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Abstract: In arid areas prone to desertification and soil erosion, the effectiveness of radical
bench terracing in reducing drought risk is dependent on its correct implementation. However,
the relationship between proper terracing implementation and the landscape capacity of holding
soil moisture is still not understood. Moreover, spatial patterns of Soil Water Content (SWC) within
the same terraced hillslope are weakly studied. The present paper analyses SWC variations in four
newly implemented terraced sites in Tigray Region, Ethiopia. In all sites, terraced areas show SWC
significantly higher than non-terraced ones, with the lower part of the terraced hillslope more humid
than the others. A Multiple Linear Regression (MLR) analysis highlighted significant dependency
of SWC from the date of analysis, the position in the terraced slope, and its significant positive
correlation with the percent of Water Stable Aggregates (WSA) analyzed at the study sites. Since
high soil disturbance induces low soil aggregates stability, this result shows how low soil disturbance
can significantly increase SWC of radical terraces. Overall, the results of the present paper testify
the good performances of bench terraces in Northern Ethiopia in terms of soil water conservation,
and can represent a benchmark study informing future terracing implementation in some arid and
semi-arid agricultural areas of the world.

Keywords: drought risk; dry stone walls; terracing; terracing implementation; soil water content;
land degradation; arid areas; Tigray; Ethiopia

1. Introduction

In many arid and semi-arid areas of the world, water conservation in agricultural soils is key
for increasing food security and combating land degradation [1–3]. Moreover, in such agricultural
systems, soil erosion represents one of the most serious threats to agricultural development and food
security, especially in developing countries [4–6].

Among others, implementation of bench terracing, also known as radical terracing, has long been
considered as one of the most effective measures for soil and water conservation [7,8]. Implementation
of bench terraces transforms sloppy landscapes into stepped agro-ecosystems in many mountainous
regions of the world. The main objective of bench terraces is to increase the usefulness of areas with a
steep slope which are very difficult for agricultural practices. Moreover, by reducing plots steepness,
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terraces can trigger multiple ecosystem services, including erosion control, runoff reduction, and soil
water recharge [7].

Especially in arid and semi-arid regions, it is drought that represents the most common hydrological
hazard, posing at risk agricultural productions and more in general rural livelihoods [9,10]. Here,
the water conservation function of bench terraces is fundamental for sustaining agricultural production
under rainfed conditions [11–14].

The impact of bench terracing on increased Soil Water Conservation (SWC) is well documented
in scientific literature [7,15] as well as the consequent enhancement of soil fertility and food
production [16,17]. Implementation and maintenance of new bench terraces systems still represent
technological and scientific issues, given the multiple dynamics associated with those landscapes
modifications [7,18], that in worst cases can induce shallow landslides, as well as soil fertility
depletion. Most of the research on issues connected with terraces implementation focuses on terraces
dimensioning [7,19,20] and, since terracing involves earth movement and thus soil disturbance, on soil
fertility management [21–23].

In the framework of drought hazard mitigation, it should be considered that soil disturbances,
such as the ones involved with terracing operations, can have an evident impact on soil properties,
influencing soil water retention capacity [24–26]. Despite this, studies addressing the relationship
between proper and/or improper terracing implementation works and the terrace capacity of holding
soil moisture are still lacking. In addition to this, at a detail scale, few studies have been realized on
the spatial variability of soil moisture within a hillslope treated with terracing, and limited to East
Asian context [27]. More specifically, soil moisture variations within terraced hillslopes have been
analyzed focusing only on the variations induced by terrace bench length and riser height [12] and by
different soil types within the same terraced system [28]. Although it is evident how spatial variability
of soil (and soil moisture) conditions along terraces may imply different management strategies [23],
more complex analyses, such as an assessment of soil moisture variations in the upslope-downslope
transect of a terraced hillslope, have not been realized. In this framework, we concentrated our
attention to Ethiopia, where a large number of terracing projects have been carried out in last years,
offering numerous case studies.

Ethiopia, and in particular Tigray Region, represented one of the main hotspots for land degradation
and, after some high institutional efforts to revert this issue, they are now representing one of the
main ones for land restoration and soil and water conservation [29–32]. Tigray Region, in the northern
part of country, is mainly mountainous with a limited amount of rainfall and other water resources.
The aridity index of the region varies from 0.098 to 0.652, which divides the entire Tigray into fifteen
agro climatic zones, with dominant areas of hot semi-arid, warm semi-arid, tepid semi-arid, and hot
arid climates [30]. Agriculture in the area is subjected to high threats of soil-water erosion, and a
large number of land restoration projects has been developed in the latest 30–40 years to face this
issue [29,33]. Numerous bench terraces sites were implemented in previous few years, since the
government of Ethiopia has a large plan to rehabilitate and convert these mountains into hillside
farming systems. Accordingly, hillside guidelines have been developed and many hilly areas have
been rehabilitated with bench terraces [34]. Studies conducted in the region indicated that landless
farmers who started to practice hillside farming on bench terraces are concerned about a potential
threats given by low fertility and lack of soil moisture [35]. While a consistent body of literature was
developed for measures widely adopted in the region, such as soil and stone bunds and progressive or
slow-forming terraces [36–39], less research focused on bench terracing [40–42] which represents a
relatively new technique in the area [35]. Some works inferred about the water conservation effect of
multiple measures, including bench terraces, at watershed scale [43–45], but, so far, few or no direct
information nor an evidence-based analysis of bench terraces effect on SWC is available in Tigray,
and moreover in Ethiopia.

