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Abstract: The current trends of land use dynamics have revealed a significant transformation of
settlement spaces. In the Wa Municipality of Ghana, the changes in land use and land cover
are inspired by a plethora of driving forces. In this study, we assessed the geo-physical drivers
of settlement expansion under land use dynamics in the Wa Municipality of Ghana. The study
employed geospatial and remote sensing tools to map and analyse the spatio-temporal dynamics of
the landscape, using Landsat satellite imageries: thematic mapper (TM), enhanced thematic mapper
(ETM) and operational land imager (OLI) from 1990 to 2020. The study employed a binomial logistic
regression model to statistically assess the geo-physical drivers of settlement expansion. Random
forest (RF)-supervised classification based on spatio-temporal analyses generated relatively higher
classification accuracies, with overall accuracy ranging from 89.33% to 93.3%. Urban expansion for
the last three decades was prominent, as the period from 1990 to 2001 gained 11.44 km? landmass of
settlement, while there was 11.30 km? gained from 2001 to 2010, and 29.44 km? gained from 2010
to 2020. Out of the independent variables assessed, the distance to existing settlements, distance to
river, and distance to primary, tertiary and unclassified roads were responsible for urban expansion.

Keywords: savannah vegetation; random forest classifier; regression analyses; receiver operating
characteristics (ROC); urbanisation

1. Introduction

Urban land covers a relatively small proportion of the global terrestrial landscape
but inhabits over half of the global population [1]. It is evident that despite its relatively
small coverage, its expansion in the past decades has caused significant alteration to the
environments globally [1,2]. Trends in urban land expansion and population over the past
decades show that the increase in global population lags behind urban land expansion [3],
although urban land expansion is associated with urbanisation, which is a product of
population growth. Urbanisation coupled with urban land expansion exerts a profound
impact on the environment, as it causes destruction of terrestrial ecosystems, leading to loss
of biodiversity and the degradation of resources [4]. About 70% of the global anthropogenic
greenhouse gas emissions emanate from urban areas and more than 80% of the global
natural habitat loss is attributed to urban expansion [5].

Chen et al. [1] projected that global urban land will continue to expand with an
increasing rate before the 2040s. They asserted that China and many other Asian countries
might face significant pressure from urban population after the 2050s. It is supposed
that global food security is endangered, as urbanisation and associated land expansion is
expected to encroach on about 50-63% of the current crop land, leading to a consequential
1% to 4% decline in global crop production [6]. Similarly, Africa, with a predominantly
rural landmass, is one of the fastest urbanizing regions in the world. The continent’s
population is expected to attain 1.34 billion in 2050 from 2010’s 395 million estimate,
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constituting 21% of the global population projection [7]. Among the numerous drivers
of changes in LULC changes, urbanisation presents a lasting and irreversible impact on
the environment [8-10]. Increasing urbanisation and associated population exert pressure
on natural resources and a high demand for the ecosystem services in effect, leading
to critical environmental consequences, such as water crises, microclimatic alteration
and natural resources degradation [9,11]. Temporal changes of landscapes are driven
by urban development, as urban expansion coupled with population growth destruct
the ecosystem, consequently impacting the provision of ecosystem services [12]. Lack
of management plans to counteract the repercussions of the urban expansion imposes
dire environmental consequences for ecological integrity and the provision of essential
ecosystem services, such as water and raw materials. Ferreira et al. [13] established
significant destruction in ecosystem as a result of urbanisation, among which the reduction
of vegetation was prominent.

Exemplarily, we want to focus on Ghana, the second most populated state in West-
ern Africa, which is in transition from an agrarian country to an industrial country.
Ampim et al. [14] assessed land use and land cover (LULC) changes in Ghana from 1995
to 2019 to highlight significant changes and opportunities for sustainable development.
They found the built-up area regionally to increase by 131.7% over the entire 1995 to 2019
period. On the other hand, areas of bare land shrank by the average of 92.8%, areas covered
by grassland shrank by 51.1%, and areas covered by diverse vegetation shrank by 41%,
respectively, over the same period. Ghana experienced significant population growth with
associated LULC changes over the past six decades with a doubling of their population
since 1990. In Ghana already in 2018, 56% of the country’s population dwelled in urban
areas, which corresponds to the global trend, as, globally, 55% of people live in urban
areas [15].

Both urban land expansion and population pose serious threats to the integrity of
ecosystems and biodiversity [16], especially in drought-sensitive landscapes, such as those
occurring in the Wa Municipality that is located within the semi-arid region of Ghana.
Based on the above background, this study assessed the drivers of urban expansion in the
Wa Municipality of Ghana in the past three decades to provide a basis for future landscape
management and town planning to combat the municipality’s transformational crisis and
ensure ecosystem sustainability.

2. Study Area

The Wa Municipality is located in the Upper West region of Ghana (Lat. 10°14'46.32"
N 09°42'5.04” N and Lon. 02°33'14.04” W 02°0'57.96" W). The area covers a total land of
579 km? with a population of 102,214 inhabitants in 2010 [17] with a projected 132,646 in-
habitants in 2020 [18]. It shares its administrative boundary with the Wa West District to
the West and the Nadowli District to the East. The Wa Municipality (Figure 1) is located
within the Guinea Savannah agrecological zone and is dominated by drought adaptation
vegetation covers. The landscape is generally undulating with a height ranging from 248 m
to 368 m above sea level (Figure 2). Low-lying areas constitute two main drainage system
in the capital and also retain water for a long period during the long rainy season [17]. Eco-
nomic trees, such as baobab (Adansonia digitata), shea tree (Butylosternum paradoxum), teak
(Tectona grandis) and dawa dawa (Parkia biglolosa) spread across the area where inhabitants
leverage their potentials for livelihood diversification and development [19,20]. Seasonal
bushfires coupled with climate variability and increasing built-up areas impose a threat to
the benefits derived from the economic trees, thus affecting livelihood [21]. The climate of
the district is characterised by two seasons, at a time controlled by the southwest monsoon
winds and the northeast trade winds. The southwest monsoon wind is associated with the
rainy season that lasts from May to September.

