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Abstract 

Understanding the feedback between climate and land-cover is important for planning climate mitigation and 
adaptation measures at local scales. This study presents evidence that climate change has the potential to 
influence land-cover patterns over space and time and land change models can compliment climate models to 
provide better understanding of the climate and land-cover relations at local levels. Present day (1982–2006) and 
downscaled future (2046–2065) rainfall and temperature data were integrated with local eco-geographical factors 
to build change suitabilities for land-cover change for present day and future climate scenarios. The basis 
land-cover maps were derived from Landsat imageries. The change suitabilities were combined with markov 
probabilities and applied to the basis land-cover to predict future land-cover maps under the present day and 
future climate scenarios using Idrisi’s Cellular Automata-Markov land change model. The results suggest that 
forest and woodland which is the major canopy ecosystems are expected to remain relatively stable both in areal 
coverage and spatial pattern under the present day climate scenario. In the future climate scenario, the areal 
coverage of the canopy ecosystems is expected to be relatively stable, but dramatic change in the spatial pattern 
is likely as the wooded savanna becomes drier. The forests would likely become more disturbed, with galleria 
forest becoming the most significant forest type. Shrub/grassland is also projected to become much more 
widespread. This scenario is expected to alter the spatial pattern of emerging built up and agricultural land-uses. 

Keywords: GIS, land-cover, climate change, cellular automata-markov, savanna, Nigeria 

1. Introduction 

Land-use and land-cover (LULC) change which refers to modification or replacement of cover types represents 
an index of significant natural and anthropogenic disturbance to ecosystems. It is important in the global change 
process particularly with respect to the climate systems (Neigh, Tucker, & Townshend, 2008; Li, Ma, Xu, Wang, 
& Zhang, 2009; Hoffman & Jackson, 2000). The relationship between climate and terrestrial ecosystems is 
characterized by a two-way feedback. While much is now known about the possible impacts of land-cover 
change on the climate system (Taylor, Lambin, Stephenne, Harding, & Essery, 2002; Abiodun, Pal, Afiesimama, 
Gutowski, & Adedoyin, 2008), the potential of the climate to influence land-cover change across space and time 
has not received considerable attention (Hely et al., 2006; Hoffman & Vogel, 2008). This latter part of the 
interaction needs to be better understood in the context of the requirements for local climate mitigation and space 
and context-specific adaptation measures.  

Solomon et al. (2007) suggested that land-cover changes may have positively influenced the pre-industrial 
climate. On the other hand, the general increase in temperature and decline in rainfall that have characterized the 
present climate are projected to have negative impacts on land-cover. This also posed the possibility of climate 
becoming a strong driver of future ecosystem changes and biodiversity (Leary, Kulkarni, & Seipt, 2007, German 
Advisory Council on Climate Change, 2008). The potential impact of vegetation on climate is becoming better 
established in land surface climatology studies. Sensitivity experiments conducted using general circulation 
models (GCMs) and regional climate models (RCMs) at global to sub-regional scales often use simple to 
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moderate land-cover change assumptions. However, they have provided insights into the dynamics of 
land-atmosphere interactions and potential impacts on temperature, rainfall, wind, albedo, etc (see MacKellar, 
Tadross, & Hewitson, 2009; Wang & Eltahir, 2000; Nicholson, 2000; Taylor et al., 2002; Abiodun et al., 2008; 
Li et al., 2009). The coarse spatial resolution of some of the models often masks large differentials in the actual 
gradient and other characteristics of land-cover types. Some assumptions of large scale changes in vegetation are 
often unrealistic because vegetation and land-cover changes tend to occur in complex, heterogeneous patches 
across space. Many impact applications, including local mitigation and adaptation actions, require the equivalent 
of local-scale observations. They are very sensitive to fine-scale climate variations that are parameterized at a 
coarse scale in climate models (Wilby et al., 2004; Hewitson & Crane, 2006).  

However, climate models have generally addressed one side of the feedback. There are very few studies on 
changes in the land-cover over time and across space in response to changing climate. A good knowledge of the 
human drivers of LULC change (such as resource use decisions including agriculture, logging, and wood 
extraction at local levels) and the ecogeographical factors that drive the local climate system is important for 
understanding land-use and cover dynamics across space under a changing climate. Some of these local drivers 
may be difficult to parameterize in climate models with coarse resolutions. Geographic information system (GIS) 
and remote sensing (RS) can generate and effectively integrate local ecogeographical factors and resource use 
decisions in modelling LULC change. GIS and RS can also provide feedbacks that can be incorporated into 
place and context specific adaptation planning. The integration of GIS and RS can, therefore, effectively 
compliment climate models in understanding the impacts of the climate on land-cover change especially at local 
levels.  

