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A B S T R A C T

Ethiopia faces major food security challenges. In spite of a modest level of fertilizer use, the percentage of wheat
that is imported is substantial. The Ethiopian government has invested in the fertilizer sector, thereby also
moving away from di-ammonium phosphate (DAP) to multi-nutrient blends (NPSZnB). Wheat fertilizer ex-
periments were established in seven locations (three replications) in the highlands that represented the wide
range of soils found in this area. The crop was exposed to DAP, NPS and to five levels of NPSZnB (50–300 kg/ha).
All treatments included 100 kg/ha urea. The average wheat grain yield at the experimental sites, when all
fertilizer treatments were averaged, ranged from<2 to> 7 tons/ha. Soil sampling revealed that organic carbon
(28%), total nitrogen and pH, and on the negative side, Fe and Mn concentrations, were significant drivers of
yield differences. Fertilizers alone (when averaged for all experimental sites) could only explain 8% of yield
differences, proving the ineffectiveness of blanket fertilizer recommendations. Blend fertilizers including mi-
cronutrients (NPSZnB) performed slightly but not significantly better than NPS alone or DAP alone. However,
since the NP contents in the blend are slightly below those in NPS and DAP (particularly for P), a slight positive
effect of Zn or B can be observed. On the other hand, Zn concentration in soils did not correlate significantly to
wheat yields. Hence, determining the added effects of Zn and B remains subject for further research. Maximum
yield gains to fertilizer application can only be achieved when fertilizers and soil property differences are
analyzed jointly. In that case, 79% of yield differences were explained. Grouping soils into ‘recommendation
windows’ then helps to come up with relevant and cost-effective fertilizer strategies. A simple calculation
comparing the cost of wheat import with the cost of fertilizers needed to reach the current wheat consumption
level in Ethiopia shows that the latter is by far the most cheaper option, but in need of smooth functioning of the
entire value chain.

1. Introduction

Agriculture accounts for 41% of the Gross Domestic Product (GDP),
85% of total export and is providing the source of livelihood for the
great majority (over 80%) of the Ethiopian population of 102 million in
2017 (EEA/EEPRI, 2017). Ethiopia still has a fertility rate of 4.7 chil-
dren per woman (World Bank, 2017) implying a continued need to
increase agricultural production in order not to have to massively im-
port staple and other foods in the decades to come. However, the sector
is still characterised by low productivity, dominated by subsistence, low
input and low output rainfed farming systems in which droughts peri-
odically reverse performance gains with adverse effects on household
food security. Between 2010 and 2015, 4.5 to 6.5 million households

annually faced chronic food insecurity and their survival depended on
relief food assistance (Elias and van Beek, 2015).

Bread wheat (Triticum aestivum) is one of the major cereals pro-
viding the bulk of the staples for the population along with maize (Zea
mais), tef (Eragrostis tef Zucc), barley (Hordeum vulgarae) and sorghum
(Sorghum bicolor). With a total number of 4.7 million smallholder
farmers growing wheat on a total area of 1.7 million ha (CSA, 2016),
Ethiopia is one of the largest wheat producers in sub-Saharan Africa.
However, wheat yield levels are low with a national average of about
2.2 t/ha which is well below yields obtained from research stations, i.e.,
5 t/ha in 2017 (Abdulkadir et al., 2017). Ethiopia's current wheat
production is insufficient to meet domestic needs, forcing the country to
import 30 to 50% of its wheat to fill the gap over the past decades
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(Abdulkadir et al., 2017; USDA, 2014). Wheat is imported at 380 US$
per ton and sold at a subsidized price of 280 US$ to millers (USDA,
2017).

