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ABSTRACT

Water scarcity is one of the major challenges faced by the current agricultural systems
worldwide, especially in arid and semi-arid areas. The objective of this study was to evaluate
the response of potato (Solanum tuberosum L.) to water stress levels at different growth
stages on yield and yield components under Sankura Wereda conditions. The field
experiment was carried out in a randomized complete block design with four water stress
levels and a total of thirteen treatments and three replications. The treatments were 100%
ETc as a control and 85 ETc, 70 ETc, 55 ETc, and 40% ETc stress at each four growth
stages of development stage of crop. Data on yield and yield components were collected and
their responses to water stress were statistically tested using Analysis of variance
(ANOVA)). The collected vyield and growth parameters include plant height , leaf number,
leaf area, leaf area index, tuber number, tuber diameter marketable yield , and total yiel. The
results of the analysis of variance indicated that the different levels of water stress applied
had a highly significant (p<0.01) effect on marketable tuber yield. The maximum marketable
tuber yield of 41.52 tons/ha was achieved under full irrigation (100% ETc), and the minimum
(32.86 tons/ha) was observed at 40% ETc at mid stage treatment. From the mean result of
marketable tuber yield, it was observed that the control treatment (100% ETc) was
significantly different from all treatments except the 85% ETc treatment water level. The
highest water productivity (9.52 kg/m®) was observed under 40% ETc at mid stage. The
water saved at 40% ETc and 55% ETc treatment resulted in 22.76% and 17.07% at mid-
stage, with yield reductions of 20.86% and 16.04, respectively. The marketable tuber yield
obtained at 70% ETc was significantly higher than that obtained at 55% ETc and 40% ETc.
From the result of the study, it was observed that the water stress levels on different growth
stages when the water is a limitation ,70% ETc stress level give better result. Therefore,
Irish potatoes could be irrigated at 70% ETc water stress level in limited water resource

conditions.

Key words: Irrigation, water stress levels, growth stages, Potato, water productivity
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1. INTRODUCTION

1.1. Background

Water scarcity is one of the most significant constraints on agricultural production. It is one
of the major challenges faced by the current agricultural systems globally, especially in arid
and semi-arid areas. Actually, it's thought that the lack of water in many countries is
currently the biggest problem (Gohar and Ward, 2013). Water is becoming scarcer globally,
and every indication is that it will become even more so in the future. As cities grow and
populations increase, the problem worsens since needs for water increase in households,
industry, and agriculture (Fereres et al., 2007).The largest global consumer of freshwater is
agriculture, and the major obstacle to sustainable agricultural output is the decreased
freshwater supply caused by rapid population growth, industrialization, climate change, and
unproductive water loss (Chareesri et al., 2020). Agriculture is the main water consuming
sector; over 40% of the world's yearly food supply is produced on irrigated land, which
accounts for up to 70% of the water withdrawals for irrigation purposes (Awulachew et al.,

2010; FAO, 2012; Rai et al., 2022).

Ethiopia is putting irrigation projects into action more than anything else to help its crops
that are supplied by rain. It is planned to improve agricultural productivity, range and ensure
that agriculture will play a major role in the country's economic growth by generating food

and raw materials for the agroindustry (Ayana, 2011).

In the past, intensive irrigated agriculture has helped to meet the world's food demand due to
population growth. However, the growth in food production has been hindered by urgent
challenges related to limited water availability caused by climate change. Irrigation is one

means of agricultural production that can be used to increase production to meet the



growing demands in Ethiopia (Awulachew, S. 2007). For successful distribution of scarce
water and other inputs to crops, agriculturalists will need to be adaptable in how they
manage the rate, frequency, and duration of water supply. It seems that well-planned deficit
irrigation methods, backed by cutting-edge irrigation technologies and adaptable, cutting-

edge water distribution systems, are the most efficient ways to preserve water.

Potato (Solanum tuberosum L.) is one of the most important starchy vegetables that is
globally cultivated and consumed (Obidiegwu et al., 2015). It ranks as the first highest-
produced non-cereal food crop and the fourth-highest-produced crop after wheat, corn, and
rice worldwide (FAOSTAT, 2019). It is cultivated in over 100 countries, and the global
production of potatoes was estimated to be 370 million tons in 2019, feeding over a billion
people worldwide. It is a crop with a short growing season, broad use, adaptability to many
growing conditions, and fast growth in output. The contemporary potato is regarded as a
crop that is sensitive to drought and is prone to yield loss as a result of drought stress.
Effective irrigation management is seen as a key component in raising agricultural output
(Alan, J. 2016). Improvement of irrigation management in areas subjected to periods of
water scarcity requires good knowledge of system performance over long time periods.
Better water management is becoming a critical issue as water scarcity worsens in many
parts of the world (Garcia-Vila et al., 2008). Enhancing water productivity through deficit
irrigation, which uses less irrigation water than plants actually need, is gaining adhesion
yield. The more widely accepted idea of "water productivity” and its assessment across
multiple scales provides a reliable indicator of how well agricultural systems use water to

produce food (Clement et al., 2011).

Deficit irrigation methods therefore assist irrigated agriculture in minimizing output losses

brought on by water scarcity (Rodrigues and Pereira, 2009). Additionally, it's a method of



controlling water resources that allows for a little drop in output without endangering the

plant in a significant way.

Deficit irrigation can increase water productivity in drought- and water stressed
environments by increasing yield per unit of water delivered. Improved agricultural
techniques, such as the introduction of drought tolerant cultivars, are most successful when
paired with better water management techniques (FAO, 2020). Given that drought and water
scarcity were the primary factors influencing agricultural productivity in the research areas,
the study area's water scarcity problem may be solved by different water stress levels of

irrigation to enhance water management.