We argue in this paper that land change models developed through the integration of GIS and RS data can 
potentially compliment climate models in providing insight into climate and land-cover relations across space 
and time. We also argue that changing land-cover pattern in response to the climate has the possibility to trigger 
spatial reorganization in the pattern of settlement and agrarian land-uses across space and time in poor 
small-holder, rainfed agrarian landscapes. In the sahel and savannas where agriculture is predominantly rainfed, 
rainfall decline has been hypothesized to have strong negative effect on LULC change (Hoffmann & Jackson, 
2000; Omotosho & Abiodun, 2007). The aim of this study is to demonstrate that the pattern of land-cover 
changes in the wooded savanna will follow different trajectories in response to changes in rainfall and 
temperature under the present day and future climate scenarios.  

The basis land-cover (1986 and 2006) was derived from Landsat imageries. Markov probability matrices and 
conditional probabilities of change for each land-cover category were generated from the basis land-cover. Local 
ecogeographical factors (including derivatives from terrain, soil and population) were combined with mean 
historical rainfall and temperature data (1982–2006 which represents present day climate) and downscaled 
rainfall and temperature data (2046–2065 which represents future climate) to build change suitability maps for 
each land-cover category. Two sets of change suitabilities - one for present day climate and another for the future 
climate - were prepared. The suitability maps were applied to the basis land-cover maps and the conditional 
probabilities of change to simulate the land-cover under the present day and the future climate scenarios. The 
simulation was carried out using Idrisi’s dynamic Cellular Automata-Markov land change model. 

2. Materials and Methods  

2.1 Regional Setting 

The study area is roughly defined by Latitudes 8° to 9°15' North and Longitudes 3°50' to 5°50' East. It covers 
about 40,000 km2 in western Nigeria, extending from the border with Benin Republic in the west to the Niger 
floodplains in central Nigeria covering parts of Oyo, Kwara, Kogi, Niger, Ekiti and Osun States (Figure 1).  
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Figure 1. The study area 
 

The study area is covered by the wooded savanna ecology which approximates the transitional zone between the 
southern rainforest and the northern grassland savanna. Average elevation is about 300 m but with outcrops 
rising above 500 m in the eastern axis. Vegetation consists of mixture of trees and grasses, as well as moist 
peri-forest mixed with savanna of anthropic degradation and patchy landscape (Hoffmann & Jackson, 2000; 
Bucini & Lambin, 2002). Generally, the area is characterized by a sub-humid Koppen’s Aw climate (Kottek, 
Grieser, Beck, Rudolf, & Ru, 2006). Annual rainfall received falls between 900 mm and 1300 mm and mean 
maximum temperature range is between 28 oC and 36 oC with peak temperature occurring around February and 
March. The southern part shares the bimodal rainfall pattern of the southern rainforest belt with peaks in mid 
June to July and September. The highest monthly rainfall occurs in September as opposed to July for the 
rainforest belt. Monsoonal wind and mesoscale convective processes (MCS) are the dominant rain producing 
forces over the region. The MCS predominates and produces over 75% of rainfall received (Omotosho & 
Abiodun, 2007).  

Population density is high, the ecosystem contributes significantly to human well-being and 
poverty-environment linkage is very strong. Survival for large rural population depends on small-holder rainfed 
agriculture (Odekunle, Balogun, & Ogunkoya, 2005; Afiesimama, Pal, Abiodun, Gutowski, & Adedoyin, 2006; 
Fasona, Omojola, Adeaga, & Dabi, 2007) and root, tuber and cereal cultivation is common.  

2.2 Data Utilized  

2.2.1 Satellite Imagery and Terrain Data 

Six georeferenced and orthorectified Landsat scenes (p190r054 of 15 November 1986, p191r054 of 27 
December 1990, p190r054 of 13 November 2000, p191r054 of 06 February 2000, p190r054 of 14 November 
2006, and p191r054 of 18 November 2005) were accessed from Landsat Geocover datasets 
(www.landcover.org/data/). Terrain derivatives, including slope, aspect, contours, and spot heights, were 
generated from Shuttle Radar Topography Mission (SRTM) three-arc-second digital elevation model data 
(SRTM_ffB03, p190r054 and p190r054) downloaded from Global land cover archives (http://www.land 
cover.org/data/srtm/).  

2.2.2 Present and Future Climate  

Data for historical daily rainfall and maximum temperature (Tmax) from 1982–2006 for 12 climatic stations 
around the study area and adjacent stations in Benin Republic (see Figure 1) were acquired from the archives of 
the Nigerian Meteorological Agency (NIMET) and the portal of the Climate Systems Analysis Group (CSAG), 
University of Cape Town (www.csag.uct.ac.za) respectively. Statistical downscaling of the data was carried out 
by CSAG. The statistical downscaling technique employed matching of GCM data with self organized map 
(SOM) characterization of atmospheric states and was forced by an SRES A2 emissions scenario (Hewitson & 
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Crane, 2006). The driving GCMs employed were adopted from the Coupled Model Intercomparison Project 
Phase Three (CMIP3) archive (http://www.pcmdi.llnl.gov/projects/cmip/Table.php), which makes statistical 
downscaling possible only for the non-seamless periods of 2046–2065 (near future) and 2081–2100 (far future). 
The statistical downscaling reproduced the observational data and produced both near-future and far-future 
projections for 10 GCMs and NCEP reanalysis. A comparability study of GCMs carried out by Cook and Vizy 
(2006) suggested that the Japanese MRI CGCM 2.3.2 model provides the most reliable simulation of the 
twenty-first century climate over West Africa. The downscaled data from MRI CGCM was adopted for input into 
the land change modeling.  

