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Abstract: The lack of sustainable soil fertility manage-
ment is a critical challenge for crop production in the
world. The problem is more serious in the East Gojjam
Zone highlands. Integrated use of lime, manure, and che-
mical fertilizers is considered as a good approach for
sustainable crop production on acidic soils. In 2016 and
2017, a field experiment was conducted to determine the
effect of soil amendments on soil fertility and tef produc-
tivity in the Gozamin district. Factorial combinations of
two rates of lime (0 and 2tha™), two rates of NP fertili-
zers (0/0 and 46/20 kg N/P ha™), and three rates of cattle
manure (0, 10, and 15 t ha™) were laid out in randomized
complete block design with three replications. The results
showed that applying lime in combination with NP ferti-
lizer and manure significantly improved soil chemical
properties. Panicle length, effective tillers, and thousand
seeds weight of tef increased from 25.1 to 44.4 cm, 2.8 to
11.3, and 0.23 t0 0.37 g, respectively, when 10 t ha™ manure
and recommended NP fertilizer were applied together. The
highest tef grain yield of 2.31tha™ and net benefit of
2,252.91USD ha™! were obtained from the interaction of
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10tha™ cattle manure, 46/20 kgha™ N/P fertilizer, and
2tha™ lime. This study recommends the combined appli-
cationof 2 t ha 'lime, 10 t ha™ cattle manure, and 46/20 kg ha™
N/P fertilizer as an effective amendment to improve soil
chemical properties and yield of tef in acidic soils of north-
west Ethiopian highlands.
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1 Introduction

Ethiopia’s main stable crop is tef (Eragrostis tef [Zucc.]
Trotter). Ethiopia is the origin and genetic diversity base
for tef [1]. Tef is the most popular cereal grain for making
injera, Ethiopia’s typical basic diet [2]. During the dry
season, tef straw is the primary source of cattle feed [3].
As a result, tef grain and straw have higher retail prices
than other cereals. Tef has the highest cultivation area
share (24.32%) with about 3 million hectares and ranks
second in grain production (17.22%) with 5.44 million
tons annually, after maize [4]. Tef was the first cash
crop in the study areas, but its productivity (1.4 tha™)
is low [5] compared to the national average tef yield
(1.70tha™) [4], and the highest yields of 3.08 and 2.70 tha™
were reported by Birhanu et al. [6] and Wato [7].

The main factors limiting tef crop productivity in the
Ethiopian highlands are low soil productivity and acidity
[8,9]. Due to soil erosion and nutrient leaching caused by
frequent rains, this problem is more severe in the high-
lands of northwest Ethiopia (the current study area) [10].
Because of the poor rate of biomass return to the agricul-
tural fields, most farmed lands in the Ethiopian highlands
are prone to soil deterioration [11]. Furthermore, Gebre-
selassie [12] found that the soils in the Eastern and
Central Gojam that are predominantly under cereal culti-
vation are entisols, which have poor nutrient content due
to erosion and lack of nutrient recycling. Most acidic soils
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have low crop growth as a result of macronutrient defi-
ciencies and high Al and Fe contents, which are the key
causes of P fixation [13]. The solubility of Al and Mn in the
soil was reduced by liming [14].

Manure is an essential fertilizer in organic and sus-
tainable soil management [15]. Cattle manure increased
the pH of acidic soils and decreased Al and Mn toxicity
due to its alkalinity and binding effect on toxic elements
[16]. Manure contains all plant nutrients including N, P, K
and micronutrients necessary for plant growth [17]. Tadesse
et al. [18], however, concluded that using only inorganic or
organic fertilizers would not result in increased crop pro-
duction over time. Lime is an outstanding soil amendment
for rising soil fertility and improving pH [19]. The addition
of lime to manure and industrial fertilizer increased soil
physico-chemical properties and nutrient uptake [20].
To ensure adequate nutrient supply and improved soil
pH for increased crop yields, determining the optimal
dose of integrated soil amendments is critical. How-
ever, there has not been enough research done to
determine the impact of different rates of cattle manure
combined with mineral NP fertilizers and lime on tef
production, so it is crucial to investigate the combined
effect of manure, NP fertilizers, and lime applications
on improving crop productivity in the Ethiopian high-
lands. Therefore, this study was aimed at assessing the
integrated effect of liming, NP fertilizer, and cattle
manure applications on soil fertility and productivity
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of tef in the acidic soils of the East Gojam Zone, north-
west Ethiopian highlands.

It was hypothesized that the combined application of
cattle manure, lime, and NP fertilizer improves soil phy-
sico-chemical properties and tef productivity sustainably.

