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Abstract: Integrating both modeling approach and stakeholders” perspectives to derive past and
future trends of land use land cover (LULC) is a key to creating more realistic results on LULC change
trajectories and can lead to the implementation of appropriate management measures. This article
assessed the past changes of LULC in the Mono River catchment using Landsat images from the
years 1986, 2000, 2010, and 2020 by performing Machine Learning Classification Method Random
Forest (RF) technique, and using Markov chain method and stakeholder’s perspective to simulate
future LULC changes for the years 2030 and 2050. LULC was classified as savanna, cropland, forest,
water bodies, and settlement. The results showed that croplands and forests areas declined from 2020
to 2050 with decreases of —7.8% and —1.9%, respectively, a modest increase in settlement (1.3%), and
savanna was the dominant LULC in the study region with an increase of 8.5%. From stakeholders’
perspective, rapid population growth, deforestation, rainfall variability /flood, urbanization, and
agricultural expansion were the most important drivers associated with the observed LULC changes
in the area. Other factors, such as lack of political commitment, distance to river, and elevation were
also mentioned. Additionally, most the land-use scenarios identified by stakeholders would intensify
land degradation and reduce ecosystem services in the area. By considering all of these potential
LULC changes, decision-makers need to develop and implement appropriate solutions (e.g., land
use planning strategies, reforestation campaigns, forest protection measures) in order to limit the
negative effects of future LULC changes.

Keywords: land use land cover changes; random forest technique; Markov chain; stakeholder
perspective; Mono River catchment

1. Introduction

Anthropogenic activities have negative impacts on land cover in many catchments in
the world. Due to the rapid growth of population and economic development, it is expected
that urbanization will expand and land will be used for more economic purposes such as
industries and agriculture [1]. From 1960 to 2019, about one-third of land area around the
world was affected by various types of land use changes ranging from deforestation to
expansion of agricultural lands as well as reforestation [2].

Sustainability 2022, 14, 4160. https:/ /doi.org/10.3390/su14074160

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14074160
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-5710-7683
https://orcid.org/0000-0001-9019-730X
https://orcid.org/0000-0002-7719-3360
https://orcid.org/0000-0002-3782-0921
https://doi.org/10.3390/su14074160
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14074160?type=check_update&version=2

Sustainability 2022, 14, 4160

20f22

Human-induced land cover change is primarily motivated by the need of the com-
munities to grow economically. However, this change may also have consequences on the
environment, especially on hydrological processes [3]. For example, the change of land
use from forest to farmland in a catchment can affect run-off and consequently soil water
retention, causing severe flooding [4,5]. Appollonio et al. [6] has demonstrated a strong
link between flooding areas and land-use changes, and showed that urbanization growth
is a significant driver of flood areas expansion. This can also exacerbate other hazards
such as landslides, erosion, and droughts. Consequently, impacts on infrastructures, food
systems, health, biodiversity, and livelihoods will be intensified [7]. On the other hand, the
current and projected pattern of climate extremes can affect land cover, trigger land degra-
dation and intensify the likelihood, the magnitude, and associated damages of hazards in a
feedback loop system [8]. Moreover, the scenario of a 1.5 °C global warming would make
178 million people vulnerable to water stress and habitat degradation, with the highest
number in Asia and Africa [9].

The republics of Benin and Togo in West Africa experience recurrent flooding almost
every year with an increasing magnitude. One of the most devastating floods was in the
year 2010. It struck 55 of 77 towns in Benin, affecting 680,000 people, killing 46 people,
and causing agricultural losses of more than USD one million; whereas in Togo, more
than 5.9 million people were affected by the extreme flood event [10]. The flood in Togo
caused estimated damage of $38 million (ca. 1.1% of the national Gross Domestic [11].
In 2019, flood events in the Mono River catchment of Benin and Togo affected about
50,000 people in the two riparian countries, causing damages to roads, health centers,
and other public infrastructures in the Lacs prefecture in Togo and in the districts of
Athiémé, Grand-Popo, and Lokossa in Benin [12]. This increase in flood hazards in the
Mono River basin may be attributed to the changes in climate and land use/cover, as
well as population growth [13,14]. Using the impact chain methodology to understand
drivers of flood risks in the lower Mono River catchment, Wetzel et al. [15] found out that
the drivers attributed to land-use change and population growth are “the destruction of
ecosystem and soil degradation” and “use of land for agriculture”. Indeed, land use has
become important in the management of transboundary catchments, especially in response
to natural hazards and to develop appropriate adaptation strategies [16]. Because water
and flood have no boundaries, land use and practices in one part of the catchment can
affect other parts for instance in terms of water availability, water quality, sedimentation,
soil erosion, and soil degradation [17]. Consequently, a lack of transboundary land use
planning and management at the catchment scale can affect agriculture, food production,
water security, hydropower energy production and thereby, exacerbate human pressure on
natural resources like water and forests [18,19]. Therefore, to investigate and understand
the future dynamics of flood hazards in the Mono River catchment, there is a need to
develop land use land cover change scenarios, which will be used to simulate flooding in
the area.

