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Abstract: In recent decades, population growth and economic development have greatly influenced
the pattern of land use/land cover (LULC) in Rwanda. Nevertheless, LULC patterns and their
underlying change mechanisms under future climate conditions are not well known. Therefore, it
is particularly important to explore the direction of LULC transfer in the study area, identify the
factors driving the transfer of different types of LULC and their changes, and simulate future LULC
patterns under future climate conditions. Based on LULC analyses of Rwanda in 1990, 2000, 2010,
and 2015, the LULC pattern of Rwanda in the next 30 years was simulated using an LULC transition
matrix, random forest sampling, the Markov chain model, and the PLUS model. The results showed
that LULC change in the study area primarily comprised a decrease in forest area and expansion of
cropland area, accompanied by a small increase in grassland area and an annual increase in urban
land area. Prior to 2000, the LULC in Rwanda was mainly converted from forest and grassland to
cropland, with the ratio being 0.72:0.28. After 2010, the LULC was mainly converted from forest to
grassland and cropland, with the ratio being 0.83:0.17. Changes in forests, grasslands, and cropland
are driven by multiple factors, whereas changes in wetlands, water, urban land, and unused land are
more likely to be driven by a single factor. The existing trend of LULC change will continue for the
next 30 years, and the future LULC pattern will exhibit a trend in which cropland area will increase
in the west and grassland area will decrease, whereas grassland area will increase in the east and
cropland area will decrease.

Keywords: land use/land cover; driving factors; future LULC

1. Introduction

Over the years, sustainable development in Africa has been the focus of global at-
tention. Although the population density of Sub-Saharan Africa is still relatively low
(43 persons/km2) [1], the population distribution in East Africa is extremely uneven
because of the differences in topography and climate brought about by the Great Rift
Valley. The population density in some areas exceeds 300–500 persons/km2 [2,3]. The
land resources in this area have been under long-term pressure from the ever-increasing
population. The rapid population growth has given rise to numerous challenges, such
as land degradation, loss of biodiversity, excessive deforestation, water shortages, and
difficulty in ensuring food security. The emergence of these problems undoubtedly has a
negative effect on sustainable development [4,5]. The land resources, which are critical for
human survival, are the carriers of these problems. Anthropogenic activities and the natu-
ral environment can both induce and restrict changes in LULC [6,7]. The expansion of cities
caused by rapid economic development and the expansion of arable land caused by the
rapidly expanding population occur at the expense of forests, wetlands, and grasslands [8].

Rwanda has witnessed rapid population growth and economic development since the
1990s, which have brought about dramatic changes in the LULC pattern of the country [9].
Rwanda relies heavily on rain-fed agriculture, which makes agricultural production and
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food security vulnerable to variations in rainfall. From 1990 to 2015, the cropland area
increased substantially. The rapid expansion of cropland involves the conversion of natural
ecosystems, water, and vegetation into cropland [9]. Large-scale destruction of forests will
cause changes in the water conservation function of forests, which alters the groundwater
cycle at the watershed or regional (the regional) scale [10]. In turn, this causes changes in
the local microclimate, resulting in changes in conditions such as precipitation and temper-
ature [11]. Precipitation and temperature are the two most important factors affecting food
crops, and changes in these factors negatively impact food production, which eventually
causes further expansion of cropland. Cropland is an important source of livelihood for
Rwandans. As the population has increased, the arable area owned by each family has grad-
ually decreased over time. To meet the demand of the growing population for food crops,
the landscape pattern in this region has gradually become more fragmented and the num-
ber of patches has steadily increased [12]. Moreover, the production capacity of cropland
and the self-sufficiency of food crops has gradually declined. This has led to a phenomenon
in which increased cultivation increases poverty, and greater poverty necessitates increased
cultivation. This vicious circle has severe negative impacts on sustainable development.

Although researchers have studied LULC in Rwanda, they have primarily focused
on the following three aspects, namely policy, soil properties, and land use transfer (land
use/land cover change). In terms of policy, researchers believe that more smallholder land
can improve grain output to some extent and enhance food security [13–16]. Bizimana [12]
argued that smallholders play a dominant role in rural areas in Rwanda because they
acquire their land mostly through borrowing. This approach to land acquisition can
stimulate smallholders to invest more labor in their limited land and thus achieve higher
yields. Nilsson [17] found that when the farm area is below 1 ha, the yield can be increased,
whereas the opposite is true when the farm area exceeds 1 ha. This type of research is helpful
to the formulation of ‘top-down’ land use policies. In terms of soil properties, researchers
believe that changes in LULC type reduce soil fertility to a certain extent, resulting in the
loss of soil nutrients [18]. Wasige et al. [19] believed that the soil organic carbon content
was closely related to LULC type, and conversion of forest land to cultivated land would
cause the loss of soil organic carbon. In terms of land use transfer, Berakhi et al. [20]
found that the LULC change in the study area is dominated by cropland expansion, which
gradually reduces the forest, grassland, and wetland areas. Akinyemi [21] showed that
the LULC change in the Albertine rift region of northwest Rwanda was mainly due to the
expansion of cultivated land driven by human activities in the area. Although these studies
have evaluated the LULC situation of Rwanda from the macroscale to the microscale,
research on the quantification of the factors driving LULC change in Rwanda and the
future development trend of LULC is scarce. Therefore, it is particularly important to
comprehensively understand the status of LULC transfer in Rwanda and its driving factors,
and to forecast future use on this basis.