In the current situation of water shortages and droughts, deficit irrigation can also lead to
greater water productivity by improving the yield per unit of water applied. Water scarcity
and drought were the main factors affecting agricultural production in the study area;
therefore, improved water management practices using the deficit irrigation method would
help manage the water scarcity problem in the study area. Enhancing the water productivity
of irrigated crops through a water management option is crucial in a water-scarce area.
Therefore, the use of deficit irrigation water management practices like water stress levels in
deficit irrigation would be one option to improve the water productivity and Irish potato

yield in the study area.



1.2. Statement of the problem

Water scarcity is one of the most crucial limitations of sustainable crop production under
irrigation due to frequent droughts during the main cropping season. Increasing competition
for water for irrigated agriculture and other uses, particularly in areas such as Sankura
Wereda is one of the issues. It is currently increasing, possibly due to the growth of
smallholder farmers, private investors, households, and other demands. The increasing
population growth and their corresponding demand for food require increasing agricultural

production.

Water scarcity for farming will become the standard rather than the exception, and the focus
of irrigation water saving techniques (management) will change from maximizing yield per

acre to yield per unit of water used, or water productivity (Abdyl-Razak et al., 2014).

The effective water application practice was used to alleviate the increased water demand
and increase production per given amount of water in the future to increase water
profitability (Blum,2009). Thus, an increase in the WP of agricultural crops and the saving
of water resources are becoming of strategic importance for the area with limited water
resources. Potato in the area produced under a limited scenario, and hence, the stress level
where yield is not affected by the pin pointed. Therefore, there must be an irrigation strategy
that tests water stress levels and different growth stages specific to the study area to improve

potato yield and water productivity with limited water resources.

1.3. Objectives

1.3.1. General objective
To evaluate the response of yield and yield components of potatoes to water stress levels

applied at different growth stages under Sankura Wereda conditions.



1.3.2. Specific objectives
1. To identify the critical water stress level that bring optimal water saving with
minimum yield reduction potato under the study area
2. To determine the water productivity of potato under different water stress levels

and growth stages

1.4. Research questions
v" Which growth stages of potato are critical and optimal water saving with a minimum
of yield reduction to water stress levels?

v" What levels of water stress and growth stage has more water productivity?

1.5. Significance of the study

The study was specifically based on the efficient utilization of the limited available water
resources by varying water stress levels at different growth stages. Around the study area,
farmers are producing potatoes next to maize and wheat crops. Thus, studying water stress
levels during irrigation is useful to increase water productivity and yield for the newly
introduced potato crop in the study area. The research result of this study will benefit
farmers in the study area by providing information on water stress levels to apply during
production with a limited amount of water and the result will supply some recommendations
to farmers on how to choose the appropriate irrigated water under actual water stress levels

that improves yields as well as water productivity.

Furthermore, agricultural experts could use the result to advising farmers and water user
associations in the study area to manage the limited water resources by practicing

appropriate water stress levels and contribute ideas for further research.



2. LITERATURE REVIEW

2.1. Water resources potential

Water resources must be managed appropriately in a global context to promote agricultural
development. By using water resources for agriculture, we can enhance global food security
and promote sustainable development in the face of water scarcity and climate change. In
regions with inconsistent or insufficient rainfall patterns, effective water management
techniques and the application of irrigation technologies are essential to meeting the
increasing global demand for food. Ethiopia is one of the numerous places in Africa where
surface water offers enormous possibilities for irrigation. Irrigation could be beneficial for
general economic growth, the eradication of poverty, and food security. To utilize surface
water resources for irrigation sustainably and efficiently, one must, however, have a

thorough understanding of their distribution, availability, and potential (Birhanu, 2023).

The continent of Africa has a vast surface water potential due to the quantity of its river
basins. Water, which makes up more than two-thirds of the earth's surface, is a rare resource
since the majority of it is inaccessible and too salty to be useful. Two-thirds of the 2.5% of
freshwater on Earth that is not salty is trapped in icecaps and glaciers. A significant portion
of fresh water, roughly 20%, is inaccessible and arrives during inclement weather, such as
monsoons and floods. Less than 0.08% of the water on earth is usable by humans at this
time. However, over two-thirds of this inadequate amount of water that is accessible is
utilized for agriculture (Delilo, 2020). Ethiopia has twelve river basins. The mean annual
flow from all 12 river basins combined is estimated to be 125 BMC. The country has 112
million hectares of land. The amount of arable land is estimated to be between 30 and 70
million hectares. Based on conservative estimates, only approximately 15 million hectares

of land are under cultivation at the moment. Only 4 to 5 percent of this area is under



irrigation, with the 640,000 hectares now covered by projects with appropriate irrigation
systems (Awulachew et al., 2010). This suggested that a large area of Ethiopia’s arable land
is not currently receiving irrigation. But the expansion of irrigation is essential to
dependable and sustainable agricultural growth, which drives Ethiopia's overall

development (Makombe et al., 2011).