The Wa Municipality is located within the semi-arid savannah high plains with char-
acteristic mixed woody vegetation and an open savannah ecosystem with predominating
widely spaced trees. Agricultural production and activities related to the agricultural value
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chain are the major economic activities in the area, employing over 29.3% of the labour
force, with a significant proportion (18.5%) engaged in crafts and related trades [17]. The
major staple foods cultivated in the district include millet (Panicum miliaceum), cowpea
(Vigna unguiculata), maize (Zea mays), yam (Dioscorea spp.), sorghum (Sorghum bicolor) and
groundnut (Arachis hypogaea) [17]. Despite the dominant contribution of the agricultural
sector to employment and livelihoods in the region, the services sector, in most recent times,
has gained importance, employing up to about 25.7% of the labour force in 2010 [17,22].
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Figure 1. Map of the Wa Municipality located at the Upper West Region of Ghana. (a) Map of Ghana showing its sixteen
regions separated by administrative boundaries; the Upper West region is marked by shading. (b) Upper West region
showing its eleven districts separated by administrative boundaries; Wa Municipality is marked by shading. (c) The study
area location (Wa Municipality) with road network.
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Figure 2. Land elevation map of Wa Municipality located at the Upper West Region of Ghana. (a) Map of Ghana showing its
sixteen regions separated by administrative boundaries; the Upper West region is marked by shading. (b) Upper West region
showing its eleven districts separated by administrative boundaries; Wa Municipality is marked by shading. (c) Digital
elevation model (DEM) of the Wa Municipality; the black line marks the administrative boundary of Wa Municipality. (Data
source: Shuttle Radar Topography Mission (SRTM) DEM from United States Geological Survey’s Earth Explorer website, on
https:/ /earthexplorer.usgs.gov/, accessed on 14 September 2020.)

3. Data and Methods
3.1. Data Acquisition and Processing

This study explores the landscape dynamics of Wa Municipality, Ghana, of the past
three decades (from 1990 to 2020), focusing on the time slices 1990, 2001, 2010 and 2020.
The study acquired Landsat thematic mapper (TM), enhance thematic mapper (ETM)
and operational land imager (OLI) images of 30 m x 30 m spatial resolution from the
United States Geological Survey’s (USGS) Earth Explorer website (https:/ /earthexplorer.
usgs.gov/, accessed on 15 March 2021). To achieve the spatio-temporal analysis, Landsat
TM5 data were acquired for the year 1990 and ETM data for the years 2001 and 2010,
while OLI data were acquired for the year 2020 (Table 1 and Table S1). All imageries
selected are completely free from cloud cover and were acquired for the same season
(October to November) to minimise the effects of seasonal variation in the vegetation
pattern and distribution.
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Table 1. Characteristics of data used for image classification and their date of acquisition.

Satellite Name

Sensor

Number of Bands Path/Rows Spatial Resolution Date of Acquisition

Landsat 5
Landsat 7
Landsat 7
Landsat 8

™
ETM
ETM
OLI

7 195/053 30 m 12 October 1990
9 195/053 30 m 3 November 2001
9 195/053 30 m 12 November 2010
11 195/053 30 m 15 November 2020

The selected satellite images were of good quality, except the ETM imageries, which
were characterised with defects due to the failed scan line corrector (SLC). The failed SL.C
resulted in the missing of about 22% of the normal scene area of the ETM data [23]. This
anomaly was corrected, using Landsat Toolbox integrated in ArcGIS 10.5 software to reduce
the consequential effects on the image classification accuracy. The imageries were corrected
for radiometric distortion to present the inhibition of the spectral characteristics of the
land features [24]. The semi-automatic classification plugin (SCP) of QGIS 3.4 software
was used for dark object subtraction, which, in effect, enabled the correction of the atmo-
spheric distortion and conversion of digital numbers (DNs) to spectral reflectance [25,26].
Subsequently, the Landsat imageries for all the considered years were subjected to further
pre-processing, including stacking and clipping with a projected study area vector map
to enable high precision classification of the image and its associated computations. The
spectral bands stacked for all the sensors include blue, green, red, NIR and SWIR; the
thermal bands which could impact the quality of the images and effect the classification
accuracy were excluded [27,28].

3.2. Use of Spectral Indices for Extracting Landscape Features

Spectral indices combine spectral reflectance from wavelengths used in highlighting
and enhancing the interpretability of landscape features (Table 2; [29]) and, thus, are widely
adopted in modelling and monitoring land surface phenomena. The spectral indices used in
the LULC classification to extract spectral information for the categorisation of urban areas,
vegetation covered areas and water features include the normalised difference vegetation
index (NDVI), normal difference built-up index (NDBI) [30], soil-adjusted vegetation index
(SAVI), normalised burn ratio 2 (NBR2) and modified normalised difference water index
(MNDW) [31,32]. These were additionally applied for LULC classification to cope with
the regional landscape’s high intra-heterogeneity. The identification and classification of
built-up areas was supported by NDBI computation (Table 2, Equation (1)) that utilises
shortwave-infrared (SWIR) and near-infrared (NIR) multispectral bands [33]. These extract
built-up areas and barren land and secludes areas covered by water and vegetation. NDBI
is applicable with a multispectral sensor with a SWIR band between 1.55 ym and 1.75 pm
and a NIR band between 0.76 um and 0.9 pm.

