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• Tekeze-Atbara basin is known for its se-
vere land degradation before the recent
success in integrated watershed man-
agement.

• Combining parsimonious hydrological
modelling, alteration and PLSR analysis
were used to understand hydrological
response.

• Expansion of agricultural resulted in an
increased surface runoff and decreased
dry season flow in the Geba catchment.

• This study applied a promising ap-
proach to understand impact of envi-
ronmental change on the hydrology.
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Understanding the relationship between hydrological processes and environmental changes is important for im-
proved water management. The Geba catchment in Ethiopia, forming the headwaters of Tekeze-Atbara basin,
was known for its severe land degradation before the recent success in integrated watershed management.
This study analyses the hydrological response attributed to land management change using an integrated ap-
proach composed of (i) simulating the hydrological response of Land Use/Cover (LULC) changes; (ii) assessing
the alteration of streamflow using Alteration of Hydrological Indicators (IHA); and (iii) quantifying the contribu-
tion of individual LULC types to the hydrology using Partial Least Square Regression model (PLSR).
The results show that the expansion of agricultural and grazing land at the expense of natural vegetation has in-
creased the surface runoff 77% and decreased dry season flow by 30% in the 1990s compared to 1970s. However,
natural vegetation started to recover from the late 1990s and dry season flows increased by 16%, while surface
runoff declined by 19%. More pronounced changes of the streamflow were noticed at sub-catchment level,
mainly associated with the uneven spatial distribution of land degradation and rehabilitation. However, the
rate of increase of low-flow halted in the 2010s, most probably due to an increase of water withdrawals for irri-
gation. Fluctuations in hydrological alteration parameters are in agreement with the observed LULC change. The
PLSR analysis demonstrates that most LULC types showed a strong association with all hydrological components.
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These findings demonstrate that changing water conditions are attributed to the observed LULC change dynam-
ics. The combined analysis of rainfall-runoff modelling, alteration indicators and PLSR is able to assess the impact
of environmental change on thehydrology of complex catchments. The IHA tool is robust to assess themagnitude
of streamflow alterations obtained from the hydrological model while the PLSR method is useful to zoom into
which LULC is responsible for this alteration.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Understanding variability and change of hydrological processes and
their implications on water availability is vital for water resource plan-
ning and management. Human-induced environmental changes are
key factors controlling the variability of streamflow (Hassaballah et al.,
2017; Woldesenbet et al., 2017). Excessive pressure on land resources
aimed at providing food, water and shelter have resulted in a significant
change of land cover which consequently modified the hydrological re-
gimes (Gyamfi et al., 2016; Savenije et al., 2014). Alteration of existing
landmanagement practices in a catchment affects the hydrological pro-
cesses such as infiltration, groundwater recharge, base-flow and surface
runoff and consequently the overall water availability in rivers
(Hurkmans et al., 2009; Kiptala et al., 2013). The Land Use/Land Cover
(LULC) changes significantly influence the timing and magnitude of ex-
treme events (Woldesenbet et al., 2017; Yan et al., 2016). As such, the
effect of LULC change on hydrology has continuously drawn the atten-
tion of scientific communities to understand the complex relationship
between hydrological processes and human-induced environmental
changes. However, the heterogeneity of catchment characteristics
coupled with limited hydro-climatological data is the major scientific
challenge to fully understand such complex relationships (Gashaw
et al., 2018; Gyamfi et al., 2016; Li and Sivapalan, 2011; Tekleab et al.,
2014).

The Ethiopian highlands, covering 45% of the country, is affected by
severe LULC and land degradation problems (Gashaw et al., 2018;
Haregeweyn et al., 2014; Nyssen et al., 2014). Because of the high in-
crease of population, a rapid expansion of cultivable lands has signifi-
cantly reduced land with natural vegetation (Ariti et al., 2015;
Gebremicael et al., 2013 & 2018; Haregeweyn et al., 2017; Hurni et al.,
2005). Zeleke and Hurni (2001) reported an increase of cultivable
land by 77% (1957–1995) in the Dembecha watershed of the Blue Nile
basin and a decline of forest coverage by 99%. Haregeweyn et al.
(2014) showed that agricultural land in the Gilgel Tekezewatershed in-
creased by 15% at the expense of shrublandwhich decreased by 19% be-
tween 1976 and 2003. In contrast, Wondie et al. (2011) revealed that
forest coverage in the Semen mountain national park of the Blue Nile
basin increased by 33% in 20 years. These changes can modify water re-
sources availability in those catchments as it affects the partitioning of
rainfall into different hydrological components (Taniguchi, 2012). A
number of studies investigated impacts of LULC change on the hydrol-
ogy at different spatiotemporal scales (Chen et al., 2016; Gebremicael
et al., 2013; Hassaballah et al., 2017; Tekleab et al., 2014; Woldesenbet
et al., 2017). However, the results indicated that the impacts are not uni-
versal as it depends on the local context of the specific catchment
(Gebremicael et al., 2018; Haregeweyn et al., 2014).While some studies
show that the conversion of human-modified land cover back to natural
vegetation cover reduces surface runoff while enhancing the base-flow
(Chen et al., 2016; Haregeweyn et al., 2014), other studies showed that
increased natural vegetation cover reduces runoff asmore of the incom-
ing rainfall is contributed to canopy interception and evapotranspira-
tion (Ott and Uhlenbrook, 2004; Wang et al., 2018).

The Tekeze-Atbara headwaters located in Ethiopia, which is one of
the sources of the Nile water, is characterized by severe land degrada-
tion. The natural vegetation has been replaced by cultivable and grazing
lands during the period of the 1960s to the early 1990s (Belay et al.,
2014; Tesfaye et al., 2017). Nevertheless, forestation started to recover
from the late 1990s due to watershed management interventions
(Belay et al., 2014; Nyssen et al., 2010). Local studies revealed that the
impact of LULC on the hydrology of the basin is significant. Abraha
(2014) reported that the conversion of natural vegetation to agricultural
crops in the upper Geba catchment increased surface runoff by 72% and
decreased dry season flow by 32% over 1972–2003. In contrast, Bizuneh
(2013) found that despite almost all land had been converted into cul-
tivable area, the response of surface runoff and base-flows did not
change in the Siluhwatershed, located in the same region. The disagree-
ment suggests the impact of LULC on the hydrological processes is site-
specific and varies with catchment scale. As such, it is necessary to in-
vestigate the space-time relationship between LULC and hydrological
responses to support informed land and water management
interventions.

