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Abstract: Despite many studies on land degradation in the Highlands of Northern Ethiopia,
quantitative information regarding long-term changes in land use/cover (LUC) is rare. Hence,
this study aims to investigate the LUC changes in the Geba catchment (5142 km?), Northern
Ethiopia, over 80 years (1935-2014). Aerial photographs (APs) of the 1930s and Google
Earth (GE) images (2014) were used. The point-count technique was utilized by overlaying a
grid on APs and GE images. The occurrence of cropland, forest, grassland, shrubland, bare
land, built-up areas and water body was counted to compute their fractions. A multivariate
adaptive regression spline was applied to identify the explanatory factors of LUC and to cre-
ate fractional maps of LUC. The results indicate significant changes of most types, except for
forest and cropland. In the 1930s, shrubland (48%) was dominant, followed by cropland
(39%). The fraction of cropland in 2014 (42%) remained approximately the same as in the
1930s, while shrubland significantly dropped to 37%. Forests shrank further from a meagre
6.3% in the 1930s to 2.3% in 2014. High overall accuracies (93% and 83%) and strong Kappa
coefficients (89% and 72%) for point counts and fractional maps respectively indicate the
validity of the techniques used for LUC mapping.
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1 Introduction

Land use/cover (LUC) has transformed (on different spatial scales) across the world
(Lambin et al., 2003; Lepers et al., 2005; Maitima et al., 2009; FAO, 2010), including Ethi-
opia (Alemayehu et al., 2009; Asmamaw et al., 2011; Mengistu et al., 2012; Meire et al.,
2013; de Muelenaere et al., 2014). At global and regional scales, an increase of the cropland
area has been a common phenomenon at the expense of the forest and shrubland area during
the last few centuries (Ramankutty and Foley, 1999; Goldewijk, 2001; Goldewijk and
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Ramankutty, 2004). In Northern Ethiopia, severe land degradation occurred until the
large-scale implementation of soil and water conservation (SWC) measures, that started in
circa 1991 (Nyssen et al., 2004; Frankl et al., 2011; Hurni and Wiesmann, 2010). Forests
which once covered large country areas vanished, although there are no reliable data on the
original forest cover, about which many speculations exist (Pankhurst, 1995; Woien, 1995).

The explanation of the causes of land use/cover change extends from simple to multiple
factors and their complex interactions occur on different spatial and temporal scales (Lambin
et al., 2001). The rapid population growth, changing economic conditions and institutional
factors, local and global uses are identified as the main factors for the transformation of the
earth’s surface on a global scale (Turner et al., 1994; Lambin et al., 2003; Lambin et al.,
2001). The agriculture-based economy (Nyssen et al., 2004), low income (Kidane et al.,
2010; FAO, 2011), rapid population growth (CSA, 2008) and recurrent drought occurrences
are assumed to be the prominent drivers for land cover changes in the Tigray region, North-
ern Ethiopia.

Despite the presence of ancient human settlements and agricultural practices in Northern
Ethiopia (Bard et al., 2000; Nyssen et al., 2004), the long-term evolution of change in LUC
has received a little attention in the region, particularly on a local scale. Most often, surface
processes (LUC change, gully erosion, surface runoff and implementation of soil and water
conservation) have occurred at large spatial and temporal scales in Northern Ethiopia (Hurni
et al., 2005). Although some studies on LUC change are available in the region (e.g. Munro
et al., 2008; Alemayehu et al., 2009; Teka et al., 2013; de Muelenaere et al., 2014), they all
cover the period from 1965 to 2014 and generally focus on small catchments. Nyssen et al.
(2009) and Meire et al. (2013) have compared the land use type and environmental changes
in the region by using repeated historical terrestrial photographs over 140 years (from 1868
to 2008). Despite the wide application of terrestrial photographs for the study of LUC
changes, the inaccessibility of remote sites constrains the spatial representation of terrestrial
photographs as compared to aerial photography and satellite images.

Earlier reports on land cover, e.g. vegetation cover, are based on subjective descriptions
and cause inconclusive reports on the original cover and deforestation rate in Ethiopia
(Woien, 1995). In this regard, the shortage of historical datasets on LUC is claimed as a
problem to measure the long-term environmental changes. Although the 1930s Aerial Pho-
tographs (APs), which are the oldest aerial photographs of the region taken during the Italian
occupation of Ethiopia (1935-1941) (Nyssen et al., 2016), are available, they have rarely
been used to compare the historical LUC with the current situation. An exception to that is
the local study by Frankl et al. (2015). These Italian aerial photographs are important his-
torical datasets for spatio-temporal analyses of land use, cover and management (Nyssen et
al., 2016). Aerial photographs taken for military purposes during the World War II have been
widely used for civilian purposes, such as land use change studies (Zeimetz et al., 1976).

Long-term data are required for reliable LUC change assessments and quantifications
(Lambin et al., 2003). A good knowledge of historic land use trends with adequate coverage
is important so as to understand the current and future developments (Goldewijk, 2001). A
better understanding of the distribution of LUC allows reliable predictions and improves the
scenario of future environmental changes (Lambin et al., 2003). Large-scale LUC changes
can have substantial biophysical consequences and influence the water balance of a catch-
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ment, which in turn determines the economic development activities (e.g. dam construction,
ground water use) in the area. Moreover, the map of LUC on the scale of the Geba catch-
ment (ca. 5142 kmz), Northern Ethiopia, particularly in the 1930s, is very important for the
analysis of environmental changes over a long period. The Geba catchment is characterized
by diversified biophysical elements. Hence, the study area was selected due to its represen-
tativeness for the Northern Ethiopian Highlands in terms of its biophysical characteristics
(i.e. climate, geology, soils, topography and LUC). Therefore, this study aims: 1) to quantify
the long-term LUC changes of the Geba catchment (5142 krnz), Northern Ethiopia, by com-
paring the areal fractions of different LUC classes on the oldest aerial photographs
(1935-1936) to the Google Earth images of 2014; 2) to analyze the major explanatory fac-
tors, which determine the LUC occurrence in the two periods, and 3) to create fractional
maps of the major LUC of the Geba catchment in the 1930s and in 2014.

