and validation of the AquaCrop model. By analyzing our own data, this research 

confirms, partly adjusts and completes the findings of Araya et al. (2010a) and 

discusses some of the physiological uncertainties that remain. 

4.3. Materials and methods 

4.3.1. Determination of water productivity (WP*) for tef in mini-

lysimeters 

The experiment was carried out at Mekelle University (MU) main campus, Endayesus 

in Mekelle (13.30° N, 39.29° E, 2212 m above sea level (m.a.s.l)) in 21 aboveground 

free-draining mini-lysimeters. The mini-lysimeters had a diameter of 0.21 m and a 

height of 0.33 m. A local variety of tef was broadcasted at a seed rate of 30 kg ha-1, 

which equals a population density of approximately 2000 plants m-2. The crop was 

grown from 22 November 2008 to 3 March 2009 in the mini-lysimeters containing soil 

taken from a Cambisol. Urea and DAP (Diamonium Phosphate) were applied as a 

source of nitrogen (40 kg ha-1) and phosphorus (26 kg ha-1). All the mini-lysimeters 

were placed under a rain shelter and arranged in a completely randomized design. Water 

was applied every other day to keep the water content in the lysimeters close to field 

capacity (FC), i.e. 36.6 vol %, which was determined from the pedotransfer function 

based on the textural class of the soil. If water drained out of the lysimeters, it was re-

applied. The required amount of water was determined by calculating a soil water 

balance according to Allen et al. (1998).  

 

In six out of the 21 lysimeters, tef was well watered, actively growing, completely 

shading the ground and regularly clipped to keep it at a uniform height of 0.12 m. As 
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such it was used as hypothetical reference crop for reference evapotranspiration as 

mentioned in Allen et al. (1998). The clipped plants were kept aside and no micro-

climate, distorting ETo, was generated. Since the crop covered most of the lysimeter, 

evaporation was assumed negligible. These lysimeters were used as a reference to 

determine the evaporating power of the atmosphere (ETo) for the environment. On the 

other hand the actual evapotranspiration (ETa) was determined from tef growing in the 

other 15 mini-lysimeters. To keep the transpiring surface as similar as the surface of the 

mini-lysimeter and thus to minimize the error, overhanging tef plants were forced to 

grow straight with supporting sticks and slightly tied threads. 

 

Both ETa and ETo were determined every other day by measuring the mass difference 

of the lysimeters and the volume of water applied. The cumulative ratio of ETa over 

ETo (∑(ETa/ETo)) was calculated as a proxy for the cumulative ratio of transpiration 

normalized for climate, assuming the evaporation negligible. Three replicates of 

intermediate B taken at five successive points in time from the 15 lysimeters were used 

to determine the normalized water productivity (WP*) of the crop, as the linear 

regression between ∑(ETa/ETo) and the corresponding B (Steduto et al., 2007). For 

these calculations, ETa was assumed equal to Tr. Since nearly all the evaporation losses 

were limited to the initial season before canopy closure, which occurred very early, the 

slope of the curve between B and ∑(ETa/ETo) is a valid proxy for WP*. 

4.3.2. Field experiments 

4.3.2.1. Study site description and experimental design 

Field experiments were carried out during the main rainy season for four years (i) in 

2006 and 2007 at MU and (ii) in 2008 and 2009 at two sites located in east (Maiquiha, 

13°48’ N, 39°27’ E, 2078 m a.s.l) and southeast (Dejen, 13°20’ N, 39°22’ E , 2128 m 

a.s.l) Tigray. Table 4.1 presents the field experiments that were carried out to assess the 

effect of water stress on tef growth and yield. These experiments were the basis to 

calibrate and validate the model AquaCrop for the simulation of tef growth and 

production.  
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Table 4.1: Field experiments for the calibration and validation of AquaCrop for tef to water 

stress. 

1Trt: treatment; 2SI: supplementary irrigation; 3RF: rainfed; 4DI: deficit irrigation (irrigated 

during flowering); 5Improved variety. 

 

Improved (Dz-Cr-37 in 2007) and local (Gonfel in 2006, 2008 and 2009) varieties of tef 

were sown by broadcast method with a seed rate of 30 kg ha-1 at sowing dates in 

correspondence with farmers’ practices in Tigray. Recommended doses of nitrogen (60 

N kg ha-1) and phosphorus (26 kg P ha-1) for heavy and 40 kg N and 26 kg P ha-1 for 

light soils (EARO, 2002) were applied in the form of urea and DAP. The urea 

application was split: 50% was given at sowing and the remaining 50% at tillering. DAP 

was applied at sowing. The crops were regularly weeded and protected against pests and 

diseases throughout the growing seasons. 

 

Rainfed (RF), supplementary irrigated (SI, where irrigation was applied from flowering 

to ripening) and deficit irrigation (DI, where irrigation was only applied during 

flowering) treatments were arranged in split plot design with three (MUFI07, MURF07, 

DEFI08, DERF08, DEFI09, DERF09, MAFI08, MARF08, MAFI09 and MARF09) or 

four (MURF06 and MUDI06) replications (see Table 4.1 for codes). The size of the 

experimental plots were 9 m2 and 18 m2 in MU in 2006 and 2007 respectively, 4 m2 and 

Year Location Trt1 Code Variety 
Sowing  

date 

Harvest  

date 

Rainfall 

growing 

season  

(mm) 

Irrigation 

applied  

(mm) 

Calibration  

2007 
Mekelle 

University  
SI2 MUFI07 DZ-cr-375 Jul 30 Nov 16 242 120 

2007 
Mekelle 

University 
 RF3 MURF07 DZ-cr-37 Jul 30 Nov 6 242 0 

2008 Dejen SI DEFI08 Local Jul 25 Nov 10 275 100 

2008 Dejen RF DERF08 Local Jul 25 Oct 29 275 0 

2008 Maiquiha SI MAFI08 Local Aug 18 Dec 5 142 180 

Validation 

2006 
Mekelle 

University 
 DI4 MUDI06 Local Aug 7 Nov 22 309 66 

2006 
Mekelle 

University 
RF MURF06 Local Aug 7 Nov 22 309 0 

2009 Dejen SI DEFI09 Local Aug 3 Nov 12 174 139 

2009 Dejen RF DERF09 Local Aug 3 Oct 28 174 0 

2009 Maiquiha SI MAFI09 Local Jul 31 Nov 10 180 124 

2009 Maiquiha RF MARF09 Local Jul 31 Nov 3 180 0 
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6 m2 in Dejen in 2008 and 2009 respectively, and 4 m

and 2009 respectively. The spacing between the experimental plots was 0.5 m and the 

replications were 1.0 m apart from each other.

4.3.2.2. Measurements 

Climate data 

During the experimental years, daily maximum and minimum air temperature, rainfall, 

average wind speed at 2 m height, average percentage of relative humidity, and hours of 

bright sunshine were recorded from the meteorological station of MU. Similarly

maximum and minimum air temperature and rainfall were recorded in both Dejen and 

Maiquiha sites. For Dejen additional climatic data (daily minimum and maximum 

temperature, wind speed, sunshine hours, and relative humidity data) were obtained 

from Mekelle airport meteorological station, which is about 25

experimental field. From these climatic data the reference evapotranspiration ETo 

(mm.day-1) was calculated with the ETo calculator program (Raes, 2009b). For 

Maiquiha the missing data were estimated according to the procedures described by to 

Allen et al. (1998). For the computation of 

equation (Allen et al., 1998) was used (Eq. 4.

 

 

 

where ETo = reference evapotranspiration (mm 

 ∆ = slope vapour pressure curve (kPa °C

 Rn = net radiation at crop surface (MJ m

 G = soil heat flux density (MJ m2 day-

 γ = psychrometric constant (kPa °C-1)

 T = mean daily air temperature at 2 m height 

 u2 = wind speed at 2 m height (m s
-1), 

 es = saturation vapour pressure (kPa), 

 ea = actual vapour pressure (kPa). 
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in Dejen in 2008 and 2009 respectively, and 4 m2 and 9 m2 in Maiquiha in 2008 

2009 respectively. The spacing between the experimental plots was 0.5 m and the 

replications were 1.0 m apart from each other. 

During the experimental years, daily maximum and minimum air temperature, rainfall, 

at 2 m height, average percentage of relative humidity, and hours of 

bright sunshine were recorded from the meteorological station of MU. Similarly, daily 

maximum and minimum air temperature and rainfall were recorded in both Dejen and 

Dejen additional climatic data (daily minimum and maximum 

temperature, wind speed, sunshine hours, and relative humidity data) were obtained 

from Mekelle airport meteorological station, which is about 25-30 km far from the 

limatic data the reference evapotranspiration ETo 

) was calculated with the ETo calculator program (Raes, 2009b). For 

Maiquiha the missing data were estimated according to the procedures described by to 

of the ETo the FAO-56 Penman-Monteith 

4.8).  

  

(Eq. 4.8) 

mm day-1), 

kPa °C-1), 

MJ m2 day-1), 
-1), 

), 

= mean daily air temperature at 2 m height (°C), 
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Soil data 

The initial soil water content (SWo), to which AquaCrop is rather sensitive (Geerts et 

al., 2009) was measured gravimetrically (three replicates) from the experimental plot on 

the respective sowing dates. The soil water content in the root zone was measured 

gravimetrically every week at two depths between 0 and 0.4 m (Maiquiha; MU in 2006) 

or three depths between 0 and 0.6 m (Dejen; MU in 2007) from sowing till harvest in 

each experimental plot (three replicates, or four in MU in 2006).  

 

Three profile pits were excavated at representative locations of the experimental field 

during the growing season and undisturbed soil samples at different depth for each site 

(Table 4.2) were collected by manually driving a known volume (100 cm3) Kopecky 

ring into the profile to determine bulk density. Three replications at each depth were 

taken from which the average was computed. The gravimetrically measured bulk 

density together with the gravimetrically determined water content were used to 

calculate the volumetric soil water content in the root zone. 

 

Disturbed soil samples (three replicates) at various depths (0.2-0.6 m) were collected 

from each experimental plots, air dried, thoroughly mixed, grinded and sieved with a 2 

mm mesh. The composite soil sample was analyzed in the laboratory at KU Leuven to 

determine particle size distribution (texture) by pippet method (soil samples take in 

2006, 2007 and 2009) and by means of laser diffraction (2008). Based on the textural 

analysis the soil water retention at saturation (SAT), field capacity (FC), permanent 

wilting point (PWP) and saturated hydraulic conductivity (Ksat) were determined using 

a pedotransfer function (Saxton and Rawls, 2006). The soil physical characteristics used 

for calibration and validation of AquaCrop are reported in Table 4.2. Both in the 

simulations and observations the soil water content of the entire rootzone was 

considered, i.e. until the maximum rooting depth. Several attempts were made to 

determine the soil water content at FC and PWP in the laboratory by bringing the soil 

water respectively in undisturbed and disturbed soil samples at specific water potential. 

Due to the poor sampling, the results were not conclusive. On the other hand the values 

for FC and PWP determined with the pedotransfer function and reported in Table 4.2 

correspond well with the observed soil water content in the field respectively at the end 

of a long rainy period and at the end of a long dry period (see e.g. Fig 4.6).  
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Table 4.2: Soil physical parameters at various depths for the experimental sites used for 

calibration and validation. 

Experimental site 

Soil  

depth  

(m) 

Water retention at (Vol %) 
Ksat 

  (mm day-1) 

Textural  

class SAT FC PWP 

Dejen 2008 

Irrigated fields 

0-0.2 50.0 36.9 8.5 275 

Silt loam 0.2-0.4 50.0 39.9 8.5 275 

0.4-0.6 50.0 36.9 8.5 275 

Dejen 2008 

Rainfed fields 

0-0.2 41.3 28.9 8.0 241 

Loam 0.2-0.4 41.3 28.9 8.0 241 

0.4-0.6 41.3 28.9 8.0 241 

Dejen 2009 

All fields 

0-0.2 41.0 27.0 9.1 500 Sandy loam 

0.2-0.4 46.0 25 12.6 250 Loam 

0.4-0.6 46.0 22 12.0 250 Loam 

Mekelle University 

2006 

All fields 

0-0.1 50.7 34.6 21.8 89 

Silty clay 0.1-0.2 51.0 35.5 23.3 74 

0.2-0.3 51.7 36.1 24.1 71 

Mekelle University 

2007 

All fields 

0-0.2 45.8 36.6 20.0 46 

Clay loam 0.2-0.4 45.8 36.6 20.0 46 

0.4-0.6 45.8 36.6 20.0 46 

Maiquiha 2008/2009 

All fields 

0-0.2 60.0 38.0 16.9 150 
Silty loam 

0.2-0.4 60.0 38.0 16.9 150 

SAT = Saturation, FC = Field capacity, PWC = permanent wilting point, Ksat = Saturated 

hydraulic conductivity. 

 

Crop data 

Plant measurements during each growing season included the time (in days after 

sowing) of major phenological growth stages (emergence, maximum canopy cover, 

flowering, senescence and physiological maturity). The plant population density was 

counted using a 0.25 m by 0.25 m quadrant at the time where about 90% of the crop was 

emerged. The plant density for all experiments and all treatments was approximately 

2000 plants m-2. 

 

Green crop canopy cover (CC) was determined every 10 to 15 days by taking digital 

pictures perpendicular to the experimental plot at an approximate height of 1.5 m. The 

pictures of an area (2.52 m2) were first resized to confirm uniform pixel size 

(1000*1000 pixels). To reduce the error that could occur at the four corners due to 

deformation (viewing angle), the centre square was selected as most representative part 

of each picture and was subjected to the pixel analysing software SigmaScan Pro 5.1 
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(SPSS Inc., 1990-2000). With the help of the Turf-analysis macro (Karcher and 

Richardson, 2005), the software counted the number of ‘green’ pixels against the total 

number of pixels. The average result of the three replicates in each treatment was used 

to determine canopy cover in percentage. A selection of pictures, varying in canopy 

cover and brightness was used to calibrate the settings. A flowchart of canopy cover 

analysis by the method is shown in Figure 4. 3.  

 

. 

Figure 4.3: Flowchart for the analysis of canopy cover with SigmaScan 5.1 software on the basis 

of digital images, by using the Turf-Analysis macro (Adapted from Reggers, 2008). 

 

The maximum effective rooting depth was observed in the experimental plots by 

excavating pits during physiological maturity. 

 

Dry aboveground biomass during the season was measured at an interval of 10 to 15 

days by cutting the plant from a quadrant of 0.25 m*0.25 m for the 4 m2 and 6 m2 plot 

sizes, and a quadrant of 0.5 m by 0.5 m for the 9 m2 and 18 m2 plot sizes and was dried 

for 48 hours at 65°C in a ventilated oven. In Maiquiha in 2008, only the final B and Y 

were recorded. Final Y and final B at harvest were taken from a quadrant of 2.5 m2 and 

3.68 m2 respectively for the smaller (4 or 6 m²) and 6 m2 for the larger plot sizes (9 m² 

or 18 m2). The harvest index (HI) was calculated as the ratio of Y to final B. 

 

Water supply management 

The necessary irrigation water for supplementary irrigation and deficit irrigation 

treatments was calculated according to Eq. 3.2 in chapter 3. 

