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Assessment of Zinc and Iron, Zinc Adsorption, and Effects of Zinc and Iron 

on Yields and Grain Nutrient Concentration of Teff and Bread Wheat in 

some Soils of Tigray, Northern Ethiopia 
 

ABSTRACT 

 

Zinc and iron are among the essential plant nutrients required in relatively small quantities 

for plant growth. Deficiencies of Zn and Fe have been reported in soils of Tigray, Ethiopia. 

The deficiencies of Zn and Fe in the soil system affect both plant growth and the nutrient 

contents in the grain of cereals for human consumption. This study was developed to (1) 

assess the status of Zn and Fe in leaves of teff and bread wheat in relation to soil contents and 

properties in agro-ecologies growing these crops (2) establish Zn adsorption characteristics 

and its quantitative relationship with selected soil properties (3) study the effects of Zn 

containing fertilizers, Fe chelate fertilizer types and supplemental Fe levels on yield and grain 

Zn and Fe concentrations of teff and bread wheat. Plant and soil status survey, laboratory and 

greenhouse experiments were conducted. The soil and leaf test results revealed that regardless 

of agro-ecological differences, Zn deficiency in soil and the crops was widespread. Of the 

total soil, teff and wheat samples 90, 98 and 89% were deficient in Zn, respectively. Available 

Zn in the soil ranged between 0.18 to 2.26 mg kg-1soil. Tissue Zn in teff ranged between 5 to 

22 mg kg-1, while it was ranged 2 mg kg-1 in Tepid to cool sub moist mountains and plateau 

(SM2-5) agro-ecology to 42 mg kg-1in Cold to moist highlands (M2) for wheat. Only 5% of the 

total soil samples were deficient in Fe. Teff tissue Fe concentration ranged between 29.5 mg 

kg-1 in Hot to warm sub-moist lowland plains (SM1-3) agro-ecology to 868 mg kg-1 in M2 

agro-ecology, while bread wheat Fe concentration ranged between 25 mg kg-1 in SM2-5 to 

653 mg kg-1 in M2. The variability in Fe concentration in the crops could due to the combined 

characteristics effects of the agro-ecologies. Iron deficiency in teff and bread wheat plants 

was not observed in M2 agro-ecology, while deficiencies in teff in SM2-5 and SM1-3, and 

bread wheat in SM2-5 were observed. Zinc concentration of teff leaf significantly and 

positively correlated with total soil Zn while Zn concentration of bread wheat was not 

correlated with soil Zn. Both crops did not correlate with extractable or available Zn in the 

soil. Iron concentration of teff significantly and positively correlated with total Fe in soil but 

not with DTPA-Fe, while Fe concentration of bread wheat correlated significantly and 



 

 

xvi 
 

positively with total Fe in soil and DTPA-Fe. Zn adsorption conformed both to Freundlich 

adsorption (R2 = 0.936 to 0.998) and Langmuir adsorption (R2 = 0.938 to 0.980) isotherms. 

Soil pH, clay, calcium carbonate, soil organic carbon content and cation exchange capacity 

contributed to the adsorption of Zn in the studied soils. Zinc fertilization increased grain 

yields of teff (27%) and bread wheat (10-84%) in Zn deficient soils of Tigray but may not be 

promising strategy to increase Zn in the grains of these crops destined for humans. 

Application of Fe-EDDHA1 chelate at a rate of 2.5 kg Fe ha-1 improved teff grain yield 

(13.6%) and grain Fe content (18 to 71%). Though, there were significant improvements in 

bread wheat grain yield and grain Fe content by Fe application, the increments were small. It 

can be concluded that plant tissue analysis along with soil analysis can give a complete 

picture in the investigation of soil fertility assessment. The findings of Zn adsorption have 

implications to soil fertility management with respect to Zn availability and developing 

management strategies for high and low Zn adsorbing soils. Zinc application improved yields 

of teff and bread wheat but would not be a promising strategy to increase Zn concentration in 

the grains of these crops destined for human consumption. Iron chelates HBED and EDDHA1 

improved both yield and Fe concentration of teff but the increments in bread wheat were 

small. Hence, agronomic management options that improve both yield and grain nutrient 

concentrations of the crops should be developed. However, more rigorous studies and field 

verifications of the current studies are recommended to draw sound conclusions. 

 

Keywords: Micronutrients, Zn adsorption, soil factors, fertilizers, cereals, yield, grain nutrient 

concentrations.  



 

 
 

1. GENERAL INTRODUCTION AND DESCRIPTION OF THE 

STUDY AREA 

 

1.1. General Introduction 

 

Zinc and Fe have important roles in growth and development of higher plants (Fageria, 2009).   

Zinc involve in many biochemical pathways (Alloway, 2009). It is the only metal that is 

present in enzymes of all six classes (oxidoreductases, transferases, hydrolases, lyases, 

isomerases, ligases) and involved in catalytic, structural, co-catalytic and protein interface 

binding sites which determine the biological activities of enzymes (Broadley et al., 2007; 

Marschner and Marschner, 2012). Zinc deficiency resulted in stunted appearance of plants due 

to reduced internodal expansion and this can give rise to a “rosette” appearance where the 

whorls of leaves are situated more or less on top of each other (Alloway, 2008). Iron functions 

in various important processes, including photosynthesis, respiration, and chlorophyll 

biosynthesis, symbiotic N fixation, N metabolism, and redox reactions and is a component in 

heme, the Fe-sulfur cluster,  cytochromes,  metalloenzymes and other Fe-binding sites 

(Alloway, 2008; Kobayashi et al., 2012). Iron deficiency results in decreased dry matter 

production, reduced chlorophyll concentration in leaves, and reduced activity of enzymes 

involved in sugar metabolism (Zou et al., 2008). Therefore, devising management options to 

alleviate Zn and Fe deficiencies in crops such as teff and bread wheat in Ethiopia is of 

paramount importance. 

 

Teff and bread wheat are the major cereals grown in Ethiopia including the Tigray regional 

state. Teff is cultivated in Ethiopia on about 3.016 x 106 ha and occupies about 24% of the 

total crop area allocated to cereals (CSA, 2015). In Tigray, teff is cultivated on about 1.85 x 

105 ha and occupies about 24% of the total crop area allocated to cereals (CSA, 2015). While 

bread wheat is cultivated in Ethiopia on about 1.66 x 106 ha and occupies about 13.26 % of the 

total crop area allocated to cereals (CSA, 2015). In Tigray, bread wheat is cultivated on about 

1.088 x 105 ha and occupies about 14.23 % of the total crop area allocated to cereals (CSA, 

2015). 



2 

 

 
 

The grain of teff and bread wheat comprise the major dietary and nutrient sources for the 

Ethiopians (Mathewos et al., 2012; Tareke et al., 2013), while their straw provide the major 

source of dry season fodder for livestock (Seyoum and Zinash, 1989; Alemu, 2013). Demands 

for teff are increasing locally because of an increase in Ethiopian population and 

internationally because of increasing in its global popularity (Tareke et al., 2013; Crymes, 

2015). Ethiopia falls short of being self-sufficient in bread wheat production and is currently a 

net importer, and most of the humanitarian food aid and commercial import take place in the 

form of bread wheat (Demeke and Di Marcantonio, 2013). To fulfill the growing demands for 

teff locally and globally, and to feed the growing human population and fulfill the demand of 

bread wheat in Ethiopia; increasing production is of paramount importance. Increasing 

productivity of these crops can be attained by intensification in small holder producers in the 

mid-highlands and highlands, and by bringing more area into teff and bread wheat production 

in the lowlands using improved technologies including irrigation.  

 

The average teff grain yield 1575 kg ha-1 nationally and 1426 kg ha-1 in Tigray; and bread 

wheat grain yield 2543 kg ha-1 nationally and 1869 kg ha-1 in Tigray (CSA, 2015) are low 

compared to other cereals and the world average  of 3100 kg ha-1 (Statista, 2018), respectively. 

Lack of improved cultural practices and low soil fertility problems are among the major crop 

production constraints that contribute to the low productivity of these crops. Some of the soil 

related constraints in teff and bread wheat productions are poor soil fertility, moisture scarcity, 

high cost of fertilizers, alkalinity, acidity, lack of proper crop and soil management practices 

and water logging, the latter being a particular problem on Vertisols (Hailu et al., 1900; Teklu 

and Hailemariam, 2009; Bereket et al., 2011; Demeke and Di Marcantonio, 2013; Tesfa et al., 

2013; Wakene and Yifru, 2013).  

 

Nitrogen (N) and phosphorus (P) were the only nutrients applied to cereals in Ethiopia in the 

form of Urea and Di-ammonium phosphate (DAP) since their introduction in 1967 (FAO, 

1995). Accordingly, most of the fertilizer studies on cereals in the past were also focused on N 

and P fertilizers. However, crop production demands more nutrients other than N and P. 

Continuous application of N and P without due consideration of the other nutrients may 

increase the degree of deficiency in other nutrients. A study conducted by Tekalign and Parson 
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(1987a) showed that P fertilization resulted in reduction of micronutrients (such as Cu and Zn) 

concentrations on both shoot and root of teff because of excessive P uptake. Recent 

developments showed that application of potassium (IPI, 2014; Mulugeta et al., 2015), S 

(Kiros and Singh, 2006) and Zn (Bereket et al., 2011), Zn and Cu containing DAP (Tareke et 

al., 2013) increased grain and straw yields of cereals.  Earlier study involving iron nutrition to 

teff revealed that increasing solution pH decreased absorption of iron, and Fe uptake of teff 

was improved by Fe2+ and chelated iron source (Tekalign and Parsons, 1987b). Application of 

N and P fertilizers to bread wheat without due consideration of other nutrients can lead to 

deficiencies of K (Abiye et al., 2004; IPI, 2014; Mulugeta et al., 2015), and possibly other 

essential nutrients such as Zn and Fe. The above studies on fertilizers other than N and P on 

teff and bread wheat indicated the need for balanced fertilization to improve productivity and 

quality of crops.  

 

The government of Ethiopia identified key strategy to develop soil fertility mapping of the 

country's agricultural lands to identify nutrients that might limit productivity of crops, Soil 

fertility map of Tigray was the first that was published by the Ministry of Agriculture (MOA) 

and Ethiopian Agricultural Transformation Agency (ATA) (MoA and ATA, 2014). 

Accordingly, widespread Zn deficiency in soils of Tigray was reported (MoA and ATA, 

2014). The widespread Zn deficiency in the soils could be attributed to relatively higher soil 

pH, soil degradation, nutrient mining and depletion. Similarly, iron deficiency was also 

reported in soils of some districts with relatively higher soil pH (MoA and ATA, 2014). 

Accordingly, types of blended fertilizers (MoA and ATA, 2014) and straight fertilizers (such 

K and Fe to be applied straight in only deficient soils) types required were identified. However 

optimum rates of the major recommended fertilizer types for different crops, agro-ecologies 

and soil types is not yet determined. Besides, verifying the soil fertility map for major crops 

grown in different agro-ecologies and on different soil types in Tigray is urgently needed to 

increase crop yields and to improve quality of major crops grown. 

 

There are several management practices to alleviate Zn and Fe deficiencies in crops. Among 

others is the use of fertilizers containing Zn and Fe. With success stories of using such 

fertilizers in other countries (such as Turkey, India and China), there is a high commitment 
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from the government of Ethiopia for use of Zn containing fertilizers (such as NPSZn, 

NPSZnB) to increase crop yields. The Zn containing fertilizers might also improve dietary Zn. 

In Tigray, farmers are encouraged through the extension system to apply fertilizer containing 

Zn such as NPSZn at a rate of 100 kg ha-1 for all crops and soil replacing Di-ammonium 

phosphate (DAP) previous general recommendation rate of 100 kg ha-1 (Asfaw Nuguse, Tigray 

Bureau of Agriculture and Rural Development, October 2017, personal Communication). The 

Zn content in 100 kg fertilizer is around 2 kg, which is very low as compared to average soil 

application rate of 10 kg Zn ha-1 for different crops and soil types (Alloway, 2009). So far, 

there are limited studies investigating the effects of Zn containing fertilizers and their effects 

on yields and grain quality of teff and bread wheat under Ethiopian conditions. The study 

conducted by Bereket et al. (2011) was limited to Vertisols and yield, and also did not 

consider the currently available Zn containing fertilizers. While the studies by Yirga et al. 

(2013) focused on the interaction effect of Zn and P on legume crop.  

 

Iron deficiency is among the most difficult micronutrient problems to manage (Singh, 2008), 

with limited success stories (Fageria, 2009), mainly due to precipitation of applied iron 

especially in alkaline soils. Soil fertilization with soluble inorganic Fe sources is problematic 

and rarely effective because Fe is readily precipitated as insoluble Fe compounds in a high 

pH/CaCO3-dominated soil environment (Rashid and Ryan, 2008).  Among all soil-applied iron 

fertilizers, Fe chelates are most effective to correct iron deficiency in plants growing on 

alkaline soils as compared to treatments based on inorganic Fe salts or weak Fe-complexes 

(Alvarez-Fernandez et al., 2005; Lucena, 2006). Tekalign and Parsons (1987b) also confirmed 

chelated source of Fe improved the uptake of Fe by teff as compared to the inorganic Fe 

sources in pH simulated study. However, the use of different higher stability chelates to 

address iron shortages under higher pH conditions in soil appears to have been barely 

researched for possible applications in teff and bread wheat in Ethiopia.  

 

Zinc and Fe are essential trace elements in human nutrition. Zinc and Fe deficiencies are 

global human nutrition problem, while low soil Zn and Fe availability often limits crop 

production and crop grain quality (Kayode, 2006; Briat et al., 2015). Zinc deficiency in human 

population of Ethiopia is widespread and the population is at risk of inadequate dietary zinc 
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intake which might contribute to high morbidity and mortality, poor nutritional status, stunting 

and adverse perinatal (Melaku et al., 2000; Melaku et al., 2003; Hotz and Brown, 2004). 

Ethiopia is among the high-risk area for the prevalence of Fe deficiency in the human 

population (Sanghvi, 1996). Populace whose diets are cereal-based and low in meat, fish and 

vegetables are more vulnerable to the deficiencies of Zn and Fe (Hotz and Brown, 2004; 

Muriga et al., 2012). By increasing the density of the nutrients, such as Zn and Fe, in cereal 

crops like teff and bread wheat, ferti-fortification or agronomic biofortification can address 

both problems simultaneously (Rouse and Davis, 2004). 

 

Biofortification of cereals with micronutrient indicates a strategy or strategies to enhance the 

availability of micronutrients for people whose diets are dominated by micronutrient poor 

staple food crops (Global Panel, 2015). Earlier fertilizer and agronomic managements on 

cereals focused on increased productivity and profitability for farmers and agricultural 

industries not towards human nutrition and health (Bouis and Welch, 2010). Study based on 

historical data of soil and grain Zn and Fe content at Rothamsted indicated grain Zn and Fe 

concentrations of wheat remained stable until 1960s since the establishment of the experiment 

in 1884, but decreased significantly since the 1960s, concomitantly with the introduction of 

semi-dwarf, high-yielding cultivars (Fan et al., 2008). Besides, under climate change, it is 

expected that crops grown with elevated CO2 may become nutrient limited because increased 

CO2 affects plant’s ability to absorb nitrogen, a key nutrient to crop growth, which can 

constrain and reduce protein and micronutrient levels (such as Zn and Fe) in  certain crops 

(Niang et al., 2014). Therefore, more sustainable approach that is believed to be relevant to 

both urban and rural populations is to enhance the Zn and Fe concentrations of plant foods 

through ferti-fortification (Vasconcelos and Grusak, 2006). Therefore, the current study 

investigated the effects of Zn and Fe fertilizers (i.e. ferti-fortification or agronomic 

biofortification approach) and their effects on yields and grain Zn and Fe concentration of of 

teff and bread wheat under Ethiopian conditions.  
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Hypothesis 

 

• Soil Zn and Fe do not affect leaf Zn and Fe concentrations of teff and bread wheat 

• Zinc containing fertilizers are not required for better yield and grain Zn concentration 

of teff and bread wheat in Zn deficient soils 

• Teff and bread wheat responses to Zn fertilizers do not follow Zn adsorption 

characteristics in Zn deficient soils  

• Teff and bread wheat do not respond to different iron chelate fertilizer types and levels 

in Fe deficient soils. 

 

General objective 

 

The overall objective was to study the relationship between soil and plant micronutrients 

concentration (Zn and Fe), and evaluate the effects of Zn and Fe fertilizers applications into 

soil on yield and nutrient accumulation in teff and bread wheat grain in some soils of Tigray.  

 

Specific objectives  

 

• to assess the status of Zn and Fe in leaves of teff and bread wheat in relation to soil 

contents and properties in agro-ecologies growing these crops;  

• to study the effects of Zn  containing fertilizers on yield and grain Zn concentration of 

teff and bread wheat ; 

• to establish Zn adsorption characteristics and its quantitative relationship with selected 

soil properties; and 

• to study the effects of different Fe chelate fertilizer types and supplemental Fe levels 

on yield and grain Fe concentration of teff and bread wheat. 
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1.2. General Description of the Study Area 

  

The study was conducted on selected soils of Tigray. Tigray is found in northern Ethiopia, 

with large protrusions towards the South and the West. It is bordered by Eritrea on the North, 

Sudan on the west and with regions of Amhara in south and west and Afar on the east. The 

region extends from 12° 13' to 14° 54' N latitude and 36° 27' to 40° 18' E longitude. It has an 

area of 56,000 km2 and accounting for 5% of the country's land. The topography of the region 

is dominanted by mountainous and the elevation ranges from 500 in the north eastern of the 

region to 4000 meter above sea level (masl) in the Southern. Mean annual rainfall varies from 

less than 200 mm in the east escarpment to 2000 mm in the southwestern. The current study 

covered teff and wheat growing major agro-ecologies in Tigray. Districts included in the study 

are highlighted and indicated in Figure 1.1. The detail descriptions of the studied districts are 

compiled from primary information and soil from FAO (1984; 1: 2 000 000), BoFED (2003a; 

1: 2 000 000) and Mitiku et al.  (2007; 1: 250 000); major geological resources from BoFED 

(2003b; 1: 2 000 000) and major agro- ecologies from BoARD and TARI (2004; 1: 1 750 000) 

and Esayas (2003; 1: 1 000 000) (Appendix Tables 1 and 2). Though the soil type Nitisols do 

not exist in the current FAO soil classification system, they are included in the current 

compilation because of unavailability of recent information in the two districts. There are also 

discrepancies in measured rainfall and altitude with estimated length of growing period and 

altitude by the authors probably estimations were made in small scale.  

 

The dominant land uses of Tigray are cultivated land, grazing land, area closure and forest. 

The detailed land use types with corresponding area of the districts are indicated in Appendix 

Table 3 (BoARD, 2012). The dominate vegetation types are comberatum-terminalia (broad 

leaved deciduous wood land) in M2, dry afromontane in SM2-5 and acacia-commiphora 

(small-leaved deciduous wood land) in the SM1-3 agro-ecologies (MEFCC, 2017).  

 

The study areas are characterized as mixed farming system where the livelihood in the rural 

depends both on livestock and crop farming. Crop production is almost on rainfed. The major 

livestock in all the studied agro-ecologies are cattle, sheep, goat, poultry, bee colony, donkey 

and horse. The major crops grown in the study area are barley (Hordeum vulgaris), wheat 

(Tritcum aestivum) and teff [(Eragrostis teff (Zucc.) Trotter] in M2 agro-ecology; teff, wheat, 
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barley, finger millet (Eluesine coracana), faba bean (Vica faba), field pea (Pisum sativum), 

chick pea (Cicer arietinum), grass pea (Lathyrus sativus) and lentil (Lenus esculenta) in SM2-

5 agro-ecology and teff, sorghum (Sorghum bicolar) and maize (Zea mays) in SM1-3 agro-

ecology. Soil related production constraints in M2 agro-ecology are poor soil fertility and 

acidity while soil moisture scarcity, poor soil fertility and alkalinity are the constraints in 

SM2-5 and SM1-3 agro-ecologies (Bereket et al., 2011; Abreha et al., 2013). Liming and 

application of inorganic and organic (compost and farmyard manure) fertilizers in M2; crop 

rotation, and application of inorganic and organic fertilizers in SM2-5 and organic fertilizers 

application in SM1-3 agro-ecologies are the major soil fertility management practices (Bereket 

et al. 2011; Abreha et al., 2013; Bereket et al., 2016). With expansion of small scale irrigation, 

vegetables (onion, tomato, hot pepper, shallot, garlic, cabbage, carrot, Swiss chard and lettuce) 

and fruit (applel, mango, papaya and orange) production are becoming dominant depening on 

agro-ecologies. Fuel wood collections are the sources of livelihood next to crops and livestock.   

 

 

Figure 1.1. Map of Tigray region indicating the districts highlighted included in the study. 
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2. ASSESMENT OF TISSUE ZINC AND IRON CONCENTRATIONS OF 

TEFF [(Eragrostis teff (Zucc.) Trotter] AND BREAD WHEAT (Tritcum 

aestivum) AND THEIR RELATIONSHIPS WITH SOME SOIL 

PROPERTIES IN TIGRAY, NORTHERN ETHIOPIA 

 

ABSTRACT 

 

Zinc and iron concentrations in the leaf of crops are important indicator of the status of the 

soil to supply these nutrients. This research was carried out to assess the concentration of Zn 

and Fe in teff and bread wheat crops and to find out the soil attributes that possibly influence 

soil Zn and Fe supply. Soil and leaf samples were collected from three major agro-ecologies 

namely; cold moist highlands-M2, tepid to cool sub moist mountains and plateau-SM2-5 and 

hot to warm sub moist low land plains-SM1-3 in Tigray, northern Ethiopia. Wheat samples 

were limited to the first two agro-ecologies. Soil samples were taken from 0 to 20 cm depth. 

Leaf samples (flag leaves) at flowering of the respective crops were collected from the same 

plots as of the soil samples. The soil and leaf test results revealed that regardless of agro-

ecological differences, Zn deficiency in soil and the crops was widespread. Of the total soil, 

teff and wheat samples 90, 98 and 89% were deficient in Zn, respectively. Available Zn in the 

soil ranged between 0.18 to 2.26, 0.20 to 1.56 and 0.50 to 0.95 mg kg-1soil in M2, SM2-5 and 

SM1-3 agro-ecologies, respectively. Tissue Zn in teff ranged between 13 to 20, 8.5 to 22 and 5 

to 16.5 mg kg-1 in M2, SM2-5 and SM1-3 agro-ecologies, respectively, while it was 14.5 to 42 

in M2 and 2 to 26 mg kg-1 in SM2-5 for wheat.  Unlike Zn, only 5% of the total soil samples 

were deficient in Fe, while Fe concentration in teff and bread wheat decreased in the order of 

M2 (170 - 868 mg kg-1) >SM2-5 (64 - 205 mg kg-1) >SM1-3 (29.5- 110 mg kg-1) and M2 

(134.5 - 653 mg kg-1) > SM2-5 (25 -120 mg kg-1) agro-ecologies, respectively probably due to 

the combined characteristics effects of the agro-ecologies. Iron deficiency in teff and bread 

wheat plants was not observed in M2 agro-ecology. Out of the thirty teff samples in SM2-5 

agro-ecology, only three samples deficient (< 100 mg kg-1) in Fe while in SM1-3 agro-

ecology, twelve out of the fifteen samples were deficient in Fe. Out of forty nine bread wheat 

samples, only two samples were non-deficient in Fe. Zinc concentration of teff leaf 

significantly and positively correlated with total soil Zn and sand and negatively correlated 

with pH, EC, CEC, calcium carbonate, available P and silt content while Zn concentration of 

bread wheat significantly and positively correlated with soil organic carbon content and 

negatively correlated with pH and CEC. Iron concentration of teff significantly and positively 

correlated with total soil Fe, soil organic carbon content and sand and negatively correlated 

with pH, EC, available P and silt content. Similarly, Fe concentration of bread wheat 

correlated significantly and positively with total soil Fe, DTPA-Fe, organic carbon content, 

total N and available K and negatively correlated with pH and CEC. It can be concluded that 

plant tissue analysis along with soil analysis can give a complete picture in the investigation 

of soil fertility assessment. Based on the importance of the nutrients, further research on Zn 

adsorption and identifying the factors that influence Zn adsorption is important. Besides, 

research on the response of these crops to Zn and Fe fertilizers is of paramount importance.     

