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Abstract:



This study uses a combination of remote sensing data, field interviews and observations, and landscape indices to examine the dynamics of land use and land cover (LULC), identify their driving forces, and analyze their effects on the landscape of Abaya-Chamo Basin (ACB) between 1985, 1995, and 2010. The results reveal that the landscape of ACB has changed considerably during the past 25 years between 1985 and 2010. The main changes observed imply a rapid reduction in shrubland (28.82%) and natural grassland (33.13%), and an increase in arable land (59.15%). The basin has become more fragmented and formed less connected patches in 2010 compared to 1985. Rapid population growth, internal migration, policy shifts, and regime change were identified as the key driving forces of LULC changes in ACB. The LULC changes and related trend of increasing landscape fragmentation in the basin increased soil erosion, the volume of surface runoff, and sediment transport in the landscape and, consequently, affected the levels and water quality of the lakes found in the rift floor. Furthermore, the destruction and fragmentation of shrubland and natural grassland led to the decline of wild plants and animals previously prominent in the basin. Therefore, protective measures that take into consideration the economic, social, and ecological dynamics of the basin are urgently needed to save the aquatic and terrestrial ecosystems of the basin from further damage.
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1. Introduction


The impact of human activities on ecosystems has long been recognized and, now, there is increasing evidence to support the hypothesis that we have entered into an Anthropocene [1]. Human activities have been documented as one of the main driving forces of LULC changes and simultaneous changes in natural environments [2]. In turn, LULC changes greatly influence, among others, the spatial pattern of a landscape [3,4], the availability of ecosystem goods and services [5], and increase vulnerability of regional biomes and human well-being to climate change [6]. Continuously studying and monitoring LULC changes are particularly important in understanding the dynamics and predicting the patterns and trend of changes in a natural landscape and associated ecosystems at local, regional, and global scales, and to provide evidence-based support to improve land management policies and practices [7,8].



Several studies related to LULC changes in Ethiopia have indicated that the country has experienced rapid and increasingly pronounced LULC changes since the second half of the 20th century [9,10,11,12,13,14]. Most of these studies have documented a considerable expansion of cropland at the expense of other LULC types in the country. For example, Ariti et al. and Garedew et al. [9,15] reported the expansion of cropland at the expense of forest, woodlands, grasslands, and water in the Central Rift Valley. Similarly, Gashaw et al. [16] reported a reduction of forest, shrubland, and grassland between 1985 and 2015 in Andassa watershed in the Blue Nile Basin as a result of the expansion of cultivated land in the area. Increases in cultivated land at the expense of pastureland, forestland, and woodland were also observed in hilly-mountainous areas in the central highlands [14]. However, there are also other studies which have documented a different trend of LULC changes in the country. For example, Nyssen et al. [17] reported natural forest regrowth in the uplands of Bela-Welleh catchment in northern Ethiopia. Bewket and Solomon [13] also reported the expansion of open grassland and riparian vegetation cover, along with cultivated areas and settlements, in Gish Abay watershed in the Blue Nile Basin. Inappropriate agricultural practices, drought induced migration, high human and livestock population, and government land policy have been frequently reported as the main drivers of LULC changes in the country [9,11,12,13,17,18]. Remote sensing images and aerial photographs, often supplemented with data from field observations, interviews, and group discussions, have been the major data sources for many of these studies. Linking information obtained through Earth observation (EO) with social science approaches is helpful in gaining a comprehensive understanding of LULC changes [19]. However, it is often inadequate to quantitatively describe the changes in the structure and pattern of a landscape [19,20,21]. Indices of landscape patterns, on the other hand, provide an insight on the effects of LULC changes in composition and configuration of patches within class or landscape levels [22]. Analyzing and interpreting such data over time plays a critical role in monitoring changes, and facilitates identification of driving forces that bring changes in the landscape [20]. Several studies have integrated landscape metrics with LULC classifications derived from remote sensing images to quantify the patterns of a landscape and relate to the processes driving the changes [4,20,23]. For example, Wang and Wang [4] used LULC data derived from remote sensing images, in combination with landscape metrics, to evaluate changes in the landscape of Yanqi Basin, China. Narumalani et al. [20] applied a similar approach to trace anthropogenic processes in the landscape of northeastern Iowa, USA. The spatial patterns of landscapes in Ethiopia, as with most tropical regions, relate significantly to anthropogenic influences. Therefore, integration of landscape metrics with satellite remote sensing technique provides the key to unravelling the economic and social factors driving the processes of landscape modification [24]. Previous studies of LULC changes in Ethiopia, however, have placed little emphasis on quantifying and interpreting changes in landscape spatial pattern, even though such data is crucial for planning sustainable land use systems and resource management practices in the country.



ACB is home to one of the most remarkable aquatic and terrestrial ecosystems of the Main Ethiopian Rift (MER). The basin is known for its diverse plant and animal species composition, and is considered as one of the biodiversity hotspots in Ethiopia [25]. However, it has been threatened in recent years due to rapid population growth and resettlement, as well as expansion of agricultural and irrigation activities in the landscape [26,27,28]. For the last few decades, an increasing demand for fuelwood and wood for construction, land clearing for agricultural expansion and irrigation activities, and bush burning for pasture have greatly modified the landscape and affected the water quality of lakes found in the basin [29,30,31]. High rates of LULC changes have been reported for the southern part of the basin [27,32,33]. However, none of these studies have sought to map LULC dynamics and quantify landscape pattern changes in time and space for the entire basin and analyze their effects on the landscape in the context of upstream-downstream linkages. As a result, little information exists on the dynamics taking place in the entire landscape of the basin. Previously attempted conservation measures, which have not considered the scope of linkages between changes in the basin as a whole such as the Nech Sar National Park, have suffered from pressure coming from the surrounding areas due to resource degradation and deteriorating agricultural productivity. The measures were also less effective in changing the trend of resource loss on the landscape level and demand costly measures, resulting in conflicts with communities [34].