2.2.3 Other Dataset 

Other datasets used include the 1:650,000 scale soil data produced by the Soils Survey Division of the Nigerian 
Ministry of Agriculture and Natural Resources and the 1:250,000 Vegetation and Land use data produced in 
1995/96 by the Forestry Resources Mapping, Evaluation and Coordination Unit (FORMECU) of the same 
Ministry. Population data were obtained from the archive of the Nigerian National Bureau of Statistics. 

2.3 Procedure 

2.3.1 Framework 

The methodology used follows an inductive approach in which spatial datasets for climate, LULC and human 
activity are analyzed to generate first-level results, which become data inputs for higher order analyses that 
produce integrated results (Figure 2). This approach is necessary because several spatial data layers need to be 
analyzed and different change drivers generated. The change drivers were integrated to build land change or 
suitability maps that are applied to the image-derived land-cover data to project future land-cover maps. 

The Landsat images bands 7, 4 and 2 were subjected to band compositing using Idrisi® Taiga software 
(www.clarklabs.org). A land cover classification schema derived from the USGS land-use/land-cover schema 
(Anderson, Hardy, Roach, & Witmer, 1976) was developed through a process that includes the collation of land 
-cover signatures during field reconnaissance, accumulation of spectral signatures that ensure inter-image 
consistency, and modification of the classification schema of the existing 1:250,000 Vegetation and Land use 
data. 

The maximum likelihood (MAXLIKE) classification algorithm was adopted because the training sites were well 
defined with large sample sizes. MAXLIKE is a hard classifier that assigns pixels to the most likely class based 
on a comparison of the posterior probability that it belongs to each of the signatures being considered (Weng, 
2002; Eastman, 2009). Refinement and modification of the classification outputs led to a reduction of the initial 
25 categories to a final 13 categories (see Table 2). The output was subjected to a Markovian probability 
estimator to generate conditional probabilities for the prediction of future land-cover change. Change drivers, 
including present and future rainfall and Tmax, soil potential for agriculture, protected area, population density, 
elevation, slope, and aspect were used as factor inputs to build composite change suitability maps using 
multi-criteria analysis. The combination of the suitability maps and land-cover-derived Markov conditional 
probability maps were the input for the Cellular Automata-Markov (CA-Markov) model.  
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Figure 2. Methodological framework 
 

2.3.2 Model Description and Experimental Set-Up for Land Change Projection 

2.3.2.1 Deriving Markovian Transition Areas and Conditional Probability 

LULC change could be regarded as a stochastic process, with the different categories as the states of the chain 
(Weng, 2002). Land-cover in the wooded savanna is highly heterogeneous, and the land-use system is complex; 
thus LULC change tends to be compatible with first order Markovian dependency. The CA-Markov model 
exhibits spatial explicitness, allows the use of multiple categories, and can simulate the transition from any 
category to any other category (Eastman, 2009). It acquires predictive power by combining Markov conditional 
probabilities and transition areas for each category with suitability maps for each category. CA-Markov deals 
with complications associated with competition in land change among different pixels by implementing a 
multiple objective land allocation (MOLA) framework. The spatial explicitness property enables the model to 
predict both the quantity and location of each category using a suitability map for each transition that it 
extrapolates. At every time step, it determines the number of pixels that must undergo each transition, then 
selects the pixels according the largest suitability for the particular transition (Pontius & Malanson, 2005; 
Eastman, 2009). 

CA-Markov accepts land-cover data from two time points (before and present) as inputs and generates outputs 
that include transition area files, a transition probability matrix, and a set of conditional probability maps, one for 
each land-cover category. The cellular automata (CA) component of the model guides the transition probabilities 
of one pixel to be a function of both the previous state and the state of the local neighborhood, i.e., neighboring 
pixels. It also helps to filter the suitability of land away from existing areas of that category during iteration and 
thus provides the model with some explanatory power. The net result is that land-cover changes develop as 
growth processes in areas of high suitability proximate to existing areas (Hall, Tian, Qi, Pontius, & Cornell, 1995; 
Pontius & Schneider, 2001; Pontius & Malanson, 2005; Eastman, 2009). Image-derived land cover maps for 
1986 and 2006 were used as inputs. During initialization, transition area files, conditional probability matrices 
(Table 1), and conditional probability maps for each land cover category were generated. 
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Table 1. Markov conditional probability matrix between categories (2006 to 2016) 

