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Introduction: Urban sprawl in developing countries affects future sustainability
concerns related to environment, ecology and cropland losses. This study aimed
at identifying, classifying and quantifying the changes in land-use and land-cover
(LULC) during the last two decades (2000-2020) and predict the decadal pattern
for the next three decades (2030-2050), with particular emphasis on urban sprawl
at the expense of cultivated land in the upper Awash basin of central Ethiopia.

Methods: Landsat images were used to analyze the LULC change dynamics using
hybrid image classification and maximum likelihood classifier techniques. The
Cellular Automata-Markov Chain (CAMC) Model was used to predict its future
LULC change dynamics. A detailed analysis of the urban sprawl in the cities of
Addis Ababa, Adama, and Mojo was also conducted.

Results: It was observed that during the last two decades, settlements, particularly
urban sprawls, substantially expanded at the expense of cultivated land, whereas the
latter modestly expanded at the expense of forestland, bare land, and shrubland. From
its size in 2000, the urban sprawl of Addis Ababa has grown in all directions towards
cultivated land by more than six times in 2020 and is expected to become double of
that by 2050 in the urban and peri-urban areas of the basin. Adama city has expanded
by the same rate of 9.7% in the past two decades, while Mojo town has sprawled
9 folds between 2010 and 2020. The predicted percentage change in settlement
for Addis Ababa and its neighboring districts within 22 km radius from the centroid
shows a 40% expansion in 2030, 77% in 2040, and 87% in 2050 compared with the
reference year 2020. Similarly, the Mojo town will expand significantly in 2030 (54%),
2040 (119%), and 2050 (by a staggering magnitude of 244%), while Adama will expand
within the 12 km radius by 18%, 42%, and 117% in the next three respective decades.

Discussion: The rapid cultivated land conversions in the basin may contribute to
major shifts in urban and peri-urban ecological environments. Our predictive LULC
change maps and urban sprawling could be useful for developing effective and
sustainable land-use policies for environmental and ecological management in the
upper Awash basin.

LULC, CA-Markov, future trends, urban sprawl, Addis Ababa, urbanization
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1. Introduction

Urban sprawling as a result of rapid urbanization presents a
significant challenge in environmental planning and peri-urban
agricultural land management, particularly in developing countries
(Rimal et al., 2018a; Tariq and Mumtaz, 2022). Urban sprawling is
characterized by multitude processes leading to unplanned and
uneven patterns of growth, leading to inefficient resource utilization
(Guite, 2019). Such sprawling has the effect of decreasing, fragmenting,
and isolating natural patches by altering the size, shape and
interconnectivity of the natural landscape (Alberti, 2005; Elmqvist
et al.,, 2013). Global urban expansion is accompanied by a dramatic
shift in land use/land cover (LULC) changes which affect the natural
environment, ecological processes, land surface properties and
socioeconomic roots (Rimal et al., 2018a, 2018b). Land use changes
have affected 32% (43 million km?) of the global land area over six
decades between 1960 and 2019 (Winkler et al., 2021). The annual rate
of land use changes in Africa also increased from 1960 to 1990 and
then decelerated until 2019 due to various land use change drivers
(Winkler etal., 2021). These LULC changes reflect the human-induced
transformation of the earth’s surface, which is responsible for 60% of
the global land use changes including urbanization (Song et al., 2018;
Tu et al., 2021).

Bren d’Amour et al. (2017) investigated how the global pattern of
future urban expansion will affect the global cultivated areas. They
found that about 1.8-2.4% loss of global cropland by 2030 and of
which 80% of the agricultural production loss from the urban
expansion will take place in Asia (3.2%) and Africa (2.6%). Similarly,
they claimed that much of the productive land that will be lost in both
regions is twice as productive as the current national average and
urban sprawling will continue to expand in the coming decades into
farmland, forests, savannas and other ecosystems (Scto et al., 2013).
For example, in China, it is predicted that one-fourth of total global
cropland losses by 2030 will be experienced due to urban expansions
(Bren d’Amour et al, 2017). Similarly, Egypt and Nigeria will
experience cropland losses of 34.1 and 5.7% with production losses of
36.5 and 11.7% of the total production, respectively (Bren dAmour
et al,, 2017). Thus, understanding and quantifying the dynamics of
land-use changes at the global, regional, and local scales is vital to
mitigate the national and global socioeconomic and sustainability
challenges related to climate change, food security, and biodiversity
loss (Arneth et al., 2014; Powers and Jetz, 2019; Winkler et al., 2021),
particularly in developing countries like Ethiopia. The contribution of
urbanization to land use changes in major cities of Ethiopia becomes
a major sustainability concern which potentially strained future
agricultural crop production and threatens livelihoods (Tassie
Wegedie, 2018). Consequently, modeling the past, present and future
land use dynamics helps to identify major LULC transformations,
their magnitude, rates and pattern of expansions and also understand
the sprawling directions of the cities.

Spatiotemporal mapping and quantification using remote sensing
and geographic information systems (GIS) are powerful and cost-
effective techniques to characterize LULC change (Yuan et al., 2005),
particularly in the data-scarce sub-Saharan countries, such as
Ethiopia. High-resolution geospatial environmental modeling
techniques provide reliable information for simulating past changes,
transition matrices, and predicting future trends in LULC dynamics
(Singh et al., 2015; Gidey et al,, 2017; Shen, 2019; Leta et al., 2021;
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Wang et al, 2021). These models use statistical and rule-based
modeling to detect and predict LULC dynamics (Overmars et al.,
2003; Lu et al., 2004), e.g., statistical estimation (Hyandye et al., 2015),
multi-agent system (Parker et al.,, 2003), Bayesian and evolutionary
algorithm (Aitkenhead and Aalders, 2009), evolutionary algorithms
(Datta et al.,, 2007), agent-based models (D’Aquino et al., 2002),
Markov models (Yang et al., 2012), and hybrids or combinations of CA
and Markov models (Sang et al., 2011; Khwarahm et al., 2021). The
CAMC model has been successfully used to predict future land use in
various parts of the world. For instance, Subedi et al. (2013) validated
the applicability of CAMC for predicting land use changes in the
Saddle Creek drainage basin in Florida, United States. Sang et al.
(2011) simulated the changes in the spatial pattern in land use in the
towns and villages of Beijing, China. Similarly, Wang et al. (2021)
investigated the spatiotemporal dynamics of LULC changes and
predictions in the city of Thimphu, Buhtan. In Greece, Gemitzi (2021)
predicted future land cover changes to design interventions for
maintaining ecosystem services and mitigating climate change
impacts. Mansour et al. (2020) studied the spatial patterns of
urbanization and predicted the future expansion of Oman.
Furthermore, past LULC conditions have been evaluated to simulate
future changes in the Middle Suluh Valley of Northern Ethiopia
(Hishe et al., 2020) and the upper Blue Nile basin of Ethiopia (Leta
etal,, 2021). In this study, we applied the hybrid CA-Markov Chain
(CAMC) model, which quantitatively forecasts and simulates spatial
pattern changes using the Markov and CA models, respectively
(Eastman, 2012; Wang et al., 2020, 2021; Tariq et al., 2023).

