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(Received 20 August 2008; in final form 7 December 2009) Land use/cover change (LUCC) is a major indicator of the impact of climate change and human activity, particularly in the Sahel, where the land cover has changed greatly over the past 50 years. Aerial and satellite sensors have been taking images of the Earth’s surface for several decades. These data have been widely used to monitor LUCC, but many questions remain concerning what type of pre-processing should be carried out on image resolutions and which methods are most appropriate for successfully mapping patterns and dynamics in both croplands and natural vegetation. This study considers these methodological questions. It uses multi-source imagery from 1952 to 2003 (aerial photographs, Corona, Landsat Multispectral Scanner (MSS), Landsat Thematic Mapper (TM) and Satellite Pour l’Observation de la Terre (SPOT) 5 images) and pursues two objectives: (i) to implement and compare a number of processing chains on the basis of multi-sensor data, in order (ii) to accurately track and quantify LUCC in a 100 km2 Sahelian catchment over 50 years. The heterogeneity of the spatial and spectral resolution of the images led us to compare post-classification methods aimed at producing coherent diachronic maps based on a common land-cover nomenclature. Three main approaches were tested: pixel-based classification, vector grid-based onscreen interpretation and object-oriented classification. Within the automated approaches, we also examined the influence of spectral synthesis and spatial homogenization of the data through the use of composite bands (principal component analysis (PCA) and indices) and by resampling images at a common resolution. Classification accuracy was estimated by computing confusion matrices, by analysing overall change in the relative areas of land use/cover types and by studying the geographical coherence of the changes. These analyses indicate that on-screen interpretation is the most suitable approach for providing coherent, valid results from the multi-source images available over the study period. However, satisfactory classifications are obtained with the pixelbased and object-oriented approaches. The results also show significant sensitivity, depending on the method considered, to the combinations of bands used and to resampling. Lastly, the 50-year trends in LUCC point out a large increase in croplands and erosional surfaces with sparse vegetation and a drastic reduction in woody covers.



1.



