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a  b  s  t  r  a  c  t

Land-use  and land-cover  (LULC)  conversions  have  an important  impact  on  land  degradation,  erosion  and
water availability.  Information  on  historical  land  cover  (change)  is crucial  for  studying  and  modelling
land-  and  ecosystem  degradation.  During the  past  decades  major  LULC  conversions  occurred  in Africa,
Southeast  Asia  and  South  America  as  a consequence  of a growing  population  and  economy.  Most  distinct
is the  conversion  of  natural  vegetation  into  cropland.  Historical  LULC  information  can  be  derived  from
satellite  imagery,  but these  only  date  back  until  approximately  1972. Before  the  emergence  of  satellite
imagery,  landscapes  were  monitored  by  black-and-white  (B&W)  aerial photography.  This  photography
is often  visually  interpreted,  which  is  a  very  time-consuming  approach.  This  study  presents  an  innova-
tive,  semi-automated  method  to  map  cropland  acreage  from  B&W  photography.  Cropland  acreage  was
mapped  on  two  study  sites  in  Ethiopia  and  in  The  Netherlands.  For  this  purpose  we  used  Geographic
EOBIA
andom Forests

Object-Based  Image  Analysis  (GEOBIA)  and  a Random  Forest  classification  on a set  of variables  compris-
ing  texture,  shape,  slope,  neighbour  and  spectral  information.  Overall  mapping  accuracies  attained  are
90% and  96%  for  the  two study  areas  respectively.  This mapping  method  increases  the  timeline  at  which
historical  cropland  expansion  can  be  mapped  purely  from  brightness  information  in  B&W  photography
up  to the  1930s,  which  is beneficial  for  regions  where  historical  land-use  statistics  are  mostly  absent.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Land degradation is widely recognized as a global problem and
oses a threat regarding food security, biodiversity, biomass pro-
uctivity and environmental sustainability (Millennium Ecosystem
ssessment, 2005; Mueller et al., 2014). Especially dryland regions,
efined as arid, semi-arid and dry sub-humid zones, are vulnerable
o land degradation, which is often followed by severe desertifi-
ation (Mueller et al., 2014; Gisladottir and Stocking, 2005). Key
rivers of land degradation are the conversion of natural vegeta-
ion into agricultural land and the management practices in the
gricultural sector (Foley et al., 2005). Enhanced rates of soil ero-
ion and a decrease in soil-water holding capacity are observed as a
esult of unsustainable agricultural practices thereby causing envi-
onmental damage through sedimentation, pollution and increased
ooding (Morgan, 2005).
During the last decades population increases in developing
ountries have resulted in major LULC changes (Lambin and
eyfroidt, 2011). Cropland expansion, the dominant land-use

∗ Corresponding author.
E-mail address: m.f.a.vogels@uu.nl (M.F.A. Vogels).

ttp://dx.doi.org/10.1016/j.jag.2016.09.003
303-2434/© 2016 Elsevier B.V. All rights reserved.
change, has not yet reached its maximum in Africa, South Amer-
ica and Southeast Asia (Laurance et al., 2014). A consequence of
this conversion to cropland is the alteration of the hydrology of
watersheds, which is often accompanied by enhanced rates of soil
erosion (Yang et al., 2003; Bewket and Sterk, 2005). Generally sur-
face runoff increases in the absence of the natural vegetation cover,
thereby triggering sheet, rill, and gully erosion. Land degradation
as a result of LULC changes and poor management is also revealed
by the flushing of nutrients and fine sediments (including organic
material), and loss of soil structure and biodiversity (Bowyer et al.,
2009). To what extent such land-use changes, particularly crop-
land expansion, have affected hydrology, and have initiated land-
and ecosystem degradation, has been extensively studied, recog-
nized, and embedded in policy for most developed countries (EEA,
2015). However, in developing countries quantification of the land-
degradation problem is poor due to the absence of reliable data,
especially for longer time-scales.