The effect of LULC change on hydrological processes has been stud-
ied using groundmeasurements, hydrological models, multivariate sta-
tistics and paired catchment methods (Gashaw et al., 2018; Kiptala
et al., 2014; Shi et al., 2013). Hydrological models, ranging from concep-
tual to fully physically based distributed models have been applied in
different regions. These types of models have their own advantages
and disadvantages (Savenije, 2010). The fully distributed physical
models are appropriate to accurately describe the hydrological process
in a complex catchment (Savenije, 2010; Wang et al., 2016). However,
the excessive complexity of models (over-parameterization) makes
model calibration extremely challenging (Savenije, 2010; Uhlenbrook
et al., 2004). The over-parameterization problem is not the primary con-
cern of conceptual models, but they usually fail to reproduce the non-
linear dynamics of catchment characteristic which is essential in study-
ing the hydrological response to the dynamics of environmental
changes (Sivapalan et al., 2003). Therefore, to avoid over-
parameterization and maximize information retrieved from spatial
data, this study attempted to develop a parsimonious dynamic distrib-
uted model which requires modest calibration. The literature shows
that PCRaster/Python programing language are becoming popular
tools to develop dynamic and flexible distributed hydrological models,
such as Wflow and TOPMODEL (Karssenberg et al., 2010; Wang et al.,
2016). The spatially distributed hydrological models have the potential
of simulating the impact of human-induced environmental changes. In
this study, a spatially distributed hydrological model based on the
Wflow-PCRaster/Pythonmodelling framework was developed to simu-
late the hydrological processes. The Indicators of Hydrological Alter-
ation (IHA) Model (Mathews and Richter, 2007) was applied to assess
the degree of streamflow alterations. The contribution of individual
LULC changes on the hydrological components was then investigated
using a Partial Least Square Regression (PLSR) model (Abdi, 2010).
The IHA tool is robust to assess themagnitude of streamflow alterations
obtained from the hydrological model while the PLSR method is useful
to zoom into which LULC is responsible for this alteration.

2. Description of study area

This study was carried out in the Geba catchment (Fig. 1), located in
the northern part of Ethiopia, extending from 38°38′ to 39°48′E and
13°14′ to 14°16′N and draining an area of 5085 km2 (Gebremicael
et al., 2018). It forms the headwaters of the Tekeze-Atbara (T-A) river
basin, one of the major tributaries of the Nile River. The topography is
generally characterized by highlands and hills in the north and north-
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Fig. 1. Location of the study area, meteorological and hydrological monitoring stations.

1157T.G. Gebremicael et al. / Science of the Total Environment 660 (2019) 1155–1167
east and plateaus in the central part of the catchment. The elevation of
the Geba catchment ranges from 930 m.a.s.l. at the outlet to 3300 m.a.
s.l. at theMugulatMountains near the city of Adigrat (Fig. 1). The catch-
ment has four main sub-catchments: Siluh, Genfel, Illala and Agula.
Siluh (960 km2) sub-catchment drains the Mugulat Mountains in the
northern part of Geba, with annual rainfall varying between 500 in the
lower valley to N650 mm/year in the highland areas near E/hamus and
Mugulat (Fig. 1). Similarly, Agula (481 km2) sub-catchment is charac-
terized by highly dissected and rugged terrains with elevations varying
from1750m.a.s.l. at the confluencewith theGeba, to 2800m.a.s.l. in the
mountains near Atsbi town,with a high rainfall variability, ranging from
450 to 700mm/year. The Genfel (730 km2) sub-catchment is located in-
between Siluh and Agula sub-catchments, with an elevation range from
1780 m.a.s.l. at the confluence with Siluh, 7 km upstream of Geba2
gauging station in the Geba river, to N2800 m.a.s.l. in the Atsbi high-
lands. The fourth sub-catchment is Illala (340 km2), which drains an
area of 340 km2 and joins the main Geba River at 2 km downstream of
the Geba2 gauging station. Unlike in the earlier sub-catchments, this
sub-catchment is dominated by flat areas where agriculture and settle-
ments are the major land cover. The largest city (Mekelle) in northern
Ethiopia is foundwithin this sub-catchment. The rainfall over this catch-
ment is very erratic in distribution andmagnitude with an annual aver-
age below 550 mm/year. Further down the Geba river is joined by
smaller tributaries.

The catchment is characterized by a semi-arid climate, the majority
of rainfall occurring from June to September. N70% of the total annual
rainfall is falling with high storm intensities during only 2 months
(July andAugust) (Gebremicael et al., 2017). The high variability of rain-
fall is linked to the seasonal migration of the intertropical convergence
zone (ITCZ) and the rugged topography of the area (Nyssen et al., 2005).

According toGebremicael et al. (2018), thepresent LULC in the study
area is composed of agriculture (39%), bush and shrubland (30%),
bareland (11%), grassland (7%), wooded land (6%), natural forest
(1.7%), forest plantations (3.8%), settlements (1.2%), and water bodies
(0.3%). Detailed descriptions and analysis of those LULC types are
found in Gebremicael et al. (2018). Although rain-fed agriculture is
the most common source of food production in the catchment, small-
scale irrigated agriculture has significantly increased in the last
10 years (Gebremeskel et al., 2018). Rain-fed agricultural and bareland
areas have intensified at the expense of natural vegetation cover. How-
ever, since the mid-1990s, the rate of deforestation has decreased, land
degradation largely halted and the area with natural vegetation started
to increase again after watershed management interventions. Various
forms of watershed management programs have been implemented
in the last two decades (Belay et al., 2014; Gebremeskel et al., 2018). Ac-
cordingly, water availability has increased in the previously degraded
lands (Gebremeskel et al., 2018; Nyssen et al., 2010).

Geological formations of the catchment include Enticho Sand stone,
Edag Arbai Tillites, Adigrat Sandstone, Antalo Super sequence andMeta-
morphic rocks (Gebreyohannes et al., 2013). Clay loam (40%), sandy
clay loam (30%), clay (19%), loam (10%), and sandy loam (1%) are the
dominant soil texture classes in the area (Gebreyohannes et al., 2013).
Soil textures in the catchment are deeply weathered in the uppermost
plateaus, rocky and shallow soils in the vertical scarps, coarse and
stony soils on the steep slopes, finer textured soils in the undulating
pediments andmost deep alluvial soils are found in the alluvial terraces
and lower parts of the alluvial deposits (Gebreyohannes et al., 2013).
The depth of soils in the catchment is limited due to contagious hard
rocks and cemented layers.

3. Data and methods

3.1. Data inputs

This study employed temporal (Precipitation and Evapotranspira-
tion) and spatial (Digital Elevation Model (DEM), Soil, LULC) datasets
to develop distributed hydrological models. These datasets are ex-
plained in detail in the following paragraphs.
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Land Use/Land cover (LULC), Digital Elevation Model (DEM), soil
type, Local Drainage Direction (LDD) and river maps are required to de-
velop a distributed hydrological model in a Wflow_PCRaster/Python
framework environment (Schellekens, 2014). The land cover dataset
may not be completely static, but assumed static for a givenmodel sim-
ulation. The fourmodels have four different LULCmaps, but eachmap is
static for the given model. LULC data of the catchment were acquired
from our previous study (Gebremicael et al., 2018). In that study,
Landsat images of the years 1972, 1989, 2001, and 2014 for the Geba
catchment were processed. The years for analysis were selected based
on key signs of LULC change (land degradation, land policy changes
and availability of the satellite image). An intensive field data, including
ground truth (3326 points), interviews and observations, topographic
maps, aerial photographs and secondary information from the literature
were used to validate the land use classification. A hierarchical classifi-
cation comprised of unsupervised/supervised approaches was per-
formed to identify nine LULC class types in the catchment (Table 1).
For more information about classifications and accuracy assessments,
refer to Gebremicael et al. (2018). For this study, these LULC types
were re-classified into seven classes where the plantation and forest,
as well as bareland and urban classes, were merged as forest and
bareland, respectively.