Table 2. Summary of spectral indices used for LULC classification.

Index Formula Equation

SWIR—NIR
NDBI SWIR+NIR @

NIR—Red
NDVI NIR+R§d 2)

NIR— Red
SAVI NIR + Redyr X1+ L) 3)

SWIR1— SWIR2
NBR2 SWIRI+ SWIR2 (4)

Q| = | W[ N | =

G —SWIR
MNDWI Green TSWIR ®)

Through a normalised computation procedure and mathematical expression, NDVI
utilises red and NIR Landsat bands to significantly enhanced green vegetation (Table 2,
Equation (2)) [30,34]. Since its introduction by Rouse et al. [30], NDVI became the most
widely used vegetation index in interpreting vegetation characteristics of complex land-
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scapes [34]. Due to the complex landscape of the Wa Municipality, the NDVI was cor-
roborated with SAVI and NBR2 (Table 2, Equations (3) and (4)). The SAVI accounted for
the deficiencies in NDVI in terms of the stability of vegetation and soil characteristics as
a result of the loss of spectral differential red and infrared by vegetation canopy. SAVI
incorporates a soil brightness correction factor (L) in the range of 0 (for dense vegetation
cover) to 1 (for low vegetation cover). The NBR2, on the other hand, assists in identifying
areas recovering from bushfire, which otherwise would be interpreted as built-up areas.

The MNDWI enhances the extraction of open water features from landscapes (Table 2,
Equation (5)). It is an improved form of the normalised difference water index (NDWI) by
McFeeters [35] that utilises green and NIR bands in extracting water features. McFeeters’
NDWTI computation shows higher spectral reflectance in green light than NIR light for
both built-up areas and areas covered by water, in effect, producing positive values for
both. The computation of MNDWI substitutes SWIR for NIR as proposed by Xu [32]. This
procedure yields a better result in extracting water features from the landscape because of
water’s ability to absorb SWIR better than NIR, leading to an increased positive value for
MNDWI [32].

3.3. LULC Classification and Change Detection

Pixel-based supervised LULC classification [36] was carried out on each pre-processed
Landsat images for the years 1990, 2001, 2010 and 2020. Six LULC classes (closed sa-
vannah vegetation, open savannah vegetation, other, settlement, vegetated wetland and
water), adapted from Ghana’s LULC classification scheme for visual characterisation of
remote sensing data [37], were identified through ground truthing for the spatio-temporal
classification (Table 3). A non-parametric-based RF classifier was used to generate the
thematic maps through a supervised classification approach for each respective year from
their stacked spectral bands and the relevant spectral indices. The integration of spectral
indices enhances the identification of landscape features for built up, greenness, brightness
and wetness. Built-up areas within the Wa Municipality were classified into settlement
areas as identified in diverse spectral features of the Landsat satellite images corroborated
by the NDBI spectral index. The characterisation of vegetation cover was supported by
enhancement with the SAVI and NDVI spectral indices; integration of the NBR2 index
helped to identify vegetation covers that regenerated after bushfire. The vegetation cover
was categorised into closed savannah, open savannah and vegetated wetland. The dis-
tinction of closed and open savannah vegetation was influenced by the dominance of
woody biomass within a hectare space. A threshold of less than 150 trees per hectare is
categorised into open savannah, and a hectare of land with more than 150 trees, which is
characteristic of forests and reserves, is considered closed savannah. The vegetated wetland
class predominantly corresponds to water channels previously inundated with water that
are overgrown with dense grasses and shrubs. This class has the highest spectral values in
the vegetation indices. The application of MNDWI to the Landsat images supported the
identification and classification of water bodies. Ground truthing of the six LULC classes
was conducted in a field campaign in 2020 (Table 3).

On-site random points were collected for each LULC class, using Garmin 60Cx GPS,
serving as the reference for the classification and validation of the stacked Landsat image
for 2020 with an 80% and 20% split for training and test data, respectively. Training
samples were created by digitising polygons and selecting sample pixels from each of
the pre-processed Landsat images for the established LULC classes. Each of the ground
truth LULC classes was verified by visual interpretation of the Landsat satellite images
(Table 1) supported by topographic maps (scale 1:50,000 published in 1999 by the Survey
of Ghana) and Google Earth and Bing high-resolution imagery (acquired via Web Map
Service, WMS) [38,39]. An accuracy matrix was created for the respective years (1990, 2001,
2010 and 2020) to assess the performance of the random forest classification algorithm by
assessing the error matrices and overall accuracy of agreement. Frequency statistics were
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conducted to establish the quantities of spatial changes in each class for the time periods of
1990-2001, 2000-2010, 2010-2020, and the overall period from 1990 to 2020.

Table 3. Description of LULC classes of the study.

ID LULC Class Description
This is characterised with dense vegetation, predominantly woody cover, such as

1 Closed savannah natural forest, and reserved and protected areas with tree population density of more
than 150 trees per hectare.
These are areas with less dense vegetation cover with tree population density of fewer

2 Open savannah than 150 trees per hectare. The vegetation cover is predominantly sacred groves and
thick shrub and grasses.

3 Other Areas without vegetation cover, bare lands, rocky surfaces, sand, gravel andunregulated
open mining pits.

4 Settlement Built-up areas, towns, and emerging residential areas with low to medium density.

5 Vegetated wetland Dried-up rivers a.nd stream channels and areas previously inundated with water that
are overgrown with grasses and shrubs.