Based on historical data of LULC in Rwanda, the transfer of LULC in different histori-
cal phases is analyzed and the factors driving LULC transfer in each phase are identified.
This comprehensive understanding of the LULC driving factors is combined with demo-
graphic, topographic, climate, and locational factors to predict future LULC in Rwanda.
The results of this study are expected to help enhance natural resource management and
improve the living environment in Rwanda, thereby securing the health and prosperity of
Rwandans in the future.

2. Materials and Methods
2.1. Study Area

Rwanda is located on the East African Plateau, and is bordered by the Democratic
Republic of Congo, Uganda, Tanzania, and Burundi to the west, north, east, and south,
respectively (Figure 1). Rwanda occupies an area of 26,338 km2, and mainly exhibits
mountainous and hilly terrain, followed by river valleys; the altitude of the terrain ranges
from 920 to 4486 m above sea level. Owing to its high altitude, the average temperature
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ranges from 16 to 20 ◦C, which is lower than temperatures typically observed in equa-
torial countries; the temperature changes little throughout the year. Rwanda exhibits a
temperate tropical plateau climate; there are two rainy seasons (March–May and September–
December) and two dry seasons (January–February and June–August) in the year. From
1990 to 2016, the long-term average annual precipitation intensity ranged from 805 to
1725 mm, and the average annual precipitation was approximately 1116 mm. Moreover,
the precipitation in Rwanda is extremely unevenly distributed, and the precipitation in the
northwest is greater than that in the southeast.
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The population of Rwanda in 2015 was estimated to be about 11.37 million, of which
28.81% resided in urban areas [22]. By 2030, the population is expected to reach about
17 million, with 41.55% living in cities. By 2050, the population is projected to exceed
25 million, with 52% living in urban areas. The topography of Rwanda is characterized by
strong landscape heterogeneity; its 30 administrative districts exhibit significant differences
in topography, as shown in Figure 1. The terrain of Rwanda can be described as “high west
and low east”. High mountains and hills (e.g., the Congo-Nile Ridge, Volcanic Highland,
and Buberuka Highland) are present in the northwest, and plains (e.g., the Eastern Savanna
Region, Eastern Plateau Region, Central Plateau Region, and Bugesera-Mayaga Region)
are present in the southeast.

2.2. Data Sources

The LULC data used in this study was obtained from the Rwanda LULC product
generated by the Regional Centre for Mapping of Resources for Development (RCMRD)
in 2015 [23]. The data spans four periods (1990, 2000, 2010, and 2015), and has a spatial
resolution of 30 × 30 m2, and an average inspection accuracy of 77.50% for all LULC types.
The original data contains 14 types of LULC. These 14 types were reclassified to obtain
the following land use types: forest, grassland, cropland, wetland, water, urban land, and
unused land. The reclassification rules are shown in Table 1. The digital elevation model
(DEM) downloaded from the United States Geological Survey (USGS) EarthExplorer [24]
database has a 30 × 30 m2 spatial resolution and was selected to derive the topographic
factor. Precipitation data was taken from the Climate Hazards Group InfraRed Precipitation
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with Station data (CHIRPS), which has been successfully used for scientific research in East
Africa [25,26]. CHIRPS data for the period 2000–2015 was used; the spatial resolution of the
data was 0.05 × 0.05◦. The soil data, which had a spatial resolution of 250 m, was sourced
from the Africa Soil Information Service (AfSIS) [27]. The soil data used in this study
included soil texture (percentage of sand, silt, and clay) and soil organic carbon content.
Population data were obtained from WorldPop [28]. The resolution of the population data
was 1 arc-second (about 30 m at the equator). The vector data for Rwanda Waterways was
provided by the National Institute of Statistics of Rwanda (NISR); it was published in 2015
and covers the main waterways in Rwanda [29]. The vector point data for major cities was
based on the coordinates (longitude and latitude) of 15 major cities in Rwanda, published
by the RCMRD in 2008 [30]. The road data for Rwanda were downloaded from the website
of the African Development Bank Group [31]. The data includes national roads in Rwanda,
which are further classified as paved and unpaved according to surface conditions.

Table 1. Reclassification of LULC type according to the RCMRD classification system.

LULC Type after Reclassification Original RCMRD LULC Type

Forest Dense Forest
Moderate Forest

Sparse Forest
Woodland

Grassland Closed Grassland
Open Grassland

Closed Shrubland
Open Shrubland

Cropland Perennial Cropland
Annual Cropland

Wetland Wetland
Water Water Body
Urban Settlement

Unused Otherland

2.3. Methods
2.3.1. Land Use Transfer Matrix

The LULC transfer matrix helps reflect the internal transfer of regional LULC change
within a period of interest. This method can comprehensively describe the structural
characteristics of regional LULC change and the direction of regional LULC change. This
method is derived from the quantitative description of the system state and transition
state in system analysis. The transfer matrix is not an index; rather, it only expresses the
area of a certain LULC type that has changed in the form of a matrix, which is the basis
of LULC structure analysis and changes the square analysis. The mathematical form is as
follows [32]:

Aij =

∣∣∣∣∣∣∣∣∣∣

A11 A12 A13 · · · A1n
A21 A22 A23 · · · A2n
A31 A32 A33 · · · A3n
· · · · · · · · · · · · · · ·
An1 An2 An3 · · · Ann

∣∣∣∣∣∣∣∣∣∣
(1)

where A is the area, n is the number of LULC types, i (i = 1, 2, . . . n) is the LULC type before
transfer, j (j = 1, 2, . . . n) is the LULC type after transfer, and Aij is the area of j when it is
transferred from i.