To assess the impact of LULC changes on land degradation over
longer time-scales, historical land-use (change) maps serve as key

input in such studies. Historical cropland can be derived with cer-
tain accuracy from satellite imagery, which is available since the
first earth observation mission of Landsat in 1972; a time-span
of approximately 40 years. Further back in time, an important

dx.doi.org/10.1016/j.jag.2016.09.003
http://www.sciencedirect.com/science/journal/03032434
http://www.elsevier.com/locate/jag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jag.2016.09.003&domain=pdf
mailto:m.f.a.vogels@uu.nl
dx.doi.org/10.1016/j.jag.2016.09.003
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ource for mapping land-cover change are B&W aerial photographs.
he collection of aerial photography is extensive and provides the
ongest temporally continuous record of land cover, with some
magery dating back to the 1930s (Morgan et al., 2010). The use
f such photography is limited due to its panchromatic spectral
nformation. An image analyst can visually identify cropland plots
n B&W aerial photography by the cropland plot’s characteristic
ectangular shape, and smooth, regular texture, but such imagery
olds little information for machine learning. A promising method
valuated here to identify cropland acreage in B&W photography is
eographic Object-Based Image Analysis (GEOBIA). This approach
f LULC discrimination is not pixel-based, but object-based to
dentify coherent landscape elements based on a heterogeneity
hreshold (Blaschke, 2010). The advantage of GEOBIA is that its
orkflow is similar to our visual perception of the world (Addink

t al., 2012). This similarity principle is used in this research where
EOBIA is applied on brightness values of B&W photography for

he purpose of mapping cropland acreage. Ancillary slope data is
sed in the classification process. GEOBIA is increasingly used in

 wide range of applications, but is generally applied to multi-
pectral imagery. The novelty in this study is its application on only
rightness information to map  cropland. Few studies exist for the
se on B&W photography and these do not actually classify LULC
Morgan and Gergel, 2010).

This study aims at developing a semi-automated procedure to
ap cropland in B&W photography. To assess the universal applica-

ility of this mapping approach, the method is tested and validated
n two contrasting study areas with respect to LULC types: (1) the
wassa Lake region in the Central Rift Valley in Ethiopia and (2)

he Kempen region in the Netherlands. This study will investigate
nd evaluate: (1) the feasibility to delineate cropland plots by seg-
enting B&W photography on the basis of brightness, and (2) the

ossibility to distinguish cropland areas from other types of LULC
ased on texture, shape, slope, neighbour and spectral variables
f the segmented objects in the B&W photography using Random
orests.

. Methods

The cropland acreage mapping procedure on B&W photogra-
hy comprised four major stages. The original B&W photograph
Fig. 1A) was  segmented into coherent landscape elements
objects), e.g. cropland plots (Fig. 1B). Secondly, a training and
alidation set were generated by means of interpretation of B&W
hotography and ancillary data sources by randomly selecting a
umber of objects (Fig. 1B). These landscape objects were then clas-
ified by a Random-Forest algorithm into two classes: (1) ‘cropland’
nd (2) ‘other land cover’, on the basis of object attributes (Fig. 1C).
ropland is here described by the definition of IFAD (2008) as cul-
ivated land, the sum of arable land and land under permanent
rops, where arable land is land under temporary crops, temporary
eadows for mowing or pasture, land under market and kitchen

ardens or land that is temporarily fallow. The ‘other land cover’
lass incorporates all other LULC. Finally, accuracy statistics of this
lassification procedure were calculated to validate the method.

.1. Data collection and preparation

.1.1. Site description
This methodology was applied and evaluated for two  regions in

ifferent environmental settings: (1) the Awassa Lake region in the

thiopian Rift Valley and (2) the Kempen region in the Southern
art of the Netherlands (Fig. 2). Both regions have a dominant agri-
ultural land use and experienced agricultural expansion over the
ast 50 years.
bservation and Geoinformation 54 (2017) 114–123 115

The Awassa Lake region is located in the south-central Rift Val-
ley, 300 km south of the Ethiopian capital Addis Ababa. A prominent
feature in this area is a steep rim in a dominant north-south direc-
tion marking the edge of the Awassa caldera. For decades natural
forest has been diminishing in favour of agricultural area in many
parts of Ethiopia (McCann, 1997) and this region is no exception.
Smallholder farms dominate the area (Dessie and Kinlund, 2008).
They have an average plot size of <1 ha per household and mainly
cultivate perennial crops. The large agricultural farms mainly pro-
duce non-perennial crops.