There have been a number of studies on the effects of LULC changes on the spatial patterns of the landscape and water quality of lake basins [4,23,35]. Thus, some studies suggested the study of LULC changes as a critical step that should be considered in the environmental protection strategy and sustainable resource management of lake basins. For the ACB, such study is crucial and urgent given the increasing and alarming intensity of anthropogenic activities in the landscape, and the need for implementing environmental protection policies in the basin. Therefore, this study aims to examine the dynamics of LULC in ACB between 1985, 1995, and 2010; to identify the major driving forces of the LULC changes and the consequences associated with these changes; and to quantify landscape metrics in time and space for the entire basin to track changes in the landscape.




2. Materials and Methods


2.1. Study Area


The study was conducted in ACB, which comprises the southern section of the MER and adjacent highlands in Southern Ethiopia. The basin is geographically located between 5° to 8° N and 37° to 38.5° E, with an area of about 18,600 km2, including fresh water bodies [36] (Figure 1). ACB is mainly dominated by a hot semi-arid tropical climate with mean annual rainfall and temperature ranging from 665 mm to 1240 mm and 8.8 °C to 31.2 °C, respectively [29]. The climate is further characterized by a typical bimodal rainfall pattern with peaks in April/May and August/September, a high rate of evaporation (about 2300 mm per year on average), and dominated by warm temperature throughout the year. The land feature of ACB shows a remarkable topographic variation over a short distance ranging from 1082 m above sea level (m.a.s.l.) near the lake shore in the rift floor to above 3500 m.a.s.l. in the Gughe mountain range in the highlands [36,37]. The influences of topography on local climate, soil, vegetation, and settlement patterns can easily be observed in the basin as one travels away from the rift floor and climbs into the highlands. Nitisols, Acrisols, Luvisols, and Vertisols are the dominant soil types in the mid to highland areas of the basin, while Fluvisols are predominant in the rift floor and areas around the lakes [38]. According to Getahun [39], savannah and deciduous woody vegetation cover types were most dominant in the lower altitude areas of the basin, whereas tropical mountain rainforest was the most dominant cover type in the high altitude parts of the basin. However, the current situation seems quite different due to the effect of livestock and agricultural expansion in low altitude areas, and the expansion of coffee and cereal cultivation in the mid to high altitude areas of the basin. The basin encompasses one national park (Nech Sar National Park), two big low-lying lakes (Lake Abaya and Lake Chamo), and other crater lakes, numerous rivers, and seasonal streams which drain into the lakes (Figure 1). The lakes are used for transportation, fishery, and tourism purposes, whereas the tributaries are used for irrigation. Based on the 2007–2037 population projection for Ethiopia, more than 5 million people will inhabit the basin by 2020 [40], and it is a home for more than 10 ethnic groups in the country.


Figure 1. Map of the study area.
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2.2. Data Sources and Pre-Processing


The study area was not entirely contained within a single Landsat scene; five Landsat images were required to get complete coverage of the study area. Therefore, a total of fifteen Level 1 Landsat scenes (both from Thematic Mapper (TM) and Enhanced Thematic Mapper (ETM)) of three acquisition years (1985, 1995, and 2010) with less than 10% cloud cover were acquired from path 68, row 55, 56 and path 69, row 54, 55, 56 for the months of December, January, and February. These months correspond to the dry season in the study area. The acquisition years were selected deliberately to coincide with a nationwide drought and famine in the 1980s, and regime change and subsequent policy shift of the country in the 1990s. All scenes used in this study were obtained from the website of the U.S. Geological Survey (USGS), Earth Resources Observation and Science (EROS) Center. The Level 1 products were originally corrected for geometric and terrain distortion by the image provider using ground control points and the digital elevation model (DEM) [41]. However, their consistencies across the three accusation years were further assessed in this study. In addition, multi-temporal or multi-sensor images have scene-to-scene variability caused by the effects of solar zenith angles, earth-sun distance, atmospheric influence, and sensor differences [42,43]. Such data needs to be pre-processed in order to reduce scene-to-scene variability so that the data can be put on the same radiometric scale to reflect true changes on the ground [42,43]. The absolute correction method was applied in all images using the image-based dark-object subtraction (DOS) model as described by Chander et al. [42], Paolini et al. [43], and Song et al. [44]. All the parameters required for the calibration were obtained from either the image measurements, Level 1 product header file, the USGS Earth Explorer/GloVis online interfaces information, and/or computation from the above inputs. Once pre-processing and mosaicking of the images were completed, the area of interest was subset with the aid of vector boundary layer of the study area using the inbuilt mosaicking tool in ERDAS IMAGINE®2014 (Intergraph Corporation, Madison, AL, USA).