2.3.2. Generating Land Use Structure Using the Markov Chain Model

The Markov model was proposed by mathematician A.A. Markov in 1907 [33]. The
Markov model mainly includes the state, state transition process, state transition probability,
and state transition matrix. The Markov chain method is a method to predict the probability
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of occurrence of events based on Markov process theory. It has the feature of no after-
effect, that is, the current state is only related to the state of the previous moment and has
nothing to do with other factors. The land use status can be predicted using the following
formula [34]:

S(T) = Pij × S(T0) (2)

where S(T), S(T0) is the land use status at time T and T0, respectively and Pij is the transfer
probability matrix of land use change.

2.3.3. Land Use Pattern Simulation Using Patch-Generating Land Use Simulation Model
(PLUS)

The patch-generating land use simulation (PLUS) model is a multi-type LULC simu-
lation model developed by Liang et al. [35]; it integrates the influences of anthropogenic
and natural factors. This model proposes a framework for rule mining based on Land
Expansion Analysis Strategy (LEAS). On this basis, a Cellular Automata (CA) model
based on multi-type Random Patch Seeds (CARS) was proposed to better simulate the
fine-scale patch growth of various LULC types. The working principle of the model is
shown in Figure 2. LEAS is used to obtain the land expansion map in this period by su-
perimposing the LULC maps for two periods. Then, the land expansion map and selected
driving factors (Figure 3) are sampled, and the sampled data are used to develop dual-state
Random Forest Models. The relationship between the growth of each LULC type and a
variety of driving factors is discussed, and a map of the growth probabilities of each land
use type and the contribution rate of each driving factor to land expansion is generated.
CARS is a preset scenario-driven LULC simulation model that simulates LULC from the
macroscale (target LULC amount) to the microscale (each grid LULC type) using a series of
competitive mechanisms.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 2. Framework of the patch-generating land use simulation model and the modeling workflow. 

 
Figure 3. Factors driving LULC change: (a–d) soil factors; (e–h) locational factors; (i) precipitation; (j) nature reserve and 
water area; (k) population; (l) topographic factor. Note: All soil factors presented are from 2015 (a–d). The road data are 
from 2017 (e,f). The locations of major cities are from 2008 (g). The precipitation map and population density map are from 
2015 (i,k). 

The model simulates LULC changes based on the driving factors behind the 
dynamics of land use transition, taking into account the background conditions of climate 
during land use simulation, the interaction and competition between different land use 
types during simulation training, and other related factors (nature reserves, cities, 
transportation routes, etc.) on land use simulation. This model can better simulate the 

Figure 2. Framework of the patch-generating land use simulation model and the modeling workflow.



Appl. Sci. 2021, 11, 5376 6 of 19

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 2. Framework of the patch-generating land use simulation model and the modeling workflow. 

 
Figure 3. Factors driving LULC change: (a–d) soil factors; (e–h) locational factors; (i) precipitation; (j) nature reserve and 
water area; (k) population; (l) topographic factor. Note: All soil factors presented are from 2015 (a–d). The road data are 
from 2017 (e,f). The locations of major cities are from 2008 (g). The precipitation map and population density map are from 
2015 (i,k). 

The model simulates LULC changes based on the driving factors behind the 
dynamics of land use transition, taking into account the background conditions of climate 
during land use simulation, the interaction and competition between different land use 
types during simulation training, and other related factors (nature reserves, cities, 
transportation routes, etc.) on land use simulation. This model can better simulate the 

Figure 3. Factors driving LULC change: (a–d) soil factors; (e–h) locational factors; (i) precipitation; (j) nature reserve and
water area; (k) population; (l) topographic factor. Note: All soil factors presented are from 2015 (a–d). The road data are
from 2017 (e,f). The locations of major cities are from 2008 (g). The precipitation map and population density map are from
2015 (i,k).

The model simulates LULC changes based on the driving factors behind the dynamics
of land use transition, taking into account the background conditions of climate during
land use simulation, the interaction and competition between different land use types
during simulation training, and other related factors (nature reserves, cities, transportation
routes, etc.) on land use simulation. This model can better simulate the LULC pattern
with scattered patches. Moreover, research has shown that the PLUS model can simulate
LULC and landscape patterns well, and that the simulation accuracy is better than that of
models such as the Future Land Use Simulation (FLUS) model, the Conversion of Land
Use and its Effects (CLUE) model, and Artificial Neural Networks–Cellular Automata
(ANN-CA) [35,36].