The Kempen region is a geographical area characterized by
sandy soils on the border of Belgium and the Netherlands. For
centuries the area was covered by deciduous forest, but intensive
logging resulted in the spontaneous development of heathland,
which served as rangeland for cattle (Wouters and Vandenberghe,
1994). Today it is one of the most intensively cultivated areas of the
Netherlands and it is mainly characterized by large-scale agricul-
tural farmland with a few scattered remnants of the old heathland
vegetation and forests. This research will focus on the Kempen
region around the municipality of Bladel in the Netherlands fur-
ther referred to as the Bladel Kempen region. The average plot
size in this region is 4.6 ha and the owned land property per
farm is on average 18.9 ha, which equals approximately four crop-
land plots (CBS, 2015; NGR, 2015). Landscape variability in this
region is high with an alternation of natural areas of old vegeta-
tion (heathlands and forests), intensively cultivated farmland and
villages.

2.1.2. B&W aerial photography simulation
B&W aerial photography was simulated from the Web  Map

Service layer named World Imagery (ESRI, 2015). This data is
selected to simulate B&W aerial photography for the reason that
this recent data aids in a proper validation of the methodology com-
pared to historical photography. The methodology was evaluated
on 15 sectors for each region, comprising agriculturally dominated
sectors as well as high landscape-variability regions e.g. cropland
area combined with the presence of villages and natural vegeta-
tion (Fig. 2). Panchromatic imagery from the WorldView-1 platform
(0.5 m spatial resolution) acquired between 19 October 2008 and
11 February 2009 was  used to represent B&W aerial photogra-
phy for the Awassa Lake region. The size of the sectors here is
1375 m × 990 m.  For the Bladel Kempen region aerial data from
the UltraCam-G camera (0.3 m spatial resolution) acquired on 9
October 2010 was  obtained to simulate B&W aerial photography
by averaging its three bands (400–700 nm). The average cropland
plot size in the Bladel Kempen region is distinctly larger compared
to the Awassa Lake region (Fig. 2). The surface area per sector was
taken four times larger (2750 m × 1980 m)  to account for this effect
in plot size difference for proper comparison. In this manner an
equal amount of training- and validation objects could be labelled
in both study areas.

2.2. Slope as a covariate for the classification of cropland

The Awassa Lake region ranges from 1643 m to 2950 m altitude.
Remnants of natural forests are present on the steep slopes of the
Awassa caldera rim (Dessie and Kinlund, 2008). The Bladel Kempen
region has an extremely low variation in altitude (25–43 m) and a
low or no correlation between LULC and slope is present. Common
practice is that on steep slopes no or little cropland agriculture
persists. For this reason slope is added as a covariate to enhance
the discrimination between ‘cropland’ and ‘other land cover’ in

the classification procedure. The Aster GDEM V2 (LP DAAC, 2011),
a product of METI and NASA with a resolution of 30 m,  and the
AHN (Rijkswaterstaat, 2015), the official Dutch elevation map  with
a ground resolution of 5 m,  is used for slope calculations for the
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lite imagery (Rodriguez-Galiano et al., 2012b). It can easily handle
ig. 1. Illustration of the workflow: (A) an example B&W photograph, (B) the segm
alidation dataset generation, and (C) the Random Forest classification result show

wassa Lake region and the Bladel Kempen region respectively. The
lope data was resampled using Nearest Neighbour resampling to
atch the spatial resolution of the associated B&W photography.

