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Tigray’s severe land degradation has caused poverty and recurring drought.
Individual and community-level soil and water conservation (SWC)
intervention strategies were used. Since the 1970s, at least six national SWC-
related initiatives have been launched, and their emphasis has changed from
food assistance to land conservation to livelihoods. Several attempts have been
made to report the accomplishments and on large size. Studies were carried
out on experimental plots or small catchment scales. To summarize the effects
of SWC practices on crop yield, surface runoff, soil and nutrient loss, economic
viability, and as well as to discuss the implications for an integrated approach
and ecosystem services, a thorough review was carried out by carefully
analyzing the facts and evidence from the literature. Tigray's damaged
landscapes have been substantially recovered, with notable improvements in
soil fertility, water availability, and the productivity of rain-fed and irrigated
crops during the past 20 years. When Integrated Catchment Management
(ICM) was implemented, changes in the environment, ecology, and
microeconomics have been noted. The low survival rate of tree seedlings and
the absence of revenue from enclosures might be seen as hazards that could
compromise the sustainability of the accomplishments. One key factor is active
involvement of all stakeholders as well as a strong sense of commitment and
ownership by the local government and people.
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INTRODUCTION

The exploitation of natural resources, ecosystem services across different landscapes
lead to decline in both quality and quantity of soils worldwide (Darghouth et al., 2008;
Segers et al., 2011; Abiye, 2022). Soil and water conservation (SWC) intervention is
essential for repairing the damaged environments (Haregeweyn et al., 2008; Girmay et
al., 2009; Gebremeskel et al., 2017). If appropriately executed, SWC intervention can
sustainably maintain ecological and environmental services (Shiene, 2012; Nyssen et
al., 2015a; Gebremeskel et al., 2017). Additionally, SWC initiatives can enhance societal
advancements and livelihoods (Hurni et al., 2015; Nyssen et al., 2015a; Gebremeskel et
al., 2017). In Tigray a large number of SWC activities implementation have taken place
and/or are ongoing (Zenebe et al., 2013; Haregeweyn et al., 2015; Gebremeskel et al.,
2017).

Tarnished lands have been changed into rehabilitated environments and significant
economic achievements were recorded across the globe in various locations (Cooper
et al., 2008; Gebremeskel et al., 2017; Hurni et al., 2015). China's Three Gorges Area and
the Loess Plateau are two examples (Zhao et al., 2013); Mayurakshi, Salaiyur and
Adarsha Watersheds in India (Sikka et al., 2002); Sepetiba Bay watershed in Brazil
(Neto et al., 2006); Anyangcheon watershed in Korea (Lee and Chung, 2007; Lee et al.,
2008) Lam Sonthi watershed in Thailand (Phomcha et al., 2011); Kiroka village in
Tanzania (Cooper et al., 2008); Merguellil catchment in Tunisia (Lacombe et al., 2008);
Machakos district in Kenya (Tiffen and Mortimore, 1992) and Enabereid, Abraha
WeAtsbaha, Haro, Maybar and Debre Mawi catchments in Ethiopia ( Haregeweyn et
al., 2015; Gebremeskel et al., 2017). These showed that SWC has contributed more to
the mitigation of degraded lands. Nevertheless, despite significant attempts to restore
the damaged areas, the results fall well short of the anticipated levels of success (Mu
et al., 2007; Amdihun et al., 2014; Baptista et al., 2015). Several SWC programs' results
have not been sufficiently transformed into advantages for the economy and
environment because of inadequate administration and implementation, mostly from
top-down intervention techniques ( Smith, 2001; Segers et al., 2011) disciplines' lack of
integration (Institutional, technical, and social) (German et al., 2007), absence of
reliable biophysical effects and advantages (Baptista et al., 2015; Gebremeskel et al.,
2017), and significant capital and labor requirements ( Smith, 2001; Nyssen et al., 2009a;
Mekuria et al., 2011). Ecological restoration and crop productivity are functionally
connected in Tigray. Restoration reduces runoff and erosion, which conserves topsoil
and nutrients. This biophysical recovery, in turn, sustains soil moisture and fertility
for crops. Thus, crop yield gains depend on successful ecological rehabilitation rather
than occurring in isolation (Nyssen et al., 2007; Descheemaeker et al., 2006a;
Alemayehu et al., 2009). Consequently, there is still fragmentation in the functional
framework for the implementation of participatory SWC. However, Tigray's
achievements in Northern Ethiopia can be used as a template for the implementation
and positive outcomes of SWC projects (Berhane et al., 2018).
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Northern Ethiopia's Tigray is well-known for being a drought-prone region where
people have long engaged in agriculture (Abiye, 2022; Esser and Haile, 2002; Sulas et
al., 2014; Walraevens et al., 2015). The prolonged and uncontrolled use of farmlands
for crop production, along with the negligent usage of vegetation, has led to serious
land degradation (Gebremeskel et al., 2017, Munro et al., 2008). In the past, famines
and droughts have been caused by land degradation and erratic rainfall patterns that
occurred in 1888-1892, 1973-1974, and 1984-1985 BC (Osman and Sauerborn, 2001).
These circumstances had given a strong message to the public, the government, and
other interested parties about the necessity of SWC interventions for land restoration
and drought mitigation (Gebremeskel et al., 2017). Integrated catchment management
(ICM) was applied to every landscape in the 1990s, but SWC treatments were first used
in farmlands (Nyssen et al., 2014). Creating an agricultural development plan centered
on conservation enhanced the SWC's efforts as well (Van der Veen and Tagel, 2011;
Gebremeskel et al., 2017; Lal, 2021). Management of natural resources has significantly
improved during the previous 20 years due to SWC implementations based on the
ICM intervention (Zenebe et al., 2013; Gebremeskel et al., 2017; Abiye, 2022). As a
result, Tigray's farming system now relies heavily on land management through SWC,
and the world is spreading these lessons (Munro et al., 2008; Nyssen et al., 2015a;
Walraevens et al., 2015).