Previous studies in the central Main Ethiopian Rift (MER) and the
surrounding highlands of central Ethiopia used historical data to
characterize LULC changes. However, these studies are fragmented,
and consider small watersheds or administrative zones with a limited
temporal extent (only covering a few decades) and are not predictive
(Belay et al,, 2014; Minta et al., 2018; Deribew, 2020; Erasu Tufa and
Lika Megento, 2022). Furthermore, they have not characterized the
rates and patterns of past, present, and future decadal landscape
changes in larger basins. Additionally, urban sprawling effects (such
as the concentration patterns and expansion direction of built-up
areas in major cities/towns) have not been given due attention in these
studies. Although several land use planning policies have been
introduced over the years in line with the capital city Addis Ababa,
most of them were only implemented on trial and not synchronized
with the previously planned policies (Azadi et al., 2021). Such urban
sprawl has serious ecological, economic, and social impacts, such as
the loss of urban spaces, loss of biodiversity, fragmentation of
landscapes, and localized climate changes (Gessesse et al., 2015;
Nyssen et al., 2015; Dadi et al,, 2016). Furthermore, land degradation,
such as erosion, overgrazing, wetland loss, and deforestation, creates
flooding havoc in the low-lying areas of the rift leading to extensive
biodiversity losses (Mersha et al., 2016; Mersha, 2017). Therefore, a
holistic understanding of spatiotemporal LULC dynamics due to
major urban sprawling in the central MER is crucial for addressing
environmental and economic challenges in the area.

This study in the upper Awash basin is an integral part of water
resources management within the framework of water accounting
investigation as addressed in Hirpa et al. (2022, 2023). Urban sprawl
at the expense of cultivated land affects available water resources at the
basin and sub-basin levels. The basin/watershed approach assists in
formulating sustainable land use policies such as water resource
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management, ecology and wetland management, and biodiversity
conservation. The study aimed at identification, classification, and
quantification of decadal landscape changes in the upper Awash basin
considering past, current, and future scenarios (2000-2050). Decadal
changes in urban sprawl directions and built-up area concentration
radius from the urban centers of the major cities in the basin were also
analyzed. This study will assist in characterizing how the urban area
expanded at the expense of cultivated land to reduce the impact of
future sustainability concerns (SDG 2: Zero Hunger and SDG 15: Life
on Land) related to ecology and cropland losses which threaten the
food security in the basin. Furthermore, this study highlights the
complex interaction between urban sprawling and contraction of
agricultural lands in central Ethiopia, which calls for a comprehensive
policy intervention.

2. Methodology
2.1. Study area

The upper Awash basin of central Ethiopia is affected by rapid
LULC changes linked to rapid population growth and extensive
infrastructure development. This area is the most urbanized and
industrialized part of the country, with the largest and most densely
populated urban centers, including the capital, Addis Ababa, and
other big cities such as Adama. It is also characterized by unplanned
settlement and expansion of the urban areas, which causes the rapid
conversion of agricultural land into other LULC classes in the basin
(Erasu Tufa and Lika Megento, 2022). This rapid growth is increasing
energy consumption, demand for land and urban supplies
(urbanization), and industrial and economic growth, resulting in a
decline in forest cover and rural agricultural land.

The upper Awash basin is characterized by a rugged extensive
plateau reaching up to 4,177 m above sea level (a.s.l.) to the west and
east of the MER. The central part of MER is comparatively low-lying
(~794ma.s.l.), and is characterized by extensive plains with some rift
lakes, such as the Bishoftu crater lakes, Lake Beseka, and the Koka
artificial reservoir (Ayenew, 2007, 2008; Adane et al., 2020a). The total
area of the upper Awash basin considered in this study is ~23,761 km”.
In this study, nine watersheds of the basin (Holleta, Melka Kuntire,
Hombole, Akaki, Koka, Mojo, Sire, Kessem, and Metehara) were
considered (Figure 1).

The temporal bimodal rainfall distribution — a short rainy season
(February-May) and a long rainy season (June-September) — in the
basin is influenced by the seasonal north-south migration of the Inter-
Tropical Convergence Zone (Adane et al., 2020a,b; Hirpa et al., 2022).
The average annual rainfall in the highlands of the Awash Basin
(upstream of the Koka reservoir) is 985 mm, while it is 610 mm in the
semi-arid central MER near Metehara (eastern part of the basin). The
mean annual temperature increases from the western highlands to the
eastern part of the central MER (8.6°C at mount Dendi and 25°C at
Metehara; Minta et al., 2018; Adane et al., 2020a).

Cultivated land is the dominant land use type in the basin. A wide
range of major cereals such as maize, teff, wheat, sorghum, chickpea,
and barely are cultivated depending on the elevation ranges (Hirpa
etal, 2022). Small-scale farmers in the western and eastern highlands
rely on rainfed crops combined with livestock (cattle and sheep)
production (Minta et al., 2018). Large-scale irrigation schemes (more
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than 22,000ha of field), such as the Metehara, Wonji-Shoa, and
Kessem sugar plantations, as well as large-scale fruit and vegetable
farms, are common in the central MER. The upper Awash basin hosts
the capital city, Addis Ababa, which has better infrastructure
development. This leads to substantial population concentration,
particularly in peri-urban areas, which results in the rapid conversion
of various land types to settlement sites, i.e., urban sprawling (Dadi
etal, 2016). The basin also hosts other major cities (e.g., Adama) and
big towns, including Holleta, Bishoftu, Mojo, Wolenchiti, and
Metehara. The population size of the 49 woreda administrations
within the basin is ~7.32 million as recorded in 2012 (Shawul and
Chakma, 2019). In addition, the population of Addis Ababa city,
Adama and Mojo towns were estimated in 2021 to be ~3.8 million,
~435,000 and 58,000, respectively (CSA, 2013; ESS, 2021a). 58.8 to
68% of the economically active population (both employed and
unemployed) live in Addis Ababa and surrounding towns such as
Bishoftu, Burayu, Sabata, Ambo and Adama (ESS, 2021a).

