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ARTICLE INFO ABSTRACT

Keywords: This study investigated the relationship between land use/land cover (LULC) changes and
Agmecowgi'cal zones forested landscape fragmentation in the southwestern region of Ethiopia. Satellite images from
Fragmentation 1986, 2002 and 2019 were collected and analyzed using standard procedures in ERDAS 2015
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software. Fragstat 4.2.1 software was utilized to assess landscape fragmentation by examining a
raster datasets derived from the classified LULC map over the research period. The study iden-
tified seven LULC classes in the study area. Findings revealed a substantial reduction in shrubland
by 46.3%, dense forest by 23.75%, open forest by 17.3%, and wetland by 32.63%, while cropland
increased by 38.06%, agroforestry by 20.29%, and settlements by 163.8% during the study
period. These changes varied across different agroecological zones and slope gradients. Landscape
metrics results indicated an increase in the number of patches and patch density for all LULC
classes, demonstrating significant fragmentation of the landscape. The largest patch index, mean
patch areas, and the percentage of landscape occupied by open forest, dense forest, shrubland,
and wetland declined as a result of conversion to cropland, agroforestry, and settlement.
Conversely, the largest patch index, the mean patch area and the percentage of the landscape
occupied by agroforestry, cropland and settlement increased, indicating their increasing domi-
nance in the landscape over the study periods. The findings highlighted the potential deleterious
impacts of ongoing land use change and fragmentation on the environment, ecosystem function
and local livelihoods. Therefore, it is crucial to implement appropriate conservation efforts and
sustainable land management practices to mitigate the rapid change and fragmentation of land
use and its negative impacts on sub-watershed ecosystems.

1. Introduction

Human activities have greatly influenced the way land has been used and covered over centuries, resulting in significant changes in
land use/land cover (LULC) [1]. These human-caused impacts have affected critical ecological processes in the Earths system [2]. In
the recent decades, there has been a sharp increase in LULC change in Africa, mainly due to rapid population growth and the associated
overexploitation of natural resources [3].
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A significant phase of LULC change has occurred in East African over the last 6000 years due to the emergence of new subsistence
agriculture and technologies [4]. Like other parts of East African countries, Ethiopia experienced major LULC changes between 2000
and 3000 years ago, mainly related to the historical development of agriculture and human settlement [5]. Recent studies in the
country have revealed that LULC change have increased and become more visible in recent decades [3,6-11]. Most of these studies
have found that expansion of agriculture contributed significantly to the loss of natural habitats in many areas of the country [7,
12-14]. Thus, the conversion and loss of natural habitats have greatly influenced the spatial and temporal configuration of a landscape
[6,15,16], the availability of ecosystem services, and the resilience of the regional ecosystem and livelihoods to climate change [17].

According to Refs. [17,18], studying LULC changes and associated landscape fragmentation is expected to improve our under-
standing of spatial and temporal dynamics, the magnitude and tendency of changes in a natural ecosystem and associated functions at
different scales predicts and support science-information-based landscape management activities. Remote sensing data and geographic
information systems have recently been widely used to analyze the evolution of LULC [10,17,19,20]. However, they are not sufficient
to measure and describe changes in the composition and configuration of a landscape [20,21]. At the landscape level, landscape
measurements combined with remote sensing data and geographic information systems are valuable for describing LULC variations
and landscape patterns [6,16,17,22]. Although such results are crucial for planning long-term landscape management in Ethiopia,
little attention has been paid to measuring and describing spatial and temporal pattern changes in the landscape [7,8], as well as
changes in relation to topographic gradient [23-25].

The forest ecosystem in the southwestern part of Ethiopia is the center of origin of Coffee arabica L. and a source of diverse
ecosystem goods and services [26,27]. The ecosystem also supports four of the seven major vegetation types in Ethiopia [28]. Due to
anthropogenic factors, this region has recently experienced massive degradation, fragmentation and loss of forest [27,29-31]. The
fragmented forest areas in the research areas are nevertheless an important ecosystem for watershed protection and biodiversity
conservation in Baro-Akobo Basin. Nevertheless, little attention has been paid to the impacts of ongoing LULC change and its impacts
on landscape dynamics, biodiversity and ecosystem services. Therefore, obtaining integrated data on LULC changes and landscape
fragmentation in the research area is crucial for environmental protection and maintaining ecosystem service. Such studies are crucial
in areas where biodiversity and ecological services are increasingly threatened [32]. This study examined LULC change in 1986, 2002
and 2019, examined its distribution and change along elevation and slope gradients, and quantified landscape metrics to track change
in landscape pattern over time and space in the Bakro-Akobo sub-basin, in southwestern Ethiopia.
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Fig. 1. Map of the study area.
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2. Materials and method
2.1. Description of the study area

This research was conducted in the Baro-Akobo Basin in the Bench-Sheko Zone in southwestern Ethiopia. The area is defined by
latitudes from 6°44'24"N to 7°12'18'N and longitudes from 35°32'1"E to 35°53'2"E (Fig. 1). The study area is characterized by un-
dulating landscape features containing the largest forest fragments in the country. The forest is part of the moist evergreen Afro-
montane forest [33]. The altitude varies between 1144 and 2696 m. a.s.l. The annual average precipitation and reference
evapotranspiration are 1780 (+270) mm per and 1259 (+12) mm per year respectively [34]. The average air temperature varies
between 13 and 27 °C [35]. The predominant soil type in the study is characterized by leptosols, nitisols, and fluvisols on ridges, hill
slopes and flat valley floors [36]. The study area was predominantly inhabited by Bench peoples. The population of the study area was
276,732 (48.2% male and 51.8% female) in 2017, of which 92% were rural dwellers [37]. The community practices rain-fed farming
and livestock farming as its main sources of their livelihoods. Coffee, korarima (Aframomum corrorima Braun), other cereal crops, and
livestock sales are the main sources of income.