In the framework of advancing the knowledge of terraced systems and considering the practical
need of evidence-based monitoring of bench terraces implementation in Tigray region, the present
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paper aims to: (1) evaluate SWC increases induced by newly implemented terracing in four sites
located in the area of study, but in different climatic areas; (2) evaluate SWC variations within each
single terraced plot under analysis; and (3) analyze the dependence between terraces SWC and the
level of soil disturbance induced by terracing implementation at each site.

2. Materials and Methods

2.1. Study Area

Ethiopia is located in the horn Africa at 3◦ to 15◦ N and 33◦ to 48◦ E and covers an area of
1.1 million km2 [46]. It has a considerable variation of climate due to its wide range of altitude (110 to
4620) m a.s.l. Among different climatic regions in the country, the annual rainfall and mean monthly
temperature vary from 200 to 2000 mm and 10 ◦C to 20.8 ◦C, respectively.

Four terraced sites were selected for the study, namely Teshi, Ruba Feleg, Michel Emba, and Enda
Chena (Figure 1), located in the northern Tigray Region. Bench terraces were realized during 2012.
All terraced systems under analysis are stone walls terraces. For each site, the same number of benches
was analyzed.
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Figure 1. Study area: (a) Location of Tigray Region in Ethiopia; (b) location of study sites within Tigray
Region. Elevation data from [47].

The different areas of the bench terraces are characterized by different geological formations,
slope, climate, soil type, standard quality of bench terrace, this latter one evaluated—among others—as
degree of disturbance of topsoil induced by terracing operations, measured by the degree of large
soil aggregates destroyed by terracing [35]. Each site was divided in three sub-plots, including an
upslope (Upper) portion, a middle slope (Middle) portion and a foot slope (Lower) portion (Figure 2).
Although at the moment of the survey, land use of the four sites appeared not perfectly homogeneous,
only scattered vegetation with large portions of bare soil covered the 4 areas, which were still not
fully cultivated. Given this, for the study purposes, the assumption of considering the land cover
homogeneous was made.

Data about the terraced hillslopes under study were generated in the preliminary study by Mesfin
et al. [35] and reported in Table 1, including the characteristics of non-terraced control areas, used as
benchmark for checking SWC increases with respect to the standard hillslope setting.
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Table 1. Characteristics of the hillside farming positions and adjacent control sites, where: LSD =

Limestone with some dolerite, PMSAS = Precambrian meta-sediment and Adigrat Sandstone, AS =

Adigrat sandstone, VR = volcanic rock, L = Leptosols, C = Cambisols, R = Regosols, SL = silt loam,
L = loam, SCL = sandy clay loam. For further detail, refer to reference [35].

Parameter Unit Terrace Position
and Control Teshi Ruba Feleg Michael

Emba Enda Chena

Elevation m a.s.l. - 2261 2803 2359 2607

Mean Rainfall mm - 558 745 715 726

Average
Temperature

◦C - 23 16 16 17

Bench width m
Upper 2.8 6.3 3.6 4.7
Middle 3.7 5.4 4.7 5.9
Lower 3.7 4.6 4.9 4.9

Wall height m
Upper 1.4 0.7 1.8 1.4
Middle 2.0 1.2 2.3 1.3
Lower 3.5 1.1 1.9 1.5

Slope %

Upper 61.3 35.5 44.3 33.0
Middle 53 25.4 40.7 31.3
Lower 46 23.3 36.6 23.3

Control 51.3 27.6 39.4 32.2

Bulk density g cm−3

Upper 1.23 1.34 1.19 1.09
Middle 1.23 1.35 1.21 1.11
Lower 1.24 1.36 1.21 1.10

Control 1.34 1.24 1.23 1.19

Water stable
aggregates %

Upper 42.5 38.3 33.0 22.0
Middle 46.3 45.6 42.0 24.0
Lower 52.7 46.0 43.7 31.0

Control 39.4 38.9 48.0 31.0

Soilorganic
carbon

%

Upper 1.73 1.28 2.04 1.48
Middle 1.60 1.21 2.00 1.78
Lower 1.48 1.06 1.81 1.94

Control 1.80 0.72 1.23 1.13

Soil nitrogen %

Upper 0.09 0.08 0.13 0.12
Middle 0.08 0.07 0.11 0.12
Lower 0.07 0.06 0.09 0.12

Control 0.10 0.12 0.08 0.10

Soil available
phosphorous

ppm

Upper 4.50 3.02 1.57 1.99
Middle 5.20 2.01 4.22 2.70
Lower 6.78 1.15 7.31 3.59

Control 22.30 0.91 1.19 1.14

Exchangeable
potassium

ppm

Upper 9.00 0.73 3.45 4.05
Middle 6.57 0.95 2.75 4.25
Lower 4.40 1.15 2.25 4.45

Control 4.90 17.95 4.05 3.55

Geology type - LSD PMSAS AS VR

Soil type type - L&C L&R L,R&C L,R&C

Soil texture * type

Upper SL SL L SCL
Middle SL SL L SCL
Lower SL SL L SCL

Control SL SL SL SL

* USDA classification.
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Considering rainfall distribution, it should be noticed how Ethiopian highlands exhibit a bimodal
rainfall pattern with two peaks: a first minor rainy season (Belg), from March to April, and a major
rainy season (Kiremt) from June to September. However, overall, the whole study area is characterized
by elevated rainfall seasonality with more than 80% of the rainfall being concentrated during the main
rainy season with long term annual average rainfall ranging from 558, in Teshi site, to 745 mm, in Ruba
Feleg site [35]. In any case, farmers in the area use to plant cereal crops during early March and to
crop vegetables and cash crop only during the Kiremt season [48]. Thus, soil moisture residual in
the months of March and April is of a particular importance for the dry season crops cultivated in
the area. Moreover, since bench terraced areas are also partially planted with fruit trees and fodder,
farmers use this residual moisture for retaining such cultivations and for land preparation for the next
cropping season.