.3. Image segmentation

In this study the GEOBIA workflow was chosen to create a
emi-automated procedure to map  cropland on B&W photogra-
hy, because its workflow resembles our visual interpretation of
n image (Addink et al., 2012). GEOBIA here involves a brightness-
ased grouping of pixels into objects followed by labelling them as
ULC classes using some type of classification algorithm. This dis-
inction of landscape elements preserves the high diversity of land
se in the classification procedure compared to pixel-based meth-
ds (Blaschke, 2010; Myint et al., 2011). The B&W photography in
his study was segmented by a multi-resolution segmentation algo-
ithm available in the eCognition® Developer software (Trimble,
007). The generation of homogeneous objects is driven by several
arameters defined by the operator. In a multi-resolution segmen-
ation these parameters are the heterogeneity threshold, the shape
nd the compactness. These parameters were visually optimized
or both study areas with a focus on cropland plots. For both study
reas the selected heterogeneity threshold, shape and compactness
ere 300, 0.1, and 1.0 respectively.

.4. Cropland classification

In total 25 attributes were derived for each object (Table 1):
3 shape variables, 1 spectral variable (brightness), 2 neighbour

ariables, mean slope, and 8 texture variables, which are expressed
y the gray level co-occurrence matrix (GLCM) principle (Haralick
t al., 1973). GLCM attributes describe the texture of an object, i.e.
he spatial arrangement of the brightness values within the object.
tion result and the randomly selected objects for interpretation and training- and
ULC map  with two classes, ‘cropland’ and ‘other land cover’.

These variables were assumed to cover the maximum extent of
information that can be obtained from B&W photography.

2.4.1. Training- and validation data
A set of 100 objects was  randomly selected for each sector

independently for the two  study areas to create training- and
validation sets. Random points were generated over the sector
area and the coinciding objects were selected for interpretation.
These objects were thematically labelled by visual interpretation
as either: (1) ‘cropland’ or (2) ‘other land cover’. Important consid-
erations while labelling objects by visual interpretation were: (1)
the spatial domain in which an object was located, (2) the continu-
ity of patterns within an object and (3) the shape of an object e.g.
man-made structures. In case an object consisted of multiple land
covers, the major land cover (>75% coverage) was used to label the
object. When an object could not be labelled, because it was uniden-
tifiable (≈5% of the objects) or there was no dominant land cover
(≈5% of the objects), it was replaced by a new object. The training-
and validation set each comprised 50% of the labelled objects per
study area (Table 2).

2.4.2. Random-Forest algorithm
Random Forest is an ensemble learning technique which uses

multiple decision trees on a validation set to generate a statistically
prediction based on a set of independent variables (Breiman, 2001).
Land-cover classification studies increasingly use Random Forests
as a statistical classifier on multi-spectral and hyper-spectral satel-
different types of data e.g. shape, texture and neighbour variables,
and does not require a normal statistical distribution of data input.
The object attributes (independent variables) and their visually
identified label (dependent variable) of the training set wereused
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ig. 2. Geographical location of the study areas and the spatial distribution of the 1
nd  the Bladel Kempen region specifics respectively. The lower right figure illustrat

o build a Random Forest. This Random Forest was then used to
lassify all objects into ‘cropland’ or ‘other land cover’ based on a
ajority vote taken for prediction (Liaw and Wiener, 2002). The

ariables assessed at each tree node are a random subset of vari-
bles from which the best predictor is chosen. For this study the
andomForest package available in the R statistical computing soft-
are environment was used to create the Random Forests (Liaw

nd Wiener, 2002; R Development Core Team, 2011). By default 2/3
ootstrap of the training set is used for tree development. The other
/3 bootstrap (Out-Of-Bag) of the training data is used to determine

he prediction capacity of the Random Forest, the so-called OOB-
stimate of error rate. Random Forests were built independently
or the two study areas using 10,000 trees each. The other settings
ere kept at default.
ted sectors per study area. The left- and right figures show the Awassa Lake region
 significant difference in cropland plot size between the two study areas.