Various research methodologies on deriving past and future land use land cover
(LULC) changes have been developed to support decision-makers on urban development,
disaster risk and environmental management, and resource planning. In this study, we
combined the CA-Markov chain model and the stakeholders’ perspective to derive fu-
ture land use land cover changes. An important aspect of our case study is considering
stakeholders” perceptions and knowledge in order to identify LULC drivers, potential
transitions, and scenarios in the region. Indeed, involving stakeholders during scenario
development is key to achieving holistic results on a participatory basis. Stakeholders’
information is critical in LULC change modeling processes [20]. Their insights on land
cover changes, drivers, reconstruction of major past events timelines, and their perspective
on potential future land-use change trajectories, can support and complement models’
outputs [21]. Furthermore, stakeholders’ engagement in identifying land use changes and
modelling helps to close the gap between perspectives from practitioners and technical or
policy-oriented stakeholders [22], in order to design a consensual overview of past and
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upcoming change patterns. Therefore, the main objective of this article is to derive past and
future land-use change information for the Mono River catchment by using the machine
learning classification method Random Forest (RF) to determine past LULC changes for
the years 1986, 2000, 2010, and 2020, and by combining the Markov chain method with
stakeholder inputs to predict future LULC changes for the years 2030 and 2050.

2. Materials and Methods
2.1. Study Area

The Mono River basin is located in West Africa and is shared by the Republics of Benin
and Togo. It lies within latitudes 6.28° N and 9.35° N, and longitudes 0.68° E and 1.95° E
(Figure 1). It covers an area of 23,736.64 Km? of which 89.2% lies in Togo. The remaining
10.8% in Benin are mainly located in the southern part and downstream of the basin. There
are two climatic zones within the basin: a sub-equatorial zone with two rainy seasons and
two dry seasons in the southern part, and a tropical zone characterized by one dry and
one rainy season. In the last 30 years, an average of 1200 mm of precipitation per year has
been recorded in the basin, while the average annual temperature ranges between 26 °C
and 28 °C.
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Figure 1. Location of the study area.

The vegetation is mainly made of grasslands, savanna, and forests. Furthermore, soil
textures found in the basin are sandy, loam, and clay. Main economic activities consist of
small-scale farming, fishing, small trades, and livestock breeding. The basin is of great
importance for both countries because it hosts the mutually owned Nangbeto hydroelectric
dam. In addition, the valley of the river contributes to food production, and the recurrent
flood events experienced at the downstream of the Nangbeto dam have become more
frequent and intense over the past years. Moreover, the Mono River basin covers about
35% of Togo’s territory.
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2.2. Data Source and Processing

The USGS Earth Resources Observation and Science (USGS EROS) repository (https:
/ /glovis.usgs.gov/) (accessed on 18 May 2020) provided the level-one terrain-corrected
Landsat image collection (Table 1) for our goal of detecting gradual change over a three-
decade span (USGS, 2020). Landsat has a nominal ground pixel size of 30 m. Scenes
with a minimal cloud cover (<5%) were chosen and captured within the time period of
interest, January to March. This dry period is ideal for distinguishing cropland classes from
the images.

Table 1. List of Landsat scenes selected for this research from 1986 to 2020.

Sensor/Satellite
Path/Row

1986 2000 2010 2020
192/054 LMO05 LEO7 LEQ7 LC08
192/055 LMO05 LEO7 LE07 LC08
193/054 LMO05 LE07 LE07 LC08
193/055 LMO05 LEQO7 LEQ7 LC08
192/056 LT05 LEO7 LE07 LC08

In addition, different drivers of land-use changes (elevation, slope, distance to river,
and population data) were chosen for the land-use modeling. The digital elevation model
(DEM) (30 m x 30 m resolution) was obtained from the USGS web repository. Elevation
and slope were derived from DEM using ArcGIS. Distance to the river was generated
using the Euclidian distance module in ArcGIS, and the population data were obtained
from World Population Review (http://worldpopulationreview.com/) (accessed on 20
February 2021).

2.2.1. Image Processing

Spatial information on the evolution of land-use change over the past decades provides
a better understanding of the future scenarios of landscapes. This helps to better identify
and understand the factors that influence the change in land-use. In this case study, the
past thirty-five years were investigated to understand the change in land-use. Landsat
images from 1986, 2000, 2010, and 2020 were used to identify land-use patterns.

Pre-processing is essential prior to utilizing satellite images for land use/land cover
maps in order to remove inherent noise that could have negative impacts on the classi-
fication and the scene-to-scene comparisons over time [23]. The Landsat images were
normalized by converting the measured digital number (DN) values to top of atmosphere
(TOA) reflectance. Normalization removed variations between images caused by sensor
differences, Earth-sun distance, and solar zenith angle. All images were screened of cloud
patches and cloud shadows to ensure that they were devoid of hitches that could result in
false classification. To determine the existence of clouds and cloud shadows, define their
presence, and mask them out from the classification, we performed visual and/or spectral
analyses. All image processing steps were done using the ENVI and ArcMap software.

The classification of land-use images was processed by combining both conventional
and novel methods. The methodological steps (Figure 2) are the (a) pre-processing of
data sets using spectral images Modified Soil Adjusted Vegetation Index 2 (MSAVI2) and
Normalized Difference Vegetation Index (NDVI), the use of Landsat bands red, blue, green
(RBG), Near Infra-Red (NIR), SWIR 1, and SWIR 2 and topographic dataset DEM, slope,
aspect, (b) creating the training data sets for the five classes using Google Earth, (c) appli-
cation of RF algorithm machine learning classification method, (d) accuracy assessment
using the confusion matrix, and (e) post-processing to produce the final land-use maps.
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Figure 2. Steps applied to derive the land classification map. Spectral images include the Modified
Soil Adjusted Vegetation Index 2 (MSAVI2) and Normalized Difference Vegetation Index (NDVI).
Landsat bands include blue, green, red, NIR, SWIR 1, and SWIR 2. The topographic dataset includes
the digital elevation model (DEM), slope, and aspect.