2 Materials and methods

2.1 Description of the study area

The experiment was conducted in 2016 and 2017 main
cropping season at Enerata site in the Gozamin district,
East Gojam Zone, northwest Ethiopian highlands. The
experimental site is located at the latitude of 10°23'N
and the longitude of 37°44’E with an altitude of 2,481 m.a.s.l.
The study years map is presented in Figure 1. The weather
data source was Debre Markos Metrological Station, and
based on 15 years (2003-2017) meteorological data, the
average annual rainfall of the study areas was 1,335 mm
with the mean minimum and maximum temperatures of
10.7 and 23.2°C, respectively. The monthly average of total
rainfall and minimum and maximum temperatures of the
study area for 15 years from 2003 to 2017 are presented in
Figure 2. The total rainfall of the study years with a range
of 0-271 mm per month is shown in Figure 2. The mean

10°35'0"N

10°25'0"N

10°15'0"N

10°5'0"N

%

study site

37°25'0"E
0 4 8

Legend

16 24

37°35'0"E 37°45'0"E 37°55'0"E 38°5'0"E

32
A Kilometers

debre markos amhara region =~

gozamen woreda ethiopia

map of study area

Figure 1: Location map of the study sites in Enerata, East Gojjam Zone, northwest Ethiopia.
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Figure 2: Monthly average rainfall and maximum and minimum temperatures of the study site for 15 years (2003-2017).

minimum and maximum temperatures of the study years
were 11.2 and 23.0°C, respectively (Figure 2). The rainfall
distribution of the study years is unimodal pattern, and the
main rainfall extends from mid of June to October with
peak in mid of July to end of August (Figure 2).

To characterize the soils of experimental years, soil sam-
pling and analysis were carried out twice, first before starting
the experiment in 2016 and second after the end of the experi-
ment in 2017 by mixing samples collected at eight different
spots along the two diagonal lines of the field at 0-30 cm
depth with an auger. The composite soil sample was air-dried
and crushed to a sieve size of 2 mm before being analyzed for
important physico-chemical soil properties.

The Debre Markos soil laboratory analyzed the col-
lected soil samples. The pH of the soil was measured with
a pH meter in a 1:2.5 soil-H,O ratio, as described by
Hazelton and Murphy [21]. The Bouyoucos hydrometer
method was used to determine the texture of the soil
[22]. The Walkley—Black wet digestion process was used
to extract soil organic carbon (OC) [23]. Total N was calcu-
lated using the Kjeldahl digestion method of Havlin et al.
[24]. The Olsen NaHCO; extraction method was used to
extract available soil P [25]. The 1N ammonium acetate
extraction method, as described by Black, was used to
determine the cation exchange capacity (CEC) [26], whereas
an atomic absorption spectrophotometer was used to assess
Ca and Mg [27]. Table 1 shows the findings of the soil labora-
tory analysis.

Some selected physico-chemical soil properties before
soil amendments application are listed as follows: the

classification of the experimental soil is nitosol. The experi-
mental soil’s textural class was clay, with a pH of 5.1, rated
as strongly acidic based on the ratings of Hazelton and
Murphy [21]. Total N content was 0.09%, rated low based
on the ratings of Havlin et al. [24]. According to Walkley and
Black [23], the soil’s OC concentration was 1.27%, which is
low. The available P content of the experimental soil was
6.85 ppm, which is very low based on the rating of London
[25]. Magnesium and Ca were low, while CEC was moderate
(Table 1).

A composite animal manure sample was collected
for the determination of its moisture content, pH, total
N, OC, available P, and exchangeable Ca and Mg. Manure
moisture content was determined by oven-drying the
samples at 105°C for 24 h. The predetermined rate of
manure was adjusted according to the procedure of FAO
[28] moisture correction factor. The pH, total N, OC, avail-
able P, and exchangeable Ca and Mg were determined
by the procedures listed in soil sampling and analysis
(Table 1).

2.2 Experimental materials used for the
study

The tef variety “Quincho” [(974 x 196)-HT’-387 (RIL355)],
Dejen calcium carbonate (CaCOs), cattle manure, urea,
and diammonium phosphate (DAP) were used for the
experiment.
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Table 1: Some important physico-chemical properties of the experimental soils before plowing and composition of cattle manure used for

the experiment

Soil and manure property Soil analysis

Cattle manure Rating reference(s)

Value Rating Value Rating

Particle distribution

Sand (%) 32

Silt (%) 25

Clay (%) 43
Soil texture class Clay
pH (H,0) 5.1 Strong acidic 6.87 Neutral [21]
Total N (%) 0.09 Low 1.52 High [24]
Organic C (%) 1.27 Low 15 Very high [23]
Avail. P (ppm) 6.85 Very low 25 High [25]
Exch. Mg (meq per 100 g) 0.84 Low 20 Very high [27]
Exch. Ca (meq per 100 g) 2.78 Low 32 Very high [27]
CEC (meq per 100 g) 20.20 Moderate 23 [26]
Moisture content (%) 19 [28]

2.3 Experimental treatments, design, and
procedures

East Gojjam agriculture department and others [5] recom-
mended 46/20 kg ha™" N/P fertilizer to improve soil fertility
and enhance grain yield of tef in the Gozamin district.
Abewa et al. [29] advised to use 2 tha™" lime in northwes-
tern Ethiopia for tef fields. According to Assefa et al. [30],
the maximum rate of cattle manure (7.5tha™") produced
the largest grain yield of tef, and as the rate of manure
increased, the grain yield of tef increased. Our treatment
combinations are based on these findings. Therefore, two
rates of lime (0 and 2t ha™), two rates of NP fertilizers (0/0
and 46/20 kg ha™), and three rates of cattle manure (0, 10,
and 15tha™') were factorially combined and tested
using randomized complete block design (RCBD) with three
replications.

