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Abstract The Blue Nile Highlands, Ethiopia, has
been experiencing serious land degradation, menacing
water security, and then human well-being. However,
sustainable land management (SLM) may be the way
to curb land degradation and improve water security.
Therefore, in order to assess benefits after a 5-year
catchment restoration effort, we conducted a paired-
catchment study to investigate runoff and soil mois-
ture dynamics. First and second catchments were used
as control and treated, respectively. After comparing
observations gathered from four sites within each of
the study catchments, we found that implementing
SLM reduced runoff curve numbers by —13.9 to—21.6
units and increased soil moisture storage by 15.6 to
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800%, then promoting rapid recovery of the hydro-
logic functionality of the natural landscapes. We con-
clude that SLM initiatives can greatly improve water
security in the drought-prone Blue Nile Highlands.

Keywords Climate variability - Infiltration
potential - Land degradation - Soil moisture
dynamics - Sustainable land management - Water
security

Introduction

Water resources are under stress worldwide. The prob-
lem is posing a major threat when it comes to the Afri-
can continent and more specifically to the eastern Afri-
can region (Vorosmarty et al., 2005). Situated in the
eastern African region, Ethiopia is seriously affected
by water stress, resulting from land degradation and
climate variability and change (Conway & Schipper,
2011; Simane et al., 2016; Tabari et al., 2015). About
25% of the country’s land area is degraded as a result
of deforestation, overgrazing, and inadequate agricul-
tural practices (Kirui et al., 2021). Water erosion and
soil moisture depletion are the main forms of land
degradation affecting freshwater availability in Ethio-
pia (Betrie et al., 2011; Hurni et al., 2005). Climate
variability and change further compound the problem
by increasing the irregularities in the onset and cessa-
tion of rainfalland, hence, increasing the frequencies
of agricultural drought (Asfaw et al., 2018; Conway
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& Schipper, 2011; Dile et al., 2013). Historically, the
country suffered recurrent droughts that led to famine
and loss of life (Conway & Schipper, 2011; Wagesho
et al., 2013).

Sustaining over 90% of the country’s population
on around 50% of the country’s land area, the Ethio-
pian Highlands present a fragile ecosystem suscepti-
ble to degradation and climate variability and change
(Asfaw et al., 2018; Hurni et al., 2005). With about
70% of its area lying in the Ethiopian Highlands,
the Blue Nile basin has been seriously affected by
land degradation, subsequently witnessing marked
changes in its hydrology (Bewket & Sterk, 2005;
Nyssen et al., 2010; Rientjes et al., 2011). The basin
receives major significance in Ethiopia and beyond
due to its greatest water yield relative to the other
basins in Ethiopia, with a contribution of about 60%
of the flow of the Nile (Conway, 2000). Owing to
deforestation and subsequent agricultural expansion,
streamflows in the Blue Nile basin have experienced
significant decreases in annual and low flows and
increases in high flows, particularly in its headwater
catchments (Bewket & Sterk, 2005; Rientjes et al.,
2011). Furthermore, in spite of a substantial surface
storage capacity (25.6 billion m®) provided by Lake
Tana (source of the Blue Nile River), the Blue Nile
basin has the highest runoff coefficient relative to
other basins of similar extent in Ethiopia (Nyssen
et al., 2010), highlighting the adverse impact of land
degradation on the hydrology of the basin.

The impact of climate change on water resources
in the Blue Nile basin has been revealed by observed
reductions in wet season (June—September) rainfall,
on which streamflows and rainfed agriculture are
heavily dependent (Tabari et al., 2015). Climate pro-
jections suggest that apparent decreases in the basin’s
precipitation could result in likely reductions in
streamflows (Dile et al., 2013; Setegn et al., 2011). In
addition, potential increases in temperature and PET
are expected to increase the water stress in the Blue
Nile basin (Elshamy et al., 2009).

In order to improve the water security status in
Ethiopia, there is a need to put in place appropri-
ate mitigation and adaptation strategies for com-
bating land degradation and climate variability
and change. Historically, the drought-induced
famines of 1973 and 1974 promoted the massive
implementation of sustainable land management
(SLM) initiatives in Ethiopia, which are still widely
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implemented across many regions of the country,
such as the Blue Nile Highlands, through commu-
nity labor (Abera et al., 2020). Over the years, SLM
practices in Ethiopia have evolved from field-scale
structural measures (e.g., soil and stone bunds) to
an integrated catchment-scale approach (Akale
et al., 2019; Haregeweyn et al., 2012). In the past,
the impacts of SLM practices have been assessed
under different ecological settings using different
methods and approaches. For instance, Gumma
et al. (2021) assessed land use dynamics, sediment
deposition, biomass productivity, and vegetative
cover intensity across treated and untreated catch-
ments, employing satellite imagery and ground
data. Haregeweyn et al. (2012) mapped land use
and land cover dynamics and assessed associated
changes in runoff and soil loss rates. Jan Nyssen
et al. (2010) examined catchment response to SLM
interventions using catchment-scale and plot-scale
runoff data coupled with water table depth measure-
ments. Akale et al. (2019) used simulation mode-
ling to understand the impact of SLM interventions
on surface runoff and groundwater flow.