Another advantage of the Random-Forest classification algo-
rithm is that it is able to compute variable importance
(Rodriguez-Galiano et al., 2012b). Evaluation of the importance of
variables in the Random Forest is expressed in two manners: (1) the
Mean-Decrease-in-Gini index, which is a measure of the impurity
of the output at each node and (2) the Mean-Decrease-in-Accuracy,
which is defined as the loss of accuracy measured by the OOB-
error when leaving out a variable (Breiman, 2001). Higher values
of these measures mean that such a variable is important for the
classification.
2.4.3. Validation and performance of the classification procedure
The validation set was  used to test the predictive power of the

Random Forest. The class frequency balance of the training- and



118 M.F.A. Vogels et al. / International Journal of Applied Earth Observation and Geoinformation 54 (2017) 114–123

Table  1
Overview of selected object attributes. For a detailed description see Trimble (2007).

Type Variable Definition

Shape

Asymmetry The more longish an object, the more asymmetric it is
Border index The smallest rectangle enclosing the object
Border length Sum of the edges of the object
Compactness The product of the maximum length and width divided by the number of pixels of the object
Density The area covered by the object divided by its radius
Elliptic fit How much the object approaches the shape of an ellipse
Length/width ratio The maximum length divided by the maximum width of the object
Pixel number The number of pixels within an object. A proxy for size
Radius of largest enclosing ellipse Ratio between an ellipse of object size and an ellipse that is scaled down until it is enclosed by the object
Radius  of smallest enclosing ellipse Ratio between an ellipse of object size and an ellipse that is enlarged until it is enclosing the object
Rectangular fit How much the object approaches the shape of a rectangle
Roundness Difference between the radius of the largest enclosing ellipse and the radius of the smallest enclosing ellipse
Shape index The border length of an object divided by four times the square root of its area

Texture

GLCM angular 2nd momentum Gray level co-occurrence matrix (GLCM) (Haralick et al., 1973)
GLCM contrast
GLCM correlation
GLCM dissimilarity
GLCM entropy
GLCM homogeneity
GLCM mean
GLCM standard deviation

Spectral Brightness The mean layer value of the grey-scale data in an object

Covariate Mean slope The mean slope value of an object

Neighbour
Mean diff. to neighbouring brightness A measure of the difference between the brightness of the object and its surrounding objects
Mean diff. to neighbouring mean slope A measure of the difference between the mean slope of the object and its surrounding objects

Table 2
Class-frequency balance of the training- and validation datasets for both study areas.

Study area Dataset Cropland (%) Other land cover (%)

Awassa Lake region
Training 40 60
Validation 37 63
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Bladel Kempen region
Training 

Validation 

alidation set in this study is assumed to be sufficiently balanced for
ata mining (Chawla, 2005; Table 2). Overall accuracy, producer’s
ccuracy, user’s accuracy, and the kappa coefficient were calcu-
ated to assess the performance of the Random Forest. These are
tandard performance parameters in remote-sensing based land-
se classification procedures and range between 0% (no match) to
00% (complete match) (Lillesand et al., 2004).

. Results

.1. Spatial distribution of cropland and other land cover

Characteristic for the Awassa Lake region is the difference in
ropland presence between the area downslope of the rim (for
xample ALR.14 and ALR.15 in Fig. 3), where the land use is pre-
ominantly cropland, and the upslope area, where a significantly

ower presence of cropland is found (sectors ALR.1, ALR.2 and
LR.3). Visual interpretation of the image shows that in the downs-

ope area of the Awassa Lake region, the class ‘other land cover’
ainly consists of single trees and bushes, roads, vegetation along

oads or houses. In the upslope area the ‘other land cover’ class
ainly consists of natural vegetation such as forests, grassland,

hrubs and bushes. The steeper slopes present in sectors ALR.8
nd ALR.12 show a dense uninterrupted band of natural vegetation
n both the B&W photography and the thematic map. In contrast

o the Awassa Lake region, the Bladel Kempen region has large
omogeneous areas of both cropland and ‘other land cover’ and
he cropland object size is about 60 times larger (Table 3).
57 43
40 60