 Probability of change to: 

Given URB WDL FOR SHG WET CUV FAF FLA WAT BAS ALV BUS CLD

URB 0.6453 0 0 0.0462 0.0334 0.111 0.1081 0.0298 0.0007 0.0171 0 0.003 0.006

WDL 0.0024 0.483 0.1085 0.2516 0.0113 0.0543 0.0319 0.0159 0.0004 0.0063 0.0004 0.0048 0.029

FOR 0 0.291 0.6046 0.0762 0 0 0.0099 0.006 0.0023 0.0023 0 0 0.008

SHG 0.0136 0.066 0.0991 0.162 0.0362 0.1744 0.2875 0.1163 0.0035 0.0321 0.0005 0 0.009

WET 0.0003 0.365 0.007 0 0.146 0.0049 0.2431 0.2221 0.0112 0 0.0005 0 0 

CUV 0.0325 0.092 0 0.1514 0.0573 0.2709 0.297 0.0551 0 0.0311 0.0004 0.0026 0.01

FAF 0.0026 0.424 0.0993 0.0407 0.051 0.0547 0.2644 0.0554 0 0.0082 0 0 0 

FLA 0.0054 0.197 0 0.1074 0.1489 0.0808 0.3616 0.0886 0.001 0.0091 0 0 0 

WAT 0.0004 0 0 0.0249 0.0758 0 0 0.0082 0.8796 0.0087 0 0 0.003

BAS 0.0286 0.035 0.0796 0.1496 0.03 0.2169 0.2213 0.1551 0.0032 0.0604 0.0024 0.0002 0.017

ALV 0.0464 0 0 0.279 0.3063 0.0321 0 0.0993 0.2146 0 0.0222 0 0 

BUS 0.0071 0.122 0.3421 0.1343 0.0215 0.1173 0.1113 0.1075 0.007 0.0237 0.0014 0 0.005

CLD 0.0597 0.235 0 0.3078 0.0327 0.1567 0 0.0767 0.0012 0.0039 0 0.0368 0.09

URB-urban; WDL-woodland; FOR-forest; SHG-shrub/grassland; WET-wetland; CUV-cultivation; 
FAF-farmland/fallow; FLA-floodplain agric, WAT-water; BAS-bare surface; ALV-alluvial; BUS-burnt surface; 
CLD-cloud. 

 

2.3.2.2 Preparation of Suitability Maps 

The process of constructing the suitability maps involves the conversion, transformation and integration of 
several raster and vector data layers. The suitability maps were generated using the multi-criteria evaluation 
(MCE) module of Idrisi® Taiga. These suitability maps basically represent the integration of the driver maps. 
Each data layer was standardized and converted into the integer format accepted by the MCE module. The driver 
maps that defined the criteria in the MCE are divided into factors and constraints. Factors are generally 
continuous variables (including slope, aspect, elevation, rainfall, temperature) and indicate the relative suitability 
of certain areas. The total weight point for all of the factors must equal unity. Constraints are Boolean (0 or 1) 
and include criteria such as distance to water bodies, soil potential for agriculture and protected areas. They serve 
to exclude certain areas from consideration. The higher the factor weights, the greater their influence on the final 
suitability maps. Only 8 of the initial 13 defined criteria (see Table 2) were used to generate the final suitability 
maps for the 13 LULC categories (examples for forest and shrub/grassland in Figures 3a and b); the others were 
eliminated for collinearity. Two sets of suitability maps were prepared - for the present day climate scenario and 
the future climate scenario (see Figures 3a & b). 
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Table 2. Criteria for generating suitability maps in MCE 
Code LULC Class Factors and score Constraints 

1 Urban Elevation (0.6)+ slope (0.4) distance to water body and 
protected areas 

2 Woodland Mean annual rainfall (0.6)+ mean maximum temperature 
(0.4) 

soil potential for agric 

3 Forest Mean annual rainfall (0.4)+ mean maximum temperature 
(0.4) + Elevation (0.2) 

soil potential for agric 

4 Shrub/grassland Aspect (0.6)+ mean maximum temperature(0.4)  

5 Wetland Aspect (0.4)+ Mean annual rainfall (0.6) mean maximum temperature 

6 Cultivation 
/commercial agric 

Mean annual rainfall (0.6)+ mean maximum temperature 
(0.4) 

soil potential for agric 

7 Farmland/fallow/gr
azing area 

Mean annual rainfall (0.6)+ mean maximum temperature 
(0.4) 

distance to water body 

8 Floodplain agric Mean annual rainfall (1) soil potential for agric 

9 Water Mean annual rainfall (1) mean maximum temperature 

10 Bare surface mean maximum temperature (0.4)+Elevation (0.4)+ aspect 
(0.2) 

distance to water body 

11 Alluvial Mean annual rainfall (1) slope 

12 Burnt surface Mean maximum temperature (1) distance to water body 

13 Cloud /shadow Mean annual rainfall (1)  

 