Despite Tigray's extensive experience implementing SWC programs, users have not
been adequately informed about the successes and difficulties encountered (Zenebe et
al., 2013; Gebremeskel et al., 2017). Most previous research focused on experimental
plots; none attempted to show their lessons and achievements on a large scale. This
study was to review the experiences on SWC implementations and associated benefits
of documenting the effects of integrated SWC practices on soil loss and sediment
reduction, the downstream ground water recharge and irrigation development, soil
fertility, and crop productivity.

Background of SWC in Tigray

Indigenous SWC customs have existed since 400 BCE (Ciampalini et al., 2012; Meire et
al., 2013). In the highlands of Ethiopia, cultivable soil has traditionally been covered
by traditional terracing through stone bunds (Virgo and Munro, 1978, Gebremedhin
and Swinton, 2003; Gebremeskel et al., 2017). Additionally, at different slopes,
indigenous farming knowledge has been incorporated, including knowledge of Daget
(local terracing) and other physical SWC practices (Nyssen et al., 2010). Nonetheless,
the World Food Program's food assistance enabled the planned SWC activities to begin
in the early 1970s (Ciampalini et al., 2012; Meire et al., 2013; Gebremeskel et al., 2017).
In Gira Kahsu, southern Tigray, restoration of degraded terrain at the watershed scale
was started in the middle of the 1980s (Berhane et al., 2016). The current SWC program
was first primarily concerned with physical actions and plantings of trees, lacking
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community planning and voluntary engagement (Osman and Sauerborn, 2001). Since
the start of SWC works, the slope gradient-based SWC approach has been used, which
takes into account the building of real SWC structures at farmlands (Hurni and Perich,
1992; Ciampalini et al., 2012). In the Tigrayan liberated areas, the Tigray Peoples
Liberation Front began to apply this strategy in 1988-1990 (Alemayehu et al., 2009;
Zenebe et al., 2013; Gebremeskel et al., 2017). Nevertheless, because exclusures did not
support the SWC operations, there was no long-term preservation of natural resources
at the watershed level.

During this time, proper Consideration has been given to the ongoing building of
physical SWC structures (Gebremichael et al., 2005; Nyssen et al., 2009a). Peasant
associations (PAs), the SWC department of the Bureau of Agriculture, the forestry and
wildlife conservation development authority (FWCDA), and various non-
governmental organizations (NGOs) such as those associated with churches, the Red
Cross, the Relief Society of Tigray, and Oxfam were the primary players in the
conservation efforts (Osman and Sauerborn, 2001). Following a change of leadership
in 1991, the new administration started the SWC project, which will be implemented
in January as a free service for 20 straight working days. The remaining dry season
days would then see food provided for work (Gebremeskel et al., 2017). It is now a
routine, habitual practice carried out by all farmers following the ICM guidelines.
Despite a number of social and political challenges, the ICM is currently being actively
promoted in Tigray (Gebremeskel et al., 2017).

Types of SWC Interventions and Initiative Programs

The SWC measures were categorized by some researchers as indigenous (Grazing
management, mulching, contour plugs, intercropping, fallowing, strip cropping,
mixed cropping, compost, FYM, minimum tillage, Tied ridging and agro-forestry) and
introduced (soil and stone bunds, stone-faced soil bunds, bench terrace, semi-circle
terraces, eyebrow basin, gulley reshaping, trenches and deep trenches, percolation
pits, fanya juu, micro basins, semi-circular terraces, linked ridges, check dams,
sediment storage dams, and micro basins and cut-off drains) (Nyssen et al., 2015b;
Taye et al., 2015) In general, Tigray has implemented four main SWC measures, which
are as follows: (i) Exclosures and enrichment plants (ii) Physical SWC, (iii) Biological
SWC, (iv) water harvesting (Gebremeskel et al., 2017). Prior to the middle of the 1970s,
Tigray's institutionalized SWC operations were quite small and localized (Osman and
Sauerborn, 2001). The most often used interventions consist of (1) using 0.3-1.2 m high
walls for soil or stone bunds; trenches and/or agroforestry may also be used in
croplands and on hills (Herweg and Ludi, 1999; Nyssen et al., 2007; Taye et al., 2015)
and (2) exclosures on steep slopes, where plants and stone bunds improve the natural
vegetation while protecting it from people and cattle (Descheemaeker et al., 2006a;
Descheemaeker et al., 2006b; Haregeweyn et al., 2012) and may additionally consist of
gully check dams (Nyssen et al., 2009a; Frankl et al., 2012; Haregeweyn et al., 2012). By
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capturing surface runoff, these structures can enhance groundwater recharge and
reduce floods by lengthening the concentration period. Furthermore, if built in a
staggered pattern, these buildings are efficient at retaining fertile soils that have been
eroded from steep slopes. Nevertheless, the actual SWC architectures have certain
drawbacks. For instance, some rats may reside in bunds and eat the farmed crops
(Nyssen et al., 2007; Meheretu et al., 2014). Furthermore, if it isn't combined with re-
vegetation, it may reduce the amount of land that can be used for production and have
limited stability (Nyssen et al., 2007). Furthermore, the building and upkeep of these
structures require a lot of labor (Gebremeskel et al., 2017). Physical SWC structures are
essential for maintaining soil and moisture for crop production and improving
infiltration, notwithstanding their limits (Herweg and Ludi, 1999).

