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Abstract: Low soil fertility and climate change-induced low soil moisture are major problems
constraining potato (Solanum tuberosum L.) production in the eastern highlands of Ethiopia. Climate
events are projected to become more pervasive. Therefore, research was conducted with the objective
of analyzing smallholder potato farmers” adaptation strategies to cope with the issues of low soil
fertility and low soil moisture that are exacerbated by climate change. The research involved
surveying eight purposively selected peasant associations in four major potato-producing districts
in east and west Hararghe zones. The survey employed a multistage sampling procedure. Data
were collected from 357 households using a standard questionnaire, focus group discussions, and
key informant interviews. The data were analyzed using descriptive statistics, index ranking, and
analysis of variance for survey data. The observed climate data for the period of 1988 to 2017 were
analyzed. The Mann-Kendall trend test, standard anomaly index, precipitation concentration index,
and coefficient of variation were used to analyze the observed climate data. The survey results
revealed the farmers, on average, applied 159 kg urea, 165 kg NPS (63 kg P05, 31 kg N and 12 kg
S), and 1.8 ton of farmyard manure per hectare for producing potatoes. Most smallholder farmers
(68.91%) used supplemental irrigation for potato production during the main growing season. The
method of irrigation the farmers used was overwhelmingly the furrow method (92.72%). Analyzing
the climate data showed that the mean annual temperature increased whereas the mean annual
rainfall decreased during the 30-year period. It was concluded that climate change is markedly
affecting potato production; in response to this, most of the farmers used supplemental irrigation
to cope with moisture stress, all of them applied mineral fertilizers, and some of them additionally
applied organic fertilizer to alleviate the problems of soil degradation and nutrient depletion. This
implies that soil moisture and nutrient stresses are the major problems constraining potato production
against which the farmers need policy and institutional supports to consolidate their coping strategies
and build resilience against climate change.

Keywords: fertilizer; irrigation; moisture stress; nutrient depletion; rainfall variability; Solanum
tuberosum L.; temperature

1. Introduction

The potato (Solanum tuberosum L.) is an important food security crop and a ma-
jor source of household income for smallholder farmers in the eastern highlands of
Ethiopia [1,2]. The crop contributes to the growth of the national economy and to the
incomes of millions of smallholder farmers in the country [3,4]. It is the main source
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of calories and accounts for about 60% of the total vegetable crops cultivated in the
eastern highlands of Ethiopia [5]. Despite its importance for household food security
and income generation in Ethiopia, the national average yield of the crop is only about
14.17 ton ha~! [6], which is far less than the world’s average of 20.1 ton ha~![7]. The major
causes of reduced national productivity of potato in Ethiopia are several biological and
environmental stress factors, among which low soil fertility and drought are the most
significant ones [8-10].

The global average temperature has increased by 1 °C compared with the pre-industrial
period and is projected to further increase by 1.5 °C between 2030 and 2050 if it con-
tinues to increase at the current rate [11]. Climate change is presenting an additional
challenge to potato production globally, and the challenge is exacerbated in tropical and
subtropical regions wherein resource-poor farmers lack the necessary means to adapt to
its impact [12-14]. The impact of climate change has already manifested in the eastern
highlands of Ethiopia through recurrent droughts and erratic rainfall in the region, which
are expected to increase in frequency [15]. Increases in soil temperature enhance the rates
of organic matter decomposition which, in turn, reduces soil organic carbon and increases
the release of carbon dioxide into the atmosphere [16,17]. Additionally, low soil moisture
content reduces microbial activity in the soil and hence the decomposition of organic matter
decreases [18,19]. Therefore, low soil fertility and low soil moisture are the major problems
constraining potato production in the region [8]. The potato is particularly susceptible to
low soil fertility and low soil moisture due to its shallow and coarse root system, of which
about 85% is concentrated in the upper 0.3 m of the soil profile, requiring proper soil and
water management practices [20,21].

To reduce the vulnerability of the potato to low soil fertility and moisture stress, there
is a need to use climate-smart approaches in managing the impact of the changing climate.
Therefore, it is important to first analyze how farmers manage soil fertility and irrigation
water at the local level to cope with the impacts of climate change. Previous studies
revealed that farmers used various soil fertility management practices to cope with the
impact of low soil fertility. For example, ref. [22] reported that farmers used diammonium
phosphate, urea, and manure to maintain soil fertility in the Haramaya and Kombolcha
districts in the eastern highlands of Ethiopia. Ref. [23] also analyzed nutrient management
practices of onion in the Central Rift Valley region of Ethiopia and reported that 98% of
the respondents (farmers) applied urea and diammonium phosphate (DAP) fertilizers.
Similarly, ref. [24] analyzed soil fertility and irrigation water management practices for
vegetable production in Kumasi, Ghana, and reported that farmers used conservation
tillage, crop rotation, bio-fertilizer, and poultry manure to cope with low soil fertility.
Additionally, ref. [25] analyzed soil fertility management among smallholder farmers in
Mount Kenya, East region, and reported that farmers used farmyard manure, mineral
fertilizers, and agroforestry to cope with low soil fertility.