The government of Ethiopia (GoE) has demonstrated strong com-
mitment to the agricultural sector through allocation of> 15% of total
public spending to agriculture and rural development, surpassing the
10% total expenditure target stipulated by the Comprehensive Africa
Agricultural Development Programme, CAADP (Kihara et al., 2017).
Increased use of mineral fertilizer along with improved seeds and
agronomic practices has resulted in an increase of annual fertilizer
imports from 400,000 tons in 2004 to about 1,000,000 tons in 2015
(Fig. 1). However, the national average rate of fertilizer application of
43 kg urea and 65 kg/ha DAP (Di-ammonium phosphate: 18% N, 46%
P2O5) together supplies 32 kg N and 30 kg P2O5/ha, which is far below
the blanket recommendation (100 kg urea and 150 kg DAP/ha), to-
gether supplying 73 kg N and 69 kg P2O5/ha (Elias, 2016; Elias, 2017;
Tamene et al., 2017).

Diagnostic studies with farmers in the Ethiopian highlands have
identified declining soil fertility as a key driver of low yields of agri-
cultural crops (Elias, 2016; Hailu et al., 2015; Laekemariam et al.,
2016). In an earlier continental study, the macronutrient depletion rate
for the year 2000 for Ethiopia was estimated to be −122 kg N; −13 kg
P and− 82 kg K/ha (Stoorvogel et al., 1993). In an effort to curb the
soil fertility depletion, GoE invested in blend fertilizers containing mi-
cronutrients such as Zn and B with the aim of reaching balanced fer-
tilization (Fig. 1). It is true that applying N and P for a long time may
cause depletion of secondary and micronutrients and depresses crop
yields. Higher yields cause higher uptake. If nutrients are not included
in the fertilizer, their depletion rate can become yield-limiting (Abera
and Kebede, 2013; Haque et al., 2010). Since 2014, a new compound
fertilizer, NPS (19 N-38P2O5+ 7S) was introduced to replace DAP.
Next, blends reach the market via local blending factories, mainly as
NPSZnB (17N-34P2O5+ 7S+2.2Zn+ 0.6B). With the aim of ex-
panding the adoption of these blend fertilizers, efforts are underway to
prepare regional fertilizer recommendation maps, based on the Ethio-
pian Soil Information System (EthioSIS). In this downscaling approach,
fertilizer blends are proposed after establishing ‘critical levels’ that coin
a particular nutrient to be deficient (Karltun et al., 2013). This ap-
proach is, by its nature, based on coarse scale data collection, and on
just two classes (deficient or non-deficient), derived from a range of
values in literature and expert judgment. Moreover, it is not crop and
soil type specific.

CASCAPE project (Capacity building for Scaling up of Evidence-
based best Practices for increased Agricultural Production in Ethiopia),
in support of the national Agricultural Growth Program (AGP), has
developed woreda1 level soil-landscape maps were prepared at
1:250,000 scale by means of field survey and random forest modelling
(Rodriguez-Galiano et al., 2015; Elias, 2016). As such, it should add
value to the scientific basis for crop- and soil-specific fertilizer re-
commendations at field, farm and woreda level in the Ethiopian high-
lands.

However, although there are research efforts to demonstrate the
beneficial effects of different blend fertilizers types, information on
wheat yield response to different levels of the most popular blend,
NPSZnB (17N-34P2O5+7S+2.2Zn+0.6B) has been lacking. The
objectives of this paper are to explain wheat yields from (i) individual
soil properties, (ii) blend and non-blend fertilizer applications, and (iii)
the combination of the two. Next, the added value of blend fertilizers as
compared to NPS and DAP is evaluated. A simple comparison is then
made of the costs of fertilizers needed to raise wheat production in
highland soils with the current costs of wheat imports.

2. Materials and methods

2.1. Selection of experimental sites

The wheat belt covers about 2.1million ha of land in the central,
south-eastern and north-central highlands of Ethiopia (Fig. 2). Ap-
proximately 1.7 million ha is cultivable. It falls within the 1900–2500m
elevation range that receive an average annual rainfall is
700–2000mm, the high range covering the south-western, and the low
range covering the north-eastern highlands. Wheat is grown in the main
rainy season (June–September) with peak rains in August (Fig. 3). The
soil map of the wheat belt shows that the area is mainly covered by
Leptosols (33%), Luvisols (23%), Cambisols (20%) and Nitisols (14%).
Smaller pockets (all < 5%) are covered by Vertisols, Regosols and An-
dosols (Fig. 4). The field trials were conducted in seven locations,
covering three Nitisols, two Leptosols, a Luvisol and an Andosol, to
secure a good spread of soil property values. Fig. 2 also shows the soil-
site combinations considered for the fertilizer experiments.