Interviews and group discussions were conducted in seven representative woredas (the fourth administrative level of Ethiopia equivalent to districts) of the basin to verify the accuracy of the classified images and further understand the possible major drivers and consequences of LULC changes in the basin. The woredas were selected based on their representativeness for traditional agro-ecological zones of the country (Table 1). The woredas selected were: Arba Minch Zuria and Damot Weyde, which represent warm semi-arid lowlands (Kolla); Aleta Wendo and Damot Gale as representatives of mild sub-humid midland areas (Weyna Dega); and Hula and Chencha to represent cool and humid highlands (Dega). A total of 75 individuals (25 from each Agro-climatic Zone) who have been living in the survey area over 25 years were selected and asked to describe LULC, and the possible major drivers and consequences of LULC changes in the particular area the person resided for the observation years. Rankings were given to the identified drivers and consequences of LULC changes, and the most common drivers and consequences of the changes were further elaborated during the group discussions. Coordinates of the area were collected using GPS, and all other available ancillary data such as a national LULC map, the 1984 topographic map (1:50,000), Google Earth, and available aerial photos of the year 1975, which cover part of the study area, were consulted during the selection of GPS points and thereafter in the classification processes. All images and ancillary data used in this study are in common coordinate system, Universal Transverse Mercator (UTM) Zone 37N of WGS1984 datum.


Table 1. Traditional Agro-climatic Zones and their physical characteristics.


	Zone
	Altitude (m)
	Rainfall (mm/year)
	Length of Growing Period (d)
	Average Annual Temperature (°C)





	Wurch (cold and moist)
	3200 plus
	900–2200
	211–365
	>11.5



	Dega (cool and humid)
	2300–3200
	900–1200
	121–210
	17.5/16.0–11.5



	Weyna Dega (cool sub-humid)
	1500–2300/2400
	800–1200
	91–120
	20.0–17.5/16.0



	Kolla (warm semi-arid)
	500–1500/1800
	200–800
	46–90
	27.5–20



	Berha (hot arid)
	under 500
	under 200
	0–45
	>27.5







Source: [45].









2.3. Land Use and Land Cover Classification, Accuracy Assessment, and Change Detection


Based on the ground truth information, information from previous studies in the area, and expert opinions, nine LULC classes were identified following the Coordination of Information on the Environment (CORINE) land cover classification system [46]. The CORINE land cover nomenclature is initially intended to provide consistent land cover legend suitable for remotely sensed data for the member states of the European Community. However, new nomenclatures have been defined latter by different bodies and adapted into the European CORINE land cover system to suit the conditions of countries in Africa, and Central and South America, which have different biomes than Europe [47]. In the current study, the expanded classification system was adopted in such a way that it can capture the local characteristics and suit the purpose of this study (Table 2).


Table 2. Land use and land cover (LULC) classes and their descriptions.


	LULC Class
	Description





	Inland waters
	Water courses like rivers and streams, and water bodies like lakes and ponds



	Forests
	All type of forests and woodland



	Shrubland
	Bush or shrub-dominated land with isolated trees always with a lower range of grass



	Arable land
	Regularly ploughed land for growing rain-fed and/or irrigated crops with some border trees



	Heterogeneous agricultural areas
	Annual crops mixed with permanent crops and some woody vegetation usually eucalyptus trees



	Coffee agroforestry
	Coffee plantations with mixed shade trees, Enset, Khat and fruits trees



	Natural grassland
	Grassland with low productivity often situated in plains, rough ground, or rocky areas



	Inland wetlands
	Non-forested areas seasonally or permanently waterlogged



	Built-up areas
	Continuous and discontinuous impervious layers and aggregated buildings of all kinds









A pixel-based supervised image classification with maximum likelihood algorithm was used to classify the images. Supervised image classification is a recommended classification approach to yield good results when satisfactory training data and detailed information about the study area is available [48,49]. Ancillary data such as topographic maps, aerial photos, GPS records, and the LULC history of the study area obtained during field interviews were used to select the points. Post-classification refinement [50] was applied using the information obtained from ancillary data, normalized difference vegetation index (NDVI), and expert opinions to improve the accuracy of the classification. Post-classification change detection was carried out by comparing the LULC image-maps on pixel-by-pixel basis [51]. A change that was extracted from the three observation years was presented in change metrics to get “where’’ and “from-to” information of change direction for the reference time interval i.e., 1985–1995, 1995–2010, and 1985–2010 [52]. Changes were calculated for each LULC classes as the percentage of the difference in area between a final year, A + 1 and an initial year, A. The overall accuracies of the classification and accuracies of the individual classes are presented in Table 3.



Table 3. Accuracy assessment of classified images.



	
LULC Class

	
Accuracy (%)