2.2. Datasets

Various sets of satellite images were used to investigate historical
decadal LULC changes in the study area from 2000 to 2020. Multi-
temporal Landsat-5 Thematic Mapper (Landsat-5TM) and operational
land imager (Landsat 8 OLI) data for the years 2000, 2010, and 2020
were acquired from the Center for Earth Resources Observation and
Science of the United States Geological Survey (USGS). Cloud-free,
dry-season (January and February) images (Table 1) were downloaded.
Additionally, a 30 x 30 m resolution Shuttle Radar Topographic Mission
digital elevation model (DEM) was downloaded from the USGS Earth
Explorer site (Table 1), which was used to produce the elevation map
(Figure 1), delineate the basin and watersheds using ArcSWAT
extension of ArcMap 10.6, and extract the watershed characteristics.

Ancillary data, including validation set points (VSPs), were
collected using a Garmin etrex 10 GPS and recorded using high-
resolution imagery. VSPs were used to assess the accuracy of the
classified LULCs. Land use classification was conducted using ERDAS
IMAGINE 2014 software.

2.3. Image pre-processing and
classification

A preliminary field investigation was conducted to identify
dominant LULC classes. Accordingly, the basin was classified into
seven classes (Supplementary Table S1): shrubland, bareland,
settlement, forest land, cultivated land, grassland, and waterbody.

In this study, a Landsat 5TM and Landsat 8 OLI, which have been
processed to Level-1 full Terrain Precision Correction (L1TP) with
root-mean-square error (RMSE) of less than one and eight were used
for the analysis, respectively (Supplementary Tables 52, §3). Thus, no
image corrections were done on the processed images by the USGS. In
addition, we checked the metadata information (including cloud
cover, line scan errors, the quality score of the scene given as 9, which
is good) of the downloaded image and we proceeded to make
further analysis.

The bands in each of the four satellite scenes covering the study
area were georeferenced using ground control points and projected
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FIGURE 1
Location map of the upper Awash basin in the central MER and surrounding highlands.

TABLE 1 Satellite data specifications.

Images/Data Path/row Date of acquisition* Resolution (m) Accessed
167/54 05/01/2000
168/54 28/01/2000
168/55 12/01/2000
169/54 20/02/2000
Landsat 5 TM March 2021
167/54 01/02/2010
168/54 10/01/2010
30 http://glovis.usgs.gov/
168/55 10/01/2010
169/54 30/01/2010
167/54 10/02/2020
168/54 19/01/2020
Landsat 8 OLI March 2021
168/55 28/01/2020
169/54 10/01/2020
http://earthexplorer.usgs.
SRTM - 30 March 2021
gov/

*Date of acquisitions in dd/mm/yyyy format.

with the Universal Traverse Mercator (UTM) of WGS84 zone 37. The  (subset) on the shapefiles using an Area of Interest to reduce the
layer stacked and mosaiced together with other scenes using ERDAS ~ computational time in the large study area (~23,761km?). The image
IMAGINE 2014 and ArcMap 10.6 software. The images were sized ~ band ration was adjusted to the RGB composite colors blue, red,
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green, and infra-red where the combined band ratio has allowed to
better discriminate the LULC features.

A hybrid classification (both supervised and unsupervised)
technique using a maximum likelihood classifier was used to prepare
the probability density distribution functions for each LULC class, and
signatures were assigned on the ERDAS IMAGINE software
(Gebreslassie, 2014; Yohannes et al., 2018; Gebru et al., 2019). This
study has combined the past decadal land use trends with a spatially
explicit projection to quantify the magnitude, rates, and patterns of
urban expansion and cropland loss including transformation into
other land use types in the upper Awash basin. The overall
methodological flowchart of this study is indicated in Figure 2.

2.3.1. Accuracy assessment

Accuracy of the individual classifications should be assessed if the
classified data are to be useful for change detection (Owojori and Xie,
2003). Accuracy of the seven predefined classes was validated via VSPs
using visual interpretation during the field survey. A stratified random
sampling method was used to generate 200 accuracy assessment
points using the classification and segmentation toolbox in
ArcMap 10.6. The ArcMap considers each land use class as a stratum
and then randomly samples/allocates the number of control points
from each land use class in the proportion of to its size. Then the
automatically generated samples are compared with the VSPs collected
from the field. These accuracy assessment points were randomly
distributed over the basin and represented the seven LULC classes. A
total of 200 VSPs were collected from physically accessible areas with

10.3389/fevo.2023.1160987

1 m positional accuracy and used to validate the 2020 LULC classes.
Furthermore, historical Google Earth images, various ancillary data
including topographic maps, and visual inspection of the visited
localities were used to check and validate the accuracy of historical
(2000 and 2010) LULC.

Accuracy of the classified images was verified using the overall
classification accuracy (OA) and kappa statistics (Congalton, 1991).
OA shows the ratio of the number of correct classifications (NCC) to
the total number of reference points (TNR). OA and Kappa coefficient
(KA) were analyzed as indicated in Congalton (1991).

2.3.2. Historical LULC change detection
Post-classification changes were detected using statistical analysis
for the periods 2000-2010, 2010-2020, and 2000-2020. This has been
done using cross-tabulation matrix (transition matrix) using overlay
function in ArcGIS 10.6 software. Changes in the LULC percentages
(ALULC), magnitude of change (MC), annual rate of change (ARC),
and LULC change matrix were generated. This analysis not only
explores changes that have occurred in an area but also identifies their
nature and determines their spatial extent and pattern (Gebru et al,
2019; Wang et al,, 2020). The MC (ha), and ARC (%) for each LULC
class during each period were computed based on Egs. 1-4,
respectively (Puyravaud, 2003; Deribew, 2020; Gebru et al., 2022):

Ar — 4;
Aruze (%) == 100, (1)

1

r

Ground truth data:
e Google earth
e Field visit

Landsat 5 (TM) Lansat 8 (OLI)
2000 and 2010 2020

6re-processing

e Layer stacking of bands
o Subset (clip) using Area I
of Interest (AOT) )

—— ==

Hybrid Classification
Supervised and

Unsupervised

Maximum Likelihood
classifier and signature was

assigned

Y

Signature
derived

LULC classification
(2000, 2010 and 2020)

( Accuracy Assessment )4—

Historical decadal LULC
change detection (2000,
2010 and 2020)

\_

d sprawl of major cities

LULC 2000-2010
OR
LULC 2010-2020

DEM (SRTM)
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/P;e—p?roc;sigz N
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N _FlllSmlglu_s/
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FIGURE 2
Methodological flowchart of this study.
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Ain magnilude(ha) =Af - 4, (2)

ARC(ha | year) = [Af_A"], (3)
n

]

where Arand A, are the areal coverage of each LULC type for the
final and initial years of computation, ALULC is the change in LULC
between years, and At is the durations between the final and
initial years.