The initial soil map, available online from the International Soil Ref-
erence and Information Centre (ISRIC) SoilsGrid250 (Hengl et al., 2017),
was modified based on the study area characteristics. Additionally, de-
tailed soil properties such as texture, bulk density, available water ca-
pacity, hydraulic conductivity, saturated hydraulic conductivity, soil
depth, particle-size distribution, were obtained from soil samples col-
lected from the Geba catchment. A total of 160 soil samples, 23 per
land use type and equally distributed among the sub-catchments,
were collected and analysed in Mekelle soil research laboratory of the
Tigray Agricultural Research Institute. Soil types from the ISRIC map
were reclassified into seven major groups and the physical properties
of each soil groupwere enhancedwith the result of the 160 soil samples.
A 30m resolutionDEM, used to delineate the catchment boundaries and
derive the LDD, were obtained from the Shuttle Radar TopographicMis-
sion (SRTM).

The temporal data such as daily climate data were collected from 16
stations located within and surrounding the catchment (Fig. 1). These
data were provided by the National Meteorological Agency (NMA).
The consistency and quality of these data were checked and screened
as summarized in Gebremicael et al. (2017). Observed rainfall data
from the gauging stations were spatially interpolated using the Kriging
interpolation method (Oliver and Webster, 1990). Daily potential
evapotranspiration (PET) was estimated using Hargreaves method
which is suitable in catchments with limited climatic data (Hargreaves
and Riley, 1985). Finally, all dynamic and static input maps were
projected to WGS-84-UTM-zone-37 N and resampled to a resolution
of 100 m for the model inputs. Hydrological flows of five gauging sta-
tions (Fig. 1) were collected from the Ethiopian Ministry of Water
Table 1
LULC types and their changes between the years 1972, 1989, 2001 and 2014.

Land use/cover 1972 1989 2001 2014

Area (km2) Area (km2) Area (km2) Area

Agriculture 1402 1824 2111 1
Wood land 791 262 284 3
Forest land 375 145 60
Bareland 636 1250 831 5
Urban areas 1 12 31
Plantations 0 56 130 1
Water body 0 0 6
Bush & shrub land 1489 1296 1376 1
Grass land 391 240 258 3
Resources for calibration and validation of the model. Descriptions and
quality of these data are presented in Gebremicael et al. (2017).
3.2. Methods

3.2.1. Development of the hydrological model
In this study, a distributed hydrological model based on the

Wflow_PCRaster/Python framework was developed to assess the im-
pact of LULC change on streamflow dynamics. Wflow is an open source
software developed by the Deltares OpenStreams project which simu-
lates catchment runoff in both limited and rich data environments
(Schellekens, 2014).Wflow_sbmmodel is based on TOPOGhydrological
tool described in Vertessy and Elsenbeer (1999). This model was de-
rived from the CQFLOWmodel (Köhler et al., 2006) and is programmed
in the PCRaster-Python environment (Karssenberg et al., 2010). It was
selected in this study for its improved consideration of both infiltration
and saturation excess runoff generation processes. A schematized rep-
resentation of Wflow_sbm is given in Fig. 2.

The hydrological processes in the model are represented by three
main routines. Interception is calculated using Gash model (Gash
et al., 1995) which uses PET to drive actual evapotranspiration based
on the soil water content and land cover types. The Soil Water Storage
(SWS) processes that control runoff generation is calculated by the
TOPOG_sbm (Vertessy and Elsenbeer, 1999). TOPOG_sbm was specifi-
cally designed to simulate fast runoff processes; however, a consider-
able improvement has been made in Wflow_sbm to make it more
widely applicable (Schellekens, 2014). Details of interception and soil
model equations in Wflow_sbm are provided as supplementary files
(Appendix S1 and S2). The river drainage and overland flows are
modelled using kinematic wave routing. Rainfall and evaporation in
the saturated canopy are calculated for each event to estimate the aver-
age rainfall and evaporation from thewet canopy. The remaining water
infiltrates into the soil andwhen the rain falls on partially saturated soil,
it directly contributes to surface runoff. At the same time, part of the soil
water is taken by evapotranspiration. The infiltrated water exchanges
between the unsaturated stores (U) and saturated store (S) of the soil
(Fig. 2). The soil in Wflow_sbm is considered as a simple bucket
model which assumes an exponential decay of the saturated hydraulic
conductivity (Ksat) depending on the depth (Schellekens, 2014). The soil
depth of the different land cover types in themodel is identified and scaled
using a topographic wetness index (Vertessy and Elsenbeer, 1999). As the
model is fully distributed, the runoff is calculated for each grid cell with
the total depth of the cell is divided into saturated and unsaturated zones
(Fig. 2). Darcy's equation is applied in the model to simulate lateral flow
from the saturated zone. The total runoff from a given catchment is the
sum of surface runoff and lateral flow which is routed from the river net-
work as discharge using the kinematic wave routing.

The hydrological process described by the different modules is rep-
resented by 19 main parameters (Table S1). These parameters are
Change (%)

(km2) 1972–1989 1989–2001 2001–2014 1972–2014

995 30 16 −5 42
07 −67 8 8 −61
78 −61 −59 31 −79
61 97 −34 −33 −12
48 1130 148 57 4680
94 NA 135 49 NA
12 NA 3050 92 NA
532 −13 6 11 3
58 −39 7 39 −8



Fig. 2. Schematization of the different processes and fluxes in wflow_sbmmodel (modified from Schellekens, 2014). P = precipitation; SE= soil evaporation; ET= Evapotranspiration,
OWE = open water evaporation.

Table 2
Summary of the different developed models and their input datasets.

Model
name

Model
parameters

Input
datasets

Year of
LULC

Remarks

F_1972 P_1972 1972 1972 Forward modelling
F_1989 1989
F_2001 2001
F_2014 2001
R_2014 P_2014 2014 2014 Reverse modelling
R_2001 2001
R_1989 1989
R_1972 1972
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linked to the model by a PCRaster look-up table that contains four col-
umns. The columns are used to identify the land use type, sub-
catchment, soil type and the values assigned based on thefirst three col-
umns, respectively.