2 Materials and methods
2.1 Study area

The study area, the Geba catchment (Figure 1), is located in the Tigray region, Northern
Ethiopian Highlands, between 13°16' to 14°15'N and 38°38' to 39°48'E. The topography of
the catchment was obtained from the DEM-SRTM data with a 30 m x 30 m resolution
(USGS, 2016). It covers an area of 5142 km” with elevations ranging from about 900 m a.s.1.
at its outlet in the southwest to 3300 m a.s.l. near Adigrat in the north. The Geba River is one
of the major tributaries of the Tekeze River which finally joins the Atbara River and the Nile
in Sudan (Figure 1).
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Figure 1 Oro-hydrography of the Geba catchment and flight lines of Italian aerial photographs
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The Geba catchment is characterized by a diversified geology: Precambrian basement,
Palaeozoic and Mesozoic sedimentary rocks, Tertiary volcanic rocks and Quaternary depos-
its (Tesfamichael et al., 2010). A larger part of the catchment (55%) is classified as sloping
(6%—15%) and over 30% is steep (>15%) while most of the flat areas are found around Me-
kelle, Wukro, Sinkata and Atsbi accounting for only about 15% (Tielens, 2012). Lithologic
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Lithologic and topographic relations are very important factors for explaining the soil type
distribution (Van de Wauw et al., 2008; Tielens, 2012). The dominant soils of the catchment
include Leptosols, Cambisols and Regosols, with the most developed and deepest soil types
on gentle slopes (Vertisols, Luvisols, Cambisols) (Nyssen et al., 2008a; Tielens, 2012). Soil
erosion, landslide and deposition processes in the catchment result in the formation of young
soils particularly on foot slopes (HTS, 1976; Nyssen et al., 2008a; Van de Wauw et al.,
2008). On steep slopes and plateaus, shallow soils (like Leptosols) and bare rock are found,
while more fine-textured soils with alluvial, stagnic or vertic properties are found in the val-
ley bottoms (Tielens, 2012).

The Geba catchment has a tropical and semi-arid climate with a bi-annual rainfall distri-
bution (“belg” = small rain and “kremt” = main rain season). The main rainy season, which
accounts for circa 80% of the annual precipitation is short, restricted to mid-July — early
September, but is characterized by intense showers and large drop sizes (Nyssen et al., 2005;
Virgo and Munro, 1978). The rainfall is highly variable with an annual depth of 555-1200
mm. It is mainly determined by topographical factors such as slope aspect, aspect of the
valley and slope gradient over longer distances (Nyssen et al., 2005), but lacks a significant
correlation to elevation (Amanuel, 2009; Gebresamuel et al., 2010; Nyssen et al., 2005;
Taye et al., 2013; Vanmaercke et al., 2014; Virgo and Munro, 1978). The annual evapotran-
spiration depth exceeds the precipitation depth, except during the rainy season, ranging from
905 to 2538 mm (Hadush, 2012). The mean annual maximum average air temperature
ranges from 21 to 31°C and the mean annual minimum air temperature ranges from 3 to
16°C (Araya et al., 2010) whereas the monthly average varies between 12 and 19°C.

The economy of the rural communities (85% of population) depends on agriculture, hence
cropland dominates land use followed by bushland and bare land (Amanuel, 2009;
Gebresamuel et al., 2010; Taye et al., 2013). Rangeland is mainly found on steep slopes and
severely degraded due to overgrazing. The study area lost its native forests a long time ago
(Aerts et al., 2016; Gebru et al., 2009; Nyssen et al., 2004) and the remnant patches of for-
ests are usually limited to inaccessible areas and around churches (HTS, 1976; Munro et al.,
2008; Gebru et al., 2009; Aerts et al., 2016). Over the last century, the Tigray region (in-
cluding the study area) has faced various man-made and natural problems at different times.
The war (by the Italian) in the 1930s in which chemical weapons were used, famines and
population displacement due to the drought and civil war (1974-1991) (Lanckriet et al.,
2015) and the peak land degradation from the 1930s to the second half of the 20th century
(Nyssen et al., 2015) were among the major shocks which took place in the region. Over the
last few decades, massive soil and water conservation activities including afforestation had
been organized in Northern Ethiopia in order to reverse the environmental degradation
(Nyssen et al., 2004; Descheemaeker et al., 2006a; Vancampenhout et al., 2006; Munro et
al., 2008; Nyssen et al., 2008b; Frankl et al., 2011, 2013a; Taye et al., 2013).

2.2 Land use/cover analysis by the point counting method

Despite its obvious importance for the study of land use, the 1930s photography, which rep-
resent the oldest APs of Ethiopia remain underutilized in Ethiopia (Frankl et al., 2015;
Nyssen et al., 2016), mainly due to their recent rediscovery. The Italian Military Geographi-
cal Institute (IGM) took these black and white APs with a scale ranging from 1:11,500
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(nearly vertical photograph) to 1:13,000-1:18,000 (oblique photographs) during the Italian
occupation of Ethiopia (1930s—1940s) and the sets were recovered by Nyssen et al. (2016).
These APs cover large areas of Northern Ethiopia, including parts of the Geba catchment
except the eastern and northern parts of the catchment.

Due to the obliqueness of these photographs and small areas covered by the stereo pairs
of the vertical photographs, creating orthophotographs from these photographs using the
conventional photogrammetry method is difficult to apply on large regions (Frankl et al.,
2015). Alternatively, the point counting approach allows to extract information easily and to
estimate the fractions of LUC from the APs as applied by e.g. Bellhouse (1981) and Daniels
et al. (1968). In this technique, different land covers that occur under the points of a grid
superimposed on an area are being identified and counted (Bellhouse, 1981). This technique
has been chosen for resource assessment and to examine land cover and use changes (Saebo,
1983; Shockey, 1969; Zeimetz et al., 1976). Hence, we applied this point counting technique
to Italian aerial photographs to assess the fraction of LUC in 1935-36, while the LUC data
in 2014 were obtained from Google Earth imageries captured in the same season (December
to February) as the APs. The Google Earth images of the study area for the period from De-
cember 2013 to February 2014 are based on Pleiades 1A and Pleiades 1B satellites (2 m
resolution) and SPOT 6 satellite (1.5 m and 6 m resolution).

To assess LUC, a point grid with 270 points (18x15 points) with a spacing of circa 130 m
between the points (Figure 2) was superimposed on the scanned vertical and one oblique AP
and GE whose area ranges from 2.39 km” to 12.36 km® with an average area of 4.66 (£1.72)
km?’. The size and location of GE is approximately the same as the APs. In total, 134 aerial
photographs, which cover about 12% of the study area, taken along 15 flight lines fairly dis-
tributed over the study area were used (Figure 1). To cover the northern and eastern part of
the study area where APs do not exist (Figure 1), five additional locations were selected
where data were available for LUC in 1965 for Dergajen, Hadnet and Sinkata (Teka ef al.,
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Figure2  An example of a point grid superimposed on: a) aerial photograph of January 3, 1936 with coordinate
of center of vertical photo 13.561547°N and 39.024014°E (i.e. south of Abiy Adi); b) Google Earth image of
January 4, 2014. Significant conversion of LUC occurred at this location as shown by: c) terrestrial photo around
grid point N16 where land cover changed from dense forest in 1936 (d) to open forest in 2014 (e), and f) terres-
trial photo around grid point F12 where land cover changed from open forest in 1936 (g) to cropland with trees in
2014 (h)



ETEFA Guyassa ef al.: Changes in land use/cover mapped over 80 years in the Highlands of Northern Ethiopia 1543

2015) and for upper Agulae watershed (Alemayehu ef al., 2009) and known (permanently
forested) places in Dessa’a throughout the 20th century. We assumed that the 1965 interpre-
tation was the best (though not perfect) supplement for the missing Italian APs of that area,
while the error of using the 1965’s information for the 1930s LUC condition is assumed to
be small. Hence, sample locations were well represented by the dominant agro-ecological
zones and lithologies of the study area as shown in Supplementary Figure S1.