	
1985

	
1995

	
2010




	
Producer’s

	
User’s

	
Producer’s

	
User’s

	
Producer’s

	
User’s






	
Inland waters

	
86.67

	
92.86

	
86.67

	
100.0

	
93.33

	
100.0




	
Forests

	
77.78

	
87.50

	
80.56

	
76.19

	
84.44

	
92.68




	
Shrubland

	
85.83

	
87.29

	
87.50

	
89.48

	
91.67

	
88.71




	
Arable land

	
80.83

	
78.86

	
80.00

	
89.70

	
85.83

	
83.74




	
Heterogeneous agricultural areas

	
89.17

	
95.54

	
88.33

	
93.81

	
89.17

	
87.70




	
Coffee agroforestry

	
88.89

	
91.95

	
83.33

	
88.24

	
88.89

	
87.91




	
Natural grassland

	
90.00

	
72.97

	
80.33

	
77.45

	
86.93

	
85.71




	
Inland wetlands

	
86.67

	
92.86

	
73.33

	
91.67

	
86.67

	
96.30




	
Built-up areas

	
66.67

	
90.91

	
60.67

	
100

	
64.29

	
90.00




	
Overall Accuracy

	
85.58

	
83.15

	
87.73




	
Kappa Coefficient

	
0.83

	
0.81

	
0.86











2.4. Landscape and Class Metrics Analyses


FRAGSTATS software version 4.2 was used to compute the landscape and class metrics. The software can be run standalone or as an extension of GIS application to make the calculations and analysis of landscape structural patterns more handy in categorical maps at patch, class, and landscape levels [53]. FRAGSTAT software provides a comprehensive set of metrics at the patch, class, and landscape levels grouped into area and edge, shape, core, contrast, diversity, and aggregation [53]. Landscape metrics were computed for the entire basin, whereas class metrics were performed for patch types. The three most dominant patch types which showed high temporal change (arable land, shrubland, and natural grassland) were selected to perform the class metrics. Patch level analysis was not considered in this study because only a few primary measurements can be made from the analysis [53]. Few indices that capture the major properties of a landscape were carefully selected to make interpretation of the analyses simple, reduce redundant information and increase relevance of the metrics to aspect of the landscape being quantified [53,54]. The following landscape metrics were selected, namely, number of patches (NP), mean patch size (MPS), aggregation index (AI), largest patch index (LPI), and contagion (CONTAG). LPI and MPS correspond to area metrics, whereas NP, AI, and CONTAG correspond to aggregate metrics. LPI, MPS, and NP are best considered metrics in providing indications of the degree of fragmentation in the landscape [21], while CONTAG and AI measure patch aggregation or plumpness at the landscape level. Complete description of these metrics and their equation for computation can be found in FRAGSTATS documentation [53].





3. Results


3.1. Land Use and Land Cover Dynamics and Landscape Pattern Change


The results presented in Table 4 reveal that LULC of ACB has changed significantly since 1985. A considerable reduction of shrubland, heterogeneous agricultural areas, and natural grassland were observed in the landscape between 1985 and 2010 (Figure S1). The share of shrubland declined by 28.82%, natural grassland by 33.13%, and heterogeneous agricultural areas by 14.17% in the study periods (Table 4). The reduction was larger for natural grassland and lower for shrubland during the first time period of 1985–1995, compared to the second time period of 1995–2010. On the contrary, arable land, inland wetlands, and built-up areas showed a net increase between 1985 and 2010. Arable land increased by 37.2%, inland wetlands by 25.52%, and built-up areas by 230.0% (Table 4). Arable land and inland wetlands greatly increased during the second period compared to the first period, whereas the reverse was true for built-up areas. Considering 1985 as the base year, built-up areas, although covering a much smaller proportion of the landscape in both time periods, increased at a much higher rate than any other LULC classes. Inland wetlands uniformly increased in both time periods, whereas inland waters, forests, and coffee agroforestry were not changed in the study periods (Table 4).



Table 4. LULC changes of Abaya-Chamo Basin (ACB), Southern Ethiopia in 1985, 1995, and 2010.



	
LULC Class

	
Absolute Area Cover (km2)

	
LULC Changes between the Periods with Relative to the Basis * (%)




	
1985

	
1995

	
2010

	
1985–1995

	
1995–2010

	
1985–2010




	

	
Area

	
(%)

	
Area

	
(%)

	
Area

	
(%)

	

	

	






	
Inland waters

	
1432.4

	
7.48

	
1432.8

	
7.48

	
1434.1

	
7.49

	
0.03

	
0.09

	
0.12




	
Forests

	
531.6

	
2.78

	
530.9

	
2.77

	
522.5

	
2.73

	
−0.13

	
−1.58

	
−1.71




	
Shrubland

	
4478.9

	
23.39

	
4076.5

	
21.29

	
3188.2

	
16.65

	
−8.98

	
−21.79

	
−28.82




	
Arable land

	
4454.0

	
23.28

	
6043.4

	
31.57

	
7088.6

	
37.02

	
35.75

	
17.24

	
59.15




	
Heterogeneous agricultural areas

	
2519.1

	
13.15

	
2312.1

	
12.08

	
2162.1

	
11.29

	
−8.22

	
−6.49

	
−14.17




	
Coffee agroforestry

	
2226.3

	
11.63

	
2144.3

	
11.20

	
2216.8

	
11.58

	
−3.68

	
3.38

	
−0.43




	
Natural grassland

	
3205.7

	
16.74

	
2264.6

	
11.83

	
2143.8

	
11.20

	
−29.36

	
−5.33

	
−33.13




	
Inland wetlands

	
291.2

	
1.52

	
328.5

	
1.72

	
365.5

	
1.91

	
12.82

	
11.26

	
25.52




	
Built-up areas

	
7.5

	
0.1

	
10.6

	
0.14

	
25.0

	
0.33

	
40.00

	
135.72

	
230.00








* changes between the periods were calculated as 100 × (A + 1 − A)/A, where: A = area of a LULC type, the classes defined for 1985 were taken as a basis.








Between 1985 and 2010, natural grassland, shrubland, and heterogeneous agricultural areas were mainly converted to arable land (Table 5). Part of the natural grassland was also converted to shrubland predominantly inside the protected area (Nech Sar National Park), whereas in other parts of the basin, shrubland, and coffee agroforestry were converted to natural grassland and heterogeneous agricultural areas, respectively. Although shrubland, heterogeneous agricultural areas, and natural grassland gained from other LULC classes, at the same time, they lost much of their shares to other LULC classes, showing a net loss. Arable land exhibited a larger increase in the basin, and much of the proportion of its net increase was gained from the conversion of shrubland and natural grassland. Land use modifications also occurred among arable land, heterogeneous agricultural areas, and coffee agroforestry in the mid to highland areas of the basin. Relatively greater modifications took place from heterogeneous agricultural areas to arable land, and coffee agroforestry to heterogeneous agricultural areas (Table 5). Inland waters, inland wetlands, and built-up areas exhibited a high persistence for the past 25 years between 1985 and 2010 (diagonal bold values in Table 5), while heterogeneous agricultural areas, arable land, and coffee agroforestry showed a moderate persistence. Shrubland, natural grassland, and forests showed less persistence than the other LULC classes in the landscape of the basin. In general, 67.2% of the basin has remained unchanged, while 32.8% has shown some degree of change in 25 years between 1985 and 2010.