3.2. Accuracy of the cropland acreage mapping methodology on
B&W photography

The cropland classification on B&W photography is successful in
the different study areas, but varied between the different sectors
(Fig. 4). Cropland classification in the Awassa Lake region and the
Bladel Kempen region have an overall accuracy and kappa coeffi-
cient of 90% and 0.77 and 96% and 0.91 respectively (Table 3). Roads,
vegetation along roads and the contrast between populated areas
and cropland are transferred well in the classification process of
both study areas. For example, in sector ALR.9 the contrast between
the Wosha village and the agricultural surroundings is extremely
well depicted and producer’s and user’s accuracies for cropland are
1.0 and 0.91 respectively. Sectors ALR.7 and ALR.10 in the Awassa
Lake region show significant wetland land cover in the B&W pho-
tography, but this is not well depicted in the LULC maps where it is
miss-classified as cropland. Sector ALR.10 also has the lowest score
for the overall accuracy (64%) and kappa coefficient (0.34).

The natural vegetated areas in Dutch landscapes typically have
a rectangular, man-made shape as a consequence of landscape
planning. This might be more difficult to interpret for the Ran-
dom Forest as the shape characteristics of such objects are similar
to that of cropland plots. However, these objects (often forested)
are well-recognized by the Random Forest and correctly clas-
sified in the category ‘other land cover’. In the Northern part
of the Bladel Kempen region (BKR.1 and BKR.2), the natural

vegetation shows more variation in vegetation cover and object
shape. Although the overall accuracy in this area is still high, 0.96
(BKR.1) and 0.88 (BKR.2), classification proves to be more difficult in
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Fig. 3. Original B&W photography of the studied sectors in the Awassa Lake region (ALR) and the Bladel Kempen region (BKR) and the ‘cropland’ – ‘other land cover’ (Other
LC)  maps as created by the methodology outlined in this study.
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Table  3
Statistics including accuracy, object size and fraction surface area of ‘cropland’ (CL) and ‘other land cover’ (OLC), for the 15 sectors in each of the two study areas (Overall
accuracy = Ov. Acc.; Kappa Coefficient = Kappa Coeff.; Producer’s accuracy = Prod. Acc.; User’s accuracy = Us. Acc.).

Study area Average CL
plot size
(ha)

Average
OLC object
size (ha)

Percentage
CL surface
area (%)

Percentage
OLC surface
area (%)

Ov. acc.
(%)

Kappa
coeff.

Class Prod. acc.
(%)

Us. acc.
(%)

ALR
0.11 0.03 36 64 90 0.77 OLC 84 88

CL  93 91

BKR
7.0  3.34 42 58 96 0.91 OLC 97 95

CL  94 96
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ig. 4. Boxplot of the classification performance parameters for the two study ar
ccuracy). Note the different y-axis scales.

uch a large natural vegetated area. Here a small number of objects,
.8% and 6.8% of the objects of BKR.1 and BKR.2 respectively, are
rongly classified as cropland.

.3. Variable importance

For both study areas three texture variables are highly impor-
ant for the classification process: GLCM homogeneity, GLCM
ngular 2nd momentum and the GLCM entropy (Fig. 5). In the
wassa Lake region the mean slope variable is important while

he mean-difference-to-neighbouring slope variable has a low
mportance here. Furthermore, the brightness, mean-difference-
o-neighbouring brightness and pixel number are present in the
op important variables for this region. Least selected here are the
ariables asymmetry, length/width ratio, radius of largest enclos-
ng ellipse, and radius of smallest enclosing ellipse. Brightness,
hape index, border index, pixel number and mean-difference-
o-neighbouring brightness are highly important for the Bladel
empen region. Least important in this region are the GLCM dissim-

larity, length/width ratio, asymmetry, GLCM contrast and GLCM
orrelation and both slope variables.