6 Water Natural and artificial water bodies, including streams, rivers, dams and reservoirs.

3.4. Locational Factors

Data on locational characters were obtained from broad categories of factors, including
topographic factors and location factors. The topographic factors were derived from a
shuttle radar topography mission (SRTM) digital elevation model of 30 m ground resolution,
acquired from the United States Geological Survey database (https:/ /earthexplorer.usgs.
gov/, accessed on 14 September 2020). Topographic factors were calculated as derivatives
from this digital elevation model (DEM), including slope, aspect, and topographic wetness
index (TWI). The location factors were processed with the Euclidean distance tool in
ArGIS 10.5 version to obtain the raster layers that served as location independent variables
(distance from existing settlement, distance to primary roads, distance to tertiary roads,
distance to stream, and distance to rivers). The existing settlements were extracted from
the LULC maps for 1990, 2001 and 2010; these data were used to establish the proximity
relationship for the changes that occurred from 1990 to 2001, 2001 to 2010 and 2010 to 2020.
Additional locations, such as open water, streams, primary roads, and tertiary roads, were
acquired from OpenStreetMap and Geofabrik.

3.5. Binomial Logistic Regression
3.5.1. Selection of Variables (Factors Contributing to Urban Expansion)

A binomial logistic regression model was used to explore the explanatory drivers
of settlement expansion over the study period. The independent variables were selected
from previous studies that assessed the drivers of urban expansion in the context similar to
our study. According to Xu et al. [40] and Dubovyk et al. [41], there are diverse driving
factors of settlement expansion. In the modelling of urban expansion, the geographical
location and its prevailing conditions are important in selecting the independent variable.
In the context of emerging compacted cities, such as the Wa Municipality, topographical
and location factors are relevant and could influence urban expansion. Consistent with
previous locational studies in developing contexts that have similar attributes to the
Wa Municipality [41,42], topographical and location factors were selected as potential
independent variables from various sources (Section 3.4) with the highest likelihood of
influencing urban expansion in the study municipality.

In a study of linkage between drivers and axis of urban expansion in Zimbabwe,
Marondedze and Schiitt [42] identified slope and distance proximity characters as statistical
significant predictors of urban growth. Similarly, Li [43] found slope and location factors,
such as distance to major roads, distance to highway and distance to city centre, as drivers
of urban expansion. This agrees with other studies which established the same characters
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as determinants of urban expansion [41,44,45]. The proximity to water networks was
studied extensively in both developed and developing context and was proven to be an
important driver of urban expansion [44,46]. Based on the established relevance of the
topography and location characters in urban expansion, our study explores slope, aspect,
TWI, distance to settlements, distance to primary roads, distance to tertiary roads, distance
to unclassified road, distance to river, and distance to stream (Figures S2 and S3) as the
independent variables for modelling urban expansion in the Wa Municipality.

3.5.2. Model Development

The raster layers for areas expanded from the time steps (1990-2001, 2001-2010,
2010-2020 and the entire period of 1990-2020) serve as dependent variables to explore
the drivers of change (Figure S1). The cells from the raster layers were transformed
to dichotomous variables, where any area newly transformed to settlement land use is
considered settlement expansion and denoted with “1”, while already existing urban areas
and other areas occupied by landscape features that did not transform into settlement
areas in the subsequent time slice are considered non-expansion areas and denoted with a
dichotomy value of “0”.

A total of 6000 stratified random sample points were created from all classification
maps to extract values for the regression analysis. We set up the binomial logistic model
after all the dependent and independent variables were processed. The model was taken
to be statistically significant at p < 0.05. Given this, all independent variables that were
specified and fitted into the model and produced p-values less than 0.05 are taken as
statistically significant predictors of urban expansion in the study municipality. The model
performance was evaluated to assess the discriminatory of the result using the receiver
operating characteristic curve (ROC) and its area under the curve (AUC). The ROC and
AUC rely on accuracy matrices, which is a measure of the proportion of correctly classified
positive sampling points (true positive rate: TPR), and the proposition of incorrectly
classified positive (false positive rate: FPR) [47].

4. Results
4.1. The Extent of Land Use and Land Cover Change

The spatio-temporal analysis reveals varying extents of change of the LULC features
for the three-decade periods that span from 1990 to 2020 (Figures 3 and 4). In general, the
Wa Municipality is characterised by savannah vegetation, with open savannah covering the
largest extent of the area. In 1990, the total extent of open savannah was 407.22 km? (70.30%
of the total spatial extent of the Wa Municipality). The LULC analysis revealed dynamics
in the open savannah coverage in subsequent time steps, as there were some gains in
the open savannah coverage in the year 2001 with a total spatial extent of 417.06 km?
(72.0%). Overall, the open savannah reduced to 392.25 km? (67.72%) in 2020. As vegetation
cover reduced within the three-decade time frame, closed savannah vegetation covered
128.69 km? (22.22%) of the total area in 1990 and reduced to 91.34 km? (15.77%) in the year
2020 (Table 4).

The reduction of areas covered by closed savannah vegetation more or less stagnated
between the year 2001 (119.32 km?; 20.60%) and 2010 (107.21 km?; 18.51%). Similarly, areas
covered by vegetated wetland decreased from 13.3 km? (2.30%) in 1990 to 12.73 km? (2.16%) in
2020; for the year 2010, the highest coverage of 14.59 km? (2.52%) was observed. Beyond, the
analysis showed continued increase in settlement expansion with an expansion of eight times
the area covered by settlements between 1990 (7.44 km?, 1.28%) and 2020 (59.86 km?, 10.33%).