2.3.3. Future LULC predictions

The CAMC model combines a CA filter and Markov chain
procedure and is applied to predict future land-use changes (Singh
etal., 2015; Mondal et al., 2016; Wang et al., 2020). The CA is a discrete
- in time, space, and state-grid dynamic model (Wang S. Q. et al.,
2012). Decadal LULC predictions for 2030, 2040, and 2050 were
modeled using CAMC in IDRISI Selva software version 17.02. This
model can simulate spatial variations in complex systems. The
transition probability matrix was generated by cross-tabulating two
different images (Fathizad et al., 2015; Wang et al., 2020). Prior to
analysis, a pair of LULC images (2000-2010 and 2010-2020) and
outputs of a transition probability matrix, a transition area matrix, and
a set of conditional probability images were analyzed to be used as
inputs for the CAMC model to predict future land use changes.

The probability of change of the seven LULC categories to other
categories was given by a transition probability matrix. The transition
area matrix records change in the number of pixels from each land
cover type to other in a given time unit (Eastman, 2012). Two
transitional matrices (2000-2010 and 2010-2020) were computed
using the LULC images from 2000, 2010, and 2020. The transitional
matrix of 2000-2010 was used to predict the 2020 LULC, which was
validated using LULC reference data for the same year. Finally, using
the 2010 and 2020 images, we modeled future decadal land use (in
2030, 2040, and 2050) changes in the upper Awash basin. The predicted
LULC changes were validated using a method indicated by Pontius
(2000), Pontius et al. (2004), Omar et al. (2014), and Singh et al. (2015).

2.4. Urban sprawl in the upper Awash basin

Urban sprawling effects on peri-urban areas by converting to
other land uses are common (Hasse and Lathrop, 2003; Siedentop and
Fina, 2010; Deribew, 2020). In this study, an attempt was made to
identify in which concentric shield rings the built-up areas
(settlements) are densely located in reference to the urban center
(centroid) for three cities/towns: Addis Ababa, Adama, and Mojo.
Sprawl directions were identified by assigning four zones: northeast
(NE), southeast (SE), southwest (SW), and northwest (NW). The
classified LULC change images were then overlaid on ArcMap 10.6.
Concentric shield rings with a 2km interval covering a total radius of
22km from Addis Ababa, 12 km radius for Adama, and 8 km radius
from Mojo were considered based on their areal coverage. Finally, the
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urban sprawl direction and its concentration radius from the centroid
of the selected cities and towns were analyzed.

3. Results
3.1. Accuracy assessment

Accuracy assessment of the results showed that the classified
LULC was in general agreement with the existing conditions of the
upper Awash basin, where the KA for all three considered periods was
>0.80, while the overall accuracy was >85.5% (Table 2).

3.2. Past/present LULC conditions

The results show a clear ARC increase from 2000 to 2020 in
settlements and cultivate land, with a reduction in forestland and
bareland in the upper Awash basin (Figure 3). The confusion matrix
of the historical LULC is indicated in Supplementary Table 54.

Currently, the western part of the basin (the western highlands) is
dominated by intensive small-scale subsistence farming, while the
low-lying central, northeastern, and eastern parts (the central MER)
are characterized by large-scale irrigation farms. Patches of forests
survive on some isolated peaks in the central part of the basin and in
the eastern highlands. The Addis Ababa — Mojo — Adama corridor is
a major urban area, while remnants of shrubland and bareland can
be observed in the northeastern lowlands of the basin.

3.3. LULC change detection

Post-classification comparison provides an account of the amount
and type of change that has occurred for each LULC class. The annual
rate of change for the periods 2000-2010, 2010-2020, and 2000-2020
was generated by comparing the classified maps of 2000, 2010, and
2020 (Figure 4). The decadal changes are described below based on
Figure 4; Table 3.

From 2000 to 2020, settlements, cultivated land, and waterbody
expanded while shrubland, grassland, bareland, and forestland shrank
by different extents. Settlements expanded by a staggering magnitude of
432% at an average annual rate of 17%, whereas cultivated land expanded
by a modest magnitude of 42% at an average annual rate of 3.5%. The
surface area of waterbodies increased by 2.4%, which can be mostly
related to the significant expansion of Lake Beseka due to groundwater
input (Dinka, 2012, 2017), despite the loss of wetlands in the western
highlands (Gebresllassie et al., 2014; Tolessa et al., 2018). Settlement and
cultivated land expanded at the expense of declining forestland (by 66%),
grassland and bareland (by 65% each), and shrubland (by 44%).

The change matrix results revealed that ~35% (829,890 ha), 28%
(666,096 ha), and 41% (971,231 ha) of the total area (2,376,111 ha) of
the upper Awash basin experienced significant changes in LULC
during the 2000-2010, 2010-2020 and 2000-2020 periods,
respectively (Supplementary Table S5). Land conversion was mainly
due to the consistent and significant expansion of settlements and
cultivated land and the consistent shrinkage of forestland and bareland
during the last two decades. Grassland, shrubland, and waterbodies
showed some variability during the last two decades; however, the
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TABLE 2 Accuracy assessment for classified LULC of 2000, 2010, and 2020.

10.3389/fevo.2023.1160987

LULC

classes

WB 100 100 85.5 0.8 100 100 88.6 0.82 100 100 89.7 0.81
SL 643 90 66.7 9% 66.7 82.4

ST 88.9 100 81.8 100 100 100

GL 69.2 81.8 85.7 85.7 70 100

FL 100 88.2 88.9 100 71.4 100

BL 81.5 71 82.6 86.4 66.7 88.9

CL 95.2 85.9 97.1 84.9 97.6 87.7

'WB, water body; SL, shrubland; ST, settlement; GL, grassland; FL, forestland; BL, bareland; CL, cultivated land; PA, producers accuracy (%); UA, user accuracy (%); OA, overall classification

accuracy (%); overall Kappa statistics (KA).
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overall area of shrubland and grassland declined and that of waterbody
expanded from 2000 to 2020 (Supplementary Table S5).

