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A B S T R A C T

Low crop yield in Tigray is one of the causes of food insecurity. Intervention work to increase yields,
however, had only limited success and farmers often hesitated to adopt recommended practices.
Considering this, we used participatory on-farm experimentation to arrive at best practices matching
local preferences, complexity and context. Outcomes were evaluated at meta level and at site level,
respectively to identify major sources of yield variability and direct relationships between yield and
treatment, location and soil properties. About 56% of the total grain yield variability in our experiments
was explained by a linear regression model with management, altitude and N-fertilizer input. When
management was excluded, still 49% of the grain yield variability was explained by altitude, N-fertilizer
input, N-total, organic-C, rainfall and K-exchangeable of the soil. This indicated that grain yield was very
location specific and related, next to treatment effects, to local climate and soil conditions. Excluding
management, straw yield variability was explained for approximately 38% by including N-fertilizer input,
the soil stoniness, soil P-content and the slope of the field as predictors. This indicated strong location
dependent variability. Again excluding management, fertilizer responses were mainly explained by soil
characteristics, which together with the inputs explained almost half of the total response variability.
Focusing specifically on the relation between soil properties (N-total, P-available and K-exchangeable)
and response to recommended fertilizer application we found this relation indeterminate, except for N.
Differences in yields between recommended application and farmer managed fields were limited and
non-significant. We concluded that (1) defining best practices is a location specific and tailor-made task
which requires the involvement of farmers to deal with local preferences and context and (2) on-farm
experimentation includes such local environment and farmer-related variability. Our participatory
approach using on-farm experimentation demonstrated why a one-size-fits-all strategy, i.e. blanket
recommendations, will not work unconditionally in Tigray. Both grain and straw yield were determined
by the complex local interplay of farmer management, soil properties, landscape and fertilizer input.
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1. Introduction

1.1. Back ground

Traditionally agronomists often use on-station experimenta-
tion to design and test novel technologies that aim at sustainable
increase of crop yield. In order to achieve reliability, replications
and controls are always included in the experimental design.
Experimental lay-out in most cases follows complete randomized
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block designs. The location variability is kept to a minimum by
selecting flat non-shaded locations with uniform and usually deep
well-drained soils. Local management is usually high tech. As a
consequence of these choices, outcomes of on-station trials in
Africa tend to be quite different compared to the actual situation in
most farmer fields. Mugwe et al. (2009), for example, reported for
maize, in response to specific treatments, an up to 50% higher yield
on-station as compared to on-farm experiments. Due to its
standardized conditions and procedures on-station research is
considered more scientific and able to identify causal relationships
(Johnston et al., 2003).

On-farm experimentation is, more than on-station experimen-
tation, seen as an appropriate way to inform farmers about novel
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Table 1
Characterization different treatments.

Code Description

C Control, no application of fertilizer
FF Farmer field hosting the experimental block
R Recommended application of fertilizer (100 kg/ha urea + 100 kg/ha

DAP for Edaga Arbi, Inticho and Hagere Selam, 50 kg/ha urea + 100 kg/
ha DAP for Hawzen)

R + K Recommended application + 94 kg/ha KCL
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technologies (Chambers and Jiggins, 1987). Objectives of on-farm
experimentation relate to demonstration, testing or fine-tuning of
novel technologies such as new crop varieties, fertilizer application
or pest management. In many cases in on-farm experimentation,
pre-defined technologies are evaluated to determine their
suitability in a specific local context. Consequently, the reverse
question, i.e. what technology is required in a specific context, is
often ignored.

In on-farm experiments conditions are typically less uniform
than in the case of on-station field trials. Consequently, substantial
observed variability is controlled by local diversity in environ-
mental conditions and farmer practices (Raman et al., 2011). If local
variability in conditions and management is known, its relevance
can be quantified and studied, allowing, in this way, an evaluation
of the proposed technology. An important disadvantage of on-farm
experiments in relation to intervention work is that outcomes are
locally specific and, therefore, non-transferrable to other locations
and conditions (Johnston et al., 2003).

1.2. Context

In our study area, Tigray in northern Ethiopia, crop yield in
general is low (Vancampenhout et al., 2006; Habtegebrial et al.,
2007; Tsegay, 2012; Kraaijvanger and Veldkamp, 2014) and is often
not sufficient to sustain rural families. Since alternative livelihood
options are scarce, this often leads to food insecurity. This lack of
food security is counteracted by food-aid in the form of Food-For-
Work-programs (FFW) or direct aid. In 2011 about 40% of the rural
households depended for 1 month or more on such external
support. Given this dependency, increasing crop yield is considered
an important option to achieve sustainable development of these
rural communities. In the densely populated Tigray increased crop
production can only be achieved by attaining higher crop yields.
One of the main identified yield constraints in Tigray is soil fertility,
which resulted in an extensive promotion of fertilizer use (Kassie
et al., 2009) by the regional and woreda level Bureaus of
Agriculture and Rural Development (BoARD) and different NGO’s.