Experiences from around the world demonstrate that biological SWC techniques, in
addition to physical SWC measures, are the most effective ways to conserve soil and
water resources (Shi et al., 2012; Haregeweyn et al., 2015). These are low-cost, easily
embraced by farmers, and even successful in decreasing soil erosion and increasing
infiltration (Gebremeskel et al., 2017). However, because of ignorance and technical
bias, less attention was paid until the early 2000s (Descheemaeker et al., 2006c;
Gebremeskel et al., 2017). Exclosures are one of the popular types of biological SWC
techniques (Descheemaeker et al.,, 2006c), plantations (Haregeweyn et al., 2015),
agroforestry (Hengsdijk et al., 2005; Girmay et al., 2009), gully re-vegetation (Nyssen
et al.,, 2009a) and improving soil fertility through plantings (Araya et al.,, 2011;
Lanckriet et al., 2012). Human-induced biological interventions are commonly planted
on either side of real SWCs or gully formations in order to stabilize the structures. It
was demonstrated by Reubens et al. (2009) that plants with shallow roots work well to
keep gullies at bay. However, they cannot replace real SWC measures to protect rill
and gully formations during overland floods (Phomcha et al., 2011). These structures
are also less efficient when the rains begin after a long dry season (Haile et al., 2006).
Consequently, in order to implement sustainable catchment management, physical
and biological SWC measures must be coordinated (Haile et al., 2006; Descheemaeker
et al., 2009; Nyssen et al.,, 2009a). Existing Soil and Water Conservation (SWC)
strategies often fail to address the complexities of catchment management when
applied in isolation.

MATERIALS and METHODS
Study Area

Tigray covers 80,000 km?2 and is located in Ethiopia's northernmost section (Figure 1),
between latitudes 12°15" and 14°50'N and longitudes 36° 27’ and 39° 59'E (Hagos et al.,
2016). Sudan borders it to the west, Eritrea to the north, and Ethiopia to the south and
east, with the Amhara and Afar areas. The elevation ranges from 500 meters above sea
level in the west to 4000 meters in the south (Hagos et al., 2016). It has undulating
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topography and steep slopes, a fragile environment, infrequent rainfall, and scant
vegetation cover, all of which contribute to soil erosion (Esser and Haile, 2002; Hagos
et al., 2016).

—
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Figure 1. The location of the Tigray region in Ethiopia (Ethiopian Central Statistics
Agency)

There are separate dry and wet seasons in Tigray's semi-arid climate (Meire et al., 2013;
Walraevens et al., 2015). The rainy season, which lasts from June to September,
accounts for 80% of the region's precipitation (Nyssen et al., 2004; Meire et al., 2013;
Walraevens et al., 2015). Rainfall averages around 200 mm in the northeast lowlands
and more than 1000 mm in the southwestern highlands (Hagos et al., 2016). The
region's dry season lasts up to 10 months, while the maximum effective rainy season
lasts 50 to 60 days (Zenebe et al., 2013). The seasonal migration of the intertropical
convergence zone and complex topography are the main causes of rainfall fluctuations
(Nyssen et al., 2005; Nyssen et al., 2009b). Near Humera, the average temperature is
predicted to be 18 °C, with a maximum temperature of almost 40 °C (Hagos et al.,
2016).

Geological and Hydrological Framework of the Tigray Highlands

The drainage systems of the Tigray highlands flow to the African Rift Valley to the
east, the Mereb River to the north, and the Tekeze River to the northwest (Lanckriet et
al., 2015a & b). The geological formations include Mesozoic sedimentary rocks, such
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as Agula shales, Adigrat sandstone, Antalo limestone, and Amba Aradam sandstone,
as well as Precambrian meta-volcanic rocks. Cenozoic dolerite dykes and/or sills
intrude these layers (Hagos et al., 1999; Gebreyohannes et al., 2013; Lanckrietet et al.,
2015a & b). Additionally, the Edag Arbai Tillites and Enticho Sandstone are Paleozoic
rocks found in Tigray (Hagos et al., 1999; Gebreyohannes et al., 2013; Lanckriet al.,
2015a and 2015b). Overlying the Precambrian and Mesozoic rocks are Tertiary basalts.
In Tigray, the three main rock groups are igneous, metamorphic, and sedimentary,
which are all found in good exposure (Berhane et al., 2016).