 

Keywords: Agro-ecologies, micronutrients, soil, leaf, deficiencies, correlations  
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2.1. Introduction 

 

Zinc and Fe are essential elements for the normal healthy growth and reproduction of crop 

plants. They are among the elements that are referred to as ‘essential trace elements’ or 

micronutrients, because they are only required in relatively small concentrations by the plant 

tissues (5 - 100 mg kg–1) (Alloway, 2004). Zinc is constituent of several enzymes with roles in 

carbohydrate and protein synthesis; maintaining the integrity of membranes, regulating auxin 

synthesis and in pollen formation, while iron is a constituent of cytochromes and metallo 

enzymes in addition to its roles in photosynthesis, symbiotic N fixation, N metabolism, and 

redox reactions (Srivastava and Gupta, 1996). The inadequacy in bio-available Zn and Fe in 

the soil system and the factors affecting their plant bio-availablity in the soil reduce crop 

yields and the quality of crop products (Alloway, 2004; Hansen et al., 2006).  

 

The total Zn content in agricultural soils of the world ranged from 10 to 300 mg kg–1 with 

mean value of 50 mg Zn kg–1 (Kiekens, 1995). The most commonly quoted bio-available or 

DTPA extractable critical limit for Zn in tropical soils is 1 mg kg-1 for most crops (Alloway, 

2004), where as the most quoted indicator of Zn critical limit of deficiency of leaf samples for 

cereals is 20 mg kg-1 (Manson, 1998). The main soil factors that control plant bio-availability 

of Zn are total Zn content of the soil, soil pH, salinity, calcite (CaCO3) and organic carbon 

contents, concentration of ligands forming organo-Zn complex, clay content, cation exchange 

capacity, concentration of macro-nutrients (especially P), soil moisture regimes, root and 

rhizosphere effects and concentration of other trace elements (Catlett et al., 2002; Brennan, 

2005; Cakmak, 2008; Alloway, 2009). However, Tisdale et al. (1993) concluded that P 

induced Zn deficiency caused by formation of insoluble Zn phosphates in soil that had been 

reported by many authors should be discounted rather the authors concluded it could be due to 

P uptake by plants. Zn deficiency caused by P interference is imposed by excess uptake and 

accumulation of P by plants (Mousavi, 2011). 

 

Iron is the second most abundant metal in the earth’s crust after aluminium (Broadley et al., 

2012). It comprises about 50 g kg-1 (5%) of the earth’s crust (Prasad and Power, 1996).  Iron is 

an element relatively abundant in many cultivated soils with, on average, a total concentration 
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of 20 to 40 g kg−1 (Cornell and Schwertmann, 2003). A range from 0.46 to 27.3% was also 

reported for Indian soils (Kanwar and Randahawa, 1974).  The most commonly quoted bio-

available or DTPA extractable critical Fe is 4.5 mg kg-1 (Lindsay and Norvel, 1978). The 

average concentration of Fe in leaf samples considered insufficient for adequate growth of 

crops is less than 100 mg kg-1 (Manson, 1998). Soil factors associated with the expression of 

Fe deficiency include: soil pH, salinity, Fe composition, moisture, soil organic matter content, 

concentration and form of interacting elements and compounds, and environmental conditions 

(Hansen et al., 2004; Hansen et al., 2006).  

 

Tissue analysis, especially leaf, is based on the principle that the concentration of a nutrient 

within the plant is an integral value of all the factors that have interacted to affect it (Esteffan 

et al., 2013). It is an indicator of soil supply status, deficiency and adequacy of the specific 

nutrient to crops. When tissue analysis is supported by soil characteristics, it gives a clear 

picture. However, little is known on Zn and Fe concentrations on teff and bread wheat leaves 

in relationship with soil properties in Ethiopia in general and in Tigray in particular, where 

widespread soil Zn deficiency and Fe deficiency in soils with relatively higher pH were 

reported by MoA and ATA (2014). The current study was based on the conventional and 

widely accepted Zn and Fe soil availability extraction (DTPA) method. This supports the 

national soil fertility database from different perspective, where the national soil fertility atlas 

is developed with Mehlich-III extraction. Therefore, the present study was conducted to assess 

the status of Zn and Fe in leaves of teff and bread wheat in relation to soil status and properties 

in agro-ecologies growing these crops in Tigray. 
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2.2. Materials and Methods 

 

2.2.1. Description of the Study Area 

 

A survey was conducted in 2010 in Tigray, northern Ethiopia. The survey covered three major 

agro-ecologies namely cold moist highlands- M2, tepid to cool sub moist mountains and 

plateau-SM2-5 and hot to warm sub moist lowland plains- SM1-3 (Esayas, 2003); two crop 

types (tef and bread wheat) and eleven districts (Table 2.1. ) 

 

Table 2.1. Major agro-ecologies, districts, mean annual rainfall and leaf sample of crop 

collected for the study  

Agro-ecologies and altitude  

(masl) 

District Mean annual 

rainfall (mm) 

Sample crop 

Cold moist highlands-M2 

(2400 - 3200)* 

Tsegede 2385 Teff and bread wheat 

Welkait  1257 Teff  

Tepid to cool sub moist 

mountains and plateau-SM2-5 

(1600-2400) 

Tahtay Koraro 1149 Teff 

Laelay Michew 726 Teff 

Adwa 801 Teff and bread wheat 

Hawzien 530 Bread wheat 

Enderta 566 Bread wheat 

Hintalo-Wajrat 499 Bread wheat 

Ofla 990 Bread wheat 

Hot to warm sub moist low 

land plains- SM1-3 (500-1600) 

Raya Azebo 550 Teff 

Raya Alamata 723 Teff 

*Esayas (2003) 

 

2.2.2. Plant and Soil Samples Collection and Processing 

 

Uniform farm fields having similar management practice and solely owned by single farmer 

growing either teff or wheat depending on the agro-ecologies were taken in each district. 

Irrespective of crop variety and soil types, flag leaf samples at flowering/heading were 

collected from all the three agro-ecologies for teff (62 samples), while it was collected from 

only two (M2 and SM2-5) agro-ecologies for bread wheat (57 samples) for analysis of Zn and 

Fe contents. Samples were not collected from SM1-3 as wheat is not traditionally growing in 

this agro-ecology. Farmers in this agro-ecology grow sorghum because it has comparative 

advantage of productivity, feed for livestock and fuel purpose in fertile soil and good rainfall 
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season. They grow teff in relatively less fertile soil both in relatively high and low rainfall 

season. Leaf samples from 15-20 plants were collected with clean hands using polyethylene 

gloves to avoid contamination and make one composite sample. The samples were cleaned for 

any contamination by washing with deionized water, oven dried at 70 °C for 24 hours to a 

constant weight. Then after, samples were ground with a stainless grinder and stored in airtight 

plastic bags. Random surface soil samples (0-20 cm) were also collected from the selected 

farms for analysis of selected soil physical and chemical properties. The soil samples were 

collected in a diagonal pattern from each selected field using auger points (15-20) and mixed 

to obtain a composite soil samples. The soils samples were air dried at room temperature, 

ground with porcelain pestle and mortar, passed through a 2-mm sieve, and used for the 

determination of physical and chemical properties and adsorption studies. For determinations 

of organic carbon and total nitrogen, 0.5 mm sieve was used.  

 

2.2.3. Plant and Soil Samples Analysis 

 

The leaf samples were  digetsed  using a wet digetion method (di-acids HNO3-HClO4 at 2:1 

ratio) to obtain full recovery of Zn and Fe (Esteffan et al., 2013). The aliquot of the digest was 

determined for Zn and Fe using Fast Sequential Flame Atomic Spectrometry (Varian AA 

240FS) at accredited laboratory of Ezana Analytical Laboratory, Mekelle, Ethiopia.  

 

The soil samples were analyzed following the standard laboratory procedures. Soil texture was 

determined by Bouyoucous hydrometer method (Day, 1965). Soil pH was measured using a 

pH meter equipped with a combined glass electrode (Jackson, 1967). The electrical 

conductivity (EC) of 1:2.5 soil water suspension prepared for pH estimation was recorded with 

the help of an electrical conductivity meter. The observed conductance was corrected for 

temperature compensation and cell constant and expressed as specific conductance of soil 

water (1:2.5) suspension in terms of dSm-1 at 25°C (Bower and Wilcox, 1965). Organic carbon 

content was determined following the modified Walkley and Black method (Jackson, 1967). 

Total nitrogen was determined by wet digestion followed by distillation and titration using 

Kjeldhal method (Bremner and Mulvaney, 1982). The sodium bicarbonate (NaHCO3) 

extraction procedure was used to determine available P (Olsen et al., 1954). Exchangeable K 
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as indicator of available K was determined by NH4OAc extraction method (Chapman, 1965). 

Cation Exchange Capacity (CEC) was determined by replacing exchangeable cations with 

sodium acetate (NaOAc), removal of excess sodium (Na) by alcohol, exchanging Na by 

ammonium acetate (NH4OAc), and determining Na concentration by flame photometry 

(Chapman, 1965). CaCO3 equivalent was determined by neutralization with hydrochloric acid 

(Allison and Moodie, 1965).  

 

Available Zn and Fe were determined following diethylene triaminepenta acetic acid (DTPA) 

extraction method (Lindsay and Norvell, 1978). While total Zn and Fe were determined by wet 

digetion of the soil using H2O2 followed by di-acids HNO3-HClO4 at 2:1 ratio (Esteffan et al., 

2013). 

 

2.2.4. Data Analysis 

 

Descriptive analysis was used to compile the data of the leaf Zn and Fe concentrations by crop 

type and agro-ecology, and the soil properties by agro-ecology using SPSS software Version 

20 for windows (IBM, 2011). Correlation analysis between the leaf Zn and Fe concentrations 

of the crops (teff and bread wheat) and the selected soil properties were also performed 

separately for each crop. To identify the relatively important influential soil properties, 

stepwise regression models were constructed using the same software for each crop. The 

reason for the use of stepwise linear regression model than the other linear models was 

because the model has an advantage of giving priority to independent variables with the 

smallest probability of F value and maintained in the equation. 
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2.3. Results and Discussion 

 

2.3.1. Selected Physicochemical Properties of the Study Soils by Agro-Ecology 

 

The soil sand, silt and clay contents of the different agro-ecologies are shown in Table 2.2. 

The contents had wider range in SM2-5 agro-ecology than M2 and SM1-3. The pH of the soils 

considered in the status survey varied from very strongly acidic to moderately alkaline (Table 

2.2) according to the rating of Jones (2003). It ranged from very strongly acidic to moderately 

medium acidic in the M2, from moderately medium acidic to moderately alkaline in SM2-5 

and neutral to moderately alkaline in SM1-3 agro-ecologies.The calcium carbonate equivalents 

of the study soils were between 2.91 and 11.17% and ranged from non calcareous (< 4%) to 

strongly calcareous (> 10%) according to the rating by Prasad et al. (1999). The soils were 

non-calcareous to moderately calcareous in M2, non-calcareous to strongly calcareous in 

SM2-5 and moderately calcareous to strongly calcareous in SM1-3 agro-ecologies. The 

probable reason for the occurrence of moderately calcareous nature in the soils of M2 agro-

ecology could be due to application of lime to acid soil management in that agro-ecology. 

Liming is common soil acidity management practice in Tsegde district of this agro-ecology 

(Abreha et al. 2013). The soils of all the study agro-ecologies were non-saline with an EC of < 

2 dS m-1. The samples were collected from rainfed farms which could be one of the possible 

reasons for non-saline nature of all the surveyed farms. The agro-ecology with relatively 

higher soil pH had also higher EC and calcium carbonate.  

 

The agro-ecologies variability in the soil forming factors in parent material, relief, climate, 

farming systems and management (Table 2.1; Appendix Tables 8.1 and 8.2; Bereket et al., 

2011; Abreha et al., 2013; Bereket et al., 2016) might have brought difference in texture, pH, 

EC, calcium carbonate and cation exchange capacity (Table 2.2). Basically increase in rainfall 

dissolves and transports basic cations and clay down the soil horizon and increases in H+ 

concentration in the surface soil solution thereby decreases soil pH, calcium carbonate content 

EC and CEC (Boul et al., 1989). The cation exchange capacity of the soils also varied from 

low (5-15 Cmol(+)kg-1 soil) to  high (25 - 40 Cmol(+)kg-1 soil) in M2 agro-ecology with mean 
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value in the medium range (Landon, 2014). It ranged from low to very high in SM2-5 agro-

ecology and high and very high (> 40 Cmol(+)kg-1 soil) in SM1-3 agro-ecology (Table 2.2). 

 

According to the rating by Tekalign (1991), the organic carbon content of the soil samples 

from M2 agro-ecology ranged from low (< 1.5%) to high (> 3%).%). The soil organic carbon 

content in the SM2-5 and SM1-3 agro-ecologies ranged from low (<1.5%) to medium (1.5-

3%).  Similarly, the total nitrogen of the soil samples ranged from low (< 0.1%) to very high 

(> 0.25%) in M2 agro-ecology, low (< 0.1%) to high (0.12- 0.25%) in SM2-5 and SM1-3 

agro-ecologies according to the rating by Tekalign (1991). The variability in organic carbon 

and total nitrogen could be related to the climo-sequence (temperature and rainfall) differences 

of the agro-ecologies (Table 2.1; Appendix Table 8.1). Generally, organic matter, nitrogen and 

C:N ratio increases with increase in elevation (decrease in temperature and increase in rainfall) 

because of decease in rate of organic matter decomposition (Boul et al., 1989). 

 

The soil available P status (Table 2.2) ranged from very low (Olsen-P < 5 mg kg-1 soil) to high 

(Olsen-P >10 mg kg-1 soil) (Olsen et al., 1954) in all agro-ecologies with mean values medium 

in M2 and SM2-5 agro-ecologies and high at SM1-3 agro-ecology. The mean optimum 

available P at SM1-3 agro-ecology may be attributed to P deposition from upland areas by 

erosion (Appendix Table 8.2), while the lower P in M2 agro-ecology could be related with the 

relatively lower pH mainly due to fixation of P in Al and Fe hydo-oxides (Fageria, 2009). 

 

The ammonium acetate extractable K as indicator of soil available K status (Table 2.2) ranged 

from low (78 - 117 mg kg-1 soil) to very high (> 468 mg kg-1 soil) (FAO, 2006) in M2  agro-

ecology, very low to very high in SM2-5 agro-ecology and medium to very high in SM1-3 

agro-ecology (Table 2.2). The relatively higher available K at SM1-3 agro-ecology may be 

attributed to K deposition from upland areas by erosion (Appendix Table 8.2). 
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Table 2.2. Mean and range of selected soil physical and chemical properties by agro-ecologies 

(mean ± SE) 
 Major agro-ecologies 

Cold moist highlands-M2 Tepid to cool sub moist 

mountains and plateau-

SM2-5 

Hot to warm sub moist 

low land plains- SM1-3 

No. of samples 25 79 16 

pH-H2O 4.9 ± 0.1 (4.18 – 5.74) 7.2 ± 0.08 (5.57- 8.23) 7.9 ± 0.06 (7.3 - 8.3) 

EC, dS m-1 0.04 ± 0.008 (0.01 -  0.14) 0.07 ± 0.005 (0.01 - 0.22) 0.2 ± 0.026 (0.07 – 0.37) 

OC (%) 2.8 ± 0.16 (0.59 – 3.64) 0.93 ± 0.07 (0.14 - 2.23) 1.77 ± 0.11 (1.10  – 2.54) 

Olsen-P (mg kg-1) 5.5 ± 1.08 (0.06 – 18.70) 7.4  ± 0.7 (0.10 - 39.14) 16  ± 5 (3.38 - 93.82) 

Amm. Acetate-K (mg kg-1) 269 ± 26 (86 - 493) 191 ± 15 (26 - 480) 454 ± 21 (143 - 487) 

Total-N (%) 0.19 ± 0.02 (0.05 – 0.38) 0.094 ± 0.004 (0.03 -0.20) 0.14 ± 0.01 (0.01 – 0.21) 

CEC Cmol(+)kg-1 soil 24.4 ± 1.7 (7.6 -35.8) 36  ± 1.31 (9.8 - 64) 42  ± 2.4 (26 – 59.7) 

CaCO3 (%) 5.3 ± 0.3 (2.91 -7.38) 7.1 ± 0.2 (3.9 – 10.7) 8.2 ± 0.4 (4.85 – 11.17) 

Sand (%) 49 ± 1.17 (37 - 61) 46 ± 2.23 (15 – 91) 33 ± 1.52 (25 -47) 

Silt (%) 29 ± 1.08 (21 - 39) 30 ± 1.18 (3 – 49) 43 ± 1.38 (35 -53) 

Clay (%) 22 ± 1.16 (12 -34) 24 ± 1.60 (4 -58) 24 ± 1.80 (12  - 36) 

 

2.3.2. Total and DTPA Extractable Zinc and Iron by Agro-ecology 

 

Total Zn and Fe concentrations varied between the agro-ecologies (Table 2.3). However, the 

mean total soil Zn and Fe concentrations in the different agro-ecologiies are within the range 

of average concentration of the world agricultural soils according to Kiekens (1995) for Zn 

and Cornell and Schwertmann (2003) and Kanwar and Randahawa (1974) for Fe. Total soil Zn 

and Fe contents decreased in the order of M2 > SM2-5 > SM1-3 in line with the trends of 

mean annual rainfall (Table 2.1). Mean DTPA extractable (available) soil Fe followed the 

same trend with that of total soil Fe, whereas the available  Zn followed in the order of SM1-3 

> M2  > SM2-5. However, soil Zn deficiency level < 1 mg kg-1 (Alloway, 2004) was recorded 

in all agro-ecologies under the study. Out of the total soil samples collected (120), 90% (108) 

were Zn deficient. However, out of the total (120) samples collected, 5% (6) were deficient (< 

4.5 mg kg-1) in Fe according to Lindsay and Norvel (1978). The results of the present study 

with regards to available Zn and Fe are in line with that of MoA and ATA (2014). The MoA 

and ATA (2014) reported widespread Zn deficiency and limited Fe deficiency (in soils with 

high pH) in the soil of Tigray using Mehlich-III extraction method. The mean and range of 

DTPA extractable fractions of Zn and Fe obtained from their respective total fractions were 
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(2%, 0.34 – 6.25) and (1.2%, 0.02- 7.95), respectively. Sharma et al. (2006) reported the 

DTPA extractable fractions ranging from 0.34 to 0.74 % for Zn and 0.019% for Fe to their 

respective total fractions for Indian soils. The mean fractions in this study were higher than 

that reported by Sharma et al. (2006) probably due to differences in geological formation and 

soil types.  

 

Table 2.3. Mean and range of total and DTPA extractable zinc and iron concentration in soils 

(mean ± SE) by agro-ecologies 

AEZ No of 

samples 

Total DTPA extractable (mg kg-1) 

Zn (mg kg-1) Fe (%) Zn  Fe  

M2 25 47.56 ± 3.2 

(21 - 98) 

4.4 ± 0.26 

(1.39 - 8.22)  

0.73 ± 0.103 

(0.18 - 2.26) 

110.6 ± 20 

(14.8 – 324) 

SM2-5 79 33.1 ± 1.5 

(3.2 - 65) 

2.4 ± 0.10 

(0.43 – 5.33) 

0.59 ± 0.03 

(0.20 – 1.56) 

19.7 ± 1.44 

(3.48 – 68.18) 

SM1-3 16 32.5 ± 1.04 

(24.1 - 39.8) 

2.24 ± 0.10 

(1.46 - 2.93) 

0.77 ± 0.04 

(0.50 - 0.95) 

8.31 ± 0.90 

(5.15 - 18.72) 

 

2.3.3. Teff and Bread Wheat Leaf Zinc and Iron Concentration by Agro-Ecology 

 

The mean Zn concentrations of teff and bread wheat in the studied agro-ecologies (Table 2.4) 

were below the critical limit (< 20 mg kg-1) according to the rating of Manson (1998). Only 

one out of sixty two teff samples had value above the deficiency critical limit. Similarly, two 

wheat samples out of eight in M2 agro-ecology and four out of forty nine in SM2-5 agro-

ecology were not deficient in Zn (> 20 mg kg-1). Zinc deficiency in soil of the study area is 

also widespread extracted by both Mehlich-III and DTPA methods (MoA and ATA, 2014; 

Table 2.3). This widespread Zn deficiency is also reflected in the tissue contents, which clearly 

indicates the strong correlations between soil and tissue concentration of Zn.  

 

Table 2.4. Mean and range of teff and bread wheat leaf zinc and iron concentrations (mean ± 

SE) by agro-ecologies 

 Crop type Agro-

ecology 

Number of 

samples 

Zn Fe 

mg kg-1 

Teff M2 17 16.6 ± 0.45 (13 - 20) 395 ± 54 (170 - 868) 

 SM2-5 30 12.7 ± 0.50 (8.5 - 22) 136 ± 6.7 (64 - 205) 

 SM1-3 15 9.6  ± 0.95 (5 – 16.5) 70  ± 7.0 (29.5 - 110) 

Bread wheat M2 8 21.75  ± 3 (14.5 - 42) 317.7 ± 69 (134.5 - 653) 

 SM2-5 49 12.77  ± 0.73 (2 - 26) 60 ± 3.2 (25 -120) 
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Iron deficiencies in teff and bread wheat plants were not observed in M2 agro-ecology (Table 

2.4). The agro-ecology characteristics in the soil forming factors especially climate (Table 2.1; 

Appendix Tables 8.1 and 8.2) might have brought the non occurrence of Fe deficiency in the 

tissue of teff and bread wheat. Increase in rainfall dissolves and transports basic cations down 

the soil horizon and increases in H+ concentrations in the surface soil solution thereby 

decreases soil pH and improves soulbility of Fe (Boul et al., 1989). Alloway (2008) also 

reported Fe is most available in acid soils. Iron deficiency in soil was also not observed in this 

agro-ecology (Table 2.3). On other hand, three teff samples (10%) out of thirty samples were 

deficient (< 100 mg kg-1) in Fe in SM2-5 agro-ecology, while it was twelve (80%) out of the 

fifteen samples in SM1-3 agro-ecology according to the rating of Manson (1998). Moreover, 

widespread Fe deficiency in bread wheat was observed in SM2-5 agro-ecology, where 95% of 

the samples were deficient in Fe. The relative importance of Fe deficiency in teff and bread 

wheat in SM2-5 and SM1-3 might be related to the relatively higher pH of the soils in these 

agro-ecologies (Table 2.2) and subsequent lower solubility of Fe in high pH soils (Römheld 

and Nikolic, 2007). Soil pH is considered as master variable for Fe deficiency (Lindsay and 

Schwab, 1982). Fageria et al. (1994) reported soils affected by Fe deficiency have pH higher 

than 6.0 while Kean (2015) reported above 7.0 soil pH.  Minimum solubility of total inorganic 

Fe occurs between pH 7.4 and 8.5 due to formation of Fe hydroxides, oxyhydroxides and 

oxides (Römheld and Nikolic, 2007), where plants suffer from Fe deficiency. The results of 

the current study are in agreement with Fageria et al. (1994), Römheld and Nikolic (2007) and 

Kean (2015).   

 

Zinc concentration of teff leaf significantly and positively correlated with total soil Zn and 

sand and negatively correlated with pH, EC, CEC, calcium carbonate, available P and silt 

content while Zn concentration of bread wheat significantly and positively correlated with soil 

organic carbon content and negatively correlated with pH and CEC (Table 2.5). Increase in 

pH, EC, calcium carbonate and CEC might have decreased the solubility and/or increases Zn 

adsorption thereby decreases its availability to the plant. The negative influence of P on Zn 

might be caused by P interference imposed by excess uptake and accumulation of P by plants 

(Mousavi, 2011). The soil factors such as total soil Zn, pH, salinity, calcite (CaCO3), organic 

carbon content, concentration of ligands forming organo-Zn complex, clay content, CEC, 
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concentration of macro-nutrients (especially P) were also reported to affect plant availability 

of Zn (Catlett et al., 2002; Brennan, 2005; Cakmak, 2008; Alloway, 2009). Moreover, DTPA-

Zn, clay content, total Zn, pH, soil organic carbon contents and total nitrogen were also 

reported as influencing Zn concentrations of barley and oats (Lombnaes and Singh, 2003). 