2.2. Sources of data

To examine how land use/land covers (LULC) dynamics of have changed over the past 33 years (1986-2019), a study employed a
comprehensive approach. This approach involved combining remote sensing imagery, digital elevation model (DEM), topographic
maps (at 1:50,000 scale) and additional datasets such as GPS records and Google Earth maps. Landsat TM (Thematic Mapper) images
from 1986, Landsat ETM+ (Enhanced Thematic Mapper Plus) images from 2002 and Landsat OLI/TIRS (Operational Land Imager/
Thermal Infrared Sensor) images from 2019 were obtained free of charge from the United States Geological Survey (USGS) at http://
glovis.usgs.gov (Table 1). All satellite images were taken in the same season (December and January) to avoid the effect of seasonal
variations and were virtually cloud-free. The date of the images was selected based on important events such as the resettlement
program in the region organized by the government of Ethiopian, changes in government policies and the availability of high quality
images.

2.3. Image preprocessing and classification approaches

In this study, ERDAS Imagine 2015 software packages were used to perform standard image processing techniques and image
classification, while ArcGIS 10.4.1 was used to delineate the study area, collect raster datasets for fragmentation analysis, and map
preparation. The satellite images underwent geometric correction to align with the Universal Transfer Mercator coordinate system and
were georeferenced using the World Geodetic System (Zone 84), based on data specifically selected by Ethiopia. In addition, various
image preprocessing techniques such as mosaicking, sub-setting based on area of interest (AOI), and radiometric enhancement (his-
togram equalization, haze reduction, and atmospheric correction) were applied to the raw data to improve the quality of the image
before classification.

To categorize LULC types, the training site data was randomly distributed and used to identify training pixels for each LULC class.
For current images, the training sites were determined using GPS readings, supported by high-resolution Google Earth images. For
older historical images, training sites were determined through visual interpretation of raw images, information from local elders, and
local knowledge from researchers, just like the techniques used by Refs. [38,39].

To support the LULC classification and identify the nature of change dynamics, focus group discussions, key informant interviews
and field observations were conducted. A total of 20 key informants were recruited and interviewed based solely on their experience,
expertise, and understanding of past and historical LULC changes. In addition, four intensive focused group discussions were held with
11-12 key informants (age >50 years) and a total of 47 elder farmers. They were selected for their proximity to a forest and had lived in
a community for at least 35 years to ensure they had extensive knowledge of the area’s natural environment during the study period.
Field observations were conducted with key informants to gather data on the physical characteristics, uses, and conditions of the land
under study, identify different land cover types and confirm the accuracy of the LULC classification.

Supervised classification was performed by applying Maximum Likelihood Classifier (MLC) for image classification. The maximum
likelihood algorithm assumes that the statistics for each class in each band are normally distributed and calculates the probability that
a given pixel belongs to a given class, categorizing each pixel into the class with the highest probability (Arc GIS 10.4 Desktop Help).
This technique assumes that the minority classes in the image have the opportunity to be included in their respective spectral classes,
thereby minimizing the problem of unclassified pixels entering another class during classification [40]. The seven LULC categories that
were discovered, ground truth validated and reported were (1) cropland, (2) agroforestry, (3) wetland, (4) settlement, (5) open forest,

Table 1

Summary of Landsat images for land use/land cover change study.
Year Acquisition date Sensor Resolution Number of bands Path/Row
1986 1986/01/19 ™ 30 x 30 1,2,3,4&5 170/055
2002 2002/12/09 ETM+ 30 x 30 1,2,3,4,5 &7 170/055
2019 2019/01/14 OLI/TIRS 30 x 30 1,2,3,4,5 &7 170/055
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(6) dense forest, and (7) shrubland (Table 2).
2.4. LULC change detection

The changes in hectares for different LULC classes were calculated and analyzed for each specified period. The percentage of LULC
change (trend) for individual LULC classes was calculated using the following formula [23].

(A2 —Ay)
A

1

Percentage of LULC change = x 100

Where: A; and Ay area of LULC type in the initial year and final year respectively.

The rate of individual LULC change per year was calculated by dividing the percentage of LULC change by the time interval, i.e.,
2002-1986 (16 years), 2019-2002 (17 years), and 2019-1986 (33 years), as follows:

(A2 —Ay)
1t —1)
Where: time t; and ty are initial and final time.

A thematic change detection method was used to determine “from-to." information about which land use classes changed during
the study period (1986-2019). A LULC transition matrix, constructed in the form of an area chart with columns for “initial state" classes
and rows for “final state" classes, defined the type of LULC class transition (ha).