Within the framework of our research on participatory farmer
experimentation we focused on soil fertility because the farmers
involved identified this as a major opportunity to improve crop
yield (Kraaijvanger et al., 2014). In a participatory process we
facilitated, by using focus group discussion, farmer groups to
design different experiments. This resulted in a series of experi-
ments that were conducted on-farm in four different areas in
Tigray. Consequently, farm management and environmental
factors, like climate, soil type and topography, and related to that
yield potential were different (for details see Kraaijvanger and
Veldkamp (2014) and online supplementary file). Our involvement
secured that control experiments and replications were included
and that the experimentation followed standardized procedures.
Fertilizer quality and size of the experimental plots were constant
and all fields were relatively flat. All measurements were done by
the scientific team. In total four years of on-farm experimentation
resulted in an extensive data-set on achieved yield, responses to
fertilizer treatments and local environmental and farm manage-
ment characteristics. In this paper only experiments with
documented inputs were included.

1.3. Research questions

Different treatments in our experimentation were expected to
give differences in yields. Besides that, the low level of control in
on-farm experimentation likely contributed to outcome variability
by allowing environmental factors to become explicit. Constraints,
as identified by the farmers involved were found to be depending
on location (Kraaijvanger et al., 2015). Previous research
(Veldkamp et al., 2001) indicated that a significant part of yield
variability can be explained by local field (i.e. site) and farm (i.e.
management) variability. In line with this we hypothesized that at
meta level, in addition to treatment effects, a substantial part of the
yield variability in on-farm experimentation can be explained by
local environmental and management factors.

Our research questions:

1. To what extent can, at meta level, on-farm yield variability be
explained by treatment effects, by environmental factors and by
management factors.

2. How does, at site level, yield achieved in on-farm experimenta-
tion, relate to treatment, location and soil properties.

2. Materials and methods

2.1. Field experimentation

In total 16 farmer groups were involved, coming from four
administrative units (woredas) in Tigray. These woredas were Weri
Lekhe, Hawzen, Ahforom and Dogua Tembien. Our experimental
sites were located nearby the administrative centres of these
woredas (respectively Edaga Arbi, Hawzen, Intcho and Hagere
Selam). In this paper we refer to these administrative centres.
Important environmental differences between our experimental
sites in these woredas related to altitude (Hagere Selam above
2300 m, others around 2000 m), climate (annual precipitation
Hagere Selam 850 mm, others around 600 mm), parent material
(Hawzen sandstone and shale, others mainly basalt) and soil type
(Hawzen mainly Cambisols, others Luvisols and Vertisols (FAO-
IUSS, 2006)). The sites also varied in crops grown (in all sites wheat
and teff were important, in Inticho also sorghum). For additional
details about the locations we refer to (Kraaijvanger and Veldkamp,
2014) and our online supplementary file. In our joint experimen-
tation programme farmer groups were challenged, for four years,
to design experiments with the objective to achieve improved crop
yield. In addition to these farmer experiments, science based
experiments were included. In this experimentation three crops
were involved: wheat (Triticum aestivum, teff (Eragrostis tef) and
hanfets. Hanfets is a traditional local mixture of wheat and barley
(Hordeum vulgare). In this paper we focused on wheat, which was
included in the experiments by about 60% of the farmer groups.
Farmer based experiments were extremely diverse and involved,
for example, combinations of organic and mineral fertilizers.
Science based experiments involved recommended application of
urea and DAP, additional supply of potassium and sowing in rows
(see Table 1). In contrast to the farmer experiments, these science
based experiments in most cases were replicated and included
controls (see Table 2). In this paper the analysis relates mainly to
two science based treatments with wheat: (1) recommended
application of urea and Diammonium Phosphate (DAP, containing
N and P) and (2) recommended application of urea and DAP plus
additional potassium fertilizer (containing N, P and K). In addition,
yields of controls, treatments with documented inputs (e.g. single



Table 2
Overview of replications per site involved in on-farm experimentation for four years.