2.3.4. Coupling Mechanism of Markov Chain and the PLUS Model

Although the Markov chain can effectively reflect the temporal changes in LULC,
it cannot effectively characterize the spatial attributes of the data, nor can it display the
spatial change distribution of these elements. Therefore, the method based on the coupling
of the Markov chain and the PLUS model can be used to simulate and predict the temporal
and spatial distribution of future LULC in the study area. The coupling mechanism is
shown in Figure 4. The total amounts of different LULC types in Rwanda in different years
(2015, 2020, 2030, 2040, and 2050) were forecasted. Then, the total LULC data for different
years were input into the PLUS model, and the spatial distribution of different LULC types
in Rwanda in each year was simulated using 2010 as the starting point of the simulation.
The simulation results for 2015 were used to verify the model.
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2.3.5. Model Validation

Cohen’s kappa coefficient is commonly used to verify data consistency [37]. Theo-
retically, the calculated results of Cohen’s kappa coefficient fall between −1 and 1, but
values typically range is between 0 and 1. Values of Cohen’s kappa coefficient that are
close to 1 indicate a high consistency between the two maps. Generally, values of Cohen’s
kappa coefficient that are greater than 0.6 indicate substantial consistency between two
images. However, because Cohen’s kappa coefficient has certain limitations related to the
verification of consistency, the figure of merit (FoM) as well as Cohen’s kappa coefficient
were used to characterize the accuracy of the LULC model in this work.

Proposed by Pontius et al. [38], the FoM is an indicator that reflects unit level con-
sistency and pattern level similarity. It is the ratio of the intersection of the observed and
predicted changes to the union of the observed and predicted changes. The calculation
formula is as follows:

FoM = B/(A + B + C + D) (3)

where A is the area of error due to observed change predicted as persistence, B is the area of
correct due to observed change predicted as change, C is the area of error due to observed
change predicted as wrong gaining category, and D is the area of error due to observed
persistence predicted as change. The FoM index is superior to the commonly used kappa
coefficient for evaluating the accuracy of simulated changes [38]. Through verification, it
has been found that the range of FoM index values generally falls between 0 and 0.59 [36],
and it is most often below 0.3. When the FoM exceeds 0.3, the consistency between the two
images is very high and is almost perfect.

3. Results
3.1. Dynamics of Land Use/Land Cover Change from 1990 to 2015

Figure 5 indicates that the area of forest, grassland, cropland, wetland, water, urban
land, and unused land in Rwanda accounted for 29.64%, 18.13%, 41.51%, 3.77%, 6.06%,
0.82%, and 0.08% of the total area, respectively. Among them, forest, grassland, and
cropland are the main LULC types; together, they account for 89.28% of the study area
(Appendix A Table A1). As shown in Figure 5, the areas of forest, grassland, and cropland
changed significantly from 1990 to 2015 and of the urban land area showed an increasing
trend, whereas the area of other land use types showed no obvious change trend. From 1990
to 2015, the forest area gradually decreased with time, the relationship between cropland
and forest was a declining relationship, and the grassland area first decreased and then
increased. In 1990, the forest area in Rwanda was 10,894.89 km2, which was much higher
than the cropland area in the same period (6241.79 km2). However, in 2000, the cropland
area (11,262.8 km2) was higher than the forest area (7471.05 km2) (Table 2). From 1990 to
2000, the cropland area increased by 5021.01 km2, accounting for 19.80% of the national
area; conversion from forest accounted for 3525.38 km2 of this area, while conversion from
grassland accounted for 1387.17 km2 of this area. The ratio of area converted from forest to



Appl. Sci. 2021, 11, 5376 8 of 19

that converted from grassland was 0.72:0.28. Between 2000 and 2010, 2415.23 km2 of forest
area was converted to cropland, whereas 2632.37 km2 of cropland area was converted to
forest during the same period. The area of cropland converted to grassland was 744.76 km2,
and the area of grassland converted to cropland was 921.74 km2. The area of grassland
converted into forest was 335.90 km2. From 2010 to 2015, the forest area was reduced
to 4322.12 km2, resulting in the cropland area reaching 13,446.27 km2 in 2015 and the
grassland area increasing to 4816.66 km2. The area converted from grassland to forest was
335.90 km2.
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Table 2. Transfer matrix of land use types in Rwanda from 1990 to 2015 km2.

Land Use Type
1990

Forest Grassland Cropland Wetland Water Urban Unused

2015

Forest 3370.27 301.13 612.11 29.87 5.51 2.05 1.13
Grassland 1226.14 2940.45 502.29 117.45 5.72 0.86 23.74
Cropland 6065.24 2081.78 5034.99 220.50 27.56 5.62 10.48
Wetland 84.89 50.92 11.80 703.26 36.87 0.39 0.03

Water 21.12 9.75 6.45 24.83 1459.11 0.01 0.00
Urban 124.41 59.37 70.56 1.18 0.19 107.42 0.15

Unused 2.00 0.47 3.34 0.03 0.00 0.04 0.00

From 2010 to 2015, the forest area decreased to 4322.12 km2, whereas the cropland
area reached 13,446.27 km2 in 2015, and the grassland area increased to 4816.66 km2.
Compared with 2010, the cropland area increased by 2280.07 km2, the forest area reduced
by 3066.17 km2, and the grassland area increased by 819.45 km2. The net area converted
from forest to cropland was 2497.92 km2, and the net area converted from forest to grassland
was 512.67 km2, at a ratio of 0.83:017.