2.2. Fertilizer treatment selection

Five levels of blend fertilizer (T1-T5: 50, 100, 150, 200,
300 kg NPSZnB ha−1) were applied to derive production functions. Two
treatments were added to allow evaluation of the effect of adding Zn
and B to the fertilizer mix (T6: 100 kg NPS/ha) and T7 (100 kg DAP/ha)
in order to compare DAP to the blend fertilizer (NPS). Table 1 show the
list of treatments by their nutrient contents. As fertilizer use in the
wheat-growing highlands of Ethiopia is low but common, including a
zero-fertilizer treatment was considered not to be of practical value.
Instead, T1 was taken as the control whereas T2 is the official national-
level blanket fertilizer recommendation. The design allows the an-
swering of three questions: (i) how well does wheat respond to in-
creasing levels of NPSZnB (T1-T5); (ii) are the micronutrients Zn and B
adding the value expected from them (compare T2 and T6); and (iii) is
the choice for blend fertilizers and the abandonment of DAP supported
by field data (compare T3 and T7).

The trials were laid out in a randomized complete block design
(RCBD) with three replications with a plot size of 5 ∗ 5m. An improved
bread wheat variety (Damphie) that was promoted by the extension
system was planted with full-package of recommendations for seed rate
(125 kg/ha), row planting, two hand weeding and spray (dimethoate)
for pest control. Split application of urea (100 kg/ha) was standard for
all plots and applied in three splits of 1/3rd each at planting, two weeks
after emergence and at booting stages.

2.3. Soil sampling and laboratory procedures

Considering seven treatments at seven trial sites and three replica-
tions, a total of 147 composite soil samples were collected at 0–30 cm
depth for determination of soil pH-H2O, organic carbon (OC), total
nitrogen (TN), available phosphorus (AP), cation exchange capacity
(CEC), exchangeable bases, and some micronutrients (Fe, Mn, Zn). Soil
samples were analyzed following standard procedures as outlined in
Van Reeuwijk (2006) at Horticoop soil fertility lab. The pH-H2O was
measured using 1:2.5 soil to solution suspension using a pH meter. The
Walkley and Black method was applied to determine the OC content
while TN was determined using the Kjeldahl method (Bremner and
Mulvaney, 1982). The AP (Olsen) was measured using sodium bi-
carbonate extraction solution. Exchangeable cations and CEC were
determined by the Ammonium Acetate method using an Atomic Ab-
sorption Spectrophotometer for exchangeable Ca2+ and Mg2+ and
flame photometer for Na+ and K+. Available micronutrients were ex-
tracted by using the DTPA extraction method (Tan, 1996).

1 Woreda is an administrative area in Ethiopia equivalent to a district.
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2.4. Statistical analysis

The effects of soil properties, soil pedogenetic classes and mineral
fertilizers on wheat grain yields were evaluated using different statis-
tical methods. The analysis of variance (ANOVA) multi-level analysis
scrutinized descriptive statistics and the interactions between the

fertilizer treatments and the soil properties at the trial sites, and so did
determinative analysis based on correlations and regressions. Tukey's
range test was applied for mean separation where ANOVA results were
significant. These methods are comprehensively described in statistical
literature. Both R and SPSS analytical tools were applied.
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Fig. 1. Fertilizer import into Ethiopia during 2002–2016.
(Source: author analysis based on raw data from Agricultural Inputs supply and market directorate of Ministry of Agriculture.)