Table 5. Transition matrix showing LULC changes (%) in ACB between 1985 and 2010.



	

	

	
Final State (2010)

	
Total 1985

	
Loss




	
Inland Waters

	
Forests

	
Shrubland

	
Arable Land

	
Heterogeneous Agricultural Areas

	
Coffee Agroforestry

	
Natural Grassland

	
Inland Wetlands

	
Built-Up Areas






	
Initial state (1985)

	
Inland waters

	
7.20

	
0.05

	
0.06

	
0.12

	
0.01

	
0.00

	
0.04

	
0.00

	
0.00

	
7.48

	
0.28




	
Forests

	
0.04

	
1.11

	
0.69

	
0.58

	
0.09

	
0.01

	
0.16

	
0.10

	
0.00

	
2.78

	
1.67




	
Shrubland

	
0.10

	
1.11

	
11.72

	
6.18

	
0.00

	
0.74

	
3.21

	
0.33

	
0.00

	
23.39

	
11.67




	
Arable land

	
0.05

	
0.00

	
0.00

	
19.93

	
0.38

	
2.08

	
0.81

	
0.00

	
0.03

	
23.28

	
3.35




	
Heterogeneous agricultural areas

	
0.01

	
0.03

	
0.10

	
4.28

	
8.54

	
0.00

	
0.16

	
0.00

	
0.03

	
13.15

	
4.62




	
Coffee agroforestry

	
0.00

	
0.00

	
0.46

	
0.50

	
2.25

	
8.50

	
0.01

	
0.00

	
0.01

	
11.63

	
3.13




	
Natural grassland

	
0.04

	
0.42

	
3.56

	
5.42

	
0.12

	
0.23

	
6.72

	
0.20

	
0.02

	
16.73

	
10.01




	
Inland wetlands

	
0.04

	
0.01

	
0.06

	
0.01

	
0.00

	
0.02

	
0.10

	
1.28

	
0.00

	
1.52

	
0.24




	
Built-up areas

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.04

	
0.04

	
0.00




	

	
Total 2010

	
7.49

	
2.73

	
16.65

	
37.02

	
11.29

	
11.58

	
11.2

	
1.91

	
0.13

	

	




	
Gain

	
0.29

	
1.62

	
4.93

	
17.10

	
2.75

	
3.08

	
4.49

	
0.62

	
0.09

	

	




	
Net Change

	
0.01

	
−0.05

	
−6.74

	
13.74

	
−4.02

	
−0.05

	
−5.53

	
0.38

	
0.09

	

	










Similarly, as anthropogenic LULC changes continue in the basin, the landscape becomes more fragmented and forms small and isolated patches, indicated by increased NP, and decreased MPS and CONTAG between 1985 and 2010 (Table 6). In a given landscape area, an increased NP, and decreased MPS and CONTAG, over time indicate fragmentation and formation of isolated patches in the landscape and hence an increase in degradation. Comparing the metrics between 1985 and 2010, increased NP with decreased MPS and CONTAG implies a strengthening of landscape fragmentation in the basin. The class level analysis which focuses on three dominant patch types clearly indicates that agricultural expansion was the main driver of landscape fragmentation in the basin. Mean patch size of arable land increased between 1985 and 2010, despite increased NP and decreased AI in the same period. An increased MPS of arable land was mainly attributed to the consolidation of arable land in mild sub-humid and cool and humid highland areas, whereas an increased NP and decrease AI of arable land was due to the expansion of arable land in warm semi-arid areas of the basin. As the LULC changes were increased in the warm semi-arid areas of the basin, the landscape formed interspersed patches of mainly arable land, shrubland, and natural grassland and, as a result, increased NP. This is also confirmed by an increased NP of arable land and shrubland, and decreased MPS and AI of both shrubland and natural grassland in the study period. The LPI decreased substantially for shrubland and showed quite a small difference for arable land and natural grassland in the same period. AI decreased in all the three classes in the study period. The reduction of LPI and AI of shrubland patch type indicated degradation of natural habitats in the basin.



Table 6. Landscape metrics for selected LULC at the landscape and class levels, 1985–2010.



	

	
NP (#)

	
MPS (ha)

	
LPI (ha)

	
AI (%)

	
CONTAG (%)




	
1985

	
2010

	
1985

	
2010

	
1985

	
2010

	
1985

	
2010

	
1985

	
2010






	
Landscape level

	
319,739

	
391,504

	
6.00

	
4.90

	
5.67

	
5.64

	

	

	
46.80

	
44.90




	
Class level

	

	

	

	

	

	

	

	

	

	




	
Arable land

	
101,877

	
127,223

	
4.37

	
5.05

	
13.41

	
13.82

	
85.07

	
84.63

	

	




	
Shrubland

	
95,551

	
114,546

	
4.69

	
3.25

	
13.76

	
3.31

	
81.93

	
78.02

	

	




	
Natural grassland

	
63,456

	
61,622

	
5.05

	
3.48

	
2.32

	
2.36

	
83.61

	
82.92

	