Introduction



For over 50 years, the areas of the Sudano-Sahelian region characterized mainly by agriculture and herding activities have experienced increased pressure on their natural *Corresponding author. Email: [email protected] International Journal of Remote Sensing ISSN 0143-1161 print/ISSN 1366-5901 online # 2011 Taylor & Francis http://www.tandf.co.uk/journals DOI: 10.1080/01431161003623433
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resources, reflecting the increase in population and in food and energy requirements. These environments have also suffered from a substantial decline in rainfall since the late 1960s, with unprecedented droughts in the mid-1980s (Nicholson et al. 1998, L’Hoˆte et al. 2002). The combination of these phenomena has in some cases brought about major changes such as a decline in soil fertility and vegetation production, an increase in bare soil areas, saturation of agricultural zones and a reduction in woody covers. In a context where rainfall varies considerably from year to year, these changes have increased the vulnerability of the local population in drought years. Indeed, the life of the people is still based mainly on the use of wood and charcoal as energy sources and on agropastoral activities that depend on limited soil, water and plant resources. Pressure on these resources is accelerating desertification processes wherever the environmental balance is broken. The relative effects of climatic change and human activity on changes in the density and diversity of plant cover have not yet been clearly identified (Gusbers et al. 1994). Regardless of whether they are due to climatic or anthropic factors, however, the spatial and temporal variability of land use/cover is a major indicator of these changes. Analysis of the dynamics of vegetation cover has long been a subject of interest for remote sensing applications. The task of sensing changes in land cover over large areas has generally been assigned to low-resolution sensors, such as the National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR), to provide information on overall changes in vegetation indices or similar measurements (Lambin and Ehrtlich 1997, Budde et al. 2004, Anyamba and Tucker 2005). However, the spatial resolution of these data and the fact that they are available only from the early 1980s make it difficult to identify and quantify land cover changes that are due to human factors, which are generally observable on a more local scale. Such approaches are thus incapable of grasping the dynamics of the Sahelian environments, which require long-term analysis at the level of local landscapes (Hess and Berge`s 1999). The task becomes more feasible when medium- to high-resolution imagery (Landsat, Satellite Pour l’Observation de la Terre (SPOT), aerial photographs, Ikonos, etc.) is used. However, detecting changes from these images raises other methodological problems related to accuracy and time. The various ways in which the imagery can be used to determine environmental change have been described in detail by Singh (1989), Coppin et al. (2004) and Lu et al. (2004). As these authors point out, a wide variety of analytical procedures for detecting change have been developed. These procedures may be grouped into two categories: classifications of multi-temporal data sets and post-classification comparisons. The first category is based on identification of areas of spectral change in a composite multi-temporal image, constructed from sequences of images recorded at various dates. It uses simultaneous analysis techniques, including image differencing (e.g. Lyon et al. 1998, Wardell et al. 2003), ratioing (e.g. Horwarth and Wickware 1981), principal component analysis (PCA) (e.g. Kwarteng and Chavez 1998, Millward et al. 2006) and change vector analysis (e.g. Sohl 1999). However, those techniques generally produce maps that are difficult to interpret, often with only a few classes, or even a simple binary mask of changes. Moreover, they are generally not applicable to more than two images, especially if the images come from different sensors. The second category of methods concerns comparative analysis of classifications produced separately from multi-date images. This technique offers the advantage of compensating for atmospheric and phenological variations between image dates. It also facilitates the integration of data from different sensors, since each classification is produced independently using a common nomenclature, which
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leads to standardization of the data for each separate image (Eastman and Fulk 1993, Petit and Lambin 2001). Despite criticisms focusing on accumulation of the inherent errors of the various classifications (Singh 1989, Lillesand and Kiefer 2000), postclassification comparison is still the method most often adopted for using multisource data in time series analysis. It has been implemented in many studies of land use/cover change (LUCC) at a local scale (,500 km2) based on medium- to highresolution images from multiple sensors. Three alternative processing techniques can be used: on-screen interpretation, pixel-based classification and object-oriented classification. On-screen interpretation consists of identifying themes of interest and their boundaries. It depends on the quality of the operator performing the interpretation and their specific knowledge of the environment and the theme studied. This technique is regarded as one of the most accurate for characterizing land cover (Imbernon 1999, Loveland et al. 2002, Tappan et al. 2004). However, when applied to time series of images with different spatial resolutions, this technique shows how difficult it is to reproduce, objectively and at an equivalent level of detail, the demarcations between different types of cover. To address this problem, Quirck and Scarpace (1982) proposed, for example, to apply on-screen interpretation to the cells of a vector grid applied to each image, rather than to the pixels themselves. By drawing the images to a common working scale, this technique allows us to compare very different documents, and even to compare satellite images and aerial photographs. Some authors (Kadmon and Harari-Kremer 1999, Tottrup and Rasmussen 2004, Va˚gen 2006) have preferred to use pixel-based classifications for diachronic processing of images from different sensors. In this case, the processing techniques are generally based on supervised classifications and the resulting classification is often limited to three or four classes. Another approach to processing digital images is object-oriented classification, which has recently started to gain recognition for the classification of land use/cover (Devereux et al. 2004). According to Allen and Starr (1982), there is growing agreement within the scientific community that many natural processes give rise to the formation of objects, which are sets of linked entities at a level higher than that of isolated individuals. The object-oriented approach mirrors these phenomena through a preliminary segmentation stage that consists of grouping pixels into objects on the basis of their spectral and spatial characteristics (Laliberte et al. 2004). The classification is then performed on the basis of these objects, and represents an alternative to automated pixel-based classifications and on-screen interpretation. According to Benz et al. (2004), this approach is one of the major breakthroughs of recent years in the processing of digital images. For high-resolution images, the object-oriented classification may potentially make it possible to obtain more robust results for monitoring of land use/cover than those obtained through pixel-based classifications (Willhauck et al. 2000, Oruc et al. 2004, Hurd et al. 2006). However, this new technique has thus far been little used in monitoring land use/cover in the Sahel. Many methodological questions remain. Although post-classification comparison seems the most appropriate method for long-term LUCC monitoring based on multisource data, no studies have yet compared the main processing techniques identified (pixel-based classification, on-screen interpretation, object-oriented classification) in a single study area and on the basis of more than two-date multi-sensor images. Moreover, among the automated processing approaches (pixel-based and objectoriented), the scientific literature offers little perspective on the pre-processing of satellite images to cope with differences in spatial and spectral resolution. Where the spatial resolution of images is concerned, Lyon et al. (1998), Millward et al. (2006)
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and Ruelland et al. (2008) proposed, for example, to resample all the images at the same spatial resolution. Although the degradation of spatial resolution causes information loss, this pre-processing method makes it possible to organize the main processing operations on the basis of a common spatial unit, thus facilitating comparison of images on various scales. However, the impact of such a technique on the results has not been assessed. Similarly, to overcome differences in spectral resolution, pre-processing techniques (PCA and calculation of indices) can be applied to synthesize the spectral characteristics of each image. PCA has often been used to monitor land cover change based on multiple satellite images (Fung and Ledrew 1987, Tangestani and Moore 2001), and is considered one of the most effective preprocessing techniques for long-term analysis (Eastman and Fulk 1993). Indices are also traditionally used to overcome problems of differences in spectral resolution or changes in atmospheric conditions between image dates. The Normalized Difference Vegetation Index (NDVI) is one of the vegetation indices most widely used to monitor plant cover changes in Sahelian environments (e.g. Lyon et al. 1998, Tottrup and Rasmussen 2004, Ruelland et al. 2008). This index, using the optical properties of chlorophyll, represents an exponential relationship with green vegetation density, and is particularly well suited to sparse plant covers (Holben 1986). By contrast, the Brightness Index (BI) considers reflective surfaces such as soils by calculating the ratio between the solar energy received and that reflected by a surface (Caloz and Collet 2001). Here again, no study, to our knowledge, has attempted to measure the hypothetical contribution of spectral synthesis pre-processing by construction of PCA composite bands or indices in the context of long-term monitoring of the Sahel. Lastly, studies of LUCC in the Sudano-Sahelian region suffer from three limitations. First, their temporal depth is generally limited to at most 35 years and to the 1960s, and based in most cases on only two or three diachronic images. To characterize historical LUCC in the Sahel, however, it is vital to have a series of observations starting in the 1950s, so as to account for environmental conditions before the major changes due to climatic and anthropic factors. Furthermore, the more observations are obtained, the easier it is to document and understand these changes. Next, time series analyses of LUCC in the Sahel offer limited monitoring nomenclatures, which have served to characterize and map changes in croplands with a fair degree of objectivity (e.g. Imbernon 1999, Rembold et al. 2000, Tottrup and Rasmussen 2004, Tappan and McGahuey 2007), but yield poor results for changes in natural environments. The third limitation of these studies relates to validation of these changes, as this requires the authors to have appropriate historical documentation. Historical ground surveys and geographical documents such as aerial photographs from the same period are generally among the preferred sources of historical reference data for validation purposes, but in many cases they are not available. This paper aims to consider these methodological questions. It uses multi-source imagery from 1952 to 2003 (aerial photographs, Corona, Landsat Multispectral Scanner (MSS), Landsat Thematic Mapper (TM) and SPOT5 images) and pursues three objectives: (i) to assess the influence of spectral synthesis and spatial homogenization of the data (through the use of composite bands and resampling) on the classification results; (ii) to compare three main approaches to classification (supervised classification, grid-based on-screen interpretation and object classification); and (iii) to map patterns and dynamics in both croplands and natural vegetation in a Sahelian area over 50 years by post-classification comparison.
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Study area