However, soil pH, EC and sand content were the soil characteristics showed significant 

relationship with teff leaf Zn concentration (Table 2.7), whereas soil organic carbon content 

showed a small significant relationship with bread wheat leaf Zn concentration. Alloway 

(2009) reported that high pH and EC are responsible for low availability of Zn, while Catlett et 

al. (2002) reported Zn activity increases as organic matter increases due to formation of 

soluble organic chelates. Soils with higher clay content have higher CEC and thus adsorb more 

Zn (Reyhanitabar et al., 2007). The relative importance of sand content with Zn availability of 

teff might be related with the Zn adsorption and desorption of native Zn in the soil system and 

root morphology of the crop. 

 

Table 2.5.  Correlation coefficient (r) between leaf Zn concentrations (in teff and bread wheat) 

and selected soil properties  

Soil property Teff Bread wheat  

Total soil Zn  0.299* 0.139 

DTPA-Zn  0.005 0.099 

pH-H2O -0.699** -0.350**  

EC -0.621** 0.219 

OC  0.169 0.517** 

CEC  -0.321* -0.447** 

CaCO3 -0.347* -0.122 

Total-N  0.157 0.172 

Olsen-P  -0.448** 0.163 

Sand 0.502** -0.170 

Silt  -0.507** 0.097 

Clay  -0.212 0.205 

** Significant at P≤0.01,* Significant at P≤0.05  

 

Iron concentration of teff significantly and positively correlated with total soil Fe, soil organic 

carbon content and sand and negatively correlated with pH, EC, available P and silt content. 

Similarly, Fe concentration of bread wheat correlated significantly and positively with total 

soil Fe, DTPA-Fe, organic carbon content, total N and available K and negatively correlated 

with pH, and CEC (Table 2.6). Soil pH, salinity, Fe composition, moisture, soil organic matter 

content, concentration and form of interacting elements (e.g. potassium) and compounds, and 
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environmental conditions were reported as factors for Fe deficiency problems  in plant 

(Hansen et al., 2004; Hansen et al., 2006). However, total soil Fe  and soil pH were the soil 

characteristic that were maintained in stepwise regression model and had relative importance 

for teff leaf Fe concentration (Table 2.7), whereas DTPA extractable-Fe and soil organic 

carbon content could be used to predict bread wheat leaf Fe concentration. The variability in 

relative importance of the soil properties to influence Fe concentration of the crops might be 

related with variability in soil characteristics of the agro-ecologies (Table 2.2). Teff samples 

were collected from all the three agro-ecologies, while it was collected from only two (M2 and 

SM2-5) agro-ecologies for bread wheat. 

 

Table 2.6.  Correlation coefficient (r) between leaf Fe concentration (in teff and bread wheat)  

and selected soil properties.  

Soil property Teff Bread wheat  

Total soil Fe  0.717** 0.428** 

DTPA-Fe  0.163 0.723** 

pH-H2O -0.617** -0.641** 

EC -0.441** -0.018 

OC  0.309* 0.567** 

CEC  -0.150 -0.449** 

CaCO3  -0.184 -0.232 

Total-N  0.122 0.402** 

Olsen-P  -0.289* 0.047 

Amm. Acetate-K -0.175 0.329* 

Sand  0.287* -0.105 

Silt  -0.387* 0.091 

Clay  -0.045 0.088 

** Significant at P≤0.01,* Significant at P≤0.05  

 

Table 2.7. Regression models between teff and bread wheat leaf zinc and iron concentration 

(mg kg-1) with soil properties 
Equations R2 

Zinc  

Teff leaf Zn concentration  = 19.70 – 1.14pH-H2O – 15.43EC (dS/m) + 0.062Sand (%) 0.609** 

Bread wheat leaf Zn concentration =  9.51 + 3.75OC (%)   0.267** 

Iron  

Teff leaf Fe concentration  = 246.4 + 64.98Total-Fe (%) – 39.36pH-H2O  0.567** 

Bread wheat leaf Fe concentration  = 24.5 + 0.815DTPA-Fe (mg kg-1) + 28.36OC (%) 0.560** 

** Significant at P≤0.01,* Significant at P≤0.05 
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2.4. Conclusion 

 

Widespread Zn deficiency in soils, teff and wheat plants were recorded in all agro-ecologies 

investigated. Unlike Zn, Fe deficiency was limited in the soil while in the plant depended on 

the agro-ecological zones. For instance, Fe deficiency in teff and bread wheat plants was not 

observed in M2 agro-ecology where it had also relatively higher mean annual rainfall and 

subsequently lower pH. Among the selected soil properties, soil pH, EC and sand content for 

teff and soil organic carbon content for wheat were relatively important soil factors for Zn 

availability to the crops. Similarly, total soil Fe and soil pH for teff leaf and DTPA 

extractable-Fe and soil organic carbon content for bread wheat leaf were the relatively 

important soil factors for Fe availability to the crops. It can be concluded that plant tissue 

analysis along with soil analysis can give a complete picture in the investigation of soil 

fertility assessment. Besides, further research on the response of the crops to Zn and Fe 

fertilizers is of paramount importance. 
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3. ZINC ADSORPTION IN SOME SOILS OF TIGRAY, NORTHERN 

ETHIOPIA 

 

 

ABSTRACT 

 

Zinc adsorption and its process regulate the availability of Zn++ in soil. Zinc deficiency in 

soils often limits crop production which is common in Tigray. Fourteen surface cultivated soil 

samples were collected from Cambisols, Luvisols and Regosols of Tigray Region to compare 

the suitability of Freundlich and Langmuir isotherms in predicting soil/solution Zn++ and 

assess the relationship between selected soil properties and the coefficients of the isotherms. 

Zinc concentration ranging from 0 to 500 mg kg-1 soil was added to the study soils 

corresponding to equilibrium concentrations of up to 13.54 Zn L-1. Zinc adsorption 

corresponded to 65 - 99.9 % with the addition of the lowest Zn++ (100 mg Zn kg-1) whereas 

addition of the highest Zn++ (500 mg kg-1 soil) corresponded to 45.8 - 99.6% adsorption 

depending on Zn++ adsorbing properties of the soils. However, percentage of adsorbed Zn++ 

decreased with increasing Zn++ concentrations added. All the studied soils showed significant 

fit to Freundlich adsorption isotherm (R2 = 0.936 to 0.998), but only twelve out of the fourteen 

soils showed significant fit to Langmuir adsorption isotherm (R2 = 0.938 to 0.980).  Soil pH 

and clay in the Freundlich coefficients, and pH and calcium carbonate in the Langmuir 

coefficients appeared to be the most influential soil characteristics that could be used to 

predict the coefficients. Organic carbon, cation exchange capacity and calcium carbonate 

content were significantly correlated with Freundlich coefficient (Kf) but were not influential 

variables in the regression model. Cation exchange capacity, clay and organic carbon 

contents were also significantly correlated with Langmuir coefficients. Olsen or Mehlich-III 

extracted phosphorus seemed to be of no importance in influencing Zn++ adsorption. It can be 

concluded that soil pH, clay, calcium carbonate, soil organic carbon contents and cation 

exchange capacity were the most influential soil factors contributing the adsorption of Zn++ in 

the studied soils. The findings of this study have implications to soil fertility management. The 

highly adsorptive soils might need application of high doses of Zn++ fertilizer to compensate 

for the adsorbed Zn++ including other management practices. The low Zn++ adsorbing soils 

might need Zn++ fertilizer management that would also prevent leaching. 

 

Keywords: Zinc adsorption, Freundlich, Isotherms, Langmuir, soil factors 

  



24 

 

 
 

3.1. Introduction 

 

Zinc (Zn++) is a micronutrient required in small quantities but critical for plants (Alloway, 

2008). Zinc in soil may be found (i) in soil solution, as free ion Zn++, and associated with 

organic and inorganic ligands, (ii) on exchange sites of reactive soil minerals, (iii) bound by 

organic matter, (iv) occluded in oxides and hydroxides and (v) entrapped in primary and 

secondary minerals (Gao, 2007). The main soil factors controlling speciation and adsorption of 

Zn++ are total Zn++ content of the soil, soil pH, calcite (CaCO3), organic carbon content, 

concentration of ligands forming organo-Zn++ complex, clay content, cation exchange 

capacity, concentration of macro-nutrients (especially P), soil moisture regimes, root and 

rhizosphere effects and concentration of other trace elements (Udo et al., 1970; Shuman, 1975; 

Catlett et al., 2002; Brennan, 2005; Cakmak, 2008; Alloway, 2009). The availability of Zn++ in 

soil is regulated by adsorption-desorption process. Its solid- liquid phase interactions influence 

the retention and release of applied Zn++ fertilizer and the efficiency of Zn++ fertilization 

(Gaudalix and Pardo, 1995; Catlett et al., 2002; Imtiaz et al., 2006).  

 

Adsorption can be used to describe the equilibrium relationship between the amounts of 

adsorbed and dissolved species (Udo et al., 1970; Shuman, 1975; Imtiaz et al., 2006). Zinc 

adsorption is described primarily by the Langmuir equation in relatively high levels of Zn++ 

(Udo et al., 1970; Shuman, 1975; Dawit and Ellis, 2002). However, recent developments 

showed Freundlich equation also better describes Zn++ adsorption (Imtiaz et al., 2006; 

Reyhanitabar et al., 2007; Reyhanitabar et al., 2010). Zinc adsorption study is limited under 

Ethiopian condition except in a few studies such as the one conducted many years ago in the 

central highlands of Ethiopia on Nitisols and Vertisols using Langmuir equation (Dawit and 

Ellis, 2002), and the recent one in the southern Ethiopia (Abay et al., 2015). According to 

Dawit and Ellis (2002), Zn++ adsorption was nil at pH 3.5 in Nitisols, whereas in Vertisols its 

adsorption was lower at pH 3.5 than at pH 5 or 7. Abay et al. (2015) also reported that Zn++ 

adsorption was correlated with soil organic carbon, calcium carbonate, soil pH and cation 

exchange capacity. 
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However, no information is available on adsorption of Zn++ in the soils of Tigray and its 

implications to soil fertility management with respect to Zn++ availability, where soil Zn++ 

deficiency is common (Bereket et al., 2011; MoA and ATA, 2014). The widespread Zn++ 

deficiency in the soils of Tigary Region may be attributed to dry land condition in most parts 

of the region, soil degradation, higher soil pH, low solubility of Zn++, low Zn++ content of the 

parent materials and nutrient depletion. Knowledge on Zn++ adsorption is important in 

understanding the plant available Zn++ and also the mobility of Zn++ in soil. This study was 

therefore initiated to 1) compare the suitability of Freundlich and Langmuir isotherms in 

predicting Zn++ adsorption in some soils of Tigray Region and 2) investigate the relationships 

between selected soil properties and the coefficients of these isotherms. 
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3.2. Materials and Methods 

 

The study was conducted in Tigray, northern Ethiopia in 2017. The study sites were within the 

radius of 180 km from Mekelle, the capital city of Tigray Region, which is located 780 km 

North of Addis Ababa. The coordinates and altitudes of the specific study sites are indicated in 

Table 3.1.  

 

Table 3.1. Descriptions of soil sample collection sites used for Zn adsorption study 
Site District Sub-district Site  Soil type Latitude 

 

Longitude 

 

Altitude, 

masl 

AEZ 

1 Degua 

Tembein 

Enda-

Mariam 

Seret Eutric 

Cambisols* 1502398 512840 2626 

 

SM2-5 
2 Hawzien Debrehiwot Awade Chromic 

Cambisols* 1542270 541972 2029 

 

SM2-5 

3 Hawzien Megab Megab Chromic 
Cambisols* 1540266 540607 2049 

SM2-5 

4 Kilte-

Awlealo 

Genfel Korir Vertic 

Cambisols* 1520462 565044 1997 

 

SM2-5 
5 Kilte-

Awlealo 

Aynalem Maitiwari Vertic 

Cambisols* 1522218 560105 1999 

 

SM2-3 

6 RayaAzebo Chercher Asayo Leptic 

Regosols** 1382355 582992 1720 

 

SM1-3 
7 RayaAzebo Kara Kara Vertic 

Cambisols** 1404445 570183 1661 

 

SM1-3 

8 RayaAzebo Genete Ganda 
Stola 

Vertic 
Cambisols* 1410234 569656 1733 

 
SM1-3 

9 Alamata Harle Belay 

Tela 

Calcaric 

Luvisols** 1363737 565737 1501 

 

SM1-3 
10 Enderta Debre Dingur Vertic 

Cambisols* 1487199 548505 2106 

 

SM2-5 

11 Enderta  Dergajen Chichat Vertic 

Cambisols* 1492353 571743 2371 

 

SM2-5 
12 Enderta Shibta Dagiya Vertic 

Cambisols* 1485843 550295 2129 

 

SM2-5 

13 Hintalo-
Wajirat 

Bahretseba Hala Leptic 
Regosols** 1445819 569727 2532 

 
SM2-5 

14 Hintalo-

Wajirat 

Hiwane Hiwane Calcic 

Cambisols* 1450274 553912 2010 

 

SM2-5 

*FAO (1984); **Mitiku Haile et al.  (2007); AEZ: Agro-ecological zone; SM2-5: Tepid to 
cool sub moist mountains and plateau; SM1-3: Hot to warm sub-moist lowland plains 

 

Fourteen random surface soil samples (0-20 cm) were collected from two major agro-

ecologies and from Eutric Cambisols, Chromic Cambisols, Calcic Cambisols, Vertic 

Cambisols, Calcaric Luvisols and Leptic Regosols (Table 3.1). The study sites were selected 
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due to severity of Zn++ deficiency (Bereket et al., 2011; MoA and ATA, 2014). The soil 

samples were collected in a diagonal pattern from each selected site and 15 auger points and 

mixed to obtain one composite bulk soil samples for each site. The soil samples were air dried 

at room temperature, ground with porcelain pestle and mortar, passed through a 2-mm sieve, 

and used for the determination of physicochemical properties and adsorption studies. For 

determinations of organic carbon and total nitrogen, a 0.5 mm sieve was used.  

 

The soil samples were analyzed following the standard laboratory procedures. Soil texture was 

determined by Bouyoucous hydrometer method (Day, 1965). Dry bulk density was estimated 

using core sampler and gravimetric method (Hesse, 1971). Soil pH was measured using a pH 

meter equipped with combined glass electrode (Jackson, 1967). The electrical conductivity 

(EC) of 1:2.5 soil water suspension prepared for pH estimation was recorded with the help of 

an electrical conductivity meter. The observed conductance was corrected for temperature 

compensation and cell constant and expressed as specific conductance of soil water (1:2.5) 

suspension in terms of dSm-1 at 25°C (Bower and Wilcox, 1965). Organic carbon content was 

determined following the modified Walkley and Black method (Jackson, 1967). Total nitrogen 

was determined by wet digestion followed by distillation and titration using Kjeldhal method 

(Bremner and Mulvaney, 1982). The sodium bicarbonate (NaHCO3) and Mehlich III 

extraction procedures were used to determine available P (Olsen et al., 1954; Mehlich 1984). 

Cation Exchange Capacity (CEC) was determined by replacing exchangeable cations with 

sodium acetate (NaOAc), removal of excess sodium (Na) by alcohol, exchanging Na by 

ammonium acetate (NH4OAc), and determining Na concentration by flame photometry 

(Chapman, 1965). CaCO3 equivalent was determined by neutralization with hydrochloric acid 

(Allison and Moodie, 1965).  

 

Available Zn was determined following diethylene triaminepenta acetic acid (DTPA) and Mehlich 

III extraction methods (Lindsay and Norvell, 1978; Mehlich 1984), while total Zn was 

determined by wet digetion of the soil using H2O2 followed by di-acids HNO3-HClO4 at 2:1 

ratio (Esteffan et al., 2013). 
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The adsorption was conducted in a duplicate of 2 g soil samples for each site in 50 ml capacity 

polyethylene plastic bottle agitated using a shaker with 40 ml 0.01M CaCl2  of ZnSO4. 7H2O 

containing Zn++ concentrations of 0, 5, 10, 15, 20 and 25 mg L-1, for 24 hours at 25 ± 10 C. 

These concentrations provide total quantities of Zn++ ranging from 0 to 500 mg Zn kg-1 

soil. The Zn++ solutions were prepared in 0.01 M calcium chloride (CaCl2) to keep the ionic 

strength of solutions almost constant. A 24-hours shaking period is sufficient for complete 

equilibration of the Zn++ solutions with the soils in Zn++ solutions ranging 1 to 160 mg Zn L-1 

(Reyhanitabar et al., 2010). After shaking, the soil solutions were filtered through Whatman 

No.42 filter paper to remove any floating debris and the concentrations were determined by 

Fast Sequential Flame Atomic Spectrometry (Varian AA 240FS) at accredited laboratory of 

Ezana Analytical Laboratory, Mekelle, Ethiopia. The amounts of Zn++ adsorbed onto the soils 

were calculated by subtracting the equilibrium Zn++ concentration in solution from the added 

Zn++ using mass balance equation (1). 

X = (Co − Ce)
V

W
                                       (1) 

 

where X is the amount of Zn++ adsorbed per unit mass of soil (mg kg-1); Co and Ce are the 

initial and final adsorptive concentrations, respectively, in mg L-1; and V is the volume of the 

solution added (ml), and W is the weight of soil in g. 

 

The data were fitted to both the Freundlich and Langmuir isotherm models as illustrated in 

Equations 2 and 3 below. A stepwise regression model was constructed using software of 

SPSS Version 20 (IBM, 2011) to know the most influential soil variables that govern the 

coefficients obtained from each isotherm. Further correlation analysis between the coefficients 

obtained from each isotherm and the selected soil properties was also performed to understand 

further the importance of the remaining soil variables using the same software.  

 

The data were fitted to the linear form of Freundlich equation (2) expressed as; 

log X = logKf  +  
1

n
log Ce                                   (2) 
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where X = amount of Zn++ adsorbed per unit weight of soil (mg kg-1); Ce = equilibrium Zn++ 

concentration (mg L-1); Kf = Freundlich distribution coefficient (L kg-1); and 1/n = an arbitrary 

constant (dimensionless) indicating the linearity of the equation.   

 

The data were also fitted to the linear form of Langmuir (Equation 3) expressed as; 

 

Ce

X
=  

1

Kb
+

Ce

b
                                                     (3) 

 

where X = amount of Zn++ adsorbed per unit weight of soil (mg kg-1); Ce = equilibrium Zn++ 

concentration (mg L-1); K = constant related to the binding strength (L mg-1); and b = 

maximum amount of Zn++ that can be adsorbed (mg kg-1). 

 

Langmuir K and b coefficients were used to calculate the distribution coefficient Kd, as termed 

by Bolt and Bruggenwert (1976), or maximum buffering capacity M, as termed by Iyengar and 

Raja (1983) and Karimian and Moafpouryan (1999) and expressed as;  

 

Kd = M = Kb                                       (4)  
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3.3. Results and Discussion 

 

3.3.1. Selected Physicochemical Properties of the Study Soils 

 

The soil textural class varied from loamy sand to clay loam with clay content ranging from 8 

to 30 % (Table 3.2). Lowest clay content was recorded at Megab site while the highest clay 

content was recorded at Maitiwari. The soils from sites of Seret, Korir, Maitiwari, Kara, 

Ganda Stola, Dingur and Dagiya had relatively higher clay contents than soils in the other 

study sites. Variability in clay content among the different sites might be related to differences 

in soil type and soil forming geological formations (Appendix 8.1 and 8.2). Soils with higher 

clay content have higher CEC thus adsorb more Zn (Reyhanitabar et al., 2007). Dry bulk 

density of the soils ranged between 1.31 and 1.50 g cm-3. The relatively higher bulk density 

might be attributed to the low organic carbon content of the soils of the study sites.  

 

The pH of the soils considered in the adsorption study varied from neutral to moderately 

alkaline (Table 3.2) in accordance with rating of Jones (2003). Activity of Zn++ in soil is 

highly pH dependant and decreases 100-folds for each unit increase in pH (Tisdale et al., 

1993). This is due to the greater adsorptive capacity of the soil solid surfaces resulting from 

increased pH-dependent negative charges, the formation of hydrolysed forms of Zn, 

chemisorptions on calcite and co-precipitation in Fe oxides (Alloway, 2009). The soils of all 

the study sites were non-saline with an electrical conductivity (EC) of < 2 dS m-1. The sites 

with relatively higher pH (>8.0) which also had higher EC were Korir, Maitiwari, Kara, Ganda 

Stola, Dingur and Dagiya. Similarly, Alloway (2009) reported that high pH and EC are 

responsible for low availability of Zn++.  

 

Calcium carbonate equivalents of the study soils were between 2.83 and 15.57% and ranged 

from non calcareous to strongly calcareous according to the rating by Prasad et al. (1999). Soil 

with alkaline reaction and higher CaCO3 content retain more Zn++ through chemisorptions and 

precipitation (Alloway, 2009). The cation exchange capacity (CEC) of the soils varied from 

low (5-15 Cmol(+)kg-1 soil) to very high ( > 40 Cmol(+)kg-1 soil) (Landon, 2014).  
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Table 3.2. Selected physicochemical properties of surface (0-20 cm) soils used for Zn adsorption study 
Site pH-

H2O 

EC, 

dSm-1 

CaC

O3 

(%) 

CEC 

Cmol(+)

kg-1 soil 

OC 

 (%) 

Total-

N (%) 

Olsen- 

P 

Mehlich 

III -P 

DTPA- 

Zn 

Mehlich 

III –Zn 

Total

-Zn 

Sand  Silt Clay  Tex. 

Cla* 

BD 

mg kg-1 soil %  g cm-3 

Seret 7.70 0.059 2.83 40.88 1.03 0.071 5.86 8.64 0.217 0.226 55.0 46 28 26 L 1.34 

Awade 6.82 0.029 3.30 5.11 0.59 0.052 4.77 13.61 0.236 0.393 8.9 42 42 16 L 1.38 

Megab 7.40 0.068 7.55 6.52 0.29 0.010 5.95 28.63 0.059 0.148 6.1 84 8 8 LS 1.45 

Korir 8.08 0.105 6.79 32.03 1.10 0.060 7.31 20.19 0.536 1.581 23.5 48 28 24 L 1.32 

Maitiwari 8.15 0.118 14.62 36.89 1.47 0.068 6.30 9.64 0.169 0.282 16.0 34 36 30 CL 1.39 

Asayo 7.96 0.064 4.62 28.96 1.06 0.065 10.24 28.76 0.227 0.331 34.4 48 36 16 L 1.31 

Kara 8.04 0.133 5.66 35.01 1.24 0.076 9.12 44.85 0.151 0.379 34.9 32 40 28 CL 1.35 

Ganda Stola 8.10 0.082 4.25 41.31 1.18 0.076 11.12 40.15 0.240 0.507 36.7 34 40 26 L 1.40 

Belay Tela 7.87 0.040 6.13 24.87 0.68 0.067 5.82 42.20 0.096 0.287 25.1 46 38 16 L 1.50 

Dingur 8.08 0.103 9.43 42.78 1.54 0.075 6.03 5.81 0.203 0.277 33.3 44 28 28 CL 1.48 

Chichat 7.47 0.066 4.72 26.58 1.35 0.074 9.57 34.81 0.190 0.332 33.1 46 38 16 L 1.49 

Dagiya 8.02 0.140 15.57 37.83 1.46 0.089 8.20 10.64 0.266 0.333 27.4 38 36 26 L 1.47 

Hala 7.53 0.065 6.60 35.41 0.82 0.062 10.41 39.23 0.170 0.331 29.9 56 30 14 SL 1.45 

Hiwane 7.60 0.059 5.77 30.00 0.81 0.064 28.85 79.14 0.429 0.779 27.1 54 32 14 SL 1.49 

Minimum 6.82 0.029 2.83 5.11 0.29 0.01 4.77 5.81 0.059 0.148 6.1 32 8 8  1.31 

Maximum 8.15 0.14 15.57 42.78 1.54 0.089 28.85 79.14 0.536 1.581 55 84 42 30  1.50 

*Tex Cla: Textural Class; L= Loam; SL = Sandy Loam; CL = Clay Loam; LS = Loamy Sand; BD: Bulk density
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According to the ratings by Tekalign (1991), the soil organic carbon content of the soils from 

the thirteen sites was low (< 1.5%) while it was medium in one (1.5-3%). The total nitrogen of 

the soils of the fourteen sites was very low (< 0.1%) according to Tekalign (1991). 