Land 2021, 10, 1251

90f19

230°30W

2210°W 2°30°30'W 210w

10°40"N

Legend

- Closed Savannah
Open Savannah
| | other

- Settlement

I:' Vegetated Wetland

T
10°40"N

T
9°5430"N

- Water

9°5430"N
1

10°40"N
1

T
10°4'0"N

9°5430"N
1

2°3030"W

20 Kilometers
|

Area (%)

T
9°5430"N

Z210°W 2°30°30"W 2210"W

Figure 3. Land use and land cover map for Wa Municipality for the year 1990, 2001, 2010 and 2020.

1980

Class

. Closed Savannah Vegetation
. Open Savannah Vegetation

§§

2001 2010 2020
Year

Figure 4. The proportion of LULC change in Wa Municipality for the respective time slices.



Land 2021, 10, 1251

10 of 19

Table 4. Spatial changes of land area for the land use and land cover classes in Wa Municipality for the 1990, 2001 2010 and

2020 time series.

1990 2001 2010 2020
LULC Class km? % km? % km? % km? %
Closed savannah 128.69 2222 11932 20.60 107.21 1851 91.34 15.77
Open savannah 407.22 70.30 417.06 72.00 400.61 69.16 39225 67.72
Other 22.18 3.83 12.98 224 25.62 442 211 3.82
Settlement 7.44 128 19.12 3.30 30.42 5.25 59.86 10.33
Vegetated wetland 13.30 2.30 1033 178 14.59 252 12.73 2.16
Water 0.39 0.07 0.41 0.07 0.77 013 0.93 0.20

The settlement expansion predominantly took place into the southern direction. Most
of these spatial expansions between 1990 and 2020 predominantly occurred within areas
previously characterised by open savannah vegetation and areas without vegetation. The
class “other” primarily corresponds to areas other than vegetation and water and shows
a relatively stable spatial extent over the observation period; the total spatial extent of
22.18 km? (3.83%) in the base year 1990 only reduced by 0.01%, as the total area covered in
2020 was 22.11 km? (3.82%). Areas covered by water during the entire observation period
are relatively low but increased from 0.39 km? (0.07%) in 1990 to 0.93 km? (0.2%) in 2020.

4.2. Accuracy Assessment for Land Use and Land over Classification

Relatively high overall accuracy (OA) was recorded for each time slice, ranging from
89.33% (2001) to 93.3% (2020) (Table 5). The user accuracy (UA) reflects the reliability of
the classification, while producer accuracy (PA) reveals how well the reference pixel of
land cover types are classified. The class water had the highest producer’s accuracy for all
the time slices (Table 5). Generally, a relatively high degree of classification accuracy runs
through all the time slices for all LULC classes.

Table 5. User’s accuracy (UA), producer’s accuracy (PA) and overall accuracy (OA) for land use land cover classification

accuracy assessment for the time slices.

Closed Savannah Open Savannah Other Settlement Vegetated Wetland Water
Class UA PA UA PA UA PA UA PA UA PA UA PA oA
1990 92 97.87 94 82.46 80 93.02 96 92.31 98 94.23 96 97.96 92.67
2001 88 93.62 96 78.69 82 78.85 84 93.33 92 97.87 94 97.92 89.33
2010 88 93.6 96 75 88 93.6 92 93.9 82 89.1 92 97.9 89.7
2020 92 92 94 87.0 94 95.9 90 93.8 94 94 96 98 93.3

4.3. Binomial Logistic Regression and Model Validation

A receiver operating characteristic (ROC) curve (Figure 5) is a graphical plot of the
true positive rate (sensitivity) against the false positive rate (1-specificity) and illustrates
the diagnostic ability of a binary classifier [48]. This produces an area under the curve
(AUC) that measures the discriminating power of a model. The area under the curve
(AUCQ) is an effective and combined measure of sensitivity and specificity for assessing the
inherent validity of a test [47,48]. The larger the area under the ROC curve, the stronger
the predictive power of the model [48]. As a broader acceptable standard, a model with
maximum AUC (1.0) has a perfect descriptive power, with 0.9 being considered excellent.
A perfect descriptive power of the model is an indication of having all the true positive
rates (sensitivity) and true negative rates (specificity) as one and both errors (false positive
and false negative) as zero. In a complete random relationship, the model produces an
AUC of 0.5 with a diagonal line from the left bottom to the upper right corner. For a model
to be considered efficient, it must possess at least 0.6 power. A power of 0.7 is considered
good, while 0.8 is regarded as very good [47].
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Figure 5. Receiver operating characteristic (ROC) curves depicting validity and performance of
binomial logistic regression analyses results for urban expansion in Wa Municipality for the following
years: (a) 1990, (b) 2001, (c) 2010 and (d) 2020. (FPR: false positive rates; TPR: true positive rates;
AUC: area under the curve).

Through the binomial logistic regression modelling, it was evident that topographic
factors (slope, aspect, topographic wetness index) were not statistically significant to
urban expansion. In contrast, the location factors were, for all the time steps, statistically
significant. The distance to the existing settlement was significant at p < 0.001 for all time
steps. Similarly, the distances to primary roads, tertiary roads, and unclassified roads were
significant at p < 0.001 for all time steps, except for the time step of 2001 to 2010, where the
distance to tertiary roads and distance to unclassified roads were of less powerful statistical
significance (p < 0.05). The distance to rivers was also significant at p < 0.01 for time step
1990-2001 and p < 0.001 for time step 2001-2010. The receiving operating characteristic
(ROC) curve was used to validate the model performance. The discriminatory power of
the model was very high for all time steps (Figure 5). The ROC for 1990 produced the best
performing descriptive and predictive model, with an AUC of 0.97. The least was observed
in the model for 2001-2010 (AUC = 0.89). Summarizing, all the models for the four time
steps selected are valid and satisfactory for describing and predicting the urban expansions
in the Wa Municipality.