Characteristics of Agriculture and Livelihoods in Rural Ethiopia and Tigray

The majority of the agricultural in Ethiopia is small-scale rain fed agriculture (Virgo
and Munro, 1978). It is totally dominated by conventional techniques for raising
livestock and growing crops (Hagos et al., 2016). 90% of people rely on plough-based
agriculture, with average household landholdings of 1.2 hectares (Pender and
Gebremedhin, 2007). Subsistence farming has long been practiced on the plateau and
mountain slopes of the Tigray highlands (Ciampalini et al., 2012; Nyssen et al., 2008b).
In addition to leguminous crops such as field peas (Pisum sativum), chickpeas (Cicer
arietinum), and faba beans (Vicia faba L.), the most often produced cereal crops are
barley, tef (Eragrostis tef) (Hordeum vulgare L.), wheat (Triticum sp.), sorghum
(Sorghum bicolor), and maize (Zea mays). Planting eucalyptus and gesho (Rhamnus
prinoides) around homesteads is a common way to make money. Cattle, sheep, goats,
horses, beehives, and poultry are the most common animals in Tigray. In summary,
around 60% of the region's total gross domestic product comes from the agriculture
sector (Hagos et al., 2016; Abiye, 2022).

Problem of the Statement and Objective

There are 40-70 people per km?2 in the Tigrayan highlands (Gebremeskel et al., 2017),
and due to their long farming history, they are negatively influenced by processes that
degrade the soil (beginning around 3000 BC) (Hurni and Perich, 1992; Bard et al., 2000;
Nyssen et al., 2004), erosive rains and steep terrain (Nyssen et al., 2009b; Nyssen et al.,
2010; Gebremeskel et al., 2017). Conversely, the lowlands suffer less soil erosion and
exploitation and are sparsely populated (Gebremeskel et al., 2017). Despite Tigray's
extensive experience implementing SWC programs, users have not been adequately
informed about the successes and difficulties encountered. Most previous studies (e.g.,
Alemayehu et al., 2009; Frankl et al., 2012; Hurni et al., 2015; Nyssen et al., 2007, 2010;
Taye et al., 2015) focused on experimental plots; none of them attempted to illustrate
their findings and conclusions on a large scale. Therefore, it was suggested that this
study examine SWC implementation experiences and related advantages with the
particular goal in mind. The objectives of the SWC implementation programs are to:
(i) summarize the lessons learned and experiences from them; (ii) highlight the main
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obstacles and concerns that must be taken into account; and (iii) examine and contrast
Tigray's SWC experiences with those of other regions of the world.

Soil erosion has been a major problem in Ethiopia for generations (Sonneveld and
Keyzer, 2003; Haile et al., 2006). The SWC techniques have been used, particularly to
reduce soil erosion, such as creating stone bunds to hold in-situ moisture
(Vancampenhout et al., 2006; Nyssen et al., 2007) and reduce hill slope and arable land
erosion caused by rills and sheets (Gebremichael et al., 2005; Nyssen et al., 2007).
Various study findings suggested that biological and mechanical SWC techniques
could aid in reducing soil erosion and regenerating vegetation (Fu et al., 2004; Kalinina
et al., 2009; Mekuria et al., 2007). Plants and crops thrive best in the gathered silt behind
the terrace because it preserves water and nutrients (Dercon et al., 2003; Gebremichael
et al., 2005; Vancampenhout et al., 2006).

Review Methods

This review was carried out by carefully examining data that was gathered from peer-
reviewed publications, symposia, case studies, reports, theses and dissertations, book
abstracts, and book chapters about how SWC practices affect agricultural yield, surface
runoff, soil erosion, and nutrient loss. A critical evaluation of previously released
materials highlighting the effects on society, the economy, and the environment was
also conducted. Information gathered from field measurements, observations,
interviews, and modeling systems is included in the evaluated literature. Since the
1990s, the number of studies assessing SWC's impacts and effectiveness has greatly
expanded. The SWC constructions were examined following the standards that were
outlined in terms of the kinds of materials (such as stone, soil, or biological species)
that were utilized for intervention as well as the methods and procedures employed
in the implementation of the ICM. The electronic literature was searched using a
number of key terms. SWC, land management, soil and stone bunds, initiatives,
rehabilitation, exclosure, soil erosion, land degradation, food-for-work, productive
safety net (PSN), consequences, effects, and the economics of SWC, and Tigray.

SWC Research in Ethiopia

In Ethiopia, more than 258 studies on soil erosion, or SWC, have been carried out
recently; 162 of these studies are focused on the country's highlands, and 112 of them
are in the northern highlands (Haregeweyn et al., 2015; Gebremeskel et al., 2017; Figure
2). Nonetheless, there are distinct regional disparities in Ethiopia when it comes to the
efforts undertaken to comprehend erosion processes. There are over 258 published
journal papers that cover various aspects of soil erosion in Ethiopia. 43 percent of the
study was conducted in Ethiopia's northern region (Tigray highlands) (Haregeweyn
et al., 2015; Gebremeskel et al., 2017). However, the distribution is unequal even in
Tigray (Figure 2). Furthermore, the majority of research emphasis to far has focused
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on gully erosion and, to a lesser extent, sheet and rill erosion (Haregeweyn et al., 2015).
One of the less well-documented forms of erosion is tillage erosion (Nyssen et al., 2007)
and landslides (Hengsdijk et al., 2005; Abebe et al., 2010; Broothaerts et al., 2012).
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Figure 2. Location of study sites in Ethiopia (Haregeweyn et al., 2015)
Effects of SWC
Effect of SWC on Soil Loss and Sediment Deposition