2.2.2. Predictors

Spectral and topographic datasets were combined as predictors in the classification
models. For example, DEM, slope, and aspect have been shown to improve land feature
discrimination and classification accuracy and as such, it is recommended for image classi-
fication [24]. Two spectral indices such as MSAVI2 (Equation (1)) and NDVI (Equation (2))
were selected for the classification since they proved to be ideal for vegetation sensitivity
and soil noise reduction using Landsat images [25,26]. In addition, individual bands (blue,
green, red, NIR, SWIR 1, and SWIR 2) were added to the models since they have the
potential to discriminate similar spatio-temporal phenomena, thus improving the sepa-
rability of land use classes [27]. A total of 11 variables were stacked and used to run our
classification models.

(2% NIR+1 — /(2 *NIR +1)? — 8+ (NIR — Red))
2

MSAVI2 = 1)
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2.2.3. Machine Learning Classification and Assessment

LULC maps were produced by using the five defined land use classes in Table 2 and
a pixel-based RF classification technique through the capabilities of the QGIS software.
RF is a machine learning approach that assigns a class to a response variable by using
an ensemble of regression or classification trees. Several remote sensing studies have
shown the RF algorithm to perform satisfactorily for LULC classification [28]. Further, RF
is resistant to outliers and overfitting induced by an excessive number of training points
and a strong method for dealing with non-normal crop species and rotation patterns [29].

Table 2. Description of the five classes used in the study.

LULC Classes Description No. of Samples
Savanna Vegetation composed of tree savannahs, shrubs, and 5037
grasslands. Generally, tree height is lower than 5 m
Water bodies Waterbody surfaces such as Feservmrs, ponds, 946
lagoons, and river
Industrial, commercial services, residential,
communications, transportation, commercial and
Settlement industrial, mixed urban or built-up land, built-up land 1069
or other urban land
Areas dominated by tree clusters resulting from
Forest natural regeneration or planting; Woodland or 706
protected areas with trees height higher than 5 m
Cropland Areas dominated by crop production such as cereal 4797

crops and vegetables

In order to perform RF, high-quality samples were extracted from Google Earth and
each class label was visually interpreted (Table 2) using spectral profiles. These samples
served as regions of interest (ROI) for the RF classification process. Each ROI was assigned
to a specific LULC class. Approximately, two-thirds of the samples were utilized for
training, with the remaining third being used for internal model validation. The number
of decision trees was an important parameter that ensured more accurate model results.
In this study, the parameter was set to 100 decision trees, which was sufficient for our
classification and also reduced the calculation time. Five land use classes were used in
the classification: savanna, water, settlement, forest, and cropland (Table 2). The choice of
these five classes follows the trend of previous studies in the region, which used similar
classes [30-32].

The classified images were post-processed using a three by three window filter to
smooth isolated pixels. To validate the efficacy of the classification, we generated the
classification error matrix [33]. The conventional accuracy metrics such as user accuracy
(UA), producer accuracy (PA), overall accuracy (OA), and kappa statistics (KA) were used
to evaluate the model performance (Appendix A, Table Al).

After the LULC classification, the intensity analysis was conducted to determine the
variation of the categories’ gains and losses for each time interval [34]. The change in terms
of loss (Lj) and gain (Gj)) for the three-time intervals was calculated using Equations (3)
and (4) [35,36].

P:
Ly = (P;—Psu ) ,— where i j 3

P; .
Gj = (Pijj)():ilPi), — wherei # j 4)

where Lj; is the proportion of loss from category i to j under random processes of loss; and
Pj; is the proportion of the category i that showed persistence between the two times; G;; is



Sustainability 2022, 14, 4160

7 of 22

the proportion of gain from category i to j, Pj is the proportion of the landscape in category
j in the final time; Pj; is the observed persistent proportion of the category j; P; is the total
area of category i at initial time.

2.3. Land Use Scenarios Development and Model Implementation

The simulation of land-use changes gives useful information for the design, eval-
uation, and implementation of effective spatial plans and strategies against disaster
risks [37]. It has been increasingly considered in risk management as well as other causes
such as climate change impacts [38]. In this study, land use scenarios were developed
to visualize prospective changes in land use land cover in order to cope with future
land use and climate change impacts in the study area. The Mono River catchment’s
LULC maps for 2030 and 2050 were predicted using a participatory approach and the
CA-Markov chain model embedded in the Land Change Modeler (LCM) component
in IDRISI 20. The CA-Markov chain model is a widely used model in which the state
of one future system may be anticipated based on its prior state and the possibility
for transmission [39]. Its widespread use in land-use change modeling stems from its
ability to determine not only the various states of different land uses, but also the rate of
transition between them [39]. CA-Markov chains were proven to be a useful operational
model for anticipating future LULC scenarios [40,41]. In such simulations, a variety of
driving forces can be applied, including infrastructural and socio-economic drivers (road
network and human settlement), as well as terrain physical drivers (elevation, slope,
soil properties, etc.). The main steps for the simulations were: change analysis, land
use scenarios based on stakeholder knowledge, identification of drivers and probable
transitions, model validation, and prediction [42].