Similarly, previous studies showed that farmers used various irrigation water man-
agement practices to cope with the impact of climate change-induced moisture stress.
For example, ref. [26] analyzed irrigation water management practices in the Gumselassa
irrigation scheme, northern Ethiopia, and reported that farmers harvested drainage water
and rainwater to cope with climate change-induced moisture stress in crop production.
Similarly, ref. [27] analyzed irrigation water management practices in smallholder veg-
etable production in the Central Rift Valley region of Ethiopia and reported that 90.9% of
the respondents determined the sufficiency of irrigation water applied when the water
level reached the furrow basin head. Furthermore, ref. [28] analyzed smallholder farmers’
agricultural drought adaptation technologies in south-western, central, and mid-western
regions of Uganda and reported that farmers used drip irrigation at night timing to reduce
the effect of evapotranspiration and wind speed. Likewise, ref. [29] analyzed smallholder
farmers perception of climate change and adaptation strategies in South Africa’s Western
Cape and reported that farmers used drought-tolerant crop varieties and drip irrigation to
cope with climate change-induced low soil moisture in crop production.
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Despite the considerable number of studies that have been conducted on various soil
fertility and irrigation water management practices to cope with climate change-induced
low soil fertility and moisture stress, a limited number of studies have been conducted so
far in Ethiopia. Most of the existing studies did analyze the effect of climate change and
farmers’ coping strategies. Smallholder farmers’ adaptation strategies that farmers use to
cope with the impact of climate change depend on the accessibility and affordability of a
particular adaptation technology. However, there is no documented research study aimed
at investigating smallholder potato farmers’ soil fertility and irrigation water management
practices as a strategy to cope with climate change-induced low soil fertility and low
soil moisture in the eastern highlands of Ethiopia. This implies that there is a need to
study smallholder potato farmers” adaptation strategies used to cope with low soil fertility
and low soil moisture at the local level, including observed weather trends, identifying
factors affecting soil fertility, and irrigation water management practices. Therefore, it was
hypothesized that smallholder potato farmers amended soil fertility in various ways and
used various irrigation water management practices to cope with climate change-induced
low soil fertility and low soil moisture and increase potato yields.

The results of the study provided baseline information for formulating appropriate
adaptation strategies to climate change-induced low soil fertility and low soil moisture and
policy measures in the study districts. Additionally, the results could play an important role
in further research to provide better climate change coping strategies for smallholder potato
farmers. The results of the study could also provide strategic directions for agriculture pol-
icymakers to support and strengthen the adaptive capacity and livelihoods of smallholder
potato farmers in the face of climate change. Therefore, the objectives of this study were to:
(1) analyze smallholder potato farmers’ adaptation strategies to climate change-induced
low soil fertility and low soil moisture; (2) analyze rainfall and temperature trends and
variability in selected potato growing districts in the eastern highlands of Ethiopia.

2. Materials and Methods
2.1. Description of the Study Areas

The study was conducted in the eastern highlands of Ethiopia, which is located in the
East and West Hararghe Zone in the Oromia Regional State between 8°50'-9°30" N latitude
and 40°38'-42°20" E longitude (Figure 1). The altitude of the study areas ranges between
1400 to 2460 m above sea level. Four districts were selected purposively for the study. The
annual rainfall in the study area ranges from 743 mm to 816 mm. The mean maximum
temperatures in the study areas range from 20 °C to 25 °C whereas the mean minimum
temperatures range from 10 °C to 15 °C (Table 1). Three districts, namely, Haramaya,
Kombolcha, and Qarsa were selected from the East Hararghe Zone, and one district,
namely, Chiro was selected from the West Hararghe Zone. The study areas experience
a bimodal rainfall distribution pattern. The small rainy season occurs from February to
May (belg), whereas the main rainy season occurs from June to September (kiremt). The
farming system is mixed crop-livestock production. The major crops produced include
sorghum, maize, pulses, wheat, oilseed, vegetables, fruits, and cash crops such as coffee
(Coffee arabica L.) and khat (Catha edulis Forsk). The components of the livestock system are
cattle, donkeys, goats, sheep, and poultry [1]. The major soil types of the study districts
include Leptosols, Cambisols, Luvisols, Fluvisols, Vertisols, Nitisols, and Regosols [30].
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Figure 1. Location map of the study districts.

Table 1. Agro-ecological settings of the study districts in East and West Hararghe Zones of the
Oromia Regional State in eastern highlands of Ethiopia.

Major Feature District
Haramaya Chiro Qarsa Kombolcha
Altitude (m a.s.l.) 1400-2340 1500-2800 1550-2800 1200-2460

Total cultivated land (ha) 24,000 35,840 21,130 12,604
Mean annual rainfall (mm) 816 798 743 807
Mean maximum temperature (°C) 25 27.9 24.6 27.8
Mean minimum temperature (°C) 10.3 13.9 12.2 14.6

Number of peasant association 33 40 35 19
Total number of households 36,961 34,410 28,950 25,600
Total population 314,780 201,705 231,659 190,544

m a.s.l. = meters above sea level. Source: Eastern/Western Hararghe Zone Agricultural Office, 2018/19.