 

The soil phosphorus status (Table 3.2) ranged from very low (Olsen-P < 5 mg kg -1 soil or 

Mehlich-III P < 15 mg kg -1 soil) to optimum (Olsen-P > 10 mg kg -1 soil or Mehlich-III P > 

30 mg kg -1 soil) (Olsen, 1954; MoA and ATA, 2014). The soils of eight sites had very low 

and low in available Mehlich-III soil P.  The soils of at Seret, Awade, Maitiwari, Dingur and 

Dagiya had very low while soils of Megab, Korir and Asayo had low available P. However, 

the soils at the remaining six sites showed optimum available P. The optimum available P of 

these sites may be attributed to the relatively higher P fertilization at Chichat and Hiwane and 

P deposition from upland areas by erosion at Hala, Kara, Ganda Stola and Belay Tela. The 

results indicated that for better crop production, P fertilization is necessarily for the soils with 

very low and low P. However, for the soils with optimum P, only maintenance application of P 

fertilizer is required. Mehlich-III extracted P showed statistically significant (R2 = 0.672; p < 

0.001) relationship with that of P obtained using Olsen method. This indicates that the 

extraction method (Mehlich III) used by ATA and MoA (2014) is consistent with the 

conventional P extraction method. However, no relationship (R2 = 0.033; p = 0.533) was 

observed between Mehlich-III extracted P and Zn++. Consequently, Tisdale et al. (1993) 

concluded that P induced Zn++ deficiency caused by formation of insoluble Zn phosphates  

that had been reported by many authors should be discounted rather the authors concluded it 

could be due to P uptake by plants.  

 

Total Zn++ content of the soils ranged from 6.1 to 55 mg kg-1 soil (Table 3.2). The DTPA- Zn++ 

content of all  soils were less than 1 mg kg -1 soil  that is considered as low for tropical soils 

according to Alloway (2004). When extracted with Mehlich-III, thirteen of the fourteen sites 

soils were low (< 1.50 mg kg -1 soil) in soil available Zn++ in accordance to MoA and ATA 

(2014) rating for Ethiopian soils. The low soil Zn++ in the study sites could be attributed to dry 

land condition, soil degradation, Zn++ adsorption, higher soil pH and low solubility of Zn++ 

and nutrient depletion. Besides, the low total soil Zn++ could also be another additional reason 

for the low available Zn++ at Awade and Megab soils. Low available soil Zn++ was reported to 
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limit productivity of crops such as wheat (Cakmak et al., 1999; Cakmak, 2008) and teff 

(Bereket et al., 2011) and application of Zn++ fertilizer improved productivity of these crops. 

DTPA extracted Zn++ showed statistically significant relationship (R2 = 0.802; p < 0.001) with 

Mehlich-III Zn++ showing either of the extractant can be used under the present conditions. 

However, Mehlich-III extraction is preferred than DTPA extraction because it is multiple 

extractant and cost effective.  

 

3.3.2. Adsorptions of Zinc 

 

Adsorptions of Zn++ increased with increasing Zn++ concentrations in the equilibrium solution 

and/or with addition of Zn++ to all soil samples of the study sites (Figure 3.1 and Table 3.3). 

There were also variations in the soils with respect to the adsorbed Zn++. The variation in the 

ranges and bases of Zn++ adsorption in the different sites could be due to differences in soil 

types and soil characteristics such as pH, CaCO3, clay and organic carbon content and CEC  

(Tables 3.1 and 3.2).  Zinc adsorption corresponded to 65 -99.9 % with the addition of the 

lowest Zn++ (100 mg Zn kg-1) whereas addition of the highest Zn++ (500 mg kg-1 soil) 

corresponded to 45.8 -99.6% adsorption. However, percentage of adsorbed Zn++ decreased 

with increasing Zn++ concentrations added. The highest adsorption of Zn++ (> 99 %) was 

observed in Vertic Cambisols of Korir, Maitiwari, Kara, Ganda Stola, Dingur and Dagiya in 

contact with the Zn++ solutions. These soils have pH values greater than 8 (Table 3.2) and 

characterized as moderately alkaline (Jones, 2003) with higher adsorptive capacity due to soil 

characteristics such as calcium carbonate, clay, cation exchange capacity or organic carbon. 

Shuman (1975) and Imtiaz et al. (2006) also reported that Zn++ might be retained 

simultaneously both by adsorption and chemical precipitation at soil pH > 8. The soil from 

Seret had similarly higher clay and cation exchange capacity with Vertic Cambisols of Korir, 

Maitiwari, Kara, Ganda Stola, Dingur and Dagiya and adsorbed higher Zn++. However, the 

adsorption behavior of the soil at Seret differed probably because of its non calcareous nature; 

lower pH (< 8) and relatively low organic matter content (Table 3.2). The lowest adsorptions 

of Zn++ was observed in soils of Hawzien district, whereas the soil from Awade site contained 

the lowest pH and cation exchange capacity and that from Megab site had the lowest organic 

carbon and clay contents (Table 3.2). The adsorption characteristics of the soils in the 
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remaining sites were in between that of the lower (Awade and Megab) and the higher (Korir, 

Maitiwari, Kara, Ganda Stola, Dingur and Dagiya) Zn++ adsorbing sites (Figure 3.1).  

 

Table 3.3. Influence of Zn addition on Zn adsorption (mg kg-1) for some soils of Tigray, 

northern Ethiopia 

Site Zn addition (mg kg -1 soil) 

100 200 300  400 500 

Seret 98.75 196.75 291.03 386.33 480.73 

Awade 65.69 114.00 150.77 192.66 229.17 

Megab 86.41 156.48 203.40 233.13 282.25 

Korir 99.77 199.46 298.77 397.18 496.41 

Maitiwari 99.90 199.69 299.35 398.62 498.09 

Asayo 99.32 197.28 293.36 390.38 481.98 

Kara 99.43 198.74 297.92 397.43 493.48 

Ganda Stola 99.77 199.25 298.55 397.96 496.11 

Belay Tela 98.55 194.91 288.05 376.61 469.14 

Dingur 99.88 199.09 298.66 398.15 497.20 

Chichat 99.44 198.29 296.65 394.57 488.26 

Dagiya 99.90 197.17 299.00 398.37 497.41 

Hala 99.24 197.48 293.33 385.90 476.43 

Hiwane 99.52 197.52 296.35 392.00 483.12 

 

Figure 3.1. Simple adsorption of Zn on some soils of Tigray, northern Ethiopia 
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3.3.3. Adsorption Isotherms 

 

The adsorption data of all soils showed significant fit (R2 = 0.936 to 0.998) to Freundlich 

isotherm (Table 3.4). Freundlich Kf showed highly significant (p < 0.001; R2 = 0.809) 

relationship with soil pH and clay content in a regression model (Table 3.6).  Different authors 

(Elrashidi and O’Connor, 1982; Markku and Richard, 1995; Karimian and Moafpouryan, 

1999; Reyhanitabar et al., 2007) reported significant relationships between Freundlich 

coefficient Kf with soil clay and pH. Organic carbon content, electrical conductivity, cation 

exchange capacity and calcium carbonate equivalent were significantly correlated (Table 3.7) 

with Freundlich coefficient (Kf) but were not influential variables in the regression model 

(Table 3.6). The only soil characteristic that showed a small statistical significance 

relationship with Freundlich coefficient (1/n) representing curvature of the isotherm was clay 

content (Table 3.6), which was inline with the finding of Reyhanitabar et al. (2007). However, 

Freundlich coefficients did not show significant correlation with the other soil characteristics 

(Table 3.2). 

 

Table 3.4. Freundlich adsorption isotherm coefficients and the coefficient of determination 

(R2) to fit from data for some soils of Tigray, northern Ethiopia 

Site Log (Kf) Kf (L kg-1) 1/n  R2 

Seret 2.677 464.50 0.525 0.993** 

Awade 1.674 47.21 0.598 0.998** 

Megab 2.024 105.68 0.405 0.984** 

Korir 3.101 1135.01 0.469 0.956* 

Maitiwari 3.250 1778.23 0.539 0.992** 

Asayo 2.718 522.40 0.489 0.998** 

Kara 3.104 1270.57 0.680 0.936** 

Ganda Stola 3.139 1377.20 0.583 0.992** 

Belay Tela 2.566 368.13 0.495 0.996** 

Dingur 3.078 1196.74 0.500 0.972** 

Chichat 2.862 727.78 0.538 0.982** 

Dagiya 3.093 1238.00 0.488 0.936** 

Hala 2.663 460.26 0.449 0.990** 

Hiwane 2.752 564.94 0.460 0.979** 

Min 1.674 47.206 0.405 0.936 

Max 3.25 1778.23 0.680 0.998 

** Significant at P≤0.01,* Significant at P≤0.05 
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Twelve of the fourteen soils tested showed significant fit to Langmuir adsorption isotherm (R2 

= 0.938 to 0.994) (Table 3.5), whereas the soils of Dingur and Dagiya had no statistical fit to 

Langmuir adsorption isotherm. The findings by Shuman (1975) and Imtiaz et al. (2006) also 

showed poor fits of soil characteristics to Langmuir adsorption isotherm. Shuman (1975) 

observed Langmuir isotherm best fits to addition of high Zn++ concentration. Imtiaz et al. 

(2006) reported that the reason for poor fit was unclear even if low realistic Zn++ additions 

were used for their study. Similarly, the Zn++ additions in the current study were low 

representing the ground reality of agricultural soils.  However, the two soils had also a 

significant fit (P = 0.10) near the value consider acceptable (P≤0.05) 

 

Table 3.5. Langmuir adsorption isotherm coefficients, the coefficient of determination and 

maximum buffering capacity (Kd = M) for some soils of Tigray, northern Ethiopia 

Site K (l mg-1) b (mg kg-1) Kd = M R2 

Seret 2.00 500 1000 0.938** 

Awade 0.12 333 40 0.945** 

Megab 0.43 333 143 0.975** 

Korir 14.30 1000 14300 0.98** 

Maitiwari 20.00 1000 20000 0.974** 

Asayo 1.27 1000 1266 0.964** 

Kara 3.85 1000 3850 0.949** 

Ganda Stola 5.92 1000 5920 0.972** 

Belay Tela 2.00 500 1000 0.96** 

Dingur 6.67 1000 6670 0.742ns (P = 0.061) 

Chichat 8.70 500 4350 0.994** 

Dagiya 11.50 1000 11500 0.759ns (P = 0.054) 

Hala 5.88 500 2940 0.994** 

Hiwane 6.66 500 3330 0.982** 

Min 0.12 333 40 0.742 

Max 20 1000 20000 0.980 

** Significant at P≤0.01,* Significant at P≤0.05 and ns = non-significant 

 

Calcium carbonate equivalent was the only soil characteristic that could be used to predict 

Langmuir bonding energy constant coefficient K, whereas soil pH could also be used to 

predict Langmuir adsorption maximum coefficient b (Table 3.6). Organic carbon and clay 

significantly correlated with bonding energy constant K, while organic carbon, clay and cation 

exchange capacity with adsorption maximum b (Table 3.7). These soil characteristics, except 

for soil pH and calcium carbonate, were not influential variables in the regression models to 

predict Langmuir coefficients though they can be used in correlation analysis as soil factors 
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that influence Zn++ adsorption. Soil pH, clay, organic matter and cation exchange capacity 

(Shuman, 1975; Diatta, 1998), organic matter and calcium carbonate (Udo et al., 1970), 

calcium carbonate, organic carbon, clay and cation exchange capacity (Dahane and Shukula, 

1995), soil pH, clay and calcium carbonate (Karimian and Moafpouryan, 1999) and cation 

exchange capacity (Reyhanitabar et al., 2007) were also reported to influence the Langmuir 

coefficients and Zn++ adsorption. Catlett et al. (2002) also reported that Zn++ adsorption was 

controlled by soil pH and organic carbon. 

 

Table 3.6. Regression models between Freundlich and Langmuir adsorption coefficients with 

soil properties for some soils of Tigray, northern Ethiopia 

Equations R2 

Freundlich  

Kf = -4633.98 + 589.07pH-H2O + 41.77Clay 0.809** 

1

n
 =  0.409 +  0.005Clay 

0.284* 

Langmuir  

K =  − 0.950 + 1.049CaCO3   0.495* 

b =  − 4452.2 +  666.22pH-H2O   0.753** 

Kd =  M =  −7961.86 +  901.28CaCO3  + 345Clay 0.694* 

** Significant at P≤0.01,* Significant at P≤0.05 

 

Olsen extractable phosphorus (Melton et al., 1973) and addition of phosphorus to soil 

(Tagwira et al., 1993) were also reported to influence Zn++ adsorption. However, there was no 

significant correlation between Langmuir coefficients and Olsen or Mehlich- III extractable 

phosphorus in the current study (Table 3.7). The findings are in agreement with that of 

Shuman (1975) and Reyhanitabar et al. (2007). Tisdale et al. (1993) also concluded that P 

induced Zn++ deficiency caused by formation of insoluble Zn phosphates should be discounted 

rather the interaction is at plant level induced by excess P uptake. Langmuir coefficients did 

not correlate with the other soil characteristics (Table 3.2), tough there were significant 

positive correlations between Langmuir coefficients with electrical conductivity (Table 3.7). 

Alloway (2009) also reported soils with high pH and EC adsorb more Zn++.   

 

The calculated Kd = M of the soils showed a range of 40 to 20000 (Table 3.5) indicating that 

for soil from Maitiwari, 20000 units Zn++ adsorbed by the solid phase for each unit of Zn++ in 

equilibrium solution, whereas for soil from Awade only 40 units Zn++ adsorbed by the solid 

phase for each unit of Zn++ in equilibrium solution. The soil at Maitiwari had relatively higher 
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CaCO3 and clay contents and CEC, showing that the soil had high buffering capacity which 

can replenish the Zn++ taken up by crops from the soil solution. However, the soil at Awade 

had relatively lower CEC and clay content indicating that its buffering capacity is low. 

Generally the soils from the study sites with calcareous nature, higher cation exchange 

capacity, pH and clay (Table 3.2) had higher Kd. Significant correlations were also observed 

between these soil parameters and cation exchange capacity (data not shown). Similarly, 

Karimian and Moafpouryan (1999) and Reyhanitabar et al. (2007) reported Kd ranging 309 to 

3509, and 212 to 625 for calcareous soils of Iran, whereas Imtiaz et al. (2006) reported range 

of Kd from 42 to 5002 for 13 Pakistan and 3 England soils. Sauve’ et al. (2000) also generated 

Kd ranging from 1.4 to 320, 000 from 70 literatures for soils of various origin.  

 

Table 3.7. Correlation (r) between Freundlich and Langmuir adsorption isotherm coefficients 

and selected soil properties for some soils of Tigray, northern Ethiopia 

 Freundlich  Langmuir   

Soil property Kf 1/n  K b Kd = M 

pH-H2O 0.805** 0.067ns 0.520* 0.868** 0.597* 

EC, dS/m 0.839** 0.215ns 0.660* 0.766** 0.638* 

OC (%) 0.843** 0.350ns 0.642* 0.752** 0.646* 

CaCO3 (%) 0.593* -0.232ns 0.704* 0.458ns 0.746* 

CEC (meq 100 g-1 soil) 0.715* 0.148ns 0.460ns 0.669* 0.450ns 

Clay (%) 0.845** 0.533* 0.538* 0.760** 0.639* 

Olsen- P (mg kg-1 soil) -0.031ns -0.173ns -0.350ns -0.086ns -0.017ns 

Mehlich III-P (mg kg-1 soil) -0.205ns -0.046ns -0.219ns -0.252ns -0.350ns 

** Significant at P≤0.01,* Significant at P≤0.05 and ns = non-significant 

 

Significant relationships were also obtained between Kd or M with clay and calcium carbonate 

equivalent that could be used to predict distribution coefficient or maximum buffering 

capacity (Table 3.6).  The Langmuir coefficients (K and b) contributors for Kd calculation 

were significantly correlated with soil pH, organic carbon, calicum carbonate equivalent and 

cation exchange capacity (Table 3.7). Reyhanitabar et al. (2007) also found significant 

relationships of Kd with clay, calcium carbonate and cation exchange capacity. 
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3.4. Conclusion and Recommendation 

 

Adsorption of Zn++ increased with increasing Zn++ concentration in equilibrium solutions 

and/or addition of Zn++ to soils of the study sites. Zinc adsorption conformed both to 

Freundlich and Langmuir adsorption isotherms. Soil pH and clay content in the Freundlich 

adsorption isotherms while soil pH, clay and calcium carbonate equivalent in the Langmuir 

isotherms are the most influential soil characteristics that could predict the coefficients of the 

isotherms. Organic carbon content and cation exchange capacity are also important soil 

variables that influence Zn++ adsorption. 

 

It can be concluded the major reason for the widespread Zn deficiency could be due to 

adsorption. The findings of this study have also implications to soil fertility management with 

respect to Zn++ availability. The highly adsorptive Vertic Cambisols of Korir, Maitiwari, Kara, 

Ganda Stola, Dingur and Dagiya sites might need application of high doses of Zn++ fertilizer to 

compensate for the adsorbed Zn++. Acidifying fertilizers such as ammonium sulfate might also 

decrease soil pH and improve Zn++ availability. Combined use of foliar and soil Zn 

applications, mycorrhizal fungi inoculation and growing Zn-efficient varieties that could 

extract more Zn++ from soil might be promising strategies to solve Zn++ deficiency problems. 

The low Zn++ adsorbing Chromic Cambisols of Awade and Megab were low in organic carbon 

content and cation exchange capacity and/or high in sand content requiring Zn++ fertilizer 

management and also prevent leaching. Thus, devising management options for the high and 

low Zn++ adsorbing soils should be implemented for efficient management of Zn++ availability. 

However rigorous studies are recommended to draw sound conclusions.   
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4. EFFECTS OF ZINC CONTAINING FERTILIZERS ON YIELDS AND   

      GRAIN ZINC CONCENTRATION OF TEFF [(Eragrostis tef (Zucc.) 

Trotter] AND BREAD WHEAT (Tritcum aestivum) IN SOME SOILS OF 

TIGRAY, NORTHERN ETHIOPIA 
 

 

ABSTRACT 

 

Zinc is an essential micronutrient for crop growth, human and animal diets. However, its 

deficiency is widespread in soils of Tigray, northern Ethiopia. Hence, two sets of greenhouse 

pot experiments were conducted to evaluate the response of teff and bread wheat to Zn 

fertilizers on ten Zn deficient soils for each crop collected from Tigray. Five rates of Zn (0, 

2.5, 4.5, 6.5 and 10.5 kg ha-1) were arranged in completely randomized design with three 

replications. The sources of Zn fertilizer were NPSZn and ZnSO4.7H2O. Biomass and grain 

yield, grain Zn content and harvest index were the parameters used to evaluate teff and bread 

wheat responses to Zn fertilizations. The highest yields (biomass and grain) and grain Zn 

content of teff were recorded at a rate of 6.5 kg Zn ha-1 with percentage increases of 36, 27 

and 15%, over the control, respectively though these values were not significantly different 

from those which received 4.5 kg Zn ha-1. The teff grain yield was 11.17 g pot-1at 6.5 kg Zn ha-

1 while it was 8.2 g pot-1at the control. This indicates that additional 2 to 4 kg Zn ha-1 might be 

needed in addition to the Zn content in the 100 kg NPSZn compound fertilizer. Teff grain Zn 

concentration increased linearly with Zn application rates. Compared with no application, Zn 

fertilizer at the highest rate increased grain Zn concentration from 18.04 to 23.4 mg kg-1 on 

average. Optimum Zn rate of 2.5 to 4.5 kg ha-1 resulted better biomass production of bread 

wheat. Bread wheat grain yield ranged from no response to Zn fertilization in one site to 

significant yield improvement of 10 - 84% depending on the initial soil Zn content and Zn 

adsorption. Zinc concentrations of teff and bread wheat grain were low as compared to the 

targeted Zn for human consumption (40 - 60 mg kg-1) even with Zn application in all the ten 

sites for teff and six of the ten sites for bread wheat. However, improvement in grain Zn 

content of bread wheat due to Zn fertilization in three of the remaining four sites could be 

induced because of reduced grain accumulation. The results from both test crops indicate that 

soil Zn fertilization can increase yield of teff and bread wheat in Zn deficient soils of Tigray 

but may not be promising strategy to increase Zn in teff and bread wheat grain destined for 

humans. Hence, integrating soil Zn application with other agronomic practices might improve 

both yields and grain Zn of teff and bread wheat. 

 

Keywords: Zinc, teff, bread wheat, yield, grain Zn concentration 

  



41 

 

 
 

4.1. Introduction 

 

Teff [(Eragrostis tef (Zucc.) Trotter] and bread wheat (Tritcum aestivum) are the major cereals 

grown in Ethiopia including the Tigray regional state. Teff is cultivated in Ethiopia on about 

3.016 x 106 ha and occupies about 24% of the total crop area allocated to cereals (CSA, 2015). 

In Tigray, teff is cultivated on about 1.85 x 105 ha and occupies about 24% of the total crop 

area allocated to cereals (CSA, 2015). While bread wheat is cultivated in Ethiopia on about 

1.66 x 106 ha and occupies about 13.26 % of the total crop area allocated to cereals (CSA, 

2015). In Tigray, bread wheat is cultivated on about 1.088 x 105 ha and occupies about 14.23 

% of the total crop area allocated to cereals (CSA, 2015). 

 

The grain of teff and bread wheat comprise the major dietary and nutrient sources for the 

Ethiopians (Mathewos et al., 2012; Tareke et al., 2013), while their straw provide the major 

source of dry season fodder for livestock (Seyoum and Zinash, 1989; Alemu, 2013). Demands 

for teff are increasing locally because of an increase in Ethiopian population and 

internationally because of increase in its global popularity (Tareke et al., 2013; Crymes, 2015). 

Ethiopia falls short of being self-sufficient in bread wheat production and is currently a net 

importer, and most of the humanitarian food aid and commercial import take place in the form 

of bread wheat (Demeke and Di Marcantonio, 2013). To fulfill the growing demands for teff 

locally and globally, and to feed the growing human population and fulfill the demand of 

bread wheat in Ethiopia; increasing production is of paramount importance.  

 

The average teff grain yield of 1575 kg ha-1 nationally and 1426 kg ha-1 in Tigray; and bread 

wheat grain yield of 2543 kg ha-1 nationally and 1869 kg ha-1 in Tigray (CSA, 2015) are low 

as compared to other cereals and the world average  of 3100 kg ha-1 (Statista, 2018), 

respectively. Lack of improved cultural practices and low soil fertility problems are among the 

major crop production constraints that contribute to the low productivity of these crops. Some 

of the soil related constraints in teff and bread wheat productions are poor soil fertility, 

moisture scarcity, high cost of fertilizers, alkalinity, acidity, lack of proper crop and soil 

management practices and water logging, the latter being a particular problem on Vertisols 
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(Hailu et al., 1900; Teklu and Hailemariam, 2009; Bereket et al., 2011; Demeke and Di 

Marcantonio, 2013; Tesfa et al., 2013; Wakene and Yifru, 2013).  