3.2.2. Model calibration and validation
The developedmodels were calibrated and validated using the LULC

of 2014 and 1972 for the reverse and forwardmodelling approaches, re-
spectively. The 2014 model has been calibrated and validated at five lo-
cations, while two locationswere used for the 1972model, respectively.
Forwardmodelling was done at only two stations due to the absence of
streamflow data in the 1970s at three locations. First, it was calibrated
and validated at Geba1 and subsequently at four smaller catchments
(Fig. 1). Calibration of the model started with a selection of parameters
and their initial values from the literature (Hassaballah et al., 2017;
Schellekens, 2014) and our own field observations and laboratory anal-
ysis. Prior to calibration, 1 year data (2009) were used to initialize the
model conditions and identify the most sensitive parameters. Next,
the values of sensitive parameters were manually adjusted until maxi-
mum concordance between observed and predicted streamflow oc-
curred. The model was then evaluated using different objective
functions to verify whether the predicted and observed streamflow
agreed.

The model – in fact two models, were calibrated and validated sep-
arately as follows:

1. The firstmodel uses LULC of the year 1972, and run by observed daily
datasets of climatic data (precipitation and Evapotranspiration) from
1971 to 1976. First 3 years (1971 to 1973) were used for calibration
of the model against observed streamflow, while the remaining
3 years (1974 to 1976) were used for model validation.

2. The second model uses LULC of 2014, and run by observed climatic
data (precipitation and Evapotranspiration) from 2010 to 2015. The
first 3 years (2010 to 2012) were used for calibration of the model
against observed streamflow data while the remaining 3 years
(2013 to 2015) were used for model validation.
Similarly, the datasets of 2010 to 2012 and 2013 to 2015 were used
for calibration and validation of the 2010s model, respectively. The
two calibrated models were used to investigate the hydrological re-
sponses for each of the four LULC maps (1972, 1989, 2001 and
2014). These models and input datasets are summarized in Table 2.
Nash–Sutcliffe Efficiency (NSE) and Percent Bias (PBIAS) statistical
indices were applied to evaluate the performance of the model. De-
tailed descriptions of these indices are given in our previous study
(Gebremicael et al., 2017).

3.2.3. Impact modelling approach
The two calibrated models (1972, and 2014) were applied to the

classified LULC maps of 1972, 1989, 2001 and 2014 to assess the impact
of LULC change on the hydrology which results in 8 model outputs
(Table 2). The “fixing-changing method” that is changing LULC maps
while keeping model parameters and other input datasets (hydrology,
climate, soil and DEM) constant was used in a number of studies to as-
sess the impact of LULC change on hydrological response (Gashaw et al.,
2018; Gyamfi et al., 2016;Woldesenbet et al., 2017; Yan et al., 2016). As
streamflow data is not available in the 1980s and early 1990s, the “fix-
ing-change simulation method” is suitable to simulate the hydrological
response attributed to LULC change in the 1980s.

First, the calibrated model using the map of 2014 was used to simu-
late the hydrological response of 2014, 2001, 1989 and 1972 LULCmaps.
Second, a similar procedure was applied to see the hydrological
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responses of 1972, 1989, 2001 and 2014 LULCmaps using the calibrated
model parameters with the 1972 LULC map. As summarized in Table 2,
the same model parameters and input datasets from 2014 and 1972
models were used to simulate the hydrological responses of 2014,
2001, 1989 and 1972 LULC maps in the reverse modelling and forward
approaches, respectively. Applying both reverse and forwardmodelling
approaches is essential to minimize input data uncertainties during cal-
ibration and validation processes (Yu et al., 2018). Due to the observed
dynamic change in LULC (Table 1), the value of model parameters is ex-
pected to vary during the study period. Hence, employing both reverse
and forward modelling approaches is essential to conduct an in-depth
analysis of the hydrological response to LULC change dynamics from
both directions.

3.2.4. Application of indicators of hydrological alterations (IHA)
The change of streamflow dynamics caused by the change in LULC,

as simulated by the hydrological models, was also quantified by Indica-
tors of Hydrological Alterations (IHA). The IHA software developed by
the US Nature of Conservancy (Mathews and Richter, 2007) were
used to detect the hydrological fluctuations in the catchment. Charac-
terizing these hydrologic parameters is essential to understand the var-
iation of hydrological systems before and after environmental changes
(Hassaballah et al., 2017; Saraiva-Okello et al., 2015). 33 IHA parameters
were considered to characterize the (simulated) flow variations be-
tween 1972 and 1989, 1989–2001, and 2001–2014, including monthly
flow condition, magnitude and timing of extreme flows, flow pulses
and rates of change.

3.2.5. Partial least square regression (PLSR) analysis
Analysing hydrological responses and change using hydrological

simulation and IHA analysis cannot reveal the contribution of each
LULC type to hydrological change. A combined use of the hydrologic
model, IHA and PLSR could be a viable approach to scrutinize the impact
and contribution of each LULC change on the catchmenthydrological re-
sponses. The pair-wise Pearson correlation combined with the PLSR
model (Abdi, 2010) was applied to further investigate the relationship
between individual LULC types and each hydrological component.

This approach is essential to ascertain whether the observed change
in LULC was large enough to cause the change in streamflow dynamics.
The relation between each LULC type and hydrological componentswas
computed using the pair-wise Pearson correlation while the contribu-
tion of their change to the streamflow was quantified using the PLSR
model. The PLSR is a robustmultivariate regression technique that is ap-
propriate when the response (dependent variables) exhibit collinearity
with many predictors (independent) variables (Shi et al., 2013;
Woldesenbet et al., 2017). It combines features from principal compo-
nent analysis andmultiple regressions that is appropriate when predic-
tors exhibit multicollinearity (Yan et al., 2016). In this study, the
independent variables are the different LULC types (Table 1) while the
dependent variables are hydrological components (total runoff, wet
and dry season flow, actual evapotranspiration (AET) and SWS). De-
tailed information on PLSR algorithms can be found in the literature
(Abdi, 2010; Shi et al., 2013) and hence only a brief description is
given here.

An interesting feature of the PLSR model is that the relationship be-
tween the independent and dependent variables can be inferred from
weights (w*) and regression of each independent variable in the most
explanatory components (Abdi, 2010). This is essential in order to iden-
tify which LULC is strongly associated with the streamflow. The quality
and strength of themodel aremeasured by the proportion of variance in
the matrix of independent variables used in the model (R2x), the pro-
portion of the variance in the matrix of dependent variables explained
by the model (R2y) and cumulative goodness of prediction within a
given number of factors (Q2

cum). Values of R2x, R2y N 0.5 and Q2
cum N

0.097 are considered as a good predictive ability of the model
(Tenenhaus, 1998). A cross-validation was used to determine the
number of significant PLSR components. Detailed information on the
calculations of these indices are explained in Shi et al. (2013) and Yan
et al. (2013). The importance of predictors of both independent and de-
pendent variables of the PLSR modelling is given by the Variable Influ-
ence Projection (VIP). Predictors with higher values of VIP better
explain the consequence of the independent on the dependent vari-
ables. As a rule of thumb, VIP N 1 is statistically significant to explain
the dependent variables (Yan et al., 2013). Weight (w*) coefficients in
the PLSR model describe the direction and strength of contributions
from each independent variable (Yan et al., 2016). Small values of VIP
andW* reveal that the variable is not relevant to explain the dependent
variable and can be excluded from themodel. To infer if the samples are
given from a normally distributed population or not, normality was
checked using the Shapiro and Wilk (1965) normality test. The PLSR
modelling and other statistical analysis including the multicollinearity
of predictors were performed with SPSS software (Carver and Nash,
2009) and XLSTAT tool (www.XLSTAT.com).