INPUT

SETTINGS

OUTPUT
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4.3.3. Calibration and validation procedure for modeling yield response 

of tef to water stress 

Model calibration is an adjustment of system parameters so that simulated results match 

the observation. It is a procedure where system coefficients can be determined and is 

basic when adapting an existing application model to a new environment (Jame and 

Cutforth, 1996).  

 

To calibrate the AquaCrop model to tef, observations of field experiments in 2007 and 

2008 in three locations (Table 4.1) and the determined WP* within the mini-lysimeters 

were used. In the calibration process certain observed crop characteristics (time to 

emergence, time to attain maximum canopy cover, time to flowering, senescence and 

physiological maturity (in calendar days) for non water stress conditions (SI treatments) 

were directly available to describe the crop development under non-limiting conditions. 

Subsequently, water stress coefficients (Ks) for leaf expansion, stomatal closure and 

early canopy senescence were calibrated based on the physiological characteristics of 

the crop and in an iterative way by comparing observed CC and SWC with the 

simulated outputs of AquaCrop for the SI and RF treatments. The shape factor for the 

water stress coefficient for canopy expansion, early canopy senescence and stomatal 

closure were adjusted in correspondence to the shape factors suggested by Raes et al. 

(2010). The reference HI and parameters describing the effect of water stress on the HI 

were calibrated with the observed data in a last step. The observations of CC, SWC, B 

and Y were used as benchmarks during the calibration process. Calibrations started with 

tef under SI (no water stress). Subsequently, tef under RF conditions was considered. 

Calibration was stopped when the simulated output for CC, SWC, B and Y fitted (as 

determined by adequate statistical tests) with the observed values.  

 

After the calibration process, the model was validated to assess the accuracy of the 

overall performance of the major process and test its ability to work under different 

environmental conditions. For this purpose observed data sets in 2006 from MU and 

2009 from Dejen and Maiquiha (Table 4.1) were used, which were different from data 

sets used for calibration.  

4.3.4. Performance evaluation of the model 

Calibration and validation were evaluated for SWC, CC, B and Y by comparing 

simulated outputs with data collected from the field using the following statistical 

parameters:  
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i) the coefficient of determination (R²), ca

which quantifies the portion of the total observed variance that can be 

explained by the model:  

 

 

 

ii) the root mean square error (RMSE) computed as 

overall mean deviation between observed and simulated value

measure for the relative model uncertainty (Loague and Green,1991).

    

 

 

 

iii) the index of agreement (d, Willmott, 1982) that shows the differences in 

the observed and predicted means and variances, 

 

 

iv) the Nash-Sutcliffe efficiency (EF, Nash and Sutcliffe, 1970), which 

assesses the overall deviation between observed and simulated values to 

the variability of the observations as a measure of the model performance 

over the whole simulation period 

 

where o and p are observed and predicted values respectively, 

respective means for each of n observations. Good model performance is achieved when 

R², EF and d approach unity and when RMSE approaches zero.
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ermination (R²), calculated as according to Eq. 4.9, 

portion of the total observed variance that can be 

(Eq. 4.9) 

quare error (RMSE) computed as Eq. 4.10, expressing the 

overall mean deviation between observed and simulated values as a 

measure for the relative model uncertainty (Loague and Green,1991). 

 

(Eq. 4.10) 

the index of agreement (d, Willmott, 1982) that shows the differences in 

d predicted means and variances, computed as (Eq. 4.11): 

(Eq. 4.11) 

Sutcliffe efficiency (EF, Nash and Sutcliffe, 1970), which 

assesses the overall deviation between observed and simulated values to 

the variability of the observations as a measure of the model performance 

over the whole simulation period (Eq. 4.12): 

   (Eq. 4.12) 

 

are observed and predicted values respectively,  and  are their 

respective means for each of n observations. Good model performance is achieved when 

R², EF and d approach unity and when RMSE approaches zero. 
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4.4. Results and discussion 

4.4.1. Water productivity (WP*) for tef derived from mini-lysimeter 

experiment 

The water productivity of tef in the lysimeter experiment was determined from the 

linear regression between the cumulative ratio of observed dry aboveground biomass 

and cumulative ratio of transpiration over ETo. As presented in Figure 4.4, there is 

linear increase of observed biomass in function of the cumulative ratio between 

transpiration adjusted for the reference evapotranspiration (R2=0.98), which agrees with 

the conservative behavior of WP* as mentioned by Steduto et al. (2007). The 

experimentally determined WP* for tef of 15.11 g m-2 (Fig. 4.4) is very low for a C4 

plant and contrasts with the WP* for other C4 crops: 32.9 g m
-2 for sorghum (Steduto 

and Albrizio, 2005), 33.7 g m-2 for maize (Hsiao et al., 2009; Heng et al., 2009) and the 

indicative range (30-35 g m-2) given in AquaCrop (Raes et al., 2010). The low WP* 

could be the consequence of a higher protein content of tef in comparison with other C4 

crops, due to which the crop requires considerably more energy per unit dry weight to 

convert the assimilated CO2 into carbohydrates (Azam-Ali and Squire, 2002). Its lower 

light use efficiency compared to other C4 plants, which is related to leaf size and 

orientation as mentioned by Mengistu (2009) could also explain the low WP*. 

 

 

Figure 4.4: Water productivity of tef (local variety) from the lysimeter experiment based on 

cumulative normalized evapotranspiration versus dry aboveground biomass. Error bars represent 

standard deviations (n=3). 



Yield response of tef to water stress as calibrated and validated by AquaCrop 

93 

4.4.2. Calibration for modeling yield response of tef to water stress  

4.4.2.1. Canopy growth and development  

An example of the simulation of CC with AquaCrop after calibration is presented in 

Figure 4.5. Regardless of the year and the location of the experiment, the observed and 

simulated CC development fitted well (Fig. 4.5(a) and 4.5(b)) with adequate statistical 

values (Table 4.3) and followed the standard logistic growth curve used by AquaCrop 

model for non stressed conditions (Raes et al., 2010). 

 

  

Figure 4.5: Observed (symbols) and simulated (lines) canopy cover for rainfed (solid circles, full 

line) and supplementary irrigated tef (open circles, dotted line) in (a) Mekelle 2007, (b) Dejen 

2008. Error bars represent standard deviation (n=3) 

 

The maximum CC of about 100% was reached 49 days after sowing in the experiments 

of 2007 and 2008. Crops that received supplementary irrigation after the rain stopped 

extended their green canopy development until later in the season compared to rainfed 

tef that showed a shorter crop cycle due to early senescence (Fig. 4.5). This could be the 

consequence of a very quick drop of SWC in the RF field (Fig. 4.6) after the rain 

ceased. 

4.4.2.2. Soil water balance 

An example of soil water content in the root zone expressed as an equivalent depth 

(mm) throughout the growing season of tef is shown in Figure 4.6. This figure indicates 

that there is a very good match between simulations and observations for both water 

treatments (SI and RF). Displayed values for PWP and FC were derived from the 

textural analysis (pedotransfer function).  
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Figure 4.6: Observed (symbols) and simulated (lines) soil water content for rainfed (solid 

diamond, full line) and supplementary irrigated (open diamond, dotted line) treatments for 

Mekelle (2007) after calibration. Error bars represent standard deviation (n=3). 

 

The observed SWC was used to prove the accuracy of the simulated crop transpiration. 

The statistical parameters for the fit with high R2, EF and d values (close to unity) as 

well as low RMSE confirm very good agreement between simulations and observations 

for both CC and SWC (Table 4.3). This showed that the upper thresholds for root zone 

depletion at which water stress affects canopy development (pexp), induces stomata 

closure (psto) and triggers early canopy senescence (psen) were well selected. 

 

Table 4.3: Goodness-of-fit analysis for the simulated soil water content (SWC), canopy cover 

(CC), biomass (B, which includes intermediate and final biomass), final biomass (final B) and 

yield (Y) after calibration of AquaCrop for tef. 

Parameter R2 EF d RMSE 

SWC 0.92 0.91 0.98 14.42 (mm) 

CC 0.91 0.90 0.97 10.75 (%) 

B 0.90 0.90 0.97 0.89 (t ha-1) 

Final B 0.96 0.95 0.99 0.72 (t ha-1) 

Y 0.84 0.16 0.88 0.54 (t ha-1) 

R²: coefficient of determination; EF: Nash-Sutcliffe efficiency; d: index of agreement; RMSE: 

root mean square error (all values averaged over different fields and for the time series of SWC, 

CC and B). 

4.4.2.3. Biomass and yield production 

The goodness of fit between observed and simulated CC and SWC indicated that crop 

transpiration was well simulated. This allowed for inverse determination of WP* using 

the simulated transpiration sums in the calibration fields (Fig. 4.7). The linear regression 
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between the simulated cumulative transpiration (standardized by ETo) and the observed 

intermediate and final B during the season allowed deriving the WP* for improved and 

local varieties of tef.  

 

 

Figure 4.7: Water productivity of tef grown under field conditions based on cumulative 

normalized transpiration versus dry aboveground biomass for improved variety (open circles, 

dotted trend line) and local variety (solid circles, full trend line). Error bars represent standard 

deviations (n=3). 

 

A WP* of 14 g m-2 was selected for the local variety by considering the results from the 

lysimeters (WP* = 15.11 g m-2) and the field experiments (WP* = 13.3 g m-2). A WP* 

of 21 g m-2 was selected for the improved varieties, assuming (i) a similar deviation as 

for the local varieties between the realistic WP* and the value from field experiments 

(WP*=18.5 g m-2), and (ii) by giving more weight to the final B (where sample sizes are 

larger than for intermediate B) during the final calibration of the model. The coefficient 

of determination (R2) for the WP* determined in the field for both varieties was 0.92, 

indicating that there is excellent correlation between the cumulative normalized 

transpiration and B.  

 

After the selection of WP* for both local (14 g m-2) and improved (21 g m-2) varieties of 

tef and reference harvest index (HIo) of 27% from the non-water stress field, good 

simulation for B and Y could be obtained. Examples of simulated and observed B for 

RF and SI treatments are shown in Figure 4.8. The simulations fitted the observed data 

very well with higher B attained from irrigated treatments (SI) in both locations and 

years. Under optimal conditions, the harvest index increases from zero at flowering and 

reaches its reference value (HIo) at maturity (Raes et al., 2009a). The regression 

between the observed and simulated final B and Y for all data sets used for calibration is 
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presented in Figure 4.9, indicating a high value of R2 for Y (0.84) and B (0.96). The 

crop parameters for tef obtained after calibration are listed in Table 4.4. 

 

  

Figure 4.8: Observed (symbols) and simulated (lines) dry aboveground biomass for rainfed (solid 

squares, full line) and supplementary irrigated (open squares, dotted line) treatments. (a) Mekelle 

2007, (b) Dejen 2008. Error bars represent standard deviations (n=3). 

 

 

 

Figure 4.9: Regression between observed and simulated yield (triangles) and final dry 

aboveground biomass (squares) for all calibrated treatments. Error bars represent standard 

deviations (n=3). 

 

The fact that Y was adequately simulated (Fig. 4.9) indicated that AquaCrop correctly 

simulated the effect of water stress during different phenological stages on the HI of tef. 

Depending on the magnitude of water stress during yield formation, HIo in AquaCrop 

might be adjusted up or downward. Stresses affecting only leaf expansion have a 
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positive effect on HI, while more severe stresses inducing stomatal closure have a 

negative effect on HI. In AquaCrop, HIo can also be adjusted to water stress occurring 

before and during flowering. For tef, water stress affected the HIo in the following way: 

 

� As there was no or very mild water stress before flowering for all experimental 

years, the positive effect of pre-flowering water stress on HIo of tef could not 

be considered; 

� A high depletion of TAW was selected (Pupper = 0.92) for the water stress 

affecting pollination during flowering considering the relative tolerance of the 

crop to water stress; 

� Simulations with AquaCrop indicated for tef that slight to moderate water 

stresses during yield formation strongly increased HIo as a result of water 

stress affecting leaf expansion. This is due to the restriction of excessive 

vegetative growth during this growth stage, which means that more energy can 

be used for the production of yield. A correct calibration of the effect of water 

stress on HIo, by which the HI increased from 27% to 33% (under mild water 

stress) resulted in an accurate simulation of Y (Fig 4.9). 

� The drop of HI due to strong water stress during yield formation as reported 

among many studies by Farré and Faci (2006) for maize and sorghum and by 

Karunaratne et al. (2010) for Bambara groundnut is a common physiological 

process. Simulations indicated that this is also present in tef for severe water 

stresses, although to a smaller extent.  

 

The manifest positive effect of water stress on HI during yield formation and the 

relatively small negative effect during flowering and yield formation render tef to be a 

crop with unique characteristics. This may be the reason why farmers in areas prone to 

moisture stress use tef as a rescue crop in case of failure of other cereals (Ketema, 

1997). 

 

From the statistical analysis of the simulation results (Table 4.3) it could be concluded 

that the main features of tef as affected by water stress were well modeled by 

AquaCrop. R2 for all variables was ≥ 0.84 and d approached 1. The relative small 

RMSE and the good range of EF (≥ 0.90, except for yield) confirmed the goodness of fit 

between the observed and simulated results. The low EF for yield could be attributed to 

the underestimation of yield in the rainfed treatments in Maiquiha in 2008 by the model. 

This may indicate that the model is less satisfactory in simulating crop growth and 

production in severe water stress conditions as was the case at this site in the dry year 

2008 or it could also be an error in the measurements. 
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Table 4.4: The crop parameters for tef obtained after calibration. 

  

Description Value Unit 

Days to emergence 7-14 Days after 
  sowing (DAS) 
Initial canopy cover (CCo)  2.6 % 
Canopy growth coefficient (CGC) 14.6 % day-1 
Time to maximum canopy cover 49-55 DAS 
Maximum canopy cover (CCx) 73-99 % 
Plant density 2000 m-2 
Maximum rooting depth 0.6 m 
Time to reach maximum rooting depth 50-55 DAS 
Time to flowering 52-55 DAS 
Duration of flowering 11 days 
Length to build up HI 40 DAS 
Time to start of canopy senescence 75 DAS 
Canopy decline coefficient (CDC) 11.6 % day-1 
Time to maturity 95-99 DAS 
Crop transpiration coefficient (Kcbx) 
 

1.1 - 
  

Water  stress response factors   

Soil water depletion threshold for leaf expansion, 
upper limit 

0.32 fraction TAW 

Soil water depletion threshold for leaf expansion, 
lower limit 

0.66 fraction TAW 

Shape factor for water stress coefficient for leaf 
expansion 

3 - 

Soil water depletion threshold for stomatal control, 
upper limit 

0.60 fraction TAW 

Shape factor for water stress coefficient for stomatal 
control 

3 - 

Soil water depletion threshold for canopy senescence, 
upper limit 

0.58 fraction TAW 

Shape factor for water stress coefficient for canopy 
senescence 

3 - 

Soil water depletion threshold for failure of 
pollination, upper limit 

0.92 fraction TAW 

Coefficient describing positive impact of restricted 
vegetative growth during yield formation on HIo 

0.5 (very strong 
effect) 

- 

Coefficient describing negative impact of stomatal 
closure during yield formation on HIo 

10 (small effect) - 

Reference harvest index (HIo) 27 % 
Water productivity normalized for climate (WP*) 14 (local variety) 

21 (improved variety) 
g m-2 

 



Yield response of tef to water stress as calibrated and validated by AquaCrop 

99 

4.4.3. Validation of the calibrated model for water stress  

A calibrated model for an existing climatic, soil and crop condition needs to be 

validated to assess its practical application and to evaluate the precision of the predicted 

yields. Accordingly AquaCrop was validated by considering the calibrated crop 

parameters (Table 4.4) and data sets from field observations in 2006 and 2009 on three 

sites and three water treatments (SI, RF and DI) as described in Table 4.1. The field 

observations used for the validation process were different from the data sets used to 

calibrate the model.  