Fig. 2. CASCAPE woredas and trial sites (S1–S7) in the wheat belt of the Ethiopian highlands.
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3. Results and discussion

3.1. Soil properties explaining wheat yields

Fig. 5 shows average wheat yields for the trial sites, averaged for all
fertilizer treatments across locations. They were highly significantly
(p < 0.001) different, ranging between 1.8 t/ha (S6, Farta Luvisol) to
7.4 t/ha (S2, Omonada Nitisol). The results show that there must be
major environmental differences determining wheat yields. Table 2
indeed shows that soil property values are significantly different for all
experimental sites except for base saturation. Value ranges for pH
(5.2–7.0), OC (1.6–4.5%), TN (0.17–0.31), and AP (4–34mg/kg) are
substantial. High Fe, Mn, and Zn levels are consistent with low soil pH
as minerals bearing these ions are more soluble in acidic soils (Juo and
Franzluebbers, 2003).

Table 3 shows that pH, OC, TN and base saturation correlated po-
sitively with wheat yield and Fe and Mn negatively. The other soil
properties had no significant correlation with wheat yield. For Zn, this

is remarkable, as this nutrient is prominently promoted in the fertilizer
blends in Ethiopia under the EthioSIS ‘critical level’ based zonal ferti-
lizer recommendation maps. Next, the correlating properties were ap-
plied in a regression analysis (Fig. 6). They were found to bear statis-
tical significance based on the F-tests. The greatest effect on yield was
by soil OC with a multiple R-squared value of 0.28, implying it con-
tributed 28% to the obtained wheat grain yield variations. It was fol-
lowed by TN explaining 15% of yield, soil pH (10%) and base saturation
at 9% while on the negative side were Fe and Mn depressing yield by
−17% and.

−16%, respectively (Fig. 6).

3.2. Fertilizer treatments explaining wheat yield

Table 4 presents the average wheat yields for all seven fertilizer
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Fig. 3. Rainfall distribution at the experimental sites during the growing season
of 2017.

Fig. 4. Soil map of the wheat belt of the Ethiopian highlands (Elias, 2016).

Table 1
Fertilizer application levels and translation into actual nutrient contents (kg/
ha).

Treatment Fertilizer application
level (kg/ha)

Actual nutrient content (kg/ha)

N P S Zn B

T1 50 NPSZnB +100 urea 55 7.4 3.5 1.1 0.35
T2 100 NPSZnB +100 urea 63 15 7.0 2.2 0.70
T3 150 NPSZnB +100 urea 72 22 11 3.3 1.10
T4 200 NPSZnB +100 urea 80 30 14 4.4 1.40
T5 300 NPSZnB +100 urea 97 44 21 6.6 2.10
T6 100 NPS+100 urea 65 17 7.0 0.0 0.00
T7 100 DAP +100 urea 64 20 2.3 0.0 0.00
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treatments. This represents the effect of fertilizers alone on wheat yield
when averaged for all experimental fields. In this model, T1
(50 kg NPSZnB/ha) was used as the control against which all other
treatments were compared. Fertilizer applications at the levels of T4
and T5 significantly (p < 0.01) affected wheat yields. The average
yield difference between T1 and T5 is 1.74 t/ha. Hence, adding 250 kg/
ha NPSZnB on top of 50 kg/ha control (irrespective of location) would
add approximately 1.75 t/ha, if all trial sites would be treated as one
and the same. The multiple regressions R-squared is, however, only

0.078, implying that this model only explained 7.8% of the variations in
the grain yields (Table 5). Therefore, it seems that averaging all ex-
perimental sites with their different soil properties (as shown in
Table 2) is not a very meaningful approach. This also suggests that
blanket recommendations can be very inefficient and largely mis-
leading.

Table 4 does show that treatments T2 (blend) and T6 (NPS) have
wheat yields of 4.12 and 3.82 t/ha respectively, and treatments T3
(highest rate of blend) and T7 (DAP) have 4.66 and 4.48 t/ha,
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Fig. 5. Mean wheat grain yields and standard error for the experimental sites (averaged for all fertilizer treatments).

Table 2
Means for the individual soil properties at the experimental sites.