   

 

  
Figure 3a. Suitability map for Class 3 (forest) under present day (Left) and future (2046-2065- Right) climate 

scenarios 

 

   

 

Figure 3b. Suitability map for Class 4 (shrub/grassland) under present day (Left) and future (2045-2065-Right) 
climate scenarios 

 

2.3.2.3 Model Simulation 

Each model run uses the suitability map collection with the basis land-cover map (image-derived 2006 map), 
Markov transition areas file, and conditional probability matrices to simulate future land-cover, placing 
simulated change in cells that have the largest suitability values. If the suitability map was perfect, the order of 
the suitability values would match the order in which humans change the landscape, with the largest suitability 
values being changed first (Hall et al., 1995; Pontius & Schneider, 2001). The model was run for 4 scenarios: 
2006 to 2016, with 10 iterations (1-year time-step); 2006 to 2026, with 20 iterations (1-year time-step); 2006 to 
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2036, with 15 iterations (2-year time-step) and 2006 to 2046, with 20 iterations (2-year time-step). The choice of 
number of iterations and time step was based on the need to reduce the simulation time which is about 24 hours 
for 20 iterations on a 500 GB HD, Intel Core 2 Duo 2.1 GHz, 4 GB RAM Laptop computer that was used. For all 
model runs, the standard 5 x 5 contiguity filter was used. 

Within each time step, each land-cover class is considered in turn as a host category. All other land-cover classes 
act as claimant classes and compete for land (only within the host class) using the MOLA procedure. The area 
requirements for each claimant class within each host are equal to the total established by the transition area file 
divided by the number of iterations. Whereas the demand for land by different land-cover categories determines 
the overall competitive capacity of each land-cover type, the location’s suitability is a major determinant of the 
competitive capacity of each land-cover type at a specific location (Verburg, Eickhout, & Meij, 2007). We 
carried out two sets of simulations i.e. under both present day and future climate scenarios using the present and 
future rainfall and maximum temperature as a driver input into the MCE suitability images. This means that the 
climate drivers were varied, while others drivers were assumed to be constant. 

2.4 Model Validation 

The validation step attempts to simulate the map of a known period and compare it with the Landsat 
image-derived map of the same period. To validate the simulated results, we used the 1986 and 2000 land-cover 
maps for initialization and then used the land-cover map of 2000 as the basis land-cover and perform an 
additional run (2000 to 2006) with 12 iterations (6-month time-step). The relative operating characteristics (ROC) 
for the model was also computed. How well the category of interest is concentrated at locations of relatively high 
suitability for that category is determined by the ROC. For the CA-Markov model, the ROC statistic measures 
the similarity between the simulated change and the real change and works for exactly two land-cover categories 
(Pontius & Schneider, 2001). ROC examines the agreement between a Boolean map of one category and a 
suitability map for that category. The computed ROC was above 0.70 for all of the 13 land-cover categories. An 
ROC of 0.50 represents an agreement due to chance, 0.70 represents a good agreement between the simulated 
maps of the different categories and their suitability maps. 

3. Results 

3.1 LULC Change Under the Present Day Climate Scenario  

The present climate for the wooded savanna is characterized by a maximum temperature increase on the order of 
approximately 0.06 oC/month/decade, with the years 1998 to 2006 (except 1999) exhibiting continuously 
increasing maximum temperature anomalies. Rainfall increased marginally by approximately 0.6 
mm/month/decade. Table 3 shows a comparison of the percent coverage of each land-cover category in 1986 and 
2006 and their simulated coverage for 2016 to 2046 under the present climate scenario. 

 

Table 3. Percent coverage of current (1986 and 2006) and simulated (2016 to 2046) LULC under present day 
climate scenario 