 

The comparison between observed soil water contents in the root zone are in adequate 

match with the validated result of the simulation. This indicated that the calibration of 

AquaCrop for tef was satisfactory and ETc was well estimated. The model was able to 

appropriately simulate the development of CC and B. The overview of the statistical 

parameters in Table 4.5 confirms the ability of the model to simulate the calibrated crop 

parameters for different data observations used for validation. However, the EF value 

for Y was low, mainly due to the underestimation of the Y for the RF treatments of 

MURF06 and DERF09 by the model. Figure 4.10 (a, b, c and d) in the respective order 

shows examples of the validation results for SWC, CC, B and the regression between 

the observed and simulated B and Y for all validated fields. 
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Figure 4.10: Comparison between observations and simulations for various field experiments 

used for validation: (a) soil water content in Mekelle 2006 (b) canopy cover for Maiquiha 2009 

and (c) dry aboveground biomass for Dejen 2009 for rainfed (solid symbols, full line) and 

supplementary irrigation (open symbols, dotted lines); and (d) Regression between observed and 

simulated final dry aboveground biomass (squares) and grain yield (triangles) for all validation 

fields. Error bars represent standard deviations for the observations (n=3). 

 

Table 4.5: Goodness-of-fit analysis for the simulated soil water content (SWC), canopy cover 

(CC), biomass (B, which includes intermediate and final biomass), final biomass (final B) and 

yield (Y) for the validation of AquaCrop for tef.  

Parameter R2 EF d RMSE 

SWC 0.85 0.84 0.95 18.27 (mm) 

CC 0.75 0.75 0.93 16.75 (%) 

B 0.65 0.53 0.86 1.16 (t ha-1) 

Final B 0.77 0.63 0.91 0.76 (t ha-1) 

Y 0.87 0.27 0.89 0.45 (t ha-1) 

R²: coefficient of determination; EF: Nash-Sutcliffe efficiency; d: index of agreement; RMSE: 

root mean square error (all values averaged over different fields and for the time series of SWC, 

CC and B). 
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4.5. Conclusion 

The simulations of the soil water balance and the development of green canopy cover 

gave a good indication that AquaCrop is able to calculate the crop transpiration (Tr) 

quite well. A good estimation of Tr is crucial to estimate yields, since biomass follows 

directly from the product of the WP* with the cumulative Tr adjusted for ETo. 

Notwithstanding the fact that tef is a rather unknown crop and by considering the 

physiological complexity of the crop responses to water stress, adequate results were 

obtained with AquaCrop with a relatively limited amount of crop parameters. In the 

current study, it was found that the common biomass water productivity for a C4 crop is 

far from reached in tef. 

 

Given that AquaCrop keeps a good balance between accuracy and input requirements, it 

could be used to improve the crop water productivity of tef in its centre of origin 

through developing guidelines on the effective way of cultivating crops in terms of 

water management strategies. Moreover the model is a useful tool to develop scenarios 

for future climatic conditions and to estimate yield gaps between the potential and 

actual yield of a particular crop under its specific climatic and soil conditions. As such, 

it can used to increase awareness for timely and quantitative information related to food 

relief measures.  

 

In this study the soil water retention values used for the simulation were determined 

with pedotransfer functions (PTFs) and proved to be satisfactory when analyzing 

observed soil water content in the root zone at specific occations (e.g. long rainy period 

and at the end of a long dry period). Nevertheless, if the model is going to be used on 

other soils, sensitivity analysis has to be carried out to check if the results still apply. It 

is strongly recommended to evaluate the derived soil physical characteristics with 

measured data in a well functioning soil physical laboratory. Furthermore, research is 

recommended to test the model for other management practices like weed infestation, 

soil fertility stress (see chapter 5) and different sowing dates, as these are also important 

factors that limit tef productivity.  
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Chapter 5: Yield response of tef to soil fertility stress as 

calibrated and validated by AquaCrop  

5.1. Introduction 

Tef (Eragrostis tef), which forms the staple diet of Ethiopia has a low production of less 

of 0.93 t ha-1 in Tigray (CSA, 2000-2010) due to different constraints. Soil fertility is 

one of the principal causes for low yield and instability of food production in the 

country in general and in Tigray in particular. 

 

Different researchers have examined the status of the overall soil fertility in Tigray. 

They reported that the soils in the region are low in nitrogen, phosphorus and organic 

matter content (Haile et al., 2002; Beyene et al., 2006), which was also confirmed by 

the results in this research (Chapter 3). 

 

As such, soil fertility management is considered as one of the key elements in 

Ethiopia’s effort to accelerate and sustain development and to make an end to poverty. 

Modelling tools that support management decisions with regard to efficient resource use 

in crop production can play a significant role to attain this goal. FAO has developed the 

AquaCrop model (Steduto et al., 2009; Raes et al., 2009a) as a new decision support 

tool to develop strategies related to the crop, soil, climate and field management 

practices such as irrigation and soil fertility management. The model has been tested 

and successfully simulated yield response of different crops to water stress, also for tef 

as discussed in Chapter 4. AquaCrop however has not yet been tested for soil fertility 

stress. One of the specific objectives of this study is to calibrate and validate the model 

for tef for soil fertility stress by evaluating the simulated biomass and yield under 

rainfed (RF) and supplementary irrigated (SI) conditions in the northern part of 

Ethiopia, Tigray. With the validated model, field management strategies can then be 

developed in a next step (Chapter 6). 

5.2. Model description for soil fertility 

AquaCrop model does not simulate nutrient cycles and balances of particular nutrients 

in the soil but provides categories of soil fertility stress levels namely: unlimiting (0% 

soil ferility stress), near optimal (20% soil fertility stress), moderate (40% soil fertility 

stress), about half (50% soil fertility stress), poor (60% soil fertility stress) and very 

poor (75% soil fertility stress) (Raes et al., 2010). The effect of soil fertility stress on 

crop growth and development is describes by three stress coefficients (Ks): 
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� soil fertility stress coefficient for canopy expansion (Ksexp,f); 

� soil fertility stress coefficient for maximum canopy cover (KsCCx ); and  

� soil fertility stress coefficient for biomass water productivity (KsWP ).  

Also one decline coefficient (fCDecline, for canopy cover) is considered (Raes et al., 

2012). These stress coefficients influence the canopy growth, development and its 

maximum canopy cover, the decline in green canopy cover when maximum canopy 

cover is reached and the biomass water productivity (WP*) (Table 5.1).  

 

Table 5.1: Stress coefficients for simulating crop response to soil fertility (Raes et al., 2012). 

Coefficients for soil 

fertility stress 
Description Target crop parameter 

Ksexp,f 
Stress coefficient for canopy 

expansion 

Canopy Growth Coefficient (CGC) 

KsCCx 
Stress coefficient for maximum 

canopy cover 

Maximum canopy cover (CCx) 

fCDecline 

Stress decline coefficient of the 

canopy cover 

Canopy Cover (CC) once 

maximum canopy cover has been 

reached 

KsWP 
Stress coefficient for biomass 

water productivity 

Biomass water productivity (WP*) 

 

Depending on the magnitude of the soil fertility stress, all the coefficients vary from one 

to zero. The three Ks coefficients decrease from 1 to zero when the soil fertility stress 

increases from zero (no stress) to 100% (full stress) as indicated in Figure 5.1(a). 

Similarly, the canopy cover decline coefficient is zero when there is no soil fertility 

stress and rises to 1% day-1 when the soil fertility stress is complete (Fig. 5.1(b)). 
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Figure 5.1: (a) Soil fertility stress coefficient (Ks) and (b) decline canopy cover coefficient 

(fCDecline) for various soil fertility stress levels (Raes et al., 2010). 

 

The shapes of the various stress coefficients are determined at calibration by specifying 

a Ks value between 1 and 0. Once the shape is identified, the reduction in canopy 

expansion, in maximum canopy cover, in biomass water productivity, and the decline of 

the green canopy cover can be obtained from the graphs for various soil fertility levels. 

By using these stress coefficients, AquaCrop estimates the resulting biomass production 

that can be expected at the various soil fertility levels (Fig. 5.2). 
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Figure 5.2: Display of the biomass-stress relationship in the Field management menu of 

AquaCrop (Raes et al., 2012). 

 

5.3. Materials and methods 

5.3.1. The study site and experimental design 

Field experiments in 2008, 2009 and 2010 were conducted in Dejen located in southeast 

Tigray and 2008 and 2009 in Maiquiha in the eastern part of Tigray. In both sites the 

field experiments were carried out during the wet season. A detailed description of the 

study sites is presented in Chapter 3.  

 

A local variety of tef called ‘Gonfel’ was used and seeded by hand (broad casting) in 

both study sites. As explained in Chapter 3, there were 30 treatments that comprise five 

fertilizer application rates in three replicates and two water regimes (supplementary 

irrigation (SI) and rainfed (RF)) (see Table 3.1 in chapter 3 for detail information of the 

treatments). To calibrate and validate AquaCrop for soil fertility stress for tef, the 

treatments consisted of T1 (no fertilizers applied), T2 (with 50% of the recommended 

dose of N and P for tef applied); and T4 (with full dose of the recommended rate of N 

and P application), which was used as a reference. The sizes of the experimental plot 

ranged from 4 m2 to 9 m2. For the supplementary irrigation treatment, water was applied 

according to the method described in Equation 4.10. 
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5.3.2. Data collection 

5.3.2.1. Climatic data 

Daily weather data (daily maximum and minimum air temperature, average wind speed 

at 2 m height, maximum and minimum relative humidity, and hours of bright sunshine) 

collected from each experimental site and from nearby agro-meteorological stations 

during the study period were used to calculate reference evapotranspiration (ETo) with 

the FAO Penman-Monteith equation (Allen et al., 1998) as explained in Chapter 4. 

Daily rainfall was recorded at each location with raingauges. The temperature, the 

computed ETo and the rainfall data together with the yearly CO2 concentrations at 

Mauna Loa observatory in Hawaii (USA) were used to create the climate file in the 

model.  

5.3.2.2. Soil data 

The hydro-physical soil characteristics, i.e. the soil water retention at field capacity, 

wilting point and saturation were determined by pedotransfer functions (Saxton and 

Rawls, 2006). The initial soil water content (SWo) measured at time of sowing was 

determined by gravimetric sampling method and is one of the most sensitive input 

parameters to start the simulation. Soil water content (SWC) in the root zone at a depth 

of 0-0.4 or 0-0.6 m was recorded on a weekly basis using gravimetric soil sampling. The 

equivalent soil water depth was used to validate the simulated soil water content.  

5.3.2.3. Crop data 

To assess the canopy development of the crop under various soil fertility stress 

conditions, green canopy cover (CC) was determined using the methodology explained 

in Chapter 4. Dry aboveground biomass (B) samples during the season were collected at 

an interval of 10 to 15 days to evaluate the overall evolution of the biomass production. 

Depending on the size of the experimental plots, the final B and grain yield (Y) were 

measured from 2.5 m2 to 6 m2 areas at harvest.  

5.3.3. Calibration procedure for soil fertility 

Calibration of the AquaCrop model for soil fertility stress requires access to observed 

green Canopy Cover (CC) and biomass production (B) in two well watered fields: one 

with and the other without soil fertility stress. The field with no stress is regarded as the 

‘Reference field’, while the field with limited soil fertility is denoted as the ‘Stressed 

field’. The fields are well watered to avoid the effect of soil water stress on crop 

development and production. The calibration requires that the crop in the stressed field 

shows a well noted response to the limited soil fertility (Fig. 5.3; Raes et al., 2012). 
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Reference field 

- well watered field 
- no soil fertility stress 

Observations: Bref and CCref 

Figure 5.3: The calibration of crop response to soil fertility is based on field observations of 

differences in Biomass production (B) and green Canopy Cover (CC) between a Reference and 

Stressed field (Raes et al., 2012). 

 

The first step in the calibration process was to collect 3 observed crop parameters from 

the stressed field: 

(i) the observed relative biomass production, determined as the ra

biomass observed at the stressed field (B

field (Bref) (Eq. 5.1), 

(ii) the observed maximum canopy cover (CC

(iii) the class of the canopy cover decline during the season (strong, small or 
medium). 

 

Secondly the climate, soil, irrigation and initial soil water content files were created 

AquaCrop for the field used to calibrate the soil fertility stress. For this study,

observed data (2010, Dejen) with full fertility stress (no fertilizer application) under 

non-limiting water conditions (SI) were used (Table 5.2).

production from the stressed field was 66%, the maximum canopy cover was 6

19% reduction of CCx = 81% in the reference field), and the canopy cover decline was 

regarded as medium. 
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Stressed field 

- well watered field 
- soil fertility stress  

Observations: Bstress and CCstress 

: The calibration of crop response to soil fertility is based on field observations of 

green Canopy Cover (CC) between a Reference and 

in the calibration process was to collect 3 observed crop parameters from 

the observed relative biomass production, determined as the ratio between the 

biomass observed at the stressed field (Bstress) and the biomass on the reference 

 

(Eq. 5.1) 

 

the observed maximum canopy cover (CCx) from the stressed field, and  

class of the canopy cover decline during the season (strong, small or 

the climate, soil, irrigation and initial soil water content files were created in 

for the field used to calibrate the soil fertility stress. For this study, the 

observed data (2010, Dejen) with full fertility stress (no fertilizer application) under 

used (Table 5.2). The observed relative biomass 

field was 66%, the maximum canopy cover was 66% (or a 

= 81% in the reference field), and the canopy cover decline was 
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Subsequently, the calibration was done by using the calibrated crop parameters for tef 

(Tsegay et al., 2012) as described in Chapter 4. The corresponding crop file describes 

the crop development, biomass production and yield under optimal agronomic 

conditions. The file describes as well how the crop responds to the effects of water 

stress on canopy expansion, stomatal closure, early senescence, and the harvest index. 

By trying different values for the various stress coefficients (WP*, CGC and average 

canopy cover decline) and by respecting the specified observations, AquaCrop 

calculates the corresponding CC, crop transpiration (Tr) and biomass production (B) 

until the simulated relative biomass production is equal to the observed relative 

production in the stressed field (Eq. 5.1). 

 

Table 5.2: Field experiments used for the calibration and validation of AquaCrop to soil fertility 

stress. SI (supplementary irrigation) and RF (rainfed) indicate the water treatments. SWC is soil 

water content in the root zone, CC is canopy cover, B is dry aboveground biomass, Y  is the grain 

yield and Yr is year. 

Fertilizer application is given in % of the recommended dose, according to EARO (2002). 