4. Results

4.1. Calibration and validation of the Wflow hydrological model

The simulated and observed streamflow in the calibration and vali-
dation periods using the 2014 and 1972 models are given in Fig. 3 (for
three locations) and 4 (for two locations), respectively. Results for addi-
tional two stations for the 2014 model are given in the supplementary
file (Fig. S1).

Model parameters such as saturated hydraulic conductivity (Ksat),
residual water content (thetaR), CanopyGapFraction, M parameter
(controls decay of hydraulic conductivity with depth), andManning co-
efficient (N) were the most important parameters controlling outflow.
Optimized model parameter values after the calibration processes are
summarized in Tables S2–S6. Parameter values varied from sub-
catchment to sub-catchment within the same calibration period and
from time (1970s) to time (2010s). For example, the average value of
CanopyGapFraction for all LULC types is higher in Geba2 (0.28) and
Siluh (0.26) than in Geba1 (0.2) (Tables S2–S4). Similarly, the value of
this parameter significantly reduced from the 1970s (0.52) to 2010s
(0.25).

As presented in Figs. 3 and 4, the models were able to simulate the
observed flow consistently in all gauging stations during the 2010s
and 1970s calibration processes. To show that the models could repro-
duce the low flows, the same figures but in log scale are provided in
the supplementary file (Fig. S2).

The performance indices for the daily calibration and validation are
listed in Table 3. The value of NSE during calibration and validation is
N0.6 with PBIAS around ±25% in three stations during the 2010s and
in both stations during the 1970s comparisons (Table 3). This suggests
very good model performance (Moriasi et al., 2007). The model per-
formed relatively less in Genfel and Illala catchments with NSE of b0.6
and higher PBIAS during validation (Table 3 and Fig. S1). The positive
value of PBIAS shows the tendency of themodel to consistently overes-
timate the streamflow across all gauging stations (Figs. 3 and 4). For ex-
ample, the streamflow was overestimated by 9.6%, 13.2% and 11.2%
during calibration and 11.8%, 18% and 14.3% during validation in
Geba1, Geba2 and Siluh stations, respectively. In contrast, peak flow in
Geba1 and Siluh were slightly underestimated during 2010 and 2011,
respectively. Such overestimation and slight underestimation could
also be attributed to the interpolation of the sparse and unevenly dis-
tributed rain gauges over the complex terrains of the catchment. Com-
paring the different sub-catchments, the performance of the model
slightly improved at the downstream stations (Table 3). The likely rea-
son is that some of the errors at smaller scale counter-balanced each
other when combined at downstream stations. Generally, the consis-
tency of simulated and observed hydrographs and statistical indices in-
dicate that the model was able to describe the daily streamflow of the

http://www.XLSTAT.com


Fig. 3. Calibration (a) and validation (b) of Wflow model using LULC of 2014 in three sub-catchments of the basin.
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catchment. Thus, the calibratedmodels in the 2010s and 1970swere ap-
plied to simulate the impact of LULC change in the catchment.

4.2. Streamflow responses to LULC changes

Figs. 5 and 6 shows streamflow of the sub-catchments simulated
from LULC maps of different periods. Comparison between the
hydrographs obtained from each LULC map indicated that the
streamflow is significantly affected by the observed change in LULC in
all sub-catchments. For example, the peak flows from the LULC map of
1989 were higher than from the remaining maps during the reverse
(Fig. 5) and forward (Fig. 6) modelling approaches. Although the
Fig. 4. Calibration (a) and validation (b) of Wflow model u
magnitude of peak flow from 2001 and 2014 maps is still higher than
the 1972 map, it has slightly decreased compared to the 1989 LULC. In
contrast, the low flows during the dry months have significantly de-
creased from 1972 to 1989 and started to increase from 1989 to 2001.
The rate of increase of the low flows from 2001 to 2014 halted in most
catchments. The results from the reverse modelling approach (Fig. 5)
is in agreement with the forward modelling approach (Fig. 6) wherein
both cases similar patterns of change in peak and dry season flows
were observed.

During the reverse modelling approach, the total runoff from the
main outlet (Geba 1) has increased by 38% from 1972 to 1989 and
then decreased by 15% and 34% using 2001 and 2014maps, respectively
sing LULC of 1972 in two sub-catchments of the basin.



Table 3
Performance criteria of the model calibration and validation at different monitoring
stations.

Catchment 2014 model (reverse
modelling)

1972 model (forward modelling)

Calibration Validation Calibration Validation

NSE PBIAS
(%)

NSE PBIAS
(%)

NSE PBIAS
(%)

NSE PBIAS
(%)

Geba1 0.83 12.35 0.81 10.73
Geba2 0.76 19.22 0.83 10.73 0.77 12.27 0.75 14.46
Siluh 0.86 15.14 0.84 21.83 0.71 24.39 0.67 18.07
Genfel 0.69 61.91 0.58 14.29
Illala 0.55 23.94 0.49 27.72
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(Table 4). Thewet seasonflowexhibited a similar pattern to total runoff.
Contrasting to the annual andwet season flows, the dry season flow de-
creased by 23% and increased by 17% during the 1972–1989 and
1989–2001 periods, respectively. However, a decrease of 25% was no-
ticed using 2014 LULC (Table 4). Aswith the SWS andAETfluxes, the av-
erage value of AET over the whole catchment decreased by 18% in 1989
compared to 1972 and then increased by 13% and 15% in 2001 and 2014,
respectively. Similarly, SWS in soil and contribution to groundwater re-
charge decreased in the first period and increased during the second
and third periods (Table 4). A summary of the results for the two re-
maining sub-catchments (Genfel and Ilala) during reverse and forward
modelling (Geba2 and Siluh) are given in the supplementary file
(Tables S7–8). The long-term change pattern of each hydrological com-
ponent corresponding to the observed LULC change periods is also illus-
trated in Fig. 7. The value of each hydrological component is normalized
by the mean annual rainfall.