These studies documented that SLM interventions
are effective in curbing land degradation and restor-
ing the ecological functionality of agricultural land-
scapes. However, while the ecological benefits of
SLM interventions are well documented, their role as
a water management strategy is inadequately investi-
gated. The Ethiopian Highlands are famously diverse
in topography and associated local climate contrasts
(Berhane et al.,, 2014; Haregeweyn et al., 2017).
Therefore, there is a need for more research interven-
tions to better understand the water management role
of SLM interventions in these diverse ecosystems.

An empirical approach was adopted in the pre-
sent study to examine the dynamics in water balance
resulting from the implementation of SLM practices.
The relevance of using such an empirical approach
lies in the fact that the application of simulation
modeling in the study area is limited by the paucity
of long-term data (Akale et al., 2019; Conway, 2000;
Dile et al., 2018). The overall objective of this study
is to understand the implication of implementing SLM
for improving water security in the fragile tropical
Blue Nile Highlands. The specific objectives are to
(1) quantify the impact of SLM on infiltration-runoff
dynamics and (2) evaluate the influence of SLM on
soil moisture dynamics.
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The organization of this paper is as follows.
Materials and methods presents descriptions of the
materials and methods, including study catchments,
study design, data, and analysis methods. Results
and discussion discusses the experimental results
and implications. Finally, conclusions are drawn in
Conclusions.

Materials and methods
Description of the study catchments

A paired-catchment approach was adopted in the
present study, where two agricultural catchments
were selected in the headwaters of the Blue Nile
basin, Ethiopia, at~6 km southeast of Lake Tana,
source of the Blue Nile River (Fig. 1). The study
catchments are under contrasting land management

conditions, where one of the catchments (900 ha)
has been under SLM since 2012 (treated Aba Ger-
ima catchment), while the other (358.9 ha) has been
managed traditionally since time immemorial (con-
trol Aba Gerima catchment). The distribution of
the structural SLM measures (soil bunds; contour
trenches) implemented in the treated catchment have
been mapped in Fig. 2.

Figure 3 illustrates some of the SLM practices
put in place in the treated catchment. Soil bunds
integrated with live hedges have been installed on
cultivated land. While protecting the structures, the
live hedges serve to supply feed for livestock. The
bunds are connected to natural channels via a net-
work of waterways to safely dispose excess runoff
into the natural channels. The traditional practice
of post-harvest grazing has been abandoned on cul-
tivated land to protect the live hedges. On margin-
ally degraded areas, elimination of open grazing
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Fig. 2 Distribution of structural SLM measures (soil bunds; contour trenches) in the treated Aba Gerima catchment

has been implemented along with contour trench-
ing. The elimination of open grazing has led to the
emergence of a new practice where local land users
feed their animals by cutting the biomass instead of
allowing them to graze freely. In addition, sustaining

the spatial configuration of different land uses at
the catchment scale has received importance in the
new SLM approach, introducing home gardens as a
major component of the land management system in
the study area, with a cash generating role.

Fig. 3 Some SLM practices implemented in the treated catchment: (a) soil bund integrated with live hedges on cultivated land; (b)
marginally degraded communal land protected from open grazing for recovery
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The traditionally managed (control) catchment
lacks any of the SLM practices installed in the treated
catchment, except some spillover effects, such as the
abandonment of open grazing on some patches of
marginally degraded hillslopes due to complete loss
of productivity. Traditionally, mixed farming is prac-
ticed in the study area, where the local land users rely
on subsistence grain production and farm animals for
their livelihood. In the traditional farming practice,
the land is intensively cultivated without fallow for
grain production, and animals are left to graze in the
open. As a result, the soil surface is devoid of pro-
tective cover, due to the removal of crop residues and
overgrazing.

Despite differences in management, the study
catchments share quite similar biophysical charac-
teristics, including soils, land uses, drainage direc-
tion, climate, and topography. Both catchments drain
northwest to Lake Tana. The soils in both catchments

are degraded and shallow, with high runoff potentials.
Figure 4 presents the land use patterns of the study
catchments. The catchments are predominantly agri-
cultural, with 66 and 69.5% of their areas covered by
cultivated land in the treated and control catchments,
respectively. Grazing land is the second largest land
use, making up 18.7% in the treated catchment and
17.4% in the control catchment.

The climate in the study area is modulated by the
Inter Tropical Convergence Zone (ITCZ), presenting
a highly seasonal unimodal rainfall pattern (Berhane
et al., 2014; Conway, 2000). The rainy season, which
extends from June—September, begins upon the north-
ward migration of ITCZ, contributing about 80% of
the total annual rainfall. The southward movement of
ITCZ results in the commencement of the long dry
season (October-May), during which about 20% of
the annual rainfall is received. At a mean of 20 °C,
temperature exhibits little variation in the study area.
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Study design

To understand the impact of SLM on water balance,
one could conduct long-term monitoring during pre-
and post-intervention years. However, this approach
is deemed costly and time-consuming. In this particu-
lar study, a relatively simpler approach was adopted,
where a catchment under SLM interventions was
selected along with an adjacent control catchment to
simultaneously monitor processes during post-
intervention years so that space can replace time
(Hajabbasi et al., 1997).

