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Abstract: Land use and land cover change are among the drivers of environmental change. The
Suluh River Basin’s land use and land cover are modeled in this study using a land change modeler.
To accomplish the goals of this study, Landsat images and ancillary data sources were utilized. In
eCognition Developer 9.2 software, nearest neighbor fuzzy classification was used to classify Landsat
images. With the IDRISI Selva 17.3 software, change detection and modeling were carried out. Both
qualitative and quantitative analyses of the data were conducted. The results showed that, despite
a drop in forest land of 97.2%, grazing land of 89.8%, plantation land of 89.1%, shrub-bush land
of 1.5%, and water bodies of 84.8% from 1990 to 2002, bare land increased by 10.6%, built-up land
by 29.4%, and cultivated land by 65.4%. The model projects, bare, built-up, and cultivated land
will increase at the cost of water bodies, grazing, forest, shrub-bush, and plantation land between
the years 2028 and 2048. Rainfall, slope, height, distance to rivers, distance to highways, distance
from towns, and population density were the main determinants of LULC change in the study area.
Therefore, in order to promote sustainable development, safeguard the river basin, and lessen the
severity of the changes, appropriate management and timely action must be taken by policymakers
and decision makers.

Keywords: nearest neighbor fuzzy classification; change detection; land change modeler; Suluh
River Basin

1. Introduction

Changes in land use and land cover (hereafter LULC) are a major global environmental
problem [1-3]. In recent decades, rapid changes have been occurring as a result of many
anthropogenic influences [4-6], the consequences of which have altered the interaction
between the earth’s surfaces [7-11]. The study in [9] states that most of the changes are from
vegetation cover to cultivated land. Differences have also been found in the magnitude
and direction of LULC change worldwide. For instance, the study in [12] claims that the
expansion of agriculture in Africa is a driving factor for LULC changes.

LULC change studies in Ethiopia show that most LULC changes are from natural
forests to cultivated land [13-20] and are caused by anthropogenic factors [5,21-25]. More-
over, in a different part of Ethiopia, research was conducted on LULC modeling and
predication by the authors in [26-29], who predicted that LULC will change from vegeta-
tion to cultivated land. In contrast, a few studies in a different part of Ethiopia indicated
an improvement in vegetation cover [5,30,31] due to community afforestation and land
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rehabilitation activity. So, an empirical investigation of the issues of LULC at the local
catchment level is needed.

Modeling of LULC change has grown rapidly to demonstrate the function of the
LULC system [32]. Several studies, such as [33-40], have affirmed that, compared to other
LULC modeling methods, the Land Change Model (hereafter LCM), based on integrated
multilayer perceptron (hereafter MLP) with Markov chain (hereafter MC), is a strong model
for the analysis and prediction of LULC change and provides valid results.

In the Suluh River Basin (hereafter SRB), population growth and a lack of alternative
livelihood strategies have led to environmental degradation [41-44]. Due to the lack of
available land, farmers have no choice but to: (1) acquire more land by expanding into
steep and marginal areas in order to make up for the low yields from their current holdings;
(2) change the type of crops grown on their former cropland or convert it to eucalyptus
plantations; and (3) allow constant farming, excessive grazing, and the use of agricultural
inputs. The studies in [41-44] conducted an analysis on LULC change in the Tekeze River
Basin with different Spatio-temporal coverage and methodologies. However, there was no
mention of modeling LULC change using LCM in the SRB. In this study, we use LCM to
model and forecast LULC change in the SRB. We anticipate that the findings of this study
will assist stakeholders and policymakers in land management and land use planning.

2. Materials and Methods
2.1. The Study Area: Suluh River Basin

The SRB is found in the northeastern part of Tigray, northern Ethiopia. The geographic
location of the SRB extends from 39°24/59.06” E to 39°26'22.73” E latitude and 13°38'18.27”
N to 14°13'53.29” N longitude (Figure 1). The total area covered by the SRB is about 930 km?
and its elevation varies from 1700 to 3298 m above sea level. The study watershed falls in
four districts (Saesie Tsaeda Emba, Hawuzen, Kiltie Awlealo, and Degua Tembien) of the eastern
and south-eastern zones of Tigray.