At the sub-catchment level, more pronounced changes of hydrolog-
ical flows could be noted. For example, the observed total surface runoff
in 1972 at Geba2 increased by N82% in 1989 while SWS and AET de-
creased by N49 and 18%, respectively. Similarly, in Siluh sub-
catchment, AET and SWS declined by 32% and 15%, whereas the total
runoff increased by N100% for the same period. Such changes aremainly
associatedwith the uneven spatial distribution of land degradation over
the catchment. Despite that the absolute values from the forward
modelling are not the same as the values from the reverse modelling
(Table S2) due to the differences in climatic inputs, the relative magni-
tude of changes in the hydrological components are close to each other.
Fig. 5. Comparison of simulated streamflow in multiple sub-catchments and different LU
4.3. Hydrological alteration trends in response to the observed LULC
changes

The hydrological response observed from the hydrological model in
section 4.2 was further quantified by the IHA method, using the results
of the 2014 model. The IHA analysis based on model results indicates
that there has been a continuous alteration of the hydrological variables
in the Geba catchment after the occurrence of LULC changes between
the different periods (Fig. 8). The magnitude of the median monthly
flow between 1972 and 1989 increased by an average of 52% during
the wet months while it decreased by 49% in the dry months (Fig. 8a).
The reverse pattern was observed in the remaining analysis period,
where the average median monthly flow of the wet months decreased
by 17% and 22% and the dry months increased by 30% and 29% in the
1989–2001 and 2001–2014, respectively. With an increase of agricul-
tural land by 42% and a decrease of natural vegetation cover by 36%,
the average median monthly flow during the wet and dry months has
increased and decreased by 4% and 23%, respectively. All parameters in-
creased from 1972 to 1989 except the 7-day maxima, which decreased
from 1989 to 2001. During the 2001–2014 period, the median value of
all maxima parameters moderately declined (Fig. 8b). The observed
changes on the annual maxima (Fig. 8b) and minima (result not pre-
sented here) suggests that the influence of LULC dynamics on the hy-
drological processes were significant.

The frequency and duration of low and high flow pulses were also
investigated for the response of each map (Fig. 8c). The annual pulse
count and their duration increased in the first period and consistently
decreased in the later periods. Increasing of pulses below and above
the given threshold in the first period shows that the hydrological re-
sponses in the catchment were flashier in the 1980s and 1990s. In the
latter two periods (the 2000s and 2010s) the peak runoff hydrographs
declined in most part of the catchment. Most importantly, the number
of high and low pulses is related to the rise and fall rate which give a
good understanding of how the streamflow response to catchment
characteristic is increasing/decreasing. Fig. 8d shows the trend of me-
dian daily flow rising and falling rates resultant from each LULC map.
Like the high and low pulse pattern, the median rise rate (positive dif-
ferences between two consecutive daily values) has increased from
1.1m3/s in 1972 to 1.6m3/s in the 1989 land use and then started to de-
crease by 0.4 and0.65m3/s from1989 to 2001 and to 2014, respectively.
In the same way, the median fall rate (negative differences) increased
from 0.2 to 0.6 m3/s in 1972 to 1989 and then decreased by 0.1 m3/s
in the latter two periods (2001 & 2014).
LC (1972, 1989, 2001 and 2014) using reverse modelling approaches (2014 model).



Fig. 6. Comparison of simulated streamflow in two sub-catchments and different LULC (1972, 1989, 2001 and 2014) using forward modelling approaches (1972 model).
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4.4. Hydrological impacts of individual land use/land cover changes

Apreliminary analysis using a pair-wise correlationmatrix indicated
that most LULC types have a strong association with the change in hy-
drological components (Table 5). Natural vegetation cover including
wood and bushland have a significant negative correlation with annual
and wet season flows, but a strong positive correlation with dry season
flow, SWS and AET in the catchment. In contrast, the expansion of agri-
cultural and bareland showed a significant positive correlation with an-
nual and wet season flows and a significant negative correlation with
SWSanddry seasonflow (Table 5). Although statistically not significant,
the grassland and water body classes also showed a positive and nega-
tive effect on the different hydrological components. The significant cor-
relation between all except grassland and water classes indicates that
changes in these land use categories were the main driving force for
the observed change in hydrological regimes.

The obtained values of R2x, R2y and Q2
cum are above 0.5 which sug-

gests a good predictive capacity of themodels. A summary of three PLSR
models constructed separately for streamflow, AET and SWS during the
reverse modelling exercises are presented in Tables 6 and 7. The first
Table 4
Mean annual (2013–2015) hydrological fluxes in (mm/year) of each LULC maps from the reve

Land use/cover

1972 1989 2001 2014

Geba 1
Annual rainfall 600 600 600 600
SWS 75 42 50 66
AET 407 332 376 434
Annual flow 181 250 213 141
Wet season flow 111 196 150 94
Dry season flow 70 54 63 47
Runoff coefficient 0.30 0.42 0.36 0.24
Wet season/annual flow 0.61 0.78 0.70 0.67
Dry season/annual flow 0.39 0.22 0.30 0.33

Geba 2
Annual rainfall 550 550 550 550
SWS 107 56 79 93
AET 328 270 329 351
Annual flow 123 224 150 103
Wet season flow 72 166 102 64
Dry season flow 58 51 47 37
Runoff coefficient 0.22 0.41 0.27 0.19
Wet season/annual flow 0.59 0.74 0.68 0.62
Dry season/annual flow 0.41 0.26 0.31 0.36

Siluh
Annual rainfall 540 540 540 540
SWS 124 84 109 132
AET 369 313 355 388
Annual flow 92 165 108 72
Wet season flow 49 142 80 34
Dry season flow 33 23 28 16
Runoff coefficient 0.17 0.31 0.20 0.13
Wet season/annual flow 0.53 0.86 0.74 0.47
Dry season/annual flow 0.36 0.14 0.26 0.22
components for streamflow, AET, and SWS accounted for 58.2, 75.4,
and 97.3% of the total variance, respectively (Table 6). The addition of
the second component improved the prediction error in streamflow
and AET, which cumulatively explained 84.6 and 97.9% of the total var-
iance, respectively. Further addition of third model components for the
streamflow explained the total variance by 97.8% (Table 6). This not-
withstanding, the addition of the second model for SWS and third
PLSR model component for AET did not significantly improve the pre-
dictive capacity of the models. Prediction errors decrease with an in-
crease in the number of components; however, adding more
components can also lead to a greater prediction error, which means
that the later added componentsmaynot strongly correlatewith the re-
siduals of predicted variables (Yan et al., 2016).

Table 7 presents the summary of weights and VIP of individual LULC
classes. Although the weights are important to show the strength and
direction of impacts, a comprehensive demonstration of the relative im-
portance of the predictors can be explained by their VIP values. In the
case of streamflow, the highest VIP valuewas obtained from agriculture,
followed by bareland and bushland (Table 7). The streamflow appeared
to increasewith the expansion of agricultural andbareland,whereas the
rse modelling approach (2014 model) at different sub-catchments.