 

Nitrogen (N) and phosphorus (P) were the only nutrients applied to cereals in Ethiopia in the 

form of Urea and Di-ammonium phosphate (DAP) since their introduction in 1967 (FAO, 

1995). Accordingly, most of the fertilizer studies on cereals in the past were also focused on N 

and P fertilizers. However, crop production demands more nutrients in addition to N and P. 

Continuous application of N and P without due consideration of the other nutrients may 

increase the degree of deficiency in other nutrients. A study conducted by Tekalign and Parson 

(1987a) showed that P fertilization resulted in reduction of micronutrients (such as Cu and Zn) 

concentration on both shoot and root of teff because of excessive uptake of P. Recent 

developments showed that application of potassium (IPI, 2014; Mulugeta et al., 2015), S 

(Kiros and Singh, 2006) and Zn (Bereket et al., 2011) and Zn and Cu containing DAP (Tareke 

et al., 2013) increased grain and straw yields of of cereals. Application of N and P fertilizers to 

bread wheat without due consideration of other nutrients also directed to deficiency of K 

(Abiye et al., 2004; IPI, 2014; Mulugeta et al., 2015), and possibly other essential nutrients 

such as Zn and Fe. The above studies on fertilizers other than N and P on teff and bread wheat 

indicate the need for balanced fertilization to improve productivity and quality of crops. 

 

Soil fertility mapping of agricultural lands has been developed in Ethiopia to identify nutrients 

that might limit crop productivity and to develop balanced fertilization. Soil fertility map of 

Tigray Region was developed in 2014 by MoA and ATA. Accordingly, widespread Zn 

deficiency in soils of Tigray Region was reported (MoA and ATA, 2014). This widespread Zn 

deficiency could be attributed to relatively higher soil pH, soil degradation, nutrient mining 

and depletion. Zinc deficiency is also a global human nutrition problem associated mainly 

with cereal-based diets and low soil Zn status (Kayode, 2006; Cakmak and Kutman, 2017). 

 

There are several management practices to alleviate Zn deficiency in crops which include 

among others use of fertilizers containing Zn. There is an interest from the government of 

Ethiopia to use Zn containing compound fertilizers such as NPSZn to increase crop yields. In 

Tigray, farmers are encouraged through the extension system to apply fertilizer containing Zn 
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such as NPSZn at a rate of 100 kg ha-1 for all crops and soils replacing Di-ammonium 

phosphate (DAP) previous general recommendation rate of 100 kg ha-1 (Asfaw Nuguse, Tigray 

Bureau of Agriculture and Rural Development, October 2017, personal Communication). The 

Zn content of 100 kg in NPSZn fertilizer is 2.5 kg, which is very low as compared to world 

average soil application rate of 10 kg Zn ha-1 for different crops and soil types (Alloway, 

2009). Hence, additional Zn might be needed in other forms such as ZnSO4.H2O. Applications 

of Zn was also reported to have increased yields of cereals such wheat (Cakmak et al., 1999; 

Rattan et al., 2008), rice (Wissuwa et al., 2007; Rattan et al., 2008; Fageria, 2009), maize 

(Abunayewa and Mercer-Quarshie, 2004; Rattan et al., 2008), sorghum (Traore, 2006; Rattan 

et al., 2008) and teff on Vertisol (Bereket et al., 2011). Soil applied Zn fertilizer also improved 

yield and Zn concentration of wheat (Rengel et al., 1999; Cakmak et al., 1999). In another 

study, soil Zn application increased grain yield marginally but also did not improve Zn 

concentration in sorghum grains (Ashok et al., 2013).  

 

Management strategies to improve Zn in human nutrition are either to nourish diets rich in 

vegetable and meat or improve the density of Zn in grain crops using agronomic management 

practices (Hotz and Brown, 2004). Only about 25% of the total Zn present in grain is thought 

to be bioavailable due to anti nutrient such as phytate (Bouis and Welch, 2010). Considering 

the anti-nutrient, the recommended target of Zn concentration in grains for human nutrition is 

40-60 mg kg-1 (HarvestPlus, 2014; Graham et al., 2007). However, Zn concentration in cereal 

grain contains less than 20 mg Zn kg-1 (Alloway, 2009). Fertilizers containing Zn might also 

improve the density of Zn in teff and bread wheat grain. So far, there are limited studies 

investigating the effects of fertilizers containing Zn on yields and grain Zn concentration of 

teff and bread wheat. The study conducted by Bereket et al. (2011) was limited to Vertisols 

and yield, and also did not consider the currently available Zn containing fertilizers. Therefore, 

this study was conducted to evaluate the effects of Zn containing NPSZn fertilizer and 

additional Zn levels on yields and grain Zn concentrations of teff and bread wheat in some Zn 

deficient soils of Tigray.  

 

  



44 

 

 
 

4.2. Materials and Methods 

4.2.1. Experimental Set Up and Data Collection 

 

Two sets of greenhouse pot experiments, one for teff and the other for bread wheat, were 

carried out at Mekelle Agricultural Research Center in 2017 during the months of February to 

April. The soils collected from the sites used for the Zn adsorption study were used for these 

experimentations (Table 3.1). Surface bulk soil samples (0-20 cm depth) were collected from 

the fourteen Zn deficient sites and selected ten for each crop.   

 

The experiments were conducted using ten selected sites for each crops with five treatments 

arranged in a completely randomized design with three replications. Experimet with each test 

crop had 150 experimental units. The Zn treatments were 0, 2.5 (100 kg NPSZn), 4.5 (100 kg 

NPSZn + 2 kg Zn), 6.5 (100 kg NPSZn + 4 kg Zn) and 10.5 (100 kg NPSZn + 8 kg Zn) kg Zn 

ha-1. As labeled in the sack of the fertilizer, hundred kilogram of NPSZn compound fertilizer 

contained 17.7 kg N, 35.3 kg P2O5, 6.5 kg S and 2.5 kg Zn. The additional Zn fertilizer was 

applied in the form of ZnSO4.7H2O.  

 

Plastic pots of 7.5 kg soil capacity with upper diameter of 25 cm, bottom diameter of 17 cm 

and depth of 18 cm were filled with soil. Under pot experimentation an area based fertilizer 

application is preferred over soil mass based because the soil in the pot has to supply the needs 

of the crops (Rowell, 1994). Nitrogen, P, K2O and S at a rate of 64 (314 mg N pot-1), 20 (98 

mg P pot-1), 60 (294 mg K2O pot-1) and 20 (98 mg S pot-1) kg ha-1 were applied to each pot as 

basal by adjusting the nutrients in the Zn containing fertilizers. The forms of fertilizers for N, 

P, K and S were Urea, TSP, KCl and gypsum, respectively. The P, K, S and Zn containing 

fertilizers were applied during planting into the soil while the remaining N from UREA 

fertilizer was applied during tillering. Teff variety Quncho (Dz-Cr-387) at seed rate of 10 kg 

ha-1 mixed with equal amount of sand for ease of planting was sown to each pot. While fifteen 

seeds of bread wheat variety King Bird were sown and finally ten plants were retained in each 

pot. The pots were watered with deionizied water (pH = 6.74 and EC = 0.36 dS m-1) based on 

crop water requirement by measuring with graduated cylinder. The pots were randomized 

frequently within each replication. The teff and wheat plants were grown under natural day 
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length and light intensity. During the experiment, the average daily maximum temperature in 

the green house was 27 oC and minimum 13 oC and the average relative humidity was 50%.  

 

Observations were recorded on plant height and panicle length at maturity using measuring 

tape. Number of kernels per spike was counted and 100 seed was also weighed for bread 

wheat. Above ground biomass of both crops were sun-air dried to the barest minimum for 15 

days in a paper bag before weighing. The shoots were threshed and cleaned, and grain yield 

was weighed at 12.5% moisture content..  

 

Teff and wheat grain samples were collected for analysis of Zn after threshing. The samples 

were cleaned for any contamination, ground with a stainless grinder and digetsed  using a wet 

digetion method (di-acids HNO3-HClO4 at 2:1 ratio) to obtain full recovery of Zn (Esteffan et 

al., 2013). The aliquots of the digest were determined for Zn using Fast Sequential Flame 

Atomic Spectrometry (Varian AA 240FS) at accredited laboratory of Ezana Analytical 

Laboratory, Mekelle, Ethiopia. 

 

4.2.2. Data Analysis 

 

The generated data were subjected to analysis of variance. Means were compared with Least 

Significant Difference (LSD) test at 5% level of probability. All analyses were performed with 

GenStat 14th edition (VSN, 2011). 
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4.3. Results and Discussion 

 

4.3.1. Effects of Zn on Growth and Agronomic Parameters of Teff and Bread Wheat 

 

There was no interaction effect of Zn and site on either panicle length or plant height of teff 

(Appendix Table 8.4). The main effect of Zn fertilizer significantly increased panicle length 

and plant height of teff (Table 4.1). Application of Zn at a rate of 6.5 kg Zn ha-1 significantly 

increased panicle length and plant height of teff. However the recorded increases were not 

statistically different from the preceding Zn rate (4.5 kg Zn ha-1). 

 

Table 4.1. Main effects of Zn containing fertilizers and site on panicle length and plant height 

of teff 
Zn treatments (kg Zn ha-1) Panicle length (cm) Plant height (cm) 

0 28.84 80.85 

2.5 30.93 90.14 
4.5 31.32 92.50 

6.5 31.50 92.87 

10.5 30.37 89.45 

P <0.001 <0.001 
LSD 0.98 2.17 

Site   

Awade 29.97 87.87 

Megab 26.40 76.29 
Korir 28.79 83.48 

Asayo 27.79 87.79 

Kara 35.52 101.64 
Ganda Stola 31.33 91.99 

Belay Tela 30.65 93.48 

Chichat 31.09 90.65 

Dagiya 34.89 92.68 
Hiwane 28.28 86.45 

P <0.001 <0.001 

LSD 1.388 3.07 

CV (%) 6.30 6.87 

 

Statistically, the lowest and highest panicle length and plant height were recorded in teff plants 

grown in Megab and Kara sites, respectively (Table 4.1). Low soil organic carbon content, 

total N, clay content, both available and total Zn and other related poor physical and biological 

soil properties might have contributed to the  lowest growth of teff at Megab site (Table 3.2). 
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There are no peculiar soil characteristics other than lowest sand and highest clay contents 

(Table 3.2) that can explain the better growth of teff at Kara site.  

 

Plant height of bread wheat was influenced by the interaction effects of Zn fertilization and 

site (Table 4.2; Appendix Table 8.5). The highest plant height (65.68 cm) of bread wheat was 

recorded at Hiwane site at application of 6.5 kg Zn ha-1 and the lowest (51.20 cm) at Mai-

Tiwari site with no Zn application. In most sites, the highest plant heights of bread wheat were 

recorded at Zn application of 4.5 kg ha-1, though it was not significantly different than the 

preceding Zn rate (2.5 kg ha-1).  

 

Table 4.2. Interaction effects of Zn containing fertilizers and site on plant height (cm) of bread 

wheat 
Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Seret 60.90 64.10 63.10 63.40 59.90 62.28 

Awade 54.16 62.00 64.00 62.80 60.80 60.75 
Megab 56.37 64.08 65.23 65.36 62.40 62.69 

Korir 53.00 57.90 61.00 61.10 61.10 58.82 

Mai-Tiwari 51.20 56.40 57.00 55.90 53.80 54.86 
Dingur 51.70 55.41 56.99 56.10 54.65 54.97 

Chichat 61.68 65.04 64.11 63.44 62.08 63.27 

Dagiya 57.90 59.27 61.30 60.07 57.10 59.13 
Hala 52.56 57.65 59.15 60.64 58.64 57.73 

Hiwane 56.00 65.64 65.61 65.68 61.60 62.92 

Mean 55.55 60.75 61.75 61.45 59.22  
CV (%) = 3 ,  Zn: p < 0.001 & LSD = 0.92; Site: p < 0.001 & LSD =  1.30 and Zn x Site: p < 0.001 & LSD = 2.91  

 

Similarly, spike length of bread wheat was influenced by the interaction effects of Zn and site 

(Table 4.3; Appendix Table 8.5). In most sites, application of Zn at the rate of 4.5 kg ha-1 

improved spike length of bread wheat as compared to the control. The highest spike length 

(9.20 cm) of bread wheat was recorded at Chichat site at Zn application rate of 4.5 kg ha-1 and 

the lowest (5.7 cm) at Mai-Tiwari and Dagiya sites with no Zn application.  

 

Zinc deficiency resulted in stunted appearance of plants due to reduced internodal expansion 

(Alloway, 2008). Hence, Zn fertilizer applications improved both plant height and panicle 

length/spike lengh of teff and bread wheat.  
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Table 4.3. Interaction effects of Zn containing fertilizers and site on spike length (cm) of bread 

wheat 

Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Seret 6.700 7.200 7.233 7.633 7.300 7.213 

Awade 5.840 7.200 7.680 7.440 7.040 7.040 

Megab 6.400 7.440 8.093 8.320 8.160 7.683 
Korir 6.400 6.800 7.000 7.067 7.900 7.033 

Mai-Tiwari 5.700 7.200 7.200 7.000 6.500 6.720 

Dingur 5.732 6.459 6.658 6.631 6.382 6.372 

Chichat 8.160 8.867 9.207 8.960 8.720 8.783 
Dagiya 5.700 6.133 6.300 6.800 5.700 6.127 

Hala 7.840 8.720 8.880 8.833 8.800 8.615 

Hiwane 7.360 8.510 8.500 9.120 8.400 8.386 

Mean 6.583 7.453 7.680 7.780 7.490  
CV (%) = 5.4  ,  Zn: p < 0.001 & LSD = 0.206 ; Site: p < 0.001 & LSD = 0.292 and Zn x Site: p = 0.026 & LSD = 0.652 

 

Number of kernels per spike of bread wheat was influenced by the interaction effects of Zn 

fertilization and site (Table 4.4; Appendix Table 8.5). The highest average number of kernels 

per spike (42.40) was recorded in Hiwane site at Zn application rate of 10.5 kg ha-1 and the 

lowest (14.33) at Dagiya site with no Zn application. The result is consistent with the effect of 

Zn and site on plant height of bread wheat (Table 4.2). The average effects of Zn on plant 

height and number of kernels per spike of bread wheat were significantly related to each other 

(R2 = 0.93; p <0.001). 

 

Table 4.4. Interaction effects of Zn containing fertilizers and site of number kernels per spike 

of wheat 
Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Seret 24.73 27.17 29.19 32.11 21.78 27.00 

Awade 24.16 29.84 34.96 33.55 33.61 31.22 
Megab 22.59 29.99 31.45 32.00 32.63 29.73 

Korir 15.40 17.65 18.60 21.39 20.80 18.77 

Mai-Tiwari 15.77 17.80 19.51 18.57 17.55 17.84 
Dingur 14.71 17.88 18.89 19.78 17.76 17.78 

Chichat 34.72 40.41 39.25 36.64 38.72 37.95 

Dagiya 14.33 21.00 21.43 22.40 17.20 19.27 

Hala 29.44 34.08 36.00 35.01 34.76 33.86 
Hiwane 31.84 38.51 38.83 40.00 42.40 38.31 

Mean 22.77 27.43 28.81 29.14 27.71  
CV (%) = 7.3,  Zn: p < 0.001 & LSD =1.1 ; Site: p < 0.001 & LSD = 1.557 and Zn x Site: p < 0.001 & LSD =  3.48 
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Hundred seed weight of bread wheat was influenced by the interaction effect of Zn and soil 

(Table 4.5; Appendix Table 8.5). Zinc fertilization improved hundred seed weight of bread 

wheat in Awade and Chichat sites. These soils had relatively lower pH and CaCO3 (Table 3.2) 

which might have improved the Zn content in the soil solution that improved hundred seed 

weight of wheat. Calcium carbonate and pH were found to be among the most soil influential 

variables that affect Zn adsorption (Table 3.6).  

 

Table 4.5. Interaction effects of Zn containing fertilizers and site on 100 seed weight (g) of 

wheat 
Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Seret 2.713 2.897 2.890 2.677 2.273 2.690 

Awade 3.007 3.097 3.143 3.483 3.300 3.206 
Megab 3.007 3.193 3.150 3.180 3.190 3.144 

Korir 2.757 2.823 2.850 2.897 2.897 2.845 

Mai-Tiwari 2.787 2.860 2.897 2.967 2.970 2.896 

Dingur 2.716 2.775 2.882 2.865 2.868 2.809 
Chichat 3.080 3.263 3.373 3.323 3.373 3.283 

Dagiya 3.043 3.080 3.043 3.080 3.190 3.087 

Hala 2.970 2.980 2.933 2.920 2.970 2.955 
Hiwane 3.647 3.630 3.617 3.667 3.667 3.645 

Mean 2.970 3.060 3.070 3.106 3.070  
CV (%) = 5,  Zn: p < 0.0.017 & LSD = 0.0786; Site: p < 0.001 & LSD = 0.1112 and Zn x Site: p < 0.033 & LSD = 0.2486  

 

4.3.2. Yield Response of Teff and Bread Wheat to Zn Fertilization  

 

There were interaction effects of Zn fertilization and site on biomass yield of teff (Table 4.6; 

Appendix Table 8.4). The highest biomass yield (53.67 g pot-1) of teff was recorded at Ganda 

Stola site that received Zn fertilizer at a rate of 6.5 kg ha-1 while the lowest (19.33 pot-1) was at 

Megab site with control. Ganda Stola site had the highest cation exchange capacity and 

relatively low calcium carbonate equivalent (Table 3.2) that might have contributed to the Zn 

ion to be retained in the exchange site and was easily available to the teff plants during the 

growing period. Relatively low soil fertility (Table 3.2) and poor teff growth (Table 4.1) might 

have contributed to the low biomass yield of teff at Megab site.  

 

Biomass yield of bread wheat was also influenced by the interaction effect of Zn and site 

(Table 4.7; Appendix Table 8.5). The optimum Zn rate for statistically maximum biomass 
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production of bread wheat for Seret, Megab, Mai-Tiwari, Dingur, Chichat, Hala and Hiwane 

was found to be 2.5 kg ha-1 while it was 4.5 kg ha- Awade, Korir and Dagiya sites. Generally, 

biomass yields of bread wheat at the sites of Korir, Mai-Tiwari, Dingur and Dagiya were low 

as compared to the other sites. These sites had pH values greater than 8 and had relatively 

higher nutrient adsorptive capacity (Table 3.3). Availability of essential nutrients are optimum 

within soil pH range of 6.5 to 7.5 while in soils with pH greater 7.5 nutrients such P, Zn, Cu, 

Fe tend to be less available to plant (IPNI, 2010). Besides, these soils had relatively higher 

clay content that might hinder for air and water movement under pot experimentation due to 

clogging. These could be the possible reasons for lower biomass accumulation of bread wheat 

in these soils.  

 

Table 4.6. Interaction effects of Zn containing fertilizers and site on biomass yield (g pot-1) of 

teff 
Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Awade 31.33 40.67 41.00 41.33 40.67 39.00 

Megab 19.33 22.67 24.67 27.33 29.67 24.73 
Korir 20.67 25.67 25.67 25.67 26.33 24.80 

Asayo 31.00 41.00 41.00 42.00 42.33 39.47 

Kara 39.67 45.33 48.00 46.33 45.33 44.93 
Ganda Stola 42.33 51.67 52.00 53.67 52.33 50.40 

Belay Tela 33.00 40.67 41.00 41.67 42.67 39.80 

Chichat 37.67 44.00 44.33 44.33 42.67 42.60 

Dagiya 29.00 36.33 38.00 38.00 36.33 35.53 
Hiwane 38.67 48.00 49.00 50.33 45.33 46.27 

Mean 32.27 39.60 40.47 41.07 40.37  
CV (%) = 4.4,  Zn: p < 0.001 & LSD = 0.87; Site: p < 0.001 & LSD = 1.23 and Zn x Site: p = 0.003 & LSD = 2.75  

 

There were no interaction effects of Zn and site on grain yield and harvest index of teff 

(Appendix Table 8.4), but the main effect of Zn fertilizer significantly increased grain yield 

and harvest index of teff (Table 4.8). The highest grain yield and harvest index of teff were 

recorded at Zn application rate of 6.5 kg ha-1 with increases of 36 and 7.6%, respectively, over 

the control, though the increases were not statistically different from the preceding rate (4.5 kg 

Zn ha-1). Therefore, application of 2 to 4 kg Zn ha-1 in addition to the recommended rate of Zn 

in 100 kg NPSZn ha-1 by the regional extension may be needed for Zn deficient soils and 

better productivity of teff in Tigray. 
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Table 4.7. Interaction effects of Zn containing fertilizers and site on biomass yield (g pot-1) of 

bread wheat 

Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Seret 16.500 19.000 18.833 19.667 16.000 18.000 

Awade 17.200 20.400 22.000 22.400 23.200 21.040 

Megab 15.100 20.167 21.017 21.633 21.633 19.910 
Korir 11.000 13.000 13.750 14.333 15.667 13.550 

Mai-Tiwari 13.867 15.000 16.000 16.000 15.500 15.273 

Dingur 12.114 13.735 14.445 15.261 14.735 14.058 

Chichat 24.800 27.467 26.800 26.800 26.400 26.453 
Dagiya 13.500 15.500 16.000 18.000 15.500 15.700 

Hala 22.800 24.400 24.800 24.800 26.000 24.560 

Hiwane 26.933 29.400 30.067 30.000 30.000 29.280 

Mean 17.381 19.807 20.371 20.889 20.463  
CV (%) = 5.8,  Zn: p < 0.001 & LSD = 0.583; Site: p < 0.001 & LSD = 0.825 and Zn x Site: p = 0.002 & LSD = 1.84 

 

Table 4.8. Main effects of application of Zn containing fertilizers and site on grain yield and 

harvest index of teff 

Zn treatments (kg Zn ha-1) Grain yield (g pot-1) Harvest index (%) 

0 8.2 25.67 
2.5 10.49 26.73 

4.5 10.97 27.48 

6.5 11.17 27.63 
10.5 10.72 26.87 

P <0.001 0.004 

LSD 0.487 1.08 

Site   

Awade 11.08 28.44 

Megab 8.14 32.65 

Korir 6.99 28.12 

Asayo 11.25 28.59 
Kara 10.16 22.49 

Ganda Stola 13.13 26.12 

Belay Tela 10.80 26.86 
Chichat 10.40 24.34 

Dagiya 8.28 23.2a 

Hiwane 12.93 27.97 

P <0.001 <0.001 
LSD 0.690 1.527 

CV (%) 9.2 7.8 

 

Though the plants were grown under optimum moisture condition, there were variabilit ies in 

yields and harvest index of teff among the different soils (Table 4.8). The differences might be 

due to the variability in soil physicochemical properties (Table 3.2) and Zn adsorption (Tables 

3.3) and possibly other inherent biological health of the soil as well as unrecorded soil 

properties.  
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Grain yield of bread wheat was influenced by the interaction effect of Zn and site (Table 4.9; 

Appendix Table 8.5). Statistically optimum Zn rate for grain production of bread wheat was 

recorded to be 2.5 kg ha-1 for the sites of Seret, Korir, Dingur and Dagiya while it was 4.5 kg 

ha-1 for Chichat, Hala and Hiwane. The recorded increases were 19.4, 10, 13, 26, 15, 22 and 

31 percents over the control in the soils of Seret, Korir, Dingur, Dagiya, Chichat, Hala and 

Hiwane, respectively. Besides harvest index of bread wheat was significantly improved due to 

Zn application in the sites of Chichat, Hala and Hiwane (Table 4.10). There were significant 

increases in grain production of bread wheat at Awade and Megab sites with increase in Zn 

application and statistically optimum at rates of 6.5 kg ha-1 and 10.5 kg ha-1, respectively. The 

recorded increases were 37 and 87 percents over the control, respectively. The relatively 

higher yield response at Awade and Megab soils could be related with the initial relatively 

lower soil Zn status (Table 3.2) and Zn adsorption characteristics of the soils (Figure 3.1 and 

Table 3.3). Besides there was linear increase in harvest index of bread wheat with increase in 

Zn application at Megab site (4.10). On the other hand, the grain yield of bread wheat at Mai-

Tiwari did not respond to Zn fertilization which could be due to soil properties that are 

associated with higher Zn adsorption soil characteristics (pH, CaCO3, clay contents and Kd 

value) (Table 3.2, 3.6 and 3.7).  Similar to the biomass production, grain yields of bread wheat 

at the sites of Korir, Mai-Tiwari, Dingur and Dagiya were also found to be low compared to 

the other sites.  