The SRB is categorized as having a semi-arid climate. The warmest months are May
and June, and the coldest months are December and January. The total annual rainfall and
average temperature between 1988 and 2018 were about 420.4 mm and 17.5 °C, respectively
(Figure 2). The rainfall season is between June and early September, and the rain is
distributed mono-modally. Regarding the hydro-logical conditions, the drainage pattern
of the SRB is dendrite [44]. Regarding the geology of the basin, trap basalt accounts for
2.8%, granite and shale account for 1.8%, metamorphic rock accounts for 28.9%, limestone
accounts for 13.9%, and sandstone accounts for 52.7% [44]. The major soil types of the SRB
area are haplic lixisols, which cover 41.4%, lithic leptosols, which cover 22.7%, Eutric leptosols,
which cover 17.8%, Chromic Cambisols, which cover 15.6%, and Vertic Cambisols, which cover
2.5%. Regarding the major soil textures of the study area, sandy clay loam accounts for
41.4%, sandy loam accounts for 40.5%, and clay accounts for 18.2% [44].

According to the Ethiopian population census of 2007, the population density of the
SRB was 142 persons/ km? [45]. The main crops are cultivated in the highlands (barley,
wheat, maize, teff, and pulses) and lowlands (Sorghum). Cultivation is carried out using
the traditional ox-drawn plow. This area suffers from a livestock (cattle, sheep, goats,
donkeys, and chickens) feed crisis, resulting from crop residue and vegetation biomass
reduction [41-43]. Most of the areas are highly cultivated, which leads to overgrazing and
deforestation. Building stone terraces, micro dams, exclosures, and community woodlots,
as well as enforcing rules and regulations for grazing lands and reducing burning activities,
are some of the major methods of land management in the SRB [43,44,46].

2.2. Sources and Analyses of Data for LULC Change Detection and Prediction

Data pre-processing, data post-processing, and LULC change modeling were all
carried out in accordance with the overall workflow shown in Figure 3. Free satellite photos
from the National Aeronautics and Space Administration (Landsat-5 TM of 1990, Landsat-7
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ETM+ of 2002, and Landsat-8 OLI-TIRS of 2018) were utilized for the LULC change analysis
and modeling of the research region (Table 1).
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Figure 1. Location map of the study area, Suluh River Basin in Tigray, northern Ethiopia.
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Figure 2. Mean annual rainfall (RF) and Mean Temperature (T) of the Suluh River Basin for the period
1988-2018 (sources station data).
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Figure 3. Methodology Flow Chart for Land Change Modeler.

Table 1. The characteristics of Landsat data.

Acquisition Spatial Resolution

Sensor Path/Row Time Resolution Sensor
Landsat TM 169/50 1 January 1990 30 m ™
Landsat ETM+ 169/50 3 February 2002 15m ETM*
Landsat OLI-TIRS 169/50 3 March 2018 15m OLI-TIRS
Aster DEM 30m
Ancillary data
Topo map 1:50,000
Field data November

2017-January 2018

Roads and towns
District boundary
Village boundary

The Landsat-7 ETM+ 2002 and Landsat-8 OLI-TIRS 2018, 30 m pixel, were resampled
to a 15 m pixel size. The Digital Elevation Model (30 m) based on Aster imagery and
ancillary data (topographic maps, field thematic layers (roads and towns), and village and
district boundaries) were also utilized during the analysis. These datasets were acquired
from the National Aeronautics and Space Administration (NASA) through their EOS Data
Gateway Database. All data were projected using the Universal Transverse Mercator
projection system, zone 37° N, and datum of the World Geodetic System 84 (WGS84).
Intensive pre- and post-processing of images was also carried out in ERDAS imagine
2015 software.

In eCognition Developer 9.2, we used the nearest neighbor fuzzy (Equation (1)) classifi-
cation. It is used in eCognition automatically by generating multidimensional membership
functions [47-54]. Based on Table 2, we created eight LULC groups (cultivated, bar, built
up, grazing, plantation, shrub-bush, water body, and forest land).
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Table 2. Land cover, Land use types and their descriptions.

LU/LC Classes Descriptions

CL Areas covered by crops in both irrigation and subsistence farming.

FL Areas covered by forests mainly better canopy

GL Areas covered by grasses including the closed and free grazing land

SBL This category contains low WOO(;ly plants that typically grow vertically and
are less than three meters tall with many stems.