Yr Location 
Sowing 

date 

Fertilizer 

application 

Water 

treatment 

Observed 

relative 

biomass  

(%) 

Observed parameters 

used to assess the 

simulation 

SWC CC B Y 

Calibration 

2010 Dejen Jul-27 None SI 66 x x x x 

Validation 

2008 Dejen Jul-25 None 
SI 76 x x x x 

RF 24 x x x x 

2008 Dejen Jul-25 50% 
SI 92 x x x x 

RF 41 x x x x 

2009 Dejen Aug-3 None 
SI 71 x x x x 

RF 34 x x x x 

2009 Dejen Aug-3 50% 
SI 86 x x x x 

RF 53 x x x x 

2010 Dejen Jul-27 None RF 31 x x x x 

2010 Dejen Jul-27 50% 
SI 79 x x x x 

RF 37 x x x x 

2009 Maiquiha Jul-31 None 
SI 56 x x x x 

RF 37 x x x x 

2009 Maiquiha Jul-31 50% 
SI 70 x x x x 

RF 49 x x x x 
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5.3.4. Validation for soil fertility 

Model validation is performed to verify if the simulations could reach an acceptable 

output compared to the observations using independent data sets (data sets which were 

not used for calibration process). The calibrated crop response to soil fertility stress was 

considered to validate AquaCrop for soil fertility. In the validation process, AquaCrop 

was run by considering the observed relative biomass of 15 data sets (Table 5.2) that 

comprises three years of field experiments in two sites with two soil fertility levels (T1 

and T2) and two soil water regimes (SI and RF conditions). For the validation, the 

relative biomass for each field was selected in the field management menu of the model 

without any adjustment of the calibrated crop file.  

5.3.5. Evaluation of the simulations 

The performance of model simulation to soil fertility stress was evaluated by comparing 

the simulated SWC, CC, B and yield (Y) with the observed data from the fields. The 

goodness-of-fit statistics used for this purpose were the coefficient of determination 

(R²), the root mean squared error (RMSE) (Loague and Green, 1991), the Nash-Sutcliffe 

efficiency (EF, Nash-Sutcliffe, 1970) and the index of agreement (d, Willmott, 1982), as 

described in Chapter 4 (Eq. 4.9-4.12). 

5.4. Results and discussion 

5.4.1. Calibration for soil fertility 

The soil fertility stressed field used for calibration resulted in a reduction of the canopy 

growth coefficient (CGC) by 15%, the maximum canopy cover (CCx) by 19% and the 

normalized water productivity (WP*) by 19% (Table 5.3).  

Table 5.3: Effect of soil fertility stress on crop parameters of tef after calibration. 

Crop parameters 
Without soil 

fertility stress 

With soil 

fertility stress 

% 

reduction 

Maximum canopy cover 81% 66% 19% 

Canopy growth coefficient 14.6% day-1 12.4% day-1 15% 

Average canopy cover decline none 0.78% day-1 _ 

Water productivity (WP*) 14 g m-2 11.3 g m-2 19% 

 

With these stress effects, AquaCrop was able to simulate well CC (Fig. 5.4(a)) and 

SWC (Fig. 5.4(b)) as revealed by an adequate goodness-of-fit (Table 5.4). The good 

agreement between simulations and observations in these parameters indicated a 

satisfactory estimation of crop evapotranspiration, which in turn allowed to simulate the 
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B (Fig. 5.5) and final Y with adequate precision (Table 5.4). The biomass in the stressed 

field was reduced by 34%. The slope of the correlation line between the simulated and 

observed B throughout the season was almost parallel to the 1:1 plot (Fig. 5.6), which 

verifies the accuracy of the model to simulate the biomass production of tef when 

affected by soil fertility stress. 

 

  

Figure 5.4: Observed (symbols) and simulated (lines) (a) canopy cover and (b) soil water content 

in the root zone for soil fertility stressed field used for calibration. The vertical bars indicate ± 

standard deviation (n=3). FC is field capacity, PWP is permanent wilting point. 

 

Figure 5.5: Observed (squares) and simulated 

(line) dry aboveground biomass in soil 

fertility stressed field used for calibration. 

 

Figure 5.6: Regression between observed and 

simulated dry aboveground biomass used for the 

calibration. 
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Table 5.4: Goodness-of-fit analysis for model performance during calibration and validation of 

AquaCrop for soil fertility stress.  

Parameters used to 

assess the 

simulations 

Statistical parameters 
Number of 

observations R2 [-] EF [-] d [-] RMSE 

Calibration 

SWC 0.75 0.74 0.93 8 mm 15 

CC 0.97 0.94 0.98 5.8% 12 

B 0.96 0.94 0.98 0.4 t ha-1 8 

Validation 

SWC 0.90 0.90 0.97 15 mm 167 

CC 0.97 0.97 0.99 7.9% 126 

B 0.88 0.86 0.96 0.6 t ha-1 88 

B at harvest 0.77 0.71 0.90 0.9 t ha-1 15 

Y 0.85 0.84 0.99 0.2 t ha-1 15 

SWC is soil water content, CC is canopy cover, B is dry aboveground biomass, which includes the 

intermediate and final biomass at harvest, and Y is grain yield. R2 is coefficient of determination, 

EF is Nash–Sutcliffe model efficiency coefficient, d is index of agreement, RMSE is root mean 

square error (all values are averaged over different fields and for the time series of SWC, CC and 

B). 

5.4.2. Simulation for the combination of soil fertility and soil water 

stresses for validation experiments 

5.4.2.1. Soil water balance 

The simulated SWC in the root zone plotted in Figure 5.7(a, b and c) was in line with 

the observations. The statistical analysis resulted in R2 of 0.90, EF of 0.90 and d of 0.97 

and a relative small RMSE. This goodness-of-fit is reflected by the regression line 

between the observations (n=167) and simulations in the 1:1 plot (Fig 5.7(d)), indicating 

that the calibrated model for soil fertility was satisfactory in estimating the daily soil 

water balance that includes all the incoming and outgoing water fluxes and changes of 

soil water content in the root zone. In some of the observed SWC of RF treatments (Fig. 

5.7(a) and (b)) disparities exist between the simulations and observations at or after 60 

days after planting. This can be linked with the fact that towards the end of the rainy 

season the soil profile becomes very dry, which makes soil sampling by auger until the 

required depth very difficult. The collected surface samples were possibly drier than the 

lower part of the profile. The fast drop of SWC seen in both simulated and observed RF 

treatments (Fig. 5.7(a, b and c)) was due to the early cessation of the rainfall during the 

cropping season. The soils in the RF treatment dried out earlier compared to the FI soils. 

In 2008, some difference in the soil physical characteristics in Dejen was observed 
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between the RF and SI fields (data not shown). This did not influence the simulation 

results, thanks to a good description of the soil physical data in AquaCrop and the 

planning of irrigation based on the soil water balance adapted to the local soil 

conditions.  

 

  

 
 

Figure 5.7: Observed (symbols) and simulated (lines) soil water content in the root zone for 

rainfed (filled diamonds, full line) and supplementary irrigated tef (open diamonds, dotted line) 

under various field experiments: (a) Dejen (2009, T1), (b) Maiquiha (2009, T2), (c) Dejen (2010, 

T2) and (d) Regression between the simulated and observed soil water content measured 

throughout the entire growing period for all validation field experiments. The vertical bars 

indicate ± standard deviation (n=3).  

5.4.2.2. Crop development 

The observed maximum canopy cover (CCx = 81%) measured from non-fertility and 

non-water stress fields (reference field) was used in the crop file for all the simulations. 

Examples of the simulated green canopy cover for the two soil fertility levels (T1 and 

T2) recorded in three years and at different locations under RF and SI conditions 

matched very well with the observations (Fig. 5.8(a) and (b)). The adequate statistical 

analysis for all validated treatments (Table 5.4) and the good correlation between the 

simulated and observed values in the 1:1 plot (Fig. 5.9(a)) showed the model’s 
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capability to successfully simulate the canopy development of tef under various soil 

fertility stress conditions in Tigray. Moreover, the effect of soil fertility stress on canopy 

development in a well watered field is well described when compared to the optimal 

agronomic conditions (no fertility and no water stress condition) (Fig. 5.9(b)). 

 

  

Figure 5.8: Observed (symbols) and simulated (lines) canopy cover for fully irrigated (open 

circles and dotted line)) and rainfed tef (filled circles and full lines)) under fertility stress 

conditions for various field experiments: (a) Maiquiha (2009, T1); (b) Dejen (2010, T2). The 

vertical bars indicate ± standard deviation (n=3). 

 

  

Figure 5.9: (a) Relation between simulated and observed canopy cover measured throughout the 

entire growing season for all validation field experiments. (b) Comparison between canopy cover 

under optimal agronomic conditions (dotted line (simulated), open circles (observed)) and on 

fields with soil fertility stress (full line (simulated), filled circles (observed)) (Dejen 2010). The 

vertical bars indicate ± standard deviation (n=3). 

 

Comparison between the predicted and observed canopy cover for all the field 

experiments used for validation is presented in Table 5.5. The deviation between the 

simulations and observations in T1 under fully irrigated and rainfed conditions were 

nearly 6% and 3% respectively. The deviation declined to 2% and 0% respectively for 

the corresponding water regimes in T2. This indicates that the CC development under 
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different water and fertility levels was well simulated by the model. Table 5.5 also 

shows the combined effect of both water and soil fertility stress on canopy development. 

 

Table 5.5: Comparison between observed and simulated maximum canopy cover (CCx) and the 

reduction of canopy cover (%) due to soil fertility stress in the validation field experiments. 

Year Site 
Soil fertility 

level  

Observed 

CCx in 

reference 

field (%) 

Observed 

CCx  

(%) 

Observed 

reduction  

(%) 

Predicted 

CCx 

(%) 

Predicted 

reduction 

(%) 

Experiments used for validation Supplementary irrigation 

2008 Dejen T1  81 75.3 7.1 67.9 16.2 

2009 Dejen T1 81 63.5 21.6 64.1 20.9 

2009 Maiquiha T1 81 61.1 24.6 54.5 32.7 

Average 81 66.6 17.8 62.2 23.3 

   Rainfed 

2008 Dejen T1  81 68.4 15.6 67.6 16.5 

2009 Dejen T1 81 55.3 31.7 61.4 24.2 

2010 Dejen T1 81 60.1 25.8 60.7 25.1 

2009 Maiquiha T1 81 50.6 37.6 52.5 35.2 

Average 81 59 28 61 25 

   Supplementary irrigation 

2008 Dejen T2  81 79.2 2.2 75.8 6.4 

2009 Dejen T2 81 72.7 10.3 73.1 9.8 

2010 Dejen T2 81 72.7 10.3 69.7 14.0 

2009 Maiquiha T2 81 64.3 20.7 63.9 21.1 

Average 81 72.2 10.8 70.6 12.8 

   Rainfed 

2008 Dejen T2  81 78.5 3.12 75.5 6.79 

2009 Dejen T2 81 68.2 15.75 70.5 12.96 

2010 Dejen T2 81 72.1 10.96 68.6 15.31 

2009 Maiquiha T2 81 56.6 30.07 61.4 24.20 

Average 81 68.9 15.0 69.0 14.81 
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5.4.2.3. Biomass and yield 

Figures 5.10(a, b and c) are examples of the simulations for dry aboveground biomass in 

various field experiments used for validation. The simulated B agreed well with the 

observations resulting in satisfactory statistical results (R2=0.88, EF=0.86, d=0.96 and a 

relatively small RMSE), notwithstanding that under SI condition, an overestimated 

simulated B (Fig. 5.10(a)) and an outlying observed B (Fig. 5.10(b)) were found at the 

end of the growing seasons. Although the possible loss of dried leaves and twigs 

between harvest and the determination of B could reduce the observed B, the higher 

observed B in 2008 in Dejen (Fig. 5.10(b)) could be partly explained by a CCx of 

almost 100% in that particular year, which resulted in a high B at harvest. Nevertheless, 

the plotted observed and simulated B graphs (Fig. 5.10 (a, b and c) and the statistical 

analysis (Table 5.4) reflect that B was well simulated by the model, which was also 

confirmed by the good correlation line (Fig. 5.10(d)). 

 

 
 

  

Figure 5.10: Observed (symbols) and simulated (lines) dry aboveground biomass for 

supplementary irrigated (open squares, dotted line) and rainfed tef (filled squares, full line) for 

different field experiments: (a) Maiquiha (2009, T1), (b) Dejen (2008, T1), (c) Dejen (2010, T2); 

and (d) Relation between simulated and observed dry aboveground biomass measured throughout 

the entire growing period for all validation field experiments. The vertical bars indicate ± 

standard deviation (n=3). 
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Following the good estimation of the final B (Fig. 11(a)), AquaCrop was also able to 

simulate yield (Fig. 11(b)) with satisfactory goodness-of-fit parameters (Table 5.4). The 

simulated and observed values are very close to the 1:1 line, indicating an appropriate 

calibration of the model for biomass production under various soil fertility conditions. 

 

  

Figure 5.11: Relation between simulated and observed (a) final dry aboveground biomass and (b) 

grain yield for all validation field experiments under various soil fertility stress conditions. The 

vertical bars indicate ± standard deviation (n=3). 

 

Compared to the reference field, T1 and T2 in well watered fields resulted in a reduction 

of the observed final B by 31% and 17% respectively. A similar reduction of 27% and 

16% respectively was simulated by the model. Soil fertility stress indeed results in 

reduced canopy development and hence limited transpiration. Since B is a function of 

crop transpiration and water productivity, the limited crop transpiration obviously 

reduces the biomass production and in the end also the final Y. This suggests that an 

optimal soil fertility level improves the productive water consumption (transpiration) by 

reducing the unproductive water losses (soil evaporation) due to a better CC 

development. This is in line with the suggestion of Cooper et al. (1987) who reported 

that improved soil fertility by application of fertilizers allows for rapid growth of the 

canopy that shades the soil surface and as a result enhances water use efficiency 

(WUE). Similarly, Stewart (2001) mentioned that balanced soil fertility assists the crop 

to produce roots that exploit a large soil volume for water and nutrients and as a result 

influences WUE.  
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5.5. Conclusion 

Soil fertility stress hampers crop development as a result of a slower canopy expansion, 

a reduced maximum canopy cover (CC) and relatively fast decline of the canopy cover 

during the season. This limits crop transpiration, because canopy cover determines the 

amount of water to be transpired. Moreover, soil fertility stress is also found to have a 

negative effect on biomass water productivity (WP*). The limited canopy development 

in combination with the reduction in biomass water productivity results in less biomass 

production and as a consequence in a drop in the marketable grain yield (Y).  

 

This study showed the ability of the AquaCrop model to accurately simulate the soil 

water content, canopy development, dry aboveground biomass and grain yield of tef at 

field scale under different soil fertility levels. The effect of the different soil fertility 

levels on biomass production was well simulated for different water management 

conditions (rainfed and supplementary irrigation) and various climatic and soil 

conditions. Overall, the simulated final B at harvest showed a satisfactory correlation 

with the measured values, with R2 of 0.77, EF of 0.71, d of 0.90 and with a small 

RMSE. Correspondingly the simulated grain yield adequately fitted the observations 

(R2=0.85, EF=0.84 and d=0.99 and a small RMSE). In general the simulated results 

suggest that AquaCrop, that puts emphasis on water stress, can also provide good 

indicative values for biomass and grain yield of tef when it is affected by soil fertility, 

or soil fertility stress in combination with water stresses. Moreover the model can be 

used as a tool to develop fertility management strategies for the environmental 

conditions in Tigray, Ethiopia. 

 

The calculation procedure for AquaCrop should be further developed so that the canopy 

cover, biomass and consequently yield as a result of soil fertility stress can be simulated 

from specified amount of nutrients applied. 
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Chapter 6: Management strategies to improve the 

productivity of tef in Tigray determined by AquaCrop. 