. Discussion

.1. Delineation quality of the segmentation and object
nterpretation quality from B&W photography
The quality of the produced dataset by B&W photography
bject interpretation depends on the ability of the segmentation
rocedure to satisfactorily delineate the cropland plots. Drăguţ
t al. (2009) highlighted the difficulty of choosing appropriate
A = Overall accuracy, KC = Kappa Coefficient, PA = Producer’s accuracy, UA = User’s

parameter values in the segmentation procedure. In this study 90%
of the 3000 randomly selected objects were easily visually identi-
fied (Section 2.4.1). This high degree of interpretability illustrates
that the delineation process of cropland and other objects was
highly successful i.e. B&W photography contains enough informa-
tion for a discrete distinction of landscape elements by means of
GEOBIA. Some cropland plots were oversegmented. This occurs
mostly in the croplands of the Awassa Lake region upslope of the
rim. A field survey in May  2015 revealed that these upslope areas
were more recently developed and cultivated. Field boundaries are
less clearly expressed due to the time lag between the cultivation
of newly claimed land and the actual settlement of the people.
Delineation of the cropland plots performed much better in the
downstream agricultural areas where the plots are slightly larger
and retain a straight rectangular shape due to the more developed
LULC activities. Besides, the absence of slope facilitates the forma-
tion of rectangular-shaped plots. The Bladel Kempen region with
its intensive agriculture and only mild relief is even more suitable
for cropland delineation. In both study areas, the generated objects
in large homogeneous natural areas have a more random shape
and often do not represent borders that seem meaningful to the
human eye. These natural areas are often represented by multiple
objects, because they are more heterogeneous than cropland. These
observations suggest that larger and more rectangular-shaped
cropland plots are more accurately and successfully delineated in
both study areas given the segmentation parameters used in this
study.
4.2. Random Forest characteristics

The ability of Random Forests to define the importance of a
variable in the classification process provides detailed insight into
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Fig. 5. Variable importance in the Random Forests in terms of Mean Decrease in Accuracy (top) and Mean Decrease in Gini index (bottom) for the Awassa Lake region (left)
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alues  for all the nodes in the Random Forest per variable.

he mechanisms and characteristics behind LULC (Pal and Mather,
003; Rodriguez-Galiano et al., 2012b). In this classification study,
exture variables are dominant over shape variables in both study
reas (GLCM entropy, GLCM homogeneity and GCLM angular 2nd
omentum) and have a high capacity to structurally discriminate

etween the different types of objects, which is in accordance
ith several other LULC classification studies based on satellite-

mage derived texture indices (Coburn and Roberts, 2004; Culbert
t al., 2009; Rodriguez-Galiano et al., 2012a). Furthermore, the
ize of the generated objects (pixel number), brightness and the
ean-difference-to-neighbouring brightness are depicted as being

mportant for both study areas. The mean slope is among the least
mportant in the Bladel Kempen region, but highly valued in the
wassa Lake region, where it provides a tool to distinguish large
omogenous regions of natural vegetation from cropland. This is
roven to be of considerable importance since objects located in
uch regions were sometimes systematically miss-classified in flat
reas. The addition of slope variables is highly recommended in
he analysis of historical B&W photography (Morgan et al., 2010),
ince land-use potential is strongly linked to this factor (Lynn et al.,

009). Another difference in variable importance are the shape-
nd border index. These are highly valued in the Bladel Kempen
egion, but not important in the Awassa Lake region. These indices
re used to describe the smoothness of the image-object borders
 the independent variables. The x-axis shows the corresponding sum of importance

(Trimble, 2007). Smoothness is more important in the Bladel Kem-
pen region where a high contrast in border smoothness is present
between cropland and that of, for example, the villages.

4.3. Classification accuracy and uncertainty

Overall accuracies of most individual sectors are above 85% and
matches the land-cover classification performance target (>85%)
set by Thomlinson et al. (1999). Other LULC classification studies
on aerial photography, using GEOBIA on high-resolution multi-
spectral aerial photography, showed similar accuracy results (Zhou
et al., 2008; Li and Shao, 2014; Li et al., 2014).