The experimental field was plowed four times using
oxen-driven local plowing facility and divided further
into blocks and plots as per the treatments and design
manually. The gross plot size was 2m x 3m (6 m?) with
the net plot area of 1.5m x 2.4m (3.6 m?). Lime was
broadcasted and thoroughly mixed into soil 50 days
before tef planting. Manure was collected under shade
for 40 days and incorporated into soil one month before
planting. Tef seeds were drilled in rows, which were
spaced apart with 20 cm, in early July 2016 and 2017 at
the recommended rate of 5kgha™'. The whole phos-
phorous fertilizer was applied during the sowing of tef
seeds, whereas N fertilizer was applied in split in such a
way that the first half during sowing and the second half
at tillering growth stage. Moreover, all the necessary

field-management practices were carried out uniformly
on all plots.

2.4 Crop data collection

Data of growth and vyield related variables of tef were
timely collected following their standard methods and
procedures. Plant height, panicle length, and number
of fertile tillers were measured on plant basis by taking
ten randomly selected plants at physiologically maturity
growth stage in the net plot area of each plot, whereas
biomass, grain, and straw yields were measured from a
net plot area and converted to hectare basis (tha™).
Above ground biomass yield of tef in each net plot area
was weighed with sensitive electrical balance after har-
vesting and proper drying with sunlight. Grain yield and
thousand grain weight were adjusted to 12.5% moisture
content before proceeding to statistical analysis. Straw
yield was estimated as the difference between biomass
and grain yield. Thousand seeds samples were taken
from clean tef grain yield of each plot and weighed.

2.5 Data analysis
2.5.1 Statistical analysis
All collected crop data were subjected to analysis of var-

iance (ANOVA) using general linear procedure of SAS
software version 9.4 [31]. Results of all crop variables at
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two years were also subjected to Bartlett homogeneity
test and found to be insignificant and hence a combined
ANOVA for the considered variables was also conducted
over the years. Whenever the ANOVA results showed sig-
nificant difference among treatments for variable(s), the
mean separation between the treatments was further
carried out with Tukey test at a probability level of
5% [32].

2.5.2 Economic analysis

In order to decide which treatment to recommend for the
study area, it is necessary to know treatments with
highest net benefit (NB) and acceptable level of marginal
rate of return (MRR). Partial budget analysis was per-
formed following the International Maize and Wheat
Improvement Center (CIMMYT) partial budget metho-
dology [33]. It considers the analysis of gross benefit,
total variable cost (TVC), NB, and finally the analysis of
MRR. The cost of applied lime, cattle manure, and NP
fertilizer which varies across each treatment was consid-
ered as variable cost considering other costs as constant
for each treatment. The value of grain and straw yield was
adjusted down by 10% in order to narrow the yield gap
between experimental plots and farmers’ field. Price of tef
grain yield, straw yield, lime, urea, and DAP was 0.84,
0.13, 0.04, 0.51, and 0.55 USD kg, respectively. The cost
of cattle manure with transportation and incorporation
into the soil was estimated as USD 0.47 per 100 kg. The
cost of incorporation of lime into the soil was USD 0.73
per 100 kg, whereas the cost of transportation and appli-
cation of fertilizer into the soil was estimated as USD 5.82
per 100 kg. Labor cost of man per day was USD 2.91.

3 Results

3.1 Soil chemical properties as influenced by
lime, NP fertilizers, and manure
applications

The interaction of manure and NP fertilizer applications
highly significantly (P < 0.01) increased the soil OC,
total N, and CEC of the experimental site, according to
the results of soil chemical properties after tef harvest
(Table 2). Similarly, the interaction of lime and cattle
manure in combination over the years had a highly sig-
nificant (P < 0.01) effect on pH and OC (Table 3). The
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Table 2: Interaction effects of cattle manure and NP fertilizers on
0C, total N, and CEC after tef harvest in main cropping season in
northwest Ethiopian highlands

Two-way interaction 0C (%) Total N (%) CEC (meq
er 100
NP (kgha™) Manure P 8
(tha™)
0-0 0 1449 0.12¢ 17.5¢
10 1.84°  0.15¢ 20.2¢
15 1.90¢  0.20° 20.9°°
46-20 0 1.93¢  0.18° 21.3b¢
10 2.45°  0.21% 22.1°
15 2,722 0.23° 23.4°
P'Value *% *%k *%k
SE+ 0.10 0.010 0.56
cv 5.3 8.0 5.2

Means within a column followed by the same letter(s) are not sig-
nificantly different. **, highly significant at P < 0.01; *, significant at
P < 0.05; SE+, standard error; CV, coefficient of variation.

highest soil OC content (2.72%) and total N (0.23%)
were achieved when 15t ha™! cattle manure and N/P fer-
tilizers were applied at a rate of 46/20 kgha™ (Table 2).
Furthermore, combining the highest cattle manure with
lime resulted in a soil OC of 2.35% (Table 3).