5. Discussion

The transformation of the natural vegetation and the functioning of the terrestrial
ecosystems are influenced by the ongoing urban sprawl and its associated environmental
changes. The Wa Municipality, and the Upper West Region of Ghana as a whole, has
seen significant changes regarding demography and ecological landscapes over the past
decades and most likely will be impacted in the years to come [49]. The spatio-temporal
LULC classification of the Wa Municipality reveals the dynamics of urban expansion
and associated changes in the landscape between 1990 and 2020. The classification was
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accomplished with high overall accuracies. The relatively high accuracy was achieved
by the non-parametric RF machine learning classifier, which was identified to produce
better LULC classification accuracy than non-parametric and traditional parametric clas-
sifiers [50]. In a review of LULC classification using the machine learning classifier for
satellite imageries, Talukdar et al. [51] concluded that in a high dynamic landscape with
intra-heterogeneity, as is also typical for the Wa Municipality, the RF classifier provides
better classification accuracy than other machine learning classifiers when modelling LULC
changes, especially when imageries have the same sensor characteristics, such as spatial
and temporal resolution [52,53].

The random forest (RF) classification algorithm provides a great opportunity to gener-
ate higher classification accuracy outputs than parametric classifiers [50]. The success of
high classification accuracies was achieved by the corroboration of the RF classifier with the
application of spectral indices. The spectral indices in the LULC assessment of this study
in turn enhanced the delineation of the landscape features, making the clear distinction
between the different LULC classes more prominent and, thus, increased the accurate
selection of training samples and, subsequently, the LULC classification accuracy. The high
accuracies generated by incorporating spectral indices agrees with Hegazy et al. [54], who
established increased separability between LULC classes in the quest to analyse land use
and land cover changes, using spectral indices. Owing to the vegetation cover complex-
ity of the Wa Municipality, intra-vegetation separability was enhanced by the vegetation
indices that enabled distinction between closed and open savannah vegetation. Misclassifi-
cations observed between land-use classes were a result of small-scale intra-heterogeneity
of the landscape, which caused a high number of mixed pixels and thus, negatively affected
the classification accuracies. In principle, mixed pixels emanating from subpixel objects
of various classes exhibit high intra-heterogeneity within a defined landscape unit [36].
Mixed pixels can affect the classification results, even as they are located along the borders
between discrete and easily separable classes, though the occurrence of mixed pixels is
not limited to the transition zones of landscape classes and do not underly a continuous
gradient, which, in effect, leads to classification errors [36]. The use of multi-spectral
Landsat imageries and the extracting of heterogeneous training data helped to overcome
this challenge.

The results obtained from the geospatial analysis reveal that increasing urbanisation
was prevalent during all the time slices analysed, predominantly indicating significant
urban expansions from the previous time steps at the expense of vegetation cover. This
agrees with previous studies [42,54] that show an inverse relationship between the expan-
sion of built-up areas and especially areas covered by vegetation. In consequence, it can be
stated that urban expansion reduces the vegetated area. Beyond, the analysis shows that
the urban expansion in the Wa Municipality is in a form of concentrating and expanding
that is identical to the typical urban development pattern to be observed in Ghana [55]. The
concentration can be observed by increasing spatial densities of built-up areas, particularly
in the Wa township, the capital of the municipality. Simultaneously, there was massive
expansion of built-up areas toward the peripheries of the major towns during all the time
steps analysed (Figure 3). This also includes the engulfment of already existing peri-urban
settlements in the Wa Municipality by urban sprawl. This is in line with the findings of
Cobbinah and Amoako [56] and Kombe [57], who describe characteristic unconsolidated
lateral physical urban expansion and urban sprawl with the engulfment of existing built-up
areas by new settlements within the peripheral areas of most cities in developing countries.

Urban expansion in the Wa Municipality between 1990 and 2020 strongly correlates
to population growth. According to Ghana statistical service [58], the population of the
Wa Municipality increased from 98,675 inhabitants in the year 2000 to 107,214 inhabitants
in 2010. This corresponds to an annual growth rate of about 0.77% in the decade of
2000-2010, while, simultaneously, settlement expansion totalled 3.71%. For 2020, the
projected population amounted to 132,646 [59], which puts the annual growth rate between
2010 and 2020 at 1.92%, while, in parallel, the observed annual rate of settlement expansion



Land 2021, 10, 1251

13 of 19

averaged 4.1%. This observation underlines the critical role that population pressure has
on urban expansion and agrees with observations on land cover change in West Africa by
Herrmann [60], who revealed that changing intensities of settlement areas were significantly
influenced by population pressure. Spatial patterns of the human footprint within the area
of the Wa Municipality suggest that population pressure coupled with the socioeconomic
statuses of the people and policies geared toward infrastructure development affect the
complexity of land cover outcomes. The infrastructure expansion in the Wa Municipality
manifests in the LULC changes in the area: the Wa airport, for example, is a prominent
infrastructure measure visible in the satellite imageries. It influenced the expansion of
the settlement space, especially in the year 2001 and beyond. Evidence from previous
research suggests that other infrastructure measures, such as roads, schools and hospitals,
were part of the development phase from 1990 to 2020 as a response to the population’s
demand [61,62], thus controlling large parts of the dynamics in LULC changes within
this period.