Within each of the study catchments, four runoff
plots were installed, three of them on cultivated land
with 5, 10, and 15% slope gradients and one plot on
a marginally degraded hillslope (17% slope gradient)
with a use history of open communal grazing. Bio-
physical characteristics of the experimental sites are
summarized in Table 1. Care was taken to install all
the runoff plots reasonably close together (Fig. 1) in
order to minimize variations in weather and other site
factors that could affect the experiment. Each runoff
plot was isolated by iron sheet borders, with roofed
concrete structures constructed at their downstream
ends to collect runoff. In addition, each experimen-
tal plot was equipped with two access tubes for soil
moisture data monitoring.

Each runoff plot in the treated catchment was
paired with a counterpart in the control catchment.
Figure 5 illustrates the layout of a pair of treated and
control runoff plots installed on cultivated land. Sizes
of all runoff plots was 15 m length by 6 m width (90
m?), but sizes of the runoff collection structures were
made to vary according to runoff potentials of the
experimental sites, with the smallest structure having
a size of 2 m? and the largest 3.75 m®. The runoff col-
lection structures provided sufficient capacity for all
runoff events throughout the experimental period.

Data collection

The present study involved the collection of mainly
rainfall, runoff, and soil moisture data. Rainfall
data was collected since 2014 using an automatic
rain gauge station located close to the experimental
sites (Fig. 1). The automatic rain gauge is a HOBO
RG3-M type (USA), which records events at 10-min
resolution and 0.2-mm precision.

@ Springer

The runoff plots were used to generate runoff
data after every causal rainfall event during the
2017 and 2018 rainy seasons. Depth of the runoff
collected in the concrete structures installed at the
downstream ends of the runoff plot was multiplied
by area of bottom of the structure to determine a
runoff volume (m3), which was, then, converted to
a normalized direct runoff depth (mm) by dividing
the runoff volume by area of the runoff plot.

Soil moisture data was collected at two points
per runoff plot using the PR2/4 capacitance type
soil profile probe, which is especially suited for use
on mineral soils (Delta-T Devices Ltd, 2016). Prior
to the deployment of the PR2/4 profile probe, sen-
sor evaluation was made against thermogravimet-
ric soil moisture measurements taken at multiple
soil profile depths within selected sites in the study
catchments. Sensor evaluation yielded a highly
significant association (p <0.001) between sensor
readings and thermogravimetric soil moisture meas-
urements (coefficient of determination, R*=0.72;
mean bias error, MBE=0.097 m® m™?). Then, the
PR2/4 profile probe was used along with a portable
HH2 display unit to take readings of volumetric soil
moisture content on a daily basis at 10, 20, 30, and
40 cm soil profile depths.

Data analysis
Infiltration-runoff dynamics

An event-based water budget analysis as described
in Eq. (1) was used to assess the impact of SLM
practices on infiltration-runoff dynamics in the
study area. This approach is deemed appropriate
for events of sufficiently short duration where other
components of the water budget, such as evapo-
transpiration, are negligible (Tedela et al., 2012;
USDA-NRCS, 2004; Yuan et al., 2001).

Q=P-1,-F (1)

where.

Q =direct event runoff depth (mm).

P =causal event rainfall depth (mm).

I,=initial abstraction (rainfall amount recorded
before runoff begins, mm).
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_ F=cumulative infiltration exceeding initial
S 3 o abstraction (mm).
5.2 5
288 |a a . .
Combined with two fundamental hypotheses,
- é Eq. (1) yields the expression described in Eq. 4,
5 5 which is famously known as the curve number
é %; ~ | S (CN) method developed by the Natural Resources
Sl |a o~ Conservation Service (NRCS) of the United States
o Department of Agriculture (USDA) (Tedela et al.,
RS 2012; USDA-NRCS, 2004). The two hypotheses
i -g{ T TUES o4 oo are: (1) the ratio of direct runoff to potential max-
£8egl|g Z2g8<c 282 imum runoff is equal to the ratio of infiltration to
. storage index (Eq. 2), and (2) the initial abstraction
§0—§ 4 oo oe e is some fraction of the storage index (Eq. 3).
SEE|IE S333 &3
- 0/(P-1,)=F/S @
2
F8s
DERIR 223 g1 % I,=4S 3)
:é _ g _ where.
SlaEE|R saad %3
g 5 A=initial abstraction ratio (dimensionless).
= |25 S =storage index (mm)
FISESIB ILETE 822
Q= (P—AS)*/IP+(1 - As] “
=
& .
= 2 = 8| gl i o g Eil ‘OT The standard CN method assigns a value of
< d 282334 =88 0.2 to A, which reduces Eq. (4) to Egs. (5) and (6)
s (USDA-NRCS, 2004):
§ . - 0 = (P —0257/(P+08S)IfP > 0.2S (5)
Q0 =0IfP < 0.2S (6)
2 3 3 &
3 g 9 k = In the presence of observed precipitation and
Es 8 E gb = runoff data, S could be determined for any P-Q
& data pairs using Eq. (7), which is obtained by solv-
B < ing Eq. (5) for S, where 0 < Q < P. Then, S is trans-
g2 2 S formed into a dimensionless CN parameter using
sl |Z K Eq. (8).
§ — [39) n
s |2 S=5 [P +20 - (40° + 5PQ)°'5] 7
2185 = = CN = 25400/(254 + ) ®)
=7 - -
g Theoretically, the value of CN varies from 0
: g (indicating zero runoff) to 100 (indicating zero infil-
2 § tration) as S varies from oo to 0 (Hawkins, 1993).
13 Standard handbook values of CN are officially
@ Springer
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Fig. 5 Layout of a pair of
runoff plots installed on
cultivated land: (a) control
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runoff plot; (b) treated Soil bund
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¢ lived hedge
Soil moisture
| measurement
points