LUC categories on APs and GE were counted on the screen by three experts. The experts
had to count different APs and GE in order to do the point counting in a relatively short time.
Seven common LUC classes, forest, shrubland, cropland, grassland, bare lands, water bodies
and built-up areas are considered in this study (Table 1). Important photo interpretation ele-
ments such as pattern, shape, association, tone and location of LUC were used to count each
LUC (Loelkes et al., 1983). Keys were prepared for this counting (Supplementary Table S1)

2.3 Explanatory factors for land use/cover changes

Climatic variations, geomorphic settings and socio-economic effects are among the major
explanatory factors of LUC occurrences. Northern Ethiopia is characterized by a large cli-
matic and biophysical heterogeneity. Potential environmental factors believed to influence
the LUC occurrences and changes in the Geba catchment are climate (precipitation, air tem-
perature, evapotranspiration) and topography (elevation, slope), lithology and soil types.
Despite the availability of long-term climate data at meteorological stations in and nearby
the study area, a further analysis regarding the effects of climate variables on the distribution
of LUC is not done in this study as the interpolation of the point meteorological data re-
sulted in large errors due to strong topographic effects on the rainfall distribution. Other ex-
isting databases for spatial rainfall data (e.g. Rainfall Estimate (RFE), from the National
Oceanic and Atmospheric Administration Climate Prediction Centre (NOAA-CPC)) was
checked if it can be used but the validation of this database using the meteorological stations
has resulted in a weak correlation (R2 =0.38, n=15). But climatic variables used as ex-
planatory factors have a strong correlation with topography (such as elevation and slope).

In order to analyze the effect of lithology on LUC distribution, the detailed classification
of the catchment was grouped into four major lithological categories based on their mineral
composition and physical properties (Table 1). The soil map of the study area produced by
Tielens (2012) was used for this study by grouping the soils into three major classes based
on their suitability for crop production or plant growth (Supplementary Figure S2a and Table
1). This suitability classification was done using the soil structure, soil drainage and depth
characterization of each soil unit (Tielens, 2012).

Socio-economic variables which anticipate to influence the LUC occurrence are mapped
for the Geba catchment and are to be used in the LUC modelling. Population density, dis-
tance to main roads and distance to towns are the variables used to investigate if
socio-economic factors are affecting LUC occurrences. The population density map for 2014
at 1 km grid was extracted from the Centre for International Earth Science Information
Network (CIESIN, 2016). Mapping the distance of cells to main roads and towns in 2014
was based on the Google Earth database (January 10, 2014), while the map of distance to
towns in the 1930s was created based on the1930s topographic maps of the study area (IGM,
2012) (see Supplementary Figure S3).
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Table 1 Variables and their descriptions

Factor Variable Description Source/reference
Land Bare land Land with no vegetation cover, rock outcrop, quarry WBISPP, 2003
use/cover

Built-up area Land under settlement, roads

Cropland Cultivated land (irrigated and non-irrigated) including open
and regularly ploughed with or without shrub or tree line
(boundary) and scattered trees, fallow with and without

bushes/trees
Forest Land covered with dense trees or open; woodland; riparian
trees, plantation (large scale and woodlot), church forest
Grassland Land covered with grasses used as grazing area
Shrubland Land covered with bushes: open, open with trees, dense,
dense with trees, exclosures
Water body Land covered with water: lake, pond, river including dry
river bed
Topography  Alt(ma.s.l.) Average elevation at different locations DEM-SRTM at 30x
30 m resolution
Slope (%) Average slope gradient at different locations. DEM-SRTM at 30
%30 m resolution
Soil type SS Soils suitable for cultivation, well to perfectly drained, Tielens et al.

fertile, moderately deep to deep soil. e.g. Vertic Cambisols, (2012)
Calcaric Vertisols, Vertic Phaeozems

SMS Soils moderately suitable for cultivation, shallow to moder-
ately deep, moderate fertility, moderately drained. e.g. Eu-
tric Regosols, Eutric Cambisols, Calcic Luvisols, Calcaric
Cambisols

SNS Soils not suitable for cultivation, very shallow, rock out-
crop, stony, excessively or poorly drained. e.g. Leptosols,
Gleysols

Lithology LV Volcanics (intrusive and extrusive): trap series; Mekelle Tesfamichael ez al.
dolerite. Contain wide range of minerals, which enhance (2010); Tesfaye and
growth of tree and crop Gebretsadik (1982)
LSC Sedimentary rock dominated by calcium carbonate: metali-
mestone; Antalo limestone; Agula shale. The land has a dry
aspect because of karst and high infiltration.
LSNC Sedimentary rocks (non-carbonate): slates, metavolcanics;
Edaga Arbi glacials; alluvium. Fine-texture, results in slow
infiltration and relatively fertile soils
LSS Sandstones: metaconglomerate; major intrusive (these are
granites); Enticho sandstone; Amba Aradom sandstone;
Adigrat sandstone. These rocks have coarse texture, silica
dominated. Sandy weathering materials where water will
easily infiltrate; the domination of Si further makes that few
minerals are available for vegetation growth

So- Pd (#/km?) Population density in 2010 CIESIN, 2016

cio-economy  p () Distance to town in the 1930s (DT30 and distance to town
in 2014 (DT14)
DR14 (km) Distance to road in 2014

2.4 Accuracy assessment of the point counting method and spatial map

An accuracy assessment was necessary so as to evaluate the validity of points counted from
APs and GE images. Confusion (error) matrixes (Congalton et al., 1983; Hoffer, 1975) were
prepared for the point counting and the fractional mapping accuracy measurements (Table 2).
For the accuracy assessment of the point counting 275 ground control points that correspond
to the points counted on APs/GE were randomly selected from 55 APs (i.e. 3—7 points per
photo) and used for verification of both the 1930s and 2014 LUC. For the 1930s LUC, the
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verification was done based on the information obtained from old people who have lived in
the area and have information on the historical LUC (from their parents). For 2014, field
observations were made to validate whether the different LUC types were correctly identi-
fied on the screen. The assessment of accuracy of the fractional maps of the dominant LUC
of the study area was done using the Google Earth image (Fritz et al., 2009; Bastin et al.,
2013; Annys et al., 2016). Using the 2 km x 2 km grid, 233 points have been randomly se-
lected utilizing ArcMap from the map of the Geba catchment. Then the values of the differ-
ent LUC maps of 2014 corresponding to the random points were extracted. Based on these
values the dominant LUC at each random point was selected and contrasted to the dominant
LUC in the corresponding point in the fractional maps. The same random points were over-
laid on the 2014 GE image so as to count the classes that were correctly allocated on the
map. The dominant LUC in the random point corresponds to a 1.5 km x 1.5 km pixel on the
fractional map, while the observation on GE was just at a point which can result in the error
of disagreement by selecting the non-dominant class. An accuracy check for the historical
LUC map could not be made as no field database exists.

