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Abstract: Nutrient depletion is one of the major causes that contribute to decline in soil productivity in the
highlands of Ethiopia. It is generally a reversible constraint as long as soil test based fertilizer application is in
place. However, Ethiopian subsistence agriculture has suffered for years due to lack of proper knowledge to
combat nutrient depletion. To date, blanket application is the traditional approach for applying commercial
fertilizers irrespective of soil types and agroecology. Thus, it is imperative to start to develop an agro-ecology
based soil test program for small holding farmers. This study assesses the soil fertility status of Typic
Hapluusterts and suggests application of NuMaSS as a diagnostic tool to recommend supplementary N and
P fertilizers for maize at limiting sites. In total thirty-six soil samples were collected from five profiles and
analyzed for the major soil physical and chemical properties. The study reveals that N, P and micronutrients are
deficient in all the sampled profiles. Based on the soil analytical data and farmers’ soil fertility management
practices, the study proposes that a quarter, half or the lower confident limit of the NuMaSS prescribed fertilizer
213 kg P ha  and 104 kg N ha  for Adigudom; 161 kg P ha  and 98 kg N ha  for Adwa; 132 kg P ha  and1 1 1 1 1

111 kg N ha  for Wukro; 218 kg P ha  and 106 kg N ha  for Shire; and 149 kg P ha  and 115 kg N ha  for1 1 1 1 1

Maychew should be used as a supplement. 

Key words: Fertilizer recommendation   NuMass   Northern highlands of  Ethiopia  Nutrient depletion 
Vertisols

INTRODUCTION Agricultural use of Vertisols ranges from very

Soil degradation and nutrient depletion have charcoal burning) through smallholder (post-rainy season
gradually increased and have become serious threats to crop production) cultivation of (millet, sorghum, cotton
agricultural productivity in Ethiopia. There are about 99 and chickpeas) to small scale (rice) and large scale
million ha of Vertisols in Africa representing 3.5 % of the irrigated crop production (cotton, wheat, barley, sorghum,
continent [1]. Of these, 12.6 million ha are in Ethiopia chickpeas, flax, noug (Guizotia abyssinica) and sugar
covering about 10.3 % of the country’s landmass [2]. cane [8]. Bull [9] estimates that Ethiopian Vertisols can
Ethiopia  ranks  third in Vertisols abundance in Africa produce about 12 million tones of food grain if improved
after the Sudan and Chad [2]. management practice could be widely adopted. At

An estimated 7.6 million ha of Ethiopian Vertisols are present,  total grain production from Ethiopian Vertisols
located in the highlands above 1500 m a.s.l. and on higher is probably less than two million tones and hence  there
elevations (> 2500 m a.s.l.) in temperate ecosystems [2-4]. is an urgent need for mounting development activities.
About 25% of those occurring in the highlands are The traditional highland farming system is confronted
believed to be cultivated [5, 6]. The highest coverage of with several major problems and limitations. The poor
Vertisols  in  the  country  is  found in Oromiya region drainage of Vertisols restricts farming operations during
(47.6 %) followed by Amhara sharing (25.2 %) or 3.2 the rainy season, especially if rainfall is excessive and the
million ha of the total [7]. slope  of the land is flat. The cultivars of traditional crops

extensive (uncontrolled grazing, fire wood production,
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grown on Vertisols have limited yield potential and little
ability to respond to fertilizers [2]. The most serious
problem of the traditional fallow system during the rainy
season in most of the highland Vertisols areas is soil
erosion due to water and the resulting nutrient depletion.
Nitrogen and phosphorus deficiencies are the major
constraints to crop production and will become
increasingly important with high yielding crops and
cropping systems [10, 11]. This paper endeavors to
evaluate the soil fertility capability of the Vertisols in the
northern highlands of Ethiopia and the importance of
NuMaSS (Nutrient Management Support System) fertilizer
recommendation. NuMaSS is a diagnostic tool that
determines whether inorganic fertilizer is necessary or not
and if it does, how much? NuMaSS is useful in the event
of intensive land use where N and P are largely limiting
[12]. Furthermore, the paper attempts to apply NuMaSS as
a diagnostic tool for determining the need for additional
N and P in the Vertisols of Tigray region, northern
highlands of Ethiopia.