2.3.1. Land Use Scenario Workshop

This study also used a participatory approach to investigate stakeholders” awareness
of land-use changes, drivers, and potential transitions in the Mono River catchment in the
coming decades. Many studies have recently applied this approach to develop land-use
scenarios, by incorporating local knowledge and awareness [43—45]. In our case study, a
virtual workshop was conducted in January 2021 with stakeholders in order to get their
perspectives on how land use could look like in the area from now to 2050 and what might
be the causes of those changes. Around 30 stakeholders from different institutions of both
Benin and Togo (e.g., ministries, researchers, NGOs, and local authorities) participated.
An online software named Mentimeter was used to create surveys and interactive pre-
sentations with the stakeholders. They were asked to identify the following: (1) drivers
of LULC changes observed in the catchment, (2) potential changes (increase, decrease,
or consistency) for each land use, and (3) potential land-use transitions/scenarios (e.g.,
deforestation, afforestation, settlement expansions) as well as their feasibility. As a result of
the stakeholders’ examination and ranking of drivers and potential scenarios, a final set of
land-use scenarios and their applicability in the area were determined.

2.3.2. Identification of Drivers and Probable Transitions

In the modeling of land-use change, a list of potential explanatory variables was
identified based on the literature and the stakeholders” knowledge as mentioned in the
previous section. From there, Cramer’s coefficient has been applied to test the power of
each explanatory variable for simulating LULC changes. This coefficient is provided by
LCM and it serves as a reference for determining whether or not a driving factor is worth
considering [46]. A Cramer’s coefficient of less than 0.15 indicates that this variable is not
useful in describing the changes, and can be rejected. On the other hand, a value greater
than 0.4 indicates that the independent variable has a great capability to describe the LULC
changes [46,47].

For identifying transitions, LCM creates a number of potential maps that occur in
transitions into empirically tested transition sub-models. In order to select the transition
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sub-model with the highest accuracy, the model must be run several times with different
scenarios of land cover transitions [48]. In our case, the land cover transitions were chosen
and grouped into three sub-models. These were the transitions that covered more than
3000 hectares and were declared feasible by the stakeholders.

Results from the change analysis for the period 2010-2020 were used as input data
to compute the transition probabilities for each LULC type. A Multi-Layer Perceptron
(MLP) neural network was used to calculate the transition probabilities [49]. This method
has been applied and shown in various studies to be a useful and effective technique for
LULC prediction [30,47,50]. Then, after generating the LULC transition potential layer for
the period 20102020, we applied the Markov chain analysis to predict LULC for the next
30-year period (2020-2050).

2.3.3. Model Validation

The validation process is a procedure that assesses the quality of the predicted LULC
map against the reference LULC map [51]. In this study, the LULC maps of the years
2000 and 2010 were utilized to calibrate LCM and predict the LULC map of 2020 for the
validation process. First, a three-way comparison between the later LULC map (2010),
the predicted LULC map (2020), and the observed LULC map (2020) was run using the
validation module of the LCM model. In addition, the Kappa Index of Agreement (KIA)
between the predicted 2020’s LULC map and observed 2020’s LULC map was performed
to assess the accuracy of the model. The following Kappa variables were used in this
study: Kno, Klocation, and Kstandard. The Kappa Kno denotes the overall accuracy of
the simulation run, Klocation denotes the level of agreement of location, and Kstandard
is the ratio of inaccurately allocations by chance to the correct assignments [52-54]. For a
thorough evaluation of the model’s overall accuracy in terms of location and quantity, a
combination of Kno, Klocation, and Kstandard scores is used. According to Zadbagher
et al. [55], a LULC model is considered valid if the Kstandard is greater than 70%. Thus,
after demonstrating our model’s capacity to predict LULC map 2020 using LULC maps
from 2000 and 2010, the same simulation process was adopted to predict the LULC maps
of 2030 and 2050 using 2010 and 2020 maps.

3. Results
3.1. Land Use Land Cover (LULC) Changes

Figure 3 presents the classified LULC maps of 1986, 2000, 2010, and 2020 of the
Mono River. Five LULC types were identified during the classification process: savanna,
croplands, forests, water bodies, and settlements. The analysis showed savanna and
croplands as the dominant land-use types in the basin over the period 1986 to 2020 with,
respectively, 48.07% and 38.33% of the total area in 1986; 64.64% and 23.60% in 2020
(Figure 4).

The accuracy of the results of the classification was confirmed using the Kappa co-
efficient and the overall accuracy. For the years 1986, 2000, 2010, and 2020, the overall
accuracy was 86.34%, 87.94%, 87.59%, and 86.37%, respectively (Table 3). The kappa values
range from 80 to 82.6, which indicate an acceptable level of accuracy of the classified maps.
However, croplands and settlements registered the lowest accuracies, which could be
explained by the similarities between them.
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Figure 3. LULC maps of the Mono River basin for the years 1986, 2000, 2010, and 2020.
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Table 3. Computed class-wise classification accuracies—user’s accuracy (UA) and producer’s accu-
racy (PA)—for each of the selected images. The overall accuracy (OA) and the Kappa accuracy (KA)
are also provided for each year.