Table 2 Commission-omission error matrix of LUC point count and mapping

Ground control / Google Earth

Cropland Shrubland Forest S(:S:; Sum Corr;ﬁi)srsion
Cropland 132 1 0 2 135 0.02
Shrubland 6 88 3 2 99 0.13
LUC count Forest 0 0 6 0 6 0.00
O SCreen  Other 3 2 0 30 35 0.10
Sum 141 91 9 34 275
Omission error 0.06 0.03 0.33 0.12
Overall accuracy 0.93
Kappa coefficient 0.89
Cropland 106 10 1 6 123 0.16
Shrubland 12 68 1 1 82 0.21
LuC Forest 1 1 3 0 5 0.67
map Other 4 2 0 17 23 0.35
Sum 123 81 5 24 233
Omission error 0.14 0.16 0.40 0.29
Overall accuracy 0.83
Kappa coefficient 0.72

2.5 Data analyses

The fractions of the LUC classes, described as the density or weight of LUC, were calcu-
lated for each scene (AP and GE) as the ratio of the total number of points for each class to
the total number of points of all LUC counted per AP/GE (Daniels et al., 1968). Points
where the LUC is unknown or invisible on APs due to the clouds or damage of the photo-
graphs were excluded from further analyses and the corresponding points on GE omitted,
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too. The significance of the differences in the fraction of each LUC type between the 1930s
and 2014 were tested by using the Mann-Whitney U test (a = 0.05), while the significance in
the frequency of spatial distribution of LUC across the sample area (scene) was checked by
using the Chi-square test (o = 0.05). The spatial distribution of LUC refers to the binary de-
scription of the LUC occurrence (i.e absence or presence) in the sample scene. A change
matrix was prepared between LUC in the 1930s and 2014 so as to analyze the transformation
of LUC in 2014 as compared to the 1930s.

Rasters of the selected explanatory factors with a resolution of 1.5 km x 1.5 km were used
in order to fit approximately to the scale from which the LUC data were obtained from the
APs and GE images (ca. 4.66 km?). This grid size was selected based on the smallest scene
(2.4 km?), so that all observations have at least 1 cell. Average values of different explana-
tory factors at the location of all scenes were extracted from their spatial maps created for
the Geba catchment. After checking the non-linear relation (using multiple linear regression)
between LUC and the explanatory factors, Multivariate Adaptive Regression Splines
(MARS) (Friedman, 1991), a non-parametric regression was used to model the LUC classes.
It is a stepwise (forward and backward pass) method and a powerful and flexible
non-parametric regression for modelling the complex multivariate datasets (Friedman, 1991)
widely applied in various disciplines including the LUC change studies (e.g. Quiros et al.,
2009; Tayyebi and Pijanowski, 2014). It uses the basis functions as predictors in place of the
original data by breaking the data into different regions for fitting. The generalization of the
model is checked using the Generalized Cross Validation (GCV) and by its normalized value
(GCV R?) statistics which are also used to avoid over-fitting training data (Friedman and
Silverman, 1989). The relative importance of the explanatory variables is ranked using the
three criteria method of the MARS model (number of subset, GCV and RSS) which varies
for different LUCs (Table 4).

The MARS equations developed for different LUC types in the 1930s and 2014 were used
to create fractional maps of the LUCs, using pixel size of 1.5 km x 1.5 km that are approxi-
mately the same size as the smallest scene area (2.4 kmz) of the interpreted APs. In a frac-
tional map, for every pixel, the fraction (0.00 —1.00) or the percentage (0%—100%) of a par-
ticular LUC class is represented (Romanov et al., 2003).

Point count and mapping of LUC were validated by computing the commission errors
(measure of the producer’s accuracy), the omission error (measure of the user’ accuracy) and
overall accuracy from the error matrix table (Hoffer, 1975; Congalton ef al. 1983). Further-
more, the degree of agreement between the accuracy of the counting and the field observa-
tion and between the mapping and Google Earth was measured by computing the Kappa
coefficient of agreement from the confusion matrix (Fleiss, 1971; Stehman, 1997). This co-
efficient is used for the correction of the chance (expected) agreement. The multiple Kappa
coefficient, i.e. the Fleiss Kappa coefficient, was applied by taking into account the multiple
random points and the different LUC classes used for this precision assessment (Fleiss,
1971). Hence, the Kappa coefficient is calculated from the LUC error matrix as follows:

> P -3 Pi *P+i

1=3>""Pi *P+i

Kappa (k) =

where Pii = Nij/N (i.e. proportion of the correctly counted LUC or ratio of diagonal value to
the total number of observation); Pi. = Ni/N (i.e, proportion of the marginal row total); P+i =
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(17%), while volcanic rock covers a smaller area (10%) (Supplementary Figure S2a). The
soil type of southern and central Geba is categorized as suitable (34%) and the northern and
southwestern parts are moderately suitable (35%) while eastern areas are dominantly
non-suitable soils (31%) (Supplementary Figure S2a). The distribution of the soil suitability
classes is related to the geology and topography of the catchment (Tielens, 2012; TUSS,
2015).

3.2 Change of LUC fraction from the 1930s—2014

Despite the difficulty of stereo viewing due to high obliquity and small, overlapping area of
vertical photos, the 1930s APs are found to be an important source of historical information.
Field observation for the verification of the point counting method has resulted in a high
overall accuracy (93%) for the recent LUC, as shown in the error matrix (Table 2). The
count of shrubland and cropland led to a high accuracy (i.e. a low omission error), 97% and
93% respectively, while the forest count resulted in a low accuracy. The error matrix shows
that other land (summation of bare land, housing, waterbody, grassland) was identified with
a high accuracy (89%) or low errors. Moreover, the error matrix caused a very strong Kappa
coefficient (xk = 0.89) (Table 2). The accuracy assessment for the 1930s LUC was not possi-
ble to do through a field visit but showed a high correspondence (86%) to the result of the
interview carried out on the old people concerning the history of land use in ancient times.
The interviewed people with an average age of 69 years have explained the historical LUC
of their area with some important landmarks, which they remember or which is based on
what they heard from their parents. For example, the forests and shrubs in which they were
cutting trees for different purposes such as to build their house and fence, for firewood and
farming implements do not exist or are being degraded now.

The results of the quantitative analysis indicate that shrubland and cropland were the do-
minant LUC in both the 1930s and 2014. In the 1930s, the percentage of shrubland and
cropland covers 48% and 39% respectively, but in 2014 the cropland outstretched to 42%,
while the shrubland contracted to 37% (Figure 3). All LUC categories (except shrubland and
forests) have increased over the last 80 years (Figure 3).