BL Vacant spaces with little to no vegetation cover that may also have exposed
soil or bedrock.

BUL Areas for construction sites and towns

PL Areas composed of Cactus, Eucalyptus globules and Cupresus spp.

Includes lakes (both man-made and natural lakes), rivers, and reserves,
among other things.

Note: Forest land (FL), cultivated land (CL), shrub-bush land (SBL), built up land (BU), grazing land (GL), bare
land (BL), plantation land (PL) and water body (WB).

WB

A = {(X,pA(x)); xe X}, where pA — [0, 1] (1)

where A = fuzzy set X = a space of objects X = elements belonging to space X p-membership
function. In this work, the classification accuracy of the images was evaluated using the
overall accuracy (Equation (2)) and Kappa coefficient (Equation (3)). The kappa coefficient
data show good accuracy, with values of 0.886, 0.883, and 0.852 for the years 1990, 2000,
and 2018, respectively (Table 3), since the values are above the typical overall classification
accuracy level cutoff of 85% [34,55-58], with no class having a score below 70% [34].

OA = % 100 @)

where OA is overall accuracy, X is the number of correct values in diagonals of the matrix,
and Y is the total number of values taken as a reference point.

K=NY |  xii—Y  (xixx+1)/N2=Y  xii—y (xixx+1) ®)
where: r = is the number of rows in the matrix

Table 3. Summary of error matrixes for the classified images of 1990 and 2002.

1990 2002
LULC Classes User Accuracy 22?1]::5; User Accuracy iﬁi;l::;
BL 56% 100% 65% 100%
BUL 88% 100% 89% 100%
CL 100% 55% 100% 56%
FL 100% 94% 100% 100%
GL 100% 94% 100% 100%
PL 86% 100% 88% 100%
SBL 78% 100% 79% 100%
WB 94% 100% 100% 100%
A?Zi;gy 8712121212 89.79592

Kappa Accuracy 0.852591473 0.883327
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Xii = is the number of observations in rows i and column i (along the major diagonal),
Xi+ = the marginal total of row i (right of the matrix), X7 + 1 are the marginal totals of column
i (bottom of the matrix), and N is the total number of observations. K = kappa coefficient.

LULC Modeling Using LCM

The LCM model predicts LULC changes from the thematic raster images with the
same number of classes in the same sequential order [35-37,59-66]. The LCM is used to
predict future LULC changes in the SRB for the next 30 years by following four steps.

The first is change analysis, hence the changes between two different periods (time
1 (1990) time 2 (2002)). LULC maps were calculated using the formula in [67] (Equation (4)):

Af—Ai 1

C= X x?xmo 4)

where C = is the annual change rate of a given LULC type, Af and Ai are the final and
initial area coverage of LULC type during the specific period, and T = year difference
between the initial and final period.

The gain and loss (Equation (5)) were also calculated using LCM in IDIRISI selva

17.3 software.

[Ploss(i),j= (Pj,i— pi,j)/(pi — pi) * 100 i#]

[Pgain(i),j= (Pj,i — pi,j)/(pi — pi) * 100 i#]
where Ploss(i),j Is the percentage taken by j in LUCC in total ‘conversion loss’ of category
row i Pgain(i),jIs the percentage taken by j in LULC change in total ‘conversion gain’ of
category row i, pij and pj;.

Modeling transition potential and determining driving forces is the second phase [68,69].

The characteristics found were to be biophysical (rainfall, slope, and elevation), socioe-
conomic (distance to rivers, distance to highways, distance to towns), and demographic
(population density). Cramer’s V coefficient was utilized for model variable testing, selec-
tion, and transition. The transition sub-model was then updated to include all the variables.
MLP neural networks were utilized to run the model and organize the transition sub-model.
The training set and the testing set each received a random group of transition pixels that
would appear between 1990 and 2002. The variables were derived via geographical and

geo-statistical elaborations of a geographic information system and were formalized as
follows (Equation (6))

Q)

X =X1,X2,....,Xn (6)

Every variable associated with a neuron in the input layer was normalized using
(Equation (7)):

X = (x; — min)/(max — min) X = (Xi — min) / (maxmin) (7)