Period controls Recommended application of
urea and DAP

Recommended application
of urea and DAP and additional
potassium

February 2010–November 2010 3 3 3
May 2011–November 2011 2 2 0–3
May 2012–November 2012 2 1–3 0–3
May 2013–November 2013 2 1–3 0–3
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application of urea) and hosting farmer fields (FF) were included. In
this evaluation only the first year of experimentation in a specific
site was considered to avoid residual effects of fertilizer and
manure applications.

2.2. Experimental management

The experiments were conducted on-farm in fields selected by
the farmer groups. All fields were terraced, which is a common
practice in Tigray. Within these fields conventional experimental
blocks containing the different treatments were positioned central
(Fig. 1). In most cases experimental blocks were composed of
15 plots in 3 rows of 5 plots, with the long rows along the contour
lines. The plot size was 9.0 m2 (3.0 � 3.0 m). In 2010 the farmer-
based treatments were positioned in the centre row for
demonstration purposes; scientist-based treatments were distrib-
uted random over the remaining rows. In 2011–2013 all treatments
were distributed randomly over the three rows. In the case of
replications we considered lower, middle and higher positions in
order to deal with fertility gradients in terraced fields (Vancam-
penhout et al., 2006). Main treatments (control, recommended
application of NP and application of NPK-fertilizer) were replicated
to deal with variability within the experimental block (see Table 2).
This variability was assumed to be high, even in small fields, and
related to processes like terracing, water redistribution and the
resulting erosion and sedimentation (Vancampenhout et al., 2006).

A few weeks before sowing, composite samples of the topsoil
(0–15 cm) within the experimental block were collected and
analysed for total N (Kjeldahl method (van Reeuwijk, 2002)),
available P (Olsen method (van Reeuwijk, 2002)), exchangeable K
(ammonium acetate extraction (Okalebo et al., 2002)), organic-C
(based on loss on ignition (NEN, 2014)), clay content (estimated
using reference samples) and stone content (2 mm sieve). At the
same time we delineated the extremities of the block and
requested the responsible farmer not to apply fertilizers, manure
Fig. 1. Experimental block within the (hosting) farmer field in Inticho.
or compost within this block. At sowing-time farmers broadcasted
the seeds before final ploughing. Immediately after ploughing we
applied, for each of the treatments, the required amounts of
mineral fertilizers (with uniform composition) and incorporated
them into the top soil. In most cases about 1 month after sowing,
additional urea was applied, according to BoARD-recommenda-
tions, as a top dressing. All other management of the fields, like
weeding and crop protection was done by the farmers, in most
cases the owner of the field.

Harvesting was done by the research team, taking two random
1.0 m2 samples within each plot. Representative samples (in duplo)
from the hosting farmer field (FF) were taken adjacent to the
experimental block. Harvesting was done manually. The crop was
first cut and then weighed immediately to determine total
biomass. After that the grains were separated by hand and also
weighed. Chaff was removed in the traditional way by wind.
Composite samples were taken to determine moisture content for
grain and straw. Three experimental sites were excluded from the
analysis due to damage caused by hail and flooding.

2.3. Analysis of outcomes

2.3.1. Calculation of yield and responses
Yield (in kg/ha) was calculated using measured dry matter yield

of grain and straw based on the individual plots.
Responses were calculated using the following ratio:

Response = 100 � (YT� YC)/YC

YT = yield treatment (kg dry weight/ha)

YC = yield control (kg dry weight/ha)

2.3.2. Overall variability assessment
Yield and response variability were statistically related to

treatments, site and management. Treatments were different in N,
P and K inputs. Site characteristics were divided into 3 main
groups: soil, climate and landscape (see Table 3). Soil properties we
considered were soil organic carbon, stone content, clay content,
nitrogen content, phosphorus content and potassium content (all
of the top soil). Included climate factors were annual rainfall, mean
maximum temperature (based on tabia, woreda and literature
data) and length of growing period (based on experimental data).
With respect to landscape we considered altitude (GPS measured)
and field slope. To assess the potential impact of farmer
management we classified the management level, based on
observations concerning weeding and soil protection (terracing),
into 3 levels.

Statistical analysis was done on a plot based data-set,
containing 128 data-points for wheat grain yield, 119 data-points
for wheat straw yield, 102 data points for grain response and
93 data points for straw response. Variables were tested for normal
distribution by using Q–Q plots. Only the normally distributed



Table 3
Variables used in the multiple linear regression models.