The test of LUC fractions using Mann-Whitney U tests showed significant differences
between the 1930s and 2014 for all categories except for cropland and forest. This test re-
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vealed that the fraction of shrubland decreased significantly in 2014 as compared to the
1930s while the bare land, grazing land, built-up area and water body had increased signifi-
cantly in 2014 compared with the 1930s. The forest cover has dropped from about 6.3% to
2.3% during the last 80 years.

3.3 Spatial distribution of land use/cover

In the 1930s, shrubland and cropland were frequently observed (greater than 90%) catego-
ries at sample locations while the other categories occurred in less than 45% of the total
sample areas. In 2014, all LUC classes had been encountered in about 85% of the observa-
tion (n = 139), except forest and water body which occurred in 45% and 71%, respectively
(see Supplementary Figure S4). LUC types have undergone dynamic changes (increase or
decrease) over a long time period (Figures 2—4). Nevertheless, there are cases where con-
stant fractions and patterns of LUC were observed over this period. The chi-square test for
the frequencies of spatial occurrence across the sample areas reveals significant changes in
the location of occurrence of LUC except for forests (Supplementary Table S2).

Although cropland did not experience significant changes in fraction between two times,
it showed however important spatial changes. In other words, some land that was under ag-
riculture in the 1930s, was abandoned in 2014 and new agricultural lands were created by
converting other LUC. The constant fraction of the cropland over a long period was retained
at the expense of the other LUC mainly by encroaching and/or expanding into shrubland and
forests, and abandonment of marginal, exhausted land, as well as the steepest slopes ban by
administrative decision. This study also shows a significant decline in the spatial distribution
of shrubland and the expansion of bare lands, grasslands and built-up areas (Supplementary
Figure S4, Supplementary Table S2).

The change matrix (based on point counting) revealed a complex transformation of LUC
over the last 80 years (Table 3). It should be noted that this transformation matrix is not free
from errors due to the obliqueness of the APs and the non-georeferenced grid points on APs,
which have resulted in a few meters’ displacement of points on GE as compared to their lo-
cation on AP. Nevertheless, the matrix showed that all LUC have replaced each other al-
though the transformation intensity is variable (Table 3). The results indicate that about 67%
and 54% of the cropland and shrubland respectively, remained spatially unchanged in 80
years, while only 5% of the forest was recorded at its location in the 1930s. A large portion
of cropland has transformed into shrubland, built-up area, bare land and grazing land;
shrubland transformed into cropland, bare land, built-up area and grazing land while forest
mainly changed into shrubland to cropland in the order of importance.

3.4 Explanatory factors affecting the land use/cover

The results of the MARS model have revealed the importance of different factors for the
occurrence probability of different LUC types in the 1930s and in 2014 (Table 4). The mod-
els show that all climatic environmental and socio-economic variables considered in this
study have significantly affected one or more LUC types. However, the pressure of the so-
cio-economic factors (i.e. the population density, distance to town) on LUC change have
been increasing after the 1930s. For each model, several variables and terms (basis functions)
were used to predict the LUC occurrences (Table 4 and Supplementary Table S3). The oc-
currence of more than one basis function for a single explanatory factor in a model depicts
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Figure 4 The spatial distribution and change of three dominant land use/cover of the study area: Cropland (a—c),
shrubland (d—f) and forest (g—i). A positive (+) and negative (—) sign in these figures indicates the spatial expan-
sion and shrinkage of LUC types, respectively. Graduated classifications illustrate the percent occurrence of land
use type in the 1930s and 2014 that also reveal the degree of spatial changes within each location. Sd, Sf1, Sf2, Sh
and Ss are supplementary data at Dergajen, Dessa forest 1, Dessa forest 2, Hadinet and Sinkata respectively.

Table 3 Land use/cover transformation matrix from the 1930s to 2014 in Geba catchment

1935/ Shrub Grazing . Bare Water

2014 Cropland land Forest land Built-up land body Total
Cropland 9047 2193 116 434 920 714 168 13592
lsalrllidub 4195 9151 351 460 680 1701 289 16827
Forest 514 861 84 36 123 80 17 1715
Grazingland 125 95 12 18 85 21 6 362
Bare land 265 410 12 23 60 226 23 1019
Built-up 79 29 4 7 117 10 1 247
Water body 67 177 5 7 40 75 59 430

Total 14292 12916 584 985 2025 2827 563 34192
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Table 4 Relative importance of variables in the model using three criteria number of subset (the number of
model subset that includes the variables), RSS (the scaled summed decrease of residual sum of squares overall
subset) and Generalized Cross Validation (GCV). For the explanation on the variables see Table 1

1930s 2014
Predictor Number of GCV RSS Predictor  Numberof 5oy Reg
subset subset
SS 7 100 100 SS 8 100 100
DT30s 6 75 77 Pd 7 66 69
Crop-
land Slope 6 75 77 Slope 6 55 59
Alt 2 17 26 Alt 5 30 39
SMS 1 12 18 SMS 2 4 18
GCV R*=0.52 R*=0.64 GCV R*=0.63 R*=0.73
Alt 3 100 100 SS 5 100 100
Shrub- Slope 2 54 58 Slope 4 51 55
land SNS 1 28 33 Alt 3 32 38
SMS 1 13 18
GCV R*=0.38 R*=0.44 GCV R*=0.58 R*=0.64
Slope 6 100 100 Alt 6 100 100
Alt 6 100 100 LSC 6 100 100
Forest SNS 6 100 100 Pd 6 100 100
LSC 4 36 49 SS 6 96 97
LSNC 2 25 34
GCV R*=0.40 R*=10.52 GCV R*=0.31 R*=0.47

the nonlinear relations between the explanatory factors and LUC categories. The regression
models have also illustrated the significant interaction of the explanatory factors on the dis-
tribution of LUC (Supplementary Table S3). The results also demonstrated different thresh-
olds for different explanatory variables in the 1930s and 2014.

Among all the considerable variables, the slope gradient, elevation, soil suitability for
cropping and proximity to town were significantly influencing the cropland fraction in the
1930s explaining 64% of the probability of its occurrences. The soil type which was the
main suitable soil for cultivation was the most important factor for the occurrence of a larger
fraction of cropland in the 1930s followed by the slope gradient and the distance from town.
The result shows that in moderately sloping to flat areas (i.e. a slope gradient of less than
16%), the fraction of cropland was positively affected while the fraction was decreasing
when the proximity of the area to town decreased except in suitable soil areas (Supplemen-
tary Table S3). Similarly, in 2014, the soil type and slope gradient remained the dominant
factors for determining the distribution of cropland in which suitable soil and slope gradients
of less than 16% were increasing the fraction of cropland. However, the effects of suitable
soils and slope gradients were reversed when combined with the population density. The
MARS also showed a larger cropland fraction in mid to high elevation areas except at steep
slope gradients during the 1930s and 2014 (Supplementary Table S3). From the MARS
model, it is also apparent that the distribution of shrubland was highly dependent on the
slope gradient but in reverse direction to the cropland distribution. In flat areas, the fraction
of shrubland was negatively affected while in sloping and steep slope areas the coverage had
increased in the 1930s and 2014. Moreover, soil types and elevation were also other domi-
nant explanatory factors for the distribution of shrubland. The result showed that suitable
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soil for cultivation favoured the occurrence of shrubs while suitable and moderately suitable
soils affected the distribution of shrubland negatively. Moreover, the results revealed that
when elevation increases over circal800 m the fraction of shrubland had decreased both in
past and present times (Supplementary Table S3).