2.2. Source of Data and Sampling Design

Both primary and secondary data were collected. The primary data were obtained
from interviewing households using structured and pre-tested questionnaires. The data
were obtained from zonal agriculture offices, district agriculture offices, development
agents, field visits, and group discussions. Secondary data were collected from the National
Meteorological Service Agency (NMSA) of Ethiopia, relevant records and reports of zonal
agricultural offices, district agricultural offices, and other literature.
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Multi-stage sampling techniques were employed to select the final sample units.
Initially, four districts, three from the East Hararghe Zone and one from the West Hararghe
Zone, were selected purposively based on their potato production potential under irrigation
and rain-fed systems. These districts were Haramaya, Qarsa, and Kombolcha from the East
Hararghe Zone, and Chiro from the West Hararghe Zone. In the second stage, a total of
eight peasant associations (two peasant associations from each district) were purposively
chosen. A peasant association (PAs) is the smallest administrative unit of the farming
community in Ethiopia, which is also termed as Kebele. In the districts on which the whole
farmhouse holds were producing potato under rain-fed and irrigation systems, the PAs
were selected randomly. In the third stage, a sample size of eight PAs was determined as
per the procedure described by [31].

ne N
~ 1+N(e?)

where n = sample size (total number of households interviewed); N = total number of house-
holds producing potato under rain-fed and irrigation systems in eight PAs (3324); e = level
of precision (0.05). Thus, the survey drew a total of about 357 in terms of sample size.

The sample size of each PAs was determined as (A/B) x C using the method devel-
oped by [32]. Where, A = total number of households producing potato under rain-fed
and irrigation systems in each PAs (Table 2); B = total number of households producing
potato under rain-fed and irrigation systems in eight PAs (3324); C = sample size of the
study area (357).

Table 2. Households producing potatoes in the East and West Hararghe Zones of the Oromia Regional
State in Ethiopia during the 2019 main cropping season.

Sample Districts Sample PAs TNHPP Sample Size Percent
Haramaya Kuro Jalala 550 59 16.55
Tuji Gabisa 520 56 15.64
Qarsa Bela Langie 450 48 13.54
Madda Oda 290 31 8.72
Kombolcha Bilisuma 480 52 14.44
Qerensa 570 61 17.15
Chiro Arbarakate 159 17 4.78
Funyan Dimo 305 33 9.18
Total 3324 357 100

TNHPP = Total Number of Households Producing Potato. PA = Peasant Association.

2.3. Method of Data Collection

Daily rainfall and temperature data over 30 years (1988—2017) for each study districts
were obtained from the National Meteorological Service Agency (NMSA) of Ethiopia. Data
were carefully inspected for quality and completeness. According to [33], a minimum of
30-year data are required for searching evidence for climate change. Primary data were
collected from February to June 2019. Structured questionnaires were used for the field
interviews. Only household heads were interviewed. The questionnaire was pre-tested on
five to ten selected respondents from each PA before conducting the survey.

Based on the feedback obtained from the pre-test, the questionnaire was amended
and translated into the local Oromo language to accommodate the respondents. The data
were collected by eight development agents hired as enumerators from the Agricultural
Development Office with the assistance of agricultural experts working in the districts.
Moreover, qualitative data were collected using focus group discussions and key informant
interviews. These techniques helped to acquire useful and detailed information, which was
difficult to collect through the questionnaire survey alone. The primary data focused on
households” demographic and resource characteristics, production experiences, fertilizer
management practices (constraints in the application of organic and inorganic fertilizers),
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and irrigation water management practices (constraints of using irrigation water for potato
production). The data also included general soil fertility and irrigation water management
practices on potato production as supplementary information.

2.4. Survey Data Analysis

Data were analyzed using descriptive statistics, namely the mean, frequency distribu-
tion, and percentages using SPSS (Version 20) package software. Depending on the nature
of the data, ANOVA was employed to compare quantitative dependent variables among
the districts. Indices were calculated to provide an overall ranking of a particular character
according to the formula described by [34]

¥(6 x No of HHR 1%t +5 x No of HHR 2"¢ + ... 1 x No of HHR 6'") for X

Index —
N = ¥ (6 x No of HHR 15t + 5 x No of HHR 24 + 1 x No of HHR 6%) for Y

where: No of HHR = the number of household head ranked; X = for each constraint; Y =
for all constraints.

2.5. Climate Data Analysis
2.5.1. Analyzing Rainfall and Temperature Trends

In this study, the Mann-Kendall trend test was employed. The Mann-Kendall trend
test is a non-parametric method which is less sensitive to outliers and tests for a trend in
time series without specifying whether the trend is linear or non-linear [35].