Variable Unit Range Source

N-input kg N/ha 0–75.5 experimental
P-input kg P/ha 0–24 experimental
K-input kg K/ha 0–49.1 experimental
N-total mg/kg 360–2380 laboratory
P-available mg/kg 3.67–83.3 laboratory
K-exchangeable mg/kg 31–858.9 laboratory
Organic-C topsoil % 0.5–4.7 laboratory
Clay topsoil % 8–55 estimation
Stoniness topsoil % 0.3–46.9 laboratory
Altitude m asl 1966–2639 GPS
Slope % 1–12 clinometer, estimation
Temperature (mean annual maximum) �C 23–27 literature (Gebrehiwot and Van der Veen, 2013) for 2008.
Rainfall (annual) mm 535–850 tabia- and woreda data (averages for the years 2005–2008 of longer)
Length of growing period days 94–128 field observations
Management- level 1–3 field observations
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variables were used in multiple linear regression analyses to
estimate significant regression models.

Assuming linearity the following general relationship can be
provided to predict yield:

my = b0 + b1x1 + b2x2 + b3x3 + b4x4 ............. + bnxn

my = yield of plot y

b0 = constant

b1-n = coefficient for variable x

x1-n = variables

In our case we considered produced grains and straw
(expressed as dry matter) and response (grain and straw) as
indicators for yield. For the regression model of wheat response we
excluded control treatments from the data-set. Estimations for b0–

bn were obtained by calculating multiple linear regression models
using SPSS. For our exploration we used stepwise and backward
elimination techniques. The model fit of the regression-equations
obtained was expressed by the coefficient of determination (R2).
This R2 was used to indicate the total variability as explained by the
included variables (=predictors). Standardized Beta-values and
semi-partial correlation coefficients were calculated to indicate
the relative contribution of individual and clusters of predictors.
Standardized Beta-values informed us about the relative impor-
tance of a specific variable in the regression-equation; semi-partial
correlation coefficients informed us about the unique contribution
of a specific variable to the explanation of variability.

2.3.3. Yield per treatment and location
To evaluate the impact of specific treatments on crop yield we

used both treatment and location as a unit of analysis. Average
grain and total biomass yield of wheat were calculated based on
site averages for a specific year.
Table 4
Ratings and corresponding soil quality groups for soil nutrient content.

Rating* Very low Low 

N-total (mg/kg) <1000 1000-20
P-available (mg/kg) – <10 

K-exchangeable (mg/kg) – <60 

Soil quality group Group I (low) Group I

* Ratings are based on (Landon, 1991).
2.3.4. Responses and soil properties
The responses to recommended application of urea and DAP

(100 kg DAP/100 kg urea/ha, except for Hawzen 100 kg DAP/ 50 kg
urea/ha) were related to different soil properties (N-total, P-av, K-
exch and organic-C) and analysed for direct correlation. Soil
nutrient content (N-total, P-av and K-exch) was evaluated using the
ratings as provided by Landon (1991) (Table 4). In addition, based
on these ratings, we defined three soil quality groups (low, medium
and high) that matched our data range (Table 4). To analyse
differences in responses between these soil quality groups we used
ANOVA.

3. Results and Discussion

3.1. Yield and response variability

3.1.1. Overall explanation of wheat yield variability
Including all variables in the regression allowed us to estimate

the contribution of the 5 main group of variables (inputs, soil,
landscape, climate and management level) in explaining grain
yield (Tables 5 and 6). For this purpose semi-partial correlation
coefficients were used to estimate unique contributions of specific
variables to the explanation of crop yield variability.

When comparing the contributions of the different clusters of
variables we observed that wheat yield is mainly related to
environmental factors (soil and landscape), management and
input (treatment). The unique contribution of climate related
variables is relatively limited. Overall, this means that farmer-
impact (management) by about 45% was most important in
explaining yield variability, environmental factors came second by
about 31% and treatment factors third by about 24%.

3.1.2. Significant relationships
Five different significant multiple linear regression models

were derived from our data-set (Table 7): (1) grain yield, (2) grain
yield (including management-level), (3) straw yield, (4) response
of grain to fertilizer inputs and (5) response of straw to fertilizer
inputs.
Medium High

00 2000-5000 >5000
10-20 >20
60-120 >120

 (low) Group II (medium) Group III (high)



Table 5
Outcomes of linear regression using all variables.