In developing nations, irrigation development is critical because it increases labor, water,
and land productivity and optimizes the use of agricultural inputs. Using its 5.3 million
hectares of potential for irrigation, 3.7 million of that may be used using surface water
sources, and 1.6 million can be used with groundwater and rainwater management (Van
Halsema et al., 2011). Given the importance of agriculture to the Ethiopian national
economy, the government of Ethiopia has deal with an agriculture led development
programed with irrigation development a central component. It is estimated that only 5% of
3.5 million ha of land that could be irrigated is currently developed (Awulachew et al.,
2010). Ethiopia uses twelve basins to manage its surface water, which are part of four trans
boundary basins: the Nile, Rift Valley, Shebelle-Juba, and North East Coast (El Bilali et al.,
2020). With the exception of the Nile Basin, all river basins experience water shortages.
Almost no perennial rivers can be found below 1,500 meters, leaving much of eastern
Ethiopia without reliable surface water. Furthermore, Ethiopia lacks the water infrastructure
necessary to utilize its surface water resources, and its groundwater resource potential has
not received much attention or investigation. As compared to surface water resources,
Ethiopia has lower groundwater potential. Groundwater resources are poorly understood and
estimates of their potential range from 2.6 to 13.5 BMC. However, local experts suggest
that, given their experience with other groundbreaking projects, the potential could be far

greater (Awulachew et al., 2010).



2.2. Irrigation potential and development in Ethiopia

The development of irrigation and agricultural water management holds significant potential
to improve productivity and reduce vulnerability to climactic instability in any country. The
majority of rural people in Ethiopia are among the poorest in the country, with limited
access to agricultural technology, limited possibilities to diversify agricultural production
given underdeveloped rural infrastructure, and little to no access to agricultural markets and
to technological innovations. These issues, combined with the increasing degradation of the
natural resource base, especially in the highlands, aggravate the incidence of poverty and
food insecurity in rural areas. Improved water management for agriculture has many
potential benefits in efforts to reduce vulnerability and improve productivity. Specifically,
primary rationales for developing the irrigation sector in Ethiopia include (Awulachew et al.

2010).

The main use of this global resource is irrigation, which accounts for around two-thirds of
the freshwater diverted for human use and about four-fifths of the total consumed. Irrigation
has changed the economy of many dry and semiarid regions and irreversibly altered the
social structure of many other places around the world. It has increased earnings, maintained
rural communities, and created a multitude of new opportunities for economic expansion.
Human settlement is made possible where it would not be possible without irrigation,
occasionally to a quite dense population. However, it is estimated that 60% of the world's

population will be facing a water deficit by 2025 (Qadir et al., 2007).

In Ethiopia, the percentages of land classified as pastoralist zones, high rainfall areas, and
moisture shortage areas are 24, 32, and 44%, respectively. High rainfall fluctuation and
irregularity, particularly throughout the crop-growing season, aggravate the issue. Since

Ethiopian rainfall is characterized by seasonal and regional variability, irrigation



development is essential to enhancing the country's food supply and economy. In addition to
the abundance of surface water resources found in various regions of the nation, a greater
portion of the nation is classified as semi-arid or desert. This causes water stress to progress
for agricultural growth in many parts of the nation, particularly in areas with low moisture
content and pastoral areas. While there is significant potential to increase irrigation through
various surface water schemes, there are many challenges as most of the surface water
potential is located in pastoralist areas due to land availability and flow concentration in
these low-lying areas. The Ethiopian government places a greater focus on small-scale
irrigation development projects that involve farmers at various stages in order to improve
the nation's food security. This indicates that plans for continuous irrigation-based
development initiatives are in place for the country's growth to be accelerated and sustained

in order to eradicate poverty (Awulachew et al., 2010).

2.3. Sustainable water resource management in irrigated agriculture

Water is widely regarded as the most important resource for the development of sustainable
agriculture worldwide. Since irrigation accounts for the majority of agricultural water usage,
its availability can be negatively impacted. For agriculture in arid regions, conserving
irrigation water is essential. Irrigated agriculture will occur in an environment of water
scarcity both now and in the future, with inadequate water supplies for irrigation becoming

the rule rather than the exception (Ruiz-Sanchez et al., 2010).

Technologies for agricultural water management have been recognized as crucial
instruments to reduce poverty and the negative consequences of climate variability.
Numerous developing nations, like Ethiopia, devote significant resources to the

development and promotion of various low-cost water technologies (Hagos et al., 2012).



2.4. Water scarcity

Water is a limited resource, and scarcity results from its distribution across different
geographic areas and from variations in seasonal distribution within the hydrologic cycle.
Water scarcity is the lack of fresh water resources to meet the standard water demands. One
of the most significant issues facing many communities around the world is a lack of water.
The amount of water that is available in these places is insufficient to produce enough food
to end hunger and poverty. In addition, population expansion is increasing the capacity for
sustainable natural resource consumption. Because of this, the development of the industrial,
urban, and tourism sectors cannot progress without limitations on the use of water and rules

for allocating it to other user sectors, especially agriculture (Santos et al., 2009).

The availability of water below 1000 m3/person/year in a country or region is generally
referred to as water shortage. Though it may be argued that extreme water scarcity exists in
many parts of the world, where annual water availability is less than 500 m3 per person. A
region is thought to be under water stress when its annual per capita water consumption falls
below 2000 m3. In order to make up for the shortage of renewable water, desalination, non-
renewable groundwater resources, and wastewater reuse are used in addition to renewable
resources (Santos et al., 2009).The scarcity of water creates serious challenges for nations
and populations. In these locations, where population expansion frequently exceeds the
capacity for sustainable resource use, there is insufficient water available for food
production, hunger relief, and poverty alleviation. Because of water scarcity, development
in the industrial, urban, and tourism sectors cannot take place without regulations limiting
water usage and allocating resources for other user sectors, especially agriculture. The
ability of naturally occurring freshwater basins to handle growing demand and absorb the

pollution caused by the effluents from growing urban, industrial, and agricultural usage is
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restricted. Water resources in dry areas are most likely already damaged or undergoing

processes of degradation in terms of both quantity and quality (Santos et al., 2009).