3.2. Driving Factors and Changes in Land Use/Land Cover

In this study, 11 indicators (Figure 3) of five driving factors, namely location, soil,
population, precipitation, and topography, were selected. Changes in the driving factors of
LULC during three phases, namely Phase A (1990–2000), Phase B (2000–2010), and Phase
C (2010–2015), were analyzed. As shown in Figure 6, changes in forest, grassland, and
cropland are driven by multiple factors such as location, soil, population, precipitation,
and topography; By contrast, changes in wetland, water, urban land, and unused land are
mainly driven by a single factor, and supplemented by other factors.
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During Phases A and B, precipitation had the highest contribution rate to forest change,
followed by population, topography, location, and soil. During Phase C, topography had
the greatest contribution rate (25.5%) to forest change, followed by population (23.00%),
precipitation (21.84%), location (16.89%), and soil (12.73%). During Phases A and B, popu-
lation had the highest contribution rate to grassland change, followed in decreasing order
by topography, precipitation, soil, and location. During Phase C, precipitation became the
largest force driving grassland change, with a contribution rate of 26.45%; it was followed
by population (23.97%), topography (21.82%), location (16.54%), and soil (11.22%). The
driving factors contributing to cropland change were population, precipitation, topogra-
phy, location, and soil, in decreasing order of their contribution rate. Population had the
highest contribution rates in Phases A (26.89%), B (27.90%), and C (29.19%); its contribution
exhibited an increasing trend. Precipitation had the second-highest contribution rates to
cropland change in Phases A (20.98%), B (21.65%), and C (23.51%); its contribution also
exhibited an increasing trend with time. Topography had the third-highest contribution
rates to cropland change in Phases A (23.72%), B (22.91%), and C (18.72%); its contribution
rates exhibited a decreasing trend with time. The contribution rates of topography to
wetland change during Phases A, B, and C were as high as 41.56%, 43.32%, and 45.54%,
respectively; they demonstrated an increasing trend, indicating that topographic factors
were the most important factors limiting wetland change. Topography, precipitation, and
location were among the factors driving the change in water. Of these, the contribution
rates of topography during Phases A (43.68%), B (55.54%), and C (25.45%) were the high-
est. Precipitation had the second-highest contribution rates during Phases A (16.32%),
B (10.17%), and C (21.17%). The contribution rate of location during Phase C increased
sharply to 29.21%, making location the main factor driving the change in water during
Phase C. Urban land change was mainly influenced by population. During Phases A, B, and
C, the contribution rates of population to urban change were 72.54%, 79.38%, and 55.24%,
respectively. Moreover, the contribution rates of precipitation and soil to urban change
increased gradually with time. From Phase B to Phase C, there was a change in the main
factors driving changes in unused land. The main factor limiting land use change during
Phases A and B was precipitation, which had contribution rates of 50.22% and 55.75%,
respectively. During Phase C, soil and topography became the main factors limiting the
change in unused land. The contribution rates of soil to the change in unused land were
6.35%, 13.23%, and 35.65%, respectively, during Phases A, B, and C, showing a gradually
increasing trend.
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3.3. Simulation of Future Land Use/Land Cover Pattern

Driven by the demand for land use in the future, the PLUS model was used to simulate
LULC changes in different years. The simulation results are shown in Figure 7. The results
indicate that the actual land use in Rwanda in 2015 (Figure 7a) and the simulated land use
(Figure 7b) were very similar. The kappa coefficient of the two LULC images was 0.7325,
indicating that the two images were highly consistent. The FoM value was 0.3584, which
was much higher than the FoM value obtained by Liu et al. [36] (0.1962), who used the
PLUS model to simulate LULC in mainland China. The FoM value obtained herein was
also higher than that obtained by Liang et al. [35] (0.2514), who simulated LULC in Wuhan.
This indicated that the simulated LULC pattern was almost the same as the actual pattern,
and the simulation results were credible.
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In terms of temporal evolution, the forest area in Rwanda was projected to decrease
gradually from 4326.64 km2 in 2015 to 2332.72 km2 in 2050. Both grassland and cropland
showed an increasing trend, increasing, respectively by 1180.01 km2 and 999.09 km2.
Wetlands and water decreased by 343.36 km2 and 117.66 km2, respectively, and urban land
expanded from 363.29 km2 in 2015 to 637.97 km2 in 2050.