The Mann-Kendall’s test statistic is given as:

S =Y T senl — )

where S is the Mann-Kendal's test statistics; x; and x; are the sequential data values of the
time series in the years i and j (j > 7) and N is the length of the time series. A positive S
value indicates an increasing trend and a negative value indicates a decreasing trend in the
data series.

The sign function is given as:

+1if (xj—xi) >0
sgn(xj—x;) = ¢ 0if (xj—x;) =0
-1 lf (xj—xi) <0

The variance of S, for the situation where there may be ties (i.e., equal values) in the x
values, is given by

Var(S) = — |[N(N —1)(2N +5) — Zt 1)(2t; +5)

18
where m is the number of tied groups in the data set and t; is the number of data points in the

1 tied group. For n larger than 10, Zyx approximates the standard normal distribution [35]
computed as:

T 15> 0
ZMK = 0 lf S=0
S+1
Tvar ) if S<0

The presence of a statistically significant trend was evaluated using the Zyx value. In
a two-sided test for trend, the null hypothesis Ho should be accepted if |Zy x| < Zy_y ata
given level of significance. Z; s is the critical value of Zyix from the standard normal
table, e.g., for the 5% significance level, the value of Z; s is 1.96.



Sustainability 2021, 13, 6420

7 of 19

The Sen’s estimator of slope test was applied in cases where the trend was assumed to
be linear, depicting the quantification of changes per unit time. The slope (change per unit
time) was estimated following the procedure of [36].

. . Xi—=Xi\._ .
Qi = Median =i j>i
where Qi is Sen’s slope estimator, x; and x; data value at time j and i, (j > i), respectively.
The positive slope Qi obtained indicates an increasing trend whereas the negative slope Qi
obtained indicates a decreasing trend. However, if Qi obtained showed zero it indicates
no trend.

2.5.2. Rainfall Variability

The standardized anomaly index, rainfall/precipitation concentration index, and
coefficient of variation were used as descriptors of rainfall variability. The standardized
anomaly index (SAI) was calculated and graphically presented to evaluate inter-annual
fluctuations in rainfall in the study areas throughout the period of observation. It was used
to examine the frequency and severity of drought events and analyzed with the formula
described by [37].

Py — Py

)

where, SAI is a standardized rainfall anomaly; Pt = annual rainfall in year t; Pm = long-term
mean annual rainfall throughout the period of observation and ¢ = standard deviation of
annual rainfall throughout the period of observation. Positive normalized rainfall anoma-
lies indicated greater than long-term mean rainfall, while negative anomalies indicating
less than the mean rainfall. The precipitation concentration index (PCI) was used for
characterizing the monthly rainfall distribution and analyzed with the formula described
by [38] as:

SAI =

12 12
PCI=100x|Y P%/(}_ P)
i=1 i=1

where, P; is the rainfall amount of the " month. According to [39], PCI values of less than
10 indicate uniform monthly distribution of rainfall; values between 11 and 20 indicate
high concentration, and values above 21 indicate very high concentration. The coefficient of
variation (CV) was calculated to evaluate the variability of the rainfall and its characteristics
by dividing the standard deviation of the event with its mean. According to [40], CV values
less than 20 indicate less, values between 20 and 30 indicate moderate (20 < CV < 30), and
values greater than 30 indicate high (CV > 30).

3. Results and Discussion
3.1. Commonly Grown Potato Cultivars

Among the varieties grown in the districts, the improved varieties Gudane (24.1%)
and Bubu (21.3%) as well as the farmers’ (local) cultivar Jarso (17.6%) were the major ones
(Figure 2). The Gudane variety and Jarso cultivar were early maturing compared with the
Bubu variety [41]. The Bubu and Gudane varieties had comparable average tuber yields.
However, the Bubu variety was more resistant to the late blight disease than Gudane
variety, but the Jarso cultivar was very susceptible to the disease [42]. From the focus group
discussion held and key informant interviews conducted with the farmers, it was learned
that high yield, disease resistance, drought tolerance, and early maturity were the major
criteria the farmers use to select potato varieties for cultivation.
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Figure 2. Proportion (%) of potato varieties grown in the Haramaya, Qarsa, Kombolcha, and Chiro
districts in the East and West Hararghe Zones of the Oromia Regional State in Ethiopia during the
2019 main cropping season. (N = 357).

In this connection, the respondents expressed strong interest in acquiring drought-
tolerant potato varieties. This is related to the scarcity of sources of irrigation water and
erratic rainfall. Analyses of the observed climate data in all study districts exhibited an
increasing trend for mean temperature and a decreasing trend for annual rainfall (Table 3).
The increasing trend in mean temperature was significant (p < 0.05) for the Haramaya and
Kombolcha districts. Additionally, the standard anomaly index revealed that the number
of years that had records of rainfall below the long-term average at Haramaya, Qarsa,
Kombolcha and Chiro were 50%, 53%, 53%, and 40%, respectively (Figure 3). Moreover, the
data showed that the frequency of decreasing rainfall trends increased in the last decade.
In this regard, 50-70% of the years in the last decade had records of annual rainfall below
the long-term average in all study districts (Figure 3). This finding suggested the need
for drought-tolerant potato varieties and appropriate agronomic practices to mitigate the
impact of drought in the districts. This suggestion is corroborated by the observed climate
data trends.