2.2. Experimental Setting, Soil Sampling, and Soil Moisture Estimation

Considering that the period ranging from January to April represents one critical spot, when
residual soil moisture is particularly needed, the collection of soil moisture data was carried out in
three separated dates: 15.02.2017, 15.03.2017, and 15.04.2017. For each day of analysis, eight composite
soil samples were collected from each terrace position (upper, middle and lower) areas and adjacent
control sites. Soil samples were collected at 0–20 cm of the soil depth for each position, for a total of
384 soil samples.

Soil moisture was calculated through the gravimetric method. Soil samples were oven dried at
105 ◦C for 24 h. Finally, SWC was calculated as the ratio of weight difference between wet and dry
soil to the weight of dry soil. Soil moisture was determined on a dry-weight basis (g water per g dry
soil) as:

SWC = (fresh weight − dry weight)/dry weight (1)

2.3. Data Analysis

2.3.1. Statistical Analysis of Soil Moisture Data

The experiment was conducted in a scheme of sub-subdivided parcels, with tree factors (position,
with four levels; site, with four levels; and date, with tree levels; Table 2) and eight repetitions for each
treatment. Data were tested after a “log (x) + 10” transformation, showing a normal distribution for
the Lilliefors test and a homogeneous variance according to the Cochran and Bartlett test, both with a
p-value of 0.05. The ANOVA and the test were then applied to compare the means.

Table 2. Description of the factors and levels of the experiment.

Factor Levels

Position

Upper
Middle
Lower

Control

Sites

Teshi
Ruba Feleg

Michael Emba
Enda Chena

Date
February

March
April
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2.3.2. Multiple Linear Regression

In order to further evaluate the response of SWC to variations of specific variables within a single
site and across sites, a Multiple Linear Regression (MLR) analysis was carried out by using the statistics
toolbox of the open source software LibreOffice Calc (The Document Foundation, Berlin, Germany).
To perform MLR, a single SWC value was obtained for each level of the experiment described in Table 2,
averaging the 8 repetitions and obtaining a single SWC value characterized by the site, its position and
the date (48 entries). In order to compare the weights of the different variables considered for MLR,
both SWC (dependent variable) and independent variables values were normalized.

Semi-quantitative normalized values were calculated for the Position on the slope (Pos_n) and for
the date (Date_n). Pos_n values were ordered considering their average SWC value as No terracing,
Upper, Middle, Lower; Date_n values were ordered and normalized chronologically (Table 3).

Table 3. Normalized position and date values for Multiple Linear Regression (MLR) (Pos_n and Date_n
respectively).

Parameter Original Value Normalised Value

Position (Pos_n)

Control 0.000
Upper 0.333
Middle 0.667
Lower 1.000

Date (Date_n)
15/02/2017 0.000
15/03/2017 0.500
15/04/2017 1.000

For quantitative parameters, normalized values were calculated as:

Val_n = [Val −min(Val)]/[max(Val) −min(Val)] (2)

where Val_n is the normalized value and Val, min(Val), max(Val) are respectively the value
correspondent to Val_n, the minimum of all Val values and their maximum.

Soil Organic Carbon (SOC) and Water Stable Aggregates percent (WSA) were included in the
analysis, and normalized to SOC_n and WSA_n with Equation (2). WSA parameter was included
considering that a reduction of soil aggregation can be generated by high soil disturbance, while high
WSA percent can represent an indicator of the level of soil aggregation able to increase soil water
retention capacity [49]. SWC was also normalized to SWC_n.

2.4. Rainfall Data of 2016–2017 Season

In order to compare soil moisture data with the rainfall conditions that occurred before the
sampling, remote sensing data were retrieved by the Climate Hazards Group InfraRed Precipitation
with Station dataset (CHIRPS) [50]. In particular, CHIRPS Daily 2.0 version data were retrieved from
Google Earth Engine platform [51] for the study areas. Considering that CHIRPS data performs better
than other datasets for East-Africa at decadal and monthly time-scales [52], rainfall cumulates for the
period 15/11/2016–14/04/2017 (dry season before the sampling) and for the period 15/04/2016–14/04/2017
(year before the sampling) were considered. Data were collected by considering the centroid of the
terraced areas under study as target of the remote sensing analysis.
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3. Results

3.1. Statistical Analysis

SWC content average values at each site are presented in Figure 3, showing the value for each
position and for each date. Table 4 presents the result of the t test, comparing the sites with the position
on the bench terrace.
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Figure 3. Soil water content (SWC) on the four sites: (a) Teshi; (b) Ruba Feleg; (c) Michael Emba; and
(d) Enda Chena. The numbers close to the points indicate the standard deviation.

Table 4. Average SWC (in kg/kg) of the four sites evaluated in the four different position of soil samples
collection. The same lower-case letters on the columns and upper-case letters on the rows indicate that
there is no statistic difference between the means for the t test by the level of 5% of probability.

Position
Sites

Teshi Ruba Feleg Michael Emba Enda Chena

Upper 7.44 ± 2.81 bA 3.99 ± 2.58 bB 3.28 ± 1.57 bB 3.82 ± 1.91 aB
Middle 7.72 ± 2.82 bA 6.24 ± 2.92 aAB 4.28 ± 1.95 abBC 3.87 ± 1.95 aC
Lower 10.03 ± 2.50 aA 6.53 ± 3.03 aB 5.09 ± 2.27 aB 5.23 ± 3.22 aB

Control 3.94 ± 1.59 cA 2.36 ± 1.16 cB 1.94 ± 0.9 cB 2.45 ± 1.28 bB
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SWC diminished with the time, coherently with the climatology of the area and it is always higher
in the terraced area, if compared with the control site. On average, in all sites, terracing determined
an overall 110% increase of SWC with respect to non-terraced control plots. These differences are
statistically significant in each site.