To evaluate prominent signals of landscape dynamics, change matrices were constructed for the transitions from 1986 to 2019. The
areas of gain, loss, persistence, loss to persistence ratio (LP = loss/persistence), gain to persistence ratio (GP = gain/persistence), and
net change (gain-loss) to persistence ratio (NP = net change/persistence) between LULC types was estimated using the methods
described by Ref. [42]. Persistence is the LULC class that does not change between the start and end times of the change detection
period.

A 30 m resolution digital elevation model (DEM) created from Aster an image was also used to examine LULC variation in response
to topographic gradient (elevation and slope). This is because slope and elevation gradients are essential elements in defining resource
gradients and climate complexity in relation to human contact [43] and thus influence the distribution and variation of LULC [44,45]
and land management activities. Using ArcGIS 10.4.1, slope and elevation were calculated from a DEM and then reclassified into six
and three classes, respectively. Slope was defined as 0-5° 6-10°,11-20°, 21-30°, 31-40°, and >41°, while the elevation was classified
as 500-1500 m (lowland), 1500-2300 m (midlands), and 2300-3200 m (highlands) according to agro-ecological categorization of the
Ministry of Agriculture (MoA) [46]. Finally, thematic information illustrating the relationship between the LULC distribution and the
changes in each elevation and slope class was collected using ArcGIS by overlaying the map of each LULC class in each study period
(1986, 2002, and 2019) on a slope and elevation map.

Annual rate of change(%) = x 100

2.5. Accuracy assessment

The accuracy of the classified images was evaluated using random ground truth data from the field, original Landsat images, and a
Google Earth map for each LULC class. Based on the specified minimum samples for categorizing images with LULC classes less than 12
[47,48], a total of 50-75 ground truth data were collected. During image classification accuracy, the training location data used for
image classification was removed. An error matrix was used to assess the classification accuracy. The error matrix is a widely used
approach to quantify classification accuracy and helps to calculate overall accuracy, kappa statistics, user accuracy and producer
accuracy [47]. The overall accuracy, kappa coefficient, user’s accuracy, and producer’s accuracy were calculated using the approaches
provided by Refs. [47,48].

2.6. Analysis of landscape fragmentation
Landscape fragmentation was examined using the spatial statistical tool FRAGSTATS (version 4.2.1), which calculated landscape

metrics. FRAGSTATS provides landscape metrics with its diverse options [49,50]. Landscape measurements in FRAGSTATS are a good
way to track changes in landscape patterns over time in relation to anthropogenic and natural variables [51,52]. The raster datasets

Table 2
Descriptions of identified land use/land cover classes.
Land use land class Description
Agroforestry Lands covered by plantation coffee and spices, woodlots and fruit trees grown within the homestead.
Crop land Lands that are mainly designated for production of seasonal crops.
Dense forest Land dominated by trees canopy density of greater than 40% [41].
Shrub land Land cover dominated by bushes, shrubs and forest lands with canopy density less than 10% [41].
Settlement An area where there are permanent inhabitants, man-made structures and activities, such as towns and roads.
Open forest Land with tree cover of canopy density of 10% and more but less than 40% [41].
Wetlands Includes areas that are waterlogged, marshy and swampy both in wet and dry seasons [40].
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collected using ArcGIS 10.4.1 from LULC classes from three research periods (1986, 2002, and 2019) were used as input data sources
for fragmentation analysis.

Among the various landscape metrics used to quantify different landscape aspects, those metrics that can capture the relevant
characteristics of a landscape feature were selected to avoid duplication of information and increase the value of the landscape metrics
for the aspect of the landscape being analyzed [53-55]. Class-level metrics were used in this study because they measure the abun-
dance, spatial distribution, and pattern of a particular LULC class in the landscape [56-58]. Among them, largest patch index, number
of patches, mean patch area, edge density, area-weighted mean shape index, mean Euclidean nearest neighbor distance, interspersion
and juxtaposition, aggregation index and patch density were used from previous studies [57,58] (Table 3).

3. Results and discussion
3.1. LULC change analysis

3.1.1. Image classification accuracy

The analysis of LULC showed that the overall accuracy of the classified map was 87.69% in 1986, 88.13% in 2002, and 92.14% in
2019, with corresponding Kappa statistics of 0.86, 0.86, and 0.91, respectively (Table 4). The producer’s accuracy, which measures the
accuracy of correctly identifying specific land cover classes, ranged from 77.94% to 94.92% across all study periods. The lowest
producer’s accuracy was observed in agroforestry in 1986, while the highest was observed in settlement and agroforestry in 2019.
Similarly, the user’s accuracy, which measures the accuracy of correctly identifying a particular land cover class from the classification
map, ranged from 79.63% to 95%. The lowest and highest values were associated with open forest and shrubland, respectively. The
producer’s accuracy results showed that settlement, wetland and dense forest were correctly classified in 1986, while dense forest and
cropland were correctly classified in 2002. In 2019, all LULC classes except cropland and open forest were correctly classified. In 1986,
agroforestry had a producer’s accuracy of 77.94%, while open forest had a producer’s accuracy of 79.63% in 2002. This lower accuracy
may be due to confusion in land cover classes during image processing as well as spatial and spectral resolution limitations [23,58,59].
However, the overall accuracy of the LULC maps exceeded the minimum threshold of 80% for reliable land cover classification
[60-62]. The kappa statistics showed strong agreement between the classified map and the ground truth data, suggesting that the
identified LULC classes accurately reflect the actual land cover on the ground [48]. Similar studies conducted in Ethiopia also reported
high classification accuracies (>85%) [11,63].