The combined application of cattle manure and lime
highly significantly (P < 0.01) affected calcium and mag-
nesium. The maximum rate of manure application with
lime resulted in the highest 14.5 meq per 100 g Ca and
2.63 meq per 100 g Mg values (Table 3). The combined
application of cattle manure and lime had a significant
(P < 0.05) effect on soil available P. The integrated
application of 15tha™! cattle manure with lime pro-
duced the highest available P (13.3%) after tef harvest
(Table 3).

3.2 Vegetative growth of tef as influenced by
soil amendments

3.2.1 Plant height

In both years and combined over years, cattle manure
and NP fertilizer, as well as their interaction, had a highly
significant (P < 0.01) effect on tef plant height (Table 4).
However, neither the lime rate nor the other two- and
three-way interaction effects had a significant (P > 0.05)
effect on plant height in both years or over combined
years. Plant heights of 118.0 cm were reported in combined
over years at the maximum manure rate of 15tha™ with
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Table 3: Interaction effects of cattle manure and lime on OC, available P, pH, calcium, and magnesium after tef harvest in northwest

Ethiopian highlands

Two-way interaction 0C (%) pH Available P (%) Calcium (meq per 100 g) Magnesium (meq per 100 g)

Lime (tha™)  Manure (tha™)

0 0 1.49°¢ 5.22¢ 8.2¢ 5.5¢ 1.42°¢
10 2.06%° 5.58¢ 9.8%¢ 9.45¢ 1.97°
15 2.23% 5.80%  10.4° 11.0°¢ 2.20?

2 0 1.88b¢ 5.73%  9.4b¢ 11.1%° 2.17%°
10 2.24% 5.88%%  11.5° 12.4%° 2.52°
15 2.352 5.972 13.32 14.52 2.63%

P'Value *% *%k * * *

SE+ 0.22 0.07 0.80 1.81 0.31

v 6.1 2.2 7.3 8.5 8.5

Means within a column followed by the same letter(s) are not significantly different, **, highly significant at P < 0.01; *, significant at

P < 0.05; SE+, standard error; CV, coefficient of variation.

46/20kgha™ N/P fertilizer, whereas the shortest height
(72.6 cm) was recorded in the control plot (Table 4).

3.2.2 Panicle length

Cattle manure and NP fertilizer had a highly significant
(P < 0.01) effect on panicle length.

In both years and combined over years, the interac-
tion effects of cattle manure and NP fertilizer significantly
(P < 0.05) and highly significantly (P < 0.01) affected
panicle length of tef, respectively (Table 4), whereas
lime and all other interaction effects had no significant
impact on panicle length of tef. The combined applica-
tion of 10 tha™' manure with NP fertilizer produced the
longest panicle length of tef (44.4 cm) compared to the

panicle length (40.5 cm) obtained from sole NP fertilizer
application (Table 4).

3.2.3 Number of effective tillers

The main effects of cattle manure and NP fertilizer, as
well as their interaction, had a highly significant (P < 0.01)
impact on effective tiller number (Table 4). However, lime,
the other two interaction effects, as well as three-way inter-
action effects, did not have a significant (P > 0.05) effect on
this parameter in both years and averaged over years. The
combined application of 46/20 kgha™ N/P fertilizer and
10 tha™ manure resulted in a higher number of effective
tef tillers (11.3) than the control, which had the lowest
effective tillers (2.8; Table 4).

Table 4: Interaction effects of cattle manure and NP fertilizers on vegetative growth and yield parameters of tef in 2016 and 2017 main

cropping season in northwest Ethiopian highlands

Two-way interaction Plant height (cm) Panicle length (cm) No. of effective tillers TSW (g)

NP (kgha™®) Manure (tha!) 2016 2017 COY 2016 2017 COY 2016 2017 COY 2016 2017 COY

0-0 0 73.8¢ 7149 72.6° 23.6° 26.6% 251° 2169  3.5¢ 2.8¢  0.22¢ 0.24¢ 0.23°
10 89.2° 951° 9.2¢ 2999 321° 3119 45° 4.6 45° 025 0.26% 0.26¢
15 101.4° 99.3° 100.4° 34.4° 358° 352° 52° 5.3¢ 52¢  0.28° 0.27° 0.28°

46-20 0 108.6° 109.2° 108.9° 39.8° 41.3%7 40.5° 9.6° 8.6° 9.7° 0.32° 034° 0.34°
10 116.5* 111.4° 113.9%® 44.6* 43.37  44.4* 11.3° 11.6° 11.3* 0.38% 0.37° 0.37°
15 117.3% 118.7° 118.0° 44.8% 43.8% 44.2° 10.8%® 9.2° 9.4® 0.34* 0.33° 0.33°