Soil moisture
measurement
points

Concrete structures for
runoff measurement

~" | (Roofed)

maintained by NRCS, reflecting different combina-
tions of soil hydrologic groups and land manage-
ment conditions. However, CN values derived from
observed P-Q data pairs are more reliable than the
handbook values for local conditions (Elhakeem &
Papanicolaou, 2009; Hawkins, 1993; Oliveira et al.,
2016; Tedela et al., 2012).

When CNs are calculated from observed P-Q data
pairs, a strong secondary relationship often emerges
between CN and P, with CN decreasing asymptoti-
cally to a constant value with increasing P (Bonta,
2013; Bonta & Shipitalo, 2013; Hawkins, 1993;
Oliveira et al., 2016; Tedela et al., 2012). Hence, the
P-CN data pairs should be fitted to Eq. (9):

CN(P) = CN, + (100 — CN , )exp(—kP) ©)

where,

CN, = asymptotic CN (dimensionless) represent-
ing the runoff potential of large rainfall events.
k=fitting parameter that quantifies the rate at
which CN approaches CN_, (mm™1).

The asymptotic curve number (CN ) is a function
of the limiting interaction of vegetation, land manage-
ment, and surface and subsurface soil and percola-
tion characteristics for large P (Bonta, 2013; Bonta &
Shipitalo, 2013).

Typically, the asymptotic curve of P-CN data pairs
cannot plot below an enveloping value of zero runoff
(CN,), which is calculated using Eq. (9) for observed

P-CN data pairs, where P=0.2S for Q=0 (Bonta,
2013; Bonta & Shipitalo, 2013; Hawkins, 1993).

CN, = 25400/ [254 + (P/0.2)] (10)

Since Eq. (9) decays exponentially, the minimum
precipitation (P,;,) above which CN is applicable
can be computed at the point where 99% of CN, is
reached using Eq. (11).

P, = —In(0.01)/k (11)

In the present study, observed CNs were deter-
mined for individual treatments using the frequency-
matching approach (Hawkins, 1993), where the
observed P-Q event pairs were sorted independently
in descending order and merged to calculate S and
CN using Egs. (7) and (8), respectively. Then, Eq. (9)
was used to make an asymptotic curve fitting for the
P-CN data pairs of individual treatments.

Soil moisture dynamics

Soil moisture operates the subsistence rainfed agri-
culture in the study area. Hence, assessing soil
moisture dynamics is critical for understanding the
impact of SLM on improving water availability. In
the present study, daily readings of volumetric soil
moisture content (0), which were taken at two meas-
urement points and 4 monitoring depths per experi-
mental site, were used to derive different values of
0 as indicated in Egs. (12) to (15). These values

@ Springer
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were the bases for further analyses to understand
the impact of SLM on soil moisture dynamics.

For each measurement occasion, mean volu-
metric soil moisture content at a monitoring depth
within an experimental site was determined as:

—_ 1 "
0, = n Z oiJ,t (12)
j=1

where i is the monitoring depth, j the measurement
point, ¢ the measurement occasion, and n the total
number of measurement points per experimental site.

In addition, the mean volumetric soil moisture
content of a site at each measurement occasion was
calculated as:

n d
= 1
0=~ 2 20 (13)

j=1 i=1

where i is the monitoring depth, j the measurement
point, ¢ the measurement occasion, and »n and d the
total numbers of measurement points and depths,
respectively, of an experimental site.

Further, the temporal mean of soil moisture con-
tent of a monitoring depth within an experimental
site was calculated as:

0, = % 2 2 i (14)

where i is the monitoring depth, j the measurement
point, ¢ the measurement occasion, and n and T the
total numbers of measurement points and occasions,
respectively.

Again, the temporal mean of soil moisture con-
tent of an experimental site was calculated as:

d T
@ﬁ%jZZ% (s)

where i is the monitoring depth, j the measurement
point, ¢ the measurement occasion, and n, d, and T
the total numbers of measurement points, depths, and
occasions, respectively.