Trial sites pH OC
(%)

TN
(%)

AP
(mg/kg)

CEC
(cmol(+)/kg)

BS
(%)

mg/kg

Fe Mn Zn

S1 5.4ab 2.49a 0.21ab 6a 33ab 59 52a 40abc 5.84ab

S2 6.2bc 4.45b 0.31b 6a 29ab 69 47a 30ab 7.88ab

S3 5.6ab 2.96a 0.23ab 5a 26a 69 36a 32ab 10.22b

S4 6.7c 2.33a 0.19a 24c 50c 64 45a 19ab 0.59a

S5 5.2a 2.10a 0.18a 6a 42bc 59 39a 76c 1.23a

S6 5.5ab 1.76a 0.18a 4a 35ab 58 167b 63bc 0.54a

S7 7.0c 1.57a 0.17a 17b 42bc 50 37a 16a 0.48a

Mean 5.8 2.62 0.21 9 36 62 63 42 4.15
F-value 9.899 7.799 3.716 20.353 8.08 1.38 19.142 4.823 4.807
p-Value 0.000 0.000 0.004 0.000 0.000 0.24 0.000 0.001 0.001
Sign. ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎ ⁎⁎ ns ⁎⁎⁎ ⁎⁎⁎ ⁎⁎

Means within column followed by the same letter are not significantly different from each other at< 0.05⁎, ⁎⁎p < 0.001; ⁎⁎p < 0.01; ⁎p < 0.05; ⁎⁎⁎p < 0.01;
ns= non-significant.

Table 3
Correlation analysis between soil properties and wheat yields.

Grain yield pH OC TN AP CEC BS Fe Mn Zn

Grain yield 1.0
pH 0.309⁎ 1.0
OC 0.530⁎⁎ −0.01 1.0
TN 0.399⁎⁎ −0.02 0.889⁎⁎ 1.0
AP 0.26 0.533⁎⁎ −0.20 −0.22 1.0
CEC −0.09 0.17 −0.358⁎ −0.27 0.601⁎⁎ 1.0
BS 0.295⁎ 0.02 0.284⁎ 0.08 0.17 −0.27 1.0
Fe −0.414⁎⁎ −0.290⁎ −0.19 −0.01 −0.15 0.04 −0.10 1.0
Mn −0.406⁎⁎ −0.405⁎⁎ −0.15 −0.04 −0.21 0.23 −0.11 0.424⁎⁎ 1.0
Zn 0.12 −0.04 0.26 0.314⁎ −0.08 −0.15 0.293⁎ 0.00 0.17 1.0

⁎ Correlation significant at 0.05.
⁎⁎ At p < 0.01.
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respectively. From this, one would conclude that the blend fertilizers
including Zn and B have a slight but non-significant edge over NPS and
DAP from an agronomic viewpoint. Table 1 showed that adding sec-
ondary and micronutrients in a blend fertilizer goes at the expense of N
and P levels. NPS has 65 and 17 kg N and P respectively in T6, whereas
NPSZnB has 63 and 15 kg N and P in T2. The difference between DAP
and blend fertilizer is particularly large for P: from 73 and 30 kg N and
P in T7 (DAP) to 72 and 22 kg N and P in T3 (NPSZnB). At an average
level for all trial sites, this does not seem to backfire.

The results are largely in line with findings by the Ethiopian
Institute of Agricultural Research (EIAR) and the regional research
stations with blend fertilizers. During the 2014 and 2015 growing

seasons, the responses of wheat, maize, and barley to DAP and urea
topdressing was compared with seven NPS-based fertilizers (blend 1:
NPS only; blend 7: NPSKBZn) and urea topdressing (EIAR, 2017). In 12
maize trials, 18 wheat trials, and 7 barley trials, slight differences oc-
curred, but almost all of them were not statistically significant for grain
yield. Demisse and Bekele (2017), evaluating blend fertilizers, con-
cluded that ‘the profit potential is generally much greater with appli-
cation of N and P compared with K and the secondary and micro nu-
trients. Consistent with findings elsewhere worldwide, farmers need
adequate access to single nutrient and di-nutrient compound fertilizers
to maximize profit.’ However, other published studies on secondary and
micronutrients in Ethiopia have shown the need to cover more nutrients

Fig. 6. Graphical plots of the regression analysis for the different soil properties on wheat grain yields. The red dots are the standard errors of the mean. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Mean wheat yield response to fertilizer application (average for seven trial
sites).