Table 3. Sen’s estimator of slope (mm/year) of annual rainfall total and (°C/year) of annual and
seasonal mean maximum and mean minimum temperature trends in Haramaya, Qarsa, Kombolcha,
and Chiro in the East and West Hararghe Zones of the Oromia Regional State in Ethiopia (1988-2017).

Variables Season
Belg Kiremt Annual
Sen’s slope Sen’s slope Sen’s slope
Rainfall totals
Haramaya —2.744 ns 2.93 ns —0.589 ns
Qarsa —3.368 ns 3.26 ns Ons
Kombolcha —3.829 ns —1.529 ns —6.15ns
Chiro —3.613 ns —0.259 ns —4.76 ns
Tmax
Haramaya 0.025 ns 0.22* 0.2*
Qarsa 0.033 * 0.036 ns 0.028 ns
Kombolcha 0.061 * 0.027 ns 0.039 ns

Chiro —0.014 ns 0.00 ns —0.009 ns
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Table 3. Cont.

Variables Season
Tmin
Haramaya —0.008 ns 0.018 ns Ons
Qarsa 0.015 ns 0.024 * 0.023 ns
Kombolcha 0.025 * 0.02* 0.2*
Chiro 0.112 ns 0.112 ns 0.114 ns

ns = non-significant trend at p = 0.05; * significant trend at p < 0.05; Tmax = mean maximum temperature; Tmin =
mean minimum temperature.
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Figure 3. The standardized anomaly index (SAI) of rainfall in the Qarsa, Kombolcha, Haramaya, and Chiro districts in the
East and West Hararghe Zones of the Oromia Regional State in Ethiopia (1988-2017).

3.2. Maintaining Soil Fertility

The methods used for managing soil fertility in potato production in the study areas
included the application of mineral fertilizers, namely urea [Co(NH;),] 46% N, NPS (19%
N, 38% P05, 7% S) and farmyard manure as well as practicing crop rotation. The results
of the survey revealed that all household respondents (100%) used mineral fertilizer and
crop rotation while 44.8% of them additionally used farmyard manure to produce potatoes
(Figure 4). The use of mineral fertilizer by all sampled households and farmyard manure by
almost half of the households signified the low-fertility status of soils in the studied areas.
This result was consistent with the reports of [22] that stated the application of diammonim
phosphate (DAP), urea, and manure were the most common soil amendments practiced
by farmers in Haramaya and Kombolcha districts, with only a few of them integrating
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application of manure with mineral fertilizers. Additionally, [43] indicated that the most
common rates of applying mineral fertilizer in Kombolcha district were 100 kg DAP, 100 kg
urea per hectare, whereas the most common rate of applying farmyard manure ranged
between 1.0 to 1.2 tons per hectare.
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Figure 4. Soil ammendements and mineral fertilizer management by smallholder farmers in the Haramaya, Qarsa,

Kombolcha, and Chiro districts in the East and West Hararghe Zones of the Oromia Regional State in Ethiopia during the

2019 main cropping season. (N = 357).

In the study areas, the potato is cultivated in the pure stand (100%) in rotation with
different cereal and vegetable crops, mainly maize (Zea mays L.), sorghum (Sorghum bicolor
(L.) Moench), onions (Allim cepa L.), cabbages (Brassica oleracea L.), beetroots (Beta vulgaris
L.), sweet potatoes [Ipomoea batatas (L.) Lam], carrots (Daucus carota L.), lettuce (Lactuca
sativa L.), and other annual crops. Crop rotation is practiced to enhance soil organic matter
and nutrient availability by incorporating different crop residues. Similarly, [24] reported
that farmers used conservation tillage, crop rotation, bio-fertilizer, and poultry manure in
vegetable production to cope with low soil fertility in Kumasi, Ghana.

3.3. Fertilizer Management Practices
3.3.1. Amount of NPS and Urea Applied

Households on average applied 159 kg urea ha~! and 165 kg NPS ha~!, which would
amount to 104 kg N, 63 kg P»Os, and 11.6 kg S. The amount ranged from 70-270 kg
urea ha~! and 120-250 kg NPS ha~!, which are about 41 kg ha=! and 35 kg ha~! less
than the regional blanket recommendation for urea and NPS (200 kg urea and 200 kg NPS
ha—') [44]. Additionally, the analysis of variance showed a non-significant difference in
the amounts of urea and blended NPS used among the districts studied (Figure 5). This
may be due to the similarity of farmers in terms of socio-economic status. Consistent
with this finding, [45] reported that potato-producing farmers in the southern region of
Ethiopia often applied fertilizer at rates that were much lower than the blanket regional
recommendation rates due to high prices of fertilizers. In contrast to this finding, [23]
reported that farmers in the Central Rift Valley region of Ethiopia applied excess rates
of nitrogen fertilizer amounting to about 300 kg urea and 300 kg DAP ha~! for onion
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production, which was about threefold higher than the recommended rate. This difference
may be attributed to variations in soil type and soil fertility as well as the difference in the
values of produce obtained from the land, with the tendency of applying more rates of
fertilizers for high-value crops that fetch higher market prices.
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Figure 5. The amount of blended NPS and urea fertilizer applied by smallholder farmers in the
Haramaya, Qarsa, Kombolcha, and Chiro districts in the East and West Hararghe Zones of the Oromia
Regional State in Ethiopia during the 2019 main cropping season. (N = 357).