P-Value *% *k *k * * * *k *k *%k * * *

SE+ 3.67 3.63 2.66 1.65 158 121  0.67 0.73 051  0.009 0.009 0.008

V% 5.8 5.8 4.5 7.4 7.1 5.4 13.6 145 9.2 5.4 5.2 4.2

Means within a column followed by the same letter(s) are not significantly different; *, significant at P < 0.05; **, highly significant at
P < 0.01; COY, combined over years; NP, nitrogen and phosphorus; SE, standard error; CV, coefficient of variation.
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3.3 Grainyield and related parameters of tef
as affected by soil amendments

3.3.1 Thousand seeds weight (TSW)

The main effects of NP fertilizers and cattle manure highly
significantly (P < 0.01) influenced TSW. Similarly, the inter-
action effects of NP fertilizer and cattle manure significantly
(P < 0.05) affected TSW in both years and combined over
years (Table 4). Lime, and its interactions with NP fertilizer
and manure, as well as the three-way interaction had no
significant (P > 0.05) influence on tef TSW in both years and
combined over years. In comparison to sole NP fertilizer or
manure application, application of 46/20 kgha™ NP with
10 t ha™! manure produced more TSW (0.37 g; Table 4).

3.3.2 Grain yield

Grain yield was highly significantly (P < 0.01) influenced
by the three main effects and the interaction of NP ferti-
lizer and cattle manure in both years and combined over
years. Furthermore, the interaction of lime, NP fertilizer,
and cattle manure had a significant (P < 0.05) effect on tef
yield in both years and combined over years (Table 5).
The interaction effects of lime and manure, as well as lime
and NP fertilizer, did not show a significant (P > 0.05) dif-
ference on tef yield in both years and combined over years.

DE GRUYTER

The combined application of 46/20kgha™ N/P fertilizer
and 10 tha™ cattle manure with 2t ha™ lime produced the
highest mean grain yield (2.31t ha™) of tef, according to the
average results of the two years data (Table 5).

3.3.3 Biomass yield

The main effects of lime, NP fertilizers, and cattle manure
highly significantly (P < 0.01) influenced biomass yield of
tef in both years and combined over years. Similarly, the
total biomass yield was significantly affected (P < 0.05)
by the three-way interaction effects of lime, NP fertilizers,
and cattle manure in both years and over years (Table 5).
The highest total biomass vield (9.16 t ha™') was obtained
from the highest rate of manure with NP fertilizer and
lime when combined over years (Table 5).

3.3.4 Straw yield

ANOVA revealed that straw yield was very highly signifi-
cantly (P < 0.01) affected by the three main effects. The
interaction of the three main factors significantly (P < 0.05)
affected straw yield in 2016 and combined over years
(Table 5). The highest straw yield in combined over years
(7.05tha™!) was obtained from 15tha™! manure and
46/20kgha™ N/P with 2tha™! lime (Table 5).

Table 5: Interaction effects of lime, cattle manure, and NP fertilizers on grain, biomass, and straw yield of tef in 2016 and 2017 main

cropping season in northwest Ethiopian highlands

Three-way interaction

Biomass yield (tha™)

Grain yield (tha™) Straw yield (t ha™)

Lime (tha™®) NP (kgha™®) Manure (tha™) 2016 2017 coy 2016 2017 coy 2016 2017 coy
0 0-0 0 3.00° 3.39' 3.20" 0.61" 066 0.63% 238" 276  2.58¢%
10 4.394 4.67" 4547 1110 1.09%¢  110°  3.28°  3.58%"  3.44°f
15 4,889 5228 5.05 1.32¢¢  1.32¢ 1.32¢ 356 390% 3.73°
46-20 0 6.88"° 6.37%¢  6.62¢ 172  170° 1.71°  5.15°  4.68% 4.92¢
10 7.00° 7.38¢ 7.20¢ 1.86°¢ 1.77° 1.81°¢ 514>  s5.61° 5.38¢
15 7.60° 8.46° 8.00°  1.89"° 1.87° 1.88® 5.70° 6.53°  6.12°
2 0-0 0 4.01¢ 417" 4,095  0.98° 0.84°F 0.91" 3.03" 333" 3.8
10 4,614 5.46  5.01f 1.14% 1079 1119 3.46%  4.33%7  3.90°
15 5.65° 5.87¢F  5.76° 1.39¢ 1299 1349 4.26%  4.58%  4.42¢
46-20 0 6.82° 6.664 6.74°9  1.88°¢ 1.72° 1.80°¢  4.94°¢ 4909  4.92°
10 9.01% 8.96° 8.997  2.36% 225 2317  6.64° 6.71® 6.68°
15 9.23? 9.20% 9.16% 219 2.13° 216 7.04* 7.06  7.05%

P'Value * * * * * * * ns *
SE+ 0.45 0.28 0.30 0.12 0.13 0.07  0.42 0.24 0.27
v 9.3 6.8 5.0 10.5 10.1 6.1 11.2 7.8 6.1

Means within a column followed by the same letter(s) are not significantly different; *, significant at P < 0.05; ns, nonsignificant at P> 0.05;
COY, combined over years; SE, standard error; CV, coefficient of variation.
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3.4 Economic analysis

The partial budget analysis method of CIMMYT [33] was
used to evaluate the expense and benefit of various treat-
ments. The gross yields of 12 treatments were calculated
using the final yield and straw results. The highest NB
(2,252.91 USD ha™) of tef was obtained with 46/20 kg ha™
N/P fertilizer, 10 tha™* cattle manure, and 2tha! lime,
followed by 2,027.64 USD ha™ with 46/20 kg ha™ N/P fer-
tilizer, 15t ha™' cattle manure, and 2tha! lime, and the
lowest (784.91USD ha™') was obtained with the control
(Table 6).