6.1. Introduction 

A simulation model is a set of mathematical equations that represents part of the real 

physical system (Raes et al., 2007). It has to be well calibrated with well defined field 

experiments and validated under widely differing environmental conditions. Scenarios 

can be simulated to test the expected risk and to provide alternative management 

decisions. Accordingly, the calibrated and validated AquaCrop model to water stress 

(Chapter 4) and soil fertility stress (Chapter 5) was used to test different field 

management practices that can improve the productivity of tef. The management 

strategies developed for tef under the local climatic and soil conditions of Tigray were: 

soil fertility management, optimal sowing date and deficit irrigation.  

6.2. Materials and methods 

6.2.1. Study sites and climatic data 

To test the aforementioned strategies, four sites (Table 6.1) have been selected based on 

the availability of long series of daily rainfall data (1992-2010) obtained from Mekelle 

Meteorological Service Agency. Mean monthly maximum and minimum temperature 

and reference evapotranspiration (ETo) were obtained from the software New_Loclim 

(FAO, 2005) that provides estimates of average climatic conditions by spatial 

interpolation of climatic data of surrounding stations. The daily rainfall, the mean 

monthly temperature and ETo data were used to create climate files in AquaCrop for the 

four selected sites in Tigray.  
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Table 6.1: Characteristics of the selected meteorological stations and climatic data used in the 

study. 

Stations Zone 
Coordinates 

(altitude) 

Record 

years 

Mean 

Rainfall 

(mm) Tmax 

(°C) 

Tmin 

(°C) 

ETo 

(mm d-1) 
Jan-Dec Aug-Nov 

Axum central 
14°08'N - 38°42'E 

(2251 m) 
1992-2010 740 320 27 11 4.1 

Mekelle South 
13°28'N - 39°31'E 

(2257 m) 
1992-2010 520 273 25 10 4.1 

Wukro East 
13°47'N - 39°35'E 

(1990 m) 
1992-2010 573 264 25 10 4.0 

Hawzen East 
13°58'N - 39°25'E 

(2236 m) 
1992-2010 531 235 24 8 4.0 

Mean 591 273 25 10 4.1 

Tmax and Tmin are maximum and minimum temperatures respectively. ETo is reference 

evapotranspiration. 

6.2.2. Soil and crop data  

Three typical soil types (clay loam, sandy loam and silty clay), which have been used in 

the field experiment were used to simulate the three management strategies. The 

physical characteristics of the soils in Table 6.2 were obtained from pedotransfer 

functions (Saxton and Rawls, 2006) by considering the textural class or the mass 

proportion of the soil particles (sand, silt and clay). By comparing the simulated and 

observed soil water content in the field experiments, the validity of the derived soil 

physical characteristics (Table 6.2) could be confirmed. 

 

The initial soil water content in the top soil of the three soil types was set at wilting 

point and all simulation started on the 1st of May, which is at the end of the long dry 

season. The calibrated and validated crop file for water stress (Chapter 4) and for soil 

fertility stress (Chapter 5) was used for all the simulations. 
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Table 6.2: Soil water retention and corresponding total available water for the three soil types 

used in the study. 

Soil type 
Thickness 

(m) 

Soil water 

retention at FC 

(V %) 

Soil water 

retention at PWP 

(V %) 

Total available water 

(mm m-1 soil depth) 

Clay loam 0-0.20 36.6 20 166 

 0.20-0.40 36.6 20 166 

 0.40-0.60 36.6 20 166 

 Mean 36.6 20 166 

Sandy loam 0-0.20 27 9.1 179 

 0.20-0.40 25 12.6 124 

 0.40-0.60 22 12 100 

 Mean 24.7 11.2 134.3 

Silty clay 0-0.1 34.6 21.8 128 

 0.1-0.30 35.5 23.3 122 

 0.30-0.60 36.1 24.1 120 

 Mean 35.4 23.1 123.3 

FC is field capacity, PWP is permanent wilting point. 

 

6.3. Field Management 

6.3.1. Strategy 1: Soil fertility  

There is no doubt that nutrient supply either from organic and inorganic sources is 

strongly needed in Tigray since the soils are poor in fertility due to the different reasons 

explained in Chapter 2. The use of organic nutrient sources remains limited as crop 

residues and animal manures are primarily used for animal feed and fuel rather than for 

improving soil fertility. On the other hand, fertilizer costs are high for the farmers. The 

objective of this strategy was to test the response of tef to different soil fertility levels 

for the current climatic conditions in Tigray using AquaCrop model. The results could 

be used to formulate guidelines for optimal fertilizer use or optimal soil fertility 

management in the region. 

 

To assess strategy 1, Aquacrop allows the user to specify different management options 

with regard to irrigation and field management. One of the field management options 

includes soil fertility, by which the specified soil fertility levels used in the simulation 

can be selected. 
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All the predetermined soil fertility stress levels (unlimited, near optimal, moderate, 

about half, poor and very poor) as defined in Chapter 5 were used to simulate yield 

under this strategy. Those fertility categories are expected to produce of 100%, 80%, 60 

%, 50%, 40% and 25% biomass if no water stress is encountered during the season.  

 

The four stations considered in this strategy contained 19 years of climatic data (1992-

2010) to simulate the response for the six selected soil fertility levels and three soil 

types under rainfed conditions. A total of 1358 simulations were required only for this 

strategy. This was simulated by using the multiple run option in AquaCrop for 

successive years. For all the simulations the 1st of August was taken as the start of the 

growing cycle, which is the common sowing date of the farmers.  

6.3.2. Strategy 2: Optimal timing for sowing 

Farmers in Tigray and in the country in general sow crops based on their long term 

experience as there are no scientifically based or definite criteria developed to determine 

the optimal sowing dates. This could be because of the diverse climatic conditions, soil 

type, crop variety and unpredictable onset of the rainy season. As a common practice tef 

in the region is sown between the end of July to the early weeks of August, which is 

almost one month after the start of the main rainy season (beginning of July) in the 

region. Farmers justified the late sowing:  

(i) to avoid risk of seed loss at the start of the rainy season as a consequence 

of dry spells that could easily kill the short rooted seedlings; 

(ii) to prevent insect attack especially tef shoot fly (Hylemya arambourgi); 

which is favored by a small shower of rainfall followed by a dry spell. The 

insect attacks the active young shoots of the crop and the damage is severe 

at the seedling stage;  

(iii) to prevent lodging. The apprehension is that if tef is sown early, it might 

be lodged for long period especially under favorable growing conditions; 

and 

(iv) to control weeds. The weeds are allowed to germinate earlier than the crop 

and are re-ploughed when tef is sown in August. 

 

The analysis of the long term weather data in the region showed that although the onset 

of the rainfall is uncertain, it concentrates in July and August and ends in the 1st or the 

2nd week of September (Chapter 2, Figure 2.2 and Fig.2.6). This implies that when the 

crop is sown between late July and early August, as is the practice of the farmers 

(referred to as late sowing), it will face water stress around flowering (about 50-55 days 

after sowing, when the maximum canopy cover is reached as described in Chapter 4, 
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Table 4.4). This will result in low yield or failure of yield. Water stress during flowering 

or yield formation reduces the yield of most crops. The yields will be lower than when 

the water deficit occurs during the vegetative and ripening stage (Allen et al., 1998). 

Thus, good timing of planting dates is uppermost important for crop production in 

rainfed agriculture, especially in semi-arid regions where the rainy season can start with 

light showers followed by dry spells (Raes et al., 2004). In support of this, De Pauw 

(1989) reported that the concept of growing period is important to identify the optimal 

cropping period in tropical and subtropical areas, where water inadequacy is a 

significant constraint to crop production. The objective of this strategy was therefore to 

investigate the possible optimal planting dates for tef and evaluate the expected yield 

increase by early sowing.  

 

Different criteria have been used in various parts of the world to determine planting 

dates (onset of the growing period). As described by Raes et al. (2004) in Zimbabwe for 

instance the Agricultural Research and Extension (AREX) criterion uses 25 mm of 

rainfall in 7 days, while the Meteorological (MET) service criterion uses 40 mm of 

rainfall in 15 days to determining planting dates. Later, the authors recommended a 

DEPTH criterion that considers a cumulative rainfall depth of 40 mm that will bring the 

top 0.25 m of the soil profile to field capacity during a maximum of four successive 

days. The method is characterized by field inspection (digging 0.25 m deep test holes 

just a day after a rain event and checking the soil wetting) often used by farmers to 

determine if weather conditions are favorable for planting. In Kenya, the DEPTH 

criterion was found to be comparable to the used criterion of root zone depletion equal 

to readily available water (RAW) in four days. As such, the DEPTH criterion was 

recommended as operational for determining planting dates (Mugalavai et al., 2008). 

On the other hand, FAO (1978) described the start of the growing season as the date 

when the rainfall exceeds half of the potential evapotranspiration.  

 

In this study the DEPTH criterion as explained by Raes et al. (2004) was used. The start 

of the search window was on the 1st of July. To ensure that the top soil reached field 

capacity, the rainfall criteria was set at 40 mm rainfall in four days. This will guarantee 

crop germination and enable it to survive during its establishment stage. To reduce the 

risk of a false start of the rainy season that can kill the young seedlings, the second 

occurrence of the 40 mm rainfall after the 1st of July was selected as the onset for all the 

sites. In total, 1368 simulations were run by creating a multiple project to evaluate the 

possible optimal sowing dates for the four sites, for six soil fertility stress levels and for 

the three soil types. 
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6.3.3. Strategy 3: Deficit irrigation 

The third strategy evaluated by AquaCrop model was deficit irrigation (DI) where 

additional irrigation water was only applied once during the critical growth stage (at or 

around flowering) to the rainfed crop. DI is an optimization strategy in which irrigation 

is applied during drought sensitive growth stages of a crop. Since the water is restricted 

outside the drought sensitive phenological growth stages, the total irrigation is not 

proportional to the irrigation requirements throughout the crop cycle (Geerts and Raes, 

2009). 

 

For tef the average rainfall during the growing season in the selected areas (taking 1st 

August as the start of its growing season) was 273 mm (Table 6.1), which is far too little 

when compared with the crop water requirement. By considering the average reference 

evapotranspiration of the selected sites (4.1 mm per day) as indicated in Table 6.1, and 

the Kc value of tef (1.1, as used in the calibration and validation of AquaCrop for water 

and fertility stress in Chapter 4 and 5), the crop water demand or crop 

evapotranspiration of tef would be 4.5 mm day-1. As the cropping cycle of tef is about 

100 days the total crop water requirement would be 450 mm based on the equation for 

crop water requirement (ETc=ETo x Kc) explained by Allen et al. (1998). This implies 

that additional water supply is required to meet the water demand of the crop. The 

objective of this strategy was therefore to assess the impact of the additional irrigation 

water and to evaluate the expected yield increase. Considering the limited capacity of 

most smallholder farmers for rainwater harvesting, a single application dose of 45 mm 

of water was assumed to be applied around the flowering period. This phenological 

growth period was selected since in most years the crop starts to experience water stress 

due to the cessation of rainfall (confirmed when conducting the experiments). The 45 

mm corresponds with the volume of about 450 m3 of water, which can be collected in 

the small ponds by collecting surface runoff resulting from excess rainwater in July to 

August. The assumption was that the water can be used to irrigate a collection of small 

farm plots, which total acreage is about one hectare. Other factors that affect the yield 

like the soil fertility level were considered ideal (unlimited). A single project was 

created for each site and a total of 456 simulations were run with the validated 

AquaCrop model by applying 45 mm of water at different dates for both early and late 

sown tef.  
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6.4. Evaluation of the proposed strategies 

The simulated values for all the strategies were evaluated by making a distinction 

between failure years with very low or no yield at all and non-failure years. If the 

simulated yield was less than 0.3 t (300 kg) per hectare, it was categorized as a failure 

year. The non-failure yields were classified as low for the yield between 0.3 to 0.65 t 

(300 to 650 kg) per hectare, as medium for the yield between 0.65 to 1.0 t (650 to 1000 

kg) per hectare and as high for the yield exceeding 1.0 t (1000 kg) per hectare.  

6.5. Results and discussion 

6.5.1. Evaluation of soil fertility strategy 

6.5.1.1. Results 

All the simulations in this strategy were under rainfed condition, where the 1st of August 

was used as the start of the growing cycle (late sowing). The simulated values revealed 

variations in crop response not only to different soil fertility levels but also to the soil 

types and locations considered. The occurrence of failure years in Axum for instance 

was nihil in all soil fertility levels except in very poor soil fertility in the clay loam soil  

In sandy loam soil on the other hand, minimal occurrence of failure years was found for 

moderate and half soil fertility levels (Fig. 6.1(a)). In non-failure years, the yield levels 

in Axum were generally higher on all soil types than in the other locations (Table 6.3).  
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Figure 6.1: Probability (%) of failure year for late sowing of tef for various soil types and soil 

fertility levels in the selected stations in Tigray: (a) Axum, (b) Mekelle, (c) Wukro and (d) 

Hawzen. 
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Table 6.3: Probability (%) of failure year (F) and low (L), medium (M) and high (H) yield in non-

failure years for late sowing of tef for various soil types and soil fertility levels in the selected 

stations in Tigray. 

Site 
Soil fertility 

level 

Probability (%) 

Clay loam Sandy loam Silty clay 

 

F 

Non-failure F Non-failure F Non-failure 

L M H  L M H  L M H 

Axum 

unlimited 0 31 31 38 13 43 21 36 19 46 15 38 

near optimal 0 31 38 31 13 43 21 36 19 38 38 23 

moderate 0 31 44 25 6 47 33 20 19 46 38 15 

half 0 31 63 6 6 47 47 7 19 54 46 0 

poor 0 69 31 0 19 62 38 0 19 77 23 0 

very poor 13 100 0 0 25 100 0 0 31 100 0 0 

Mekelle 

unlimited 6 87 13 0 56 100 0 0 69 100 0 0 

near optimal 13 86 14 0 63 100 0 0 69 100 0 0 

moderate 0 94 6 0 56 100 0 0 69 100 0 0 

half 0 100 0 0 31 100 0 0 63 100 0 0 

poor 25 100 0 0 50 100 0 0 69 100 0 0 

very poor 25 100 0 0 50 100 0 0 81 100 0 0 

Wukro 

unlimited 29 92 8 0 53 100 0 0 71 100 0 0 

near optimal 29 92 8 0 53 100 0 0 71 100 0 0 

moderate 29 92 8 0 53 100 0 0 71 100 0 0 

half 29 83 17 0 59 100 0 0 71 100 0 0 

poor 35 100 0 0 71 100 0 0 76 100 0 0 

very poor 41 100 0 0 71 100 0 0 76 100 0 0 

Hawzen 

unlimited 27 100 0 0 47 100 0 0 67 100 0 0 

near optimal 27 100 0 0 47 100 0 0 67 100 0 0 

moderate 27 100 0 0 40 100 0 0 67 100 0 0 

half 33 100 0 0 33 100 0 0 67 100 0 0 

poor 47 100 0 0 60 100 0 0 73 100 0 0 

very poor 87 100 0 0 93 100 0 0 100 0 0 0 
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The response of the crop to the various soil fertility levels in the other three sites 

(Mekelle, Wukro and Hawzen) also differed (Table 6.3). The probability of failure years 

in clay loam soil was less in Mekelle (Fig. 6.1(b)) when compared with the two other 

sites (Fig 6.1(c) and 6.1(d)). Irrespective of the fertility levels, the average rate of the 

failure years for clay loam soil in Wukro and Hawzen was 1 out of 3 years (except for 

very poor soil fertility in Hawzen). The proportion of the failure years was at least 1 out 

of 3 years to almost every year for all soil fertility levels in sandy loam and silty clay 

soils in the three locations (Table 6.3). Surprisingly, there was no medium and high 

yield possible in these soil types (sandy loam and silty clay) and locations. A rather 

small proportion (6% to 14% in Mekelle and 8% in Wukro) of the yield was found as 

medium in the clay loam soil with unlimited, near optimal and moderate fertility levels. 