) 1986 2000 2010 2020
Class
UA (%) PA (%) UA (%) PA (%) UA (%) PA (%) UA (%) PA (%)
Savanna 87.59 83.74 89.83 85.83 88.37 82.46 90.01 81.85
Water 96.97 96.52 98.72 98.38 96.05 98.22 96.05 99.88
Forest 89.21 85.21 89.49 92.38 89.49 94.17 95.36 98.3
Settlement 85.36 80.39 84.58 86.53 84.77 89.43 86.44 88.62
Cropland 82.37 89.08 84.12 87.52 85.92 88.99 78.78 86.13
OA (%) 86.3 87.9 87.6 86.4
KA (%) 80.4 82.6 81.4 80.3
In terms of changes, Figure 5 presents the gains, losses, and persistence of the LULC
types for the periods 1986-2000, 2000-2010, and 2010-2020. A decreasing trend of cropland
and forests was observed during all periods, whereas savanna and settlements were
increasing. In fact, during the first period (1986-2000), croplands and forests had the highest
loss with 46.1% and 33.3%, respectively. In contrast, savanna registered the highest gain
(75.1%). During the period 2000-2010, cropland registered the largest loss (59.7%) followed
by savanna (29.3%). However, during this same period, we noticed an improvement of the
vegetation cover; forest increased to 20.7% compared to the first period (9.6%). In the last
time interval (2010-2020), the highest loss of croplands (80%) was observed compared to
the previous periods. Similarly, savanna increased by 27.3%. Throughout all the periods,
the water bodies and settlements recorded the lowest losses.
Croplands 1986-2000 Croplands 2000-2010
Forests Forests
Savanna Savanna
Settlements Settlements
Water bodies Water bodies
0 50 100 150 200 0 50 100 150 200
i Persistence (%) M Gain (%) © loss (%)  Persistence (%) M Gain (%) © Loss (%)
Croplands 2010-2020
Forests
Savanna
Settlements
Water bodies
0 50 100 150 200

M Persistence

(%) mGain (%) Loss (%)

Figure 5. Land use land cover gains, losses, and persistence between 1986 and 2020.



Sustainability 2022, 14, 4160

11 0f 22

3.2. Stakeholders” Perception on Land Use Scenarios

The workshop held in January 2021 aimed to explore stakeholder understanding of
land-use drivers, verify the applicability of land-use scenarios, and adjust when necessary.
This participatory approach allowed us to engage stakeholders and co-produce scenarios
for modeling LULC in the Mono River basin.

3.2.1. Drivers of LULC Changes According to Stakeholders

Based on their experiences and knowledge on the ground, stakeholders identified and
ranked eleven (11) driving forces of historical LULC changes from 1986 to 2020 (Table 4).
Indeed, rapid population growth (18%), overexploitation of forest products (15%), rainfall
variability (12%), urbanization attributed to settlement expansion and infrastructure devel-
opment (10%), and agricultural expansion (9%) were the most important land-use change
drivers in the area. Other factors, such as lack of environmental management and political
commitment, distance to river, elevation, and abusive exploitation of sand mining were
also mentioned.

Table 4. Ranking of land-use change drivers in the Mono River catchment.

Drivers of Land Use Change

Ranking (1 = Most Important;

11 = Least Important) Percentage of Times Mentioned

Rapid population growth
Overexploitation of forest products
Rainfall variability /flood impacts

Urbanization

Agricultural expansion
Soil types, soil loss
Lack of environmental management
and political commitment
Proximity to the river
Existence of environmental protection measures

Elevation

Abusive exploitation of sand mining

—_

18%
15%
12%
10%
9%
9%
14%
4%
7%
1%
1%

O 00 N OUlk Wi

_ =
_ O

Stakeholders reconstitute a history of major events influencing the LULC changes in
the study area from 1986 to 2020 (Figure 6). The main events identified were generally
linked to socio-economic, climatic, environmental, and political factors. Drought and the
Nangbéto dam installation were the key events listed during the period 1986-2000. Indeed,
like other West African countries, Togo and Benin have suffered from drought in the 1970s
and 1980s, which was characterized by a reduction in annual rainfall, causing deforestation
and land degradation in the area. The following period 2000-2010 was described as
difficult in the region due to the occurrence of devastating flood episodes that resulted in
the loss of agricultural land and vegetation cover. Flooding severely affected staple food
production and demand because of the region’s dependency on agriculture. Infrastructure
development and the ascension of political positions were also reported to be important
factors in increasing settlement areas and agricultural land sales over that same period.
For the period 2010-2020, stakeholders associated LULC changes and land degradation
with the population growth, growth of mining industries, flooding, and infrastructure
development. On the other hand, campaigns for mangrove planting, reforestation, and
environmental conservation measures were seen as causes of vegetation recovery in the
study area.
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2010-2020: Growth of

2000-2010: Sand mining industries
Industrialisation
impacts 2010-2020: Increasing use of
pesticides and chemical
1987- Installation of 2000-2010: deforestation, products in agriculture
hydroelectric dam land degradation
2010-2020: Population
1986: Drought 2010: severe flooding growth
2000-2010 2010-2020
1986-2000: 2008 food crisis 2012: severe flooding
deforestation, land
degradation 2000-2010: The acquisition 2010-2020: Protection
of majorship measures, nature conservation

implemented by NGOs

2010: Infrastructure 2010-2020: Increase of
development (e.g. campaign of mangrove
planting and reforestation

2010-2020:
Infrastructure
development (e.g.
Eoads and dams

Figure 6. Timeline of events from 1986 to 2020 identified by stakeholders.

3.2.2. Feasible Land Use Scenarios According to Stakeholders

Five potential land-use scenarios were identified and ranked by stakeholders. Only
three of these, namely deforestation, agricultural land reduction, and urbanization, were
recognized as realistic in the study area (Table 5). Stakeholders expressed these scenarios
based on current land-use types and possible transitions (e.g., forests to croplands, forests
to settlements, croplands to settlements, croplands to savannas, savanna to croplands). All
of the identified land-use scenarios will result in an increase in land degradation in the area.
Stakeholders associated this with the long-term effects of driving forces such as population
growth and climate change.