3.4. Future LULC prediction

3.4.1. Transitional probability matrix

The two qualitative LULC images (2010 and 2020) produced a
transitional probability matrix for 2030, 2040, and 2050
(Supplementary Table 56). This matrix shows the possibility of a pixel
of a given class to change to any other class (or remain the same) in
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the next period (Eastman, 2012). Grassland, forestland, bareland, and
shrubland showed relatively higher probabilities of conversion (values
closer to 1 in Supplementary Table S6) to cultivated land in the years
2030, 2040, and 2050. On the other hand, the waterbody, settlement,
and cultivated land transition matrices showed a limited rate of
conversion to other LULC classes, with at least 95% of settlements,
84% of cultivated land, and 82% of waterbody remaining intact.

3.4.2. Validation of future LULC prediction
The actual LULC of 2020 was compared with the predicted LULC
of the same year based on the CAMC model using the 2000 and 2010
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FIGURE 4
Historical areal coverage of LULC, total gain/loss and the annual rate of change in the LULC classes in the upper Awash basin for the period 2000-
2020.

LULC images (Figure 5). The actual land use showed greater
settlement expansion around major cities (e.g., Addis Ababa and
Adama) and cultivated land expansion in the eastern part of the basin
(Figure 5). This is also in agreement with earlier studies that confirmed
major expansions of the size of Addis Ababa by 77%, while the
population increased by 74% during the last two decades, particularly
since 2010 (Koroso et al., 2020). However, the predicted image of 2020
showed less settlement coverage, while the bareland in the eastern part
of the basin was also overestimated compared with the actual LULC
map of 2020 (Figure 5). The discrepancies between the actual and
predicted LULC maps for 2020 are possibly due to the significant ST
expansion after 2010 in the basin, particularly the massive expansion
of the Addis Ababa-Adama corridor. To adjust for these discrepancies,
the actual LULC of 2010 and 2020 was used to predict future (2030,
2040, and 2050) LULC changes. Furthermore, the classification
agreement/disagreement analysis to specify the quantity and
2020 LULC is shown in

allocation for predicting the

Supplementary Tables S7, S8.

3.4.3. Future LULC changes and dynamics

Forestland and shrubland showed a steady decline in areal
coverage from the reference year 2020 to the next three decades.
Similarly, bareland and waterbody also show declining patterns
(Table 4). On the other hand, settlement, grassland, and cultivated
land showed expansion in the next three decades by different extents
compared to the reference year 2020. The extent of settlement will
expand significantly by 2030 (by 55%), 2040 (by 112%), and 2050 (by
a staggering magnitude of 168%).

Settlements will expand by a similar rate of ARC during the 2020-
2030, 2030-2040 and 2040-2050 periods (Table 4). The expansion of
settlements will be mainly concentrated along the Addis Ababa-
Adama corridor (Figure 6). Barelands will decline in the eastern part
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of the basin (Figure 6); however, the decline will slow down slightly
from 2030 to 2050. Similarly, shrublands in the eastern part of the
basin will reduce in the next three decades (Table 4). Forestland
showed reduction in the next three decades with respect to the
reference year 2020. Cultivated land showed expansion of ~4.5% in
2030 and 2040, which relatively will slow down by 2050 (3.2%).

In terms of total LULC, cultivated land will remain dominant in
the coming decades, although its extent will slightly increase from the
reference year 2020 (Supplementary Table 59). In 2020, cultivated land
covered 78% of the basin, and will cover at least ~81% of the basin in
the coming three decades. While all the other LULC classes showed a
limited expansion (grassland) or decline (waterbody, shrubland,
forestland, and bareland) in the total areal coverage from 2020 to 2050,
settlements showed the largest change. It covered only 3.1% of the
total area of the basin in 2020, which became more than double to
8.3% of the basin in 2050 (Supplementary Table 59). The settlement
expansion (mostly urban and peri-urban settlements) could be at the
expense of other classes, particularly cultivated land. This future trend
of urban expansion in the upper Awash basin has been consistent with
the large-scale boundary expansion of major cities, such as Addis
Ababa, since 1993 (Koroso et al., 2020).

3.4.4. LULC over watersheds of the upper Awash
basin

The total areas for the nine watersheds of the upper Awash basin
evaluated in this study are listed in Table 5. Cultivated land dominates
most of the watersheds in the western and eastern highlands (Holleta,
Akaki, Melka Kuntire, and Sire watersheds), as well as the plateau-rift
escarpment zones (Hombole, Mojo, and Koka watersheds), and is
represented by small-scale rain-fed farming. However, cultivated land
is not dominant in the eastern part of the basin (Kesem and Metehara
watersheds), which is dominated by shrubland and barelands, with
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TABLE 3 Annual rate of LULC changes in the upper Awash basin for the
period 2000-2020.

LULC Area (ha) Change Annual rate
class (2000-2010) of change
2000 2010 Area | Initial ha/ %
(ha) % year
WB 22,662 23,943 1,280 56 128 05
SL 321,549 | 335275 13,726 43 1,373 0.4
ST 13,782 33,348 19,566 142 1,957 8.8
GL 35,763 6,029 29733 | —-83.1 | —2973 | -17.8
FL 214,682 152,068 & —62613 = —292 | —6261 = —34
BL 460,151 277,490 | —182,660  —39.7 | —18,266 | —5.1
cL 1,307,523 1,547,958 | 240,435 18.4 24,043 17
2010 2020 Changes (2010-2020)
WB 23,943 23,200 —742 -3.1 —74 -0.3
SL 335275 | 180,799 | —154477 = —46.1 = —15448  —6.2
ST 33,348 73,271 39,923 119.7 3,992 7.9
GL 6,029 12,551 6,521 108.2 652 7.3
FL 152,068 72919 —79,150 —52 7915 | -73
BL 277490 | 159266 = —118225  —42.6 = —11,822 —56
cL 1,547,958 1,854,106 | 306,148 19.8 30,615 1.8
2000 2020 Changes (2000-2020)
WB 22,662 23,200 538 24 54 0.2
SL 321,549 | 180,799 = —140,750  —438 = —14,075 —58
ST 13,782 73,271 59,489 431.6 5,949 16.7
GL 35,763 12,551 23212 | —649 = -2321 | -105
FL 214,682 72919  -141,763 = —66  —14,176 —10.8
BL 460,151 | 159,266 = —300,885 = —654 | —30,089 @ —10.6
cL 1,307,523 | 1,854,106 | 546,583 418 54,658 | 3.5
Total
wea (h) 2,376,111 | 2,376,111