17% medium yield was also recorded in Wukro for the half fertility level. In non-failure 

years only low yield could be obtained in sandy loam and silty clay soils (Table 6.3). 

6.5.1.2. Discussion 

The large variation between the locations both in the occurrence of the failure years and 

yield levels in non-failure years could be attributed to the differences in the amount and 

distribution of rainfall during the main rainy season. The crop benefits from relatively 

high rainfall in Axum and partly in Mekelle. This allows the crop to extract the nutrients 

from the soil and use the stored water for the later growth stage (reproductive stage), 

and allows the crop to extend its growing season when the rainfall stops. This is in line 

with the research study by Araya et al. (2010b) who reported a shorter length of the 

growing period (60-79 days) in the northeast of Tigray (where Wukro and Hawzen are 

located) compared to the southwest of Tigray (80-100 days). Probably, this is the reason 

why tef is cultivated mostly in the central and southern part of Tigray where Axum and 

Mekelle are located. The Central Statistics Agency of Ethiopia (CSA) (1992-2010) 

reported that in the last decade the total area covered by tef was 35% and 32% in the 

central and southern Tigray and only 5% in the eastern part of the region.  

 

The ability of the soil to hold the available water also plays a great role in the response 

of the crop. The probability of the failure years was less frequent in clay loam soils 

subjected to different soil fertility levels than the other two soil types. This is due to the 

relatively high total available water in the clay loam soil when compared to the other 

two soil types (Table 6.2). The total available water determines the amount of water that 

a crop can extract from the soil and can be used by the crop to develop biomass and 

yield. It determines as well the amount of water that can be stored in the soil for later 

use when the rainfall ceases. 
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The response of the crop to the highest soil fertility levels (such as unlimited, near 

optimal and moderate) was in all the selected locations generally lower than expected. 

The proportion of high yields was low (15 to 38%). This can be explained in two ways:  

(i) High soil fertility level will result in a strong development of canopy 

cover due to vigorous vegetative growth and will allow the plant to 

transpire more because crops with a well developed canopy take up 

more nutrients than crops under low input conditions. As transpiration 

is based on the canopy development of the plant, which in turn depends 

on the availability of soil moisture, the plant will have difficulty to 

survive due to its higher water demand in its later growth stage 

(reproductive stage) when rainfall ceases. The water stress simulated at 

this growing stage resulted in low yields. The simulation results are in 

line with a study of Passioura (2006) who mentioned that excess of 

nutrients like nitrogen in the vegetative phase may result in a vigorous 

crop that sets a large number of seeds, but that depletes the soil water 

too fast before flowering, which does not allow the crop to fill the 

seeds. Similarly, Debaeke and Aboudrare (2004) call for evaluation of 

any measure that increases crop transpiration early in the season and 

poses the risk of depleting soil water reserves too fast, thereby causing 

water shortages later in the season. 

(ii) In case if the crop could survive in the reproductive growing stage, the 

plant would be lodged easily due to weak stem and high vegetative parts 

when the grains start to mature and thereby reducing the yield. It was 

reported that tef is susceptible to lodging as a result of more ample 

nutrient supply especially nitrogen. Lodging causes a yield loss of more 

than 20% (Gebre et al., 2009).  

 

The effect of lodging cannot be simulated by AquaCrop. Hence the predicted results 

from high soil fertility levels in Axum especially on the clay loam soils shows only the 

possibility to get very high yield if the problem of lodging can be solved. 

 

The response of the crop to poor and very poor soil fertility levels resulted in high yield 

failure due to the fact that limited soil fertility restricts the growth of the crop. Nutrient 

poor soils are among the non-water factors that limit crop growth in rainfed agriculture 

(Stoorvogel and Smaling, 1990). This suggests the need of nutrient supply to the soils to 

improve the productivity of the crop. The result coincides with different research reports 

that mentioned the importance of improving the fertility status of the soils in Tigray and 

Ethiopia in general as the soils are generally poor. The land of Ethiopia is exposed to 
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extreme soil erosion and degradation as a result of extreme exhaustion of nutrients, 

degradation of the soils due to several centuries of continuous cultivation (particularly 

in the highlands), little to no external inputs and very low level of soil management 

(FAO, 1999). 

 

However the range at which the soil fertility should be maintained in Tigray especially 

by using inorganic fertilizers needs special consideration, since simulation results show 

that the crop response to the different fertility levels varies depending on the water 

holding capacity of the soils and the rainfall conditions of the specific sites. The 

observed results for Axum showed that it might not be necessary to maintain unlimited 

soil fertility, but it should be monitored not to be less than the crop’s ability to produce 

at least about 40% of biomass production (poor soil fertility stress). This yield is 

actually low but is stable as the probability of failure years in these conditions was once 

every 5 years in silty clay and sandy loam and nihil in clay loam soils. Such yields could 

be preferred by poor smallholder farmers, not only as it requires minimal fertilizer input 

but also since it is reliable. Only in a few years, more production is possible but at the 

required high expense of fertilizer use. On the other hand, the simulated results in 

Mekelle, Wukro and Hawzen suggest that soil water availability should primarly be 

secured before putting much effort to maintain soil fertility, because the probability of 

the failure years are unacceptably high and the non-failure yield levels are low 

regardless of the soil fertility levels, especially in sandy loam and silty clay soils. 

Extremely low level of investment in fertilizers, in improved crop varieties and pest 

management is not an uncommon practice in drought-prone areas (Rockström et al., 

2003). The authors emphasized that water should be the primary condition to be 

considered in water deficit areas before implementing other agronomic practices to 

improve crop production. 

 

Considering the limited production potential in the short rainy season, applying 

nutrients so that half of the biomass can be produced can be regarded as the best 

strategy in the region. As such the crop can grow slowly with the given soil water level 

and produce moderate and reliable yield. This corresponds with the findings in Chapter 

3 where the half rate fertilizer application achieved a higher agronomic and recovery 

use efficiency than the full dose, although the categorized half biomass level in 

AquaCrop does not necessarily correspond with half of the fertilizer application. It also 

seems to correspond to the farmers’ practice in Tigray and in Ethiopia in general, where 

farmers often do not follow the recommended fertilizer application but adopt soil 

fertility management practices they can afford (in most cases around half of the 
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recommended rate), which still allows them to produce reasonable and stable yields. 

The majority of Ethiopian farmers are indeed unable to purchase and use inputs like 

fertilizers because of their high price, lack of knowledge about the fertilizers and 

insufficient availability (FAO, 1999). 

 

The simulation results of soil fertility strategy provided indicative values of the potential 

crop production that can be achieved in response to various levels of soil fertility under 

the given climatic and soil conditions in Tigray. The findings of this research can 

function as guidelines to assist decision makers and stress the need to integrate soil 

nutrient and water management practices for crop production including tef.  

6.5.2. Evaluation of sowing date strategy 

6.5.2.1. Results 

For all four stations the onset of the cropping cycle of tef was determined by the second 

occurrence of a relevant rainfall period (40 mm in 4 days) after the 1st of July (referred 

to as early sowing). The generated sowing dates fall as early as 9th of July to the latest of 

29th July (Fig. 6.2 and Table 6.4). The mean onset season for sowing ranged from 16th 

of July (in Axum) to 20th of July (in Hawzen), which implies that the cropping season of 

tef starts on average two to three weeks earlier than is practiced in the region.  

 

 

Figure 6.2: Generated sowing dates for tef determined by DEPTH criterion in the selected 

stations in Tigray. 
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Table 6.4: Late, early and average sowing dates determined by DEPTH Criterion for tef in the 

selected stations in Tigray. 

Possible onset for 

sowing  

Locations 

Axum Mekelle Wukro Hawzen 

Late possible date 29th July 26th July 27th July 28th July 

Early possible date 10th July 9th July 10th July 10th July 

Mean (1992-2010) 16th July 18th July 19th July 20th July 

 

Like the soil fertility strategy, early sowing affected the simulated yield performance of 

tef in all soil types and soil fertility levels. Early sowing resulted in a strong decrease in 

the proportion of failure years (Fig. 6.3). The incidence of failure years for the very poor 

soil fertility level declined from 1 out of 4 years to 1 out of 8 years (sandy loam), and 

from 1 out of 3 years to 1 out of 5 years (in silty clay) in Axum (Fig. 6.3(a)). The 

proportion of failure years for the same fertility level in Mekelle was reduced from 1 out 

of 4 years to 1 out of 5 years (in clay loam), from 1 out of 2 years to nihil (in sandy 

loam) and from almost every year to 1 out of 4 years in silty clay (Fig. 6.3(b)). 

Regardless of the soil fertility level in Wukro, the prevalence of yield failure years was 

lowered from 1 out of 3 years to 1 out of 9 years (in clay loam), from 1 out of 2 years to 

1 out of 5 years (in sandy loam) and from almost every year to 1 out of 2 years (in silty 

clay). Furthermore, a remarkable reduction in failure years was observed in Hawzen in 

all soil fertility levels and soil types (except very poor in silty clay) (Fig. 6.3(d)). 

 

In the non-failure years, early sown tef showed a significant increase in yield in all the 

stations (Table 6.5). In Axum for example, there was no low yield in all soil types for 

unlimited, near optimal, moderate and half soil fertility levels. Surprisingly for the poor 

soil fertility level, the probability of low yield was reduced by 64%, 39% and 43% in 

clay loam, sandy loam and silty clay respectively (Table 6.5). Similarly in Mekelle, no 

low yield was recorded for unlimited, near optimal and moderate soil fertility levels in 

clay loam. In the half and poor soil fertility levels on the other hand, early sowing 

resulted in a much lower occurrence of low yield for all soil types. Regardless of the 

soil fertility level in Wukro, the low yield dropped from 100% to a maximum of 29% in 

sandy loam and 27% in silty clay (Table 6.5). On the contrary, early sowing in Hawzen 

didn’t improve the lower yield in all soil types simulated for moderate, half and poor 

soil fertility levels. The low yield was neither improved for very poor soil fertility levels 

in all the soil types and all locations (Table 6.5).  

 

Sowing tef on average two to three weeks earlier than the late sowing (1st of August) 

improved the occurrence of moderate yield in all stations considered. With regard to 
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high yield, yields enhanced only in the three highest soil fertility levels (unlimited, near 

optimal and moderate) in Axum, Mekelle and Wukro but not in Hawzen (Table 6.5).

 

Figure 6.3: Probability (%) of failure year for early sowing of tef 

fertility levels in the selected stations in Tigray:

Hawzen. 
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only in the three highest soil fertility levels (unlimited, near 

rate) in Axum, Mekelle and Wukro but not in Hawzen (Table 6.5). 

 

early sowing of tef for various soil types and soil 

the selected stations in Tigray: (a) Axum, (b) Mekelle, (c) Wukro and (d) 
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Table 6.5: Probability (%) of failure year (F) and low (L), medium (M) and high (H) yields in 

non-failure years for early sowing of tef for various soil types and soil fertility levels in the 

selected stations in Tigray. 

 

  

Site 
Soil fertility 

levels 

Probability (%) 

Clay loam Sandy loam Silty clay 

F 

Non-failure 

F 

Non-failure 

F 

Non-failure 

L M H L M H L M H 

Axum 

unlimited 0 0 19 81 0 0 38 62 0 0 38 62 

near optimal 0 0 31 69 0 0 38 62 0 0 50 50 

moderate 0 0 56 44 0 0 50 50 0 0 50 50 

half 0 0 100 0 0 0 100 0 0 0 100 0 

poor 0 25 75 0 0 38 62 0 0 44 56 0 

very poor 13 100 0 0 13 100 0 0 19 100 0 0 

Mekelle 

unlimited 0 0 56 44 0 31 44 25 0 44 38 19 

near optimal 0 0 79 31 0 38 50 13 0 44 50 6 

moderate 0 0 94 6 0 38 56 6 0 44 50 6 

half 0 19 81 0 0 44 56 0 0 69 31 0 

poor 0 56 44 0 0 81 19 0 0 88 12 0 

very poor 19 100 0 0 0 100 0 0 25 100 0 0 

Wukro 

unlimited 12 53 27 20 18 29 57 14 20 67 25 8 

near optimal 12 53 27 20 12 40 60 0 20 58 42 0 

moderate 6 56 44 0 12 40 60 0 13 77 23 0 

half 6 69 31 0 12 73 27 0 20 75 25 0 

poor 12 80 20 0 24 77 23 0 20 91 16 0 

very poor 18 100 100 0 29 100 0 0 27 100 0 0 

Hawzen 

unlimited 7 46 54 0 7 64 36 0 13 85 15 0 

near optimal 7 38 62 0 7 78 21 0 13 100 0 0 

moderate 7 100 0 0 7 100 0 0 13 100 0 0 

half 7 100 0 0 7 100 0 0 13 100 0 0 

poor 7 100 0 0 13 100 0 0 20 100 0 0 

very poor 43 100 0 0 60 100 0 0 100 100 0 0 
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6.5.2.2. Discussion 

In Ethiopia (Tigray) food is mainly produced under rainfed agriculture. The problem 

with this type of agriculture is the yearly variation of the rainfall in its amount, 

distribution, onset and cessation, which directly affects the growing season of crops. A 

short growing season as a result of early cessation is reported as one of the major causes 

for yield reduction and crop failure in Tigray (Araya et al., 2011). As verified in this 

study, late sowing of tef is an additional factor for yield reduction or crop failure in the 

region as it shortens the growing season. The probability of failure years was much 

lower for early sowing than late sowing of tef in all the selected sites. Furthermore, 

early sowing minimized the occurrence of low yields for the benefit of more medium 

and high yields. This demonstrates that early sowing allows the crop to grow fast during 

its vegetative growth stage, use the stored water during its peak and sensitive period and 

hence improves its productivity. Some studies conducted in different parts of the 

country confirmed the yield improvement of tef by early sowing compared to late 

sowing. Juraimi et al. (2009) found that early sowing (2nd week of July) was a more 

effective strategy compared to late sowing (3rd week of July and 1st week of August) not 

only to produce more biomass as a result of longer plant height and panicle length and 

in turn higher yield, but also to control factors that cause yield loss like the noxious 

weed of tef called purple nutsedge (Cyperus rotundus L) in the central part of Ethiopia. 

According to the authors this is because the early emergence of the crop occupies the 

space and hinders the growth of weeds. Moreover, early sown tef showed higher plant 

height and panicle length than the late sown tef and suppressed the development of 

weeds.  

 

Dawit and Andnew (2005) showed the advantage of early sowing in relation to diseases. 