MATERIALS AND MATERIALS

Study Site: This study was conducted in the Tigray
Plateau (Fig. 1), which is situated between 12°15 'N and
14°57'N latitude and between 36°59'E and 40°E longitude
with an estimated area of 53,638 km . Topography of the2

Tigray  Region  is  mainly  the   extension   of   the  central

Table 1: Some environmental characteristics of the study areas

Area Length of the growing period days Altitudem Rainfallmm

Adigudom 110 2200 550

Adwa 110 1980 742

Maychew 120 2330 833

Shire 150 1913 987

Wukro 90 2391 500

highland and associated western lowlands and is divided
into two major blocks; the eastern block which is
comprised of highlands and the western block which is
predominantly  lowland. Altitude of the study areas
ranges from 1913 to 2330 meters above sea level. Though
all the study sites agriculturally important, they do vary
one another in the length of the growing period (LGP).
The LGP in the study sites range from is 2.5 months in
Wukro to as high as 5 months in Shire. Some
environmental description of the sites is given in Table 1.

Soil Sampling  and  Analysis: Thirty  six soil samples
were  collected at  depth  intervals of 0-15, 15-30, 30-45,
45-60, 60-90, 90-140 and 140-160 cm, from the four
agroecological zones of Tigray plateau where  Vertisols
are dominating over other soil types.. The soil samples
were air  dried,  milled  and passed through 2 mm sieves
in order to run the analysis and the samples were sent to
the  National  Soil  Service  Laboratory  for pH, particle
size distribution, total N, available P, CEC,  exchangeable

Fig. 1: Geographical location of the study areas in Tigray, northern Ethiopia
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cations, Fe, Mn, Zn and Cu analyses. Soil texture was Organic Carbon: Organic  carbon levels are usually low
determined by the hydrometer method [13], soil pH was
determined using a pH meter using in a soil: water ratio of
1:2.5 as described in Rhoades [14], organic carbon was
determined by oxidizing the soil with potassium
dichromate and concentrated sulfuric acid and the
remaining concentration of dichromate and ferrous ions
determined by titration [15]. Total nitrogen was
determined by semi microkjedhal after digestion with
sulfuric acid. Selenium and copper sulfate were catalysts
added to raise the boiling point of the digest [16].
Available phosphorus was extracted through the Olsen
method, using 0.5 M NaHCO  at pH 8.5 [17]. CEC was3

determined by summation method after each exchangeable
cation was determined following the standard procedure
[18]. The amounts of exchangeable cations in the extract
were determined by flame photometer (Na and K) and
spectrophotometer  (Ca  and  Mg) according to [19].
DTPA (diethylene  triamine  penta  acetic  acid)
extractable micronutrients were determined by atomic
absorption  spectrometer  (AAS)  according  to  Lindsay
and Norvell [20]. 

N and  P fertilizer recommendations for the Vertisols
of northern highlands of Ethiopia were made using
Nutrient  Management Support System (NuMass),
version 2.1. Duncan’s Multiple Range Test was employed
in data analysis. Correlation and regression of the
variables were analyzed using SPPS-13. 

RESULTS AND DISCUSSION

Soil Chemical Fertility Evaluation:
Clay Distribution: The mean clay contents of Vertisol
profiles in the study areas ranged between 42 and 59%
and there is no significant difference among them. The
lowest clay percentage was 42 % in Wukro area, which
coincides with the marginal ranges of total clay
requirement for Vertisols [8]. The highest clay percentage
was observed in the Vertisols of Shire (Sd), which is 59%.

pH: Generally, pH  is  a  major  driver of soil fertility.
Ninety four  percent of the sampled soils have alkaline
pH. The mean pH of the profiles in the study areas ranged
between 7.25 in the Vertisols of Shire to 8.66 in the
Vertisols of Adwa.

Vertisols, globally, are mostly neutral to alkaline in
reaction. In Caribbean, Vertisols are acidic, with surface
soil pH values range from 5.0 to 6.2 [21]. pH of some
Ethiopian highland Vertisols such as those at Sheno are
acidic in nature, too [22]. In the Sudan, the pH values
range from 8.0 to 9.5 [23]. 

in Vertisols, particularly when they are cultivated
continuously, as in the case of Ethiopia. This is the case
in spite of their dark color, which is thought to be due to
the formation of organic matter-smectite complexes [24].
In the tropics and for soils with a long history of
cultivation, OC levels can be very low, e.g. 0.3% in India
[24]. Organic matter is usually more or less uniformly
distributed with depth in Vertisols [8]. In this study OC
levels vary from 0.40 to 1.28% and significant among
profiles. Additionally, OC is significantly correlated with
N but not P as expected. Evidently, regression equation
revealed that N and P are essential elements in predicting
soil carbon of the five Vertisols (Table 4). 