Historical aerial photography is subject to common issues such
as light falloff, distortion and image noise (Aber et al., 2010; Morgan
et al., 2010). Differences in Field of View and time of day will not
be consistent over time and space and information to correct for
those absent. This is a source of uncertainty that cannot be quanti-
fied and may  influence the segmentation results, the training- and
validation set generation and, hence classification performance.
The high performance of this methodology on imagery from Web

Map Service layers in this study highlights the even higher potential
when applied on actual aerial photography, which generally have
a higher radiometric resolution and therefore holds more informa-
tion for the distinction of landscape elements.
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.4. Significance and application for modelling land-cover change
mpact and developing land-restoration strategies

Human LULC change resulted in the transformation of one-
hird to half of the Earth’s ice-free terrestrial surface and is
egarded as the single-most important factor affecting ecosystems
t present and for the decades to come (Vitousek, 1994). Espe-
ially dryland regions are vulnerable to land degradation, such
s the agriculturally-dominated Awassa Lake region (Gisladottir
nd Stocking, 2005; Mueller et al., 2014). Aber et al. (2010)
hows the high potential of aerial photography for a wide range
f applications, however, most mapping applications tend to be
abour-intensive as they rely on visual interpretation techniques.
his methodology is an addition to land-cover monitoring on
onger timescales than is possible using multi-spectral imagery,
ecause it is semi-automatic, which is till now absent for B&W
hotography. Little user input is required besides the labelling of
bjects for the training of the Random Forests. This procedure is

 means to interpret landscape changes and assess their conse-
uences in remote areas where little- and often unreliable data

s available. Restoration strategies of degraded ecosystems face
ne of the biggest present and future challenges in the light of
ntegrating climate-change adaptation and historical baseline con-
itions (Harris et al., 2006). Aerial photography has made remote
egions easily accessible since the early 1900s to study landscape
ynamics, establishing baseline ecosystem conditions and in this
ase, to map  cropland acreage. Morgan and Gergel (2010) stud-
ed landscape heterogeneity in historical B&W aerial photography
s a baseline measure for ecosystem degradation status. They rec-
mmended to incorporate ecologically relevant thematic classes
ather than a spatial-variability description of landscape hetero-
eneity. This study shows that for cropland, such a thematic map
an be created over time by means of a GEOBIA and Random-
orest workflow on B&W photography. Further exploration to give

 meaningful description to the ‘other land cover’ class might offer
his information.

. Conclusions

In this paper we presented an innovative method for a semi-
utomated procedure for cropland mapping on B&W photography
sing GEOBIA and Random Forests. Such method is pertinent
or mapping land use for periods before the emergence of satel-
ite imagery in 1972. Where pixel-based methods fail to identify
ropland due to the limited amount of spectral information in
&W photography, GEOBIA proves to be able to separate cropland

rom other land-cover types using information on texture, shape,
pectral and neighbour relations in a Random-Forest algorithm.
omogeneous regions of more intensively cultivated cropland are
elineated more easily and accurately than small patchy crop-

and areas or single cropland plots in between other land-cover
ypes. The classification procedure shows good results through-
ut the two study areas as demonstrated by the high overall
ccuracies and kappa coefficients. It proved more difficult to clas-
ify objects in dense natural-vegetated areas, where some objects
ere confused with cropland. A solution was found by adding a
EM-derived slope variable. The application of the method on the
ladel Kempen region and the Awassa Lake region is assumed
o cover a wide range of current landscape patterns and LULC
lobally, making the method portable to other regions. This crop-
and mapping approach provides valuable information on LULC

hange, which is important to assess the impacts of land-cover
hange on land- and ecosystem degradation processes such as
unoff, erosion, and water availability. The method is fast and effi-
ient in mapping the expansion or shrinking of cropland acreage at
bservation and Geoinformation 54 (2017) 114–123

the regional scale wherever historical B&W aerial photography is
available.
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