Dependent Grain yield dm (R2 = 0.616)

Predictors Beta Standardized Beta Semi-partial coefficient of correlation

Constant �4.30 � 103

N-input* 11.8 0.347 0.238
P-input 0.705 0.010 0.007
K-input 0.650 0.015 0.014
N-total 0.220 0.131 0.080
P-av �8.65 �0.168 �0.094
K-exch 0.687 0.175 0.101
Organic-C 51.5 0.057 0.036
Clay �10.3 �0.189 �0.087
Stone% 3.67 0.062 0.042
Altitude* 1.80 0.447 0.148
Slope �54.7 �0.208 �0.116
Rainfall 0.457 0.067 0.016
Temperature �4.68 �0.009 �0.004
Growing period 6.18 0.064 0.025
Management level* 509 0.433 0.324

* Significant (p = 0.05).

Table 6
Unique explanation of predictors (all being included).

All predictors included Included predictors % Of total unique variance*

Sum inputs N-input, P-input, K-input 24.3
Sum soil stone%, clay, organic-C, N-total, P-av, K-exch 15.4
Sum landscape altitude, slope 15.1
Sum climate rainfall, temperature, growing period 0.4
Management-level management- level 44.8

* Unique variances were calculated as the sum of squares of the semi-partial correlation coefficients (SSSP) of the predictors involved. To determine% of total
unique variance we calculated the ratio of the cluster-based unique variance and the total unique variance (based on all predictors included in the regression
model).
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The multiple linear regression techniques applied resulted in
the following regression equations:

Wheat yield (grain) = �3.66 � 103 + 2.99 � altitude + 12.7
� N-input + 3.60 � 10�1� N-total �3.81 � rainfall + 210
� organic-C + 6.52 � 10�1� K-exch (R2 = 0.487) (1)

The regression model indicated that grain yield variability was
explained for almost 50% by six variables. Standardized B-
coefficients and semi-partial correlation coefficients indicated
that in the case of the regression model for grain yield, altitude was
the most important explanatory factor, N-input came second,
followed by 3 soil variables (N-total, organic-C and K-exch).
Rainfall had a negative contribution on yield within the regression
model. It appeared that of the treatment factors especially N-input
was relevant in explaining yield variability, of the site-factors both
landscape and soil factors were important. It is clear that N-input
positively contributed to grain yield.

Wheat yield (grain) including management =
�3.49 � 103 + 1.74 � altitude + 12.3 � N-input + 536
� management-level (R2 = 0.560) (2)

When the wheat grain yield model included the estimated
management level, a small increase in total explained variability
was observed. In the model only 3 explanatory factors remained:
altitude, management level and N-fertilizer input. The strong
contribution of management-level in this regression was striking.
This was supported by our field observation that the visually best
managed fields (no weeds) usually were also the most productive
ones. This might be either due to the effort of the farmer or due to
the fact that farmers, being constrained in labour, invested less
time in less productive fields.
Wheat yield (straw) = 2.37 � 103 + 29.2 � N-input -48.2
� stone% + 42.4 � P-av + 159 � slope (R2 = 0.383) (3)

The regression model for straw yield performed less well than
that for grain yield. However, still more than 38% of the total
variability was explained by the model. N-input was the most
important explanatory variable, followed by two soil variables (P-
content and stoniness) and one site variable (slope). In contrast to
grain yield, N-total did not influence straw yield.

Wheat yield response (grain) = �112 + 7.04
� 10�1� N-input �5.50
� 10�2� N-total + 13.3 � organic-C + 1.05 � clay (R2 = 0.411) (4)

The regression model for wheat grain response explained 41% of
the total variability. In this regression model N-total content of the
topsoil was an important (negative) predictor: this meant that
responses to fertilizer application (in our case in the form of urea,
DAP and KCl) on the more fertile soils were likely to be smaller than
on the poorer soils. The yield response was almost proportional to
N-input; other important positive predictors were the topsoil
properties organic-C and clay content.

Wheat yield response (straw) = 33.8 + 1.09 � N-input �8.55 �10�1

� stone% + 1.34 � clay �5.00 � 10�2� N-total + 5.50 � 10�2� K-
exch (R2 = 0.552) (5)

The model for wheat straw response explained more than 55%
of the total variability. This model demonstrated the importance of
fertilizer input and soil factors. It seemed that using N-inputs on
the “better soils” (high clay and high potassium content) straw
responses were higher. This result contrasted with the model for
grain responses. The contribution of N-input and clay content to
grain response was less and N-total even a more negative factor.



Table 7
Results of the multiple linear regressions.