Nitrogen: In  this study, total nitrogen content varies
from 0.05 in the Vertisols of Wukuro to 1.0% in the
Vertisols of Adwa. The range of N was very low in the
surface layer, 0.02-0.06% in the Central Sudan to about
0.08% in Indian Vertisols, with values rarely exceeding
0.1% [25]. In southern Queensland, Australia, total N
declined  linearly in six soils over 25 years of cultivation
of cereal cropping systems [26]. 

Phosphorus: Next to N, P is usually the most limiting
nutrient, but responses to P fertilizers are variable.
Though P content varies from region to region, this study
reveals that the available P content is very low, ranging
between 0.43 ppm in Shire 1.95 ppm in Adwa. Values as
low as 0.1 mg P kg  have been reported but with a1

common range of 2-10 mg P kg  [27]. Responses to1

added P are usually lower in Vertisols of basaltic origin
because  of  their  higher P status than those developed
on granites  and  sedimentary  parent  materials. 

Potassium: Potassium is the other major nutrient
considered limiting in some Vertisols [28, 29]. Fixation of
K is a property related to the content of interstratified
smectitic and micaceous clay minerals [29]. It has been
well studied in Indian and Sudanese Vertisols, in
particular. Between 2.5 and 25 cmol (+) K kg , with a1

mean of 7.5 cmol (+) K kg , was fixed by 22 Vertisols in1

Rajasthan,  India  [30],  which is a substantial amount of
K in relation to the amount of exchangeable K usually
present. In this study, the exchangeable K ranges
between  0.44  to 0.73  cmol (+)  K kg . The exchangeable1

K expressed as a percentage of CEC of the soils was
considered to assess the response to potash fertilizers.
The value greater than 2 cmol (+) K kg  indicates a fairly1

good   supply  and  the  response  to   potash   fertilizer  is
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Table 2: Nutrient levels of five soil profiles in Tigray Region 

Profile
Micronutrients -----------------------------------------------------------------------------------------------------------------------------------------------------------------
(ppm) Add Ad WS Md Sd Critical levels*

Fe 8.67 ab 11.27 a 8.69 ab 6.00 b 11. 27 a <50.0
Mn 2.72 b 5.43 ab 5.17 ab 5.60 b 8.07 a <20.0
Zn 0.25 bc 0.42 a 0.22 c 0.18 c 0.38 ab <20.0
Cu 0.48 a 0.47 a 0.53 a 0.61 a 0.44 a <4.0

Other nutrients

TN (%) 0.09 ab 1.00 a 0.07 ab 0.05 b 0.06 ab <1.00%
Avail. P (ppm) 0.78 a 1.95 a 1.84 a 1.32 a 0.43 a 10-15
Ex. K (cmol kg ) 0.58 ab 0.44 b 0.73 a 0.68 ab 0.46 b <0.21

Ex. Mg (cmol kg ) 17.49 bc 32.78 a 3.54 d 20.40 b 11.89 c <1.51

Ex.Ca (cmol kg ) 25.64 a 17.47 b 22.89 ab 21.44 ab 23.31 ab <5.01

Ex.Na (cmol kg ) 0.55 b 2.23 a 0.16 b 0.49 b 0.57 b1

CEC (cmol kg ) 48.17 b 61.02 a 29.86 c 49.84 b 47.43 b1

BS (%) 91.88 a 87.63 ab 90.88 a 82.88 ab 76.50 b
OC (%) 1.28 a 0.88 bc 1.00 b 0.40 d 0.61 cd 0.5-1.0%
C/N ratio 15.13 a 9.62 b 14.12 a 7.75 b 10.00 b 10-20
pH 8.31 ab 8.66 a 8.42 a 7.94 bc 7.25 c 6.5-8.5
EC (ds/m) 1.10 a 0.05 ab 0.03 b 0.02 b 0.01 b

Base saturation 

Ca (%) 53.81 b 28.52 d 76.15 a 43.07 c 49.26 bc
K (%) 1.20 bc 0.71 c 2.41 a 1.34 b 0.98 bc
Na (%) 1.13 b 3.58 a 0.49 b 1.01 b 1.13 b
Mg (%) 36.27 bc 54.72 a 11.83 d 41.05 b 25.13 c
Texture
Sand (%) 15.25 b 13.88 b 35. 13 a 20.25 b 11.33 b
Silt (%) 29.63 a 27.75 a 22.13 a 29.50 a 29.33 a
Clay (%) 55.13 a 58.38 a 42.75 b 54.00 a 59.33 a