SN LULC Class 
Mapped 

1986 
Mapped 

2006 
Projected 

2016 
Projected 

2026 
Projected 

2036 
Projected 

2046 

1 Urban 0.80 1.45 2.82 3.93 4.82 5.36 

2 Woodland 19.70 32.11 20.68 26.93 23.09 22.62 

3 Forest 13.48 15.63 18.36 15.12 15.06 14.68 

4 Shrub/grassland 3.27 12.95 21.55 26.74 27.21 27.20 

5 Wetland 5.27 4.14 2.55 1.64 1.89 1.50 

6 cultivation/commercial agric 11.07 8.16 12.34 9.84 10.17 10.44 

7 Farmland /fallow/grazing area 32.61 16.79 8.21 4.80 6.89 6.79 

8 Floodplain agric 4.16 5.63 6.81 4.38 3.51 3.61 

9 Water 0.55 0.70 1.23 1.67 2.07 2.45 

10 Bare surface 2.61 1.23 1.01 1.33 1.53 1.59 

11 Alluvial 0.04 0.03 0.02 0.01 0.02 0.01 

12 Burnt surface/fire scar 5.84 0.15 0.67 0.49 0.46 0.52 

13 Cloud /shadow 0.61 1.04 3.74 3.13 3.27 3.22 
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A comparison of the 1986 and 2006 LULC maps suggests significant recovery. Forests and woodlands which are 
the two major canopy ecosystems increased in extent in 2006 compared to 1986. Simulated future land-cover 
projections under the present climate scenario suggest that built-up areas (human settlements) would likely 
experience a consistent increase from 1.5% in 2006 to 5.4% in 2046. Area under cultivation is projected to peak 
at approximately 12% in 2016 (compared to 8% in 2006) and then stabilizes around 10% from 2026 to 2046. 
Unutilized farmland and fallow land is projected to continue to decline as the area under cultivation increases, 
and will retain only 60% of its 2006 coverage by 2046. The major canopy ecosystems are very sensitive to 
changes in climatic parameters, especially rainfall. The overall percent coverage of forest is projected to increase 
from 15.6% in 2006 to 18% in 2016, and then remain stable at around 15% from 2025 to 2046. The coverage of 
woodlands is projected to remain above 20% from 2006 to 2046. Some transition from woodlands and fallow 
lands into forest is also projected. The strongest gain with respect to transitions from one land-cover category to 
another is projected for the shrub/grassland category. Shrub/grassland is expected to increase by approximately 
110% of its coverage in 2006 with contributions mainly from woodlands and abandoned farm and fallow lands. 
Total area covered by wetland is projected to consistently decline from approximately 1,650 km2 in 2006 to less 
than 600 km2 in 2046. The area covered by water is also projected to consistently increase, which suggests more 
water impoundments into the future. Floodplain agriculture is expected to peak at approximately 7% of the total 
area in 2016 and then stabilize at approximately 4% from 2026 to 2046.  

Figure 4a presents the spatial pattern of land-cover for the mapped years 1986 and 2006 and Figure 4b shows the 
spatial pattern for the simulated maps of years 2036 and 2046.  

 

 

 
 

Figure 4a. Landsat image-derived LULC for 1986 (upper) and 2006 (lower) 
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Figure 4b. Simulated LULC maps under the present day climate scenario for 2036 (upper) and 2046 (lower) 

 

The simulated LULC changes for 2006 to 2046 show an increase in the coverage of shrub/grassland in some 
pocket areas around the northeast, central and southwest axes. These are farmlands and fallow lands transitioning 
into shrub/grasslands. The protected forest complex is projected to remain relatively undisturbed, while mosaics 
of forest and woodland will likely dominate the southeast corridor. From 2006 to 2046, the built-up area is 
projected to continue to increase. Significantly, the largest growth in built-up lands is projected for areas around 
the northwest to southwest corridor. In response to increase in built-up area, additional cultivated areas are also 
projected to emerge around this corridor, which reinforces the strong connection between agriculture and 
settlement in rural land use systems. 

 

3.2 Projected LULC Under the Future Climate Scenario 

The future climate scenarios suggest a significant decline in rainfall (by approximately 4 mm/month/decade) and 
an increase (0.02 oC/month/decade) in the mean monthly maximum temperature (Fasona, Tadross, Abiodun, & 
Omojola, 2013). Table 4 presents a comparison of the simulated coverage (in percent) of the LULC categories, 
and Figure 5 shows the spatial pattern of the simulated LULC maps under the future climate scenario. 

 

Table 4. Percent coverage of simulated LULC maps for 2006-2046 in future climate scenario  

SN LULC Class 
Projected 

2016 
Projected 

2026 
Projected 

2036 
Projected 

2046 

1 Urban 2.84 3.93 4.85 5.36 

2 Woodland  15.26 16.57 16.74 19.41 

3 Forest  19.91 16.66 15.32 14.66 

4 Shrub/grassland 19.33 26.30 26.85 27.16 

5 Wetland  2.71 1.61 2.12 1.67 

6 Cultivation /commercial agric 7.81 8.54 9.82 10.16 

7 Farmland /fallow/grazing area 21.49 16.57 13.20 10.20 

8 Floodplain agric 3.86 3.24 3.69 3.60 

9 Water  1.21 1.64 2.07 2.42 

10 Bare surface  1.07 1.32 1.54 1.59 
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11 Alluvial 0.02 0.01 0.01 0.01 

12 Burnt surface 0.74 0.49 0.53 0.52 

13 Cloud /shadow 3.74 3.13 3.27 3.22 

 

Forest is projected to increase from 15.6% in 2006 to approximately 20% in 2016, then decline to about 17% in 
2026 and stabilizes at approximately 15% from 2036 to 2046 which is higher than 14.68% under future climate 
scenarios. Additionally, the area covered by woodland is expected to progressively increase from 15% in 2016 to 
19% by 2046 which is lower than 22.62% under the present day climate scenario.  