During the 1930s and 2014, elevation, lithologies, soil suitability and slope gradients
showed an important relation to the presence of forests although their explanatory power
was weak (R2 =0.52 in the 1930s and R* = 0.47 in 2014) (Table 4). In both the 1930s and
2014, the elevation was the most important factor for the occurrences of forest in which a
larger fraction of forest exists in areas with an elevation of over 1900 m. The interaction of
elevation and lithology, soil suitability and population density resulted in different fractions
of forest. The result also depicted that it was unlikely to find forest in areas with suitable soil
for cultivation, while the increase of population density affected the forest occurrence posi-
tively, particularly in 2014.

The multivariate regression models developed for different LUCs in the 1930s and 2014
were used to calculate fraction maps of three major LUC types (i.e. cropland, shrubland and
forest) at least five spatial raster layers, which represent the explanatory factors, were pre-
pared to create the fractional maps of cropland, shrubland and forest in the 1930s and 2014.
Hence, these fractional maps indicated the spatio-temporal distributions and the changes of
LUC. The mapping of LUC of the Geba catchment (Figure 4) was done by 1.5 km x 1.5 km
grid of the important explanatory factors in each model. As the values of every pixel are not
absolute, percentages of different LUC types, separate maps were produced for the cropland,
shrubland and forest. Colour gradients of each LUC have been used to compare the per-
centages of areal distribution and changes of LUC in the study area over the last 80 years. In
these maps high gradients (larger percentages) of a different LUC did not occur on the same
location, although mixed LUCs having a smaller percentage on a particular location are ob-
served (Figure 4). Given the several limiting factors for the inaccurate mapping of LUC, the
validation of the maps of 2014 using 233 random points on GE showed a high accuracy for
cropland (86%) and shrubland (84%) and a lower one for the forest map (60%) and other
land covers (71%). Overall, the confusion matrix showed a higher overall accuracy for the
fractional map (83%) and a very strong Kappa coefficient (72%) (Table 2).

4 Discussion
4.1 Point counting method, APs and GE images

The high overall accuracy (93%) and a very strong Kappa coefficient agreement (89%) of
LUC counting as shown in the error matrix (Table 2), validated that counting LUC on
Google Earth was done accurately. A good visualization and a high resolution nature of GE
motivates, beside its potential for validation, its direct application in the environmental in-
ventories includes LUC studies (Frankl et al., 2013b; Fritz et al., 2009; Hu et al., 2013). The
medium scale and zooming technique make the photographs comparable to the Google Earth
image resolution and viewing, which suggests the appropriateness of the comparison of re-
sults from the two sources. Frankl et al. (2013b) have used a combination of historical aerial
photographs and GE images so as to analyze the temporal change of a gully network in
Northern Ethiopia. Further, we are aware of only one study that used aerial photographs
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produced between 1936 and 1941 at a scale of 1:64,000 for a land use cover change study in
Texas and New Mexico, United States (Scanlon et al., 2007).

4.2 Land use/cover fraction

Cropland showed a slight increment over the long time period. Despite the rapid rise of the
human population (Nyssen et al., 2009), whose livelihood largely depends on agriculture
(Deressa et al., 2008), the area of cultivated land remained almost constant during a long
period of time. This indicates that suitable land for agriculture had been entirely occupied
for many years, probably centuries, in Northern Ethiopia. Similar results have been reported
locally in the catchment (that cultivated lands nearly did not expand over tens of years)
(Alemayehu et al., 2009; Meire et al., 2013; Teka et al., 2013). Mitiku et al. (2006) docu-
mented that limits to lands (suitable for agriculture) are reached in Northern Ethiopia and
that food demands for the increasing population could be met through an intensified use of
the existing cropland. On the contrary, a significant expansion of cropland occurred in other
parts of Ethiopia (e.g. Rembold et al., 2000; Zeleke and Hurni, 2001; Tsegaye et al., 2010),
Africa and worldwide (Lambin et al., 2003; MEA, 2005) during the second half of the 20th
century. Dynamic changes (expansion or contraction, rapid or slow) of cropland were re-
ported in the southwest of Ethiopia despite a rapid population growth in the region in the last
50 years (Reid et al., 2000). On the other hand, the most dominant land cover in the 1930s,
namely shrubland, has significantly decreased in fraction over the last 80 years. The decline
might not only be visible in the land’s percentage under shrub cover but the quality of the
shrubland might also have deteriorated compared to history, although it had not been quanti-
fied. Field visits demonstrated that in 2014, the shrubs had a low plant density and an open
canopy cover. The forest showed a declining trend from its already low percentage in the
1930s (from 6.3% to 2.3%). This small fraction of forest cover in the 1930s indicates that
the forest resources had been cleared, even before the 1930s. Despite the strong claims on a
dense forest cover in the 1930s in Ethiopia (including our study region), there is no reliable
record of forest cover and no precise date and rate of deforestation (Pankhurst, 1995; Woien,
1995). Previous studies in or close to our study area have reported that the forest and shrub-
land illustrated an increment during the last three to five decades (Alemayehu et al., 2009;
Teka et al., 2015; Meire et al., 2013; de Muelenaere et al., 2014; Teka et al., 2013). However,
our results may not be contradictory to such findings as their study period only extended to
1965 and covered small parts of the study area. The study carried out by Nyssen ef al. (2015)
in Northern Ethiopia concerning environmental conditions over the last 145 years indicates
the highly variable land degradation. We thought that the woody vegetation cover peak at the
end of the 1930s, strongly declined until large-scale soil and water conservation activities
started in the 1990s. Hence, our results are in line with those of Nyssen et al. (2015): as
compared to the 1930s, the land is still more degraded nowadays in Northern Ethiopia.
Despite extensive forest rehabilitation practices in Northern Ethiopia, there was an excep-
tionally ongoing deforestation on the remnant natural forest in the region (Munro et al.,
2008). Recent deforestation has been detected in the Mt. Lib Amba and Simien Mountains,
Northern Ethiopia (Jacob et al., 2015, 2017). Our results also clarify an increase in bare land,
grassland, built-up area and water body, which is in agreement with earlier findings
(Alemayehu et al., 2009; Meire et al., 2013; Teka et al., 2013), particularly before the start
of the SWC practices. The overall decline of vegetation in the last 80 years is also in line
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with the existence of larger areas where the SWC (including exclosure) has not been fully
implemented, for example in the lower parts of the study area, which are relatively remote.