WB, water body; SL, shrubland; ST, settlement; GL, grassland; FL, forestland; BL, bareland;
CL, cultivated land.

isolated large-scale farming. In the next three decades, settlements will
steadily expand at the expense of cultivated land and other LULC
classes in all watersheds, particularly upstream of the Koka watershed,
with an average decadal LULC change of 42% in the Akaki and 26% in
the Holleta watershed. The Addis Ababa-Adama corridor straddles the
Akaki, Koka, and Mojo watersheds, which explains this trend in
settlements growth. In the Mojo and Koka watersheds, settlement
expands at a decadal average of 7 and 6% by 2030 and 2050, respectively.

3.5. Urban sprawl in the upper Awash basin

The urban sprawl during the 2000-2020 period was analyzed
using concentric rings around the centroid of the two major cities in
the basin, Addis Ababa and Adama, and Mojo town, located along the
Addis Ababa-Adama corridor, which is the major import-export
route of the country (Figure 7). These areas have undergone rapid
expansion over the last two decades (10,650 ha in 2000 to 42,651 ha in

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1160987

2020; Table 6). Addis Ababa expanded in all directions, particularly
along the Addis Ababa-Adama corridor, resulting in the
interconnection of previously isolated towns of Dukem and Bishoftu
with the city by 2020. Additionally, Addis Ababa has expanded to the
west and southwest, and has been interconnected with the towns of
Alem Gena and Sebeta-Awas by 2020. Urban growth expands from the
centroid (urban center) towards the periphery (peri-urban settlements).

In 2000, Addis Ababa’s built-up concentration was within a 6km
radius from the urban center and accounted for only ~7,007 ha of land
(Table 6), with some dispersed settlements along the NE, SE, and NW
directions within a 12 km radius. This expansion accounted for nearly
all of the urban sprawl of Addis Ababa in 2000 (10,650 ha), except for
a narrow strip along the SSE direction, which was beyond the 12km
radius (Figure 7). In 2010, the built-up area concentration in the urban
sprawl of Addis Ababa was within an 8 km radius from the centroid,
accounting for ~14,558 ha of land, i.e., more than double the size since
2000. In 2020, the built-up area concentration was within a 10km
radius and accounted for 23,976 ha of land (Table 6). However, since
2010, urban sprawl from Addis Ababa has reached 22km from the
centroid without a major break in the built-up area concentration
along the SE, NE, NW, and SW directions, with annual built-up area
rates of change of 7.6 and 6.2% in 2000-2010 and 2010-2020,
respectively. The total urban sprawl within a 22km radius of the
centroid of Addis Ababa was ~22,887ha in 2010 and a staggering
~42,651ha in 2020 (Table 6). The city has been expanding towards
CLs on the wide plains of the plateau and the MER, while its expansion
to the north is checked by the rugged mountain ridges of Entoto and
Yeka, which mark the boundary between the rift and the plateau.

Adama City and Mojo Town have shown similar expansions
during the last two decades (Figure 7; Table 6). Adama city has shown
an annual expansion rate of 9.7% both during the 2000-2010 and
2010-2020 periods while Mojo town has sprawled by 9 folds, from
only ~292ha in 2010 to ~2,696 ha in 2020 (Table 6).

The predicted percentage change in settlement for Addis Ababa
and its neighboring districts within 22 km radius from the centroid
shows a 40% expansion in 2030, 77% in 2040, and 87% in 2050
compared with the reference year 2020 (Table 6; Figure 8). Similarly,
the Mojo town will expand significantly in 2030 (54%), 2040 (119%),
and 2050 (by a staggering magnitude of 244%), while Adama will
expand within the 12km radius by 18, 42, and 117% in the next three
respective decades (Figure 8). In the past two decades, the cultivated
lands around Addis Ababa declined as a result of urban sprawling by
9.4 and 4.2% during 2000-2010 and 2010-2020, respectively. In
Adama City and its surroundings, the cultivated land showed
expansion by 114% in 2010 with respect to 2000 and declined in 2010-
2020 (by —2.9%). Similarly, the cultivated land will shrink in urban
and peri-urban vicinities of Addis Ababa (by ~15, 33, and 39%), Mojo
(by ~5, 11, and 30%), and Adama (by ~1, 3, and 18%) in the next three
consecutive decades.

4. Discussion

4.1. Drivers of past and future LULC
changes

The upper Awash basin is characterized by intensive small-scale
farming in the western and eastern highlands and by large-scale irrigated
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TABLE 4 Predicted LULC percent changes and the annual rate of change
in the upper Awash basin.

Land Change in LULC (A in %) ARC (%) per year
use per year from the from the reference
classes reference year of 2020 year of 2020
2030 2040 2050 2030 2040 2050
WB —-2.86 —5.48 —7.85 —029  —056 | —027
SL —3231 | —4389 @ —4817 -39 —289 | —2.19
ST 54.74 11229 | 1683 437 3.76 3.29
GL 254 3227 33.11 2.26 1.4 0.95
FL —4447 | —6249 | —69.79 —588 | —49 -3.99
BL 2094 | -2726 @ —29.67 —235  -159 | -117
CL 44 4.49 321 0.43 0.22 0.11

WB, water body; SL, shrubland; ST, settlement; GL, grassland; FL, forestland; BL, bare land;
CL, cultivated land.

farms in the central MER, particularly in the eastern part of the basin,
such as sugar estates and fruit farms (Minta et al,, 2018; Hirpa et al.,
2022). The cultivated land has been the dominant LULC class in the
Awash basin until 2020, but this study showed that its extent will decrease
during the next three decades to give way to settlements that will show
an exponential growth from a meager 0.6% (13,782km?’) of the upper
Awash basin in 2000 to 8.3% (197,217 km?) in 2050.