Statistical methods
In the present study, comparisons between contrast-

ing treatment pairs were made by comparing their
respective best-fit parameters (CN, and k) of the

@ Springer

asymptotic P-CN curves using a t test (Motulsky &
Christopoulos, 2003). In this test, the null hypoth-
esis is that both data sets have the same parameter,
where one common model can describe the data
from both treatments. On the other hand, the alter-
native hypothesis is that the parameter values are
distinct, and therefore, entirely separate response
curves should be fitted to each data set. The differ-
ences between CN, and k parameters of contrasting
treatment pairs are considered significant if the 7 test
yields p <0.05. Otherwise, the two parameter values
are considered the same. A significant difference in
CN, of contrasting treatment pairs highlights a real
shift in infiltration potential of a site promoted by the
change in land management (Bonta, 2013; Bonta &
Shipitalo, 2013).

The ¢ ratios for CN, and k parameters were calcu-
lated using Egs. (16) and (17), respectively.

_|CNy. —CN |

16
\/0'3"‘0}2 (16)

where CN . and CN_, are CN_, values of the con-
trol and SLM treatments and o, and o, are the cor-
responding standard errors of parameter estimates,
respectively.

t

_ |kc B ktl

17
\/0'62+0',2 a7

where k, and k, are k values of the control and SLM
treatments and 6, and o, are the corresponding stand-
ard errors, respectively.

Contrasting treatment pairs were also compared for
soil moisture dynamics using the nonparametric Wil-
coxon signed rank test. The use of a parametric test
was deemed inappropriate due to the fact that the dis-
tribution of the soil moisture data sets did not fit the
normal distribution.

Results and discussion
Rainfall characteristics
Rainfall exhibited high seasonality in the study area,

with the peaks occurring in July—August. The rain-
fall pattern for the years 2015-2018 is illustrated in

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 6. During this period, high interannual variabil-
ity in rainfall was also observed. The lowest annual
amount (895.8 mm) was received in 2015 and the
highest (1581.6 mm) in 2018, which varied by a
margin of 685.8 mm (43.36%) relative to the high-
est value. Such a characteristic high intra- and inter-
annual variability in rainfall is typical of the Ethio-
pian Highlands, with a significant impact on water
resources and the subsistence rainfed agriculture in
the region (Asfaw et al., 2018; Conway, 2000).

On the other hand, the amounts received during
the experimental period (2017-2018) varied only by
a relatively smaller margin (86.2 mm; 5.45% rela-
tive to the higher value). Characteristics of rainfall
events received during the experimental period are
summarized in Table 2.

Runoff characteristics

The entire event-based P-Q data pairs of all treat-
ments under investigation are plotted in Fig. 7. The
data indicate that runoff potential is higher in the con-
trol than in the treated catchment. As a result, run-
off volumes and number of events were lower under
the treated than the control runoff plots. From field
observations, we noted that runoff response to rain-
fall events was rapid in the study area with little indi-
cation of saturation excess runoff. This is consistent
with what has been reported in Descheemacker et al.
(2006) for the Tigray Highlands, northern Ethiopia.

Fig. 6 Rainfall pattern 800 -
of the study area for the
2015-2018 period =
<
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o
S
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<
€ 200 -
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Soil moisture characteristics

The soil moisture (8) regimes of all experimental sites
are illustrated in Fig. 8. The data indicate that sea-
sonal variation in rainfall is the main factor control-
ling the seasonal fluctuation of 0 in the study catch-
ments. Thus, the two peaks in Fig. 8 indicate the two
wet seasons that occurred at the beginning and end of
the data period during which the level of 0 attained its
maximum. The trough, on the other hand, represents
the dry season that occurred between the two wet sea-
sons during which 6 experiences depletion. In Fig. 8,
it can be clearly noted that 6 increased dramatically
upon the start of the wet season; however, a lag effect
in O response was apparent for all treatments, where
rainfall peaks occurred in July—August, while 6 peaks
occurred in September—October. Such a lag effect in 6
response is attributable to the fact that cultural activi-
ties are at their peak during the July—August period,
leaving the soil surface devoid of protective cover in
favor of high overland flow and evaporation losses.
This, in turn, reduces the infiltrable amount of rain-
fall, resulting in limited O response of the soil.

Figure 8 demonstrates that the driest 8 regimes
are associated with the runoff plots on the margin-
ally degraded hillslopes in both the control and
treated catchments. These sites had a long history
of use for open communal grazing, with the natural
hydrologic functionality of the sites severely affected
due to livestock trampling (soil surface compaction)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

02015 02016 02017 ©O2018 WAverage
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Table 2 Characteristics

. . Year Season n Event depth (mm) Event duration (min)  Event intensity
of rainfall event received (mm h1)
during the experimental
period Mean Standard Mean Standard Mean Standard
deviation deviation deviation
2017 Dry 64 34 4.9 55.9 72.3 3.1 2.6
Wet 105 9.3 16.3 98.1 108 4.7 4.4
2018 Dry 41 5.2 6.7 66.4 64.5 4.5 5.1
Wet 108 10.1 11.8 111.9 96.6 5.3 4.8

and overgrazing (poor ground cover). However, the
treated site presented a substantially higher mean
daily © (0.205 m* m™) than its control counterpart
(0.104 m* m™>), indicating recovery of the site pro-
moted by SLM intervention.