3.3.2. Timing and Methods of Applying Urea and NPS Fertilizers

Considering the timing of application, most of the farmers (95.2%) applied urea to the
potato crop in two splits, one after full emergence of the sprouts of the tubers from the soil
and the other one at the start of flowering. The majority (81%) of the respondents applied
NPS once at planting while 19% applied it in two splits, one at planting and the other one at
the start of flowering (Figure 4). Regarding the method of application, most of the farmers
(82.1%) applied urea and NPS in bands near plant roots while 17.9% of them applied it by
broadcasting (Figure 4). Farmers applied urea to potatoes by dividing it into two equal
rates. This may have reduced nitrogen losses by leaching, denitrification, and enhance
nitrogen use efficiency over a one-time application, which is in line with the findings of [46],
who reported that applying ammonium nitrate in two splits improved the nitrogen-use
efficiency of potato in sandy soils. On the other hand, most of the farmers applied the
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whole rates of NPS fertilizer during planting by placing it slightly below the seed tubers
and urea near plant roots to avoid the burning of sprouts. This is in line with the report
of [47], who stated that applying diammonium phosphate (DAP) and urea fertilizers near
potato plant roots enhanced phosphorous and nitrogen use efficiency in sandy loam soil.
However, a few farmers used mineral fertilizers as a top dressing, which could result in
loss of nutrients. The farmers probably practiced this method of application because it
saves labour and time compared with banding.

3.3.3. Management Practices of Farmyard Manure (FYM)

From the total sampled households, 44.8% used farmyard manure for potato produc-
tion and applied it 15-30 days before planting. This may be attributed to the fact that
farmyard manure supplies not only a variety of nutrients to the crop, but also improves
soil organic carbon content, enhances proliferation of soil biota, and increases moisture-
holding capacity of the soil, thereby enabling the potato crop to tolerate dry spells and
give reasonably good yield [48]. The percentage of farmers that used farmyard manure for
potato production in this study area was twice as much as the percentage of farmers that
used farmyard manure for potato production (26.1%) in the central highlands of Ethiopia
as reported by [49]. The average amount of farmyard manure used by the farmers was
1.83 ton ha~! (Figure 6). This rate of farmyard manure application was almost twice as
much as that used in Kombolcha district for potato production (1.2 ton ha~!) as reported
by [43]. However, it was lower than the rate of farmyard manure (3.0 ton ha™!) applied by
potato farmers in the Central Highlands of Ethiopia that was reported by [49]. The rates
of farmyard manure applied by the farmers for potato production was very low in view
of the recommended rate of the organic fertilizer for producing the crop in the country,
which is 5.0-7.0 ton ha~! [50]. Farmers used less farmyard manure than the recommended
amount perhaps because of the low supply of organic matter. This is attributable to the
low number of livestock units owned by farmers in the study area [51]. The low use of
farmyard manure as fertilizer material by the farmers may also be attributed to competing
uses of the material as the source of energy for cooking [52].

B Minimum rate of FYM
I Mean rate of FYM
B Vaximum rate of FYM

w
o
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District

Figure 6. The amount of farmyard manure applied by smallholder farmers in the Haramaya, Qarsa,
Kombolcha, and Chiro districts in the East and West Hararghe Zones of the Oromia Regional State in
Ethiopia during the 2019 main cropping season. (N = 160).
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3.3.4. Constraints in the Use of Urea and NPS

Different constraints were identified in the use of urea and NPS fertilizers for potato
production in the study districts. In decreasing order of severity, high cost, unavailability,
and absence of access to credit were the most significant constraints that smallholder potato
farmers faced in the use of the fertilizers (Table 4). The focus group discussions revealed
that fertilizers were distributed by cooperative unions and were not available in time due
to ineffective functioning of the supply chain. Hence, the dispatching process/selling
to potato producers was mostly delayed. Consistent with this suggestion, [45] reported
that high prices and inadequate availability of mineral fertilizers were the major factors
constraining the use of fertilizers in potato production in the southern region of Ethiopia.

Table 4. Constraints faced in using urea and NPS fertilizers by smallholder farmers in the Haramaya, Qarsa, Kombolcha,
and Chiro districts in East and West Hararghe Zones during the 2019 cropping season. (N = 357).