Change in fluxes (%)

1972–1989 1989–2001 2001–2014 1972–2014

0 0 0 0
−44 19.0 24 −12
−18 13.3 13 7
38 −14.8 −51 −22
77 −23.5 −60 −15
−30 16.7 −34 −33
40 −14.3 −50 −20
28 −10.3 −4 10
−44 36.4 9 −15

0 0 0 0
−48 41.1 15 −13
−18 21.9 6 7
82 −33.0 −46 −16
131 −38.6 −59 −11
−12 −7.8 −27 −36
86 −34.1 −42 −14
25 −8.1 −10 5
−37 19.2 14 −12

0 0 0 0
−32 29.8 17 6
−15 13.4 9 5
79 −34.5 −50 −22
190 −43.7 −135 −31
−30 21.7 −75 −52
82 −35.5 −54 −24
62 −14.0 −57 −11
−61 85.7 −18 −39



Fig. 7. Long-term change pattern of each hydrological components corresponding to the observed land use/cover change for the last 44 years.
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negative values of weight indicate the natural vegetation cover, includ-
ing bush, forest and woodlands contributed to a decreasing trend of
streamflow in the catchment. A lower VIP value for grassland (0.79)
and water body (0.81) suggests the contribution of these LULC types
on the hydrological change is not significant compared to the others.
Similarly, LULC types most closely associated with AET fluxes (shown
by high VIP values) were bareland (1.30), bushland (1.30), and forest
(1.08). However, their contribution to AET is in the opposite direction,
where the AET decreases significantly with increasing of bareland but
bush and forest coverages encouraged an increment (Table 7). With re-
gard to soilwater SWS, all but agriculture andwater body obtained a VIP
of greater than one and except bareland all LULC types contributed to an
increase in SWS (Table). In summary, the PLSR model identified the
main land use dynamics that have affected the change in hydrological
Fig. 8. Comparison of hydrological responses for each of the four LULC maps using hydrologica
annual maxima flows; (c) Frequency and duration of high and low pulses; and (d) Rise and fa
components of the catchment. PLSR model results from the forward
modelling approach show a similar pattern to the reverse modelling
(Tables S9 and S10).

5. Discussion

The results from both forward and reverse hydrological modelling,
IHA analysis and PLSR model demonstrated that the hydrological re-
sponse in the Geba catchment has been significantly affected by the ob-
served dynamic LULC change in the last four decades. Over the whole
period (1972–2014) of analysis, the total runoff, wet and dry season
flows and SWS has decreased whereas average AET over the catchment
has increased. This is due to the overall net decrease in natural vegeta-
tion cover and the net increase in the agricultural land (Table 1). An
l alteration parameters: (a) Magnitude of median monthly flow; (b) Magnitude of median
ll rate of flows.



Table 5
Pearson correlation matrices for the change in LULC types and different hydrological components (streamflow, Soil water storage, and Evapotranspiration) in Geba 1 during the reverse
modelling approach and for the entire period (1972–2014).

Variables AGRI WOOD FORE BARE WATE BUSH GRAS Annual Wet Dry SWS AET

AGRI 1
WOOD −0.96 1.00
FORE −0.84 0.95 1.00
BARE 0.16 −0.96 −0.64 1.00
WATE 0.69 −0.48 −0.20 −0.52 1.00
BUSH −0.98 0.96 0.96 −0.98 0.48 1.00
GRAS −0.61 0.77 0.94 −0.82 0.15 0.98 1.00
Annual 0.95 −0.95 −0.57 0.98 −0.69 −0.97 −0.82 1.00
Wet 0.97 −0.96 −0.68 0.98 −0.56 −0.97 −0.87 0.98 1.00
Dry −0.98 0.96 0.41 −0.98 −0.63 0.98 0.17 0.21 −0.01 1.00
SWS −0.98 0.99 0.96 −0.98 0.15 0.95 0.98 −0.82 −0.94 0.30 1.00
AET −0.49 0.97 0.96 −0.96 0.64 0.97 0.84 −0.99 −1.00 −0.08 0.86 1

Bold values indicate a significant relationship at a level of P b 0.05.
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increase in peak flow and a decrease in low flow during 1972–1989 are
attributed to the rapid expansion of cultivable and grazing lands at the
expense of natural vegetation cover between the mid-1970s to the
end of 1990s. The decline in natural vegetation cover during this period
(Gebremicael et al., 2018) contributed to low infiltration and canopy in-
terception so that the incoming rainfall was converted into surface
runoff.

The decrease in surface runoff and increase in SWS and AET in the
2000s and 2010s results from the notable improvement of natural veg-
etation cover in the 2001 and 2014 LULCmaps. The detected increment
in natural vegetation cover during the last two periods influenced the
partitioning of incoming rainfall to contribute more evapotranspiration
and enhance the infiltration capacity and resulted in a reduced surface
runoff. However, the rate of increase in low flows stalled in the 2010s
in most sub-catchments which might be explained by an increase in
water withdrawals for irrigation. Several local studies (e.g., Alemayehu
et al., 2009; Gebremeskel et al., 2018; Kifle and Gebretsadikan, 2016;
Nyssen et al., 2010) reported that irrigated agriculture in the catchment
has increased by N280% from 2006 to 2015. For example, irrigated agri-
culture in Genfel andAgulae sub-catchments (Fig. 1) has increased from
83 and 143 ha in 2006 to N643 and 946 ha in 2015, respectively.

Model parameters value for two different periods (model in the
1970s and 2010s) were also compared to infer the possible causes of
changes. The differences between the values of the two model parame-
ters (Tables S2–S6) is attributed to the modification of the basin physi-
cal characteristics. For example, parameter values of Ksat and Gash
interception model (EoverR) increased from 1972 to 2014, while the
values of the M parameter and the CanopyGapFraction decreased for
the same period. This suggests that with an increase in natural vegeta-
tion cover more water contributed to infiltration and evapotranspira-
tion instead of going to surface runoff. Change in model parameters
between the two periods indicates a change in catchment characteristic
response behaviour (Gebremicael et al., 2013; Seibert and McDonnell,
2010).

The findings of IHA and PLSR analysis are consistent with the result
from the hydrologic model that expansion of agriculture and grazing
Table 6
Summary of the PLSR models of streamflow, AET and SWS hydrological components in Geba 1

Response Y R2x R2y Q2 Component % of ex

Streamflow (annual, Wet & dry season flows) 0.83 0.87 0.76 1
2
3

AET 0.90 0.89 0.98 1
2

SWS 0.67 0.98 0.87 1

Bold values indicate the last model component which explaines the total variance.
land in the last four decades contributed to an increase of surface runoff
and a decrease of AET and SWS in the catchment. Alteration of monthly
flows during the dry and wet seasons is attributed to the dynamic LULC
change of the catchment. The IHA analysis result showed that the mag-
nitude of median annual flow maxima and minima were significantly
affected by all LULC maps. The direction of change in flow rise and fall
rates was in agreement with the observed LULC changes which implies
that the changes in the rate and frequency of water conditions are
linked to the LULC change of the catchment. Surface runoff generation
showed a strong negative correlation with forest, wood and bushlands
while a strong positive relationship occurred between dry season flow
and these LULC types. The observed dynamic change in these LULC
types during the different analysis periods inversely affected the infil-
tration capacity of the soil and subsequently overland flow to the
streams. It is also reported in several studies (e.g., Gashaw et al., 2018;
Woldesenbet et al., 2017; Yan et al., 2016) that decrease in vegetation
cover contributed to an increase in surface runoff and decrease in dry
season flows.