The authors documented that early sown (2nd week of July) tef varieties showed lower 

disease incidence (rust, Uromyces eragrostidis) and hence lower yield loss than late 

sown tef (3rd week of July and 2nd week of August). The authors emphasized that early 

sowing not only contributed to the yield advancement due to low prevalence of diseases, 

but also because it allowed the plant to stretch the period to the grain filling.  

 

The merits of early sowing in moisture limited areas are also confirmed for other crops. 

A simulation model used by Stapper and Harris (1989) estimated a decline of wheat 

grain yield by 4.2% per week when sowing was delayed until after the first of 

November in Syria. Additionally, Firbank and Watkinsson (1990) mentioned that even 

the slightest variation in emergence time could affect grain yield, either by altering the 

time available for growth or by giving earlier emerging plants a competitive advantage. 
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This was supported by Oweis et al. (2000) who reported that the date of the first 

significant rain determines the sowing date under rainfed conditions.  

 

The simulation results of this strategie showed that early sowing also affects different 

soil fertility options. Sowing tef early resulted in high yields on soils with a good water 

holding capacity (like clay loam) and minimized yield failure on all soil types (Table 

6.5). In some of the locations the low yield completely shifted to the moderate or to 

some extent high yield if good soil fertility management was combined with early 

sowing. These results imply that early sowing has an advantage in increasing crop grain 

particularly when it is employed with improved soil fertility management. When ample 

soil moisture is available, the crop will be able to cover the ground earlier as a result of 

fast vegetative growth. This reduces soil evaporation, improves the amount of water 

available to transpiration and hence improves the final yield. A research study on wheat 

demonstrated a decrease on intercepted solar radiation by delayed sowing, which 

reduces the duration of growth (Gregory and Eastham, 1995). The interception of the 

solar radiation could be related to the good coverage and development of the canopy 

(leaves) from good water and nutrient supply. Early sowing combined with very poor 

soil fertility level did not indicate any yield improvement and stresses the need for 

improved soil management practices in areas with degraded soils like in Tigray. 

 

The simulation results of early sowing indicate that planning of the optimal planting 

date is one of the agronomic practices to efficiently utilize the available water for crop 

growth. As such, early could be a useful strategy in rainfed farming like in Tigray where 

water availability is a treat for food production. Farmers do not practice early sowing to 

avoid crop failure due to false start of the rainy season, to prevent logging and to control 

weeds and insect pests. The possible drawbacks of early sowing can however to a large 

extent be circumvented by weed and pest control (e.g. use of herbicide before sowing to 

prevent weed damage at early growth stage, use of clean seeds), solid field management 

practices (e.g. avoiding the excessive application of nitrogenous fertilizers) and to use 

lodging resistant varieties (crop breeders should pay more attention to it). 

6.5.3. Evaluation of deficit irrigation strategy 

6.5.3.1. Results 

The DI strategy consisted of a fixed amount of water (45 mm) at the critical growth 

stages (flowering) for all the sites and soil types for both late and early sown tef. In all 

simulations unlimited soil fertility was assumed. The results were compared with the 

simulated yields for similar field management practices except for DI. The occurrence 
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of the failure and non-failure years is explained by the early sowing. Figure 6.4, Table 

6.6 and Table 6.7 show the summarized simulated tef yield for all the sites and soil 

types considered for this strategy. The overall results predicted by this strategy were 

promising for farmers in dryland areas that face food shortage mainly due to unbalanced 

rainfall distribution during the cropping season. In Axum for example, the impact of DI 

in early sowing did not only shift all the medium yields to high yield, but also improved 

the occurrence of high yield by about 6 to 10%. The same trend was observed in 

Mekelle. The effectiveness of the DI irrigation was more pronounced in areas with 

relatively less rainfall. In Wukro, early sowing combined with unlimited soil fertility 

management resulted in about 20% of yield failure, 30 to 67% low yield and only 8 to 

20% high yield. But by applying the DI strategy, 87% (in clay loam) and 60% (in sandy 

loam) of the yield was predicted as high and the remaining proportion as medium. In the 

same site the high yield proportion simulated for the silty clay soil was high and rose 

from 8% to 53% with only 13% of low yield (Table 6.6). 

 

DI for late sown tef is necessary as the rain stopped before the crop reached maturity. In 

all locations and soil type, the probility of failure year on non-limiting soil fertility level 

was reduced from 41% to 5% and the high yield rose from 12% to 35% by applying 45 

mm of irrigation water (the same as to water used for early sowing) during the 

reproductive phase of the crop. Moreover, the rate of low yield dropped from 99% to 

61% (Table 6.7). 
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Figure 6.4: Expected yield of late and early sowing tef with and without deficit irrigation in 

various soil types and for unlimited soil fertility in the selected stations in Tigray: (a) Axum, (b) 

Mekelle, (c) Wukro and (d) Hawzen. Lines indicate the means for the three soil types. 
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Table 6.6: Probability (%) of failure year and low, medium and high yields in non-failure years for early sowing of tef under rainfed conditions and deficit 

irrigation (DI) in various soil types and for unlimited soil fertility in the selected stations in Tigray. 

Sowing strategy Early sowing 

Soil type Clay loam Sandy loam Silty clay 

Water regime Rainfed Rainfed+DI Rainfed Rainfed+DI Rainfed Rainfed+DI 

 Site Yield catagory 
Probability 

(%) 

Mean 

yield 

(t ha-1) 

Probability 

(%) 

Mean 

yield 

(t ha-1) 

Probability (%) 

Mean 

yield 

(t ha-1) 

Probability 

(%) 

Mean 

yield 

(t ha-1) 

Probability 

(%) 

Mean 

yield 

(t ha-1) 

Probability 

(%) 

Mean 

yield 

(t ha-1) 

 Axum 

Failure year 0 - 0 - 0 - 0 - 0 - 0 - 

Low yield 0 - 0 - 0 - 0 - 0 - 0 - 

Medium yield 19 0.98 0 - 38 0.93 0 - 38 0.84 0 - 

High yield 81 1.55 100 1.71 62 1.70 100 1.80 62 1.67 100 1.77 

 Mekelle 

Failure year 0 - 0 - 0 - 0 - 0 - 0 - 

Low yield 0 - 0 - 31 0.49 0 - 44 0.41 0 - 

Medium yield 56 0.79 0 - 44 0.87 0 - 38 0.91 0 - 

High yield 44 1.27 100 1.50 25 1.32 100 1.45 19 1.32 100 1.39 

 Wukro 

Failure year 12 0.24 0 - 18 0.24 0 - 20 0.22 0 - 

Low yield 53 0.48 0 - 29 0.4 0 - 67 0.49 13 0.56 

Medium yield 27 0.81 13 1.0 57 0.74 40 0.94 25 0.91 33 0.93 

High yield 20 1.37 87 1.38 14 1.23 60 1.44 8 1.21 53 1.46 

 Hawzen 

Failure year 7 0.26 0 - 7 0.25 0 - 13.3 0.24 0 - 

Low yield 46 0.60 0 - 64 0.52 21 0.6 85.0 0.52 29 0.56 

Medium yield 54 0.82 100 0.96 36 0.70 79 0.9 15.0 0.70 71 0.96 

High yield 0 - 0 - 0 - 0 - 0 - 0 - 
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Table 6.7: Probability (%) of failure year and low, medium and high yields in non-failure years for late sowing of tef under rainfed conditions and deficit 

irrigation (DI) in various soil types and for unlimited soil fertility in the selected stations in Tigray. 

Sowing strategy Late sowing 

Soil type Clay loam Sandy loam Silty clay 

Water regime Rainfed Rainfed+DI Rainfed Rainfed+DI Rainfed Rainfed+DI 

 Site Yield catagory 
Probability 

(%) 

Mean 

yield 

(t ha-1) 

Probability 

(%) 

Mean 

yield 

(t ha-1) 

Probability 

(%) 

Mean 

yield 

(t ha-1) 

Probability 

(%) 

Mean 

yield 

(t ha-1) 

Probability 

(%) 

Mean 

yield 

(t ha-1) 

Probability 

(%) 

Mean  

yield 

(t ha-1) 

 Axum 

Failure year 0 - 0 - 13 0.18 0 - 19 0.16 0 - 

Low yield 31 0.45 0 - 43 0.43 11 0.32 46 0.44 12 0.48 

Moderate yield 31 0.87 13 0.90 21 0.89 28 0.80 15 0.89 23 0.73 

High yield 38 1.54 88 1.61 36 1.42 61 1.68 38 1.33 65 1.62 

 Mekelle 

Failure year 6 0.22 0 - 56 0.17 0 - 69 0.14 5 0.25 

Low yield 87 0.40 11 0.50 100 0.39 44.4 0.55 100 0.39 53 0.54 

Moderate yield 13 0.75 50 0.80 0 - 44.4 0.76 0 - 35 0.72 

High yield 0 - 39 1.25 0 - 11.1 1.31 0 - 12 1.14 

 Wukro 

Failure year 29 0.14 0 - 53 0.09 6 0.27 71 0.08 12 0.27 

Low yield 92 0.36 41 0.54 100 0.35 62 0.48 100 0.31 73 0.45 

Moderate yield 8 0.68 35 0.76 0 - 25 0.77 0 - 20 0.90 

High yield 0 - 24 1.38 0 - 13 1.18 0 - 7 1.14 

 Hawzen 

Failure year 27 0.14 6 0.15 47 0.19 6 0.14 67 0.15 19 0.23 

Low yield 100 0.38 40 0.40 100 0.30 75 0.46 100 0.33 77 0.44 

Moderate yield 0 - 60 0.85 0 - 25 0.81 0 - 23 0.82 

High yield 0 - 0 - 0 - 0 - 0 - 0 - 
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6.5.3.2. Discussion 

The need for optimal water management strategies like DI in drought prone areas as 

Tigray is not questionable since the rainfall period is short and in most cases fails to 

meet the crop water requirement. Additionally, soils in Tigray have a very low water 

holding capacity due to the shallow depth and degraded fertility of most soils. The field 

experiments carried out in the frame of this research showed that the water supply by 

rainfall before flowering (as explained in Chapter 4) was not a serious constraint as tef 

can withstand water stress quite well once it is well established. The rainfall data 

recorded at the experimental sites (Chapter 2, Fig. 2.6) as well as the analysis of the 

region’s longterm rainfall showed that cessation of the rainfall coincides with the period 

in which the crop is sensitive to water stress. Dry spell occurrence especially during 

flowering often results in yield reduction (Rockström and Barron, 2007). Thus 

providing even a relatively small amount of water, not necessarily relative to the crop 

water demand during this period could be a good strategy to stabilize and produce a 

good yield.  

 

DI minimized the occurrence of low yield from 57% to 11% in early sowing (averaged) 

in Wukro and Hawzen and resulted in a high occurrence of medium and high yield in all 

selected soil types (Table 6.6). If farmers apply rainwater collected during the peak 

period as DI to early sown tef, they can attain 67% to 100% higher yield levels 

depending on the soil type. This indicates that in absence of soil fertility stress, deficit 

irrigation is beneficial in areas where limited water availability is a treat for crop 

production. An average increase of yield from 70 to 120% was reported for a wide 

range of rainfed crops in the semi-arid part of southern India by adding 50 mm of 

additional water (Sivannapan, 1992). In this context, De Pauw (1989) stresses the need 

for additional water, provided by runoff harvesting, stream diversions or other sources 

to secure crop production in areas where the growing period is inadequate in most years.  

 

In Axum and Mekelle DI combined with early sowing not only shifted the medium 

yield to high yield, but also improved the amount of grain per unit area. The positive 

effect of DI in locations with relatively good rainfall like in Axum explain that the 

rainfall distribution during the growing seasons is more important than the total rainfall 

amount. In relation to this, De Pauw (1989) reported that even in years with average 

rainfall conditions the capacity of Ethiopian farmers to produce surplus is very low. 

This was supported by Abrha et al. (2012) who explained that poor crop harvests 

commonly occurring in cases with above mean rainfall. Tilahun (2006) also stressed 

that the effectiveness of rainfall during a season is dependent rather on timing than on 
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its total amount. In similar way Rockstrom et al. (2010) mentioned that the most 

limiting factor for the production in semi-arid and dry sub-humid zone is the extreme 

variability of rainfall. Not the total amount of rainfall, but high rainfall intensities, few 

rain events and poor spatial and temporal distribution of rainfall are the cause of low 

production (Klaij and Vachaud, 1992; Agarwal, 2000; Hatibu et al., 2003; Wani et al., 

2003b). 

 

The practice of DI for late sowing improved the yield on average by 74-90% in areas 

with relatively low rainfall and 58-77% in areas with relatively high rainfall. However 

the gain in yield that can be obtained by DI for late sowing is similar to the gain in yield 

that can be obtained by sowing tef earlier and not applying any irrigation. This indicates 

that the crop can benefit more from the rainy season if it is timely sown. When applying 

a DI of 45 m, yields for late sowing are on average 56% lower than for early sowing 

(Fig. 6.4). This proofs that the irrigation water requirements for late sowing are much 

larger than for early sowing.  

 

The results for early sowing of tef at optimal soil fertility level and complemented with 

DI in Tigray are promising. Nevertheless, it needs to be stressed that the fixed amount 

of water used in the simulation (45 mm) may not be applicable to all soil types and 

locations in Tigray as the variability of the soil characteristics are very high. The crop 

coefficient (Kc) of tef found in this study (chapter 4), the evapotranspiration (ETo) of 

the particular area and the total available water for the soil type are important factors to 

be considered when designing DI. 

6.6. Conclusion 

Due to the increase of water scarcity, expansion of irrigable land in dryland regions of 

Ethiopia is not likely. Neither the expansion of the agricultural land can be expected as 

almost all potential arable land is already under cultivation. The farmers’ practice of 

sowing for tef resulted in low yields in all sites and for all soil types considered in the 

model simulation. With exception of Axum (high rainfall) the average yield was about 

0.4 t ha-1 or less. Given that unlimited soil fertility was assumed in the simulation runs, 

the low yields are the result of water stress, which becomes severe at the end of the crop 

cycle due to late sowing. As such, alternative strategies like early sowing that can better 

use the available water should be investigated to raise food production. Since the 

amount of irrigation water that can be collected by surface run-off in ponds during the 

short rainy season is limited, early sowing with DI is a much better strategy than late 

sowing with DI to stabilize tef yield at a relatively high level. 
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The simulation results suggest the need to integrate field management practices 

(strategies). Early sowing and DI together with a good soil fertility management could 

be a good option to improve crop yields in Tigray region. However, it has to be 

emphasized that the soils in the region are very variable even within small distance. As 

a consequence, the soil type has to be well considered before applying the proposed 

strategies as it determines the water storage capacity. 

 

It should be noted that the required amount of fertilizers corresponding with a particular 

soil fertility level might be quite different for tropical and temperate soils. 
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Chapter 7: Conclusions and recommendations 

7.1. Conclusions 

Tef (Eragrostis tef (Zucc.) Trotter) is an endemic crop that forms the staple food of 

Ethiopia. This research focuses on tef production in the highlands of Tigray (Northern 

Ethiopia), where the yield of tef generally does not exceed 1 ton ha-1 as the result of 

limited and unevenly distributed rainfall on the one hand, and poor soil fertility on the 

other hand. Improving the productivity of tef must therefore both encompass sound 

water and soil fertility management practices that are adjusted to the needs and 

limitations of smallholder farmers and to the local conditions encountered in Tigray 

region. The major objectives of this research were to investigate the effect of inorganic 

fertilizer application and supplementary irrigation (SI) on the production of tef, to 

calibrate and validate AquaCrop for tef in response to water and fertility stress, and to 

assess field management strategies by means of AquaCrop model that can improve the 

yield of tef.  