Treatment Fertilizer application rate Grain yield (t/ha)

T1 50 NPSZnB +100 urea 3.66d

T2 100 NPSZnB +100 urea 4.12cd

T3 150 NPSZnB +100 urea 4.66bcd

T4 200 NPSZnB +100 urea 4.94ab

T5 300 NPSZnB +100 urea 5.40a

T6 100 NPS+100 urea 3.82d

T7 100 DAP +100 urea 4.48bcd

Mean 4.52
SE 0.071
F-value 9.426
p-Value 0.000
Sign. ⁎⁎⁎

Means within column followed by the same letter are not significantly different
from each other at p < 0.05. ⁎⁎⁎p < 0.01.

Table 5
Regression analysis of the individual fertilizer treatments on the wheat yield
using treatment 1 as the control variable (intercept)

Estimate Std. Error t-value Pr(> |t|)

Intercept (T1) 3.6666 0.4450 8.239 5.88e-14 ⁎⁎⁎
Treatment T2 0.4614 0.6294 0.733 0.46453
Treatment T3 0.9937 0.6294 1.579 0.11635
Treatment T4 1.2775 0.6294 2.030 0.04404 ⁎
Treatment T5 1.7358 0.6294 2.758 0.00649 ⁎⁎
Treatment T6 0.1601 0.6294 0.254 0.79953
Treatment T7 0.8149 0.6294 1.295 0.19728

Residual standard error: 2.039 on 160 degrees of freedom; Multiple R-Squared:
0.078, Adjusted R-squared: 0.037; F-statistic: 1.923 on 7 and 160 DF, p-value:
0.06908

⁎ Significant at p =0.05;
⁎⁎ significant at p=0.01;
⁎⁎⁎ significant at p< 0.01.

E. Elias et al. Geoderma 339 (2019) 126–133

131



than N and P (a.o., Bereket et al., 2011; Bulta et al., 2016; Hailu et al.,
2015). The absence of K in the fertilizer mix could have affected yields
negatively, and hence response to applied fertilizer. This is a result of
the ‘critical value’ approach, where the K threshold was chosen at a
relatively low level. The implication was that K was seldomly coined
‘deficient’ and therefore not commonly included in the mainstream
blend fertilizers. The present study does not shed light on the correct-
ness of this decision that requires further research.

3.3. Soil properties and fertilizer treatments jointly explaining wheat yields

Table 6 shows the fertilizer response for each trial site. The analysis
of variance showed that wheat yield response to applied fertilizer
varied highly significantly (p < 0.01) among fertilizer treatments as
well as trial sites. Results of the regression analysis examining the
nature of the relationship between soil properties of the trial site and
fertilizer treatment shows significance with multiple regression
r2= 0.790. This indicates that the interaction between the fertilizers
and the soil properties together explain 79% of the wheat yield varia-
tion (Table 7). In other words, interpreting fertilizer treatments alone
without taking into account their site interaction which have different
soil types and properties only partially generates conclusive results.
Further, the regression analysis provides insights as to which treatments
are significantly different from each other (Table 7). Soil-site informa-
tion allows the decision makers to select which treatments could be
preferred over the others for any desired recommendation. For ex-
ample, from Table 6, treatments T2 and T3 were not significantly dif-
ferent from treatment T1 (the intercept) in all sites, meaning that one

could choose any of the three treatments without losing much in terms
of yield.