The Kouonbaka watershed (figure 1) in Mali is located about 60 km south of Mopti and to the east of RN6 (national highway 6) from San to Mopti, at 13 520 N and 4 080 W. This watershed flows into the Bani river, a tributary of the Niger, near the village of Diamonda, less than 5 km upstream from the town of Sofara. It serves as a pilot site for integrated functional studies combining hydrology and vegetation. This site was selected because it offers a typical Sahelian environment and because of the hydroclimatic observations taken there by ORSTOM (now the Institut de Recherche pour le De´veloppement, or IRD) since 1955. The outlet of the experimental watershed used for this paper is located near the village of Kouonbaka, which thus gives its name to a catchment of 87 km2. The watershed topography is mild, with elevations between 280 and 410 m and slopes generally lesser than 3%. The watershed, situated on a Dogon sandstone substrate, is bordered upstream by a series of low hills forming a nearly impenetrable surface devoid of most woody vegetation; these hills, known as bowe´s, are typical geomorphological formations in Mali. The most noteworthy feature of the watershed is the extensive presence of sandstone levellings and crusts in the upstream part, in strong contrast to the acacia parklands downstream. The soil mantles are derived from erosional surfaces and bowe´s, on a sandstone substrate. Soil depth is limited by the presence of indurated horizons (iron crust or hardpan). Gravelly horizons and stone lines are also observed. Seasonal waterlogging limits the depth of roots and thereby access to mineral and water reserves. The result is a high proportion of runoff, exacerbated by the degradation of the soil structure due to farming and the resulting impoverishment of the soil in terms of organic matter. Land use/cover in the watershed (figure 2) is characterized by a high proportion of bare soils and sparse vegetation adapted to the strong water constraints of this semiarid area. Sandstone levellings are the most common cover, forming large, relatively homogeneous formations with very little vegetation in the southeast sector. Gravelly bare



Figure 1.