4 Discussion

4.1 Soil chemical properties as influenced
by lime, NP fertilizers, and manure
applications

After tef harvest, the rise in OC content of experimental
soils was most likely due to increased manure application
with NP fertilizers (Table 2), and cattle manure is the
source of carbon, which helps to improve soil quality
and fertility. Woldesenbet et al. [8] found that when
farm yard manure and NP fertilizers were applied to the
soil, the organic matter content increased significantly.
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The maximum OC content was observed due to the appli-
cation of manure and lime [34]. The addition of NP ferti-
lizer and manure to the soil increased the soil’s OC con-
tent [35]. The maximum manure application with NP
fertilizers in combined over years produced the highest
total N content of 0.23% (Table 2). This may be due to
manure that increases soil microbial biomass N, the
living component of soil organic matter. Microbial bio-
mass N is slowly transformed to inorganic N as organic
material decomposes. N fertilization resulted in a consid-
erable increase in total soil N in the first 30 cm of soil
depth. Organic fertilizer’s residual effect on the physical
and chemical properties of the soil increased the total N [36].
The combined application of 15tha™' cattle manure
and 46-20 kg ha™ N-P resulted in a maximum CEC of
21.67 meq per 100 g in combined over years (Table 2).
Tolanur [37] stated that organic and NP fertilizer applica-
tion significantly increased soil CEC compared to NP fer-
tilizer application alone, which is consistent with the
current finding.

The combined application of lime and the maximum
cattle manure resulted in a soil pH of 5.97, which was
0.75 pH units higher than the control (Table 3). This could
be due to the increased microbial activity that occurs
during the breakdown process and the creation of organic
matter, which may have resulted in the release of addi-
tional exchangeable cations. Bekele et al. [13] found that
mixing 7.5 tons of vermicompost with 4 tons of lime
raised the pH of the experimental soil from 4.8 to 6.0.

Table 6: Partial budget analysis of combined over years grain and straw yields of tef as influenced by soil amendments in 2016 and 2017

main cropping season in northwest Ethiopian highlands

Three-way interaction Adjusted grain  Adjusted straw  Gross field TVC (USD) Net benefit MRR (%)

Lime NP (kgha) Manure yield (tha™) yield (tha™) benefit | (USD ha™)
4 1 (USD ha™)

(tha™) (tha™)
0 0-0 0 0.59 2.29 784.91 0.00 784.91
0 0-0 10 0.99 3.1 1,222.55 47.27 1,175.27 825.77
0 0-0 15 1.19 3.36 1,422.91 70.91 1,352.00 747.69
2 0-0 0 1.02 3.06 1,242.55 87.27 1,155.27 D
0 46-20 0 1.44 3.43 1,640.91 120.73 1,520.18 1,090.76
2 0-0 10 1 3.51 1,283.09 134.55 1,148.55 D
0 46-20 10 1.63 4.84 1,979.27 158.18 1,821.09 689.63
2 0-0 15 1.21 3.98 1,518.55 164.36 1,354.18 D
0 46-20 15 1.69 5.51 2,114.73 188.00 1,926.73 354.27
2 46-20 0 1.62 4.45 1,921.27 204.36 1,716.91 D
2 46-20 10 2.08 6.01 2,504.55 251.64 2,252.91 1,100.00
2 46-20 15 1.74 6.66 2,302.91 275.27 2,027.64 D

D, dominated treatment; MRR, marginal rate of return. Price (USD kg™?) of tef grain yield, straw yield, lime, urea, and DAP was 0.84, 0.13,
0.04, 0.51, and 0.55, respectively. The cost of cattle manure with transportation and incorporation into the soil was estimated as USD 0.47
per 100 kg. The cost of incorporation of lime into the soil was USD 0.73 per 100 kg, whereas the cost of transportation and application of
fertilizer into the soil was estimated as USD 5.82 per 100 kg. Labor cost of man per day was USD 2.91.
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To correct soil acidity and increase crop yields, soil
amendments such as lime and organic materials must
be applied [38]. The highest Ca and Mg content of experi-
mental soils was due to the application of manure with
lime (Table 3). RepSiené and Skuodiené [39] found that
applying manure and lime together substantially increased
calcium and magnesium levels. The combined application
of lime and manure increased the amount of Mg available in
the soil [40].