	











3.2. Drivers and Consequences of Changes on the Landscape


Combinations of driving factors were responsible for the observed changes in LULC in ACB between 1985 and 2010 (Figure 2). From a range of different drivers, more than eight were perceived by the respondents as being important to LULC changes in the study area. According to the respondents, agricultural expansion as a result of population growth, highland-lowland migration, as well as regime change and subsequent policy shift of the current government, were the key driving forces of LULC changes in ACB in the past 25 years between 1985 and 2010. The respondents stated that a high influx of migrants to warm semi-arid lowland areas mainly from cool and humid highlands of the basin took place, particularly after the severe drought of 1984/85 and more frequently after the 1991 regime change, which resulted in a rapid expansion of settlement and agricultural areas in the basin. The informants further indicated that migrants played a significant role in the reduction of shrubland areas surrounding Lake Abaya and Lake Chamo, whereas the resettlement programs played a significant role in the reduction of grassland in other areas of the basin. Infrastructural development in the form of roads, rural electrification, modern irrigation facilities, charcoal making, and firewood selling were also mentioned as important drivers of changes mostly in the lowland areas. Other drivers were mentioned by respondents and agricultural officers during the discussions as localized possible cases of LULC changes in the basin, such as the emergence of villages and small towns along the main roads, the expansion of small enterprises such as wood workshops, the expansion of commercial farms and cash crops such as banana, cotton and khat, and the redistribution of land (mostly shrubland and communal grasslands) to landless farmers and military veterans.


Figure 2. Drivers of LULC changes between 1985 and 2010 in ACB.
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The respondents mentioned soil erosion and land degradation as the most notable effects of LULC changes in the basin. They considered soil erosion and degradation as the main reasons for the decline of agricultural production, especially in the highlands. Field observations verified the existence of severe soil erosion and land degradation problems in all surveyed woredas of the basin (Figure 3). The disappearance of multipurpose indigenous tree species such as Cordia africana Lam. (locally called Wanza) and Aningeria adolfi-friederici (Engl.) (locally called Qerero), diminishing of grazing lands and reduction in the abundance of medicinal plant species were other consequences of LULC mentioned by the respondents. They further indicated that the continuing reduction of the grazing lands was a source of conflict among different ethnic groups living in the basin, as well as between protected areas and surrounding communities. The problem of grazing lands was very severe in the Sidama and Gedeo zones, and we observed a high proportion of households without livestock during the survey time. The respondents also mentioned the reduction (in some cases local extinction) of wildlife as other effects of LULC changes in the basin. However, they mentioned this as a positive outcome of LULC changes. A few of the respondents also mentioned the growing attacks of migratory birds on their crops.


Figure 3. Soil erosion and land degradation in Wolayita (a) and Kembata Tembaro (b) zones in Bilate catchment, ACB.
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4. Discussion


ACB has experienced a substantial and increasing rate of LULC changes and landscape fragmentation over the past 25 years between 1985 and 2010. Both arable land and shrubland were the major LULC classes that account for almost half of the landscape in the first time period between 1985 and 1995. However, the situation changed in the second period between 1995 and 2010, with arable land becoming a major LULC class dominating the landscape of the basin. In both periods, LULC conversions were negligible in mild sub-humid midland and cool and humid highland areas of the basin, despite the presence of high population pressure on the landscape (Figure S2), indicating that a high population density has less influence on LULC changes of those areas. This is mainly because most suitable land in mild sub-humid midland and cool and humid highland areas was already under arable land, coffee agroforestry, and heterogeneous agriculture, and readily convertible land to new arable uses was in great shortage in these parts of the basin. On the other hand, the high population pressure and shortage of land in those areas compelled the farmers to move into warm semi-arid lowlands of the basin where shrubland, natural grassland, forests, inland wetlands, and inland waters dominate the landscape. The warm semi-arid lowlands of the basin remain a favorite destination for the immigrant farmers (either voluntarily or as part of a government resettlement plan) and, as a result, experienced a greater degree of LULC changes and landscape fragmentation between 1985 and 2010.



The first period was characterized by expansion of arable land, accompanied by a reduction in the natural grassland, and to some extent, shrubland in the landscape of the basin. This was the period when severe drought and famine affected the country, and nationwide planned resettlement and villagization programs were implemented by the government to combat the effects of drought and increase agricultural productivity [55]. The programs aimed to move farmers from densely populated highlands and drought affected areas into compact settlements in sparsely populated potential areas mostly located in the lowlands [56]. During the first period, the implementation of resettlement and villagization programs in the basin highly emphasized the problem of food shortage, with little attention to proper impact studies. As in other parts of the country, the outcome of the programs in the basin is often visible through expansion of farmlands by converting areas covered with natural vegetation often more aggressively by newcomers in the process of establishing themselves, with their cultural background that differs from the original inhabitants who have adapted to the system through generations [57]. For example, the resettlements at Ledo in Guji Zone, Boreda in Gamo Gofa Zone, and Bilate in Wolayita Zone significantly reduced grassland and shrubland covers in those areas. Similarly, the redistribution of communal areas of mostly grasslands to landless farmers and military veterans played a significant role in the reduction of grassland areas in mild sub-humid midland and cool and humid highlands, contributing to the reduction of livestock populations in those areas due to shortage of grazing lands. However, the farmers in these areas heavily rely on enset-coffee system, and the absence of livestock was not a serious threat to their food security and ability to cope with drought and other sources of risks. Similarly, a significant reduction of grassland was observed in the southern part of the basin as a result of a rapid population growth and subsequent conversion of grassland to arable land. Other studies conducted in the southern part of the basin have also documented similar observations. For example, Assefa and Bork [27] reported a reduction of grassland in the southern part of the basin around Chencha and Arba Minch as a result of rapid population growth and agricultural expansion in the areas. Wagesho [33] reported a reduction in grassland in Bilate and Hare catchments due to the expansion of settlement and agricultural activities in the landscape. LULC changes due to the effect of resettlement have been documented in other parts of the country as well. Yonas et al. [58] reported high degradation of rangelands in southwestern Ethiopia following the government resettlement program. Similarly, Reid et al. [10] reported rapid LULC changes in Ghibe valley, southwestern Ethiopia, caused by the combined effects of resettlement and drought induced migration from some areas of northern Ethiopia.