The significant expansions in settlement areas in the upper Awash
basin are attributed to population growth, rural-to-urban population
migration, large-scale infrastructural developments such as road and
rail networks, establishment and expansion of industrial zones, and
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flower farming (Chirisa, 2008; Wubneh, 2013). The population of
Addis Ababa has grown from ~2.5 million in 2000 (Kassa, 2013) to
~3.8 million in 2021 and is projected to become 5.2 million in 2037.
The populations of Adama and Mojo expanded from ~130,000 and
22,000 in 1994 to ~435,000 and 58,000 in 2021, respectively (CSA,
2013; ESS, 2021a). According to the labor force and migration survey
report by the Ethiopian Statistics Service (ESS) in 2021, Addis Ababa
City had the highest gain of lifetime migrants (292 persons per 1,000
population) compared to other cities/towns of Ethiopia (ESS, 2021b).
This necessitated building more housing units to accommodate the
growing numbers of both population and industry. This has led to
significant urban sprawl in big cities (Addis Ababa and Adama) and
smaller towns (Holleta et al., Mojo, Wolenchiti, and Metehara, among
others). Most of these expansions were at the expense of cultivated
land, grassland, shrubland, bareland, and some forest cover.
Settlements and cultivated land have expanded parallelly during
the last two decades, although cultivated land has also been converted
to settlements. Following the Agricultural Development Led
Industrialization policy of the 2000s, cultivated land expanded mainly
due to increased demand for food, which is one of the major factors
that contributed to the reduction of natural vegetation cover, where
more areas between 2000 and 2020 were used to cultivate irrigated and
rainfed crops (Zewdie, 2015; Dube et al., 2019). Agricultural land
expansion and population growth have put pressure on the natural
environment and have significantly reduced forestland, shrubland,
and grassland coverage in the upper Awash basin over the last two
decades (Beyene and Muche, 2010; Tefera, 2010). This encouraged
farmers to boost food production in a very stressed basin, leading to
more investment in agricultural inputs, such as land, fertilizers,
pesticides, seeds, agricultural machinery, laborers, wages, and a skilled
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TABLE 5 Average decadal percentage of past and future LULC changes in
seven watersheds of the upper Awash basin.

Watersheds Areal 2000-2020 2030-2050
el CL ST cL ST
(%) (%) (%) (%)
Holleta 318 71.52 191 65.67 26.46
Akaki 1,516 64.75 15.94 52.16 42.08
Melka Kuntire 4,143 92.15 0.73 91.31 6.62
Hombole 1,681 86.88 0.77 93.97 4.37
Mojo 1,431 86.7 1.77 90.92 7.1
Koka 2,542 72.88 0.92 79.78 6.32
Sire 840 80.28 0.11 71.49 1.03
Metehara 2,182 41.32 0.85 71.49 2.92
Kessem 3,475 53.1 0.13 85.24 2.2

CL, cultivated land; ST, settlement.

workforce, causing the sprawling of urban and semi-urban
settlements. Meanwhile, this situation also created more competition
for land use, leading to conversion of cultivated land to built-up areas
(settlements) in many cases. However several studies confirmed that
considerable agricultural land losses in peri-urban areas are observed
in recent decades due to unplanned expansion of built up areas in
many of Ethiopian cities (Mohamed and Worku, 2019; Worku, 2020;
Erasu Tufa and Lika Megento, 2022). The reduction of cultivated land
has a direct influence on the amount of crop production (Pham Thi
etal, 2021). Erasu Tufa and Lika Megento (2022) found a decreasing
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trend in crop production (feff, wheat and barley) in four woredas of
peri-urban Addis Ababa between 1996 and 2020. Dadi et al. (2016)
also recorded that the cultivated land in peri-urban areas of Addis
Ababa has been reduced by ~28% in Gelan and ~48% in Dukem
between 2004/05 and 2012/13 due to rapid industrial development
and settlement expansions.

On a large scale, the rate of change of agricultural land can also
be significantly affected by shifts in the political and economic regime
(Schierhorn et al., 2013; Winkler et al,, 2021). For instance, the
expansion of flower farms in Ethiopia triggered a significant LULC
change during the last two decades, and its effects are believed to
continue in the coming decades. Ethiopia is one of the largest flower
suppliers, the second largest in Africa, to the global market since 2001,
and more than 84 active flower farms are operating in the country
(Mengistie, 2020). Approximately 90% of the flower farms are situated
in the central highlands of Ethiopia: Holleta, Walmera district, Sebeta,
and Ejere, mostly in the upper Awash basin, and some others in the
Lake Ziway Basin (Gobie, 2019; Abate, 2020). Similarly, Oqubay
(Oqubay, 2015) reported that 90% of non-floriculture (vegetables,
fruits, herbs) as well as flower farms are concentrated around Addis
Ababa in central Ethiopia, which is the export hub for flower markets
around the world. The concentration of flower farms has significantly
contributed to the expansion of settlements in peri-urban areas.

Other works in the upper Awash basin, though fragmental, have
shown similar LULC changes in various parts of the basin.
Industrialization, residential expansion, and infrastructural
development have been reported as the leading drivers for conversion
of agricultural land to settlements, expanding the peri-urban sprawls
around Dukem Town at the center of the basin (Dadi et al., 2016).
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LULC dynamics have also seriously impact food production in the
region (Dadi et al., 2016). Similar urban and peri-urban expansion has
been recorded in several other towns in the basin, such as in the
Sebeta-Awas town, which expanded by 55% in 2002 and by another
15% in 2019 from 1986 (Deribew, 2020). Tufa and Megento (2022)
reported a rapid transformation (by ~90%) of farmland (cultivated
land) into urban areas (settlements) between 1986 and 2020 around
Addis Ababa. They attributed the major losses of cultivated land in the
peri-urban areas of Addis Ababa to the unplanned expansion of
built-up areas towards agricultural regions. They further indicated a
combination of factors, including governmental policy on land use,
socioeconomic and demographic dynamics, and biophysical
conditions of the area to be the major triggering factors for
land transformation.