4.3 Spatial change of land use/cover

Considerable spatial changes of LUC have taken place over the last 80 years. In the 1930s,
less heterogeneity of land use in aerial photography (scenes) was observed as compared to
the data of 2014. In other words, LUCs were less fragmented in the 1930s. By 2014, LUC
classes had encroached upon the land that was under different use/cover during the 1930s.
Hence, it is not uncommon to observe a mosaic LUC, such as cropland that encroached
shrubland, a tree plantation (mainly Eucalyptus) in cropland as patches or in a linear form
(Meire et al., 2013), settlement and water body in cropland and so on. However, this study
has a limitation of showing the spatio-temporal dynamism of LUC change over the last 80
years in the Geba catchment, due to a lack of intermediate time period data on LUC.
Although cropland did not show a significant change in fraction over a long time (section
4.2), an important spatial change was noted that about 33% of the cropland was transformed
to a different LUC, mainly to shrubland, built-up area and bare lands (Table 3). It is obvious
that cropland, which lost its productivity due to an exhaustive cultivation, can no longer be
used as cropland but is converted to bare land, degraded grazing land or shrubland, unless it
is reclaimed. On the other hand, lands that were under shrub, forest and grass in the 1930s
was converted to cropland in 2014, probably to search fertile soils. This result is consistent
with previous studies (e.g. Zeleke and Hurni, 2001; Alemayehu et al., 2009). There are also
some areas where bare lands were converted to cropland which shows the critical shortage
of suitable lands for cropping leading an agricultural expansion into marginal lands. Shrub-
land was also affected by an increase of grazing land, which can be explained by the rise in
livestock production associated with the population growth. The transformation of forest
into shrubland and cropland in 2014 shows that deforestation had continued over the last 80
years. The conversion of bare lands to forest and shrubland can be linked to the plantation
forest and the implementation of exclosures over the last few decades. Considerable fraction
of built-up area were recorded in 2014 on the locations previously (1930s) covered by crop-
land, shrubland and forest which can be linked to a rapid population increase. Other studies
also indicate that built-up areas (mainly urban areas) increased at the expense of cropland in
Ethiopia during the last few decades (Haregeweyn et al., 2012; Miheretu and Yimer, 2017).

4.4 Explanatory factors of land use/cover distribution and change

Overall, over the last 80 years, the study area had been hit by two major droughts and sev-
eral famines. The common explanation for LUC change in earlier research carried out in the
north or in other parts of Ethiopia, comprises the socio-economic forces, policies and insti-
tutions (Alemayehu et al., 2009; Teka et al., 2015; Meire et al., 2013; de Muelenaere et al.,
2014; Tadesse et al., 2014; Teka et al., 2013). Physical elements are rarely correlated to LUC
changes (Reid et al., 2000; Tadesse et al., 2014), though they trigger significant changes
particularly when the land is under stress (Lambin et al., 2001). The present study demon-
strated that consideration of topography, soil type and lithology as potential explanatory
factors of LUC occurrence, provided a moderate to high model fitting and the validation of
results, particularly for cropland and shrubland.

Despite the shortage of suitable cultivation lands in the study area for a long time, steep
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slope areas remained unsuitable for agriculture. Other reports also indicate that arable lands
are frequently observed on level to gentle slope lands (plains, foot slopes and valley floors)
(Meire et al., 2013; Teka et al., 2013). But currently, cropland sometimes appears on steep
slopes where soil and water conservation (SWC) measures like stone bunds or trenches are
executed so as to counter soil erosion. This is in line with a previous study on long-term land
use change in the same region (Meire et al., 2013). The current inverse correlation between
the population density and the cropland fraction describes the conversion of cropland to
built-up (such as housing, roads) areas following a population increase. Ramankutty et al.
(2002) explained that the rapid population increase and urbanization resulted in less crop-
land area per capita. Jacob et al. (2015) have analyzed an increase of the tree line elevation
in mountainous areas due to anthropogenic pressure. On the other hand, steep slope lands
appear to be reserved for shrub use in the study area, (which is) explained by the extensive
conservation measures that had been carried out in degraded areas of the Tigray region dur-
ing the last two to three decades. Exclosures, as part of SWC, were mostly applied on very
steep and degraded slopes, which suffer from a severe soil erosion. Various reports illus-
trated that sloping and steep areas are often employed for afforestation in Northern Ethiopia
(Descheemacker et al., 2006b). Forests that grew in suitable soils for cropping in the 1930s,
had been deforested in 2014. Hence, in 2014, remnants of forests were available in areas
where the soils are moderately suitable and non-suitable for cropping, sandstone and sloping,
which appear to the fact that afforestation is promoted in less fertile soils. Currently, the
forest density has augmented nearby towns which can be linked to the increased awareness
of tree growing and management in the Tigray region (de Muelenaere et al., 2014). Clusters
of forests planted along farmland boundaries and in villages are commonly encountered in
the region (Meire et al., 2013).

The creation of fractional maps on different LUCs in the Geba catchment, which use
model developed for each class with a set of explanatory elements, resulted in an approxi-
mately similar pattern with the observed fractions (Figure 4). It is important to possess pro-
portional samples of AP/GE (in different explanatory factors) (Supplementary Figure S1) for
the prediction of land use/ cover distribution in the entire catchment. The verification of
these maps using Google Earth images (2014) showed the model validity in order to predict
the occurrence of LUC, particularly for 2014. Overall, 84 % of the LUC was correctly allo-
cated on the fractional map of LUC. Cropland and shrubland were more or less predicted
accurately, while large errors had been noticed in the forest prediction. This poor forecast
accuracy can be related to the small fraction of forest in each scene which less likely domi-
nates the scene. Moreover, the very strong Kappa coefficient agreement (k = 72) confirms
the validity of the created fractional maps. In general, this result suggests that the models we
developed for the Geba catchment are reliable to foretell the fraction of LUC change, while
using the important explanatory factors selected in each model (Table 4 and Supplementary
Table S3).

5 Conclusions

This study demonstrated the usefulness of the analysis of the 1930s APs and GE images for
the study of land/cover distribution and changes. The results have demonstrated significant
modifications in the fraction and spatial shifts of LUC during the last 80 years. Despite in-
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significant changes in the fraction of cropland area, 39% in the 1930s to 42% in 2014, it par-
tially shifted its location at the expense of other LUC. The transformation matrix illustrates
that 33% of the cropland was given away to different LUC types, mainly to shrubland, bare
land, and grassland probably due to its decreasing productivity and change to built-up areas,
which can be explained by a rapid population growth. Shrubland is the most affected LUC
over this long time period, as it significantly shrank from 48% in the 1930s to 37% in 2014,
associated with a shift of cropland and an expansion of the built-up area and grazing land.
Forest cover has dropping continuously in the last 80 years, from about 6.3% through an
absolute minimum in the 1970s—1980s to less than 2.3% in 2014. The increased frequency
of occurrence of different LUC types in observation areas (scenes) shows a more mixed or
fragmented LUC system in 2014 compared to the 1930s.