The moistest O regimes belonged to the experi-
mental sites on cultivated land with 15% (mean
daily 6=0.369 m?® m~2; control catchment) and 10%
(mean daily ©=0.279 m’m™; treated catchment)
slope gradients. Figure 8 illustrates that these two

sites had little variation in 0 regime during the two
wet seasons of the data periods; however, the sites
presented different 0 regimes during the dry season.
Despite a steeper terrain (15% slope gradient) and
lack of best practices (no SLM practices), the site in
the control catchment had a lower 0 depletion rate
(0.170 mm day‘l) than the site in the treated catch-
ment (0.347 mm day~'). The fact that the site in the
control catchment lies at a lower elevation (1965 m
above mean sea level) than the one in the treated

Fig. 7 Scatter plot of P-Q 100
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under investigation A Cultivated 10% slope (control)
m Cultivated 15% slope (control)
80 & Degraded hillslope (control)
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A Cultivated 10% slope (treated)
O Cultivated 15% slope (treated)
<& Degraded hillslope (treated)
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catchment (2013 m) implies a likely occurrence of a
shallow groundwater table at the site situated in the
control catchment, where continuous replenishment
of 08 from the groundwater table is possible by cap-
illary rise, resulting in a wetter and more stable 0
regime.

Effect of SLM on infiltration-runoff dynamics

The two-parameter asymptotic curves fitted to the
P-CN data pairs of all treatments were found to
decrease asymptotically approaching a constant value
of CN_, as P becomes large. Such curves, which
decrease asymptotically to produce a P-independent
CN, as P becomes large, are referred to as standard
asymptotic curves (Bonta, 2013; Bonta & Shipitalo,
2013; Hawkins, 1993; Oliveira et al., 2016; Tedela
et al., 2012). The standard asymptotic curves fitted to
the P-CN data of all contrasting treatment pairs in this
investigation are presented in Fig. 9. The curves of
the treated sites plot below the curves of their control
counterparts, clearly indicating the recovery in infil-
tration potential of the treated catchment promoted by
SLM interventions.

The statistics describing the fitted asymptotic
curves (Table 3) indicate that the standard asymp-
totic curve fitting procedure adequately described the
P-CN relationships for all treatments. Runoff plots

in the treated catchment presented high P, ;. and low
CN,, and k parameter values. In contrast, low P,
and high CN_, and k parameter values were associ-
ated with runoff plots in the control catchment. The
highest P;, (114.2 mm) and lowest CN  (67.9) and k
(0.04 mm™") values were determined for the margin-
ally degraded site in the treated catchment which is
currently closed for livestock and humans. Minimum
surface disturbance coupled with regeneration of nat-
ural vegetation at the site promoted recovery of the
infiltration potential of the site (substantially reduced
CN_,). On the other hand, the control runoff plot on
cultivated land with 15% slope gradient produced
the lowest P, (31.3 mm) and highest CN (96.6)
and k (0.147 mm™"') values, suggesting low infiltra-
tion potential due to steep terrain and high surface
disturbance.

Statistical comparisons made between the CN  of
all contrasting treatment pairs using the 7 test yielded
significant differences at p <0.0001; however, the
k parameters of only two treatment pairs (cultivated
land with 5 and 15% slope gradients) were signifi-
cantly different at p <0.0001, while the other treat-
ment pairs produced k parameters that only varied
marginally (p=0.035; degraded hillslopes) and did
not vary at all (p=0.99; plots on cultivated with 10%
slope gradient). Since k is only a fitting parameter
in the standard asymptotic curve fitting procedure
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(Hawkins, 1993), more importance was placed on
the CN_, parameter to describe the infiltration-runoff
dynamics resulting from the implementation of SLM
in the study area.

The data indicate that all experimental sites in
the treated catchment had lower CN values than
their control counterparts. CN_ decreased by 13.9
units (from 81.8 for the control plot to 67.9 for the
treated plot) on marginally degraded hillslopes; 21.6
units (from 90.2 to 68.6) on cultivated land with 5%
slope gradient; 19.2 units (from 92.1 to 73.0) on
cultivated land with 10% slope gradient; and 21.5
units (from 96.6 to 75.1) on cultivated land with
15% slope gradient. Similar reductions in CN were
reported in the literature promoted by improved land
management(Bonta, 2013; Bonta & Shipitalo, 2013;
Dabney et al., 2012; Feyereisen et al., 2008). For
instance, Feyereisen et al. (2008) found a reduction
in CN under a strip tillage practice (CN=71) than
under conventional tillage (CN=82). Dabney et al.

100

90 1
o ]
S 807

70 ]
(a) \

(2012) reported reductions in CN from 78 (under
a conventional corn system) to 70 (hedge only sys-
tem) and further to 61 (hedge-berm system). Bonta
(2013) noted a decrease in CN induced by the change
in management from 29 years of pasture (77.0) to
3.7 years of meadow (59.6). Again, Bonta and Shipitalo
(2013) demonstrated that a shift in management
from a conventional to a no-till corn system reduced
CN from 90.6 to 66.3.