In Tigray, soil loss significantly reduced both before and after ICM was put into place
(Gebreselassie and Belay, 2013). The results of the reviewed research demonstrated
that both physical and agronomic SWC methods reduced soil loss (Table 1). The
difference between FYM treatments (12%) and mulching treatments (98%) in the
percentage of soil erosion (measured as soil loss, t ha-1) that was decreased (Zenebe et
al., 2013). The average soil losses are far lower than those that were seen before ICM
was implemented, which were higher than the anticipated average of 42 t ha-1 yr-1
(Hurni, 1988). To illustrate the impacts and adjustments of different SWC measures on
sedimentation and soil loss, Table 1 compiles a variety of case studies. Furthermore,
soil loss has been decreased by up to 78% using catchment-scale integrated SWC
methods (Hengsdijk et al., 2005; Haregeweyn et al., 2015). Numerous pilot projects
(Descheemaeker et al, 2006c; Mekuria et al, 2007, Haregeweyn et al., 2015)
demonstrated that after creating exclosures out of the deteriorated hillsides, soil loss
dramatically decreased (14-69%). The use of ICM has significantly decreased the size
and volume of sediment provided to streams, as demonstrated by Berhane et al. (2018).
This suggests a significant decrease in the rate of soil erosion in the area under study.
For Ethiopian rivers, information on sediment yield —the total amount of sediment
outflow from a catchment that can be quantified at a reference point and over a specific
period —is rarely available (Zenebe et al., 2013; Haregeweyn et al., 2015). The scant
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literature instead demonstrates substantial heterogeneity in sediment yield and strong
corresponding effects (Zenebe et al., 2013). A study of sediment discharge data for 10
medium-sized catchments in the Giba River sub-basins revealed production values
ranging from 5 to 66tha’ y! (Vanmaercke et al., 2010), while reservoir sediment
measurements from 14 micro-dam watersheds in Northern Ethiopia show
considerable spatial heterogeneity ranging from 4 to 4,935tkm=2year! (Girmay et al.,
2009; Berhane et al., 2016; Haregeweyn et al., 2015). These high sediment output levels
result in significantly shortened lifespans for several reservoirs across the Ethiopian
highlands (Haregeweyn et al., 2006; Haregeweyn et al., 2015).

Effect of SWC on Runoff Reduction and Water Resources Development for
Irrigation

Study results demonstrate that physical Soil and Water Conservation (SWC)
approaches significantly reduce surface runoff; specifically, stone bunds can decrease
soil erosion by 68% and conserve up to 59 t ha™! yr! of sediment (Adimassu et al., 2014;
Tadesse et al., 2014; Taye et al., 2015, Tables 1 and 2). By modifying the landscape
through structures like terraces, check dams, and trenches, these techniques reduce
slope length and runoff velocity while increasing water infiltration (Nyssen et al., 2007;
Van der Veen and Tagel, 2011, Walraevens et al., 2015). Consequently, Integrated
Catchment Management (ICM) has been shown to reduce gully erosion from 6.2 to 1.1
tha y (Nyssen et al., 2006), while other implementations have led to runoff volume
decreases of 10%—-60% (Herweg and Ludi, 1999), including a 27% reduction in the
Enabereid watershed (Haregeweyn et al., 2012) and an 81% reduction in the Mai Zeg-
Zeg experimental watershed (Nyssen et al., 2010).

One of the primary results of the ICM program is an increase in the availability of
water resources at the watershed level. (Haregeweyn et al., 2015; Gebremeskel et al.,
2017; Haregeweyn et al., 2017). Surface and groundwater levels in formerly damaged
areas have dramatically increased since ICM was implemented (Alemayehu et al.,
2009; Gebreyohannes et al., 2013; Taye et al., 2015). In certain places, the physical SWC
measures have reduced runoff from 80-88 percent (Nyssen et al., 2010; Haregeweyn et
al., 2015; Taye et al., 2015). This suggests that runoff water is being held in place and
has made its way into the catchments, which may provide a source of more water.
Various qualitative and quantitative research on tiny catchments, such as Agulae
(Alemayehu et al., 2009), May Zg Zeg (Nyssen et al., 2010), May Leiba (Taye et al.,
2015) and Abraha Atsbaha (Tadesse et al., 2014; Walraevens et al., 2015) confirmed that
groundwater levels had increased after ICM processes. After examining 73 active
wells, Walraevens et al. (2015) determined that water for irrigation is located at a depth
of 6 meters in Abraha WeAtsbaha, which is extremely common on the majority of the
intervention sites (Gebremeskel et al., 2017).
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Table 1. Soil Water Conservation Measurements' efficacy in lowering soil loss and runoff at different spatial scales

Land use Study area Area (ha) Time  Runoff Soilloss  Type of SWC measures Source
(spatial scale) (year) reduction reduction
(%) (%)
Range land Mayleba 0.077-0.1 1 60 83 Stone bunds, trenches with and without (Taye et al., 2015)
(Plot) bunds
Crop land (plot) Mayleba 0.077-0.1 1 46 63 Stone bunds without trenches (Taye et al., 2015)
Mixed (micro d/t parts of 202 plot 3-21 NA 68 Stone/soil bunds combined with (Gebremeskel et al., 2017;
WS) Tigray exclosures Nyssen et al., 2007, 2008b)
Mixed (micro May Zigzag 187 4 81 78 Stone/soil bunds in crop lands, exclosures  (Nyssen et al., 2009b, 2010)
WS) and check dams in gullies
Mixed (micro Enabered 2343 6 18 76 Stone/soil bunds in crop lands, exclosures  (Haregeweyn et al., 2012)
WS) and check dams in gullies
mixed Adwa 37%104 NA NA 11-44 Reallocation of crops according to their (Dragan et al., 2003)
capacity, a multi-criteria and objective
decision analysis
Mixed Gobo 369 1 NA 14 Afforestation (Hengsdijk et al., 2005)
Deguat
Exclosure Maybaati 0.001 2 2 71 Exclosures (Descheemaeker et al.,
2006b)
Exclosures (hill ~ May Baati 1-3 3.20 NA 79 Exclosures (Lanckriet et al., 2012)
slope)
Exclosure Tigray 5-41 7 NA 59 Exclosures (Mekuria et al., 2007)
(hillslope)
Crop land May Zigzag  0.007 7 39 17 Minimum tillage (Lanckriet et al., 2012)
Crop land May Zigzag  0.007 7 52 15 Minimum tillage (Araya et al., 2012)
Crop land May Zigzag  0.0095 1 61 12 Minimum tillage (Gebreegziabher et al., 2009)