 

To find an answer on these research questions, field experiments were set up for three 

consecutive years (2008, 2009 and 2010) and in two study sites (Dejen and Maiquiha), 

to investigate the effects of inorganic fertilizer application and supplementary irrigation 

on the productivity of tef. The field experiments confirmed that water and soil fetility 

stresses are the major constraints to tef production in Tigray.  

 

The length of growing period (LGP) in the study sites is short (75-80 days) like other 

parts of Tigray. For tef, traditionally sown at the end of July or beginning of August 

(two to three weeks after the onset of the rainy season), the growing season is very short 

and the crop experiences important water stress at the end of its cycle when the rains 

have ceased. In this study, the period at or around flowering was found to be water 

sensitive. SI at this critical growth stage significantly improves the yield of the crop. 

The increment due to the surplus water ranged from 98% to 105% in yield, 42% to 88% 

in biomass and 52% to 54% in water use efficiency. Moreover, the total nitrogen and 

phosphorus uptake was significantly increased in the presence of SI, thereby improving 

the quality of the marketable yield (grain) and straw. The recovery and agronomic 

efficiency of the crop is also advanced by SI. The positive effect of SI on crop 

production stresses the importance of water harvesting techniques to mitigate the impact 

of dry spells during the growing period. 
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The productivity of tef is also affected by the degraded soil fertility level. The analysis 

of soil samples taken before establishment of the field trials revealed that the soils in the 

study sites are low to very low in nitrogen, very low in organic carbon and deficient in 

phosphorus. As a consequence, Y, B and WUE at the experimental sites were very low 

in the absence of fertilizer (control treatment). On the contrary, when small amounts of 

inorganic fertilizers were applied (50% less than the recommended), B, Y and WUE 

started to increase strongly until the optimal rate (recommended dose) was reached. The 

optimal fertilizer application resulted in a gain of 43 to 69% in Y, 86 to 90% in WUE 

and 55-63% in B compared to unfertilized tef. Similarly, 50% of the optimal fertilizer 

dose resulted in an increment of respectively 16 to 32%, 27 to 34% and 22 to 29%. This 

indicates that there is a large scope to improve Y, B and WUE by applying inorganic 

fertilizers. The applied inorganic fertilizers (N and P) were observed to trigger fast 

growth of the crop during the vegetative stage with relatively good root development 

and a higher plant density at harvest. The recommended application rate of N and P both 

for light and heavy soils was found most effective. On the other hand, applying 50% 

more than the recommended nutrients (N and P) dose did not result in significant 

differences in Y, B and WUE compared to the optimal rate, it even resulted in a 

reduction in B by 14% and in WUE by 24%. The stagnant or negative response at this 

application dose could be attributed to lodging and excessive transpiration (for rainfed 

treatments) of the crop as the result of strong vegetative growth. As such, 

disproportionate fertilizer applications should be avoided in order to reduce the possible 

environmental impact associated with over fertilization, to reduce costs for the farmer, 

and to avoid excessive canopy development when water availability is a constraint. The 

amount of nutrient (N and P) application also influenced the crop in terms of total 

nutrient uptake: the higher the application rate, the higher the total nutrient uptake. This 

illustrates the importance of the inorganic fertilizers to improve the quality of the grain 

and straw, as both N and P are components of proteins. Nonetheless, the highest 

recovery and agronomic efficiencies of both nutrients were found at the lower fertilizer 

application rate (half of the recommended rate). This could suggest that combining this 

fertilizer rate with farm yard manure could not only boost the yield but also improve the 

quality of the soil, and that the proportion of organic and inorganic fertilizers can be 

balanced according to the availability of manure and the cost of inorganic fertilizers.  

 

The normalized water productivity (WP*) determined from the mini-lysimeter 

experiment as well as field experiments suggests that the common biomass water 

productivity for a C4 crop is far from reached in tef. A distinction was however found 

between the WP* for a local variety (14 g m-2) and an improved tef variety (21 g m-2). 
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Investments in more drought tolerant tef varieties with a high crop water productivity 

can increase the attainable yields per unit of water. 

 

The field experiments carried out during the study periods were also used to calibrate 

and validate the AquaCrop model for tef both for water and fertility stress in Tigray. 

Mini-lysimeter experiments conducted during 2008-2009 and additional data in the 

frame work of Msc thesis in 2006 and 2007 were also included in the simulation 

process. The calibrated and validated soil water balance and the development of green 

canopy cover for water stress indicated that AquaCrop can adequately simulate the crop 

transpiration. With the good estimation of the crop transpiration, the yield was well 

estimated since the cumulative aboveground biomass is obtained by multiplying the 

normalized crop water productivity (WP*) with the cumulative ratio of the daily crop 

transpiration (Tr) over the reference evapotranspiration for that day (ETo). This was 

confirmed with adequate and acceptable statistical parameters used to evaluate the 

model’s performance. With the validated crop characteristics, AquaCrop was further 

calibrated for soil fertility stress by considering the observed relative biomass, 

maximum canopy cover and decline canopy cover in stressed fields. The overall 

simulated results showed that AquaCrop was able to adequately simulate the soil water 

balance, canopy development, dry aboveground biomass and grain yield of tef under 

different soil fertility levels.  By modeling the crop response to water and soil fertility 

stress valuable insights in the response of tef to stresses has obtained. 

 

By means of the successfully calibrated and validated AquaCrop model, various 

possible strategies for optimal water and soil fertility management were evaluated in 

four different locations (Axum, Mekelle, Wukro and Hawzen) and three soil types (clay 

loam, sandy loam, silty clay) in Tigray. The evaluated strategies were: i) soil fertility 

management; ii) early sowing; and iii) deficit irrigation. 

 

To evaluate the strategy of soil fertility, simulations were run for tef sown on the 1st of 

August (according to the farmer’s practice in Tigray) in the selected sites and soils and 

for six different soil fertility levels, namely: unlimited (0% soil fertility stress), near 

optimal (20% soil fertility stress), moderate (40% soil fertility), half (50% soil fertility 

stress), poor (60% soil fertility stress) and very poor (75% soil fertility stress). The 

findings of the simulations are most interesting. Tef simulated under high soil fertility 

levels (unlimited, near optimal and moderate) in locations with relatively good rainfall 

(Axum and Mekelle) and in a soil with high water holding capacity (clay loam) showed 

low yield failure (0-13%), The proportion of low yield (yield between 0.3 to 0.65 t ha-1) 

were however high (31% to 94%) whereas the proportion of high yields (yield >1 t ha-1) 
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remained very low (0 to 38%). The failure to reach the expected high yield was 

attributed to excessive transpiration due to vigorous vegetative growth that results in a 

crop failure to set good quality seeds as a result of limited water during the critical 

growth stages like flowering and grain filling. This indicates that although the total 

rainfall amount could be sufficient, the uneven distribution during the growing season 

affects the nutrient absorption efficiency of the crop. Consequently, high investment to 

re-stock the soil fertility to the highest level may not be beneficial in areas with 

unbalanced rainfall distribution, unless combined with other strategies. In Axum, a 

relatively reliable moderate yield (a yield between 0.65 to 1 t ha-1) in 63% of the non-

failure years could be achieved with half of the soil fertility level in clay loam soils. 

With such soil fertility level the crop grows slowly so that the transpiration during 

vegetative growth is reduced. This soil fertility level could be suggested as a promising 

soil fertility management for these areas. 

 

For all soil types and locations considered in the simulation, the risk of yield failure was 

highest (69% to 100%) when the crop was simulated for poor and very poor soil fertility 

levels. This finding confirm the findings of the field experiments clearly proving the 

prevalence of restricted plant growth due to limited soil fertility, and calls on the need to 

bring the soil fertility to a certain level associated with the water availability. In areas 

with relatively low amounts of total rainfall (Wukro and Hawzen) and soils with poor 

water holding capacity (sandy loam and silty clay), the risk of yield failure was 

unacceptable high suggesting not to cultivate tef under such conditions unless water 

availability is secured.  

 

The production of tef sown according to the farmer’s practice (the end of July or 

beginning of August) is strongly limited by water stress as maturity is far from reached 

at the end of the rainy season. Simulations were carried out to test the effect of early 

sowing at the onset of the rainy season. Considering the 2nd occurrence of a significant 

rainfall after the 1st of July, the simulated mean onset season for tef ranged from 16th to 

20th of July, which is two to three weeks earlier than late sowing (the farmers’ practice, 

August 1). Early sowing showed to have several advantages compared to the farmer’s 

traditional sowing time. First, in areas with relatively good rainfall (Axum and Mekelle) 

the proportion of yield failure could be reduced to zero for all soil fertility levels, except 

in very poor soils where the risk of yield failure remained 13 to 25%. In areas with 

relatively low amounts of total rainfall (Wukro and Hawzen), yield failure was also 

strongly minimized (from 29 to 76% to 6 to 24%) for similar soil fertility levels and soil 

types. And second, the proportion of low yields was reduced from 29 to 100% to 0 to 

77% in 3 out of 4 sites considered. As such, this research indicated that early sowing is 
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an effective strategy to avoid water stress during the critical growth stages of tef. 

Farmers do not practice early sowing to avoid crop failure due to false start of the rainy 

season, to prevent logging and to control weeds and insect pests. These possible 

drawbacks can however to a large extent be circumvented by weed and pest control and 

solid field management practices. 

 

Also deficit irrigation (DI) definitely holds a promise to improve crop production in 

Tigray. SI as was applied for in the field experiments is often not feasible for 

smallholder farmers not only because of their limited water harvesting capacity, but also 

because of the significant loss of the harvested water by evaporation as well as drainage 

as ponds are not well sealed. By application of only one single irrigation (DI) during the 

critical growth stage the farmers can attain a stable yield. Simulating crop production 

with a relatively small amount of irrigation water (45mm) applied at or around 

flowering demonstrated that DI also improved yields, both for early sowing as for late 

sowing. Moreover, the beneficial effects of DI are not restricted to areas with relatively 

low rainfall amounts, since the distribution of the rainfall during the growing season is 

more important than its total amount. By employing DI in the more rainy locations, 

yields not only shifted from moderate to high, but also the average high yields (ton per 

unit area) increased. However, the simulations revealed that areas with relatively low 

rainfall benefit more from DI than the more rainy locations. In these areas, DI can 

highly minimize the proportion of low yield and result in a high percentage of moderate 

and high yields. 

7.2. General conclusions 

To increase the production of tef in Tigray, and thereby ensure food production in the 

food-insecure region, farmers should be encouraged to apply solid integrated field 

management strategies that efficiently use the limited water and soil fertility resources. 

Early sowing combined with weed and pest management, rational fertilizer use, 

enhanced crop varieties and applying of deficit irrigation during the critical growing 

stages of the crop can stabilize and increase yields in resources limited environments 

like Tigray.  

 

Notwithstanding the fact that tef is a new crop in the model, the simulation results 

demonstrate that Aquacrop can be used for a variety of crops under various 

environmental conditions. In general, this research confirmed that AquaCrop is 

� robust, as it tries to keep the balance between accuracy and input 

requirements; 
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� simple, as it has a well developed user interface, which facilitates the input. 

The output is easily accessible from spreed-sheet program or EXCEL and the 

results can be directly related to the concepts of plant physiology; 

� applicable, as it requires only limited input parameters that can be easily 

determined in the field.  

 

The results in the aforementioned assessed strategies confirmed that AquaCrop is a 

useful tool not only to estimate the yield loss due to water and fertility stress, but also to 

assess field management strategies that can improve the yield loss caused by these stress 

factors.  

7.3. Recommendations 

� Failure of yield due to dry spell during the growing season of tef and other long 

season crops, especially during or around flowering, is a common phenomenon in 

dryland areas like Tigray. Relying on rainfed agriculture poses a substantial risk not 

only to crop failure due to high temporal and spatial variability of rainfall, but also 

since it indirectly affects the investments in soil fertility management. Incentives 

and measures to invest in rainwater harvesting during the heavy rainfall period 

(July/August) or in small scale irrigation water resources like handdug wells need 

to be encouraged to minimize the risk for individual farmers, to increase food 

production and to reduce poverity. 

 

� Although the use of supplementary irrigation or deficit irrigation for field crops like 

tef is at its infant stage in Tigray, it is not widely used. Demonstrations in the 

farmers’ training centres should be scheduled to create more awareness among the 

farmers. 

 

� Early sowing of tef (2-3 weeks earlier than the existed practice) should be 

considered to minimize the water stress in the late growing season. Farmers’ 

training centres and onfarm research should also provide demonstrations of this 

strategy, as well as assisting them in the development of feasible weed management 

practices when early sowing is applied.  

 

� Soil analysis is very important since knowledge on the soil’s physical and chemical 

characteristics is a prerequisite to design fertilizer and irrigation application and to 

take measures to amend the acidity/alkalinity of the soil and to run simulations. 

Well equipped soil physical and chemical laboratories with well trained staff have 

to be established, at least in the proximity of the regional agricultural research 
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stations. This avoids the tedious work of transporting the samples over long 

distances and allows analysis on time, thereby improving the quality of the results. 

Secondly, the already established soil laboratories of the Tigray Agricultural 

Research Instittion and Mekelle University should invest in trained staff and both 

institutions should support each other in sharing resources.  

 

� The use of inorganic fertilizers with optimal rate has to be encouraged to improve 

productivity of crops like tef. Thus, the fertilizers should become easily accessible 

to the farmers. Moreover, efforts should be made to make fertilizers available at 

any time of the year, rather than forcing farmers to buy them at the start of the rainy 

season, when farmers often face food insecurity. Moreover, as the yield can be 

boosted in the presence of SI, an integrated soil water and fertility management is 

needed.  

 

� A comparative research on the combined effect of organic and inorganic fertilizers 

under the current environmental conditions of Tigray will be an interesting topic for 

future work. This reduces the cost of inorganic fertilizers, improves the chemical 

and physical characterstics of the soils and prevents environmental hazards that can 

be created by the mineral fertilizers.  

 

� Crop rotation and intercropping with leguminous crops should be embedded in the 

cereal based cropping system not only to improve the productivity of the land, but 

also to reduce weeds and diseases and as such the cost of pest management. 

 

� Sub meteorological stations should be well equipped to allow recording of 

complete sets of weather data (temperature, rainfall, sunshine, humidity and wind 

speed). Long-term climatic data, especially daily rainfall and air temperature are the 

factors required to determine crop water requirement, to plan sowing and to 

schedule irrigation for agricultural crops. 

 

� It is recommended to evaluate the soil physical characteristics derived from 

pedotransfer functions with measured data in a well functioning soil physical 

laboratory. 

 

� The calculation procedure for AquaCrop should be further developed so that the 

canopy cover, biomass and consequently yield as a result of soil fertility stress can 

be simulated from the specified amount of nutrients applied. 
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� Future research should also incorporate weed infestation in the AquaCrop model, as 

weeds are one of the most important factors that limit yield of tef and other crops in 

the region of Tigray.  

 

� It is recommended to validate the early sowing strategy proposed in this research by 

field experiments. 

 

� Development of guidelines for application of fertilizers linked with soil type and 

the degree of aridity is recommended. 
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