Dependent Predictors Beta Standardi-zed Beta Semi-partial coefficient of correlation

Grain yield dma (R2 = 0.487)
Constant �3.66 � 103*

Altitude 2.99* 0.745 0.436
N-input 12.7* 0.374 0.358
N-total 3.60 � 10�1* 0.215 0.151
Rainfall �3.81* �0.556 �0.272
Organic-C 210* 0.234 0.184
K-exch 6.52 �10�1* 0.166 0.134

Grain yield dm (incl. management)a (R2 = 0.560)
Constant 3.49 � 103*

Altitude 1.74* 0.434 0.430
Management-level 5.36 � 102* 0.456 0.456
N-input 12.3* 0.363 0.360

Straw yield dma (R2 = 0.383)
Constant 2.37 � 103*

N-input 29.2* 0.435 0.429
Stone% �48.2* �0.403 �0.346
P-av 42.4* 0.406 0.378
Slope 159* 0.298 0.262

Response grain dmb (R2 = 0.411)
Constant -1.12 �102*

N-input 7.04 �10�1* 0.268 0.242
N-total -5.50 � 10�2* �0.495 �0.411
Organic-C 13.3* 0.226 0.166
Clay 1.05* 0.298 0.204

Response straw dma (R2 = 0.552)
Constant 33.8*

N-input 1.09* 0.458 0.420
Stone% �8.55 �10�1* �0.236 �0.217
Clay 1.34* 0.413 0.330
N-total �5.00 � 10�2* �0.493 �0.352
K-exch 5.50 � 10�2* 0.242 0.200

* Significant (p = 0.05).
a Stepwise regression.
b Backward elimination.

6 R. Kraaijvanger, A. Veldkamp / Agriculture, Ecosystems and Environment 214 (2015) 1–9
This outcome probably related to the use of high-straw yielding
varieties. Such varieties respond to N-input primarily by producing
straw rather than grains. Despite the availability of improved short
straw varieties the traditional long straw varieties are often more
appreciated by the farmers.

3.2. Soil properties

Based on the ratings defined (see Table 4) N-total content over
the whole range of sites pointed to a limited availability (Table 8).
Only in 2 sites in Hagere Selam and 1 in Edaga Arbi nitrogen was
having a medium availability. P-av and K-exch appeared adequate
in most cases. Still, in all woredas soils were found that were low in
P. A possible cause for this might be long-term depletion.
Table 8
Overview of nutrient composition of the top soil for all experimental sites.

Location Total sites Org-C average
(range) %

N-total average
(range) mg/kg

P-avail ave
(range) mg

Edaga Arbi 12 2.4
(1.3–3.5)

1114
(550–2380)

28
(8–83)

Hawzen 12 1.4
(0.5–2.2)

788
(400–1610)

18
(4–38)

Inticho 12 3.4
(2.1–4.7)

1075
(690–1460)

29
(6–48)

Hagere Selam 9 3
(2.2–4.4)

1623
(970–2040)

27
(6–40)
Potassium availability was limited in three sites in Hawzen. The
specific sandstone and shale parent materials found in Hawzen, are
reported to be responsible for the low availability of potassium
(Murphy, 1959).

3.3. Impact of treatment on yield

Grain yield of wheat, compared to the controls, increased from
about 1500 to about 2200 kg/ha in case of recommended
application of urea and DAP (Fig. 2). In case additional KCl was
applied the increase of grain yield was even up to about 2500 kg/
ha. However, differences between the grain yield of farmer fields
(FF) and recommended application (R) and application of NPK
(R + K) were not significant (p = 0.05). In most cases farmers applied
Limitations

rage
/kg

K-exch average (range) mg/kg No N NP NK NPK

341
(66–859)

1 10 1 – –

170
(31–626)

– 8 1 1 2

281
(73–597)

– 11 1 – –

328
(113–587)

2 6 1 – –



Fig. 2. General overview of average yield for wheat for 4 years (on site basis).
Standard deviation is indicated by error bars. (C = control, FF = farmer field,
R = urea + DAP, R + K = urea + DAP + KCl)
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combinations of organic fertilizers and limited amounts of urea
and DAP on their fields; these combinations appeared to be quite
effective.

Recommended application (R) and application of NPK (R + K)
had considerable effect on biomass yield, which almost doubled.
Differences in biomass yield between FF and R and FF and P were
significant (p = 0.05).

The application of NPK (R + K) provided results comparable to
recommended application of urea and DAP (R), and consequently,
did not result in significant differences in grain or biomass yield
(p = 0.05).