 

Table 4.9. Interaction effects of Zn containing fertilizers and site on grain yield (g pot-1) of 

bread wheat 
Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Seret 6.617 7.900 7.950 7.233 6.250 7.190 
Awade 6.960 8.920 9.280 9.560 10.160 8.976 

Megab 5.040 7.260 8.287 8.323 9.423 7.667 

Korir 4.000 4.400 4.700 5.200 5.250 4.710 
Mai-Tiwari 3.850 3.900 3.987 4.047 4.110 3.979 

Dingur 3.852 4.357 4.611 4.856 4.767 4.489 

Chichat 9.840 10.827 11.400 11.840 12.00 11.18 

Dagiya 4.350 5.500 5.917 6.133 5.737 5.530 
Hala 8.280 10.000 10.16 10.187 11.160 9.957 

Hiwane 9.040 11.867 12.267 13.280 12.920 11.86 

Mean 6.183 7.493 7.856 8.066 8.178  
CV (%) = 8.5,  Zn: p < 0.001 & LSD = 0.33 ; Site: p < 0.001 & LSD = 0.468 and Zn x Site: p < 0.001 & LSD = 1.046 
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Other researchers also reported that application of Zn increased yields of cereals such wheat 

(Cakmak et al., 1999; Rattan et al., 2008), rice (Wissuwa et al., 2007; Rattan et al., 2008; 

Fageria, 2009), maize (Abunayewa and Mercer-Quarshie, 2004; Rattan et al., 2008), sorghum 

(Traore, 2006; Rattan et al., 2008) and teff on Vertisol (Bereket et al., 2011).  

 

Table 4.10. Interaction effects of Zn containing fertilizers and site on harvest index of bread 

wheat 
Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Seret 40.00 41.53 42.24 36.79 38.72 39.86 
Awade 40.68 43.73 42.22 42.83 43.81 42.65 

Megab 33.35 36.01 39.45 38.47 43.49 38.15 

Korir 36.94 33.98 34.21 36.29 33.52 34.99 
Mai-Tiwari 27.79 26.00 24.95 25.37 26.58 26.14 

Dingur 31.83 31.75 31.93 31.83 32.36 31.94 

Chichat 39.79 39.42 42.63 44.16 45.51 42.29 
Dagiya 32.79 35.52 37.31 34.22 37.0 35.25 

Hala 36.24 41.09 41.00 41.05 42.97 40.47 

Hiwane 33.56 40.33 40.80 44.43 43.11 40.41 

Mean 35.23 36.94 37.67 37.53 38.71  
CV (%) =7.8,  Zn: p < 0.001 & LSD = 1.45; Site: p < 0.001 & LSD = 2.05 and Zn x Site: p = 0.012 & LSD = 4.59 

 

4.3.3. Grain Zinc Concentration of Teff and Bread Wheat 

 

There were significant interaction effects of Zn fertilization and sites on grain Zn 

concentration of teff (Table 4.11; Appendix Table 8.4). The highest grain Zn concentration 

(32.93 mg kg-1) of teff was recorded at Awade site at application of 10.5 kg Zn ha-1 while the 

lowest (13.36 mg kg-1) was recorded at Megab site at 2.5 kg Zn ha-1. This could be associated 

with Zn adsorption and better availability to the teff plant at Awade soil due to its less Zn 

adsorption characteristics (Tables 3.2 and 3.3, and Figure 3.1). Megab site is relatively poor in 

its soil fertility and available soil Zn (Table 3.2) that might have contributed to the low Zn 

concentration in the teff grain. Zinc fertilizer beyond the Zn content in the recommended rate 

(Zn in 100 kg NPSZn ha-1 fertilizer) improved grain Zn concentration of teff over the control 

in eight out of the ten sites (Table 4.11).  The non significant responses of teff grain Zn 

concentration for Zn fertilizers at Korir and Dagiya sites might be attributed to the high Zn 

adsorption characteristics (relatively high pH, CaCO3, clay contents and Kd value) of these 

soils (Tables 3.2, 3.3, 3.6 and 3.7; and, Figure 3.1). 
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Supplemental application of Zn in addition to that in 100 kg NPSZn ha-1, significantly 

increased grain Zn concentrations of teff as compared to the control and treatment with Zn in 

100 kg NPSZn ha-1. Immediate increases in grain production (Table 4.8) at application rate of 

Zn in 100 kg NPSZn ha-1 might have diluted the Zn concentration (Table 4.11) in the teff grain 

at this rate as was also suggested by Janssen et al. (1990).  

 

The overall Zn content of teff grain is low as compared to targeted Zn content for human 

consumption (Graham et al., 2007) even with application of Zn fertilizers. This indicates that 

Zn fertilization can increase yields of teff in Zn deficient soils of Tigray but may not be 

promising strategy to increase Zn in teff grain destined for humans.  

 

Table 4.11. Interaction effects of application of Zn containing fertilizers and site on grain Zn 

concentration (mg kg-1) of teff 
Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Awade 29.06 27.79 28.20 29.00 32.93 29.40 

Megab 14.70 13.36 19.13 21.12 22.80 18.22 
Korir 20.99 21.68 21.01 21.14 21.51 21.26 

Asayo 15.74 14.20 17.95 18.30 19.29 17.09 

Kara 18.78 16.51 20.91 22.40 27.51 21.22 
Ganda Stola 10.36 10.38 13.19 15.76 18.65 13.67 

Belay Tela 15.48 13.41 15.65 18.90 21.42 16.97 

Chichat 13.68 14.59 15.71 16.31 18.04 15.67 

Dagiya 21.25 21.53 21.69 21.20 22.28 21.59 
Hiwane 20.34 21.11 22.19 23.50 26.39 22.70 

Mean 18.04 17.46 19.56 20.76 23.08  
CV (%) = 9.5, Zn: p < 0.001 & LSD = 0.958; Site: p < 0.001 & LSD = 1.355 and Zn x Site: p < 0.001 & LSD = 3.03  

 

Grain Zn concentration of bread wheat was also influenced by the interaction effect of Zn and 

site (Table 4.12; Appendix Table 8.5). Application of Zn at a rate of 4.5 kg ha-1 significantly 

improved grain Zn concentration of bread wheat at Seret, Korir, Mai-Tiwari and Dingur sites 

with the increments of 6.7, 22, 17.7 and 14.2 percent over the control, respectively. There 

were no significant effects of Zn application on grain Zn concentration of bread wheat in the 

rest of the studied sites. The results could be related with dilution of Zn in wheat grain due to 

increase in grain production (> 20%) as illustrated by the concept of nutrient dilution by 

Janssen et al. (1990). The soils of these sites had also relatively lower Zn adsorpting 

characterstics and Zn adsorption (Table 3.2 and 3.3; Figure 3.1). 
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Table 4.12. Interaction effects of Zn containing fertilizers and site on grain Zn concentration 

(mg kg-1) of bread wheat 

Site Zn treatments (kg Zn ha-1) 

0 2.5 4.5 6.5 10.5 Mean 

Seret 60.63 59.50 64.70 57.82 55.56 59.64 

Awade 60.99 60.93 56.60 56.51 56.48 58.30 

Megab 20.86 19.79 19.97 19.46 20.74 20.16 
Korir 47.13 51.65 57.52 49.82 46.22 50.47 

Mai-Tiwari 39.31 40.49 46.28 40.69 40.73 41.50 

Dingur 41.16 42.48 47.02 42.94 41.51 43.02 

Chichat 25.73 28.10 29.55 29.47 29.56 28.48 
Dagiya 63.73 61.93 63.93 65.85 61.79 63.45 

Bahir-Tseba 20.08 21.83 21.44 21.04 23.58 21.59 

Hiwane 30.44 30.31 31.87 31.68 25.33 29.93 

Mean 41.01 41.70 43.89 41.53 40.15  
CV (%) = 5.9 ,  Zn: p < 0.001 & LSD = 1.26 ; Site: p < 0.001 & LSD = 1.78 and Zn x Site: p < 0.001 & LSD = 3.98 

 

Generally, grain Zn concentrations of bread wheat grown on the sites of Seret, Awade, Korir, 

Mai-Tiwari, Dingur and Dagiya were high as compared to targeted Zn concentration for 

human consumption (Graham et al., 2007). The reason for the high grain Zn content of bread 

wheat at Seret and Awade could be due to desorption and availability of Zn in these sites, as 

the soils have relatively lower Zn adsorbing influential soil properties such as pH and CaCO3 

(Table 3.2 and 3.6). The probable cause for higher grain Zn concentration of bread wheat at 

Korir, Mai-Tiwari, Dingur and Dagiya could be due to reduced yield production of bread 

wheat as illustrated by the concept of nutrient accumulation by Janssen et al. (1990). It can be 

concluded that the improvement in Zn concentrations of bread wheat due to Zn fertilization at 

Korir, Mai-Tiwari and Dingur soils could be induced from reduced grain accumulation.  

 

There are also reports where soil applied Zn improved wheat grain Zn concentration (Rengel 

et al., 1999; Cakmak et al., 1999), while other reported Zn application increased grain yield 

marginally but also did not improve Zn concentration in sorghum grains (Ashok et al., 2013). 

 

Hence, for both crops, integrating soil zinc application with other agronomic management 

practices such as foliar zinc application, nitrogen fertilization (synergy between N and Zn), 

crop rotation and intercropping (Shivay et al., 2008a, b; Cakmak, 2008), breeding and genetic 

biofortification (Bouis and Welch, 2010; Bouis et al., 2013), mycorrhizal inoculation 

(Subramanian et al., 2013) with understanding of the rhizosphere might improve both yields 

and grain Zn concentrations. 
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4.4. Conclusion 

 

The results of the present study showed that Zn in the NPSZn compound fertilizer alone and 

additional Zn application in the form of ZnSO4.7H2O increased yields of teff and bread wheat 

in Zn deficient soils of Tigray. Besides, additions of Zn to the recommended Zn in 100 kg 

NPSZn ha-1 also improved grain Zn concentration of teff. However, the Zn concentration of 

teff both with and without Zn fertilizer application is low as compared to the targeted Zn 

concentration for human consumption for consumers whose diets are more cereal based. 

Moreover, the Zn content of bread wheat both with and without Zn fertilizer application is 

either low compared to the targeted Zn concentration or high induced from reduced grain 

accumulation. This indicates that Zn fertilizer application to soils may not be a promising 

strategy to increase Zn concentration in teff and bread wheat grains. Further integrated 

research on soil Zn fertilizer application and other agronomic management practices such as 

foliar Zn application, nitrogen fertilization, crop rotation and intercropping, breeding and 

genetic biofortification, mycorrhizal inoculation might improve both yield and grain Zn 

concentration of teff and bread wheat.  
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5. EFFECTS OF IRON LEVELS AND IRON CHELATE TYPES ON 

YIELDS AND GRAIN IRON CONCENTRATION OF TEFF 

[(Eragrostis tef (Zucc.) Trotter] AND BREAD WHEAT (Tritcum 

aestivum) IN SOME SOILS OF TIGRAY, NORTHERN ETHIOPIA 
 

ABSTRACT 

 

Iron deficiency was reported in soils with relatively higher soil pH (>7.3) in Tigray. To 

evaluate the effects of Fe levels and Fe chelate types on yields and grain Fe concentration of 

teff and bread wheat each in five selected sites, greenhouse pot experiment was conducted in a 

factorial completely randomized design with three replications. Supplemental Fe levels of 0, 

2.5 and 5 kg Fe ha-1 and   Fe chelate types of Fe-HBED (6% Iron of which 6.0% o-o Fe), Fe-

EDDHA1 (6% Iron of which 4.0% o-o Fe), and Fe-EDDHA2 (7% Fe of which 1.5% o-o Fe) 

were used.  Application of Fe at a rate of 2.5 kg Fe ha-1significantly increased biomass yield 

of teff in all studied soil with a mean yield of 47.33 g pot-1while it was 44 g pot-1in the control. 

The percentage increase in teff biomass yield was found to be consistent with the decrease in 

initial Fe content in the soils. Among the Fe chelate types and levels, Fe-EDDHA1 at 

application rate of 2.5 kg Fe ha-1 better improved teff grain yield and grain Fe content by 13.6 

and 18 to 71%, respectively, over the control. The grain Fe content of teff obtained at this 

chelate type and Fe level was also comparable to targeted Fe content in other cereals for 

human consumption. While grain yield but not biomass yield of bread wheat was significantly 

increased due to application of Fe at a rate of 2.5 kg Fe ha-1 with overall average increment of 

7%, over the control. Application of Fe improved grain Fe content of bread wheat in three out 

of five experimental soils. The overall response of bread wheat to Fe fertilization with regard 

to grain Fe contents were consistent with the initial Fe content in the soil extracted by DTPA. 

Among the Fe chelate fertilizer types, HBED and EDDHA1 significantly improved grain Fe 

content of wheat. The improvements of bread wheat grain yield and grain Fe content from 

human consumption perspective were minimum in response to Fe levels and chelates types. 

Further integrated study on genetic variability of teff in response to Fe chelate fertilizers and 

development of local soil critical limit using different extractants for wheat are very essential.  

 

Keywords: Iron, chelates, teff, bread wheat, grain Fe concentration 
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5.1. Introduction 

 

Iron (Fe) is the second most abundant metal in the earth’s crust after aluminum (Broadley et 

al., 2012). It comprises about 50 g kg-1 (5%) of the earth crust (Prasad and Power, 1996).  Iron 

is an element that is relatively abundant in many cultivated soils with, on average, a total 

concentration of 20 to 40 g kg−1 (Cornell and Schwertmann, 2003). Its presence in soil solution 

is extremely low, normally lower than 1μg·L-1 (Lucena, 2006), although it is required in 

greatest abundance by plant among the essential micronutrient (Colombo et al., 2014). 

Although total Fe is generally high in soil, the magnitude of its available fraction is generally 

very low because Fe is only slightly soluble (very low solubility) under aerobic conditions, 

especially in high-pH and calcareous soils (Lindsay, 1995; Marschner, 1995; Colombo et al., 

2014). Because of this as major reason, Fe deficiency is a yield-limiting factor with major 

implications for field crop production in many agricultural regions of the world (Hansen et al., 

2006). Iron deficiency in soils of Tigray was reported especially in soils and districts with 

relatively higher soil pH (> 7.3) (MoA and ATA, 2014). Hence, deficiency of Fe in the soils of 

Tigray might lead to Fe deficiency in crops including teff and bread wheat and their grain Fe 

concentration for human consumption. Devising soil and agronomic management practices to 

alleviate Fe deficiency in crops to improve productivity and quality is of paramount 

importance. 

 

Iron deficiency is among the most difficult micronutrient problem to manage (Singh, 2008), 

with limited success stories (Fageria, 2009), mainly due to precipitation of Fe especially in 

alkaline soils. Minimum solubility of total inorganic Fe occurs between pH 7.4 and 8.5 

(Römheld and Nikolic, 2007), where plants suffer most from Fe deficiency. Soil fertilization 

with soluble inorganic Fe sources is problematic and rarely effective because Fe is readily 

precipitated as insoluble Fe compounds in a high pH/CaCO3-dominated soil environment 

(Rashid and Ryan, 2008).  Among all soil-applied iron fertilizers, Fe chelates are most 

effective to correct iron deficiency in plants growing on alkaline soils as compared to 

treatments based on inorganic Fe salts or weak Fe-complexes (Alvarez-Fernandez et al., 2005; 

Lucena, 2006). Tekalign and Parsons (1987b) also confirmed chelated source of Fe improved 

the uptake of Fe by teff as compared to the inorganic Fe sources in pH simulated study. 
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However, the use of different higher stability chelates to address iron shortages under higher 

pH conditions in soil appears to have been barely researched for possible applications in teff 

and bread wheat in Ethiopia. 

 

Teff is a small-grained cereal that has been grown as food crop in Ethiopia for thousands of 

years (D’Andrea, 2008). It is one of the most important crops for farm income, food, nutrition 

security and livestock feed in Ethiopia (Alemu, 2013; Tareke et al., 2013; Crymes, 2015). It is 

gluten free and highly preferred by people suffering from allergy caused by gluten (Hopman et 

al., 2008). Bread wheat is widely cultivated in Ethiopia (CSA, 2015). It is the major dietary 

and nutrient sources for the Ethiopians (Mathewos et al., 2012), while its straw provide the 

major source of dry season fodder for livestock (Seyoum and Zinash, 1989). Moreover, Fe is 

deficient in soils with relatively higher pH (> 7.3) in Tigray (MoA and ATA, 2014). So far, 

there are limited studies investigating the effects of Fe levels and Fe chelate types on yield and 

grain Fe concentration of teff and bread wheat. Therefore studies were conducted to evaluate 

the effects of Fe levels and Fe chelate types on yields and grain Fe concentrations of teff and 

bread wheat in some Fe deficient soils of Tigray.  
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5.2. Materials and Methods 

 

5.2.1. Experimental Set Up and Data Collection 

 

Two sets of greenhouse pot experiments, one for teff and the other for bread wheat, were 

carried out at Mekelle Agricultural Research Center in 2017 during the months of February to 

April. Random surface soil samples (0-20 cm depth) were collected from nine Fe deficient 

sites (MoA and ATA, 2014; Table 5.1) of Tigray, northern Ethiopia. The soils were collected 

from three soil types and two agro-ecologicies. The soil samples were collected in a diagonal 

pattern from each selected site and 15 auger points and mixed to obtain one composite bulk 

soil for the pot experiments and for analysis of selected soil physicochemical properties.  

 

Table 5.1. Descriptions of soil sample collection sites used for response of teff and bread 

wheat to Fe levels and chelate types 
Site District Sub-

district 

Site Soil Type Latitude Longitude Altitude, 

masl 

AEZ 

1 RayaAzebo Chercher Asayo Leptic 

Regosol** 

1382355 582992 1720 SM1-3 

2 RayaAzebo Kara Kara Vertic 

Cambisol** 

1404445 570183 1661 SM1-3 

3 RayaAzebo Genete Ganda 

Stola 

Vertic 

Cambisol* 

1410234 569656 1733 SM1-3 

4 Alamata Harle Belay 

Tela 

Calcaric 

Luvisol** 

1363737 565737 1501 SM1-3 

5 Hintalo-

Wajirat 

Hiwane Hiwane Calcic 

Cambisol* 

1450274 553912 2010 SM2-5 

6 Degua 

Tembein 

Enda-

Mariam 

Seret Eutric 

Cambisols* 

1502398 512840 2626 SM2-5 

7 Kilte-Awlealo Genfel Korir Vertic 

Cambisols* 

1520462 565044 1997 SM2-5 

8 Enderta Dergajen Chichat Vertic 
Cambisols* 

1492353 571743 2371 SM2-5 

9 Enderta Shibta Dagiya Vertic 

Cambisols* 

1485843 550295 2129 SM2-5 

*FAO (1984); **Mitiku et al.  (2007); AEZ: Agro-ecological zone; SM2-5: Tepid to cool sub moist mountains 

and plateau;  SM1-3: Hot to warm sub-moist lowland plains 

 

Soils from the sites of Asayo, Kara, Ganda Stola, Beley Tela and Hiwane were used to study 

the effect of Fe on teff, while the soils from the sites of Hiwane, Seret, Korir, Chicat and 

Dagiya were used for wheat. The experiments were conducted in factorial treatments of three 

Fe levels and three Fe chelate types arranged in a completely randomized design with three 
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replications. Two separate experiments with 135 experimental units for each test crop were 

conducted. The supplemental Fe levels used were 0, 2.5 and 5 kg Fe ha-1. The Fe chelate types 

used were Fe-HBED (6% Iron of which 6.0% o-o Fe), Fe-EDDHA1 (6% Iron of which 4.0% 

o-o Fe), and Fe-EDDHA2 (7% Fe of which 1.5% o-o Fe). The o-o (ortho-ortho) Fe indicates 

the percentage of strongly attached iron in the organic chelate which is also considered as 

plant available Fe in high pH soil (> 6.5) condition (AkzoNobel, 2014).  

 

Plastic pots of 7.5 kg capacity with upper diameter of 25 cm, bottom diameter of 17 cm and 

depth of 18 cm were filled with soil. Under pot experimentation an area based fertilizer 

application is preferred over soil mass based because the soil in the pots has to supply the 

needs of the crops (Rowell, 1994). Basal N, P, K2O and S at a rate of 64 (314 mg N pot-1), 20 

(98 mg P pot-1), 60 (294 mg K2O pot-1) and 20 (98 mg S pot-1) kg ha-1 were applied to each 

pot. The forms of fertilizers for N, P, K and S were urea, TSP, KCl and gypsum, respectively. 

Application of Fe, K, P and S were done during planting while N was applied in split during 

planting (1/3) and at tillering (2/3).  Teff variety Quncho (Dz-Cr-387) at seed rate of 10 kg ha-1 

mixed with equal amount of sand for ease of planting was sown to each pot. While fifteen 

seeds of bread wheat variety King Bird were sown and finally ten plants were retained in each 

pot. The pots were watered with deionizied water (pH = 6.74 and EC = 0.36 dSm-1) based on 

crop water requirement by measuring with graduated cylinder. The pots were randomized 

frequently within each block. The teff and bread wheat plants were grown under natural day 

length and light intensity. During the experiment, the average daily maximum temperature in 

the green house was 27 oC and minimum 13 oC and the average relative humidity was 50%.  

 

For the determination of selected soil physicochemical properties, soil samples were air dried 

at room temperature, ground with porcelain pestle and mortar, passed through a 2-mm sieve. 

For determinations of organic carbon and total nitrogen, 0.5 mm sieve was used.  

 

The soil samples were analyzed following the standard laboratory procedures. Soil texture was 

determined by Bouyoucous hydrometer method (Day, 1965). Dry bulk density was estimated 

using core sampler and gravimetric method (Hesse, 1971). Soil pH was measured using a pH 

meter equipped with combined glass electrode (Jackson, 1967). The electrical conductivity 
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(EC) of 1:2.5 soil water suspension prepared for pH estimation was recorded with the help of 

an electrical conductivity meter. The observed conductance was corrected for temperature 

compensation and cell constant and expressed as specific conductance of soil water (1:2.5) 

suspension in terms of d Sm-1 at 25°C (Bower and Wilcox, 1965). Organic carbon content was 

determined following the modified Walkley and Black method (Jackson, 1967). Total nitrogen 

was determined by wet digestion followed by distillation and titration using Kjeldhal method 

(Bremner and Mulvaney, 1982). The sodium bicarbonate (NaHCO3) and Mehlich III 

extraction procedures were used to determine available P (Olsen et al., 1954; Mehlich 1984). 

Cation Exchange Capacity (CEC) was determined by replacing exchangeable cations with 

sodium acetate (NaOAc), removal of excess sodium (Na) by alcohol, exchanging Na by 

ammonium acetate (NH4OAc), and determining Na concentration by flame photometry 

(Chapman, 1965). CaCO3 equivalent was determined by neutralization with hydrochloric acid 

(Allison and Moodie, 1965).  

 

Available Fe was determined following diethylene triaminepenta acetic acid (DTPA) and Mehlich 

III extraction methods (Lindsay and Norvell, 1978; Mehlich 1984), while total Fe was 

determined by wet digetion of the soil using H2O2 followed by di-acids HNO3-HClO4 at 2:1 

ratio (Esteffan et al., 2013). 

 

Observations were recorded on plant height and panicle length at maturity using measuring 

tape. Number of kernels per spike was counted and 100 seed was also weighed for bread 

wheat. Above ground biomass was sun-air dried to the barest minimum for 15 days in a paper 

bag before weighing. The shoots were threshed and cleaned, and grain yield was weighed at 

12.5% moisture content. Roots were separated from the soil through repeated washing in a 

plastic mesh. The cleaned roots were sun-air dried to the barest minimum for 15 days in a 

paper bag before weighing.   