It was evident that areas previously covered by savannah vegetation changed to
settlement areas, as proven for all the time slices selected. This also became explicit in the
LULC classification that shows significant spatial settlement expansion in all the time slices.
While in the Wa Municipality settlement expansion was prominent, woody biomass, on
the other hand, shrank over the past decades; this was confirmed by the LULC analysis
based on the satellite images that revealed a depletion of closed savannah vegetation for
all the time steps analysed. Between 1990 and 2001, there was a gain in the settlement area
in the Wa Municipality of 11.68 km? corresponding to a relative increase of 61.09%, while
in parallel, there was a reduction of areas covered with closed savannah vegetation by
9.37 km? corresponding to a relative decrease of 7.85%. This inverse relationship can be
observed for all time steps analysed, with the overall gain in settlement area between 1990
and 2020 of 52.42 km? (+87.57%) and the corresponding loss in areas covered by closed
savannah vegetation of 37.35 km? (—40.89%). This reflects the effects of the characteristic
urban agglomeration—population nexus typical of contemporary times, where landscape
degradation associated with urban expansion is driven by the need for shelter for the
increasing population who engages in livelihood development activities in their respective
settlements [63,64]. The current trends of urban expansion and vegetation dynamics in the
Wa Municipality is in line with Bologna and Aquino [65], who emphasise a population—
urban expansion—deforestation nexus, maintaining that the essential services derived in
support of human life is the main driving force behind encroachment on forest spaces.
This is supported by Myers et al. [66], who stated that changes in terrestrial ecosystems
are influenced by increasing pressure emanating from population growth, which in effect
degrades the landscape and its associated resources.

In Ghana, north to south migration is typical for the exploration of livelihood devel-
opment options. Beyond, people also move within their districts and municipalities, due
to the push factors to access resources such as fertile land and water to secure their liveli-
hood [67]. Next to LULC change as an effect of migration and population growth, there has
been, in most recent times, an increase in the proliferation of unregulated small-scale gold
mining within the Wa Municipality and its neighbouring Wa East district [67]. These eco-
nomic opportunities are a strong pull factor for intra- and inter-district migration and affect
the LULC pattern. While agriculture is the major livelihood and economic development
activity in the Wa Municipality, some inhabitants are shifting to unregulated small-scale
mining, which seems to be more lucrative and yields the promise of quick income, despite
the environmental consequences it poses. Basommi et al. [37] observed that settlements
expanded within the Wa East district, which has neighboured the Wa Municipality in gold
mining activities in the area over the past years. Currently, the unregulated small-scale
mining operations cause destruction of the ecosystem [37,68].

In the Wa Municipality, the cutting of trees for fuelwood and charcoal production is the
major cause of woody biomass depletion [48,50,69], affecting the decline in closed savannah
vegetation. In addition, seasonal bushfires occurring predominantly during harmattan
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seasons (November to March) also contribute to the depletion of woody vegetation [70].
Despite the devastating effects of bushfires on livelihood, there is a lack of understanding
of its causes and a clear policy direction to address it [71]. Rainfall in northern Ghana is
unimodal with high spatial and temporal variability with the rainy season between May
and September [72]. Due to the seasonal occurrence of rainfall, runoff regimes of the major
rivers are periodical, causing a water shortage during the dry season. As surface water is an
important water source for agricultural activities, the study area is significantly impacted
by the competing demand for water between domestic and agricultural uses [73]. The
increased availability of water, deviated from the extent of open water areas, as seen in the
satellite images from 2010 and 2020, is in line with government efforts to construct dams and
dugouts to ensure water availability to sustain agriculture and guarantee livelihoods [74].
Expanding vegetation in the vicinity of the wetlands suggests that in periods of increased
water availability, the vegetated wetland expands.

Among the topographical characteristics, slope, aspect and TWI are key determinants
to choose land for settlement [75,76]. Location factors, such as distance to existing settle-
ments, distance to water sources, and distance to tertiary and primary roads also play major
role in urban expansion. Additionally, the proximity to physical infrastructure and water
resources is a driving factor of urban growth, as people are pulled toward areas that are
endowed with a physical infrastructure and water resources for economic and livelihood
activities [44,77]. However, by applying binary logistic regression to determine the drivers
of urban expansion, it is evident that the topographic factors of slope, aspect and TWI did
not obtain statistically significant coefficients to predict the odd logs of their probabilities
of influence on urban expansion within the Wa Municipality for all the time steps analysed.
This might be due to the nature of the entire landscape, which is almost homogenous and
has almost equal suitability of selection for settlement. On the other hand, drivers such as
distance to settlement, distance to road networks, and distance to water were statistically
significant for all the time steps analysed, strongly indicating their influence on urban
expansion. These physical location drivers” influence on urban expansion was reinforced
by the direction of the expansion that was predominantly towards the south-western part
of the Wa Municipality, where major primary, tertiary and unclassified road networks are
densely formed. This finding is in line with studies conducted in national and regional
contexts, all establishing a significant relation between physical location factors and urban
expansion [78,79]. Pravitasari et al. [80] underlined in their study on the Jakarta-Bandung
mega urban region and asserted that among the major drivers of urban expansion is the dis-
tance to road, which directly affects the extent and spatial expansion of the area. Similarly,
Marondedze and Schiitt [42] identified roads as a major determinant of urban expansion for
the Epworth district, Harare, Zimbabwe. In the Wa Municipality, urban expansion is being
driven by the government’s commitment to the provision of infrastructure, such as roads,
schools as part of development agenda. Considering the trend of urban expansion in the
Wa Municipality, it is evident that people choose to live close to roads to have easy access
to the workplace, school and market. Distance to primary, tertiary and unclassified roads
were statistically significant with a negative coefficient, indicating an increased probability
of an area being transformed to an urban space controlled by the proximity of the area to
roads; thus, the shorter the distance of an area to a road, the higher the possibility of the
area being expanded into an urban space.