In the hidden layer, the signal that is received by neuron j in the hidden layer for pixel
k was calculated as follows (Equation (8)):

netj (k,t) =} Wi, j Xi(k) 8)

where netj(k,t) is the signal that is received by neuron j, and wi,j is the weight between the
input layer I and the hidden layer j. The output layer has two neurons that correspond
to two possible significant states (1 = transition, 2 = permanence of the pixel); neuron /
generates a value that indicates the transition probability. Transition probabilities can be
calculated using a sigmoidal function using Equation (9). (A sigmoidal function is used to
represent the non-linearity of each node):

. . 1
P(k1) =) WMW ¥
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The third and fourth steps are change prediction and future scenarios. Change predic-
tion is executed based on MC, using the historical rate of change and the transition potential
maps [70]. MC analyses were run for this study to determine the amount of change using
two LULC maps (1990 and 2002) along with the date specified (2018, 2028 and 2048). The
steps determine how much land was expected to transition from the later date (2002) to
the prediction date (2028 and 2048). An MC (Equation (10)) comprises s, a vector of the
distribution of LULC classes at time t, and A(T), a matrix of transition probabilities from
land use u to land use u” in a given time interval (T)

St+T1 = A(T)St (10)

Validating the model is the fifth stage. A comparison of the simulated and actual
LULC maps from 2018 was made in this study as part of the validation process. While
quantitative data were collected and analyzed using descriptive statistics, the qualitative
material collected through direct observation, focus group discussions, and interviews was
analyzed and interpreted using qualitative approaches (such as a percentage).

3. Results
3.1. LULC Change Analysis from 1990 to 2002

According to Table 4, the LULC change trend showed that from 1990 to 2002, the LULC
in FL, GL, PL, SBL, and WB decreased by 97.2%, 89.8%, 89.1%, 1.5%, and 84.8%, respectively.
However, the BL, BUL, and CL all increased by 10.6%, 29.4%, and 65.4%, respectively. Elder
priest interviewees agreed that there was more vegetation cover in church woodlands in
1990 than there was in 2002. The panelists from the focus group agreed that there had
been significant land fragmentations as a result of repeated land redistribution. The district
office of agriculture and rural development was contacted for an interview; they stated that
LULC change has been hampered due to the population density in the river basin.

Table 4. LULC Change trends in from 1990 to 2048.

LULC LULC Area (km?) Trends of Change (%)
Classes 1990 2002 2018 2028 2048 1990-2002 2018-2028 2018-2048
BL 82.5 91.2 90.6 92 94.2 11 0.6 2.2
BUL 12.7 16.4 29.9 33 38.7 29 1 5.7
CL 351 580.5 551 586 592 65 0.6 6.1
FL 244 0.7 10.3 8 6 -97 -2 -2
GL 186 189 95.6 73 65.4 —-90 -2 7.7
PL 46.7 5.1 67.2 71 76 -89 0.6 5
SBL 219 216.1 84.1 66 57 -1.5 -2 -9
WB 7.6 1.2 1.54 1.02 0.68 —85 -3 -0.3

The gains and losses of key LULC alterations are depicted in Figure 4A. They include
(1) an expansion of CL, (2) an increase in BL, and (3) an increase in BUL, as well as a drop
in SBL, GL, PL, and WB. During 1990-2002, gain and loss in CL were 359.94 km? and
33.03 km?, with a net gain of 326.91 km?. SBL lost 243.67 km? and gained 5.33 km?, with a
net loss of —238.34 km?. PL lost 1.96 km? and gained 52 km? with a net loss of 50.04 km?.

3.2. Transition Potential Modeling, Determining Driving Variables, LULC Transition Analysis
and Validations

Population density (0.345), slope (0.25), elevation (0.18), rainfall (0.22), and the distance
from the river (0.31), towns (0.27), and roads (0.17) were all found to have a substantial
influence on LULC change in the research area using Cramer’s V values as given in Table 5.
Kappa variations that compared the projected LULC map with the actual LULC map of
the year 2018 resulted in a Kappa value = 0.97, Kno = 0.97, Kappa location = 0.99, and k
standard = 0.96. As indicated in Figure 5 and Table 6, both kappa results confirm that the
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model is reliable for the SRB. Using a multilayer perceptron with an accuracy of over 70%,
transitions were represented in a single transition sub-model once the predictor variables
were chosen. The research area’s water body, forest, grazing, and shrub-bush land were
found to have significantly decreased as a result of the significant increase in CL, BL, and
BU, according to the transition probability matrix, which compares probabilities between
two different times (Tables 7-9).