Ranking
Constraints 1st 2nd 3rd 4th 5th 6th Index Rank

High cost 48 20 14 42 0 0 0.42792 1

Poor knowledge & Ext.ser. 0 0 0 13 22 17 0.07507 5
Absence of access to credit 14 12 12 10 6 12 0.18468 3
Limited availability on time 13 17 14 10 5 3 0.19669 2
Inaccessibility 0 9 14 5 13 12 0.11561 4

Total 75 58 54 80 46 44

where 1st = severe constraint; 2nd = very high constraint; 3rd = high constraint; 4th = medium constraint; 5th = low constraint; 6th = very

low constraint.

3.3.5. Constraints in the Use of FYM

Various constraints were identified in the use of farmyard manure for potato pro-
duction in the study districts. In decreasing order of severity, bulkiness for transport,
limited availability, and poor knowledge about the importance of farmyard manure for
maintaining and improving soil fertility were the most significant constraints that potato
farmers faced (Table 5). The limited availability of farmyard manure may be due to the low
number of livestock units owned by farmers in the study area [51]. The cost of transporting
the fertilizer is high given its sheer bulk, and the application process is tedious. Consistent
with this suggestion, [53] reported that bulkiness and difficulty of transporting farmyard
manure were the major constraints faced vegetable farmers in Nigeria.

Table 5. Constraints in using farmyard manure in potato production by smallholder farmers in the Haramaya, Qarsa,

Kombolcha, and Chiro districts in the East and West Hararghe Zones of the Oromia Regional State in eastern Ethiopia in the

2019 cropping season. (N = 357).
Ranking
Constraints 1st 2nd 3rd 4th 5th 6th Index Rank
Limited availability 27 19 16 15 0 0 0.257203 2
Bulkiness for transport 30 24 23 20 0 0 0.317639 1
Poor knowledge and Ext.Ser. 17 16 20 13 18 11 0.244554 3
Spread weeds 0 0 9 11 10 5 0.066058 5
Absence of own land 0 0 14 29 10 0 0.114547 4
Total 74 59 82 88 38 16

where 1st = severe constraint; 2nd = very high constraint; 3rd = high constraint; 4th = medium constraint; 5th = low constraint; 6th = very

low constraint.

3.4. Irrigation Water Management Practices
3.4.1. Source of Irrigation Water and Methods of Irrigation

Most of the households (94.7%) used hand-dug wells while a few of them used
spring water (3.4%) and harvested rainwater (2%) as a source of irrigation water for
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potato production (Figure 7). This revealed that the households predominantly used
groundwater as a source for irrigation water and domestic consumption. In contrast, [26]
reported that farmers in northern Ethiopia predominantly used harvested rain as a major
source of irrigation water for vegetable production. Most of households (92.72%) used
furrow irrigation for potato production while a few of them (7.28%) used check basin
irrigation (Figure 7). Farmers probably used furrow irrigation because of its low cost of
initial investment. Farmers also used check-basin irrigation, which is a form of furrow
irrigation in which potato production fields are levelled and divided into compartments
into which water is flown turn-by-turn. Farmers probably used check-basin irrigation with
the aim of reducing surface runoff and enhancing irrigation water-use efficiency. This
suggestion was consistent with the finding of [54], who reported that check basin irrigation
reduced surface runoff as well as deep infiltration and enhanced irrigation application
efficiency for crop production in India. Therefore, water-saving irrigation technologies and
appropriate irrigation methods could enhance adaptive capacity of smallholder farmers to
moisture stress.
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Figure 7. Sources of irrigation water and irrigation water management by smallholder potato farmers in Haramaya, Qarsa,
Kombolcha, and Chiro districts in East and West Hararghe Zones of the Oromia Regional State in Ethiopia during the 2019.
(N =357).

3.4.2. Supplemental Irrigation

Most of the farmers (68.91%) provided supplemental irrigation for potato production
during the main rainy season (kirmet) when soil moisture deficit occurred, while 31.09%
of them did not have access to irrigation water (Figure 7). The root system of the potato
is coarse and shallow, which makes the crop inefficient in terms of uptake of water and
minerals from the soil [20]. Therefore, the farmers wanted to bridge the gap. Some
of the farmers applied no supplemental irrigation not because of lack of interest, but
because of lack of equipment and supplies such as pumps, fuel, and etc. It is evident that
also analyzing observed climate data in all study districts revealed that the precipitation
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concentration index (PCI) ranged between 15.1-17.7%. Therefore, according to the scale
defined by [39], the result indicated poor monthly rainfall distribution in the districts.
Furthermore, the coefficient of variation (CV) for the annual rainfall for all districts studied
ranged from 69-82%, indicating high annual rainfall variability across the districts in the
last thirty years. Corroborating this suggestion, [27] reported that vegetable farmers in the
Central Rift Valley region of Ethiopia provided supplemental irrigation during the main
rainy season in response to soil moisture deficits.