Table 5. Feasible land-use scenarios according to stakeholders.

Ranking o .
Land Use Scenarios Description (1 = Most Important; Vo of Tlmes Feasibility
Mentioned
5 = Least Important)
Deforestation Vegetation converted to other 1 21% Yes

land covers
Afforestation The other land covers are 5 15% No
converted to vegetation

Croplands converted to other

Agricultural land reduction 2 21% Yes
land cover
Agricultural land expansion The other land covers are 4 16% No
converted to croplands
Settlement The other land covers are 3 28% Yes

expansion/Urbanization converted into settlements
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Savanna

- Water bodies

Collecting the perspectives of stakeholders on land use drivers and possible scenarios
has helped us to preselect relevant drivers and transition sub-models to be considered in
the LULC simulation of the Mono River catchment. As a result, the three most important
scenarios identified by the stakeholders (deforestation, agricultural land expansion, and
settlement expansion) were considered as our final set of transition sub-models.

3.3. Modelling of LULC
3.3.1. Explanatory Variables and Transitions Sub-Models

Based on Cramer’s coefficient, the explanatory variables such as population growth,
distance to river, elevation, and slope were used for each transition sub-model (e.g., defor-
estation, agricultural land expansion, and settlement expansion) (Appendix B, Table A2).
The scenarios’ accuracy rates range from 41.7 to 64.2% and therefore demonstrate a wide
range of confidence levels for the different transitions. Indeed, the scenarios” accuracy rate
was higher in agricultural land expansion and deforestation sub-models with 64.2 and
61.6%, respectively. In contrast, the scenario accuracy rate was lower in the settlement
expansion sub-model (41.7%) (Appendix B, Table A2).

3.3.2. Simulated LULC Maps and Area of Changes

Figure 7 shows the predicted LULC maps for the years 2030 and 2050 using the five
land-use classes considered in this study (savanna, forests, water bodies, croplands, and
settlements). Table 6 represents the related statistics of each LULC type from 2030 to 2050.
According to this simulation result, savanna will cover the highest extent with 72.5% and
82.5% of the area in 2030 and 2050, respectively. Settlements and water bodies will have the
lowest extent in 2030, with 1.08% and 0.47%, respectively.

2030 2050
- Forests gl &
0 20 40 80 k) 0 20 40 80 %
- Settlements ——— * — — 4

Croplands
Figure 7. Predicted LULC maps for 2030 and 2050.

Table 6. Area of each LULC type for the years 2030 and 2050.

2030 2050
LULC ha % ha %
Savanna 1,720,830 72.51 1,958,633 82.53
Water bodies 11,110.53 0.47 11,110.53 0.47
Forests 215,016.2 9.06 164,554.4 6.93
Settlements 25,569.53 1.08 30,061.62 1.27
Croplands 400,785.2 16.89 208,951.9 8.80

Total 2,373,311 100.00 2,373,311 100.00
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During the overall period of 2020-2050, the land use land cover pattern shows a
decrease in croplands (—7.8%) and in forest (—1.9%), whereas savanna and settlement will
expand with a change rate of 8.4% and 1.3%, respectively (Figure 8a).

Net Change between 2020 and 2050 Net Change between 2030 and 2050
Cropland -{

— cmpuna'—_l
Settiement - I Settlement
Forest - Forest q’
Water : Water

800 600 400 -200 000 200 400 600 800 400 300 200 -100 000 100 200 300 400 500
(a) (b)

Figure 8. Area of changes for the periods (a) 2020-2050 and (b) 2030-2050.

Savanna -

Similarly, during the period of 2030-2050, cropland and forest will decrease with a
change rate of —4.09% and —1.07%, respectively. In contrast, savanna and settlement will
increase at a rate of 5.07% for savanna and 0.10% for settlement (Figure 8b). The probability
matrix of the Markov chain for each land use persisting of transitioning to another land use
type is presented in Appendix C (Table A3).

3.3.3. Model Accuracy Assessment

The results of the comparison of the simulated and actual maps of 2020 showed a close
similarity between the two LULC maps (Figure 9). In fact, the Kappa Index Agreement
resulted in a Kappa for no information (Kno) of 0.91, a standard Kappa (Kstandard) of
0.89, and a Kappa for grid-cell level location of 0.95 (Klocation) (Table 7). All index values
exceeded the minimum acceptable criterion and were larger than 80%, indicating that the
observed and simulated LULC maps were in good agreement. Hence, the Markov model
can be used to accurately predict LULC maps for 2030 and 2050.

0 20 40 80 0 20 40 80
[ savanna B scttiements o «

- Water bodies Croplands

(@) (b)

Figure 9. Comparison between (a) observed and (b) simulated land use maps of 2020.
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Table 7. Kappa Index of Agreement (KIA).