SWC reaches its highest values in the lower terraced portion in each site. In particular, comparing
the positions on the terraced area of Teshi, Ruba Feleg, and Michael Emba it can be noticed that the
lower part of the terrace has a higher SWC with statistical difference when compared with the upper
part. Teshi site has a higher SWC for all the positions when compared with Michael Emba and Enda
Chena, while, if compared with Ruba Feleg the SWC in Teshi are statistically higher in all positions,
except on the middle of the terrace. Aggregated results shown in Table 4 confirm the decreasing of the
SWC through the time, with statistic difference for all positions.

By analyzing the factor position versus date in Table 5, it is possible noticing that there is statistical
difference between all the positions when the average of the four sites is considered. This additional
analysis confirms the positive effect not just of the bench terrace, but also of the position on the terrace,
where the lower part has a higher SWC.

Table 5. Average SWC on the four positions evaluated in the three different dates of soil samples
collection. The same lower-case letters on the columns and upper-case letters on the rows indicate that
there is no statistic difference between the means for the t test by the level of 5% of probability.

Position
Date

February March April

Upper 6.34 ± 3.05 Ac 4.52 ± 2.28 Bc 3.03 ± 1.88 Cc
Middle 7.61 ± 3.07 Ab 5.45 ± 2.12 Bb 3.53 ± 1.65 Cb
Lower 9.04 ± 3.45 Aa 6.71 ± 2.66 Ba 4.41 ± 2.29 Ca

Control 3.54 ± 1.51 Ad 2.67 ± 1.24 Bd 1.81 ± 1.04 Cd

3.2. MLR Results

Table 6 presents the result of MLR analysis, with an r2 of 0.716. Coherently with the climatology
of the area, the normalized date parameter Date_n shows a negative coefficient (SWC_n decreasing
in time, moving towards the driest season). As shown also by the statistical analysis, it is evident
how lower positions in the terraced hillslope determine higher SWC_n. In addition to this, by the
analysis of the coefficients, it is possible to infer how the spatial variation induced by the position of
the terrace in the slope (MLR weight equal to 0.293) can be comparable with the one induced by a
temporal evolution of 1 month during the dry season (MLR weight of −0.306).

Table 6. Results of MLR analysis. The * indicates that the effect is significant by the level of 5%.

Coefficients Standard Error t-Statistic p-Value Lower 95% Upper 95%

Intercept 0.163 0.069 2.372 0.022 * 0.024 0.302
Pos_n 0.293 0.056 5.249 0.000 * 0.181 0.406

Date_n −0.306 0.045 −6.794 0.000 * −0.396 −0.215
WSA_n 0.273 0.073 3.712 0.001 * 0.125 0.421
SOC_n 0.030 0.074 0.406 0.687 −0.119 0.179

r2 0.716
Adjusted r2 0.690

Standard Error 0.129

Most importantly, SWC_n shows a significant positive correlation with WSA_n (MLR weight
equal to 0.273). Since a careful implementation of terracing, inducing low soil disturbance in newly
implemented terraced slopes induces a high percent of WSA [35], the present analysis highlights that
a low soil disturbance is of particular importance also for terracing SWC. As a matter of fact, Teshi
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terraces, carefully implemented in the driest and hottest area, show the highest WSA as well as the
highest SWC. The low significance of SOC_n correlation can be explained by the overall low levels of
SOC in the newly implemented terraced sites.

3.3. Rainfall Data of 2016–2017 Season

Rainfall data calculated for the periods before the sampling, and thus directly influencing the
analysis carried out in 2017, are presented in Table 7. Results showed that the rainfall amount of
the 5 months before the soil moisture data collection were very low in all the areas under study,
while for the whole year before the analysis, Teshi, but moreover Enda Chena, showed the higher
rainfall amounts.

Table 7. Rainfall amounts from Climate Hazards Group InfraRed Precipitation with Station dataset
(CHIRPS) dataset [50] (mm) for the period 15/11/2016–14/04/2017 (dry season before the sampling) and
15/04/2016–14/04/2017 (year before the sampling).

Period Teshi Ruba Feleg Michel Emba Enda Chena

15/11/2016–14/04/2017 20 39 26 11
15/04/2016–14/04/2017 786 547 566 874

4. Discussion

4.1. SWC Increase Induced by Terracing

The analysis carried out in the paper shows an overall average increase of 110% in SWC from
non-terraced control plots to terraced plots, that is of particular relevance considering that data were
collected in the driest period for the region. To benchmark the result of the analysis we adopted the
framework introduced by Wei et al. [7] for the calculation of ecosystem services of terraced systems.
Wei et al. defined key indicators (δ), each one calculated as the ratio of the value of an ecosystem
service under terraced and non-terraced slopes. A δ value of 1 represents the threshold to distinguish
terracing impacts, considered positive if δ value is >1.

The four sites under analysis revealed an average value of the indicator of soil water recharge
ecosystem service (δsw) equal to 2.10, where the average value at global level is reported equal to
1.20 [7] (Table 8).

Table 8. Percent of increases of SWC in the four sites of analysis. In parenthesis the value of the
ecosystem service for soil water recharge (δsw) calculated according to Wei et al. (2017).