600
-«
) :
< :
pt -
& BL BUL CL FL GL
«
-400 Land use land cover types B
Land use land cover types
400
=~ 200
g ® Loss
éf 0 ——-. T T T T | gﬂlﬂ -
& BL BUL CL FL GL PL BL WB
< 200 net change

-400

Land use land cover types

Figure 4. The gains and losses of LULC types of SRB in 1990 (A), 2002 (B), and 2018 (C).

Table 5. Cramer’s V values of explanatory variables.

Explanatory Variables Cramer’s V
Rainfall 0.2162
slope 0.2526
Elevation 0.1787
distance to rivers 0.3107
distance to roads 0.1687
distance towns 0.2665
population density 0.3448

3.3. Future Scenario/Simulation

Based on real LULC maps, the model predicted LULC change for the years 2028 and
2048 (Figure 6). The Markov model also provides the transition probability matrix for the
years 2028 and 2048 (Table 4). From the year 2018 to 2028, the trend of LULC change in the
study area will show a decrease in FL, GL, SBL, and WB by 2%, 2%, 0.6%,3%, respectively
(Table 4 and Figure 7), whereas BL, BUL, CL and PL areas will be increased by 0.6%, 1%,
0.6%,0.6%, respectively. As indicated in Figure 4B, during 2018-2028, gain and loss in CL
were 374.31 km? and 31.38 km?, with a net gain of 335.13 km?2. SBL lost 289.29 km? and
gained 5.87 km?, with a net loss of —283.22 km?. PL lost 80.09 km? and gained 3.02 km?,
with a net loss of 77.07 km?.
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Figure 5. Land use/cover map of study area for 1990 and 2002.
Table 6. Area statistics of actual and predicted land use/land cover map of 2018.
LULCT Actual Predicted
BL 92 86
BUL 33 38
CL 586 602
FL 8 4.28
GL 73 62
PL 71 75
SBL 66 62
WB 1.02 0.74
930.02 930.02

Table 7. Transition probability matrix of land use/land cover classes for the year 2018.

LULCT BL BUL CL FL GL PL SBL WB

BL 0.0096 0 0.9485 0.0007 0.004 0.0047 0.0325 0

BUL 0.0034 0.0015 0.9894 0.0001 0 0.0024 0.0031 0.0001
CL 0.0045 0.0003 0.9347 0.0002 0.0011 0.0222 0.0366 0.0004
FL 0 0 0.1788 0.1026 0.0244 0.1212 0.5725 0.0005
GL 0.0002 0 0.8903 0.002 0.0391 0.0047 0.0635 0.0002
PL 0.0001 0.0001 0.5642 0.0048 0.0042 0.0952 0.3301 0.0014
SBL 0.0001 0.0003 0.4061 0.0039 0.0028 0.1113 0.4664 0.0092
WB 0.0014 0 0.2143 0.0014 0 0.0844 0.6878 0.0109
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Table 8. Transition probability matrix of land use/land covers classes for the year 2028.

LULCT BL BUL CL FL GL PL SBL WB
BL 0.0106 0.0003 0.9053 0.0005 0.0013 0.0256 0.0557 0.0007
BUL 0.0109 0.0003 09177 0.0004 0.0012 0.0235 0.0456 0.0005
CL 0.0105 0.0002 0.8979 0.0005 0.0013 0.0269 0.0618 0.0008
FL 0.0033 0.0002 0.5752 0.0056 0.0034 0.0820 0.3249 0.0054
GL 0.0102 0.0002 0.8893 0.0007 0.0015 0.0283 0.0688 0.0010
PL 0.0071 0.0002 0.7471 0.0020 0.0020 0.0530 0.1856 0.0031
SBL 0.0056 0.0002 0.6802 0.0025 0.0022 0.0646 0.0646 0.0041
WB 0.0037 0.0002 0.5946 0.0032 0.0025 0.0794 0.3111 0.0053
Table 9. Transition probability matrix of land use/land covers classes for the year 2028.
LULCT BL BUL CL FL GL PL SBL WB
BL 0.29 0.68 0 0.02 0 0 0 0
BUL 0.19 0.76 0 0.02 0.001 0.0012 0 0
CL 0.28 0.67 0 0.04 0.006 0.005 0.0001 0
FL 0.07 0.6 0.03 0.12 0.12 0.06 0.007 0
GL 0.15 0.5 0.06 0.1 0.14 0.02 0.001 0
PL 0.06 0.54 0.01 0.27 0.1 0.0098 0.0012 0
SBL 0.08 0.52 0.01 0.2 0.15 0.0199 0.0011 0
WB 0.12 0.55 0.01 0.18 0.11 0.019 0.009 0
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Figure 6. The simulated (A) and the actual (B) land use/land cover of the SRB in 2018.
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Figure 7. The 2028 and 2048 land use/land cover of the SRB.