3.4. The impact of location on yield

Highest grain yield in the control plots was achieved in Hagere
Selam, lowest in Inticho (Fig. 3). Hagere Selam is a highland area
with an altitude of around 2300 m with lower average temper-
atures and a higher amount of rainfall. These conditions lead under
natural conditions to soils with higher organic matter content,
which again leads to a higher natural soil fertility and a higher
yield. In the case of both Inticho and Edaga Arbi altitude and soil
type were similar. Still, soils in Inticho were less productive for all
treatments. This might be a consequence of a more intensive land
use and the frequent inclusion of sorghum in the rotation which
might have resulted in nutrient mining (Kraaijvanger and
Veldkamp (2014); personal observations first author). The low
N-content of many of the Inticho soils also pointed to depletion
(see Table 8).

Edaga Arbi and Hawzen achieved comparable yields for
recommended application of DAP and urea. This was surprising
Fig. 3. Overview of grain yield for 4 locations (on site basis) for wheat. (EA = Edaga
Arbi, HW = Hawzen, IN = Inticho, HS = Hagere Selam, C = control, FF = farmer field,
R = urea + DAP, R + K = urea + DAP + KCl)
since recommended application of urea in Hawzen was only half of
that in Edaga Arbi. The location with a lower recommended
fertilizer application (Hawzen) showed, as one would expect, a
lower, but non-significant (p = 0.05), response to this application.

The application of potassium, in combination with urea and
DAP, led to a higher grain yield of wheat in the case of Hawzen and
Hagere Selam. For Hawzen this matched with the soils that had a
somewhat lower content of K-exch. The good response to
potassium in the case of Hagere Selam probably related to the
incidence of higher achieved productivities, which required a more
adequate supply of K. In addition, potassium often has a positive
effect on the uptake of nitrogen (Mengel and Kirkby, 1987).

3.5. The impact of soil properties on response to fertilizer application

In this correlation only the sites that received a recommended
application of 100 kg/ha urea and 100 kg/ha DAP were included.
Both available P and exchangeable K did not show significant
correlation with response to recommended application of urea and
DAP. Only in the case of N-total (Fig. 4), correlation between
response to recommended application of 100 kg/ha DAP and
100 kg/ha urea showed a significant quadratic trend (R2 = 0.332,
p = 0.05). Low N-soils apparently benefited much more from the
addition of N-fertilizer. High-N soils were productive in most cases
and demonstrated limited response to application of urea and DAP.

Assuming that in Tigray total N will be mostly based on organic
N, the availability of this organic N will depend on mineralization
in the rainy season (Bartholomew and Clark, 1965). However, this
mineralization will take some time and will be proportional to the
content of organic N in the soil. Given the short growing period in
Tigray (3 months), mineral fertilizers therefore will be effective to
supply nitrogen at the start of the growing period and prevent
delay in crop development, especially in the case of low N-soils.

This correlation between total N and crop response contrasted
with the opinion that, in general, total N is not considered a good
indicator for availability of N (Landon, 1991). However, correlation
between availability and total N is assumed to improve when the
soils considered fall within a relatively small range of soil fertility
and overall local conditions are comparable (Page and Dinauer,
1982), which did apply in our case.

For K-exchangeable a weak quadratic trend (R2 = 0.1711) was
observed for the response to 100 kg/ha DAP and 100 kg/ha urea
(Fig. 5). This appears to provide evidence for the concept of non-
responsive poor soils and non-responsive fertile soils (Tittonell
et al., 2008). In this case high potassium soils pointed to fertile
soils, that were no longer responsive to the application of NP-
fertilizers.
Fig. 4. Grain responses of wheat to recommended application of fertilizer (100 kg
urea/ha and 100 kg DAP/ha) versus soil N-total. (*significant at p = 0.05)



Fig. 5. Grain responses of wheat to recommended application of fertilizer (100 kg
urea/ha and 100 kg DAP/ha) versus K-exch (soil).
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3.6. Evaluating overall impact of treatment and environmental factors
on yield variability

The regression model for grain yield (without management)
demonstrated that fertilizer input and local environmental factors
(climate, landscape and soil) were both important in explaining
49% of the total yield variability. N-input was the most important
input factor, altitude the most important environmental factor.
When management-level was also included in the grain yield
model, the total explained variability increased to about 56 %.

Comparing unique contribution of the individual predictors,
confirmed the picture of different variables having impact on yield
variability. Management-level (45%) and environmental character-
istics (31%) both accounted largely for the explanation of the grain
yield variability. Variability explained by treatment factors
appeared to have less explanatory weight (24%). This indicated
that a large proportion of wheat yield variability in the studied
farms was determined by local factors that were location
(landscape and soil) and farmer (management) related (together
76%). Compared to this the impact of fertilizer inputs on yield
variability was relatively limited.