Statistics Kappa Index
Kno 0.9178
Klocation 0.9518
KlocationStrata 0.9518
Kstandard 0.8929

4. Discussion

Four LULC maps were produced based on Landsat images and using five LULC
classes, namely savanna, croplands, forests, water bodies, and settlements. Analysis of the
maps after classification revealed that savanna and croplands are the major land-use types.
They also presented the highest changes over the past 35 years. From 1986 to 2020, savanna
areas have steadily increased by 16.6% while croplands show a decrease of 9.7%. The same
increasing pattern of savanna has been reported by Judex et al. [56] in the upper Ouémé
in Benin. Likewise, a study conducted by Imorou et al. [57] showed a ‘savannification” of
forests in northern Benin between 2000-2015. Previous research in the Mono river basin [30]
reported as well a conversion of forests into savanna. As for croplands reduction, it can
be explained by the land tenure change over the past decades with a high increase of land
acquisition by individuals in rural and suburb areas of cities [58]. In facts, land tenure is
dominated by purchase-and-sale processes whereby agricultural plots, which use to be
families” properties mainly acquired through inheritance, are now portioned and sold to
individuals and multinationals corporations [59-61] who do not maintain the initial use
of the land for agriculture. In addition, in southern Togo, Bawa [59] reported a 36.35%
decrease of croplands areas (cash crops and cereals) between 2000-2015. Furthermore, the
slight increase of forest lands observed in 2010 can be explained by reforestation efforts
undertaken in Togo between 1991 and 2012, as reported in the country’s third national
communication on climate change [62,63]. However, the overall decrease of forest from
1986 to 2020 may point out potential effects of population growth, timber extraction, bush
fires, and reduction of precipitation as a result of climate change [64—66].

The findings of this study also revealed that stakeholders in the Mono River basin
have a good awareness about changing land use (e.g., its drivers and scenarios). Indeed,
stakeholders perceived rapid population growth as the primary land-use driver, followed
by overexploitation of forest products, rainfall variability, urbanization, and agricultural
expansion. According to stakeholders, these drivers have triggered significant LULC
changes and land degradation, which they expect to continue because of the ongoing
increase in population. Indeed, as it is in most West African countries, the population
growth rate in Togo is high with an average annual growth of 2.84% (and doubles every
25 years) [67]. As a result, the need for more agricultural land, forest products, and
increasing settlements, all contribute to the observed LULC changes in the area. Similarly,
many studies around the world also reported population growth, agriculture expansion,
and resettlements as the main LULC drivers [68-71]. Apart from the human-induced
drivers, stakeholders also listed biophysical factors such as soil type, proximity to river,
and elevation. This was also reported by earlier studies, which indicated a significant effect
of elevation [53] and distance variables [69] on the changes in LULC.

Exploring stakeholders” perceptions on land-use change has helped us in under-
standing the past and current land conditions, as well as identifying relevant drivers and
transitions for the development of the LCM model. Not all of the drivers mentioned during
our workshop with the stakeholders could be considered in the modeling process because
of the limited dataset. Nevertheless, it was important to integrate the local expertise into our
scenario development as a means of model improvement and validation [72,73]. According
to Koo et al. [37], considering local knowledge based on their experience and observations,
as opposed to standard approaches, gives important inputs in generating land-use sce-
narios. However, we recognize that due to the difficulties of individuals recalling their
personal memories of prior landscapes and events, local knowledge of land-use change may
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be insufficient or inaccurate. Therefore, combining these two approaches (participatory
and conventional) becomes essential for visualizing future land-use patterns [37,43,44].

The LULC maps for 2030 and 2050 were predicted using the stakeholders’ perspectives
and the Markov chain model. The main explanatory variables were population growth,
distance to river, elevation, and slope. These were chosen based on Cramer’s coefficient
and their significant impact on LULC, which has been proven by previous research [30,42]
and inputs made by local stakeholders. In our case, the results from the transition power
model showed high predictive accuracy in most of the sub-modules (41.7-64.2%). However,
the predictive accuracy rate of the settlement expansion sub-model (41.7%) was lower
compared to deforestation (61.6%) and agriculture expansion (64.2%) sub-models. This
may be explained by the low classification accuracy rate of settlement (see Section 3.1),
and could also indicate that the drivers used for this sub model are not totally explaining
the settlement change; thus, more variables could be integrated into further studies to
accurately simulate future settlement cover. According to Mas et al. [74], this could also
be due to errors from LCM software or users” manipulations. Nevertheless, LCM gives
us acceptable predictive accuracy rates for deforestation and agriculture expansion sub-
models, as earlier demonstrated by Nahib et al. [75].

From the prediction results, it was observed that savanna would be the dominant
LULC type in the study area over the period 2020 to 2050. Similar findings in Togo were
also reported by Koubodana et al. [30] in the Mono River basin and [76] in the Mo River
basin. Moreover, we noticed an increase in savanna and settlement between 2030 and
2050 with a change rate of 5.07% and 0.10%, respectively. Indeed, savanna would gain a
lot of area from croplands. According to stakeholders, such conversions of cropland to
savanna could be caused by the abandonment of croplands due to excessive floods, which,
in the long term, turns the farmlands into shrubs. For example, farmers are converting
their lands into plantations, fallow lands, or abandonment areas as a means to respond
to the effects of climate change and improve their production systems [77,78]. The slight
increase in settlement could be related to the growing population in the area, as previously
mentioned by [30]. The simulation also revealed that there would be a decrease in cropland
(—4.09%) and forest (—1.07%) between 2030 and 2050. This could be caused by future
climate change-related environmental issues such as forest degradation, agricultural land,
and production losses, erosion, and flooding [79,80]. Considering all these future LULC
changes and their possible impacts on people and the environmental system, decision-
makers need to take steps to limit the severity of changes and implement proper land
use planning strategies in the study area. Development of nature-based and integrated
solutions such as retention areas can be envisaged to support farmers to respond to flood
events and rather use them as an opportunity for fisheries or off-season cropping. That
way, fewer croplands would be abandoned because of climate-related issues. In addition,
the efforts engaged for reforestation in the study area can be combined with agroforestry
options to concomitantly address croplands reduction and eventual food production and
security challenges.