A relatively large tract of shrubland was removed from the landscape of the basin during the second period between 1995 and 2010. The reduction of shrubland was particularly higher in areas located in the west and south of Lake Chamo and Lake Abaya, mainly due to agricultural expansion in the area. Similarly, shrubland located near urban areas and main roads were reduced due to an increasing demand of wood for fuel and construction by city dwellers. The second period largely corresponds to regime change, followed by social, economic, and political transformation in the country, and the absence of clear land tenure system and weak government during regime change in the country, which created free access to land located in the warm semi-arid lowlands of the basin. Many farmers, particularly from the highlands of Gamo Gofa, Kore and part of Derashe and Guji areas, seized the opportunity and migrated to the area either to find new land to cultivate or generate income from sales of charcoal, firewood, and construction materials to support their livelihoods. As an increasing number of people moved into this part of the basin, the need for more farmland and requirement of wood for fuel and construction increased rapidly, and caused significant reductions of shrubland and expansion of cropland and settlement in the landscape. Additionally, the establishment of new regional boundaries which divide the basin based on ethnicities, and the emergence of new market opportunities for cash crops like banana, cotton, and khat played an additional role for LULC changes in the second period. The expansion of banana and cotton production by both small-scale farmers and commercial farms was one of the main causes for the reduction of shrubland cover in Arba Minch Zuria, Mirab Abaya and Bilate areas. A more recent expansion of infrastructure and irrigation facilities in the basin also contributed to LULC changes in the second period.



Agricultural expansion related to population growth, migration, shifts in government policy, and regime change is one of the key driving forces behind LULC changes in ACB. Population growth, immigration, and regime change have often been reasons for LULC changes in many parts of the country as well. For example, the government-owned Munesa-Shashemene forestry project lost most of its forest cover to cultivated land during the 1991 government change [59]. Similarly, Tekle [60] reported destruction of shrubs and small trees during the same period in Southern Wello in northern Ethiopia. Tsegaye et al. [58] reported reduction of woodland cover in northern Afar due to a high influx of immigrants from the Tigray highlands following famine in the 1980s.



Rapid population growth as a result of both birth and migration has greatly modified the landscape of ACB. The issues of population growth and a very limited scope to expand agricultural area and/or lack of appropriate technology to improve productivity in the existing area are prominent in the midland and highland areas of the basin. Migration out of areas suffering from land scarcity and low productivity to ecologically marginal areas of the basin, and converting more land to crop cultivation and settlements, are some of the responses of the population. This, additionally driven by infrastructural development and a reduction of vector-borne diseases in the lowlands, has resulted in a reduction and extensive fragmentation of shrublands and natural grasslands located in the warm semi-arid lowland areas of the basin. Due to a higher rate of rural poverty and very few employment opportunities to absorb rural labor, population growth is often correlated with LULC changes in Ethiopia [61]. This is often the case in other countries in African [62,63]. However, population growth does not necessarily result in LULC changes, and environmental degradation in economies that are creating a large number of new jobs in other sectors or land productivity growth can be achieved using agricultural intensification. For example, land abandonment (cropland to grassland) and afforestation (the expansion of forest on cropland and grassland) are reported as the most prominent drivers of landscape change in Europe [19,64]. Agricultural intensification contributed to the abandonment and subsequent reforestation of least suitable plots in Vietnam [65].



The expansion of agricultural activities in the landscape of ACB at the expense of natural vegetation, and fragmentation of the remaining shrubland and natural grasslands, has great ecological consequences in the basin. Some of the observed consequences of LULC changes in the basin included severe soil erosion and land degradation in mild sub-humid midland and cool and humid highland areas, and increased runoff [33] and sediment yield [33,66,67] from the catchment to rivers and lakes found in warm semi-arid lowland areas. This is due to reduction of shrubland and natural grassland, which play a significant role in modifying surface hydrology, and soil erosion process and reducing sediment flow in the landscape [68]. They act as filters or barriers controlling the flows of surface runoff and sediments originated in mild sub-humid and cool and humid highland areas of the basin before it enters rivers, lakes, and wetlands found in the rift floor. The reduction of shrubland and natural grassland covers, and subsequent expansion of cultivated land in the basin, alter this important ecological function and, consequently, affect the volume and water qualities of the lakes found in the rift floor. Fluctuations in the level of Lake Abaya (the biggest lake of the basin) have been observed since the beginning of measurements in the 1970s [66]. The lake level decreased continually until 1989, and has increased continuously since then, despite annual precipitation in the catchment and major tributaries remaining stagnant or even showing a negative trend [26,66]. The result of GIS analysis indicated that the surface area of Lake Abaya reduced by 1.2% in the first period and increased by 2.9% in the second period. The slight reduction of Lake Abaya during the first period was possibly attributed to the effect of severe drought incidences in the 1980s [66], while the increase in the second period was primarily associated with the effects of LULC changes in the basin. According to Schϋtt and Thiemann [66], the climatic conditions and geological factors of the basin considered to have less influence on the increasing level of Lake Abaya. LULC changes, on the other hand, were perhaps the most important factor affecting the water level of Lake Abaya. LULC changes have been affecting the water level of the Lake Abaya directly by increasing surface runoff and sediment yield from the catchments, and indirectly by the obstruction of surface outflow from Lake Abaya to Lake Chamo as a result of high sediment deposition in the channel by Kulfo River [66]. Surface outflow from Lake Abaya to Lake Chamo as a form of overflow is one factor regulating the water level of Lake Abaya. Termination of the overflow of Lake Abaya, and an increased surface runoff from the catchments, helped the lake to store more water and thereby increased its level. Increased runoff and Lake Abaya water levels impacted the size of nearby wetlands. Increased sediment deposition, on the other hand, reduced the storage capacity of the lake and affected its water quality and productivities. Rapid concentration of nutrients, reduced water transparency, the solubility of oxygen, and primary productivity have been observed in the lake [29,30,67]. As a result, the lake has significantly lower fish populations than the neighboring Lake Chamo, despite its size, which is twice as big as the latter lake [67,69]. This was also further confirmed by individuals working on both lakes as fishermen during our field visit.