February March April 3-month Average

Teshi 126% (2.26) 109% (2.09) 98% (1.98) 111% (2.11)
Ruba Feleg 141% (2.41) 133% (2.33) 133% (2.33) 136% (2.36)

Michael Emba 116% (2.16) 116% (2.16) 122% (2.22) 118% (2.18)
Enda Chena 79% (1.79) 77% (1.77) 66% (1.66) 74% (1.74)

4-site Average 116% (2.16) 109% (2.09) 105% (2.05) 110% (2.10)

4.2. SWC Patterns Within Terraced Hillslopes

Our analysis focuses on the variation of SWC with the position of the terraces (Upper, Middle,
and Lower parts of the terraced system), considering that these latter variations can be coupled with
soil as well as crop productivity patterns, already detected by other studies [23,35].

When analyzing the spatial distribution of soil moisture within each terraced sites, our results
revealed that SWC increases by descending the terraced hillslope, with the highest values in the lower
portion of the terraced system. Our result is confirming the early work on the spatial distribution of
SWC in terraced systems by Xu et al. [27], who detected the same decreasing spatial patterns, but within
a single sloping bench terrace.
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The spatial patterns detected can have a practical impact on soil and water management at the
terraced system level, with lower SWC in the upper areas, but it can be counter-balanced, if needed,
with differentiated terraced dimensioning (inducing the effects detected by Lü et al. [12]) by cover
crops [53] and/or with in-situ water harvesting [54].

However, in the framework of the present analysis, in contrast with the results of Lü et al. [12],
the terraced system with the smaller bench length is the one retaining more SWC at 20 cm depth.
This latter phenomenon needs further investigation, being possibly linked to the differences in soil
characteristics and different climatic conditions between the sites of the two studies.

4.3. Impact of Terracing Implementation on SWC

By comparing the four sites, it is evident how Teshi site has the overall SWC higher in all terraces
portions. This latter result may be driven by a relatively higher rainfall amount, while, despite the
lowest rainfall amount, Ruba Feleg terraces were the second ones more humid (Table 7).

The results of MLR highlight how this effect can be linked to a better soil structure, as shown by
WSA percent, which impact can be comparable to the once induced by the desiccation of soil in time
and by the impact of terraces positioning (Table 6). Mesfin et al. [35] conducted an extensive analysis
on soil quality in the four sites investigated in the present work, determining how Teshi and Ruba
Feleg sites have undergone the better practices of terracing implementation, resulting in a low level of
soil disturbance. Mesfin et al. showed how large soil aggregates percent in general (not only WSA)
were at the same level or increased from the control plot to the terraced site. On the other hand, Michel
Emba and Enda Chena (Table 1) show the highest degree of loss of WSA, and at the same time are
showing a lower average SWC (Table 4).

It can then be affirmed that low soil disturbance when implementing new terracing has a
considerable impact on the capacity of the new terraced systems in retaining soil moisture. At this
purpose, it can be shown how some practical guidelines realized in the framework of large-scale
terracing projects [22] already recommend careful management of topsoil while implementing terraces,
like, for instance, the practice of removing the topsoil and putting it apart before hillslope profiling,
and then replacing it afterwards (Figure 4). These soil management practices can significantly increase
the performances of terraced systems in storing soil moisture, especially in rainfall-limited areas,
having the potential of reducing soil disturbance and related issues.
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5. Conclusions

In the present work we analyzed the overall effect on 0 to 20 cm SWC of new bench terraces
implementation in Ethiopia, as well as soil moisture distribution within a terraced hillslope.

Results revealed an increase of SWC of 110% on average between non-terraced control plots and
terraced ones. Sub-plot analysis revealed an increase of SWC from upslope to downslope position,
significant with a p-value of 0.05. A MLR analysis revealed how SWC showed a significant dependency
from the date of analysis, the position of the sample in the terraced slope.

Our analysis showed also notable relationship between soil disturbance during terraces
implementation and their soil water retention capacity. The comparison of the four locations revealed
how Teshi and Ruba Feleg sites were retaining the highest SWC, given the best level of soil aggregation
in terms of WSA and of large soil aggregates [35], induced by both pre-terracing conditions and careful
soil management during terracing implementation.

It is thus evident that low soil disturbances while implementing new terracing systems plays a
relevant role in determining the overall performances of the system itself, in terms of water conservation.
Spatial patterns of soil moisture identified at terraced plot level can be also taken into account in
the management of terraced agricultural systems, in dealing with potential upslope-downslope
moisture deficits.

The results of the present paper testify the overall good performances of bench terraces in Tigray
Region in terms of soil water conservation. The practical implications of the present work can represent
a baseline information for the design and the practical implementation of new terracing projects, but it
should be further tested, considering also deeper soil layers.

Author Contributions: Conceptualization, S.M., E.B. and G.C.; methodology, S.M., L.A.A.O., E.B. and G.C.;
investigation, S.M.; data curation, S.M., L.A.A.O. and G.C.; writing—original draft preparation, S.M., L.A.A.O.
and G.C.; writing—review and editing, E.Y., E.B. and G.C.; visualization, L.A.A.O. and G.C.; supervision, E.Y., E.B.
and G.C.

Funding: We acknowledge the financial support of the Coordination for the Improvement of Higher Education
Personnel (CAPES) of the Ministry of Education of the Federative Republic of Brazil, allowing the international
exchange that helped to finalize the work.

Acknowledgments: We are grateful to the three anonymous reviewers, who greatly helped us to improve the
quality of the present work.

Conflicts of Interest: The corresponding author is one of the Guest Editors of the Special Issue to which the
paper is submitted. To avoid any possible conflict of interest, the paper was handled by an external editor. Thus,
the authors declare no conflict of interest.

References

1. Rockstrom, J.; Falkenmark, M. Increase water harvesting in Africa. Nature 2015, 519, 283–295. [CrossRef]
[PubMed]

2. Liniger, H.; Studer, R.M.; Hauert, C.; Gurtner, M. Sustainable Land Management in Practice: Guidelines and Best
Practices for Sub-Saharan Africa; FAO: Rome, Italy, 2011.