 

Teff and bread wheat grain samples were collected for analysis of Fe after threshing. The 

samples were cleaned for any contamination, ground with a stainless grinder and digetsed  

using a wet digetion method (di-acids HNO3-HClO4 at 2:1 ratio) to obtain full recovery of Fe 

(Esteffan et al., 2013). The aliquots of the digest were determined for Fe using Fast Sequential 
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Flame Atomic Spectrometry (Varian AA 240FS) at accredited laboratory of Ezana Analytical 

Laboratory, Mekelle, Ethiopia. 

 

5.2.2. Data Analysis 

 

The generated data were subjected to analysis of variance. Means were compared with Least 

Significant Differences (LSD) test at 5% level of probability. All analyses were performed 

with GenStat 14th edition (VSN, 2011). 
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5.3. Results and Discussion 

 

5.3.1. Experimental Soil Characteristics  

 

Selected physical and chemical properties of the soils used for the greenhouse pot 

experimentation are presented in Table 5.2. The soil textural class varied from sandy loam to 

clay loam with dry bulk density ranging from 1.31 to 1.50 g cm-3. Soil pH varied from slightly 

alkaline to moderately alkaline based on the rating of Jones (2003). The soil organic carbon 

content and total nitrogen were low (< 1.5%; ranged from 0.68 to 1.46 %) and (< 0.1), 

respectively, in all the sites according to the rating of Tekalign (1991). The P status of the six 

sites were low (Olsen-P < 10 mg kg-1) while that of the remaining three sites were high 

(Olsen-P > 10 mg kg -1 soil) (Olsen, 1954). When extracted with Mehlich-III, four out of the 

nine sites were in the optimum (> 30 mg kg-1) soil P level while the remaining five sites were 

in low (< 30 mg kg-1) range (MoA and ATA, 2014). Total soil Fe content ranged from 1.32 to 

3.18%, where diethylenetriaminepentaacetic acid (DTPA) extractable Fe ranged from 4 to 12.7 

mg kg -1. According to Lindsay and Norvell (1978), DTPA extractable Fe < 4.5 mg kg-1 is 

considered as low. When extracted with Mehlich-III, all the nine sites were very low in soil Fe 

(< 60 mg kg -1 soil) in accord to the rating of MoA and ATA (2014). This indicates that Fe 

fertilizer application is required to avoid probable yield loss. The cation exchange capacity of 

the soils of the study sites varied from medium to high (Landon, 2014). Calcium carbonate 

equivalent ranged from 2.86 to 15.57% which ranged from non-calcareous (4%) to strongly 

calcareous (>10) according to the rating of Prasad et al. (1991).  

 

5.3.2. Effects of Fe on Growth and Agronomic Parameters of Teff and Bread Wheat 

 

Plant height and panicle length of teff were not significantly influenced by the interaction 

effects of Fe levels, Fe chelate types and soils (Appendix Table 8.6). Main effect of Fe level at 

a rate of 2.5 kg ha-1 significantly increased plant height and panicle length of teff by 5 and 3.3 

percents over the control, respectively (Table 5.3). Fageria (2009) reported Fe deficient plant 

is substantially reduced compared with normal plant because Fe is important in synthesis of 

chlorophyll and other important functions. No significant differences were observed in plant 

height and panicle length of teff due to application of the different Fe chelate types. 
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Table 5.2. Selected physicochemical properties of surface (0-20 cm) soils of the experimental sites used for response of teff and 

bread wheat to Fe levels and chelate types 
Site pH EC 

dSm-1 

CaCO3 

(%) 

CEC 

Cmol(+)

kg-1 soil 

OC 

 (%) 

Total-

N (%) 

Olsen

- P 

Mehlich 

III -P 

DTPA- 

Fe 

Mehlich 

III -Fe 

Total-

Fe %  

Sand  Silt Clay  Tex. 

Class 

Bulk 

density 

g cm-3 

mg kg-1 soil  %   

Asayo 7.96 0.064 4.62 28.96 1.06 0.065 10.24 28.76 9.53 38 3.18 48 36 16 L 1.31 

Kara 8.04 0.133 5.66 35.01 1.24 0.076 9.12 44.85 5.05 27 2.60 32 40 28 CL 1.35 

Ganda Stola 8.10 0.082 4.25 41.31 1.18 0.076 11.12 40.15 6.88 30 2.57 34 40 26 L 1.40 
Belay Tela 7.87 0.040 6.13 24.87 0.68 0.067 5.82 42.20 4.00 44 2.47 46 38 16 L 1.50 

Hiwane 7.60 0.059 5.77 30.00 0.81 0.064 28.85 79.14 7.75 37 1.91 54 32 14 SL 1.45 

Seret 7.70 0.059 2.83 40.88 1.03 0.071 5.86 8.64 12.7 40 1.65 49 28 26 L 1.34 

Korir 8.08 0.105 6.79 32.03 1.10 0.060 7.31 20.19 8.12 26 1.32 48 28 24 L 1.32 

Chichat 7.47 0.066 4.72 26.58 1.35 0.074 9.57 34.81 7.73 33 2.58 46 38 16 L 1.49 

Dagiya 8.02 0.140 15.57 37.83 1.46 0.089 8.20 10.64 9.42 20 2.00 38 36 26 L 1.47 

*Tex: Textural; L= Loam; SL = Sandy Loam; CL = Clay Loam 
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There were significant differences among the different sites to influence the growth parameters 

of teff (Table 5.3). The differences could be due to one or combination of soil properties (soil 

pH, CaCO3, organic carbon content, CEC, availability of N, P and Fe)  indicated in Table 5.2 

and other unrecorded soil parameters (availability of other nutrients, physical and biological 

health). However, the reason for best growth of teff at Belay Tela site could not be explained 

from the soil data presented in Table 5.2, except bulk density. Bulk density is the only highest 

soil parameter in this site that might have encouraged better growth of the teff plants. Habtamu 

et al. (2009) also reported compaction encouraged the soil to seed contact and teff growth 

probably due efficient use of nutrient and moisture 

 

Table 5.3. Main effects of Fe levels, Fe chelate types and sites on plant height and panicle 

length of teff 

Fe levels (kg ha-1) Plant height (cm) Panicle length (cm) 

0 92.49 30.46 

2.5 97.18 31.46 

5 92.57 30.62 

P <0.001 0.024 

LSD 1.667 0.768 

Fe Chelate   

HBED 94.17 31.15 

EDDHA1 93.97 30.76 

EDDHA2 94.10 30.63 

P 0.970 0.380 

LSD 1.667 0.768 

Sites   

Asayo 89.97 29.24 

Kara 97.58 32.20 

Ganda Stola 97.04 30.16 

Belay Tela 98.13 34.01 

Hiwane 87.73 27.64 

P <0.001 <0.001 

LSD 2.152 0.992 

CV (%) 4.2 5.9 

 

Plant height, spike length and 100 seed weight of bread wheat were not significantly 

influenced by the interaction effects and the main effects of Fe levels and Fe chelate types 

(Appendix Table 8.7; Table 5.4). However, number of kernels per spike was influenced by the 

interaction effect of Fe levels and sites (Table 5.5). Application of Fe improved number of 

kernels per spike of bread wheat at Chichat and Hiwane sites. The results are consistent with 
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the soil analysis result where the soils had relatively lower pH and DTPA-Fe content (Table 

5.2). On the contrary, number of kernels per spike of bread wheat decreased with application 

of Fe at the site of Seret where the highest both DTPA-Fe and Mehlich-Fe were recorded 

(Table 5.2).  

 

Table 5.4. Main effects of Fe levels, Fe chelate types and sites on plant height, spike length 

and 100 seed weight of bread wheat 

Fe levels (kg 

ha-1) 

Plant height (cm) Spike length (cm) 100 seed Wt. (g) 

0 64.31 7.208 2.97 

2.5 65.14 7.403 2.99 

5 64.81 7.470 2.98 

P 0.324 0.070 0.945 

LSD Ns ns ns 

Fe Chelate    

HBED 64.83 7.366 2.97 

EDDHA1 64.79 7.316 2.98 

EDDHA2 64.64 7.399 2.98 

P 0.939 0.770 0.800 

LSD Ns ns ns 

Site    

Seret 63.25 7.276 2.88 

Korir 61.83 6.900 2.78 

Chichat 64.83 7.582 3.04 

Dagiya 64.49 6.826 2.86 

Hiwane 69.37 8.217 3.34 

P < 0.001 < 0.001 < 0.001 

LSD 1.429 0.298 0.086 

CV (%) 4.1 7.5 5.3 

 

Table 5.5. Interaction effects of Fe levels and site on number of kernels per spike of bread 

wheat 

Fe level 
(kg ha-1) 

 Sites 

Seret Korir Chichat Dagiya Hiwane Mean 

0 32.56 26.74 33.88 24.08 34.04 30.26 

2.5 30.59 29.20 35.35 23.39 37.72 31.25 

5 30.63 26.24 39.18 25.06 39.28 32.08 

Mean 31.26 27.40 36.14 24.18 37.01  

CV (%) = 11.3, Fe level: p = 0.05 & LSD = 1.482; Site: p <0.001 & LSD = 1.913, Fe level x Site: p = 

0.010 & LSD = 3.314 

 

  



68 

 

 
 

5.3.3. Yield Response of Teff and Bread Wheat to Fe Levels and Chelates 

 

Biomass yield of teff was influenced by the interaction effects of Fe levels and site (Appendix 

Table 8.6; Table 5.6). The highest biomass yield (58.89 g pot-1) was recorded at Ganda Stola 

site at application of 2.5 kg Fe ha-1 while the lowest (38.67 g pot-1) was at Belay Tela site with 

no Fe application. Ganda Stola soil had the highest cation exchange capacity and relatively 

low calcium carbonate equivalent (Table 5.2) that might have favored the teff plants to 

accumulate more biomass. Lowest cation exchange capacity, organic carbon, Olsen-P and 

DTPA-Fe (Table 5.2) might have contributed to the lowest biomass accumulation of teff at 

Belay Tela site, though there were  better growth parameters (plant height and panicle length) 

of teff in this site (Table 5.3). 

 

Table 5.6. Interaction effects of Fe levels and sites on biomass yield (g pot-1) of teff 

Fe levels 

 (kg ha-1) 

Sites 

Asayo Kara Ganda 

Stola 

Belay Tela Hiwane Mean 

0 40.10 42.11 55.33 38.67 44.22 44.09 

2.5 43.44 46.00 58.89 42.00 46.33 47.33 

5 39.33 45.44 58.44 39.44 43.33 45.20 

Mean 40.96 44.52 57.56 40.04 46.63  

CV (%) = 4.4, Fe: p < 0.001 & LSD = 0.832; Site: p < 0.001 & LSD = 1.074 and Fe level x 

Site: p = 0.010 & LSD = 1.86 

 

Application of Fe at a rate of 2.5 kg ha-1 significantly increased biomass yield of teff in all the 

studied sites (Table 5.6). The percentage increases at this rate were 8.3, 9.2, 6.4, 8.6 and 4.8% 

in the sites of Asayo, Kara, Ganda Stola, Belay Tela and Hiwane, respectively over the 

control. The increases were consistent with the initial Mehlich-III extractable Fe (Table 5.2) 

except Belay Tela sites, where it had also the lowest DTPA extractable Fe (Table 5.2).  

 

Application of Fe at 5 kg Fe ha-1 significantly decreased biomass yield of teff at Asayo, Belay 

Tela and Hiwane sites as compared to 2.5 kg Fe ha-1 application (Table 5.6). Increased 

addition of Fe might have resulted in other nutrients imbalance (e.g. Zn, Cu and Mn) that 

might have hindered improvement in teff yield due to antagonistic effect with Fe. The 

experiments were conducted in Zn deficient soils (Table 3.2), where the antagonistic effect of 
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Zn and Fe is expected because Zn can be occluded in oxides and hydroxides of Fe (Gao, 

2007). The soils from Kara and Ganda Stola sites had relatively lower both DTPA and 

Mehlich-III extractable Fe (Table 5.2), where the decreases in biomass yield response at 5 kg 

Fe ha-1 were not observed significantly.  

 

Grain yield of teff was influenced by the interaction effects of Fe levels and site (Appendix 

Table 8.6; Table 5.7). The highest grain yield (14.61 g pot-1) of teff was recorded at Ganda 

Stola site at Fe application of 2.5 kg Fe ha-1,  while the lowest (9.22 g pot-1) was at Belay Tela 

site at application rate of 5 kg Fe ha-1. Ganda Stola site had highest cation exchange capacity 

and relatively low calcium carbonate equivalent (Table 5.2) which might have favored the teff 

plants to accumulate more grain. On the other hand, relatively poor soil fertility including 

lowest cation exchange capacity, organic carbon, Olsen-P (Table 5.2) might have contributed 

to the lowest grain yield of teff at Belay Tela site. 

 

Application of Fe significantly increased grain yield of teff in all sites at application of 2.5 kg 

Fe ha-1 (Table 5.7). The percentage increases at this rate were 7.3, 12.4, 9.7, 9.6 and 9.4% in 

the sites of Asayo, Kara, Ganda Stola, Belay Tela and Hiwane, respectively. The lowest and 

highest grain yield increases were recorded at Asayo and Kara soils, respectively, over the 

control. The soils from Asayo and Ganda Stola sites had relatively higher and lower both 

DTPA and Mehlich-III extractable Fe (Table 5.2), respectively. Iron deficiency is also 

considered as one yield-limiting factor controlling crop production in alkaline calcareous soil 

with major implications for field crop production in many agricultural regions of the world 

(Hansen et al., 2006; Zou et al., 2008). 

 

Table 5.7. Interaction effects of Fe levels and site on grain yield (g pot-1) of teff 

Fe level 

(kg ha-1) 

 Soils 

Asayo Kara Ganda Stola Belay Tela Hiwane Mean 

0 9.83 9.84 13.32 9.24 12.41 10.93 

2.5 10.55 11.06 14.61 10.13 13.58 11.99 

5 9.28 9.59 14.43 9.22 11.73 10.85 

Mean 9.89 10.16 14.12 9.53 12.57  
CV (%) = 6.5, Fe level: p < 0.001 & LSD = 0.307; Site: p <0.001 & LSD = 0.396, Fe level x Site: p = 0.011 & 
LSD = 0.686 
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Application of Fe at 5 kg ha-1 significantly decreased grain yield of teff at Asayo, Kara, Belay 

Tela and Hiwane sites as compared to 2.5 kg Fe ha-1 application (Table 5.7). Increased 

addition of Fe might have resulted in other nutrients imbalance (e.g. Zn, Cu and Mn) due to 

antagonistic effect with Fe. This might have hindered improvement in teff yield in these soils. 

The absence of significant decrease in grain yield of teff at application of 5 kg Fe ha-1 in 

Ganda Stola site probably could be due to highest cation exchange capacity, lower calcium 

carbonate content and relatively lower Mehlich III extractable Fe (Table 5.2). 

 

Iron levels by Fe chelates types interaction significantly influenced grain yield of teff (Table 

5.8). Iron chelate types HBED and EDDHA1 at application of 2.5 kg Fe ha-1 also significantly 

improved teff grain yield by 11.2 and 13.6%, respectively, over the control (Table 5.8). Iron 

chelates were reported to correct Fe deficiency in plants growing on alkaline soils (Alvarez-

Fernandez et al., 2005; Lucena, 2006). Teff grain yield was not significantly influenced by 

iron chelate type EDDHA2. This confirms Fe chelate types with more o-o (ortho-ortho) Fe are 

suitable for high pH (> 6.5) soil conditions (AkzoNobel, 2014). Therefore Fe chelate types 

EDDHA1 and HBED in order of their importance can alternatively be used for the soils of the 

study area and others with similar conditions to improve productivity of teff.  

 

Table 5.8. Interaction effects of Fe levels and Fe chelate types on grain yield (g pot -1) of teff 

Fe level 

(kg ha-1) 

 Fe Chelate Types 

HBED EDDHA1 EDDHA2 Mean  

0 10.90 10.87 11.02 10.93  

2.5 12.12 12.35 11.49 11.99  

5 11.05 11.19 10.32 10.85  

Mean 11.35 11.47 10.94   

CV (%) = 6.5, Fe level: p < 0.001 & LSD = 0.307; Fe Chelate: p = 0.003 & LSD = 0.307, Fe 

level x Fe Chelatel: p = 0.038 & LSD = 0.531 

 

Biomass yield of bread wheat was not significantly influenced by the interaction and main 

effects of Fe levels and Fe chelate types (Appendix Table 8.7). However, on average, grain 

yield of bread wheat at Fe application rate of 2.5 kg ha-1 significantly increased by 7% over the 

control (Table 5.9). The discrepancies in biomass and grain yield response of the two crops 

(teff and bread wheat) to Fe fertilization might have emanated from the genetic differences of 

the crops and the initial soil Fe contents and other soil properties of the study sites (Table 5.2). 
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The soils used for the bread wheat experimentation had relatively higher DTPA extractable Fe 

(Table 5.2), while all the experimental sites were low in Mehlich-III Fe (Table 5.2) according 

to the rating of MoA and ATA (2014). 

 

Table 5.9. Main effects of Fe levels, Fe chelate types and sites on biomass and grain yields and 

shoot to root ratio of bread wheat 

Fe levels (kg ha-1) Biomass yield (g pot-1) Grain yield (g pot-1) Shoot to root ratio 

0 23.14 9.084 16.38 

2.5 23.96 9.731 15.93 

5 23.42 9.562 15.69 

P 0.129 0.005 0.615 

LSD Ns 0.396 ns 

Fe Chelate    

HBED 23.66 9.606 15.73 

EDDHA1 23.30 9.280 16.70 

EDDHA2 23.56 9.490 15.57 

P 0.635 0.257 0.227 

LSD Ns Ns ns 

Sites    

Seret 22.44 8.919 14.68 

Korir 19.00 7.076 17.38 

Chichat 28.60 11.59 18.23 

Dagiya 16.52 6.611 14.48 

Hiwane 30.96 13.098 15.23 

P < 0.001 < 0.001 < 0.001 

LSD 1.043 0.511 1.82 

CV (%) 8.2 10 21 

 

 

5.3.4. Harvest Index and Shoot to Root Ratio of Teff and Bread Wheat 

 

Harvest index and shoot to root ratio of teff were not significantly influenced by the 

interaction effects of Fe levels, Fe chelate types and sites (Appendix Table 8.6). Statistically 

higher harvest indices of teff were recorded at application of 2.5 kg Fe ha-1 and with the Fe 

chelate type EDDHA1 as compared to application of the 5 kg Fe ha-1 and EDDHA2, 

respectively (Table 5.10). Though, the results were not significantly different from the control 

and HBED Fe chelate, respectively. Statistically highest harvest index of teff was recorded on 

teff plant grown at Hiwane site, which might be attributed to the highest initial soil phosphorus 

of the soil (Table 5.2). Mehretab (2009) also reported the importance of phosphorus for 
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improvement of teff harvest index. Similarly, harvest index of bread wheat was also not 

significantly influenced by the interaction effects (Appendix Table 8.7). However, there was 

significant interaction between Fe levels and sites (Table 5.11). Application of Fe improved 

harvest indices of bread wheat in three out of the five sites.  

 

Shoot to root ratio of teff significantly decreased due to application of Fe fertilizer regardless 

of the chelate types (Appendix Table 8.6; Table 5.10). Iron chelates are considered as both 

sources of Fe fertilizer and as an agent to scavenge Fe from the native soil (Lucena, 2006), 

showing that, Fe chelates might have improved the root extension of teff at the expense of 

biomass accumulation. Shoot to root ratio of teff differed among the different sites, whereby 

the highest and lowest ratios were recorded in Ganda Stola and Kara sites, respectively. 

However, shoot to root ratio of bread wheat was not significantly influenced by the interaction 

as well as the main effects of Fe levels and Fe chelate types (Appendix Table 8.7; Table 5.9). 

 

Table 5.10. Main effects of Fe levels, Fe chelate types and sites on harvest index and shoot to 

root ratio ratio of teff 

Fe levels (kg ha-1) Harvest index (%) Shoot to root ratio 

0 24.81 18.50 

2.5 25.32 16.89 

5 23.98 16.31 

P <0.001 0.003 

LSD 0.626 1.267 

Fe Chelate   

HBED 24.84 17.75 

EDDHA1 25.00 16.82 

EDDHA2 24.25 17.13 

P 0.048 0.333 

LSD 0.626 1.267 

Site   

Asayo 24.12 15.66 

Kara 22.84 14.57 

Ganda Stola 24.54 23.98 

Belay Tela 23.83 16.95 

Hiwane 28.18 15.00 

P <0.001 <0.001 

LSD 0.808 1.635 

CV (%) 6 17.5 
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Table 5.11. Interaction effects of Fe levels and site on harvest index (%) of bread wheat 

Fe level 

(kg ha-1) 

 Soils 

Seret Korir Chichat Dagiya Hiwane Mean 

0 38.24 38.21 40.93 37.47 40.24 39.02 

2.5 41.74 36.89 39.61 40.26 43.26 40.35 

5 38.46 36.65 41.06 42.47 43.64 40.46 

Mean 39.48 37.25 40.53 40.07 42.38  

CV (%) = 7.4, Fe level: p = 0.042 & LSD = 1.24; Site: p <0.001 & LSD = 1.6, Fe level x Site: 

p = 0.005 & LSD = 2.77 

 

5.3.5. Grain Iron Concentration of Teff and Bread Wheat 

 

Grain Fe concentration of teff was influenced by the interaction effects of Fe levels, Fe chelate 

types and sites (Appendix Table 8.6; Table 5.12). The highest grain Fe concentration (60.18 

mg kg-1) of teff was recorded at Asayo site at application of 2.5 kg Fe ha-1 while the lowest 

(29.35 mg kg-1) at Hiwane site at the positive control or NPKS application alone. The soil 

from Asayo site had relatively higher both DTPA and Mehlich III extractable Fe (Table 5.2) 

which might have favored the improvement of Fe concentration in the grain of teff. Grain Fe 

concentration of teff was not significantly influenced by the application of the different Fe 

chelate types and levels in Hiwane site. This might be due the highest initial soil phosphorus 

content of the soil and hence lowered the Fe grain concentration of teff probably due to the 

antagonistic effect of Fe and P (Hansen et al., 2006; Römheld and Nikolic, 2007).  

 

Application of EDDHA1 Fe chelate type at a rate 2.5 kg Fe ha-1 significantly improved grain 

Fe concentration of teff by 71, 56, 31 and 18% at the sites of Asayo, Kara, Ganda Stola and 

Belay Tela, respectively as compared to the mean Fe concentration of teff in the control (Table 

5.12). The increases in grain Fe concentration of teff are remarkable from the human 

consumption perspective as compared to a target (52 mg kg-1) for other cereal (wheat) 

production through genetic biofortification (HarvestPlus, 2014). Iron EDDHA1 at a rate 5 kg 

Fe ha-1 also improved significantly grain Fe concentration of teff by 77% over the mean NPKS 

application at the site of Kara, which could be due to the relatively low both DTPA and 

Mehlich-III extractable Fe in this soil (Table 5.2).  
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Table 5.12. Interaction effects of Fe levels, Fe chelates and sites on grain Fe content of teff 

(mg kg-1) 

Fe levels 

(kg ha-1) 

Fe Chelate 

 Type 

 Sites 

Asayo Kara Ganda Stola Belay Tela Hiwane Mean 

0 HBED 33.32 35.97 38.61 44.47 31.43 36.76 

0 EDDHA1  37.07 40.06 37.20 42.02 29.35 37.14 

0 EDDHA2 35.47 39.44 39.50 40.87 29.49 36.95 

2.5 HBED 48.08 52.62 45.34 48.45 34.07 45.71 

2.5 EDDHA1  60.18 59.94 50.17 49.89 33.65 50.77 

2.5 EDDHA2 35.89 52.55 40.08 40.92 31.85 40.26 

5 HBED 40.48 53.05 43.14 51.11 30.56 43.67 

5 EDDHA1  36.58 68.00 44.46 48.76 33.22 46.21 

5 EDDHA2 44.37 53.11 43.74 43.72 35.14 44.02 

Mean 41.27 50.52 42.47 45.58 32.08  

CV (%) = 10.4, Fe: p < 0.001 & LSD = 1.838; Site: p < 0.001 & LSD = 2.37, Fe level x Fe 

chelate: p < 0.004 & LSD = 3.18 and Fe level x Fe chelate x Sites: p < 0.004 & LSD = 7.12 

 

Grain Fe concentration of bread wheat was influenced by the interaction effect of Fe levels 

and sites (Table 5.13). The highest grain Fe concentration of bread wheat were recorded at 

application of 5 kg ha-1 at Korir, Chichat and Hiwane soils with increments 18.6, 8.6 and 8.8 

percents respectively, over the control. However, the Fe grain concentrations obtained from 

application of 5 kg Fe ha-1 at these sites were statistically at par with the application of 2.5 kg 

Fe ha-1 at Korir and Hiwane sites. Further more, the highest grain Fe concentrations of bread 

wheat recorded at application of 2.5 kg Fe ha-1 at the sites of Seret and Dagiya were also 

statistically at par with the control. The overall response of wheat to Fe fertilization in terms 

grain Fe concentrations were consistent with the available Fe content in the soil extracted by 

DTPA (Table 5.2). 