In this study, the agro-ecological zones proposed by Iiyama et al. [1] were used as the
standard to calculate the future LULC distribution in Rwanda (Appendix B Figure A1).
Iiyama et al. [1] divided Rwanda into six eco-agricultural zones, namely the Eastern
Savanna (ES), Eastern Plateau (EP), Bubureka Highland (BH), Central Plateau and Collines
(CP), Volcanic Highland (VH), and Congo-Nile Crest (CNC). The main LULC types in ES
and EP were grassland and cropland, and both regions demonstrated a trend of increasing
grassland and decreasing cropland (Figure A2a,b). BH and CP primarily consisted of
cropland, which demonstrated an increasing trend in both regions. It is noteworthy that
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the forest land in BH and CP, although not large, exhibited a decreasing trend in both
regions (Figure A2c,d). VH mainly consisted of forest and cropland, followed by urban
land; the woodland and cropland area in this region decreased, but the urban land area
increased significantly (Figure A2e). The main LULC types in CNC were cropland and
forest. The forest area showed a decreasing trend, whereas the cropland area exhibited an
increasing trend (Figure A2f). To further identify the spatial change characteristics of the
main LULC types in the study area, the hotspots of the changes in area for forest, grassland,
cropland, and urban land were identified (Figure 8). The regions of change (decrease) in
forest land were mainly distributed in the western parts of BH, CNC, and PC. The regions
of change (increase) in grassland were mainly distributed in the southern parts of ES and
EP. The regions of change (increase) in cultivated land were essentially the same as those of
forest land. The changes in urban land use were mainly caused by the expansion of cities,
so the regions of change for cities were mainly distributed in the areas surrounding the
original cities. The regions of change (decrease) in forest land were mainly distributed in
the western parts of BH, CNC, and PC. The regions of change (increase) in grassland were
mainly distributed in the southern parts of ES and EP. The regions of change (increase)
in cropland were basically the same as those of forest land. The change in urban land
was mainly due to the expansion of cities, so the regions of change for cities were mainly
distributed in the areas surrounding the original cities.
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Overall, over the next 30 years, most of the areas of forest loss in Rwanda were
projected to be located on either side of the Congo/Nile watershed in the western part of
the country and in the VH region in the north. The increase in grassland was projected to
occur primarily in the eastern ES and EP regions. The increase in cropland was mainly
projected to occur in the BH, PC, and CNC regions in the northwest.
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4. Discussion
4.1. Analysis of Historical Land Use/Land Cover Change

Forest land, grassland and cropland are the main LULC types in the study area, and
the total amount between 1990 and 2015 remained essentially constant. However, analysis
of the conversion between different LULC types indicated that the conversion between the
three LULC types was quite pronounced (Table 2).

Between 1990 and 2000, the LULC change consisted mainly of the conversion of
grassland and a large amount of forest land to cropland. Of the newly transferred cropland,
72% was converted from forest land and 28% from grassland. This was caused by the
surge in population during that period. Wars and turbulence during the early 1990s in
Rwanda caused the loss of a significant amount of population by death and displacement.
After the wars, the displaced population gradually moved back, and the population began
to recover. However, the economic impacts of the war meant that the survival of the
returning population could not be effectively guaranteed [39]. Therefore, large portions
of forest were cut down for firewood and charcoal to cope with the energy shortage
caused by the insufficient production capacity [40]. At present, the vast majority of the
rural population (93%) uses firewood for cooking. In cities, charcoal is used by 51% of
households, followed by firewood (45%) [41]. The precipitation and temperature conditions
unique to Africa cause the rapid deterioration of the surface humus in woodland areas
after logging [42], producing fertile soil, which is then converted to cropland. Even in
barren, underdeveloped shrublands or woodlands, fire is used to clear the ground in
order to produce farmland with high organic matter content [41]. Between 2000 and 2010,
there were mutual conversions between forest and cropland, and between grassland and
cropland. However, the circulation among the three land types achieved an overall balance,
and the total amount of change was not significant. The population of Rwanda continued
to increase between 2000 and 2010, but there was no significant reduction in forest area.
This was considerably influenced by afforestation during the early part of the 21st century.
A large reforestation effort increased the overall forest cover by an average of 8% annually
between 2000 and 2005, although virtually none of the resulting forest is classified as
primary forest. The demographic structure during this period also contributed to this
phenomenon. Although the population growth rate began to increase gradually (from 1.2%
to 2.6%) after the post-war population migration [3], the migrating population primarily
consisted of women and children; compare with young adult men, such populations do
not have a high production capacity [43]. Therefore, there was no major change in the
amount of forest land during this period. After 2010, there was a massive conversion of
forest to cropland and grassland; this was accompanied by a conversion of cropland to
grassland. Of the forest area that was transferred, 83% became cropland and 17% became
grassland. This was attributed to the dual effects of a rapidly growing population and a
rapidly developing economy.

Owing to the high population pressure, Rwanda is facing an energy crisis, food
security problems, and other similar social challenges. The development undertaken to
overcome these challenges causes deforestation. The abundant surface vegetation can be
used directly as energy material. The newly transformed cropland (from forest) exhibits
high nutrient content, good soil structure, and high yield. Moreover, as part of the ‘Vision
2020′ of Rwanda, its national economy has also witnessed rapid growth. Between 2004
and 2014, the gross agricultural product accounted for 34% of the total annual GDP [44].
This means that the crops produced on the limited arable land not only need to meet the
survival needs of the large population, but also need to support the GDP growth as part of
the rapid development vision.

The massive conversion of forest into cropland and grassland can also be attributed
to the lack of sustainable and effective land management measures. Although the first
land policy (i.e., the National Land Policy) of the new century was promulgated in 2004,
it focused on land law reform, land use rights, and land fees and taxation management;
it did not provide clear provisions for sustainable land development [45]. The lack of
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management policies for sustainable land development has led to several land problems,
such as the excessive fragmentation of agricultural land by families and land degrada-
tion [12]. In 2004, the average area of cropland possessed by a Rwandan rural household
was about 0.6 ha, and this value could be as low as 0.25 ha. The very high number of
families has caused severe fragmentation, which has accelerated the degradation of the
land and intensified soil erosion [46]. This kind of unsustainable development of cropland
means that forest land is continuously being converted to other LULC types.