Beyond, the development of the Wa Municipality and the expansion of built-up
areas since the year 2000 was also affected by the establishment of the Wa Campus of the
University for Development Studies (now called S.D. Dombo University of Business and
Integrated Development Studies), Wa Polytechnic (now called Wa Technical University)
and a nursing training college, all distributed across the municipality and acting as pull
factors [81].

Distance to already existing settlements was also established as a key driver for urban
expansion. For all the time steps analysed (1990-2001, 2001-2010 and 2010-2020), the
binomial logistic regression shows statistically significant negative coefficients describing
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the relation between new built-up areas and distance to existing settlements. The result
agrees with findings from previous studies, which also observed urban expansion to be
influenced by distance to existing settlements and other locations [41,44]. The negative
coefficient of distance to existing settlement observed for all the time slices in the logistic
regression analysis underscores the increasing likelihood of newly developed settlements
near already existing settlements, and thus settlement expansion. This observation can
be attributed to the higher affinity for easy access to socioeconomic resources and better
development opportunities in existing settlement, especially closer to the administrative
centre of the municipality [82].

According to Li et al. [83], the presence of water bodies in an area could either hinder
or promote urban expansion corresponding to the waterborne advantages as well as the
opportunities that water resources present for urban development. Correspondingly, prox-
imity to rivers is established as a key driver of urban expansion, proven to be statistically
significant with new built-up areas for the time steps 1990-2001 and 2001-2010; considering
the data for the entire observation period (1990-2020), also a statistically significant relation
between the development of new built-up areas and their distance to rivers can be observed.
The result suggests an increasing probability of urban expansion at a location, the closer the
distance to open water is. This finding is consistent with findings by [44,45,83] for studies
conducted in Asia. During the Colonial era, the people of the Wa Municipality largely
relied on hand-dug wells, streams and rivers to cover their daily water needs. In the 1950s,
the Hydraulic Division of Public Works Department was mandated to plan and develop
water supply systems for the provision of portable water in the Wa Municipality [84].
During the 1950s, the water allocation capacity was as low as 150 m? per day and increased
to about 1320 m> daily water allocation in the 1980s as the ever-increasing population
necessitated increasing water availability [84]. Currently, Ghana Water Company Limited
is responsible for the operation of the water supply system in the Wa Municipality, with a
daily demand of more than 12,000 m®. As developments and associated infrastructure are
still in progress, in particular, the rural population still relies on open water from rivers for
domestic and agricultural purposes [17].

6. Conclusions

Over the past decades, landscapes have been influenced significantly by climate
variability and anthropogenic impacts. The proliferation of rural settlements and urban
expansion has further led to landscapes’ modification, as vegetation cover and environmen-
tal resources deplete. Owing to the environmental conditions and development potential
of Wa Municipality of Ghana, assessment of the dynamics of land cover and drivers of
settlement expansion is a great step to inform developmental policies. This study provides
insight into landscape dynamics and the drivers of urban expansion in the Wa Munici-
pality, Ghana, by employing geospatial and remote sensing tools coupled by a binomial
logistic regression model. By employing supervised LULC classification using the random
forest classifier, we obtained satisfactory overall accuracies. Similarly, we obtained great
performance of the binomial logistic model, as the model validation yielded excellent
output. The study reveals that the landscape of the Wa Municipality over the past three
decades has been influenced by urban expansion, while in parallel, woody biomass has
reduced as observed in the reduction of areas covered by closed savannah vegetation.
We note that during the 1990-2020 observation period, settlement expansion for all the
time steps analysed was consistent with the trend of regional population growth. The
urban expansion is relatively compact within the capital city of the Wa Municipality as
a result of the infilling of open spaces within the city complex. However, the peripheral
areas of the capital city expanded predominantly toward the south-west part of the Wa
Municipality. This behaviour was observed for all 10 years’ time steps analysed. In parallel,
for all 10 years’ time steps analysed, a decrease in areas covered by savannah vegetation
can be observed. Even when the urban spread predominantly captures areas with bare
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land, population pressure, and grazing activities as well as fuel wood consumption as a
concomitant phenomenon of the urban spread trigger the decline in savannah vegetation.

In consonance with other studies, the LULC change dynamics observed for the Wa
Municipality reflect the resultant effects of the influx of population growth and the as-
sociated demand for environmental resources for sustainable livelihood and economic
development. The drivers identified to influence settlement expansion include distance to
existing settlements, distance to rivers and distance road networks. The development of
settlements near an already existing settlement is imperative, due to the potential economic
development opportunities they present. Beyond, accessibility and connectivity seem
eminent, as distance to roads was also proven to be a driver for settlement expansion. In
line with the new spatial planning framework of Ghana, our findings provide relevant
information for the Town and Country Planning Department for future development plans
of the Wa Municipality. Beyond, our findings provide valuable knowledge to support
integrated landscape management decisions and its impacts on the ecosystem and environ-
mental resources. It is expected that future research would expand the scope of the study
beyond the Wa Municipality and explore the landscape dynamics and drivers of urban
expansion at the macro level. Additionally, beyond the geophysical factors, future research
should explore the socioeconomic drivers of urban expansion at the municipal level and
beyond. This, together with our findings, inform a holistic framework in sustainable urban
planning and development.
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