The overall cattle manure application with lime resulted
in the highest available P after harvest (Table 3). The
increase in available P with lime may be attributed to a
decrease in exchangeable acidity and an increase in organic
P mineralization. The release of organic acids during decom-
position increased the available P content of the soil, which
aided in the release of P. Manure also aids in the formation
of intermediate compounds that interact with phosphorus-
fixing cations such as Al, iron, and other metal cations, low-
ering P adsorption capability. Bekele et al. [13] observed that
the combined application of fertilizer with lime significantly
increased available P. This may be attributed to a large
increase in soil pH as a result of the lime effect, which
decreased P fixation. Fekadu et al. [41] found that when
compost and lime interact, the available P increases due to
the desorption effects of the lime and compost.

Before planting tef, the soil pH, total N, OC, available P,
and CEC of the study areas were found to be below the
optimum requirements for tef production, in general. The
soil laboratory results after harvest (2 years) showed that
the integrated use of soil amendments resulted in substantial
improvement in the overall condition of the soil as well as tef
productivity. As a result, the optimal tef production can be
achieved using the study area’s acidic soil amendments.

4.2 Vegetative growth of tef as influenced by
soil amendments

Tef plant height increased as the rate of manure with
NP fertilizer increased, indicating that ample supply of
balanced essential nutrients from manure and NP fertili-
zers is responsible for the increase in plant height (Table 4).
This could be due to manure’s ability to provide mul-
tiple plant nutrients as well as create a favorable plant
growing environment by enhancing the soil’s moisture
and nutrient status, all of which improve the plant’s
development and overall performance. In line with this
experiment, Bekele et al. [13] showed that the highest rate
of organic manure and P fertilizer resulted in the tallest
maize height. Similarly, Dastmozd et al. [42] found that
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combining organic and synthetic fertilizers increased
plant height more than using only synthetic fertilizers.
Dinka et al. [43] also found that organic manures and
industrial fertilizers had a positive impact on barley
mean plant height.

Addition of 10 t ha™ manure with NP fertilizer increased
panicle length by 19cm compared to control treatment
(25 cm). Panicle length, which was 40 cm with sole applica-
tion of NP fertilizer, increased to 44 cm when integrated
with 10tha™ cattle manure (Table 4). Fertilizer applica-
tion and effective nutrient use result in high photosyn-
thetic productivity and dry matter accumulation, resulting
in panicle length. This is due to the combined application
of organic and inorganic fertilizers, which increases
synchrony and reduces losses by converting inorganic
N into organic forms. Arif et al. [44] found that combining
organic and inorganic fertilizers significantly increased
rice panicle length over control, which is consistent with
our finding.

In comparison to sole application of either cattle
manure or inorganic NP fertilizer, the combined applica-
tion of NP fertilizer and 10 tha™ manure resulted in a
higher number of effective tef tillers (Table 4). This could
be due to the synergistic effect of combining organic
and mineral fertilizers, which could be attributable to
increased macro- and micronutrient availability as well
as more fertile spikes per plant. Our results are close to
those of Prasad et al. [45], who found that using 10 t ha™
manure in combination with prescribed NP fertilizer resulted
in a higher number of effective tillers (8.4) of barley. The
combined application of compost and mineral fertilizers sig-
nificantly increased productive tillers of rice over control and
sole application of either inorganic or organic fertilizer [46].

4.3 Grainyield and related parameters of tef
as affected by soil amendments

In combined over years, the application of NP fertilizer
alone significantly increased TSW (0.34 g) over the control.
Furthermore, combining 46/20 kgha™ NP fertilizer with
10 tha™! manure resulted in a higher TSW (0.37 g) than
sole application either NP fertilizer or manure (Table 4).
The possible reason could be the use of manure and inor-
ganic NP fertilizers improved tef’s ability to partition dry
materials into reproductive seed sinks. Dastmozd et al.
[42] showed the application of 80 kgha™ N and 1.8 tha™!
compost resulted in the highest TSW of wheat (42 g). The
application of NP and cattle manure significantly affected
barley TSW [4].



DE GRUYTER

The combined application of 46/20 kg ha™* N/P ferti-
lizer and 10 tha™ of cattle manure with lime increased
the combined over years grain yield by 266 and 35% when
compared to the control treatment and sole application of
NP fertilizer, respectively (Table 5). Thus, the synergistic
effect of lime made a significant difference in terms of
grain yield increment. In general, combining lime with
fertilizer substantially increased tef grain yield in acidic
soils as compared to fertilizer alone (Table 5). Increased
tef grain yield due to the use of manure in combination
with inorganic NP and lime could be related to the
gradual release of nutrients into the soil after manure
decomposition, resulting in enhanced plant growth and
yield components. Furthermore, it could be attributed to
the addition of both macro- and micronutrients from the
manure, indicating that even a full rate of inorganic NP
was insufficient for tef development in the study area. As
a result, in acidic soils, lime application could be com-
bined with the optimal amounts of inorganic and organic
fertilizers. Golla [19] found that integrated acidic soil
management improved yield stability and maximized
nutrient use quality, which is in line with our findings.
These findings were consistent with those of Demissie
et al. [14], which found that using organic and commer-
cial fertilizers in combination with lime improved barley
yields more than their main effect. Tesfahun [47] also
found that applying combined organic and inorganic
nutrient sources alone was insufficient to substantially
increase barley grain yield without the addition of lime.
Boke and Fekadu [48] concurred that lime is essential but
must be supplemented with other nutrients. The increasing
effect of grain yield of tef could be mainly due to increasing
of effective tillers, panicle length, TSW, and biomass yield in
this study.