RLR=runoff loss reduction, SLR=s0il loss reduction, NA= no data available
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Table 2. Summary of studies on the effect of Soil Water Conservation-based Integrated Catchment Management interventions,

before and after intervention comparisons for various conservation indicators

Intervention Study site/ Area  MeanRF Landuse Methodology  Change/impact Study  Sources
type watershed (mm) Before SWCI After SWCI period
Water Upper 14,500 515-872 Cropland GIS and RS 7 ha irrigation 222.4 ha 40 (Alemayehu et al.,
resources Agulae WS irrigation 2009)
Exclusures Upper 14,500 315-872 Forestand GIS & RS, 32.4 ha (forest 98 ha (forest 40 (Alemayehu et al.,
Agulae WS shrubs coverage) coverage) 2009)
Exclosures Dogua 1.1*10 753 mixed Cost benefit ETB 0 NPV) ETB 5620 ha- NA (Balana et al., 2012)
Tembien 5 analysis INPV
Exclosures May Ba’ati  1.5- 700 Forestand Field 20 gm-2(litter 600 gm-2 (litter 2 (Descheemaeke et
& Kunale  8ha shrubs measurement  production) production al., 2006a)
areas
Physical SWC  Adwa 3.7*10 742 Cropland SDSS 4.5t ha-1yr-1(soil ~ 0.5 tha-1 yr-1 NA (Dragan et al.,
5 loss) (soil loss) 2003)
Exclosures May 187 724 mixed Plot 14.3 thalyr! 9.0 tha'yr' (soil 7 (Nyssen et al.,
with physical ~ Zigzag experiment (Soil loss) loss) 2009b)
SWC
Physical SWC  Dogua NA 700 Cropland Survey and 57 thalyr!(soil 20 thayr! 3-21 (Gebremichael et
Tembien measurement loss) (soil loss) al., 2005)
Exclosures May 199 774 Bushes Field survey 6thatlyr!(soil 22tha'yr! 7 (Nyssen et al.,
Zigzag and and interview  loss) (sediment 2008a)
Shrubs deposition)
Exclosures & May 187 724 mixed Plot 5.8 t ha' yr! 7.1thatyr! 7 (Nyssen et al.,
physical SWC  Zigzag experiment sediment sediment 2009b)
deposition deposition
Exclosures Dogua NA 700 Bushes Field surveys 26 Mg ha! yr! 123 Mg thalyr- 20 (Damene et al.,
Tembien and sediment 1sediment 2012)
shrubs deposition deposition
Exclosureand  May 200 626 Cropland Survey and 26.5 mm (runoff 5 mm (runoff) 7 (Yami et al., 2013)
physical SWC  Zigzag measurement
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Water Mendae 1037 565.8 mixed Water balance 152 mm (runoff)  97.3 mm 18 (Yami et al., 2013)
harvesting (runoff)
Water Mendae 1037 565.8 mixed Water balance 8 mm (ground 107.7 mm 18 (Yami et al., 2013)
harvesting water recharge (ground water
recharge
Physical SWC  Dogua NA 769 Cropland Survey and 0.58 tha yr 0.65 tha yrt 3.21 (Nyssen et al.,
Tembien measurements  (crop yield) (Crop yield) 2007)
Farm land Upper 14,500 515-875 Cropland GIS & RS 0.3 thatlyr!(Taf 0.6tha!yr! 40 (Alemayehu et al.,
Agulae WS productivity) (Taf 2009)
productivity)
Farm land Upper 14,500 515-875 Cropland GIS & RS 0.5 that yr! 0.8 t ha' yr! 40 (Alemayehu et al.,
Agulae WS (wheat (wheat 2009)
productivity) productivity)
Farm land Upper 14,500 515-875 Cropland GIS & RS 0.45 thatyr! 0.75 that yr! 40 (Alemayehu et al.,
agulae WS (wheat (wheat 2009)
productivity) productivity)

NA = not available, SDSS = spatial decision support system, NPV = net profit value, ETB = Ethiopian Birr (the legal Ethiopian currency); at the time of the study, the exchange

rate was US$ 1=ETB 9.16.
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This clearly illustrates how ICM increases the rate of infiltration to raise the water table
and increase the quantity of water available for irrigation and domestic consumption.
In general, the adoption of integrated SWC methods had a major and favorable impact
on the region's various watersheds' groundwater recharge and water source quality
(Alemayehu et al., 2009; Lanckriet et al., 2012; Haregeweyn et al., 2015). As opposed to
more than 15 kilometers in the past, people and animals can now walk short distances
(less than 25 to 30 minutes) to reach adequate water, even during dry times (Mintesinot
et al., 2004; Tadesse et al., 2014). As a result, throughout the last 20 years, small-scale
irrigated agriculture has expanded dramatically (Alemayehu et al., 2009; Nyssen et al.,
2015a). Accordingly, Nyssen et al. (2015a) showed that the country's food production
per person increased by 160% between 2005 and 2010 compared to 1985 to 1990.