Where Add, Ad, WS, Md are Sd represent Adigudom, Adwa, Wukro, Maychew and Shire, respectively;    NB: Means in the same column followed by the
same letters are not significantly different at 5% level of significance according to Duncan's Multiple Range Test; *Critical levels for micronutrients, [33]; other
nutrients [40]. 

unlikely  [31,  32]. Potassium, being one of the three Micronutrients: The critical levels for plant available
primary nutrients,  apparently  its  sufficient  presence micronutrients are 0.10-1.04 ppm for Zn; 0.06 to 0.96 ppm
and  availability  is a requisite for optimum crop for Cu; 1.7 to 9.98 ppm for Mn and 3.04 to  14.3  ppm  for
production.  However,  based on the methods of Finck Fe [33, 34]. Given these ranges, Vertisols of the studied
[31] and Finck and  Venkateswarlu  [32], this study profiles are very poor in available plant micronutrients.
concludes that 76% of the investigated soils are deficient
in potassium. Iron: The  Fe  content of soil usually varies from about

Cation Exchange Capacity and Exchangeable Cations: calcareous or heavily limed soils, plants frequently suffer
Vertisols usually have a  relatively  high  cationic from lack of Fe, a condition referred to as lime-induced Fe
exchange  capacity (CEC), which ranges between 20 and deficiency. In some environments, availability of Fe under
45 cmol kg  soil  and  even higher [8]. The amount of stress conditions is enhanced through the production of1

clay and mainly the type of clay mineral are responsible organic chelating agents by microorganisms. In this
factors. Organic matter generally contributes to an particular study the Fe content of the soils varies from
increase in CEC. In the present study CEC was more about 6.22±4.45 ppm in the Vertisols of Maychew to
correlated with clay than OC (Table 3). Exchangeable 11.77±1.54 ppm in the Vertisols of Shire (Table 2). As a
cations vary with soil chemical conditions. In neutral result of the alkaline nature of the studied Vertisols as
Vertisols, the exchangeable sites  are   occupied  mainly well as very low level of organic matter, apparently Fe may
by calcium and magnesium and to a lesser extent by be relatively unavailable to plants in the areas as
potassium and sodium (Table 2). evidenced in Table 2, P=0.10. 

200 µg/g to well over 10% (100 000 µg/g) [35]. In
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Table 3: Correlation of selected fertility parameters with pH, OC and clay,
(n=36)

Fertility parameter Correlation coefficient (r) Probability level pH
pH vs. available P 0.25 P=0.136
pH vs. total N 0.36 P=0.027
pH vs. exchangeable K 0.122 P=0.467
pH vs. exchangeable Ca -0.179 P=0.283
pH vs. exchangeable Mg 0.255 P=0.123
pH vs. exchangeable Na 0.378 p=0.019
pH vs. Cu -0.043 P=0.800
pH vs. Zn -0.420 P=0.001
pH vs. Mn 0.003 P=0.985
pH vs. Fe 0.270 P=0.101
pH vs. base saturation 0.518 P=0.001
pH vs. EC 0.142 P=0.395
Organic carbon
OC vs. total N 0.700 P=0.001
OC vs. available P 0.160 P=0.350
OC vs. K 0.032 P=0.850
OC vs. CEC 0.119 P=0.478
OC vs. Ca 0.264 p=0.109
OC vs. EC 0.213 P=0.199
OC vs. Clay 0.076 P=0.650
OC vs. base saturation 0.310 P=0.058
OC vs. Mn 0.311 P=0.058
Clay
Clay vs. available P -0.207 P=0.212
Clay vs. CEC 0.553 P=0.001
Clay vs. Mg 0.391 P=0.014
Clay vs. Ca 0.048 P=0.773
Clay vs. Na 0.414 P=0.012
Clay vs. EC 0.311 P=0.058
Clay vs. Cu 0.353 P=0.030
Clay vs. Mn 0.306 P=0.061
Clay vs. Fe 0.197 P=0.237

Table 4: Regression of soil organic carbon as dependent and total nitrogen
and available phosphorus as predictor variables

Predictor variable Coefficient T-statistics Probability level
Constant -0.685 -12.10 0.000
Total nitrogen 9.541 21.74 0.000
Available phosphorus 0.071 19.79 0.000
Source Mean square F-value Probability
Regression 2.25309 391.94 0.0000
Residual 0.00575
R-Squared 0.96***

Table 5: NuMaSS N and P recommendations 
Prob. Prob.