3.1.2. LULC change detection

The results from Table 5 and Fig. 2 indicate a significant change in the study landscape between 1986 and 2019. In 1986, agro-
forestry occupied the largest share of the area surveyed at 27.63%, while open forests, dense forests and cropland accounted for 21%,
20%, and 16.7%, respectively. Wetlands and settlements accounted for only 6.31% and 1.12%, respectively. In 2002, cropland was
found to be the predominant land use type covering 34.04% of the surveyed landscape, followed by agroforestry with 21.05%, open
forest with 18%, and dense forests with 15.84%. Wetlands, shrubland, and settlements had the lowest proportions in the study area. In
2019, agroforestry became the dominant land use at 33.24%, followed by cropland at 23.03%. Wetlands, shrublands, and settlements
made up a relatively small proportion of the study area.

The results from Table 6 show that the analysis of LULC change between 1986 and 2002 showed notable declines in shrubland,
agroforestry, wetland and dense forest. In return, there was a significant increase in cropland and settlement. Specifically, there was
decline of 39.06% shrubland 23.82% agroforestry, 22.36% and 20.96% dense forest. Meanwhile, cropland recorded a growth of 104%,
and settlement increased by 59.52% during the same period.

In the first study period there was a noticeable decrease in forest and wetland size, while the area used for agriculture increased.
This was in contrast to the second study period. Information from reliable sources (key informants) reported that the Derg regime
(1974-1991) initiated a large-scale settlement program between 1985 and 1988 in response to a drought in the northern region of
Ethiopia. This program had a major impact on forest cover and various ecosystems as it involved converting dense natural forests into

Table 3
Class level metrics used to measure fragmentation.

Landscape metric

Description

Percentage of landscape (%PLAND)

Number of patches (NP)

Largest patch index (LPI)

Edge density (ED)

Mean patch area (AREA_MN)

Area-weighted mean shape index
(SHAPE_AM)

Mean Euclidean nearest neighbor
distance (ENN_MN)

Interspersion and juxtaposition index
wn

Aggregation index (AI)

Patch density (PD)

Proportion of the landscape occupied by certain land use/land cover class

Number of patches in the landscape of the same land use/land cover class

Percentage of the landscape comprised by the largest patch of the corresponding land use/land cover class

Total length of edge of a certain land use/land cover class per unit area (m/ha).

Mean area of patches of the same land use/land cover class (m?)

It measures the complexity of patch shape of a particular land use/land cover class compared to a standard shape
(square), by weighting patches according to their size.

Mean of minimum edge to edge distances to the nearest neighboring patch of the same type of a certain land use/
land cover class (m)

Degree of interspersion of patches of this class, with all other classes

Percentage of neighboring pixel of the same land use/land cover class, based on single count method
Number of patches per unit area (per 100 ha)
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Table 4

Accuracy and kappa statistics for classified map of study area (1986-2019).
LULC class 1986 2002 2019

PA (%) UA (%) PA (%) UA (%) PA (%) UA (%)

Shrub land 84.91 90.00 89.09 92.45 93.44 95.00
Wetland 90.38 92.16 90.0 98.18 91.67 91.67
Settlement 94.64 92.98 88.89 92.31 94.92 93.33
Open forest 82.76 82.76 82.69 79.63 89.66 86.67
Agroforestry 77.94 88.33 85.45 87.04 94.92 93.33
Dense forest 98.08 85.0 91.84 86.54 93.33 93.33
Crop land 88.14 83.87 92.31 81.36 87.30 91.67
OA 87.69 88.13 92.14
Kappa Statistics 0.86 0.86 0.91

PA = producer’s accuracy, UA = user’s accuracy OA= Overall Accuracy.

Table 5
Land use/land cover class and their respective area in during study periods (1986-2019).
1986 2002 2019

LULC class Area (ha) Area (%) Area (ha) Area (%) Area (ha) Area (%)
Settlement 1072.62 1.12 1711.07 1.79 2829.78 2.96
Wetland 6038.91 6.31 4688.55 4.9 4068.53 4.25
Shrub land 6920.37 7.24 4217.22 4.41 3718.60 3.89
Cropland 15,958.20 16.68 32,551.70 34.03 22,031.46 23.03
Dense forest 19,170.90 20.04 15,153.20 15.84 14,618.20 15.28
Open forest 20,058.20 20.97 17,192.90 17.98 16,590.90 17.35
Agroforestry 26,429.00 27.63 20,133.50 21.05 31,790.70 33.24
Total 95,648.20 100 95,648.2 100 95,648.2 100

agricultural and residential areas. A recent study by Ref. [64] found that these settlement programs had significant impacts on
vegetation cover and conservation efforts. They found that several factors associated with these programs, such as population growth,
expansion of farmland and settlements, deforestation, wildfires, unsustainable practices and poor management contributed to changes
in vegetation cover [Fig. 2 near here.].