3. Liniger, H.; Critchley, W.; Gurtner, M.; Schwilch, G.; Studer, R.M. Where the Land is Greener: Case Studies and
Analysis of Soil and Water Conservation Initiatives Worldwide; World Overview of Conservation Approaches
and Technologies (WOCAT): Bern, Switzerland, 2007; ISBN 9290813393.

4. UNCCD-United Nations Convention to Combat Desertification. The Global Land Outlook, 1st ed.; UNCCD:
Bonn, Germany, 2017.

5. Posthumus, H.; Stroosnijder, L. To terrace or not: The short-term impact of bench terraces on soil properties
and crop response in the Peruvian Andes. Environ. Dev. Sustain. 2010, 12, 263–276. [CrossRef]

6. Pimentel, D. Soil erosion: A food and environmental threat. Environ. Dev. Sustain. 2006, 8, 119–137.
[CrossRef]

7. Wei, W.; Chen, D.; Wang, L.; Daryanto, S.; Chen, L.; Yu, Y.; Lu, Y.; Sun, G.; Feng, T. Global synthesis of the
classifications, distributions, benefits and issues of terracing. Earth Sci. Rev. 2016, 159, 388–403. [CrossRef]

http://dx.doi.org/10.1038/519283a
http://www.ncbi.nlm.nih.gov/pubmed/25788079
http://dx.doi.org/10.1007/s10668-009-9193-4
http://dx.doi.org/10.1007/s10668-005-1262-8
http://dx.doi.org/10.1016/j.earscirev.2016.06.010


Water 2019, 11, 2134 13 of 15

8. Zhang, H.; Wei, W.; Chen, L.; Wang, L. Effects of terracing on soil water and canopy transpiration of Chinese
pine plantation in the Loess Plateau, China. Hydrol. Earth Syst. Sci. Discuss 2016, 2016. [CrossRef]

9. Gill, J.C.; Malamud, B.D. Anthropogenic processes, natural hazards, and interactions in a multi-hazard
framework. Earth Sci. Rev. 2017, 166, 246–269. [CrossRef]

10. Caloiero, T. Hydrological hazard: Analysis and prevention. Geosciences 2018, 8, 389. [CrossRef]
11. El Atta, H.A.; Aref, I. Effect of terracing on rainwater harvesting and growth of Juniperus procera Hochst. ex

Endlicher. Int. J. Environ. Sci. Technol. 2010, 7, 59–66. [CrossRef]
12. Lü, H.; Zhu, Y.; Skaggs, T.H.; Yu, Z. Comparison of measured and simulated water storage in dryland

terraces of the Loess Plateau, China. Agric. Water Manag. 2009, 96, 299–306. [CrossRef]
13. Schiettecatte, W.; Ouessar, M.; Gabriels, D.; Tanghe, S. Impact of water harvesting techniques on soil and

water conservation: A case study on a micro catchment in southeastern Tunisia. J. Arid Environ. 2005, 61,
297–313. [CrossRef]

14. Chow, T.L.; Rees, H.W.; Daigle, J.L. Effectiveness of terraces/grassed waterway systems for soil and water
conservation: A field evaluation. J. Soil Water Conserv. 1999, 54, 577–583.

15. Wei, W.; Feng, X.; Yang, L.; Chen, L.; Feng, T.; Chen, D. The effects of terracing and vegetation on soil moisture
retention in a dry hilly catchment in China. Sci. Total Environ. 2019, 647, 1323–1332. [CrossRef] [PubMed]

16. Saiz, G.; Wandera, F.M.; Pelster, D.E.; Ngetich, W.; Okalebo, J.R.; Rufino, M.C.; Butterbach-Bahl, K. Long-term
assessment of soil and water conservation measures (Fanya-juu terraces) on soil organic matter in south
eastern Kenya. Geoderma 2016, 274, 1–9. [CrossRef]

17. Tripathi, R.P.; Ogbazghi, W. Watershed management to enhance rainwater conservation and crop yields
in semiarid environments—A case study at Hamelmalo Agricultural College, Anseba region of Eritrea.
Agric. Water Manag. 2016, 168, 1–10. [CrossRef]

18. Tarolli, P.; Preti, F.; Romano, N. Terraced landscapes: From an old best practice to a potential hazard for soil
degradation due to land abandonment. Anthropocene 2014, 6, 10–25. [CrossRef]

19. Bizoza, A.R.; de Graaff, J. Financial cost-benefit analysis of bench terraces in Rwanda. Land Degrad. Dev.
2012, 23, 103–115. [CrossRef]

20. McConchie, J.A.; Huan-cheng, M.A. A discussion of the risks and benefits of using rock terracing to limit soil
erosion in Guizhou Province. J. For. Res. 2002, 13, 41–47. [CrossRef]

21. Kagabo, D.M.; Stroosnijder, L.; Visser, S.M.; Moore, D. Soil erosion, soil fertility and crop yield on slow-forming
terraces in the highlands of Buberuka, Rwanda. Soil Tillage Res. 2013, 128, 23–29. [CrossRef]

22. Bekele-Tesemma, A. Illustrated Supervision Checklist for Assessment of the Quality of Comprehensive
Land-Husbandry Works at LWH Project Sites; Ministry of Agriculture and Animal Resources of Rwanda: Kigali,
Rwanda, 2011.