The observed decreases in CN at sites in the treated
catchment clearly indicate that implementation of
SLM has contributed to the recovery of infiltration
potential in the treated catchment. Owing to the struc-
tural measures (soil bunds, contour trenches, etc.), an
increased fraction of the rainfall is captured in situ to
readily infiltrate into the soil. In addition, the elimi-
nation of livestock trampling (soil compaction) in the
treated catchment as a result of the abandonment of open
grazing should help upgrade the water intake capacity of
the soils due to improved structure and porosity. In
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Fig. 9 Asymptotic CN plots of contrasting treatment pairs located on: (a) cultivated 5% slope; (b) cultivated 10% slope; (c¢) culti-

vated 15% slope; (d) degraded hillslope
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Table 3 Fitting statistics of the standard asymptotic curves for treatments under investigation

Catchment Treatment Slope (%) Parameter estimates Standard errors P, (mm) R?
CN, k@mm™) CN_ k (mm™)
Treated catchment Cultivated land 5 68.6 0.044 0.872 0.002 104.6 0.94
10 73.0 0.055 0.752 0.003 83.5 0.92
15 75.1 0.055 0.396 0.002 84.1 0.97
Degraded hillslope 17 67.9 0.040 0.616 0.001 114.2 0.98
Control catchment Cultivated land 5 90.2 0.066 0.360 0.004 70.0 0.88
10 92.1 0.066 0.335 0.005 70.3 0.83
15 96.6 0.147 0.120 0.013 31.3 0.66
Degraded hillslope 17 81.8 0.043 0.295 0.001 107.1 0.99

general, the data reveal that, while being susceptible
to land degradation, the fragile Blue Nile Highlands
also are highly responsive to management interven-
tions, with the natural hydrologic functionality of the
agricultural landscapes restored quite rapidly.

Effect of SLM on soil moisture dynamics

The changes in 0 relative to a reference value recorded
at the onset of the 2018 wet season are presented in
Fig. 10, describing soil water recharge. Noticeably, 0
increased with the increase in cumulative rainfall at
all experimental sites, indicating the buildup of soil
moisture as the wet season progresses. However, the
experimental sites in the treated catchment exhibited
higher soil water recharge than their control counter-
parts except the one on cultivated land with 15% slope
gradient, which presented little increase in soil water
recharge relative to its control counterpart (Fig. 10d).
Apparently, the control plot maintained exception-
ally wet soil moisture condition (Fig. 11), where O at
40 cm depth exceeded field capacity (FC) throughout
the experimental period. Site characteristics indicate
that 0 at FC of the treated (0.38 m® m™>) and control
(0.37 m> m™>) sites were quite similar, suggesting that
both sites have similar soil water retention character-
istics. The exceptionally wet soil moisture condition
at the control site, thus, implies that the site is receiv-
ing continuous groundwater flow via capillary rise.
Further, some control sites presented higher 6 than
their treated counterparts at some soil profile depths,
such as cultivated land with 5% slope gradient (at
40 cm depth) and marginally degraded hillslopes
(at 10 cm depth). This may be attributable to inher-
ent soil properties, such as soil porosity, that favor

increased soil water retention. It was found that total
soil porosities of the control sites were higher than
the porosities of their treated counterparts (e.g., 0.655
m® m~3 versus 0.571 m* m~ for cultivated land with
5% slope gradient; and 0.615 m®> m™> versus 0.524
m® m™ for marginally degraded hillslopes). This
implies that some inherent soil physical properties
have not been affected by the SLM interventions,
probably due to the fact that the period is too short for
such effects to be apparent, given the SLM interven-
tions have been in place only since 2012.

SLM promoted increased 0 in the treated catch-
ment due to improved soil water recharge and reten-
tion, resulting from the recovery of the hydrologic
functionality of the natural landscapes. Such changes
in the hydrologic functionality of the agricultural
landscapes in the treated catchment are caused by the
in situ management of overland flow through struc-
tural SLM measures (soil bunds, contour trenches,
etc.), which contributed to increased soil water
recharge. Besides, the abandonment of open grazing
in the treated catchment promoted the accumulation
of litter and soil organic matter on the soil surface,
leading to reduced soil evaporation and increased soil
moisture retention.

Implication of SLM for improving water security

The availability of freshwater resources in the Ethiopian
Highlands has been undermined by perturbation of the
water balance by land degradation and climate variability
and change. As a result, water stress is affecting the vast
majority of Ethiopians whose livelihoods are depend-
ent on subsistence rainfed agriculture. The productiv-
ity of Ethiopia’s rainfed agriculture, which accounts for
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Fig. 10 Comparisons of changes in 0 between contrasting
treatment pairs relative to their respective initial 0 recorded at
the onset of the 2018 wet season: (a) cultivated land with 5%