In the second period (2002-2019), all LULC declined except for settlements and agroforestry. Over the past three decades, LULC
type of agroforestry has increased significantly, which can play a positive role in conserving biodiversity and mitigating climate
change. According to key informants and the focus group, forest areas and croplands were converted into agroforestry land uses such as
coffee (Coffee arabica L), korarima (Aframomum corrorima), khat (Catha edulis), bananas and eucalyptus trees. There has been a
degradation of cropland, particularly due to increasing soil acidification and loss of soil fertility, as well as the increasing economic
benefits of agroforestry-based agricultural products. Expanding agroforestry in such deforestation-prone areas yields brings numerous
benefits such as curbing deforestation, protecting soil, protecting biodiversity and improving soil health. In addition, it provides
economic benefits to local communities while promoting forest and species conservation. Studies supported this finding that agro-
forestry showed increasing trends in some parts of the central highlands and southern region of Ethiopia due to its high economic
benefits and the drive to diversify and sustain production for better social, economic and environmental benefits [65,66].

This study showed that the natural environments of the study area, such as dense forests, open forests, shrublands and wetlands,
continuously decreased during the study periods and lost their coverage by 23.75%, 17.29, 46.27%, and 32.63, respectively, during the
study period. The natural forest cover decreased by 24.3%, which corresponds to deforestation 340 ha year. Recent studies [9,10,13,
40,44,67-70] supported this finding that significant forest areas were converted to other LULC classes. The current study found that
settlement has increased by more than twofold in the last 33 years, indicating rapid population growth and infrastructural develop-
ment in the study area. This finding was supported by the reported annual population growth rate in the SNNPR state, which increased
by 2.9% with 90% of people living in rural areas [71]. This increase in population would increase the demand for agricultural land,
biomass energy and wood for house construction, which directly impacts forests [20,72]. As reported by Refs. [73,74], the rural
population in Ethiopia relies heavily on biomass energy from forests due to the lack of sustainable energy sources.

3.1.3. LULC transition

The LULC transition matrix shows significant transitions between the seven LULC classes (Table 7) during the study periods. During
the study period, approximately 50.43% of the entire landscape experienced varying degrees of transition between LULC classes. There
was a significant decline in shrubland, open forest and cropland cover during this period, largely due to conversion to other land uses.
Specifically, 88.06%, 62.5%, and 44.2% of the shrubland, open forest, and dense forests were converted into different LULC types
(Table 8). Agricultural land, including agroforestry and cropland, acquired 70%, 48%, and 31% of its area, respectively, from the area
originally covered by open forest, shrub land and dense forest in 1986. In 2019, shrubland gained the most (77.51%), followed by
cropland (67.95%), settlements (66.52%) and open forest (54.67%). Dense forests and wetlands, on the other hand, recorded the
smallest gains at 24.52% and 3.12% respectively. Compared to other LULC classes, areas dominated by human activities such as
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Fig. 2. Land use/land cover map of the study area in 1986, 2002 and 2019.

Table 6
Land use/land cover changes result depicting percentage change and annual rate of change for the study periods (1986-2019).
Cover change (%) Rate of change gain(+)/loss(—)/year

LULC 2002-1986 2019-2002 2019-1986 2002-1986 2019-2002 2019-1986
Settlement +59.52 +65.38 +163.82 +3.72 +3.85 +4.96
Wetland —22.36 ~13.22 —32.63 1.4 —-0.78 —0.99
Shrub land —39.06 -11.82 —46.27 —2.44 -0.7 -1.4
Cropland +103.98 —-32.32 +38.06 +6.5 -1.9 +1.15
Dense forest —20.96 —3.53 —23.75 —-1.31 —-0.21 —-0.72
Open forest —14.28 -3.5 -17.29 —0.89 -0.21 —0.52
Agroforestry —23.82 +57.9 +20.29 -1.49 +3.41 +0.61

agroforestry, cropland, and settlement experienced the greatest growth. Approximately 45.4% of settlement, 53.6% of cropland and
53.7% of agroforestry area in 2019 came from natural systems such as dense forest, open forest, shrubland and wetlands.

The study found that croplands, open forests and shrublands had a loss-to-persistence ratio (LP) greater than one, indicating a
higher probability of transition to other LULC classes rather than remaining stable [44,45]. The gain-to-persistence ratio (GP) for
cropland, open forest, settlement and shrubland was also greater than one, showing a stronger tendency for these LULC types to in-
crease rather than persist in their current state. Shrubland, settlement and cropland had high NP values, suggesting that they are less
persistent LULC classes throughout the LULC matrix. Shrubland, dense forest and open forest had negative NP values, indicating higher
loss compared to their persistence. The negative NP values for these LULC types further suggest that their coverage decreased over
time, with the loss greater than the gain [75,76].
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Table 7
Land use/land cover transition matrix of study landscape between 1986 and 2019.
LULC (ha) in 1986 2019 Total
LULC (ha) in 2019
(ha) in Agroforestry Cropland Dense forest Open forest Settlement Shrub land Wetland

Agroforestry 16,081.31 7174.53 1033.89 4968.88 105.02 1610.11 816.96 31,790.70
Cropland 6930.88 7060.43 1505.06 3779.82 20.05 1704.59 1030.63 22,031.46
Dense forest 577.19 110.75 11,034.50 2777.75 0 118.01 0 14,618.20
Open forest 1150.85 847.74 4805.59 7521.32 0 2264.70 0.7 16,590.90
Settlement 702.61 325.94 78.42 207.55 947.55 349.58 218.13 2829.78
Shrub land 961.14 402.49 702.7 795.38 0 826.19 30.7 3718.60
Wetland 25.02 36.32 10.74 7.5 0 47.16 3941.79 4068.53
1985 Total 26,429.00 5958.20 19,170.90 20,058.20 1072.62 6920.34 6038.91 95,648.17

Bolded number along diagonal shows LULC class remains unaltered (persistence) between 1986 and 2019.