23. Siriri, D.; Tenywa, M.M.; Raussen, T.; Zake, J.K. Crop and soil variability on terraces in the highlands of SW
Uganda. Land Degrad. Dev. 2005, 16, 569–579. [CrossRef]

24. Liu, Y.; Gao, M.; Wu, W.; Tanveer, S.K.; Wen, X.; Liao, Y. The effects of conservation tillage practices on the
soil water-holding capacity of a non-irrigated apple orchard in the Loess Plateau, China. Soil Tillage Res.
2013, 130, 7–12. [CrossRef]

25. Moraru, P.I.; Rusu, T. Soil tillage conservation and its effect on soil organic matter, water management and
carbon sequestration. J. Food Agric. Environ. 2010, 8, 309–312.

26. Biamah, E.K.; Gichuki, F.N.; Kaumbutho, P.G. Tillage methods and soil and water conservation in eastern
Africa. Soil Tillage Res. 1993, 27, 105–123. [CrossRef]

27. Xu, Y.; Wang, J.; Cai, S.; Zhou, M. Spatial variability of soil moisture in horizontal terrace on slightly sloping
land. NongyeGongchengXuebao/Trans. Chin. Soc. Agric. Eng. 2008, 24, 16–19.

28. Martínez-Hernández, C.; Rodrigo-Comino, J.; Romero-Díaz, A. Impact of lithology and soil properties on
abandoned dryland terraces during the early stages of soil erosion by water in south-east Spain. Hydrol.
Process. 2017, 31, 3095–3109. [CrossRef]

29. Adimassu, Z.; Langan, S.; Barron, J. Highlights of Soil and Water Conservation Investments in Ethiopia;
International Water Management Institute (IWMI): Colombo, Sri Lanka, 2018; ISBN 9789290908678.

30. Haftom, H.; Haftu, A.; Goitom, K.; Meseret, H. Agro-climatic zonation of Tigray region of Ethiopia based on
aridity index and traditional agro-climatic zones. J. Agrometeorol. 2019, 21, 176–181.

http://dx.doi.org/10.5194/hess-2016-223
http://dx.doi.org/10.1016/j.earscirev.2017.01.002
http://dx.doi.org/10.3390/geosciences8110389
http://dx.doi.org/10.1007/BF03326117
http://dx.doi.org/10.1016/j.agwat.2008.08.010
http://dx.doi.org/10.1016/j.jaridenv.2004.09.022
http://dx.doi.org/10.1016/j.scitotenv.2018.08.037
http://www.ncbi.nlm.nih.gov/pubmed/30180339
http://dx.doi.org/10.1016/j.geoderma.2016.03.022
http://dx.doi.org/10.1016/j.agwat.2016.01.001
http://dx.doi.org/10.1016/j.ancene.2014.03.002
http://dx.doi.org/10.1002/ldr.1051
http://dx.doi.org/10.1007/BF02857144
http://dx.doi.org/10.1016/j.still.2012.11.002
http://dx.doi.org/10.1002/ldr.688
http://dx.doi.org/10.1016/j.still.2013.01.012
http://dx.doi.org/10.1016/0167-1987(93)90064-V
http://dx.doi.org/10.1002/hyp.11251


Water 2019, 11, 2134 14 of 15

31. Gebremicael, T.G.; Mohamed, Y.A.; van Der Zaag, P.; Hagos, E.Y. Quantifying longitudinal land use change
from land degradation to rehabilitation in the headwaters of Tekeze-Atbara Basin, Ethiopia. Sci. Total Environ.
2018, 622, 1581–1589. [CrossRef]

32. Nyssen, J.; Frankl, A.; Haile, M.; Hurni, H.; Descheemaeker, K.; Crummey, D.; Ritler, A.; Portner, B.;
Nievergelt, B.; Moeyersons, J.; et al. Environmental conditions and human drivers for changes to north
Ethiopian mountain landscapes over 145 years. Sci. Total Environ. 2014, 485–486, 164–179. [CrossRef]

33. Gebremeskel, G.; Gebremicael, T.G.; Girmay, A. Economic and environmental rehabilitation through soil and
water conservation, the case of Tigray in northern Ethiopia. J. Arid Environ. 2018, 151, 113–124. [CrossRef]

34. Amare, T.; Terefe, A.; Selassie, Y.G.; Yitaferu, B.; Wolfgramm, B.; Hurni, H. Soil properties and crop yields
along the terraces and toposequece of Anjeni watershed, Central highlands of Ethiopia. J. Agric. Sci. 2013, 5,
134–144. [CrossRef]

35. Mesfin, S.; Taye, G.; Desta, Y.; Sibhatu, B.; Muruts, H. Short-term effects of bench terraces on selected soil
physical and chemical properties: Landscape improvement for hillside farming in semi-arid areas of northern
Ethiopia. Environ. Earth Sci. 2018, 77, 1–14. [CrossRef]

36. Abi, M.; Kessler, A.; Oosterveer, P.; Tolossa, D. Understanding the spontaneous spreading of stone bunds in
Ethiopia: Implications for sustainable land management. Sustainability 2018, 10, 2666. [CrossRef]

37. Klik, A.; Schürz, C.; Strohmeier, S.; Demelash Melaku, N.; Ziadat, F.; Schwen, A.; Zucca, C. Impact of stone
bunds on temporal and spatial variability of soil physical properties: A field study from northern Ethiopia.
Land Degrad. Dev. 2018, 29, 585–595. [CrossRef]

38. Tadesse, B.; Mesfin, S.; Tesfay, G.; Abay, F. Effect of integrated soil bunds on key soil properties and soil
carbon stock in semi-arid areas of northern Ethiopia. S. Afr. J. Plant Soil 2016, 33, 297–302. [CrossRef]

39. Vancampenhout, K.; Nyssen, J.; Gebremichael, D.; Deckers, J.; Poesen, J.; Haile, M.; Moeyersons, J. Stone
bunds for soil conservation in the northern Ethiopian highlands: Impacts on soil fertility and crop yield.
Soil Tillage Res. 2006, 90, 1–15. [CrossRef]

40. Kosmowski, F. Soil water management practices (terraces) helped to mitigate the 2015 drought in Ethiopia.
Agric. Water Manag. 2018, 204, 11–16. [CrossRef]

41. Amsalu, A.; de Graaff, J. Determinants of adoption and continued use of stone terraces for soil and water
conservation in an Ethiopian highland watershed. Ecol. Econ. 2007, 61, 294–302. [CrossRef]

42. Gebremedhin, B.; Swinton, S.; Tilahun, Y. Effects of stone terraces on crop yields and farm profitability:
Results of on-farm research in Tigray, northern Ethiopia. J. Soil Water Conserv. 1999, 54, 568–573.