Our findings are in agreement with previous local and neighbouring
basin studies. A similar decline in the dry season and increase in wet
season flows was reported in the Geba2 sub-catchment. Abraha
(2014) showed that the conversion of natural vegetation to agricultural
crops in the upper Geba catchment (Geba2) increased surface runoff by
72% and decreased dry season flow by 32% over 1972–2003. Nyssen
et al. (2010) showed that the surface runoff volume significantly re-
duced after catchment management interventions in My ZigZag.
Descheemaeker et al. (2006) found a reduction of surface runoff by
80% after the restoration of vegetation cover in the same watershed.
Similarly, Negusse et al. (2013) found that the availability of groundwa-
ter in Arbiha Weatsbiha watershed of Genfel sub-catchment increased
by more than ten times from 1993 to 2013. Bizuneh (2013), in contrast,
found that despite almost all land had been converted into cultivable
area, surface runoff and base-flows did not change in the Siluh water-
shed. It is not clear why this finding disagrees with results of all other
studies in this basin and other neighbouring basins. What all referred
studies share is that these were based either on experimental plots or
during the entire study period during the reverse modelling approach (1972–2014).

plained variability in y Cumulative % of explained variability in y RMSEcv
(mm)

Q2
cum

58.2 58.2 11.3 0.87
26.4 84.6 10.2 0.83
13.2 97.8 8.9 0.94

75.4 75.4 18.3 0.87
22.5 97.9 14.8 0.96
97.3 97.3 3.6 0.87



Table 7
Variable importance of the projection values (VIP) and PLSR for the hydrological compo-
nents of Geba 1during the entire study period during the reverse modelling approach
(1972–2014).

PLSR
predictors

Streamflow (annual, wet and
dry)

AET SWS

VIP W*(1) W*(2) W*(3) VIP W*(1) W*(2) VIP W*(1)

AGRI 1.37 0.08 0.48 0.26 0.68 −0.05 0.25 0.93 −0.38
WOOD 0.90 −0.23 −0.47 −0.42 0.82 0.40 0.20 1.01 0.38
FORE 0.93 −0.35 0.20 −0.19 1.07 0.63 0.25 1.16 0.44
BARE 1.29 0.51 0.15 −0.68 1.30 −0.51 0.28 1.11 −0.42
WATE 0.81 −0.21 −0.28 −0.18 0.68 0.24 0.16 0.19 0.07
BUSH 1.12 −0.51 −0.30 −0.39 1.30 0.52 0.21 1.16 0.44
GRAS 0.79 −0.26 −0.05 −0.33 0.63 0.25 −0.03 1.23 0.47

W* N 0.3 and b−0.3 suggests PLSR components aremainlyweighted on the corresponding
variables.
Negative and positive values show direction of the regressions.
Bold values indicate a significance relationship at w* N 0.3 and b-0.3.
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at very small watershed levels, the findings of which are difficult to ex-
trapolate to catchment scale. The approach in this study adopted the
catchment scale, and uniquely integrates hydrological simulations to
identify the hydrological response of land management dynamics, de-
tect the magnitude of the fluctuations of the simulated streamflow
and then identify the contribution of each LULC type on the change in
streamflow. This approach has explicitly demonstrated the impact of
land management interventions on the hydrology with a better under-
standing at different spatial scales. The results are also consistent with
several studies in the neighbouring basinswhich reported an increasing
trend of wet season flows while the dry season flows decreased due to
the conversion of natural vegetation cover into agricultural and grazing
lands (Gashaw et al., 2018; Gebremicael et al., 2013; Haregeweyn et al.,
2014; Tekleab et al., 2014; Woldesenbet et al., 2017). For example,
Tekleab et al. (2014) and Gebremicael et al. (2013) reported that the
conversion of natural vegetation cover into agricultural and bareland
in the Upper Blue Nile basin has caused an increase of surface runoff
and a decrease of base-flows up to 75% and 50%, respectively.

It is essential to point out one major limitation of this study: it did
not quantify actual water abstractions over the study period, and there-
fore the observed flows at gauging stations were not naturalized. As
water abstractions during the low flow season have likely significantly
increased since around 2010, thismust have influenced some hydrolog-
ical model parameters. Naturalizing the streamflow from abstraction
can improve the model and subsequently the results from this
approach.

6. Conclusions

The investigation of the effect of LULC change to the hydrological
flow from the Geba catchment, over the period 1972 to 2014, has
shown that, the expansion of agricultural and grazing land at the ex-
pense of natural vegetation cover during the period 1972 to 1989 in-
creased surface runoff and contributed to a decrease in dry season
flow. The rate of land degradation decreased and natural vegetation
started recovering from the mid-1990s due to integrated watershed
management interventions which resulted in an increased dry season
flows and a declined surface runoff in the period 1989 to 2001.Whereas
the wet season flows generated from surface runoff continued to de-
cline in the most recent period (2001–2014), this was accompanied
by an unexpected decline in dry season flow, which may be attributed
to an increase in water withdrawals for irrigation. Analysis of 33 hydro-
logical alteration parameters of simulated hydrographs from different
LULC maps showed that the change in magnitude of median monthly
flow, annual extremes, frequency and duration of flow pulses and rate
and frequency of water conditions were consistent with the observed
LULC changes over the period considered. In summary, the rate of
increase in the peak flow and decrease in the dry season flow appeared
to reduce after the 2000s. This result is attributed to the improvement of
natural vegetation cover through watershed management interven-
tions in the catchment.

The key finding from this study is that most LULC types are strongly
affected changes of hydrological components. Cultivation and bareland
areas increase wet season flow and reduce dry season flow, AET and
SWS. The reverse was found for natural vegetation cover (forest, wood
and bush areas) which increases dry season flow, AET and SWS but de-
creases the wet season flow. The hydrological response to LULC change
wasmore pronounced at sub-catchment level, which ismainly linked to
the observed uneven spatial distribution of land degradation and reha-
bilitation in the catchment.

In conclusion, this paper has shown that ongoing watershed man-
agement interventions can increase dry season flows, while decreasing
wet season flows. Dry season flows are of utmost importance for stake-
holders as it comes whenmost needed. Stakeholders in the Geba catch-
ment are already taking advantage of using some of the increased dry
season flow for irrigation purposes. Further in-depth investigation of
the impact of integrated watershed management intervention on the
low flows is essential to understand the potential downstream implica-
tions, including in the Tekeze-Atbara sub-basin and the Nile basin as a
whole.

The approach applied in this studywas found to be realistic to quan-
tify hydrological responses to a human-induced environmental change
in a complex catchment. Particularly, the development of a fully distrib-
uted hydrological model in wflow_PCRaster/Python modelling frame-
work showed a good potential to simulate all hydrological
components by maximizing available spatial data with little calibration
to minimize the risks associated with over-parameterization. The PLSR
model could subsequently identify how specific LULC types impact the
different components of the hydrological cycle.
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