Table 8

Persistence characteristics of different land use/land cover between 1986 and 2019.
Land 1986 Total 2019 Total  Persistence Gain Loss%  Absolute value of net change Total change GP LP NP
cover (%) % (%) (ha)
AF 26,429.00 31,790.70 60.85 49.42 39.15 10.27 26,057.08 0.98 0.64 0.34
CL 15,958.20 22,031.46 44.24 67.95 55.76 12.19 23,868.80 2.12 1.26 0.86
DF 19,170.90 14,618.20 57.56 24.52 42.44 17.92 11,720.10 0.32 0.74 —0.42
opP 20,058.20 16,590.90 37.5 54.67 62.5 7.83 21,606.46 1.21 1.67 —0.46
Stl 1072.62 2829.78 88.34 66.52 11.66 54.86 2007.30 1.99 0.13 1.86
SL 6920.37 3718.60 11.94 77.51 88.06 10.55 8976.38 3.5 7.38 -3.88
WL 6038.91 4068.53 65.27 3.12 34.56 31.44 2213.86 0.03 0.53 -0.5

AF = agroforestry, DF = Dense forest, SL = shrub land, CL = crop land, OF = open forest, Stl = settlement, WL = wetland, GP= Gain-to-persistence
ratio, LP = loss-to-persistence ratio, NP= Net persistence ratio.

3.2. Distribution and change in LULC across agro-ecology

The distribution of LULC in the agro-ecological zones (AEZ) shown in Fig. 3 was highly variable. Agroforestry, open forest and
cropland mainly populated the lowlands (500-1500 m) and the midlands (1500-2300 m). However, dense forest dominated in the
highlands (2300-3200 m) in all study periods (1986, 2002 and 2019). This suggests that the conversion of forest areas to agricultural
land, particularly agroforestry and cropland, was more widespread in the lowlands and midlands. This observation suggests that these
areas were well suited for agricultural activities and human settlements. In 1986, agroforestry covered most of the lowlands (51%),
followed by open forests (30%) and croplands (12.7%). Likewise, in 2002, the predominant LULC types were open forest (32.8%),
agroforestry (29.2%) and cropland (28.52%). Notably, cropland more than doubled during this period, suggesting the conversion of
other LULC types into agricultural land. As of 2019, agroforestry, open forest and cropland remained the predominant LULC types.

In 1986, highland areas contained most of the dense forest, occupying 95.5% of the land. However, there was a gradual decline in
the subsequent years as the distribution decreased to 93.43% in 2002 and further decreased to 89.31% in 2019. The trends in LULC
show a significant change in the agro-ecological zones over the years. In the lowlands and midlands there was a significant conversion
of forest areas into agricultural land, with an increasing emphasis on cropland. In contrast, there has been a decline in dense forest
cover in the highlands. The growth of agroforestry underlines the recognition of its environmental and sustainability benefits. This
finding is consistent with the study of [24], which showed that there tends to be more cropland and less forest at lower elevation. The

« Agroforestry Dense forest & Shrub land = Crop land
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Fig. 3. Proportion of study area occupied by each LULC class along altitude during the study periods (1986-2019).
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study conducted by Ref. [23] also found that the agricultural area increased in the midlands of the Ethiopian highlands due to its
favorable conditions for crop cultivation [Fig. 3 ].

The changes in LULC varied significantly in the different AEZs during the study periods, as shown in Table 9. The proportion of
shrubland and wetlands decreased while settlement areas increased in all AEZs. These changes were driven primarily by agricultural
expansion and population growth in the study area. Between the reference periods and 2019, cropland cover increased by 81.5% in
lowland and by 22.4% in midlands, but decreased in highland areas. On the other hand, agroforestry decreased in lowlands but
increased in midland and highlands during the study period. The proportion of open forest decreased in the lowlands and midlands but
increased in the highlands, while dense forest decreased in the midlands and highlands. This suggests that agriculture and settlement
expanded into previously dense, forested highlands areas due to increased demand for forest products and deterioration of soil fertility
in lowland areas, leading to further deforestation and forest degradation in the highlands.

3.3. Distribution and LULC change along slopes

The distribution of LULC classes on different slope gradients showed that all LULC classes were present in different proportions
(Fig. 4). Agroforestry and cropland were the predominant classes on lower slopes, suggesting a preference for agricultural activities in
less steep terrain. Steeper slopes were less preferred for agriculture due to difficult intensive cultivation, inaccessibility, high sus-
ceptibility to soil erosion and landslides, shallow soil depth and low productivity. However, dense forests and shrubland were
dominated on steeper slopes. These results are consistent with previous studies suggesting that forests increasingly dominate steeper
areas [2,23,77] [Fig. 4 1.