The capacity of natural fresh water bodies are limited to supply the ever increasing demand
and pollutant effluents from expanding urban, industrial and agricultural uses. In water
scarce areas, water resources are already degraded or subjected to processes of degradation
in both quality and quantity. Beyond the shortage of water for desired purpose, health
problems are commonly associated with water scarcity due to water borne diseases. Water
scarcity for farming will become the standard rather than the exception, and the focus of
irrigation management will change from maximizing yield per acre to yield per unit of water

used, or water productivity (Santos et al., 2009)

For the purpose of allocating the limited water resources in an equitable manner, new
equilibriums between supply and demand within the water-consuming sector are therefore
required. To deal with water scarcity, innovative modern technology and management
strategies that adjust to social, economic, and environmental conditions should be
accessible. Water is plentiful in some areas, but accessing it for human use is hampered by a
lack of infrastructure, access restrictions, political unrest, and sociocultural problems. In
other regions, not everyone has guaranteed access to water, and human needs exceed what
the basis of natural resources can support (Awulachew, S. 2007). These water scarcities are

often classified as physical and economical water scarcities.

2.4.1. Physical water scarcity

The physical scarcity of water is insufficient to meet all requirements, including
environmental flows. Water scarcity may occur in rich water places as well, despite the fact
that physical water shortages are often associated with arid regions. This is because

excessive water resources are dedicated to many uses owing to overdevelopment of
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hydraulic infrastructure, mostly for agriculture. In these conditions, the ecosystem's
requirements and human consumption simply cannot be met by the available water

(Awulachew, S. 2007).

2.4.2. Economic water scarcity

Economic water scarcity resulted from a lack of water investment, human capability,
institutional and financial capital limitations, and restricted access to water, despite the fact
that locally accessible natural water supplies satisfy human needs. In water scarce basins,
home to some 1.6 billion people, there is likely to be inadequate human or financial ability
to create sufficient water resources. Limited infrastructure development, whether on a local
or large scale, is one sign of economic water scarcity, making it difficult for people to obtain
adequate water for drinking and cultivation. Economic scarcity is a prevalent feature
throughout most of sub-Saharan Africa. Water development might thereby significantly

lessen poverty (Awulachew et al., 2010)

2.5. Deficit irrigation (water stress) and management

Deficit irrigation offers water savings potential and is becoming popular in arid and semi-
arid regions, reducing freshwater use over time. The method of conserving water known as
"water stress” involves purposefully using irrigation water in quantities that are less than
what the plant needs. Throughout the growing season of the crop, or at specific times within
it, stressed water up to the full amount might be applied. The crop's reaction to water stress
is also dependent on a number of agronomic parameters, including location, climate, stress

patterns, and other factors.

Deficit irrigation is one of the strategies for increasing yields per unit of applied irrigation
water, which maximizes water use efficiency. This method involves subjecting the crop to a

specific degree of water stress for a portion of the growing season or the entire time, with
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the expectation that any yield reduction will be negligible in comparison to the benefits of
using the saved water to irrigate other crops (Rodrigues and Pereira, 2009). Water
requirements are not entirely met during deficit irrigation, which permits soil water levels to
drop to a point where the crop is subjected to only minor water stress. The crop's response is
contingent upon the degree of soil dryness, crop characteristics, and timing of the water
deficit. It may or may not involve a decrease in the rate of water usage and yield. It is
commonly believed that storing water has less of an effect on final yields during the

vegetative stage than it does during the blooming or yield-forming stages (Yoo et al., 2009).

Deficit irrigation management is frequently used to conserve irrigation water or in areas
with insufficient water supply to meet full crop seasonal consumption. It requires careful
attention to both strategic and logistical decisions for successful implementation. Compared
to full irrigation, deficit irrigation involves more control over the quantity and timing of
water supply. Compared to full irrigation, it is one of the solutions that saves 12% of the

total water input and improves water yield (Tsakmakis et al., 2018).

According to Rodrigues and Pereira (2009), a water deficit slows down the growth and
development of potatoes, which lowers yield. Depending on the cultivar, these growth
phases have different lengths when subjected to water stress. One way to maximize
irrigation water during dry periods might be to control the quantity and timing of irrigation
at various phases of crop growth. In accordance with the migration law of production
attributes during crop growth, deficit irrigation makes use of limited water resources to

achieve the desired crop yield (Zou et al., 2021).

The water-saving irrigation technique that is gaining popularity in arid and semi-arid areas
is deficit irrigation. When deficit irrigation techniques are used correctly, irrigation water

application can be significantly reduced. Groundnuts, soybeans, common beans, and sugar
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cane exhibit comparatively lower output reductions among field crops when compared to
the relative evapotranspiration deficit imposed during specific growth phases. Deficit
irrigation techniques are distinct from conventional methods of giving water in that the
manager must be aware of the maximum amount of transpiration deficiency that can be
achieved without noticeably lowering crop output, as stated by Kang et al.( 2000). Water
productivity is increased under deficit irrigation because irrigation water is applied in
smaller amounts than the total amount needed for crop evapotranspiration. According to
certain theories, the amount of irrigation water provided under water stress (DI) should

range from 60% to 100% of evapotranspiration (Mpandeli and Senzanje, 2019).