Table 4 shows that the LULC trends for bar land, built-up land, plantation land, and
cultivated land will increase from 2018 to 2048 by 2.2%, 5.7%, 5%, and 5.7%, respectively.
On the other hand, between 2018 and 2048, the FL, GL, SBL, and WB areas will grow by
2%, 7.7%, 9%, and 0.3%, respectively. According to Figure 4C, between 2018 and 2048, CL
will acquire and lose 378.14 km? and 31.7 km?, respectively, with a net gain of 338.56 km?.
With a gain of 5.03 km? and a loss of 249.84 km?, SBL will exhibit a net loss of —244.6 km?.
PL lost 82.5 km? overall, gaining 3.23 km?, and losing 85.73 km?. However, there was a net
gain of 16.2 km? in built-up land.

4. Discussion

The study’s results showed an increase in BUL, CL, and BL from 1990 to 2002, which
will persist until 2048. The sharp decline in WB, FL, GL, PL, and SBL that was seen between
1990 and 2002 will last until 2048.The study’s findings are consistent with those of earlier
research projects carried out in Ethiopia by the authors in [71] in the Birr and Upper Didesa
watersheds of the Blue Nile basin, as well as those described in [72] for the Dera area in
northwest Ethiopia. The findings of the study show that BUL, CL, and BL increase, which
is consistent with other research findings in Africa [73] and Ethiopia [14,29], as well as
studies in some parts of Europe, such as in Slovakia [74], Portugal Poland, and Czechia.
Contrasting findings were indicated by [5,30,31,75], which confirmed increasing vegetation
cover due to integrated watershed management in the Tekeze basin [76-78].

Different kinds of LULC change drivers have been discovered in various regions
of Ethiopia. For instance, the studies in [5,16] indicated human drivers, the one in [14]
identified population growth; the research in [78] showed land degradation, poverty, and
food insecurity; the authors in [29] identified population, slope, livestock, and distances
from various infrastructures; and the study in [29] also identified population pressure,
income growth, and declining productivity. Ref. [79] found that slope, distance from the
stream, distance from urban areas, and distance from roads also play an important role in
land use change, as each provides residents with convent access to resources. In our study,
the factors that affected LULC in the SRB included rainfall, slope, elevation, distance to
rivers, distance to highways, distance to towns, and population density. Consideration
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of the drivers of LULC changes at the watershed level is of paramount importance for
sustainably managing the environment in that watershed.

This study used LCM in the SRB to accomplish LULC modeling. This model is effective
because it can simulate various types of land cover with adequate calibration and dynamic
projection skills [80,81]. Various studies have also demonstrated that LCM is effective at
predicting LULC change [82-87]. Therefore, the findings would be useful as inputs for
planners and other stakeholders regarding LULC trends in the study area.

5. Conclusions and Recommendations

The current study was carried out to model and predict land use/land cover changes
from 1990 to 2048 using LCM in the SRB, Ethiopia. Bar land, built-up land, and cultivated
land will increase at the expense of water bodies, forests, shrub-bush, and plantation land
in the years 2028 and 2048. Rainfall, slope, elevation, distance to rivers, distance to roads,
distance towns, and population density were identified as the prominent LULC change
drivers in the study area. This will increase the vulnerability of the watershed to soil
erosion and soil macrofauna loss in the studied river basin in particular and the Tekeze
basin in general. Therefore, suitable and timely management measures must be taken by
policymakers and decision-makers to enable sustainable development and protect the river
basin to reduce the severity of the changes.
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