5. Conclusions and Recommendations

This study looked at the historical LULC change in the Mono River basin from 1986 to
2020 and projected the LULC for 2030 and 2050 using the CA-Markov chain model and
the stakeholders’ perspectives. To analyze the changes in land use and land cover during
the past years, five land-use types were classified using a pixel-based Random Forest (RF)
classification technique, which resulted in kappa accuracies above 80%. Out of the five
classes, savanna and croplands are the major ones, and they respectively increased and
decreased over the past 35 years. Overall, forest areas have declined during the same period,
despite a slight increase noticed in 2010. Therefore, ongoing reforestation and afforestation
initiatives in the two countries should be maintained with more involvement of local
communities. The study identified the relevant driving factors (e.g., population growth,
distance to a river, elevation, and slope), which were used to perform the simulation



Sustainability 2022, 14, 4160

17 of 22

of future LULC changes in the Mono River. They were chosen in collaboration with
stakeholders, and other authors have utilized these factors in similar studies to project
LULC maps. In this study, they provided satisfactory prediction accuracy rates and results.
However, with these factors, the accuracy rate of the settlement expansion sub-model
(41.7%) was lower than the deforestation (61.6%) and agriculture growth (64.2%) sub-
models. As a result, new variables (such as land policy data, urbanization rate, and
climate change pressure) could be included in future research to improve the accuracy of
future projections.

The catchment’s LULC fluctuations and land degradation were clearly visible in the
prediction results. The findings revealed a growing tendency in savanna and settlement,
deforestation, and cropland decline, all of which will become the most prominent aspect of
LULC change over the next 30 years. Similarly, stakeholders identified five future land use
scenarios, all of which will intensify land degradation and reduce ecosystem services in the
area. Therefore, to ensure sustainable development in the Mono River catchment, monitor-
ing the ongoing and expected land degradation appears to be very important. Furthermore,
land-use planners and decision-makers must develop and implement appropriate strate-
gies (e.g., land use planning strategies, forest conservation measures) in order to mitigate
the damaging effects of future LULC changes. Novel engagement approaches such as
incentive-based conservation and payment for ecosystem services could also be explored.
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Appendix A
Table A1l. Accuracy assessment of the classified LULC maps (1986, 2000, 2010 and 2020).
References (Pixels) Accuracy Assessment
Land Use/
Water Prod. Users Ov. Acc.
Cover Types Savanna Bodies Forest Settlement Cropland Acc. (%) Acc. (%) %) Kappa
1986 classified data
Savanna 3584 23 52 86 535 83.74 87.59 86.34 80
Water bodies 13 832 3 9 5 96.52 96.97
Forest 87 0 628 1 21 85.21 89.21
Settlement 89 0 10 869 113 80.39 85.36
Cropland 319 3 11 53 3148 89.08 82.37
2000 classified data
Savanna 3676 11 67 63 466 85.83 89.83 87.94 82
Water bodies 14 850 0 0 0 98.38 98.72
Forest 24 0 630 8 20 92.38 89.49
Settlement 9 0 1 861 124 86.53 84.58
Cropland 369 0 6 86 3232 87.52 84.12
2010 classified data
Savanna 3616 9 47 57 656 82.46 88.37 87.59 81
Water bodies 5 827 0 8 2 98.22 96.05
Forest 10 0 630 14 15 94.17 89.49
Settlement 15 2 0 863 85 89.43 84.77
Cropland 446 23 27 76 4626 88.99 85.92
2020 classified data
Savanna 3667 10 31 51 721 81.85 90.01 86.37 80
Water bodies 1 827 0 0 0 99.88 96.05
Forest 6 0 637 0 5 98.3 95.36
Settlement 24 0 0 880 89 88.62 86.44
Cropland 376 24 0 87 3025 86.13 78.78
Appendix B
Table A2. Sub-models’ performance and associated drivers.
Sub-Models Skill Accuracy Requested RMS Selected Cramer’s
Measure Rate (%) Samples per Class  Training Testing Variables Values
Population 0.56
growth
Deforestation 0.4247 61.65 10,000 0.4164 0.4151 Elevation 0.45
Distance to river 0.56
Slope 0.34
Population 054
Agricultural land h ’
gricutira an 0.2843 64.22 9348 04855  0.4841 growt
expansion Elevation 0.28
Distance to river 0.54
Population
- .57
S.et“/em;“t.e"lt’.a“ 0.0904 41.78 9348 04293 04292 growth 0.5
sion/urbanization Elevation 0.05
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Appendix C

Table A3. Markov matrix probability of each land use land cover from 2030 to 2050.

Probability to Changing

Land Use/Cover Types -
Savanna Water Bodies Forest Settlement Cropland

Simulated map 2030

Savanna 0.9938 0.0005 0.0031 0.0019 0.0007
Water bodies 0.1452 0.7532 0.0000 0.0006 0.1010
Forest 0.1136 0.0000 0.8734 0.0001 0.0129
Settlement 0.0387 0.0001 0.0022 0.9310 0.0280
Cropland 0.2873 0.0006 0.0004 0.0065 0.7052

Simulated map 2050

Savanna 0.9836 0.0012 0.0081 0.0052 0.0019
Water bodies 0.4057 0.4276 0.0014 0.0037 0.1615
Forest 0.3070 0.0002 0.6672 0.0011 0.0245
Settlement 0.1295 0.0003 0.0057 0.8077 0.0568
Cropland 0.6293 0.0013 0.0031 0.0145 0.3517
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