There were notable differences in LULC changes along slopes during the study period (Table 9). In contrast to dense forests and
open forests, agroforestry, cropland and settlements showed an increasing trend across all slope gradients. The dense forest, on the
other hand, recorded a significant decline of 34.45%, on a slope with of 0 to 5%, 25.5% on slopes with a slope of 11-20° and 21.73% on
slopes above 41°. In contrast, agroforestry increased by 57.26% on slopes of 0 to 5, 36.4% on 21-30° and 65.2% on 30-40° and 79% on
slope greater than 41°.

The analysis shows that there were notable changes in LULC along slopes during the study periods. The study also showed that
dense forest has declined significantly, while agroforestry, cropland and settlements have increased significantly across all slope
gradients. The expansion of agriculture and settlements on steeper slopes can have harmful effects on the environment, such as
increased soil erosion and landslides, which can lead to the loss of fertile topsoil, clogged waterways and increased sedimentation in
downstream areas, negatively impacting aquatic ecosystems. Furthermore, the shifting of the LULC along the slopes was highlighted by
the key informants and the FGD. They discovered that the forested mountain slopes were gradually transforming into human-
dominated landscapes. They further explained that soil erosion, acidification, a loss of soil fertility and the associated decline in
agricultural productivity, as well as rising costs of agricultural inputs (such as chemical fertilizers and selected seeds) forced farmers to
move to steep slopes and vulnerable areas for search productive land. A study conducted by Ref. [78] found that deforestation of steep
slope areas increased the sediment yield of the studied area and also led to the closure of a hydroelectric power plant due to increased
sediment loads [79]. These pointed out that the impacts of the LULC change, particularly deforestation and forest degradation along
the slope areas associated with the expansion of agriculture expansion and settlement, caused serious socioe-conomic and environ-
mental damage in the region.

3.4. Landscape pattern analysis

The analysis result based on class metrics showed the changes in landscape patterns from 1986 to 2019 (Table 10). Over the last 33
years, landscape measurements have shown increasing fragmentation of landscape features. The proportion of dense forest, open forest
and shrubland (PLAND) decreased continuously throughout the study period. The overall decline in PLAND of forest area, including
shrubland, can be attributed to the reduction in the proportion of forest in the landscape. This decline is mainly due to the conversion of

= Agroforestry # Dense forest ® Shrub land * Crop land * Open forest ® Settlement ® Wetland
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Fig. 4. Proportion of study area occupied by each LULC class along the slope during the study periods (1986-2019).
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Table 9

Percentage change in LULC types along altitudinal range and slope gradient between study periods (1986 and 2019).
LULC class Altitudinal range (m) Slope gradient

500-500 1500-2300 >2300 0-5° 6-10° 11-20° 21-30° 31-40° >40°

AF —22.1 +28.85 +288.61 +58.26 +8.11 +5.56 +36.4 +65.21 +179.05
DF +30.73 —25.97 —6.48 —34.45 —14 —25.5 -0.57 —5.47 —-21.73
SL —44.64 —46.55 -30.21 —52.82 —44.82 —48.02 —40.68 —45.56 +56.92
CL +81.41 +22.39 —30.72 +43.91 +19.27 +27.27 +35.36 +140.27 +48.89
OF —10.46 —22.32 585.43 —46.31 —24.96 1.61 —28.09 —-15.15 —34.38
Stl +230.25 +143.43 +160.2 +384.67 +155.2 +111.84 +103.24 +309.67 +23.0
WL —72.2 —5.15 —83.33 —23.24 +31.06 +0.87 —35.88 —56.71 -3.55

Note: AF = agroforestry, DF = Dense forest, SL = shrub land, CL = crop land, OF = open forest, Stl = settlement, WL = wetland.

Table 10
Class level metrics for seven land use/land cover type investigated in three periods (1986, 2002, and 2019) of the study landscape.
Year LULC class Landscape metric
PLAND NP PD LPI ED AREA SHAPE ENN JI Al
_MN _AM _MN

1986 Agroforestry 13.18 11,129 5.55 2.57 61.42 2.37 28.66 72.1 66.95 65.16
Crop land 7.96 9160 4.57 0.35 29.93 1.74 4.28 86.95 45.04 71.96
Dense forest 9.56 4373 2.18 7.06 12.13 4.38 9.55 125.17 58.93 90.68
Wetland 3.01 7539 3.76 0.82 14.54 0.8 5.16 98.29 71.85 64.03
Open forest 10.0 16,460 8.21 1.31 51.9 1.22 14.4 77.93 71.52 61.2
Shrub land 3.45 8496 4.24 0.73 18.01 0.81 6.02 97.43 76.81 61.08
Settlement 0.53 4797 2.39 0.05 4.89 0.22 2.53 152.05 61.69 31.72

2002 Agroforestry 10.04 17,576 8.76 1.33 56.77 1.15 16.78 74.33 68.41 57.71
Crop land 16.23 6723 3.35 4.44 41.96 4.84 23.18 82.6 60.44 80.74
Dense forest 7.55 3422 1.71 5.55 10.28 4.43 8.48 133.54 39.62 90.01
Wetland 2.34 8595 4.29 0.31 12.53 0.55 4.73 114.2 75.36 60.05
Open forest 8.57 12,706 6.33 1.7 39.32 1.35 13.24 88.93 73.62 65.75
Shrub land 21 7855 3.92 0.11 13.28 0.54 3.43 117.5 86.79 52.86
Settlement 0.85 7077 3.53 0.01 7.79 0.24 1.74 123.83 58.78 31.73