 

 
Figure 5. Projected LULC under future climate scenarios in 2036 (upper) and 2046 (lower) 

 

Moreover, the major difference between the simulated LULC patterns under the present and future climate 
scenarios is the spatial pattern of the LULC categories. Under the future climate scenario, the forests would 
likely become more disturbed, with galleria forest becoming the most significant forest type. Shrub/grassland 
will also become much more widespread. Galleria forest and widespread shrub/grassland generally typify the 
drier parts (Sudan and Sahel) of the Savanna. This suggests that under the future climate scenario, as the wooded 
savanna will likely become drier, the vegetation pattern may change dramatically. The spatial pattern of built-up 
lands suggests that more settlements are projected to emerge around the middle region, especially along the Oyo, 
Ogbomosho, Igbeti and Ilorin axis, compared to the western axis under present day climate.  

3.3 Model Calibration 

With the 1986 and 2000 maps representing the basis land-cover, a map for 2006 was simulated using a 6-month 
time-step. The areal agreements between the real and simulated maps and their spatial patterns were compared. 
The agreement in terms of quantity was good and was almost equal for most of the categories. The essential 
features of the area, including the large track of protected area, cultivated lands around the northwest, water 
impoundments, river networks, shrub/grasslands around the south-west, the floodplain of the Niger River, and 
the mosaic of forests and woodlands around the southeast are well captured (Figure 6). 
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Figure 6. Coverage of LULC categories for real (upper) and simulated (lower) maps for 2006 

 

The greatest uncertainty is the confusion between the woodland areas on the real map and the shrub/grassland 
areas on the simulated map. The lack of field confirmation and accuracy assessments of the image-derived 
land-cover maps may have contributed to this poor agreement. Another possible explanation is the lack of an 
intermediate year map (for the 1990s). Hence, the model might have difficulty capturing the abrupt transition 
from the drought years of the 1980s to the relatively wet years of the 2000s. The simulation results are 
projections based on the assumed climatic scenarios and represent a quantified visualization of qualitative 
scenario descriptions. Uncertainty is a common element in scenario building (Tol, 1998; Smith & Hulme, 1998; 
Quetier, Lavorel, Daigney, & de Chazal, 2009). Notwithstanding, the simulated maps are useful as guide for 
decisions related to climate change and management of land resources. The scenarios could also support 
awareness, discussions and decisions relating to climate change adaptation and local mitigation actions.  

4. Discussion 

The wooded savanna is characterized by land-use complexity and land-cover heterogeneity with rapid land 
transformation and strong resilience. A piece of land can serve different uses at different times depending on 
human decisions, season of the year, and the seasonal pattern of rainfall and temperature. Abandoned fields and 
fallows used for animal grazing in dry season may become blossom cultivated fields in the wet season. 
Agriculture provides the main source of livelihood. Footprints of discontinuous peasant small-holder, rain-fed 
agriculture generally dominates the landscape. This is consistent with the findings of Tiwari et al. (2010) with 
respect to land-use dynamics among peasant farmers in southern India. 

The significant recovery in the ecosystem recorded in 2006 compared to 1986 is consistent with the findings of 
Nicholson (2000); Stow et al. (2004) and Lauwaet, Van Lipzig and De Ridder (2009) on the recent land-cover 
recovery in the Sahel which suggests a progressive increase in rainfall from the late 1980s to the present and a 
concomitant increase in the vegetal cover. However, the transition from woodlands and fallow area to the 
shrub/grassland category was rapid, which suggests significant human disturbance. The spatial pattern of 
built-up lands also suggests that more settlements are projected to emerge around the middle region, especially 
along the Oyo, Ogbomosho, Igbeti and Ilorin axis, compared to the western axis, under present day climate. This 
is also consistent with the expected decline in the spatial influence of the climate-orographic complex that 
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controls the local climate that may weaken the local system on the western axis and reduce the water footprint in 
the future (Fasona, Tadross, Abiodun, & Omojola, 2011). The possibility of the canopy ecosystems becoming 
more disturbed with more widespread shrub/grassland and the galleria forest becoming the most significant 
forest in future climate scenario is also consistent with substantial biodiversity change and vegetal degradation 
projected across Africa regions (Alo & Wang, 2008; Muller, 2009) and the possibility of tropical forests being 
replaced by deciduous forests under warmer climate (Delire et al., 2008; Wright, 2010). 