47% of the country’s GDP, is highly affected by hydro-
logic variability and reduced freshwater availability (Dile
et al., 2013; Verhoeven, 2013). Therefore, only a small
fraction of the rainfall is available as soil moisture for
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consumptive use by plants due to erratic rainfall and non-
productive freshwater losses through soil evaporation,
surface runoff, and deep percolation, leading to plant
water stress and yield losses.
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Mitigating the deleterious impacts of land degrada-
tion and climate variability and change on freshwater
availability is critical for improving water security in
the Ethiopian Highlands where 90% of the country’s
population live, the majority of whom are subsist-
ence farmers. There is a great untapped potential for
improving the productivity of the subsistence rain-
fed agricultural system in the Ethiopian Highlands
through appropriate adaptation strategies that can
improve freshwater availability. This investigation
reveals that SLM interventions have led to rapid res-
toration of the hydrologic functionality of the natural
landscapes in the fragile tropical Blue Nile Highlands,
with a great potential to bridge freshwater deficits con-
straining the productivity of the subsistence rainfed
agriculture. Even though the implementation of SLM
in the Ethiopian Highlands has been to primarily con-
trol rampant soil erosion, these practices can also pro-
vide a crucial role in managing freshwater resources.

The current practices of SLM in the Blue Nile
Highlands involve a variety of structural and non-
structural elements integrated at the catchment scale,
providing different roles in managing water resources
in situ. For instance, the structural measures (soil
bunds, contour trenches, etc.) significantly improve
infiltration and water storage potential of the agricul-
tural landscapes in the study area. On the other hand,
the nonstructural measures, such as the elimination of
open grazing on communal grazing land and the aban-
donment of post-harvest grazing on cultivated land,
help improve the water retention capacity of the soils
and reduce nonproductive evaporative water losses. In
addition, the current practices of SLM attempts to sus-
tain diverse land use mosaics at the catchment scale,
including protected areas (gullied lands and commu-
nal grazing lands), cultivated land, and home gardens,
with the aim of harnessing potential uses, services,
and values from a catchment (Haregeweyn et al.,
2012). For instance, the development and expansion
of home gardens in the study area target the produc-
tion of cash-generating crops.

Further, recovery of the storage potentials of the
agricultural landscapes promoted by SLM would
contribute to increased groundwater recharge (Akale
et al.,, 2019), leading to increased water yields in
streams, springs, and wells for meeting water needs
for domestic use and for the development of home
gardens, which are important sources of cash for the
local farmers. Overall, the implementation of SLM in

the fragile tropical Blue Nile Highlands reveals great
promises for improving freshwater availability and
water security. Through the implementation of SLM
practices as in situ water management strategies,
enough supply of freshwater could be harnessed to
double agricultural productivity in subsistence rain-
fed systems (Rockstrom et al., 2007, 2010).

Water stress, which is already an important water
security problem today, is likely to get worse in the
future as climate change intensifies (Lebel et al.,
2015). Apart from mitigating current water stresses,
SLM practices will remain effective as in situ water
management strategies in the face of a changing cli-
mate, bridging future water stresses in many sub-
Saharan African countries including Ethiopia (Lebel
et al., 2015; Rockstrom et al., 2010). Therefore, main-
streaming water security into SLM initiatives in the
Ethiopian Highlands would greatly improve the live-
lihood of millions today and in the future.

Conclusions

Implementation of SLM in Ethiopia started in the
mid-1970s with the intention to control the rampant
soil erosion in the highlands. However, SLM prac-
tices have since evolved from field-scale structural
measures to an integrated catchment-scale approach,
increasingly gaining importance as water manage-
ment strategies. This experimental study was con-
ducted in the fragile tropical Blue Nile Highlands,
Ethiopia, to understand the impact of SLM on
improving freshwater availability and water security.

The results reveal that while the Blue Nile Highlands
are ecologically fragile, they are also highly respon-
sive to management interventions. Hence, significant
reductions in CN (ranging from—13.9 to—21.6 units)
and increases in O (ranging from 15.6 to 800%) were
observed, promoted by SLM interventions. SLM inter-
ventions restored the natural hydrological functionality
of the agricultural landscapes, leading to recovery of
infiltration and soil water retention potentials. This will
particularly benefit the subsistence rainfed production
system in the study area by boosting soil moisture avail-
ability in the root zone, which has been highly depleted
due to degraded soils and frequent dry spells.

Besides, increased infiltration potential promoted
by SLM would contribute to increased gravitational
soil water, leading to improved blue water supplies
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in streams, wells, and springs to meet water demand
for domestic uses as well as for irrigation and expan-
sion of home gardens. In effect, home gardens, which
are important sources of cash in the study area, are
expanding, and the construction of new hand-dug
wells is on the rise in the treated catchment (personal
observation). Overall, the implementation of SLM in
the fragile tropical Blue Nile Highlands reveals great
promises in mitigating the impacts of land degrada-
tion and climatic variability and change on freshwa-
ter availability and hence on water security. We con-
clude that mainstreaming water security into current
and future SLM initiatives is critical in the Blue Nile
Highlands and in other similar tropical highland eco-
systems in the developing world for a water secure
future and to build resilience against future water-
related risks and uncertainties.

In the present study, runoff plots have been used to
conduct event-scale water budget analysis to under-
stand the role of SLM practices as in situ water man-
agement strategy. Hence, the study has limitations in
addressing components of the water balance that gain
importance at the catchment scale, such as evapotran-
spiration and groundwater flow. Such components of
the water balance should receive the attention of future
catchment-scale simulation and empirical studies.
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