4.2. LULC predictive maps and policy
development for sustainable land use

Predictive LULC maps have been successfully utilized for policy
development and land-use planning in several countries. For instance,
Lopezetal. (2001) studied urban settlement growth with future LULC
changes in Morelia City, Mexico. Sun et al. (2007) modeled urban land
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use change and urban sprawl in the city of Calgary, Canada, to plan
the transportation network in the city. Fricke and Wolff' (2002)
investigated the urban sprawl using the built-up areas and
transportation network databases for the Brussels area. Wang J. et al.
(2012) investigated the driving forces of land use changes and policy
dimensions in China for past, present, and future conditions. Al-sharif
and Pradhan (2015) developed a future predictive map for the city of
Tripoli, Libya, and investigated the urban expansion dynamics,
including the spatiotemporal patterns, to estimate the future demand
of urban land. Yiran et al. (2020) who reviewed the literature on urban
sprawl in Sub-Saharan Africa (SSA), pointed out that such types of
studies are rare in SSA countries, particularly in eastern Africa. This
is despite the fact that the eastern African countries are currently
showing the fastest rate of urbanization compared to more urbanized
regions of SSA, particularly the southern African region (UNECA,
2017). Yiran et al. (2020) found out that urban sprawl in SSA is
causing a reduction of cultivated land leading to a raising concern of
food security in the affected rural communities. They further
recommended the use of remote sensing/GIS along with ethnographic
methods to better capture the complexity and impacts of urban sprawl
in SSA. Thus, if sustainable land use is to be achieved in complex
settings, such as the upper Awash basin, land use policy and planning
must rely on possible trends identified in the predictive maps
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TABLE 6 Settlement area coverage (ha) between 2000 and 2050 in major cities and towns of the upper Awash basin.

City/Town

Area (ha)

Concentric radius from centroid (km)

8

7006.59

10

10650.3 2000

14558.4

22887.2 2010

23976.2 42651.4 2020

Addis Ababa

59782.9 2030

75660.5 2040

79659.5 2050

292.2

2010

2695.5

2020

Mojo 4144.8

2030

5913.8

2040

9270.5

2050

923.3

2000

2440.5

2010

6460.9

7517.5 2020

Adama

8848.4 2030

10695.2 2040

16281.8 2050

produced in this study. An institute should be formed, where such
data can be systematically archived and utilized. However, a recent
study on the role of institutional actors and their interaction in
land-use policymaking in Ethiopia reported prevalent structural
organizational problems in land-use institutions, poor participation
of lower-level governmental institutions in land-use policymaking,
lack of policy awareness, and absence of clear institutional mandates
(Ariti et al., 2019). Moreover, although several land use planning
policies have been introduced over the years, most of them were only
implemented on trial and not synchronized with the previously
planned policies (Azadi et al., 2021). This discordance resulted in
overlaps, redundancies, and ineffective cadastral structures within the
country (Azadi et al., 2021), which in turn led to the ineffective
implementation of land use policy and management practices.
Synchronized land use policy and legislation based on empirical data,
such as predictive LULC maps, as well as a strong and effective
institutional setup that cascades to the lower implementing agencies
and communities, are thus required to reduce the effects of
implementing inappropriate land use systems.

4.3. Implications and limitations of the
study

Although our study was limited to decadal resolution to quantify
the magnitude and rates of cultivated land losses due to urbanization,
the results definitely show that rapid urban expansion has been
happening at the expense of highly productive agricultural lands in
central Ethiopia. This study has quantified the extent of agricultural
land lost to urban expansion and objectively predicted the future
extent of such loss. The reduction in crop production in peri-urban
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areas contributed to a rise in food prices and pose challenges to food
security to meet the growing demands of the urban population (Tufa
and Magento, 2022). The result of our study, therefore, will assists in
developing and implementing appropriate land use planning for
sustainable food production in the basin (addresses SDG 2: Zero
Hunger) and in turn helps to ensures the farmers’ livelihood in the
peri-urban areas of the major cities of central Ethiopia (addresses SDG
15: Life on land: Reversing man-made deforestation and desertification
to sustain all life on earth). Thus, our work has practical uses in
developing land use monitoring schemes across the basin for
sustainable urban and peri-urban development and in efforts to
alleviate future food scarcity, biodiversity losses and maintain
ecological balance in the basin. However, our study did not quantify
actual crop production losses, neither did it include analysis of
economic loss related to land reduction/conversion and its impact
on livelihoods.

The basin-wide approach we adopted in our work could be a good
framework for investigating the interactions of various LULC
components. This approach also helps to use our findings for
investigating the impact of the land use and landcover changes
including urban sprawls on water resources within the basin, which
in turn will be wuseful for developing sustainable water
management strategies.

5. Conclusions and perspectives

Our study shows that the last two decades (2000-2020) have
seen major changes in the settlement and cultivated land where
settlements, particularly urban sprawls, substantially expanded at
the expense of cultivated land and other LULC classes. Cultivated
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land modestly expanded at the expense of forestland, bareland and
shrubland. In the next three decades (2030-2050), waterbody,
shrubland, bareland, and forestland will steadily decline while
settlement, grassland and cultivated land will expand. The
expansion of settlements will be very significant compared to the
other LULC changes. Although cultivated land will remain the
dominant LULC class in the coming three decades, its total extent
will not show much variation, as the offset from settlement
expansion will be compensated by its expansion to other LULC
classes. However, settlements will show the largest change in areal
coverage, where their size (urban and peri-urban sprawls), will
be more than double in 2050 compared to that in 2020. Since 1993,
the large-scale boundary expansion of major cities, such as Addis
Ababa, is consistent with the future trends of LULC in our
predictive models of the upper Awash basin.

In the Akaki, Mojo, and Koka watersheds, where the major urban
sprawl along the Addis Ababa-Adama corridor is located, settlement
will steadily expand at the expense of cultivated land and other LULC
classes in the next three decades. The size of the urban sprawl of Addis
Ababa has grown more than six times in 2020 compared to that in
2000 such that the urban sprawl of Addis Ababa is now interconnected
with all the formerly isolated towns nearby. Further, Addis Ababa has
been expanding in nearly all directions towards cultivated lands on
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the wide plains of the plateau and the MER. Similarly, Adama City and
Mojo Town have expanded significantly over the last two decades.

We suggest that future studies focus on quantifying crop
production loss due to urban sprawling in specific hot spots in the
basin. As reduction in cultivated land impacts crop production
leading to the rise of crop prices, this creates challenges in achieving
SDG 2 and SDG 15 in the upper Awash basin. In addition, proper and
coordinated land-use planning for environmental and ecological
management is lacking in the upper Awash basin. Thus, sustainable
land use policy can only be effective if it relies on empirical data and
possible future trends in LULC identified in predictive maps, such as
those produced in this study. A proper institute where such data can
be systematically archived and utilized for integrated policy
development for environmental and ecological management is
also required.
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