The combined application of 46/20 kg ha™" N/P ferti-
lizer and 15tha! of cattle manure with lime increased
total biomass yield by 36 and 194% compared to the
recommended rates of NP fertilizers and the control,
respectively (Table 5). The luxuriant vegetative develop-
ment of tillers, plant height, and panicle length respon-
sible for the highest biomass output is most likely due
to the combined impact of lime and NP fertilizer, as well
as large manure doses. These findings were consistent
with those of Bekele et al. [13], which found that the
maximum rates of manure, P fertilizer, and lime pro-
duced the highest biomass yield of maize (12.18 tha™).
According to Fekadu et al. [41], applying 8 t ha™! manure,
30kgha P, and 3.6tha lime increased the biological
yield of faba bean from 1.91 to 4.43 tha™. The combined
use of organic and industrial fertilizers resulted in a highly
significant difference in bread wheat and rice biomass
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yield [49]. The interaction effects of lime, manure, and P
fertilizer on maize biomass yield were found to be signifi-
cant [47].

The highest rate of animal manure with lime and NP
fertilizer resulted in the highest straw yield (Table 5). This
may be because when acidic soils were treated with
organic manure and mineral NP combined with lime,
the supply of critical nutrients for crop growth and devel-
opment increased. Similarly, Demissie et al. [14] found
that increasing the rate of cattle manure, as well as NP
fertilizer and lime, increased barley straw yield. The
application of 8tha™ farm yard manure, P fertilizer,
and lime substantially increased the yield of faba bean
straw from 1,037 to 2,904 kg ha™ [41].

4.4 Economic analysis

The highest MRR of 1,100% was achieved by combining
the application of 2t ha™ lime with 10 t ha™ cattle manure
and 46/20kgha™ N/P fertilizer (Table 6), implying that
for every Birr invested in tef production, the producers
will receive 11.00 Birr after recovering their investment
CIMMYT [33]. Using manure rates more than 10tha™ in
combination with 2tha™ lime and 46/20 kgha™ N/P fer-
tilizer will result in higher variable costs with no compen-
satory advantage. This represents an increase in net return
of at least 1 Birr for every Birr invested. Therefore, the
manure rate of 10 tha™ in combination with 2tha™ lime
and 46/20 kg ha™! N/P fertilizer application, which had the
highest grain yield (Table 5) and, thus, had higher NB
(2,252.91USD ha™) and acceptable MRR (1,100%), can be
recommended for farmers in the area. In line with this finding,
Ryan et al. [50] found similar results. Thus, for increased grain
yield of tef in strongly acidic soils, a combination of 2tha™
lime, 10 tha™ cattle manure, and 46/20 kg ha™ N/P fertilizer
is ideal and could be recommended.

5 Conclusion

The results showed that applying cattle manure in com-
bination with NP fertilizer and lime significantly improved
soil chemical properties compared to the control. Growth
parameters and yield components of tef were significantly
affected by the interaction effects of cattle manure and NP
fertilizers. The combined application of lime, NP fertilizer,
and cattle manure significantly affected grain, straw, and
biomass yield of tef. The combined application of 46/20 kg ha™
NP fertilizers and 15tha™! cattle manure increased OC,
total N, and CEC by 89, 109, and 34%, respectively,
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relative to the control. Similarly, the combined applica-
tion of 15 t ha™ cattle manure and 2tha™" lime increased
0C, soil pH, and available P by 58, 14, and 62%, respec-
tively, relative to the control. Furthermore, the combined
application of 46/20 kgha™! NP fertilizers and 10 tha™
cattle manure increased panicle length, effective tillers,
and TSW of tef by 10, 15, and 9%, respectively, relative
to the sole application of NP fertilizers. The combined
application of 10tha™ cattle manure, 46/20kgha™ NP
fertilizers, and 2tha! lime resulted in the highest grain
yield of tef (2.31tha™), net return (2,252.91USD ha™),
and MRR (1,100%). This treatment increased the tef
grain yield by 35 and 266% compared to the recom-
mended rates of NP fertilizers and the control, respectively.
In northwest Ethiopian highlands, a combination of 10 t ha™
cattle manure, 46/20 kg ha™ NP fertilizers, and 2 t ha™ lime is
recommended as an effective soil amendment to improve soil
fertility and tef productivity. The field experiment was con-
ducted only for two years. Thus, a more long-term experi-
ment should be established to obtain concrete information
on the effects of soil amendments on crop yield and soil
properties.
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