 

Table 5.13. Interaction effects of Fe levels and sites on grain iron content (mg kg-1) of bread 

wheat 

Fe level 

(kg ha-1) 

 Sites 

Seret Korir Chichat Dagiya Hiwane Mean 

0 34.16 43.49 42.04 46.21 46.49 42.50 

2.5 36.04 49.43 42.25 48.49 49.70 45.20 

5 33.99 51.59 45.65 46.56 50.49 45.65 

Mean 34.73 48.18 43.31 47.09 48.89  

CV (%) = 8.3, Fe level: p < 0.001 & LSD = 1.547; Site: p <0.001 & LSD = 1.997, Fe level x 

Site: p = 0.027 & LSD = 3.46 
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Among the Fe chelate fertilizer types, HBED and EDDHA1 significantly improved grain Fe 

contents of bread wheat (Table 5.14). Iron chelate HBED at the rate of 5 kg Fe ha-1 and 

EDDHA1 at the rate of 2.5 kg Fe ha-1siginficantly improved grain Fe concentration of bread 

wheat with increases of 12.8 and 8.7 percents over the control, respectively. This confirms Fe 

chelate types with more o-o (ortho-ortho) Fe are suitable for high pH (> 6.5) soil conditions 

(AkzoNobel, 2014). However, the overall grain Fe concentrations of bread wheat with or 

without application of Fe (Table 5.13 and Table 5.14) were below the target (52 mg kg-1) for 

human consumption (HarvestPlus, 2014). 

 

Table 5.14. Interaction effects of Fe levels and Fe chelate types on grain iron content (mg kg -1) 

of bread wheat 

Fe level 

(kg ha-1) 

 Fe Chelate Types 

HBED EDDHA1 EDDHA2 Mean  

0 42.21 42.86 42.70 42.59  

2.5 43.87 46.60 44.95 45.14  

5 47.62 45.67 43.66 45.65  

Mean 44.57 45.05 43.77   

CV (%) = 8.3 , Fe level: p < 0.001 & LSD = 1.547; Fe Chelate: p = 0.259 & LSD = 1.547, Fe 

level x Fe Chelate: p = 0.027 & LSD = 2.68 
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5.4. Conclusion 

 

Application of Fe at a rate of 2.5 kg Fe ha-1 improved biomass and grain yields and grain Fe 

concentration of teff in Fe deficient soils of Tigray. Among the Fe chelate types, EDDHA1 

and HBED in order of their importance can be used for the sites of the study area and other 

with similar conditions to improve productivity and grain Fe concentration of teff. The 

findings confirm Fe chelate types with more o-o (ortho-ortho) Fe are suitable for high pH 

soils. The increase in grain Fe concentration of teff with the application of these chelates is 

also remarkable from the human consumption perspective. However, shoot to root ratio of teff 

significantly decreased due to application of Fe fertilizer regardless of the chelate types, 

probably due root extension of teff at the expense of biomass accumulation. Further integrated 

study on genetic variability of teff in response to Fe chelate fertilizers and field verification of 

the current results are recommended.  

 

The effects of Fe on agronomic parameters and biomass yield of bread wheat were not 

significant in the present study. However, application of Fe at a rate of 2.5 kg ha-1 improved 

grain yield while Fe chelate types, EDDHA1 and HBED improved grain Fe concentration of 

bread wheat. The overall response of bread wheat to Fe fertilization in terms of to grain Fe 

concentration were related with the soil available Fe content extracted by DTPA. However, the 

improvements in grain yield and grain Fe concentration of bread wheat were small and below 

the recommended 52 mg kg-1 for the grain concentration. Thus, further research on the 

development of local soil critical limit for wheat and soil Fe using different extractants should 

be undertaken. 
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6. GENERAL SUMMARY AND CONCLUSIONS 

 

Zinc and Fe are among the essential plant micronutrients. Deficiencies of Zn and Fe are 

reported in the soils of Tigray, northern Ethiopia. Their deficiencies in the soil system affect 

both plant growth and the nutrient concentrations in the grain of cereals for human 

consumption. Teff and bread wheat are the major cereal crops grown in Ethiopia and their 

grain comprise the major dietary and nutrient sources for Ethiopians. However, adequate 

information pertaining to Zn and Fe availabilities in soils, factors affecting their availability, 

responses of the crops to Zn and Fe fertilizations and their concentrations in plants is lacking. 

Therefore, study was carried out to i) assess the status of Zn and Fe in leaves of teff and bread 

wheat in relation to soil properties and Zn and Fe contents and properties in agro-ecologies 

growing these crops; ii) establish Zn adsorption characteristics and its quantitative relationship 

with selected soil properties, and evaluate the effects of Zn containing fertilizers, Fe chelate 

fertilizer types and supplemental Zn and Fe levels on yield and grain Zn and Fe concentrations 

of teff and bread wheat. For these purposes, plant and soil status survey were carried out in three 

major agro-ecologies (M2, SM2-5 and SM1-3), laboratory and greenhouse experiments were 

conducted. 

 

The status survey of the soil and leaf analyses results revealed that regardless of agro-

ecological differences, Zn deficiency was widespread. Of the total soil, teff and bread wheat 

samples 90, 98 and 89% were deficient in Zn, respectively. Unlike Zn, only 5% of the total 

soil samples were deficient in Fe while Fe concentration in the teff and bread wheat decreased 

in the order of M2 >SM2-5 >SM1-3 and M2 > SM2-5 agro-ecologies, respectively, probably 

due to the combined characteristics effects of the agro-ecologies. Iron deficiency in teff and 

bread wheat plants were not observed in M2 agro-ecology. Out of the thirty teff samples in 

SM2-5 agro-ecology, three samples were found to be deficient in Fe while in hot to warm sub-

moist lowland plains (SM1-3) agro-ecology twelve out of the fifteen samples were deficient in 

Fe.  

 

Zinc concentration of teff leaf significantly and positively correlated with total soil Zn and 

sand and negatively correlated with pH, EC, CEC, calcium carbonate, available P and silt 
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content while Zn concentration of bread wheat significantly and positively correlated with soil 

organic carbon content and negatively correlated with pH and CEC. Iron concentration of teff 

significantly and positively correlated with total soil Fe, soil organic carbon content and sand 

and negatively correlated with pH, EC, available P and silt content. Similarly, Fe 

concentration of bread wheat correlated significantly and positively with total soil Fe, DTPA-

Fe, organic carbon content, total N and available K and negatively correlated with pH, and 

CEC. Further similar assessment should consider other soil extractant methods such as 

Mehlich-III. 

 

Zinc adsorption increased with increasing Zn concentration in equilibrium solutions and/or 

addition of Zn and conformed to Freundlich and Langmuir adsorption isotherms. Soil pH and 

clay in the Freundlich coefficients, and pH and calcium carbonate in the Langmuir coefficients 

appeared to be the most influential soil characteristics that could be used to predict the 

coefficients. Organic carbon content, cation exchange capacity and calcium carbonate content 

were also significantly correlated with Freundlich coefficient and cation exchange capacity, 

clay and organic carbon contents were also significantly correlated with Langmuir 

coefficients. Olsen or Mehlich-III extracted P seemed to be of no importance in influencing Zn 

adsorption. Thus, it can be concluded that soil pH, clay, calcium carbonate, organic carbon 

contents and cation exchange capacity are the soil factors contributing to the adsorption of Zn 

in the studied soils. The present findings have implications to soil fertility management with 

respect to Zn availability and developing management strategies for high and low Zn 

adsorbing soils.  

 

Additional supply of 4 kg Zn ha-1 to Zn in 100 kg NPSZn compound fertilizer significantly 

increased biomass, grain yields and grain Zn concentration, though; the increases were not 

statistically different from the 2 kg ha-1 Zn addition to the compound fertilizer. This indicates 

the need for additional 2 to 4 kg Zn ha-1 on top of the recommended 100 kg NPSZn. Zinc 

concentration of teff grain was low as compared to targeted Zn for human consumption even 

with Zn applications. Zinc fertilizer resulted in better biomass production of bread wheat. The 

bread wheat grain yield response ranged from no response to Zn fertilization in one site to 

significant yield improvements of 10 - 84% depending on the initial Zn content and Zn 
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adsorption characteristics of the soils. However, the Zn content of bread wheat both with and 

without Zn fertilizer application is either low compared to the targeted Zn concentration 

required for human consumption or high induced from reduced grain accumulation. Therefore, 

it could be concluded that soil Zn fertilization would not be a promising strategy to increase 

Zn concentration in the grains of these crops destined for human consumption, although 

increased yields of teff and bread wheat were obtained from Zn application in the Zn deficient 

soils of Tigray. Integrating soil Zn application with other agronomic practices might improve 

both yields and grain Zn of teff and bread wheat. Further field verification of the results of this 

study could be of paramount importance. 

 

Application of Fe at a rate of 2.5 kg Fe ha-1 significantly increased biomass yield of teff in all 

studied soils. The percentage increase in teff biomass yield was found to be consistent with the 

decrease in initial Fe content in the soil. Among the Fe chelates, Fe-EDDHA1 at application 

rate of 2.5 kg Fe ha-1 better improved teff grain yield and grain Fe concentration. The grain Fe 

concentration in this chelate type and Fe level was also comparable to targeted Fe 

concentration in other cereals for human consumption. Further field verification, development 

of critical soil limit both using DTPA and Mehlich, and integrated study on genetic variability 

of teff in response to Fe chelate fertilizers are of paramount importance. Regarding the 

response of bread wheat, grain yield but not biomass yield was significantly increased due to 

application of Fe at a rate of 2.5 kg Fe ha-1 with overall average increment of 7% over the 

control. Application of Fe improved grain Fe concentration of bread wheat in three out of five 

soils. The overall response of bread wheat to Fe fertilization with regard to grain Fe 

concentrations were consistent with the initial Fe content in the soil extracted by DTPA. 

Among the Fe chelate fertilizer types, HBED and EDDHA1 significantly improved grain Fe 

concentration of bread wheat. However, the improvements in bread wheat grain yield and 

grain Fe concentration in response to Fe levels and chelate types were generally low. Further 

research on the development local soil critical limit for Fe and bread wheat using different 

extractants is of paramount importance.  

Generally the study was based on the national efforts of soil fertility mapping in agricultural 

land of the country. The findings of this study can also supplement to national database in 

verifying the soil fertility map based on crop and soil assessments and crop responses.   
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8. APPENDIXES 

 

Appendix Table 8.1. Study districts major soil type and cereal crops, agro-ecology and climatic characteristics. 
District Major soil type* Major cereal crops AEZ Mean 

Min 
Temp oC 

Mean 

Max 
Temp 
oC 

Mean 

annual Rain 
fall (mm) 

Elevation 

(masl), range 
for the study 

Length of 

growing period 
(LGP), days 

Tsegede  Nitisols, Luvisols in M2 and in the 

lowland part Vertisols  

Teff and wheat M2 3.1 22.0 2385 2359-2859 151-180 

 

Welkait Acrisols, Nitosols and Luvisols Teff M2 11.4 29.0 1257 1940-1958  151-180 

Tahtay Koraro Cambisols, Vertisols, Luvisols and 

Leptosols 

Teff and maize SM2-5 10.8 29.9 1149 1831-1954 90-120 

Laelay Michew Regosols, Cambisols, Luvisols, 

Leptosols 
Teff,  wheat, 

barley and maize 

SM2-5 8.5 28.8 726 2061-2117 90-120 

Adwa Regosols, Cambisols, Luvisols, 

Leptosols 
Teff,  wheat, 

barley and maize 

SM2-5 8.7 30.3 801 1890-2109 90-120 

Degua 
Tembein 

Cambisols, Regosols, Luvisols, 
Fluvisols and Calcisols 

Wheat, barley, teff 
and maize 

SM2-5 8.4 25.0 600 2626 90-120 

Hawzien Cambisol, Luvisols and Leptosols Wheat, teff, 

barley, finger 

millet and maize 

SM2-5 7.5 29.6 530 2083-2196 90-120 

Kilte-Awlealo Cambisols, Regosols, Luvisols, 

Fluvisols  

Wheat, teff, 

barley, maize 

SM2-5 7.5 31.0 577 1997-1999 90-120 

Enderta Cambisols, Vertisols, Regosols, 

Calcisols and Leptosols 

Wheat, barley and 

teff 

SM2-5 8.5 27.0 566 2110-2383 90-120 

Hintalo-Wajrat Cambisols, Vertisols, Regosols and 

Luvisols 

Wheat, Emer 

wheat, barley,  teff 

and maize 

SM2-5 10.3 25.0 499 2010-2579 90-120 

Ofla Regosols, Cambisols, Leptosols, 

Luvisols 

Wheat, Barley SM2-5 3.5 24.0 990 2451-2572 90-120 

Raya Azebo Regosols, Leptosols, Cambisols, 

Calcisols and Luvisols 

Sorghum, teff and 

maize 

SM1-3 13.0 32.0 550 1584-1750 90-120 

Raya Alamata Regosols, Leptosols, Fluvisols, 

Calcisols and Luvisols 

Sorghum, teff and 

maize 

SM1-3 13.2 32.7 723 1469-1504 90-120 

* FAO (1984), BoFED (2003a) and Mitiku et al.  (2007); AEZ: Agro-ecological zone; SM2-5: Tepid to cool sub moist mountains and plateau;  SM1-3: Hot to 

warm sub-moist lowland plains; M2: Cold moist highlands 
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Appendix Table 8.2. Predominant geological formations of the study districts. 

District Major geological formations 

Tsegede Alaje Formation: Acidic tuff, ignimbrites, rhyolites, trachyte, micropyroclastic basalt alkali trachytes; Tarmaber 

Formation: Alkaline to transitional basalts often forming shield volcanoes, trachyte and phonolite; Ashangie 

formation: deeply weathered alkaline and transitional basalt flow with rare intercalations of tuffs, porphyritic 

basalt anaphyric vesicular basalt 

Welkait Tarmaber Formation: Alkaline to transitional basalts often forming shield volcanoes, trachyte and phonolite; 

and Ashangi Formation: deeply weathered alkaline and transitional basalt flow with rare intercalations of tuffs, 

porphyritic basalt and aphyric vesicular basalt 

Tahtay Koraro Adigrat Sandstone: Fine to coarse-grained, cross bedded, alternate with minor sitlstone, and clay; Ashangi 

formation: deeply weathered alkaline and transitional basalt flow with rare intercalations of tuffs, porphyritic 

basalt. Aphyric vesicular basalt; and Tembien group chlorite sericite and graphite phylites limestone, slate and 

dolomite 

Laelay Michew and 

Adwa 

Adwa Plugs: Trachyte and phonolite plugs; Ashangi formation: deeply weathered alkaline and transitional 

basalt flow with rare intercalations of tuffs, porphyritic basalt and aphyric vesicular basalt; pockets of Enticho 

Sandstone, Edaga Glacial (sandstone, conglomerate and tillite); and Tsaliet group: Metaandesite (volcanic), 

metadacite, metarhyolite, chlorite, sericite and graphitic limestone quartizite 

DeguaTembein  Antalo Formation of limestone, fossiliferous and sandy limestone 

Hawzien Adigrat Sand stone: Fine to coarse-grained, cross bedded, alternate with minor sitlstone, and clay; and Tsaliet 

Group: Metaandesite (volcanic), metadacite, metarhyolite, chlorite, sericite and grapaitic limestone quartizite 

Kilte-Awlealo Antalo Formation: limestone, fossiliferous and sandy limestone; and Mekelle Dolerite: : intrusive massive of 

andesine dolerite 

Enderta Antalo Formation: limestone, fossiliferous and sandy limestone; Mekelle Dolerite: intrusive massive of 

andesine dolerite; and Agula Formation: dominantly marl and shale with minor limestone intercalations 

Hintalo-Wajrat Quaternary undifferentiated alluvial deposit and Antalo Formation: limestone, fossiliferous and sandy limestone 

Ofla Ashangi Formation: deeply weathered alkaline and transitional basalt flow with rare intercalations of tuffs, 

porphyritic basalt and aphyric vesicular basalt  and Aiba Basalt with rare basic tuffs 

Raya Azebo and 

Raya Alamata 

Ashangi Formation: deeply weathered alkaline and transitional basalt flow with rare intercalations of tuffs, 

porphyritic basalt, aphyric vesicular basalt; Aiba Basalt: with rare basic tuffs; and undifferentiated alluvial 

deposit 

Source: BoFED (2003b)
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Appendix Table 8.3. Study districts major land use type and corresponding area in hectare.  

District 

Cultivated 

land 

Grazing 

land 

Forest 

land 

Area 

closure 

Plantation 

Forest 

Miscellaneous 

land 

Total 

area 

Tsegede 85942 122085.8 35778.2 59820.3 0 10171.6 313797.9 

Welkait 80257.4 177333 51968.8 86890.6 0 14774.5 411224.2 

Tahtay Koraro 18586 24216.2 7096.7 13238.7 5322 2017.6 78394 

Laelay Michew 14255.3 8876 5467.9 8093.4 6042.3 8296.7 60019.8 

Adwa 13714 11115.5 6847.5 10135.5 7566.9 10390.1 71025.6 

Degua Tembein 17727 16779.2 3616.4 11186.4 13490.8 10877.1 93745.2 

Hawzien 17120.9 19901.1 4796.1 2950.9 10676.33 14384.2 85708.2 

Kilte-Awlealo 20702 24778.2 5971.5 3674.1 10192.8 17905.7 106098.2 

Enderta 32647.8 24020.1 5177 16013.7 19312.5 15571 141470.6 

Hintalo-Wajrat 36107.3 29918 6448.2 19945.7 24054.5 19394.3 171650.7 

Ofla 22717 32727.9 4679.2 9694.9 9093.8 19517.3 111957.7 

Raya Azebo 43918.6 51559.4 7371.6 15273.3 14326.4 30747.4 184508.1 

Raya Alamata 34503 22508 3218 6667.5 6254.1 13422.6 95876.6 

Source: BoARD (2012) 

 

Appendix Table 8.4. Mean squares of analysis of variance for the measured attributes of teff as 

affected by Zn levels and sites. 

Parameters Zn Levels (4) Sites (9) Zn Levels x Sites (36) Error (98) 

Panicle length 52.38** 129.82** 2.82ns 3.67 

Plant height 712.41** 681.56** 14.12ns 17.99 

Biomass yield 402.6** 1080.6** 5.96** 2.88 

Grain yield 43.75** 61.03** 1.00ns 0.91 

Harvest index 18.02** 135.36** 6.45ns 4.44 

Grain Zn concentration 152.67** 300.63** 7.68** 3.49 

Numbers in parenthesis represent the degrees of freedom; ** significant difference at P = 0.01; 

*Significant difference at P = 0.05, ns = non-significant. 

 

Appendix Table 8.5. Mean squares of analysis of variance for the measured attributes of bread 

wheat as affected by Zn levels and sites. 

Parameters Zn Levels (4) Sites (9) Zn Levels x Sites (36) Error (98) 

Spike length 6.75** 13.13** 0.27* 0.16 

Plant height 193.69** 150.95** 7.28** 3.22 

Kernels per spike 197.34** 1027.38** 12.11** 4.62 

100 grain weight 0.074* 1.17** 0.038* 2.31 

Biomass yield 58.50** 451.52* 2.79** 1.30 

Grain yield 19.69** 123.57** 1.28* 0.42 

Harvest index 49.19** 405.42** 14.45* 8.02 

Grain Zn concentration 57.74** 3884.65** 15.38** 6.03 

Numbers in parenthesis represent the degrees of freedom; ** significant difference at P = 0.01; 

*Significant difference at P = 0.05, ns = non-significant. 
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Appendix Table 8.6. Mean squares of analysis of variance for the crop yield attributes and yield of teff as affected by Fe levels, Fe 

chelates and sites. 

Parameter Fe Levels 
(2) 

Fe Chelates 
(2) 

Site (4) Fe Levels x Fe 
Chelates (4) 

Fe Levels 
x Sites (8) 

Fe Chelates 
x Sites (8) 

Fe Levels x Fe 
Chelates x Sites (16) 

Error 
(88) 

Panicle Length 13.03** 3.28ns 194.63** 8.33ns 3.26ns 1.21ns 2.52ns 3.36 

Plant Height 323.94** 0.48ns 641.6** 121.34ns 21.33ns 6.86ns 5.87ns 15.83 

Biomass Yield 122.34** 7.34ns 1332.97** 7.71ns 10.73** 2.42ns 5.30ns 3.94 
Grain Yield 18.07** 3.44** 107.89** 1.42* 1.45* 0.16ns 0.49ns 0.54 

Harvest index 20.54** 6.99* 112.57** 2.57ns 4.08ns 1.21ns 2.40ns 2.23 

Shoot to root ratio 58.08** 10.18ns 405.64** 4.23ns 13.31ns 6.01ns 10.24ns 9.14 
Grain Fe concentration 1007.46** 211.36** 1240.76** 115.93** 143.49** 48.52* 47.62** 19.25 

Numbers in parenthesis represent the degrees of freedom; ** significant difference at P = 0.01; *Significant difference at P = 0.05, ns = non-

significant. 

 

Appendix Table 8.7. Mean squares of analysis of variance for the crop yield attributes and yield of bread wheat as affected by Fe 

levels, Fe chelates and sites. 
Parameter Fe Levels 

(2) 

Fe Chelates 

(2) 

Site (4) Fe Levels x Fe 

Chelates (4) 

Fe Levels 

x Sites (8) 

Fe Chelates 

x Sites (8) 

Fe Levels x Fe 

Chelates x Sites (16) 

Error 

(88) 

Spike length 0.83ns 0.079ns 8.69** 0.71ns 0.71ns 0.42ns 0.33ns 0.12 

Plant height 7.98ns 0.44ns 217.27** 3.53ns 10.90ns 8.47ns 17.48ns 6.98 

Kernels per spike 37.41ns 5.08ns 823.45** 2.59ns 33.89** 8.68ns 15.94ns 12.52 

100 grain weight 0.0057ns 0.0014ns 1.35ns 0.027ns 0.12ns 0.026ns 0.026ns 0.025 
Biomass yield 7.80ns 1.59ns 1024.98** 3.50ns 2.92ns 3.90ns 3.18ns 3.72 

Grain yield 5.07** 1.23ns 215.11** 1.06ns 1.72ns 2.29ns 1.68ns 0.89 

Harvest index 0.029* 0.00039ns 0.0093ns 0.00083ns 0.0026** 0.0013ns 0.0020ns 0.00088 
Shoot to root ratio 5.54ns 17.04ns 77.73** 33.31ns 11.82ns 19.69ns 20.10ns 11.31 

Grain Fe concentration 121.36** 18.70ns 925.71** 35.05* 31.39* 27.99ns 12.20ns 13.64 

Numbers in parenthesis represent the degrees of freedom; ** significant difference at P = 0.01; *Significant difference at P = 0.05, ns = non-

significant. 

 