Following the adoption of ICM, agriculture became more intensive, which raised
overall crop yield (Amare et al., 2013; Baptista et al., 2015; Abiye, 2022;). People in the
watershed are living better lives as a result of irrigated agriculture, which produces
and markets market-oriented horticulture products (Alemayehu et al., 2009;
Walraevens et al., 2015). According to Gebremeskel et al. (2017), farmers are beginning
to feed their animals in different ways, dress better, send their children to school,
spend more money on their health, and own homes that are relatively better. This
accomplishment has undoubtedly been greatly aided by the ongoing efforts to save
the land and water. Therefore, the last 20 years of rigorous SWC initiatives may have
had a significant impact on Tigray's recent decrease in poverty (Belay et al., 2015). The
results show that crop productivity did not improve randomly. Yield increases
followed ecological recovery. For instance, stone bunds trapped eroded sediments,
built up soil organic matter, and raised moisture retention, which directly boosted
grain output by 53% on lower plot sections (Alemayehu et al., 2009; Nyssen et al.,
2007). Similarly, exclosures successfully restored vegetation and litter production
(Descheemaeker et al., 2006a), which recharged groundwater and allowed dry-season
irrigation (Walraevens et al., 2015). Without these ecological foundations, the reported
productivity gains would not have materialized. However, even so Water discharges
from treated catchments are half that of untreated catchments, according to some
studies (Gates et al., 2011), which could have negative effects on downstream
consumers. In order to resolve these conflicts, a thorough analysis of the treated
watersheds' upstream and downstream links is required.

Effect SWC on soil fertility and crop productivity

Soil erosion from higher to lower slope sites decreased by SWC (Nyssen et al., 2007).
Reduced runoff, soil loss, and water retention were thought to be the combined causes
of the higher crop yield and soil fertility (Alemayehu et al., 2009; Mekonen and
Tesfahunegn, 2011; Alemu and Kidane, 2014; Table 2). Physical SWC structures that
store rainwater to lessen moisture stress on plant growth and decrease topsoil removal
can increase agricultural output and decrease variability (Shively, 2000). Nyssen et al.
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(2007) found that on plots with stone bunds (between 3 and 21 years old), the bottom
part of the plot had an average 53% increase in grain output compared to the middle
and higher regions. In comparison to a scenario without stone bunds, Haile et al. (2006)
estimated a 7% increase in agricultural yields, assuming an 8% land occupation rate
by the structures. Following the implementation of soil conservation measures, the
unproductive land produced 800 kg ha' of faba beans (Ayale, 2011).

Effects of SWC on Soil Physical and Chemical Properties

Bulk Density (BD): SWC practices typically decrease bulk density. Integrated 5-year
SWC measures have been shown to reduce BD by approximately 12% compared to
non-conserved land. Lower BD is attributed to higher soil organic matter and reduced
compaction (Tanto & Laekemariam, 2019).

Soil Moisture Content: Conserved areas maintain significantly higher moisture
levels. Research has recorded average moisture contents of 17.28% in conserved areas
compared to 11.17% in not conserved zones. This is largely due to structures like bunds
and terraces that increase infiltration time (Tsehay, 2019).

Soil Texture: SWC structures effectively trap fine particles (clay and silt). Studies
indicate higher clay content (e.g., ~52% vs. ~48%) in conserved plots because the
structures reduce the removal of topsoil fine particles (Bojajo et al., 2023).

Effects on Soil Chemical Properties

Soil pH: SWC interventions generally increase soil pH by reducing the leaching of
basic cations like calcium and magnesium. In integrated systems, pH has been
recorded to rise from 5.87 to 6.60 (Tanto & Laekemariam, 2019).

Soil Organic Matter (SOM) & Carbon (SOC): Conserved lands consistently
exhibit higher levels of SOM and SOC. Integrated SWC can increase SOC by up to 30%,
driven by reduced soil loss and the accumulation of plant biomass (Tanto &
Laekemariam, 2019).

Total Nitrogen (TN), Available Phosphorus (P) and Cation Exchange Capacity (CEC)
typically higher in conserved or treated farmlands (Tanto & Laekemariam, 2019).

Environmental Rehabilitation

Restoring a degraded piece of land to its previous state is one way to define
environmental rehabilitation (Nyssen et al., 2010; Hurni et al.,, 2015). Numerous
investigations (e.g., (Lanckriet et al., 2012; Nyssen et al., 2015b; Table 2) have shown
that the restoration of the landscapes has been greatly aided by the SWC efforts
implemented during the past 20 years. In light of this, ICM-based SWC measures have
significantly improved the degraded catchments' plant cover and soil fertility
(Gebremeskel et al., 2017).
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Environmental rehabilitation served as the precursor to agricultural intensification.
Vegetation cover increased by 30-302%, which reduced soil loss and nutrient depletion
(Haregeweyn et al., 2015). Consequently, farmlands adjacent to restored areas showed
better soil chemical properties and higher wheat and tef yields (Tanto and
Laekemariam, 2019). This sequence confirms that restoring the ecosystem is not just
an environmental goal but a direct driver of food production (Alemayehu et al., 2009).