The large footprint of small-holder subsistence agriculture in the western axis suggests that the lands are highly 
productive. The area which is locally referred to as the ‘Oke-Ogun’ area (i.e. upper Ogun River) is generally 
known as the ‘food basket of western Nigeria.’ Its arable land supports the production of varieties of root, tuber 
and cereal crops. The wetter and cooler climate conditions in this axis support the natural resource systems 
compared to other areas. As a result the density of rural settlements is high and resource conflict is common. The 
future LULC simulations under the present day climate suggest that the western axis will experience the fastest 
growth of settlements. This suggests that rural-to-rural migration will likely increase as an adaptive response to 
climate change. There is a possibility that many subsistence farmers will abandon their unproductive marginal 
lands in other areas in search of productive lands around the western axis. This phenomenon is generally 
common among small-holder farmers in western Nigeria due to declining land productivity caused by adverse 
climate conditions. This may also present a potential for increased conflicts over natural resources. In the future 
climate scenario, the local climate condition that presently supports favourable agriculture in the western axis is 
projected to weaken and the area will get drier (Fasona et al., 2013). This has the potential to cause a dislocation 
of the livelihood systems with a decline in areas under cultivation. This may lead to people migrating from this 
axis to the middle axis where better local climate conditions are projected to prevail.  

The central area consists of large tracts of protected forest complex, open woodlands and fallow lands. Under the 
present climate scenario, the protected forest complex is projected to remain relatively intact. However, under 
future climate scenario, some serious natural disturbance is expected possibly due to declining rainfall. This may 
also be connected to the warmer conditions and declining rainfall expected in the western axis. More settlements 
and cultivated lands are also projected for the central area especially around the edges of the forest complex in 
the future climate scenario. This means a possible shift in activities from the western to the central axis under 
future climate.  

The eastern axis presently consists of mosaics of forest and woodland located around elevated areas and riparian 
freshwater forest and wetland in the Niger River floodplain. This axis has the greatest potential for ecosystem 
preservation and albedo enhancement as a climate mitigation option. However, the forests and woodlands are 
projected to become more disturbed in future warmer climate scenario with shrub/grassland expected to emerge 
across large areas. Floodplain agriculture is also likely to increase as an adaptation to climate change. The 
emergence of galleria forest as the dominant forest type under the future climate scenario suggests that measures 
to protect current forests and woodlands need to be taking more serious. Changes in LULC that reduce canopy 
ecosystems will correspondingly increase surface albedo, reduce leaf area index (LAI) and infiltration, and 
increase surface run-off. The connections between climate and ecosystems maintain the flow of surface drainage 
which is important for domestic and agricultural water use. Changes in the LAI can significantly affect regional 
and local climate conditions, especially with respect to rainfall, by affecting the amount of moisture available for 
evaporation at the surface (MacKellar et al., 2009). This is particularly relevant in the wooded savanna where a 
significant fraction of the total annual rainfall is due to mesoscale processes that rely on local eco-geographic 
factors including the land-cover. Forest and woodland reduction are associated with a reduction in LAI and by 
implication a reduction in the capacity of the ecosystems to sequester carbon. An increase in the area covered by 
shrub/grasses also increases ‘savannisation’ (Nobre & Borma, 2009). Changes in landscape-pattern resulting 
from fragmented land-cover affect natural population viability. Although the simulated coverage of forest is 
expected to be slightly higher under future climate scenario than the present climate, large contiguous forests 
may give way to more fragmented patches. This has the possibility to weaken the local climate system. The 
study area is an important headwater; and since land-cover is critical for catchment fluxes, catchment protection 
also becomes a critical issue to be considered. 

5. Conclusions 

The key issues addressed in this paper are: that climate change has the potential to influence the patterns of 
land-cover across space and time in complex and heterogeneous landscapes; and land change models developed 
using remote sensing and GIS have the potential to complement climate models to improve our understanding of 
climate and land-cover feedbacks especially at local and sub-national scales. Image-derived land-cover maps for 
1986 and 2006 were the basis land-cover, and change suitabilities were generated by integrating change drivers 
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developed from eco-geographic factors including present day and future climate data. Future land-cover maps 
under the present and future climate scenarios were simulated using Idrisi®’s CA-Markov model.  

Under both present day and future climate scenarios, built-up areas are projected to experience a consistent 
increase but the pattern of distribution is expected to be different in the two scenarios. Rural to rural migration in 
search of favourable agricultural land will likely be significant under both present day and future climate 
scenarios. This presents a potential for increased resource-induced conflicts. Significant change in the landscape 
pattern is expected with galleria becoming the dominant forest type in the future climate scenario. This suggests 
that there will be a dramatic change in the vegetation patterns as the wooded savanna becomes drier.  

We recognized that a host of other underlying factors including tenure regimes, technological change, 
demographic, social and economic changes, globalization of markets, agricultural policy changes, and political 
decisions which are out of immediate control can also play significant roles in present and future land-cover 
changes. This study has, however, demonstrated that land change models have the potential to complement 
climate models to provide better understanding of climate and land-cover feedbacks at local levels. 
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