3.4.3. Time of Irrigation, Irrigating Interval, and Irrigation Depth

Most of the households (71.71%) irrigated potatoes in the afternoon while 11.2%
and 17.09% of them irrigated the crop in the morning and both in the morning and in
the afternoon, respectively (Figure 8). Most of the farmers avoided irrigating potatoes
during the middle of the day (the hottest hours of the day) to minimize water loss through
evapotranspiration. Consistent with this suggestion, ref. [28] reported that farmers used
drip irrigation during the night to reduce the effect of evapotranspiration and wind speed
in the western regions of Uganda.
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Figure 8. Timing, determinant for irrigation interval and depth by smallholder potato farmers in the Haramaya, Qarsa,
Kombolcha, and Chiro districts in the East and West Hararghe Zones of the Oromia Regional State in Ethiopia in the 2019
cropping season. (N = 357).

Most of the households (67.5%) determined irrigation intervals on the basis of soil
moisture content, while some of them (32.5%) based it on pumping cost (Figure 8). Farm-
ers estimated the soil moisture content by using their experience through the feel and
appearance method. They collected four to eight soil samples from potato fields before
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irrigating the crop and squeezed each soil sample firmly by hand several times to form an
irregular-shaped ball and observed the firmness and roughness of the ball. Thus, based
on this method, they estimated the moisture content of the soil and determined irrigation
intervals. Consistent with this finding, ref. [24] reported that most vegetable farmers in
Kumasi, Ghana used soil moisture content and weather as indicators for determining
irrigation intervals.

Most of the households (95.24%) determined the optimum irrigation water applied
(assumed to be optimum) when water touched the furrow basin head and 4.76% assumed
that enough irrigation water was applied when the water stopped infiltrating into the
soil for some minutes (Figure 8). Farmers applied irrigation water into the furrows and
waited until the water reached the furrow basin. Some of them also waited until infiltration
into the soil stopped for some minutes and immediately closed the furrows and guided
the incoming water to the next furrows. However, such practices caused waterlogging,
favored insect and disease incidences, and leeching of nutrients [27]. Therefore, appropriate
irrigation water management packages should be developed for smallholder potato farmers
in the studied districts.

3.4.4. Constraints in the Use of Irrigation Water

In decreasing order of severity, high cost of fuel for pumping water, scarcity of ir-
rigation water, and low availability of drought-tolerant potato varieties were the most
significant constraints that potato farmers faced in the use of irrigation water (Table 6). The
major sources of irrigation water were hand-dug wells and boreholes, as indicated in the
preceding section. Thus, farmers may not be able to supply optimum soil moisture for
potato production due to the increasing costs of water pumping. Consistent with these
suggestions, [55] reported that energy consumption in agricultural practices is threatening
in terms of access to irrigation water for optimum crop production. The reduced irrigation
water availability in the study districts was also evident with analysis of observed climate
data, which revealed that annual rainfall in the Haramaya, Kombolcha, and Chiro districts
decreased by 17.67, 184.5 and 142.8 mm, respectively (Table 3).

Table 6. Constraints in using irrigation water in potato production by smallholder farmers in the Haramaya, Qarsa,

Kombolcha, and Chiro districts in the East and West Hararghe Zones of the Oromia Regional State in Ethiopia during the

2019 cropping season. (N = 357).
Ranking
Constraints 1st 2nd 3rd 4th 5th 6th Index Rank
Lack of drought-tolerant potato var. 11 17 22 31 0 0 0.21503 3
High cost of fuel for water pump 30 41 32 0 0 0 0.33225 1
Scarcity of irrigation water 24 19 23 12 3 0 0.24158 2
Land scarcity 10 8 15 7 6 2 0.12630 4
High cost of irrigation equipment 0 0 12 21 9 2 0.08484 5
Total 75 85 104 71 18 4

where 1st = severe constraint; 2nd = very high constraint; 3rd = high constraint; 4th = medium constraint; 5th = low constraint; 6th = very

low constraint.

4. Conclusions

The results of this study revealed that, over the past 30-year period, the mean temper-
ature increased whereas the mean annual rainfall decreased in the study area. To cope with
the problem of moisture stress, farmers have been using supplemental irrigation during
dry spells in the main growing season for potato production. However, the results showed
that the irrigation practices used by the farmers are not water-efficient and sustainable.
Similarly, to cope with the problem of soil degradation and nutrient depletion, potato-
producing farmers have been using various soil fertility management practices, namely,
applying mineral fertilizers, integrated use of mineral and farmyard manure fertilizers,
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and crop rotation. However, the farmers in the study areas applied lower rates of mineral
fertilizer and farmyard manure than the blanket national recommendations rates for potato
production. The overall results of the study highlighted that farmers made efforts to tackle
the impact of climate change on potato production through various soil and irrigation water
management practices. Agricultural policymakers should make efforts to support farmers’
efforts to cope with climate change by promoting the use of integrated and optimum fertil-
izer management and water harvesting technologies, and by supplying drought-tolerant
potato varieties and water-efficient irrigation technologies. Future research efforts should
focus on identifying and developing effective water-efficient irrigation technologies and
formulating optimum rates of integrated fertilizer application and drought-tolerant and
early maturing potato varieties.
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