Water scarcity and food safety are strongly connected because agricultural systems are
probably the first and direct victims of climate change-mediated groundwater depletion.
These demands finding water-saving methods to decrease water use in agriculture while
increasing yield to assist a rising population (Li et al., 2019). According to Santos et al.
(2009), deficit irrigation can help deal with situations when supply is limited because it uses
less irrigation water. A strategy and irrigation water management technique known as deficit
irrigation permits a crop to withstand a certain amount of water stress in order to reduce

irrigation expenses without appreciably lowering output and maybe increasing advantages.

The crop is subjected to a set amount of water stress either for a specific amount of time or
for the complete developing phases. This is one method of increasing water productivity for
higher yields per unit of irrigation water applied. According to conventional wisdom, deficit
irrigation techniques aim to boost a crop's water production by removing irrigation that has
minimal effect on output, as stated by (Kirda et al., 1994). When weighed against the
advantages of using the saved water to irrigate other crops for which conventional irrigation

methods would typically prove insufficient, the yield reduction that results may be
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negligible. Deficit irrigation is essentially used in situations where there is a scarcity of
water or high water expenses in order to optimize earnings. In this situation, crop values are
strongly correlated with marketability, yield, and crop grade. In these situations, where
water resources are limited, the farmer's objective is to supply water through practices. The
amount of transpiration must be known by the irrigation management. Given the high
opportunity cost of water, the water saved by deficit irrigation can be utilized to irrigate
more area on the same farm or in the neighborhood of the water user, which could more
than make up for the financial loss resulting from yield reduction. Three elements contribute
to the potential benefits of deficit irrigation: lower irrigation costs, higher irrigation

efficiency, and opportunity costs associated with water (Ali et al., 2007).

Water stress is the main factor limiting agricultural output in dry areas. As stated differently,
the goal of deficit irrigation is to achieve maximum water productivity rather than maximum
yields and to stabilize yields (Ekunsanmi, 2012). The primary benefit of deficit irrigation is
that it increases water productivity. While a certain production drop is seen with deficit
irrigation, the yield's quality, such as sugar content and grain size, is typically on par with or
even better than that of full irrigation or rain-fed systems (Liu et al., 2019). In order to
effectively manage crop water requirements at critical phonological stages, deficit irrigation
techniques would require accurate assessment of vegetable crop growth stage-specific stress
tolerances and optimal water management enabled by state-of-the-art irrigation technologies

(Evans and Sadler, 2008).

2.6. The response of water stress on potato at different growth stages
Irish potato is a food security crop grown for its tubers as a main food source. The Irish
potato tuber is a low fat source of carbohydrates and is formed from the differentiation of

the stolon tissue (Muthoni and Shimelis, 2020). Irish potatoes show high sensitivity to water
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stress, either waterlogged or drought stress, especially during the growing seasons, for it
reduces the number of tuber bulkings and can inhibit future bulking, decreasing the potato
grade in terms of tuber sizes and quality, and generally lowers the potato yields. The Irish
potato responds to water stress differently in timing, severity, and length of the deficits also
vary. A slight water deficit inhibits the growth of stems and leaves, which lowers the leaf
area index, photosynthetic efficiency, and dry matter content (Banik et al., 2016). The potato
crop's vegetative development and tuber formation stages are the most crucial since
metabolic activity peaks during these phases (Willem et al., 2006). Because of the high rate
of photosynthesis, water scarcity has a severe impact on tuber start and bulking (Onder et
al., 2005). Since the tuber is the section of the crop that can be harvested and stores
nutrients, it is an essential component of the crop. While leaves are crucial to
photosynthesis, roots and shoots provide nutrients and maintain the crop (Willem et al.,

2006).

Growth stage-based deficit irrigation is an essential technique, which means determining
which development stages are the most sensitive and supplying the required amount of
water for irrigation. The starchy, tuberous Irish potato (Solonaum tuberosum L.) belongs to
the solanaceae family of crops (Spooner et al., 2014). Therefore, it is essential to have
sufficient knowledge about the connections between yield and the timing and severity of
water shortages before implementing deficit irrigation techniques (Garcia-Vila et al., 2008).
However, the sensitivity to water deficits varies among each growth stage. The bulking of
the growing potato tuber takes place alongside other growth or developmental processes in
the plant, such as flowering, the initiation of new tubers, leaf expansion, and foliage
development. To facilitate growth and development, these various plant tissues exchange
carbon molecules in the form of sugars throughout the growing season. The growth and

development of potatoes are influenced by various factors such as air temperature, soil
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temperature, light intensity and duration, growing season length, and humidity (Khan et al.,

2011).

2.7. Determination of the growth stages

The total growing period (in days) is divided into four growth stages. These growth cycles
of Irish potatoes include the initial, development, mid, and maturity (late) stages (Brouwer

and Heibloem, 1986).

1. The initial stage: this is the period from sowing or transplanting until the crop covers
about 10% of the ground.

2. The development stage: this period starts at the end of the initial stage and lasts until
the full ground cover has been reached (ground cover 70-80%); it does not
necessarily mean that the crop is at its maximum height.

3. The mid-season stage: this period starts at the end of the crop development stage and
lasts until maturity; it includes flowering and tuber setting.

4. The maturity (late) stage: this period starts at the end of the mid-season stage and

lasts until the last day of the harvest; it includes ripening.

2.8. Water productivity
Water productivity, defined as crop production per unit volume of water, is a term used in
agricultural production systems to describe the link between the amount of water required in

crop production and the crops produced (Smith et al., 1998).