4.2. Analysis of Factors Driving Land Use Change

The area of forest, grassland, and cropland changed over time, and the factors driving
this change in area have also changed gradually. In Rwanda, changes in forest, grassland,
and cropland were driven by multiple factors, while changes in wetlands, waters, urban
land, and unused land were driven to a greater degree by a single factor than the first
three. In 2010 (from Phase B to C), the driving factor of forest changed from ‘precipitation—
population’ to ‘topography—population’. This change indicated that precipitation was no
longer the main factor limiting the change in forest land. Instead, topography and the high
population pressure together drove the change in forest. In East Africa, population was the
main factor driving LULC change, but the main factor driving forest change did not change
to population [6]. This is because low-altitude, scattered forest patches were gradually
converted into cropland. Most of the newly added forest land was located in high-altitude
areas that were not suitable for human habitation, or in areas such as nature reserves
(Nyungwe Forest National Park); population pressure could not be expressed effectively
in areas with few people. Moreover, Rwanda has a temperate tropical plateau climate
with abundant rainfall and rapid vegetation growth, so precipitation became the main
driving factor. The driving factor of grassland changed from ‘population—topography’
to ‘precipitation—population’. Under high population pressure, grassland suitable for
cultivation was transferred to cropland (Table A2). Therefore, during Phases A and B,
population was the main factor driving grassland change, and topography was the factor
limiting the expansion of grassland. Owing to the lack of sustainable land management
measures, part of the cropland underwent severe deterioration and was abandoned because
it was unsuitable for cultivation (Table A3). After a short period of natural succession,
the vegetation in these abandoned cropland areas was restored to grassland vegetation.
The natural succession of grasslands was mostly observed in areas with abundant rainfall
and dense populations. Therefore, precipitation and population became the new driving
forces for grassland change. The driving factor of cropland changed from ‘population—
topography’ to ‘population—precipitation’. Owing to the increase in population pressure,
croplands gradually expanded. The expansion of cropland caused a reduction in the forest
distributed in high-altitude and high-latitude areas. The topography could no longer
limit the expansion of cropland, and thus, topography was no longer the main factor
restricting the expansion of cropland. Furthermore, owing to the increase in the elevation
of cropland, which was more abundant in the high-altitude areas of Rwanda, precipitation
replaced population as the main factor driving cropland change. Wetlands were primarily
distributed along river courses, and were therefore primarily found in the low-altitude and
relatively flat eastern regions with developed water systems; the fluctuations to their area
were small. Thus, topography was the main factor limiting wetland changes.

The driving factor of water area changed from ‘topography—population’ to ‘location—
topography’. Rwanda’s water bodies are primarily natural rivers and lakes, which serve as
the sources of water used by Rwandans for various activities. Thus, the change in water
area is driven by the population. [47].

The cropland in the river valleys is also an important part of the arable land in Rwanda.
Rwanda receives abundant rainfall and frequent heavy rains during the rainy seasons,
which raises level of water in its rivers. The existence of drainage measures maintains the
stability of the arable land area in the river valleys. However, with the growth of population
and the intensification of urbanization, the demand for water among the population has
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increased, and a portion of the agricultural land in the river valleys has been occupied
by river channels, or even used for water storage. This is the reason why 14.81 km2 of
cultivated land was converted into water area during 2010–2015 (Table A4).

The driving factor of urban land changed from ‘population’ to ‘population—soil’.
Population was undoubtedly the most important factor driving urbanization, but soil
became a secondary driving factor because the locations of new cities were not determined
solely by population gathering, as before; rather, these locations were the results of more
scientific planning. Soil properties are an important factor in the development of cropland.
Therefore, the growth of urban land was driven by soil factors.

The driving factor of unused land changed from ‘precipitation—location’ to ‘soil—
topography’. This was related to the degradation of cropland owing to the lack of effective
cropland management measures under the high population pressure. As a result of early
unreasonable reclamation, part of the low-fertility land was developed as cropland. How-
ever, with the passage of time, such land was quickly abandoned because it could not meet
the demand for food crops. Furthermore, no natural grass or other vegetation was derived
before it was transformed into grassland, and this land therefore became unused land,
which demonstrated that this change was driven by soil factors.

4.3. Analysis of Future Land Use Change

In the next 30 years, LULC changes in Rwanda will mainly consist of reductions in
forest area and increments in grassland and cropland area, followed by urban expansion.
This is closely related to the gradual increase in the population of Rwanda. Given a certain
unit agricultural output, reclamation of forest becomes the best approach to ensure food
security [48]. Rwanda’s post-war recovery was achieved in this manner in the past, and
this approach is expected to continue for the foreseeable future.