The effects of different forces (environmental and socio-economic variables) on LUC dis-
tribution was indicated by non-linear regression analysis. This study also indicates that ex-
planatory factors influence LUC types at different thresholds. Cropland was generally re-
corded in flat to sloping areas (<16%), while shrubland and forest were often seen on slopes
above 5%, although the thresholds change when other important factors exist. The latter
(such as elevation, soil suitability, lithology and socio-economic factors) were also very im-
portant for influencing the distribution of cropland, shrubland and forest. The comparison of
the fractional maps with the observed fraction reveals similar patterns in their distribution.
The validation of this fractional map on Google Earth demonstrated a high overall accuracy
(83%) and a strong Kappa coefficient (72%), which confirm the usefulness of the databases
(GE and explanatory factors) and the MARS model in order to create an accurate LUC frac-
tional map of LUC.

Overall, this study provided useful information regarding the condition of LUC in the
Geba catchment in the 1930s and 2014, demonstrating larger areal fractions of shrubland
and forest and an approximately constant cropland area in the1930s as compared to 2014.
This suggests that more efforts of land management (SWC and exclosure) practices need to
be implemented particularly in remote areas. Moreover, further investigation on the histori-
cal LUC of the study area could prove the database on the environmental condition in the
past so as to evaluate the ongoing SWC interventions or to design new land management
strategies.
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Appendix

Table S1 Keys used for the classification of LUC during the point counting on AP and GE

Major class

Details class

Description

X Impossible to interpret (clouds, damage to photo, poor
scan quality)
U Unsure, unknown land cover class
Bare land B Bare (bare soil, rock outcrop), mining area
Cropland Cco Cropland fallow (scattered small shrubs)
Cl Cropland (open, regularly ploughed)
C2 Cropland with shrub or tree line (on lynchet or bound-
ary)
C3 Cropland with scattered trees
Forest FO Forest — open; woodland
F1 Forest — dense
Grazing
land G Grassland
Built-up
H Habitat (homestead, houses), road
Shrubland SO Shrubland — open
S1 Shrubland — open — with trees
S2 Shrubland — dense
S3 Shrubland — dense — with trees
Water body w Water (lake, river, dry river bed, reservoir)

Table S2 Frequency and percentage of scene at which land use/cover types have shown different changes between the
1930s and 2014; Chi-square test result. n = 139

Land Increased Decreased No change sie.
use/cover Frequency Percent Frequency Percent Frequency Percent
Bare land 101 73 23 17 15 11 <0.001
Built-up area 113 81 17 12 9 6 <0.001
Cropland 85 61 52 37 2 1 <0.001
Forest 33 24 53 38 53 38 0.088
Grassland 96 69 14 10 29 21 <0.001
Shrubland 29 21 105 76 5 4 <0.001
Water body 73 53 28 20 38 27 <0.001
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Table S3 Equations of three major land use/cover (cropland, shrubland and forest) in the 1930s and 2014 which were
developed by Multivariate Adaptive Regression Spline model. C1930s = cropland in the 1930s, C2014 = cropland in
2014, S1930s = shrubland in the 1930s, S2014 = shrubland in 2014, F1930s = forest in the 1930s and F2014 = forest in

2014. h=hinge function with zero and a constant (knot) of a factor. For the explanation see Table 1.

Land

use/cover 1930s 2014
C1930s = C2014 =
0.2232 0.1196
~0.01063 * h (0, DT30s — 6) +0.2177 * SS
+0.02519 * h (0, 17.4 — slope) +0.0008321 * h(0, alt — 1859)
Cropland 0.1589 * h (0, DT30s — 8) * SS +0.02293 * h(0, 16 — slope)
+0.09218 * h (0, 6 — DT30s) * SMS —0.000121 * Pd * SS
+0.04719 * h (0, 7 — slope) * SS —0.0000118 * Pd * h (0, 16 — slope)
—0.00141 * h (0, 2037 — alt) * SS +0.0005874 * h (0, 1859 — alt) * SMS
+0.1724 * h (0, DT30s — 6) * SS —0.0000299 * h (0, alt — 1859) * h (0, slope — 7)
—0.0001047 * h (0, alt — 2150) * h (0, 16 — slope)
GCV 0.041 RSS 4.281 GCVR® 0.53 R’0.64 GCV0.028 RSS2.78 GRSq0.63 R*0.73
S1930s = S2014 =
0.6112 0.6841
+0.1556 * SNS —0.2899 * SS
Shrubland ) 000357 * h (0, alt - 1778) ~0.1131 * SMS
—0.01745 * h (0, 15.4 — slope) —0.0003771 * h (0, 1778 — alt)
—0.0002857 * h (0, altl — 1859)
—0.02089 * h (0, 14 — slope)
GCV 0.044 RSS5.441 GCVR?0.38 R?0.44 GCV0.027 RSS3.16 GCVR?>0.58 R?0.64
F1930s = F2014 =
0.06381 0.006373
+0.08914 * LSNC —~0.1273 * SS
—0.0001301 * h (0, 2361 — alt) +0.0002263 * h (0, alt — 1830)
Forest +0.0001466 * h (0, slope — 6) * h (0, alt — 1980)  +0.0003854 * h (0, alt — 2396)* SNS *LSC
+0.0001778 * h (0, slope — 6) * h (0, — 2053) +0.02682 * h (0, alt — 2396) * LSC
+0.0001651 * slope * max (0, alt—2361) * LSC  +0.000000614 * h (0, 2396 — alt) * h (0, Pd — 81)
+0.000121 *h (0, slope — 6) * h (0, alt — 1980) * SNS
GCV 0.012 RSS1.276 GCVR?040 R?0.52 GCV0.002 RSS0.251 GCVR?0.31 R?0.47
27;8 : W Observed area 80r B Observed area
= m Geba catchment . B Geba catchment
$ 60 + S 60
2 40} S 401
8 30 £
=20+ = 201
10+
0 _._- | L 0 J_- 1 “ 1 1 .l
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Elevation classification (m) Lithology classification
Figure S1 Proportion of elevation (classified based on traditional agro-ecology) and lithology for the observed and

predicted map. For explanation on variables see Table 1.
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Figure S2 Geba catchment showing: a) lithology (extracted from Tesfamichael et al., 2010; Tesfaye and Gebretsadik,

1982) and soil suitability for cultivation (based on Tielens, 2012); b) slope gradient extracted from DEM — SRTM
(USGS, 2014). AP: Location of Italian aerial photo
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Figure S3 Maps of socio-economic variables
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Figure S4 Frequency of occurrence (absence or presence) of different land use/cover types in the 1930s and 2014
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