Water productivity is defined as the ratio of agricultural output to the amount of water
consumed (“more crops per drop"), and this has also been used to relate water use in
agriculture. The value that is obtained per unit of water used has also been used to link the

environment, jobs, welfare, and nutrition to the use of water in agriculture. Either water
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supply or water depletion is used as the denominator in the water productivity calculation.
When water travels to a place where it cannot be easily recycled, it is eaten by
evapotranspiration, which is combined with another substance. Water productivity is
becoming increasingly recognized as a critical concern for regional and global food security

(Molden et al., 2010).

Water productivity under water stress (DI) improves considerably compared to full
irrigation because small amounts of irrigation raise crop evapotranspiration linearly up to a
point optimizing production, but greater irrigation does not further increase yield. Actually,
in an effort to boost yields, farmers are used to over-irrigating their crops, which exacerbates
unproductive water loss and adds to the global freshwater deficit (Zou et al., 2021).
Experiments with varying irrigation levels have also demonstrated that the water yield of
deficit irrigation is typically higher than that of full irrigation. Early in the twenty-first

century, one of the most significant issues will be finding a solution to the water shortage.

Large quantities of money have been invested in enhancing water for agricultural use in an
effort to provide more access to water and enhance food security. But we also know that
future water availability for agriculture will be reduced because of environmental problems,
growing urban and industrial water demands, and other considerations. For instance, two-
thirds of full irrigation enhanced water production by 19-28% for wheat and 8% for maize.
They also came to the conclusion that deficit irrigation can be used to increase the
productivity of water in semi-arid environments since it results in higher water productivity

than can be achieved with full irrigation (Kijne et al., 2003).

2.9. Yield response of crops to water stress levels
Crop yield response functions were fitted to crop yields at various reduced crop water

requirements (Geerts et al., 2010). The crop's ability to withstand water stress is shown by
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the crop yield response factor. The response factor larger than unity signifies that the
relative decrease in evapotranspiration is proportionately smaller than the projected decrease
in yield for a given ET deficit. Crop sensitivity to water differs from crop to crop and from
growth stages to growth stages. Water stress levels practice requires knowledge of crop

sensitive stages (Steduto et al., 2007).

The response of a crop to its soil moisture environment is quantified through Ky. Thus, the
Ky-approach provides an efficient, time-effective, and reliable means of simulating crop
yield in response to water stress for a specific region (Shrestha et al., 2010). As values of Ky
represent a crop sensitivity factor to drought, existing crop water productivity function’s and
Ky values for specific crops are non-transferable since they are influenced by localized
climatic conditions (Geerts et al., 2010). On the other hand, stress may affect fruit or tuber
set during stages of reproductive development, resulting in decreased yields. Numerous
studies have looked at the complex effects of stress on yields, which might differ depending
on the species, cultivar, and stage of growth. In-depth field research is required to gain a
greater knowledge of the biological and physical mechanisms controlling crop responses to
moisture stress. Thus, the primary determinants of crop response to water scarcity include
phonological stage, climate, edaphic impacts of an environment, and intrinsic crop character

(Zwart and Bastiaanssen, 2004).

FAO and International Atomic Energy Agency (IAEA) research coordinated group studied
yield responses of major field crops to deficit irrigation, including cotton, maize, potato,
sugar cane, soybean, and wheat. The key values obtained from FAO data sets and from an
IAEA coordinated research project (CRP) showed a wide range of variation for this
parameter: 0.20 < Ky < 1.15 (FAO, 2002a) and 0.08 < Ky < 1.75 (IAEA). However, for

many other crops, FAO recommendations of Ky values are more reliable and practical.
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3. MATERIALS AND METHODS

3.1. Description of the study area

3.1.1. Location

The experiment was conducted at Sankura Wereda in the Silte Zone, Central Ethiopia,
during the 20222023 seasons. Sankura wereda is located south of the silt zone, 42 km from
the capital city of Werabe, 115 km from Hawassa, and 215 km from Addis Ababa. The
study area is geographically located at an altitude of 1864 m.a.s.1., 7028'0"” N to 7037'30" N

latitude, and 3802'0" E to 38°18'30" E longitude.
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Figure 1: Map of Sankura Wereda , study area
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3.1.2. Climate characteristics of experimental site

The climate of the study area was characterized by semi-arid conditions, and the rainfall
distribution was erratic, with annual ranges from 600 mm to 1500 mm. The annual
maximum temperature varies from 18°C to 29.8 °C, while the minimum temperature varies
from 11.70 °C to 13.50 °C during dry months. The district has a long dry season from

December to June, while July to September are the rainy seasons.
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Figure 2: Average monthly Rainfall and temprarure distribution of the area

3.2. Methods

3.2.1. Land preparation

The experiment site was at Sankura Wereda farmer land on Jatta irrigation scheme during
the 2022 dry season. The experimental field was ploughed on December 20, 2022, by Oxen.
Then, the land was leveled so that it was suitable for laying the experiment. After the land

was leveled, ridge preparation was done with each block.
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3.2.2. Experimental design and layout procedure

Treatments were arranged in Table 1 by a randomized complete block design (RCBD) with
three replications, following the design by Gomez and Gomeze (1984). To minimize the
effect of soil fertility differences on the treatment units, a randomized complete block design
was used, and blocking was carried out across the slope following the gradient of the
experimental site. The experiment had four water stress levels of treatments applied
Treatments were arranged in each of the three replications randomly based on
randomization. The treatments were levels of irrigation water applied to the growth stages of
potatoes, one full irrigation as a control, and 12 treatments were water stress levels. In the

initial stage, the irrigation application was commonly used for all treatments.