The results allow a spatial grouping into fertilizer-yield re-
commendation windows. From Fig. 7, four groups of soil-site combi-
nations can be identified in terms of yield response to fertilizer appli-
cation. Group 1 is represented by S6 (Luvisols at Farta), with relatively
low yields and low response to fertilizers. The high Fe and Mn con-
centrations in these soils (Table 2) may be responsible for the depressed
yields (high P-fixation). Group 2 is represented by Leptosols (S4, S7 at
Girar Jarso and Endamohoni), which have relatively high yields but low
response to fertilizers. These soils seem to have a high inherent fertility
and therefore, less responsive to fertilizer, perhaps due to their early
stage of pedogenetic development. Group 3 is represented by some
Nitisols (S3, S5 at Omonada, Enamore and Bure), having moderate
yield levels and a reasonable, though not always statistically significant,
response to fertilizers until treatment T3 and T4, where the production
function levels off. Group 4 comprises of Nitisols and Andosols in the
upper highlands of Omonada (S1, S2), which have high yields but are
also highly responsive to fertilizers application up to T5
(300 kg NPSZnB/ha). Since these soils are strongly P-limited, the con-
tinuous yield increases may be due to increases in P application alone.
The fixed NP ratio in the blend fertilizer may not allow the proper
addressing of P limitations. The fact that the NPSZnB fertilizers contain
roughly 70% of the P that is contained in DAP (Table 1) may have a
negative influence on crop yield in this recommendation window. For
P-limited areas which are common in volcanic landscapes such as the
Ethiopian highlands, this is a worrying conclusion. Ethiopian soil-plant
systems that are strongly N-limited can be treated with urea topdres-
sing, but for soil-plant systems that are strongly P-limited (like in Kenya
as shown by Smaling et al. (1992) and Schnier et al. (1997)), there is no
high-P fertilizer left after the abandonment of DAP since 2015. In the
volcanic plateaus of East Africa, this may not be the best option, as was
testified by extensive leaf purpling in maize plants, observed during the
growing season in the young volcanic Andosols in Omonada. The re-
commendation window approach follows the ‘opportunity windows’
approach of Demisse and Bekele (2017), who found that in the Ethio-
pian highlands, tef and maize appeared to have a curvilinear response
to N in the 1700–2200m altitude range, up to application rates of
30–40 kg N/ha. This indicates that there is a very attractive N appli-
cation window, where high responses can be expected, and also high
return on fertilizer investment.

Table 6
Wheat yield response to fertilizer application at the seven trial sites.

Treatment S1 S2 S3 S4 S5 S6 S7

Grain yield (t/ha)

T1 3.17c 5.11e 2.84 4.75 1.99d 1.70bc 6.10
T2 3.92bc 6.96cd 3.14 4.85 2.35cd 1.73bc 5.94
T3 4.65abc 7.96c 3.13 5.33 3.00bc 1.79bc 6.76
T4 6.05ab 8.41b 4.13 4.98 3.18c 1.82bc 6.05
T5 7.02a 9.59a 3.74 5.02 3.37b 2.03ab 7.06
T6 4.91abc 6.63d 2.69 4.03 2.09d 1.53c 4.90
T7 4.94abc 6.93cd 3.87 3.87 3.61b 1.81bc 6.35
Mean 5.050 7.39 3.55 4.67 3.04 1.84 6.13
SE 0.320 0.28 0.28 0.16 0.19 0.06 0.22
F-value 2.910 11.34 0.83 1.40 13.77 3.08 1.07
p-Value 0.036 0.000 0.581 0.271 0.000 0.030 0.427
Sign. ⁎ ⁎⁎⁎ ns ns ⁎⁎⁎ ⁎ ns

Means within column followed by the same letter are not significantly different
from each other at p < 0.05; SE= standard error; ⁎⁎⁎p < 0.001; ⁎⁎p < 0.01;
⁎p < 0.05; ns= non-significant.

Table 7
Regression analysis results of the fertilizer treatments and soil type combina-
tions.