Meire et al. (2013) found that there has been a significant increase in built-up area and
changes in land use/cover connected to woody vegetation, at the expense of bush land,
after comparing historical soil images with their modern counterparts (1868-2008; 140
years). Using similar techniques, De Mtielenaere et al. (2014) demonstrated that the
area of bush land grew from 25% to 43%, the area of bare ground shrank from 32% to
8%, and the quantity of forest increased from 2.6% to 6.3%. Using 51 historical
landscape photographs, Munro et al. (2008) assessed changes in land cover and
observed a noticeable transition from barren areas to grasslands and shrub habitats.
Nyssen et al. (2008c) examined the existence of desertification in Tigray over the
preceding 140 years using repeating picture techniques. The results show that the
regrowth of vegetation cover has significantly increased. Alemayehu et al. (2009) and
have shown that arable and range areas on the eastern escarpment of Tigray have been
significantly transformed into shrubs, bushes, and forest lands.

In conclusion, the amount of vegetation in most landscapes has increased by 30-302%
(Descheemaeker et al., 2006a; Alemayehu et al., 2009; Haregeweyn et al., 2012). SWC
initiatives and local people's growing awareness of the importance of repairing the
damage done to degraded lands are recognized with these success stories. The
majority of studies showed that SWC actions, both physical and biological, have
assisted in undoing the damage to degraded areas (Haregeweyn et al., 2012; Meire et
al., 2013; Lanckriet et al., 2014). The variety of plants and animals has increased as a
result of increasing the amount of vegetation in exclosures (Abebe et al., 2006; Aerts et
al., 2009). Through the sale of tree biomass production, farmers have profited from the
exclosures in addition to environmental restoration (Mekuria et al., 2007). Even though
age, microclimatic factors, steepness of the terrain, and agro-ecologies all affect how
well soil fertility returns on degraded land after exclosure (Descheemaeker et al., 2009;
Kalinina et al., 2009; Mekuria et al., 2011), According to Asefa et al. (2003) and Mekuria
et al. (2007) it is a frequently utilized intervention to restore damaged areas, restore
biodiversity, and replace soil nutrients including organic carbon (OC), total nitrogen
(TN), exchangeable K+, and magnesium oxide (Mg2+). However, several authors in
exclosures (Richter et al., 1999; Eshetu, 2004; Kalinina et al., 2009) reported slight
variations in soil OC and TN. Furthermore, because exclosure generates competition
with grazing pasture, forcing farmers to reduce animals and consequently impacting
their livelihood, some farmers in some places see it negatively (Mekuria et al., 2011).
Exclosures reduce the amount of common land available for grazing; the
socioeconomic effects of this should be taken into account. Exclosures, according to
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Descheemaeker et al. (2009), increased biomass production and enabled the harvesting
of wood and cut-and-carry grasses for cow feed, which led to a change in the
agricultural community's ownership and viewpoint of the intervention. Carbon has
been sequestered, plant cover has increased, and soil fertility has been restored when
damaged land is allowed to self-restore through excavations (Asefa et al., 2003;
Kalinina et al., 2009).

CONCLUSION AND RECOMMENDATIONS

The Tigray case reveals a clear causal chain: SWC triggers ecological restoration
(vegetation, soil, water), and that restoration elevates crop productivity. Evaluations
should treat yield gains as downstream outcomes of ecological health rather than
separate achievements. Future efforts must maintain this link by pairing physical
structures with biological recovery to secure long-term agricultural returns.

Successes and Achievements

Environmental Rehabilitation: Since the 1980s, the region has seen increased
groundwater enrichment, better soil infiltration, improved fertility, and the
rehabilitation of forests.

Infrastructure Impact: Measures like stone bunds, terraces, and micro-basins have
reduced flooding, sediment deposition in dams, and soil moisture stress.

Integrated Management: Tigray successfully shifted from basic techniques to
systematic watershed-level management, which has been recognized as a model for
economic and environmental recovery.

Collaborative Planning: One of Tigray’s unique strengths is the involvement of
various stakeholders and local government dedication, which fosters a sense of
ownership within watershed communities.

Challenges and Disadvantages

Top-Down Implementation: New innovations were often deployed without
consulting farmers or conducting technical feasibility assessments, leading to uneven
public perception.

Misalignment of Interests: While farmers prioritize short-term gains to sustain
livelihoods, SWC programs often focus on long-term environmental rehabilitation.

Maintenance Issues: Organizing communities for the routine maintenance of
structures is difficult, and there is a notably low survival rate for annually planted tree
seedlings.

Lack of Incentives: Resource-constrained farmers often receive no compensation or
recognition for the "ecosystem services" they provide, such as carbon sequestration or
biodiversity preservation.
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Key Recommendations for Sustainability

Broaden Assessment Goals: Evaluations should expand beyond environmental
restoration to include land conservation and the financial benefits of carbon markets.

Integrate Practices: Combine physical and biological conservation with indigenous
knowledge and modern scientific technology.

Provide Agricultural Inputs: To ensure ownership, farmers should be given access to
improved seeds, animal breeds, and fertilizers on a credit or cash basis to boost
immediate crop yields.

Institutional Reform: Establish a dedicated institution to coordinate research and
extension services, ensuring better legislative support and land management
oversight.
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