Table 1: Arrangement of treatments

Treatments Irrigation and growth stage Water stress levels explanation

T1 Full irrigation of 100%ETc (Control)

T2 85%ETc at Development (15% Water stress only at dev. stage)
T3 70%ETc at Development (30% Water stress only at dev. stage)
T4 55%ETc at Development (45% Water stress only at dev. stage)
T5 40%ETc at Development (60% Water stress only at dev. stage)
T6 85%ETc at Tuber formation (15% Water stress only at mid stage)
T7 70%ETc at Tuber formation (30% Water stress only at mid stage)
T8 55%ETc at Tuber formation (45% Water stress only at mid stage)
T9 40%ETc at Tuber formation (60% Water stress only at mid stage)
T10 85%ETc at Maturity (15% Water stress only at late stage)
T11 70%ETc at Maturity (30% Water stress only at late stage)
T12 55%ETc at Maturity (45% Water stress only at late stage)
T13 40%ETc at Maturity (60% Water stress only at late stage)

Where: ETc = Crop evapotranspiration and T = Treatment
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The layout of the experiment was prepared according to the experimental design. All the
experimental area was subdivided into three replications, including free space between
blocks and field channels, according to the dimensions provided in the layout of the
experiment (Fig. 3). Each replication was subdivided into 13 experimental units, and the
free space between each plot had the desired spacing. The plot size was 12 m? (4m length
and 3m width) by taking into account the land availability in the experimental field. There
were thirty-nine experimental units or plots. The distance between each plot and replication
was 1.5m and 2m, respectively. The system of irrigation was the furrow (conventional)
irrigation method. The boundary (bund) around which tides flow and the closed end of each

plot would be provided to control the water movement across the plots.
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Figure 3: Layout of the study
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3.3. Irrigation application

The irrigation application was done based on the optimum irrigation treatment and other
treatments were receiving less water than the control treatment with their level of water
stress. The control treatment was irrigated based on ETc of critical moisture stress for the
crop irrigating to refill soil to field capacity. However, water-stressed treatments were
receiving a lower amount based on the water stress levels at growth stages with a similar
interval as the control treatment. Irrigation management was done based on the scheduling
of metrological, soil, and crop data using the CROPWAT 8 model software, and the level of
moisture depletion was detected by soil moisture determination using gravimetric soil

sampling.

After all the field preparation, layout establishment, and planting of the Irish potato were
undertaken and irrigated after plantation up to the initial stage uniformly for all plots
established, and a Parshall flume with a 3-inch head was used to measure the amount of
water applied for each treatment. The irrigation depth was converted to a volume of water
by multiplying it by the plot area. Before starting the treatment, the water was wetted to
manage the irrigation water loss. Then, after the water was applied to the experimental plot
by small earthen water, it was distributed to each experimental plot based on the on the

depths (water stress levels) of each treatment and started based on growth stages.

3.4. Agronomic practice

The land was ploughed three times according to the local practice of using Oxen before
planting. After the land was ploughed leveling were done manually, and compacted to
prevent water percolation, and sprouted tuber seeds of the Gudene variety. The
experimental field was divided into 39 plots with 4m *3 m plot size having 4 Irish potato

rows with 30 cm row spacing and distance between ridge was 45 cm. The distance between

24



plots and blocks were 1 m and 2 m, respectively and the layout was presented in the above
figure 3. The plantation of the sprouted Irish potato seed was one seed per hole, and the
necessary activities were done after the plantation. NPS is a compound fertilizer containing
a highly uniform granule of three important plant nutrients: nitrogen, phosphate, and sulfur,
with a ratio of 19% N, 38% P205, and 7% S. The blanket recommended rate of NPS was
200 kg/ha used during planting time, and 150 kg/ha of urea was used in split application
(Getaneh and Laekemariam, 2021). Total water requirement varies between 350 and 550mm

depending upon soil type, climate, and crop duration (Reddy et al., 2018).

Being a short-duration crop, potatoes can be harvested at any time after about 60 to 70 days
(early varieties) after planting until 100 to 110 days (late varieties). Until the emergence of
sprouts, about 15 days, all plots were watered uniformly. Then, irrigation of the
experimental plots was done based on water stress levels at growth stages, and treatments of
deficit irrigation water were applied. The cultivation and weeding were done twice before
harvesting. The Irish potato was matured for harvesting about 115 days after planting, and
before harvesting, the necessary data was collected, and it was harvested by hand digging by

manpower.

3.5. Data collection and analysis

3.5.1. Primary data

1. Soil data

Soil data were collected for the determination of the physical and chemical properties of the
soil (texture class, bulk density, SMC, FC, PWP, pH, ECe, OC, and OM) and soil moisture

content. Its sampling and analysis techniques were discussed below.

Composite soil samples were collected from 0-20 cm, 20-40 cm, and 40-60 cm depths in

the experimental field. The soil samples were taken from the experimental field diagonally
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to avoid bias in the sampling, and they were taken before field preparation. The physical and
chemical properties of the soil sample were carried out at the Werabe Agricultural Research
Center soil laboratory. Field capacity and permanent wilting point analysis were done at the
Ethiopian construction design and supervision work corporation research laboratory and

training center in Addis Ababa.

3.5.2. Soil texture classes

Soil textural class was analyzed by using the hydrometer or sieve analysis method for
undisturbed soil samples for each depth. The weighted soil samples were sieved through a
screen, and the soil particles that had a diameter less than 2 mm were used for textural class
determination. The amounts of sand, silt, and clay fractions were then calculated. The
textural class was determined using the USDA textural triangle following the procedures

indicated by Kebede and Ermias Birru (2011).