Coefficient Estimate Std. error t-value Pr(> |t|)

T1 (Intercept) 2.18 0.29 7.62 2.39e-12⁎⁎⁎

T2 0.46 0.31 1.51 0.13350
T3 0.99 0.31 3.25 0.00143⁎⁎

T4 1.28 0.31 4.18 4.95e-05⁎⁎⁎

T5 1.73 0.31 5.67 6.72e-08⁎⁎⁎

T6 0.16 0.31 0.52 0.60149
T7 0.81 0.31 2.66 0.00855⁎⁎

S1 2.01 0.29 7.02 6.70e-11⁎⁎⁎

S2 4.35 0.29 15.20 < 2e-16⁎⁎⁎

S3 0.52 0.29 1.80 0.07386
S4 1.64 0.29 5.72 5.53e-08⁎⁎⁎

S6 −1.20 0.29 −419 4.75e-05⁎⁎⁎

S7 3.09 0.29 10.80 < 2e-16⁎⁎⁎
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Fig. 7. Wheat yield responses to blend fertilizer treatments for the seven ex-
perimental site and soil combinations (S1=Omonada Nitisol; S2=Omonada
Andosol; S3= Enamore Nitisol; S4=Girar Jarso Leptosol; S5=Bure Nitisol;
S6= Farta Luvisol; S7=Endamohoni Leptosol).
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3.4. Can combined soil-fertilizer strategies be an alternative to wheat
imports?

A production level of 2.2 t/ha on 1.7million ha implies a national
production volume of approximately 3.75million tons. In 2017, an
additional 2.5million tons were imported (USDA, 2017), implying a
total national consumption level of 6.25million tons. At an import price
of 380 US$/ton, this means the country spends approximately 950
million US$ on wheat imports.

The average fertilizer use in Ethiopian agriculture has been 43 kg
DAP and 65 kg urea/ha. At an average fertilizer price of 385 US$/ton,
this means farmers spend approximately 42 US$/ha in fertilizers. The
lower treatment in our experiment (T1; 50 kg blend fertilizer and
100 kg urea/ha) gives an average yield of 3.66 t/ha across the experi-
mental sites. The annual production at this yield level would be
3.66 ∗ 1.7 million=6.22million tons, which is about equal to the
current national consumption level of 6.25million tons. Hence, overall
adoption of T1 in the wheat-growing area of Ethiopia would bridge the
gap to national wheat self-sufficiency. The costs of the extra fertilizer
when applying T1 as compared to current average fertilizer use is
(150–108) ∗ 0.385= 16 US$/ha. For the entire area, this would imply a
national fertilizer cost of 27.2 million US$ (16 ∗ 1.7million ha).
Certainly, there are many constraints that are not addressed in these
estimations (droughts, plant diseases, post-harvest losses, other value
chain imperfections such as timely delivery of inputs and availability of
warehouses), but the difference between 27 and 950 million US$ is
immense. Without pretending that these comparisons are completely
waterproof, subsidizing fertilizers to reach (at least) T1-level of appli-
cation looks like a very attractive alternative to wheat import subsidies.
In addition, investing in the national wheat sector would create more
jobs against the background of a still growing population and the need
to employ young people in agricultural value chains.

4. Conclusion

From this work we conclude that it is possible to more double wheat
yields using fertilizer application but fertilizer recommendations need
to be site and soil specific for maximum gains. Higher fertilizer doses
may be more profitable in high yield and high responsive sites (e.g.,
Omonada Andosols and Nitisols). Spatially explicit soil maps (pedoge-
netic classes) such as the soil-landscape maps are useful for grouping
soils into fertilizer recommendation domains. With regard to the ef-
fectiveness of the different fertilizer types, the blend fertilizer has no
significant effect on yield over NPS from an agronomic viewpoint.
Similarly, the shift from DAP to NPS has no or limited added value add
value. In fact, the addition of secondary nutrient (Sulphur) and mi-
cronutrients (Zn and B) in a blend fertilizer goes particularly at the
expense N and P. The reduction of P particularly seems a major dis-
advantage given the high P-fixing nature of the soils. In addition, the
absence of K in the fertilizer mix could have affected yields negatively,
and hence response to applied fertilizer. This is a result of the ‘critical
value’ approach, where the K threshold was chosen at a relatively low
level, which requires policy consideration.
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