Profile Level (%) Recommended P Level (%) Recommended N
Add 78 213±127 50 104
Ad 78 161±127 50 98
Ws 78 132±88 52 111
Sd 88 218±127 74 106
Md 68 149±58 74 115

Zinc: The  normal  level of zinc in agricultural soils is in
the order of 10 to 300µg/g, with some soils having up to
200 µg/g [35]. Sandy soils usually contain very low
amounts of Zn. Certain soil conditions reduce the
availability of Zn, notably high pH [33]. Thus, a high
incidence  of  Zn  deficiency often occurs on calcareous
or limed soils. As is the case of the soils of Tigray Plateau,
the solubility of Zn decreases with an increase in pH
(P=0.001), Table 3. The lowest Zn values were 0.17±0.07
ppm in the Vertisols of Maychew whereas the highest
value was found to be 0.42±0.10 ppm in the Vertisols of
Adwa (Table 2). Obviously, management practices to
alleviate Zn deficiency include the introduction of Zn-
based fertilizers or organic fertilizers such as animal
manure,  green  manure and compost. Besides, alkalinity
of all the soils reduces the availability of Zn unless proper
management approached is introduced.

Manganese: The concentration of Mn in soil covers a
particularly wide range, from as little as 20 µg/g to well
over 3 000 µg/g [35]. The lower values are typical of
severely leached acid soils. In contrast, Mn excess or
toxicities often occur in unleached acid soils and
waterlogged conditions. As mentioned earlier, one of the
main factors that determine Mn availability in soils are
pH. A pH value below  6.0 favors reduction of Mn and
the  formation  of  the  more available divalent form
(Mn ); higher pH values  favor  oxidation to the Mn  ion,+2 +4

forming the insoluble oxides (MnO , Mn O  and Mn O )2 2 3 3 4

[35]. The concentration of Mn in profiles of the study
areas ranged from 2.72±0.68 ppm in the Vertisols of
Adigudom to 8.23±3.61 ppm in the Vertisols of Shire
(Table 2), which is deemed as very low according to
Melton [36]. Also, Mn availability may not seriously
affect crop performance due to the alkaline nature of the
soils investigated (P=0.98, Table 3).

Copper: Most plants are sensitive to Cu deficiency.
Cereals (oats, wheat, barley, maize) and vegetables are
particularly sensitive [37]. The Cu content of most
agricultural soils ranges from 2 to 100 µg/g [35]. Soils
derived from coarse-grained sediments (sands and
sandstones), as well as acid igneous rocks, are usually
low in Cu. Factors  affecting  the soils ability to provide
Cu  to plants include pH, humus content and proportion
of sand to clay [35]. As is shown in Table 2, all the
studied  soils  are  alkaline except the surface soils of
Shire.  Information  in Table 3 shows that availability of
Cu is unaffected by pH (P=0.80). Apparently, the
availability  of  Cu  increases  with  increasing soil  acidity
[38].  Like  other metallic cations, Cu tends to become less
soluble  with  increasing alkalinity [38]. Hence generally,
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alkaline soil conditions are unfavorable for the availability thank  technicians   of  the  Department  of  Land
of Cu. All the studied soils have a clay content of more Resource Management   and   Environmental  Protection
30%. In addition, the organic carbon contents of the of Mekelle University for their assistance during the
investigated soils are very low varying from 0.46 in the fieldwork.
Vertisols of Maychew to 1.28% of the Vertisols of Means in the same column followed by the same
Adigudom.  According  to Stevenson [39], crops grown letters are not significantly different at 5% level of
on mineral soils with Cu contents of less than 4 µg/g, or significance according to Duncan’s Multiple Range Test;
on organic soils with less than 20 to 30 µg/g, are likely to *Critical levels for micronutrients, Jones [33]; other
suffer from Cu deficiency. Presumably, crops that are nutrients Sanchez et al. [40]. 
grown on the studied soils do suffer from shortages of
Cu, since the Cu contents of these mineral soils range REFERENCES
from 0.44±0.16 ppm in the Vertisols of Shire to 0.53±0.16
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