Spatially, the future LULC of Rwanda exhibits ‘grassland moving eastward’ and
‘cropland moving westward’ trends. The ‘westward movement’ of cropland is the result of
a combination of several factors. The coupling of precipitation, topography, and farming
patterns is an important factor. The precipitation and topography of Rwanda, which
is located in the interior of the East African Plateau, are high in the west and low in
the east (Figure 3i). Moreover, the agricultural system consists primarily of rain-fed
agriculture. Most food crops need to be planted and harvested during the two rainy
seasons. However, heavy rainfall and frequent floods occur during the rainy seasons,
necessitating the implementation of agricultural drainage systems in Rwanda [49,50].
However, the agricultural drainage system in Rwanda is not well developed, and therefore,
the natural advantages of the topography are employed to solve this problem. In addition,
the western region consists mainly of forest, and cropland that has been converted from
forest has more abundant soil nutrients and produces higher yields.

The ‘eastward movement’ of grassland is caused by natural and socio-economic factors.
In terms of natural conditions, the road network in the ES and EP regions in the east is not
well developed (Figure 3e,f), and the vegetation consists mainly of sparse grassland, which
is not suitable for reclaiming high-quality cropland. With the rapid development of society
and economy, the diet of the population has changed, and the demand for meat, dairy
products, and animal husbandry products has increased [51,52]. The eastern region has
flat topography and numerous pastures. The water system in this region is well developed
and the water supply is adequate, which favors the development of animal husbandry.

5. Conclusions

Based on the analysis of LULC transfer in Rwanda during the historical period (1990–
2015), this study found that the LULC in Rwanda was dominated by the decrease in
forest land and the expansion of cropland. Moreover, the wetland, water and unused
land areas fluctuated with the annual increase in grassland and urban land. Before 2000,
LULC transfer in Rwanda primarily consisted of the conversion of forest and grassland to
cropland, with 72% of the newly generated cropland coming from forest land, and 28%
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coming from grassland. From 2000 to 2010, the land transfer was balanced. After 2010,
83% of the transferred forest land was converted to cropland, and 17% was converted to
grassland. Changes in forest, grassland, and cropland areas were driven by multiple factors,
whereas changes in wetland, water, urban land and unused land areas were dominantly
influenced by a single factor. Moreover, the factors driving different LULC types changed
with the passage of time.

The PLUS model was applied to simulate the LULC pattern in Rwanda during the next
30 years. The simulation results showed that the PLUS model has high simulation accuracy
and generates a reliable LULC pattern. In Rwanda, the LULC will continue to exhibit a
trend of decreasing forest and increasing grassland and cropland. Moreover, the model
indicated that the cropland in the western part has increased and the forest has decreased.
The grassland in the eastern part has increased, but the cropland has decreased. Thus, the
trend observed is that of cropland ‘moving westward’ and grassland ‘moving eastward’.
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Appendix A

Table A1. Areas of various LULC types in Rwanda from 1990 to 2015 (km2).

Year
LULC Types

Forest Grassland Cropland Wetland Water Urban Unused

1990a 10,894.89 5444.06 6241.79 1097.86 1535.64 116.39 35.53
2000a 7471.05 4136.14 11,262.80 809.2 1536.48 138.51 11.99
2010a 7388.28 3997.21 11,166.21 1025.61 1551.55 209.73 25.15
2015a 4322.12 4816.66 13,446.27 888.22 1521.3 363.29 5.88

Table A2. Transfer matrix of land use types in Rwanda from 1990 to 2000 (km2).

Land Use Type
1990

Forest Grassland Cropland Wetland Water Urban Unused

2000

Forest 5154.44 668.79 1431.09 181.15 23.37 10.73 1.47
Grassland 648.83 2952.7 376.11 130.75 8.38 5.96 13.41
Cropland 4956.47 1763.28 4404.05 103.53 12.85 2.41 20.21
Wetland 69.93 44.47 18.53 651.5 24.68 0.09 0

Water 21.2 7.58 10.7 30.65 1466.35 0.01 0
Urban 38.06 1.84 1.32 0.09 0 97.19 0.01

Unused 5.97 5.39 0 0.19 0.01 0 0.43
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Table A3. Transfer matrix of land use types in Rwanda from 2000 to 2010 (km2).

Land Use Type
2000

Forest Grassland Cropland Wetland Water Urban Unused

2010

Forest 4341.84 335.90 2632.37 58.35 16.38 2.65 1.41
Grassland 468.12 2745.70 744.76 20.97 6.57 1.74 9.50
Cropland 2415.23 921.74 7707.01 89.41 21.01 12.14 0.01
Wetland 185.71 83.43 107.60 619.57 29.30 0.24 0.43

Water 34.05 12.18 22.19 20.64 1463.13 0.00 0.00
Urban 24.51 16.03 47.16 0.24 0.05 121.74 0.00

Unused 1.59 21.16 1.72 0.02 0.03 0.00 0.63

Table A4. Transfer matrix of land use types in Rwanda from 2010 to 2015 (km2).

Land Use Type
2010

Forest Grassland Cropland Wetland Water Urban Unused

2015

Forest 3325.70 174.22 770.47 35.38 11.25 3.65 1.45
Grassland 686.89 2745.16 1275.38 77.66 9.18 2.37 20.02
Cropland 3268.39 1022.97 8919.06 180.68 38.21 13.63 3.33
Wetland 67.73 24.01 58.26 711.41 26.47 0.30 0.03

Water 13.45 7.15 14.81 19.71 1466.12 0.01 0.04
Urban 25.72 23.49 123.21 0.71 0.32 189.73 0.11

Unused 0.41 0.20 5.02 0.05 0.00 0.04 0.16
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