2019 Agroforestry 15.34 23,932 11.93 7.0 84.58 1.29 53.46 43.77 76.58 79.39
Crop land 10.16 13,898 6.93 0.51 43.41 1.47 6.78 58.79 57.78 84.07
Dense forest 4.79 7130 3.56 5.26 15.99 2.19 12.68 89.84 41.05 92.41
Wetland 2.82 27,274 13.6 0.31 25.17 0.21 4.5 54.08 68.05 66.62
Open forest 8.27 31,826 15.87 0.86 63.48 0.52 9.69 50.42 72.31 71.31
Shrub land 1.85 15,037 7.5 0.05 16.36 0.25 2.4 64.91 79.86 67.09
Settlement 1.38 22,344 11.14 0.04 15.82 0.12 2.38 67.41 56.26 57.01

forests to other land use classes and division into smaller patches. A significant increase in the number of patches (NP) for dense forests,
open forests, and shrublands indicate that there has been a higher degree of fragmentation in the last 33 years [57,80]. The decrease in
the largest patch index (LPI) and average patch size (AREA_MN), coupled with the increase in the number of patches and patch density,
confirms the rapid fragmentation and degradation of these land use classes. The decline in LPI also indicates that the largest patches of
dense forest, open forest and shrubland in the study area are shrinking over time [58].

Significant fragmentation and isolation occurred in both forest land and wetland area during the study periods, as indicated by
decrease in PLAND and LPI and increase in NP. The increase in edge density (ED) for forest and wetland land use types suggest that
these were fragmented, resulting in smaller and more heterogeneous areas. Studies have shown that fragmented habitats suffer from
limited resources and increased vulnerability to edge effects, which can lead to local extinctions of specialized species [81-83]. This
fragmentation has widespread negative impacts, reducing biodiversity, altering trophic interactions, and reducing resilience to
environmental disturbances [83-85]. Research suggest that habitat fragmentation can lead to a decline in biodiversity of between from
13% to 75% [83], with up to 90% of wildlife species lost in highly fragmented [86]. This highlights the importance of implementing
effective conservation strategies that prioritize the protection and restoration of extensive forest and wetland landscapes to conserve
biodiversity and protect vital ecosystem services essential to both human society and the overall health of the landscape are of crucial
importance.

The analysis carried out on various patches of agroforestry, croplands, and settlements revealed certain trends and changes over
time. The study found that indicators such as PLAND, LPI, NP, PD and SHAPE_AM showed an increasing trend, suggesting that these
patches are more fragmented. The increase in PLAND and LPI indicates that the proportion of the study area covered by large patches
of agroforestry and croplands has increased. Likewise, the settlement areas have diverse landscape features, with a significant increase
in NP. Together with the increase in PLAND and ED, this suggests that the settlement area have also become more complex and
fragmented. The increase in NP, PD and PLAND also means the expansion of settlement areas, which is due to population growth and
increasing housing construction. The analysis also highlights the accumulation of settlement area due to accelerated urbanization,
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which is reflected in the overall decline in IJI.
4. Conclusion

The research combined analysis of LULC changes with landscape metrics to assess the changes in land use and the degree of
fragmentation within the Baro-Akobo Basin sub watershed. The study helps determine the extent and location of the change and
provides the opportunity to compare the change in matrix boundaries over the specified study period. The research has shed light on
the significant changes in LULC over the study period (1986-2019). These changes have led to increasing fragmentation, particularly
in forested areas that have experienced significant decimation. Agriculture and settlements dominate the lowlands and midlands,
while there is still significant amount of forest in the highlands. However, agricultural and settlement activities have increased in the
highland regions, resulting in deforestation and degradation of forest resources. The analysis also revealed that slope steepness played
an important role in determining the distribution and changes of LULC. The lower slopes were predominantly agricultural land and
settlements, while the steeper slopes continued to be covered by forests and shrubs. However, expansion of agriculture and settlements
occurred on all slopes contributing to the fragmentation and degradation of forest resources. The fragmentation analysis also high-
lights that this LULC change has resulted in significant change in landscape patterns and increased fragmentation. Forests and wetlands
are highly fragmented and isolation, resulting in smaller and more heterogeneous patches. The decline in the proportion of land
(PLAND) and the increase in the number of forest and wetlands patch (NP) indicate the degradation and fragmentation of these vital
ecosystems. Furthermore, the landscape metrics showed increasing fragmentation in agroforestry, croplands and settlements, with the
proportion of these land use types in the landscape increasing at the expense of the natural ecosystem. This indicates their growing
dominance in the landscape during the study period. Overall, these results provide important insights into the patterns of landscape
change, the degree of fragmentation and the potential impacts of human activities in the Baro-Akobo Basin sub-watershed on envi-
ronmental and ecosystem services. Therefore, the finding highlights the urgent need for conservation efforts and sustainable land
management practices to mitigate the negative impacts of land use change and fragmentation on the sub-watershed’s ecosystems and
livelihoods. Further research may be required to examine the key drivers and impacts of these changes, as well as possible sustainable
land resource management strategies to mitigate the rapid LULC changes in the region.
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