On the contrary, Lake Chamo (the second biggest lake of the basin) has shrunk by 9.3% between 1985 and 2010. High irrigation activities on the tributaries, and the reduction then final termination of Lake Abaya overflow to Lake Chamo, were reported as the main reasons for the reduction of Lake Chamo [66,70]. The ongoing shrinkage of Lake Chamo affects the suitable fish breeding grounds and creates an opportunity for farmers to expand their farms and cattle grazing areas into the shoreline and lacustrine plains, which fragmented grazing and basking sites of hippopotamus and other reptiles inhabiting the lake. The negative impacts of these changes are also evident in reduced fish stocks and tourist attraction of the lake.



As arable land continues to expand in warm semi-arid lowland areas of the basin, the landscape experienced a greater degree of fragmentation and formed smaller and isolated patches, mainly comprised of smaller interspersed patches of arable land, shrubland, and natural grassland. The fragmentation of vast areas of shrubland and natural grassland into small and isolated patches may support the claim that ACB is gradually degraded due to increasing human activities in the landscape. Shrubland and natural grassland found in the basin are valuable resources for traditional beekeeping and plants used for medicinal purposes for human and livestock by local communities. They are also important habitats for large mammal and bird species, including those Palaearctic and intra-Africa migrants, as well as those endemic to the country [71]. The observed continuous destruction and fragmentation of important natural vegetation in the basin reduced the ecological services they provided to the community, as well as greatly affected the role of the landscape for biodiversity conservation. Continuous reduction of habitat patch size and isolation affects composition and diversity of species in the landscape [72] and the populations of animals that the landscape can support [73]. This is one of the main factors which contributed to sharp reduction and, in some cases, local extinction of plants and wildlife previously prominent in the area.




5. Conclusions


This study has highlighted and illustrated the process and connotations of a landscape level understanding for sustainable land management planning by taking the case of ACB, which is of vital environmental, social, and economic importance in Ethiopia. LULC changes and simultaneous landscape fragmentation are the main underlying factors for ecosystem change in ACB. The main characteristics of the LULC changes observed in ACB imply a reduction in the total amount of shrubland and natural grassland, and a significant increase in agricultural area. These changes continuously alter the spatial patterns of the landscape, and greatly modify the entire landscape of the basin. The driving factors for the LULC changes in the ACB were both national and regional/ local in origin. Rapid population growth in warm semi-arid areas of the basin as a result of immigration and policy change in the country are considered the most important driving factors for LULC changes in the basin between 1985, 1995, and 2010. Therefore, intervention measures that take into account the socio-political and ecological dynamics of the basin need to be in place in order to streamline the immigration and resettlement processes (either voluntarily or as part of the government plan) into warm semi-arid areas of the basin.



Landscape changes as a result of LULC, and simultaneous landscape pattern changes, are ongoing phenomena in the basin. LULC changes, and the related trend of increasing arable land expansion and reduction of natural vegetation in the basin, may lead to drastic changes in the drainage patterns and water flows. These may alter the vegetation, nutrient levels, and related processes, and damage the aquatic and terrestrial biodiversity of the basin, unless restoration actions are taken soon to save the basin from further damages. Despite its richness in biodiversity, which makes it a rare habitat, and the socioeconomic value ACB has, efforts on the management and restoration plan for conservation and sustainable utilization of its resources are not adequate. This study has achieved a useful milestone to contribute to the development of relevant management approaches for the basin. However, to strengthen the knowledge base, it is recommended that the effect of landscape change on the basin’s biodiversity and resources need be quantified in the future to pinpoint vulnerable species that need urgent conservation attention and introduce sustainable resource management practices in the basin, respectively. At the same time, positive steps should be taken through an innovative approach which combines resource management measures with research. Commitments of the government and concerned NGOs, working closely with local communities through participatory approaches, may facilitate efforts to reverse the current trend of LULC changes in the basin. As the area needs urgent action, sustainable land management approaches should be integrated with the traditional farming and non-farming uses of land in the basin. Combining practical action with research can help practice to be supported with scientific evidence. Therefore, the involvement of research centers and higher education institutions, particularly Arba Minch University, is a good strategy.
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