3.7. Arriving at recommendations

One of the objectives of our joint experimentation was to
identify relevant best practices to improve crop yield in the context
of the farmers involved. Interpreting outcomes of experimentation
we observed that yield responses to recommended application of
DAP and urea were highly variable and differences with farmer
fields were limited. The same held for the application of potassium.
The small difference in response between farmer fields and
recommended application of urea and DAP is important in relation
to (1) the trade-off between fertilizer cost and yield increase and
(2) farmer field and management (as in FF) being an important
point of reference for farmers.

Most soils responded to NP-application, especially soils very
low in N. However, responses were not convincing in all cases. This
suggested that possibly other (micro) nutrients were a limiting
factor. P and K are unlikely candidates because we observed in our
experiments that available P and exchangeable K of the soil were
medium or high in most cases. In such soils, high in P and K, one
would expect an effective response to the application of limiting
nitrogen. However, outcomes of our experiments did not confirm
this. With respect to other (micro) nutrients, Habtegebrial
Habtemichial et al., (2007) previously suggested that in Tigray,
application of S might improve performance of legumes. Next to
nutrients also other effects appeared to be important, notably,
management and crop factors. A simple straightforward
measurement of only NPK-status of the soil, therefore, does not
seem sufficient to support recommendations.

Consequently, clear recommendations with respect to best
practices cannot be provided based on our findings so far. The
complexity of the agricultural system demanded more detailed
research on different interactions. Particularly the combination of
organic and mineral fertilizers, that is often applied successfully by
farmers in Tigray, deserves due attention. The NUANCES-project
(Rufino et al., 2007) and Integrated Soil Fertility Management
(ISFM) approaches (Vanlauwe et al., 2010), for example, illustrate
the importance of these combinations.

The disappointing response of nutrient inputs, as compared to
actual practice, indicated that at farm-level probably other factors
were more significant in increasing yield. Our analysis pointed to
local management as a key factor. Total biomass yield responded
better to recommended application of urea and DAP. Technically
this offers the possibility to increase grain yield by using short-
straw varieties. It is doubtful if farmers will follow such a
recommendation because straw is considered important as a
fodder for livestock in their mixed farming system (Kraaijvanger
et al., 2015).

3.8. Yield variability in relation to on-farm experimentation

On-farm experimentation in our case resulted in highly variable
outcomes. However, this variability was only to some extent
caused by the low level of control in on-farm experimentation. Our
findings demonstrated that treatment-factors, environmental
characteristics and management were able to explain over 60%
of the observed yield variability. This means that part of on-farm
experimentation variability could be attributed to local site- and
farmer characteristics. This closes the circle since on-farm
experimentation is motivated by paying tribute to exactly these
factors that represent the local context. The apparent lack of
control in on-farm experimentation can be counteracted by
quantifying the control by the local environment and by farmer
management. This allowed us to gain more insight into the farming
system at hand than a normal on-station trial could provide.
Environmental and farmer characteristics, therefore, need to have
a more pronounced position in the evaluation of outcomes of on-
farm experimentation. Different tools to support such analysis and
even the identification of causal relationships are available.
Examples of such tools are the use of aggregated indices like
the Environmental Index in Modified Stability Analysis, multiple
linear regression or advanced statistical models (Hildebrand et al.,
1993; Riley and Alexander, 1997; Raman et al., 2011)

4. Conclusion

Linear regression of the outcomes of on-farm fertilizer experi-
ments with wheat in Tigray indicated that 56% of the grain yield
variability was explained by local management, local environ-
mental characteristics and treatment-effects. This implied that
with on-farm experimentation also environment and farmer
definitely mattered and need to be accounted for.

Outcome variability in on-farm experiments in different
locations was high and no simple clear and relevant relationships
could be identified. Differences between the various introduced
treatments and farmer fields were limited and non-significant. The
main limiting nutrient was N. Responses to recommended (NP)
fertilizer application demonstrated significant negative correlation
with N-content of the soil. The correlation between P- and K-
content of the soil and response to recommended fertilizer
application proved to be negligible and not very helpful in coming
to general valid recommendations.
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We concluded that defining best practices is a location specific
and tailor-made task which requires the involvement of farmers
and their fields to deal with local preferences and context. Local
management and local environmental characteristics matter. On-
farm experimentation involving farmers demonstrated why a one-
size-fits-all strategy, i.e. blanket recommendations, will not work
to solve all yield problems in Tigray. Yield was determined by the
complex local interplay and interface of farmer management, soil
properties, landscape and fertilizer input. This complexity is not
likely to be addressed in traditional on-station research and its
outcomes.
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