3.5.3. Bulk density

The soil bulk density is an indicator of soil compaction. It was determined from undisturbed
soil samples collected by core samplers. Undisturbed soil samples were collected by using a
soil core sampler with a known volume. The samples were dried in an oven at 105 °C for 24

hours, and the bulk density was calculated using the equation given by Hillel (2004).

Ws

= 3.1
Vc

pb
Where: - pb = is soil bulk density (g/cm®)

Ws = is mass of dry soil (g)

V¢ = is volume of soil in core (cm?)
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3.5.4. Soil moisture determination

The determination of the moisture content of the soil was carried out during the experiment
using the gravimetric method since it was the only available method at the experimental site.
The soil samples were collected using a soil auger at different depths based on root depth.
The collected soil sample was weighted using a sensitive balance at field conditions, placed
in an oven at a temperature of 105°C, and dried for 24 hours. Then and there, the oven-dried

samples were weighed to determine the moisture content of the soil.

The moisture content in the soil was determined in terms of weight using the following

equation (Estefan et al., 2013).

_ (Wws-Wds)

x 100 3.2
Wds

om

Where: - 6m = is moisture content on weight basis (%)

Wds = is weight of dry soil (g),

Wws = weight of wet soil (g).

The volumetric moisture content was calculated using the following formula

6v=0m X BD 3.3

Where: - Ov is volumetric moisture content in (%) and BD = is soil bulk density (g/cm3)

3.5.5. Soil infiltration rate

The infiltration rate of the soil in the experimental field was measured using a double-ring
infiltrometer (Reynolds et al., 2007). The infiltrometer was attached with the help of a
specially designed crossed-bar hammer, which set a circular driving cap on the device.
Water was added gradually so as not to disturb the soil between the inner and outer rings.

Observations were performed from the inner ring until a uniform pace was obtained. We
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recorded the scale readings minute by minute. The scale readings were recorded at time
intervals of 1 minute. The difference in water level in mm recorded over an elapsed period
of time divided by the time interval was expressed as the infiltration rate. The purpose of the

data was in put for cropwat and to know the intake of soil infiltration

3.6. Determination of soil chemical characteristics

The soil chemical properties such as pH, electrical conductivity of soil saturated paste
extract (ECe), organic matter content (OM), and organic carbon were analyzed in the
laboratory. The ECe for the soil sample was determined by the ECe method of allowing soil
saturated paste to stand for 24 hours (Kargas et al., 2018). Subsequently, the vacuum
extracts were collected, and ECe was measured by a conductivity meter. The pH of the soil
was measured by means of a pH meter in the supernatant suspension of 1:2.5, soil: liquid
mixture, as described by (Batjes et al. 1992). To determine organic matter content, the
titration method, which is oxidation under standardized conditions with potassium
dichromate in sulfuric acid, was followed for organic carbon determination. Finally, the
ratio of organic carbon to organic matter is, therefore, obtained by multiplying the

percentage organic carbon by 1.724, as described by Nelson and Sommers (2018).

3.7 Secondary data

Climate data

Maximum and minimum temperature (0C), relative humidity (%), wind speed (m/s),
sunshine hours (hours), and rainfall data (mm) of the study area were collected from the
National Meteorological Station of Hawassa branch to determine reference

evapotranspiration using the CropWat model.
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Crop data
Crop coefficient, growth stages, root depth, and allowable depletion level fraction (p) were
collected from FAO Irrigation and Drainage Paper 56 (FAO, 1998) for potato (Irish potato)

to calculate crop water requirement using the CropWat model.

Table 2: Crop data for Irish potato

Crop Growth stages
Irish potato Initial | Development | Mid Late
Length of growing day 25 30 30 30
Crop coefficient (Kc) - - 1.15 0.75
Root depth (m) 0.4 - - 0.6
Average depletion fraction (p) 0.65

Source: FAO Irrigation and Drainage Paper 56(FAO 1998)

3.7. 1 Determination of crop water requirement

The depth of water needed by the crop to meet the amount of water loss through
evapotranspiration of the crop requires climatic and crop input data. Crop water requirement
refers to the water used by crops for cell construction and transpiration (Smith et al., 1998).
The growth and yield of any crop are related to the amount of water used. The variable
amount of water contained in a soil and its energy state are important factors affecting plant
growth (Hillel, 2004). The accuracy of determining crop water requirements was largely
dependent on the type of climatic data available and the accuracy of the method chosen to
estimate evapotranspiration. According to Smith et al. (1998)., the crop water requirement
(ETc) for the growing season of Irish potato was calculated from reference
evapotranspiration (ETo) and crop coefficient (kc) values for each growth stage. The
computation of crop water requirements (ETc) using CROPWAT software over the growing
season was determined from ETo and crop coefficient (Kc).

ETc = ETo *Kc 3.4
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Where: - ETc = crop water requirement or crop evapotranspiration (mm/day)
ETo = reference evapotranspiration (mm/day)

Kc = crop coefficient (dimensionless)

3.7.2. Determination of reference evapotranspiration

Evapotranspiration is both the combined effect of water lost through evaporation and
transpiration. Reference evapotranspiration (ETo) on a daily basis was computed by
applying the modified FAO Penman-Monteith equation based on daily recorded climatic
data (Smith et al., 1998) using FAO CROPWAT software version 8.0. Based on the
comparative studies of the reference evapotranspiration methods and the recommendations
of a panel of experts and researchers, the Penman Monteith equation has been adopted as the
globally best-performing method of estimating evapotransp