43. Castelli, G.; Bresci, E. Integrating landsat 7 and CHIRPS datasets in Google Earth Engine platform. Rend. Online
Soc. Geol. Ital. 2019, 48, 47–53.

44. Castelli, G.; Castelli, F.; Bresci, E. Mesoclimate regulation induced by landscape restoration and water
harvesting in agroecosystems of the horn of Africa. Agric. Ecosyst. Environ. 2019, 275, 54–64. [CrossRef]

45. Haregeweyn, N.; Berhe, A.; Tsunekawa, A.; Tsubo, M.; Meshesha, D.T. Integrated watershed management as
an effective approach to curb land degradation: A case study of the enabered watershed in northern Ethiopia.
Environ. Manag. 2012, 50, 1219–1233. [CrossRef]

46. CSA (Central Statistical Agency, & ICF International). Ethiopia: Demographic and Health Survey 2011; Central
Statistical Agency, Addis Ababa, Ethiopia and ICF International: Clayton, MD, USA, 2012.

47. Lehner, B.; Verdin, K.; Jarvis, A. HydroSHEDS Technical Documentation; World Wildlife Fund US: Washington,
DC, USA, 2006. Available online: http://hydrosheds.cr.usgs.gov (accessed on 22 August 2019).

48. FAO. GIEWS-Global Information and Early Warning System. Ethiopia Country Profile. Available online:
http://www.fao.org/giews/countrybrief/country.jsp?code=ETH (accessed on 21 September 2019).

49. Xia, J.; Zhao, Z.; Fang, Y. Soil hydro-physical characteristics and water retention function of typical shrubbery
stands in the Yellow River Delta of China. Catena 2017, 156, 315–324. [CrossRef]

50. Funk, C.; Verdin, A.; Michaelsen, J.; Peterson, P.; Pedreros, D.; Husak, G. A global satellite assisted
precipitation climatology. Earth Syst. Sci. Data Discuss 2015, 7, 1–13.

51. Gorelick, N.; Hancher, M.; Dixon, M.; Ilyushchenko, S.; Thau, D.; Moore, R. Remote sensing of environment
Google Earth Engine: Planetary-scale geospatial analysis for everyone. Remote Sens. Environ. 2017, 202,
18–27. [CrossRef]

52. Dinku, T.; Funk, C.; Peterson, P.; Maidment, R.; Tadesse, T.; Gadain, H.; Ceccato, P. Validation of the CHIRPS
satellite rainfall estimates over eastern Africa. Q. J. R. Meteorol. Soc. 2018, 144, 292–312. [CrossRef]

http://dx.doi.org/10.1016/j.scitotenv.2017.10.034
http://dx.doi.org/10.1016/j.scitotenv.2014.03.052
http://dx.doi.org/10.1016/j.jaridenv.2017.12.002
http://dx.doi.org/10.5539/jas.v5n2p134
http://dx.doi.org/10.1007/s12665-018-7528-x
http://dx.doi.org/10.3390/su10082666
http://dx.doi.org/10.1002/ldr.2893
http://dx.doi.org/10.1080/02571862.2016.1148788
http://dx.doi.org/10.1016/j.still.2005.08.004
http://dx.doi.org/10.1016/j.agwat.2018.02.025
http://dx.doi.org/10.1016/j.ecolecon.2006.01.014
http://dx.doi.org/10.1016/j.agee.2019.02.002
http://dx.doi.org/10.1007/s00267-012-9952-0
http://hydrosheds.cr.usgs.gov
http://www.fao.org/giews/countrybrief/country.jsp?code=ETH
http://dx.doi.org/10.1016/j.catena.2017.04.022
http://dx.doi.org/10.1016/j.rse.2017.06.031
http://dx.doi.org/10.1002/qj.3244


Water 2019, 11, 2134 15 of 15

53. Zuazo, V.H.D.; Pleguezuelo, C.R.R.; Peinado, F.J.M.; de Graaff, J.; Martínez, J.R.F.; Flanagan, D.C.
Environmental impact of introducing plant covers in the taluses of terraces: Implications for mitigating
agricultural soil erosion and runoff. Catena 2011, 84, 79–88. [CrossRef]

54. Kumar, M.; Singh, K.P.; Srinivas, K.; Reddy, K.S. In-situ water conservation in upland paddy field to improve
productivity in north-west Himalayan region of India. Paddy Water Environ. 2014, 12, 181–191. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.catena.2010.10.004
http://dx.doi.org/10.1007/s10333-013-0376-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Experimental Setting, Soil Sampling, and Soil Moisture Estimation 
	Data Analysis 
	Statistical Analysis of Soil Moisture Data 
	Multiple Linear Regression 

	Rainfall Data of 2016–2017 Season 

	Results 
	Statistical Analysis 
	MLR Results 
	Rainfall Data of 2016–2017 Season 

	Discussion 
	SWC Increase Induced by Terracing 
	SWC Patterns Within Terraced Hillslopes 
	Impact of Terracing Implementation on SWC 

	Conclusions 
	References