Study area: the Kouonbaka watershed in the Sahel.
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Figure 2.



Photographs of land cover types (November 2006).



soils correspond to the location of the bowe´s, and are thus found throughout the area. Lastly, sandy soils, which are much less common, appear in the talwegs during the dry season. The structure of vegetation over the watershed reflects water availability, but also other factors such as soil fertility, topography and human activity, according to a typical toposequence structure in the Sahel. Crops, primarily millet and sorghum, are planted around the non-permanent hydrographic network, from the beds of non-permanent watercourses up to mid-slope, and are mainly concentrated in the northwest sector, which has the highest density of villages and tracks. Around the farmlands in the downstream part, there are large stretches of discontinuous grasslands with a few scattered bushes or shrubs. These steppe areas are in general considerably degraded, consisting of erosional surfaces of indurated bare gravelly ferralitic clay-silt soils with little vegetation. In the southwest sector, they are found only within a few dozen metres of the bowe´s, but they cover much of the northwest sector. Savannas are woody formations, principally of thorny species. Shrubs several metres tall are found along watercourses and in rifts, in contrast to the open bushlands observed in the north of the study area. The climate is Sahelian, with an average annual precipitation of about 540 mm from 1940 to 2000, as recorded at the Sofara station located some 10 km from the watershed (figure 3). The dry season generally lasts 7 to 8 months (October to May). The months of greatest rainfall are July and August, at respectively 140 and 190 mm/ month on average. Over the 1940–2000 period, rainfall was relatively irregular from
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Rainfall at the Sofara station over the 1940–2000 period.



one year to the next, with strongly marked periods of drought, particularly in the 1980s. Moreover, a break in the long-term rainfall trend occurred in the late 1960s, with average annual rainfall dropping from 610 mm over the 1940–1968 period to less than 480 mm over the 1969–2000 period. This long-term decline in rainfall is observed throughout the Sahel (L’Hoˆte et al. 2002). In addition to these climate changes, the region has seen very high population growth for over 50 years. According to the Food and Agriculture Organization (FAO; www.fao.org), population density rose from 11 to 33 people per square kilometre between 1950 and 2000, which gives an annual average growth rate of 2.2% over the period. Today, the population is still mostly rural, with over 90% living in villages in the Mopti area. The main human activities depend on agriculture and herding, in the form of traditional production systems structured around rivers and streams, in keeping with the limited resources of the natural environment. The main crops in Kouonbaka are millet and sorghum, grown either in open fields or in agricultural tree parklands, mostly from May to October. These energy-rich cereal grasses, well suited to the arid environment, are the staple foods for the human population of the region. Pastoral activities, especially cattle herding, also play a preponderant role in the region’s economy. The herds graze in grasslands during the dry season and are then shifted to other pastures during the rains, to protect crops and make better use of the available space. Vegetation covers, both woody and herbaceous, play a vital role in meeting the basic needs of the people and in supporting their herds. Thus, the natural vegetation is being degraded by a number of factors; not only climate change but also human factors such as brush clearing and deforestation for agricultural purposes, overgrazing and brush fires. These activities have been intensifying for the past 40 years. Villages have grown and new ones have appeared. The village of Boundoure´ (figure 1) did not exist in the late 1950s, and the area was not farmed, whereas in the 1980s there were fields of millet under a tree park of Acacia albida, and fields of sorghum near the bed of the watercourse (Valentin and Janeau 1988). Around villages, there are fields, agricultural tree parks and fallows containing both cultivated species and useful woody species that are protected from felling. Demand for wood and charcoal as energy sources places considerable pressure on woody vegetation in the surrounding area. The available information on these changes – the extension of croplands and the
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degree of degradation of the woody formations around them – is imprecise, whence the need to develop suitable monitoring methods. 3.
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Materials and methods Data



3.1.1 Remote sensing data. The multi-temporal data set considered consists of images from several sources covering 50 years, at relatively regular intervals of 12 to 15 years (table 1): four aerial photographs (1952), a Corona image (1967; see McDonald (1995) for details on these kinds of images), a Landsat MSS image (1978), a Landsat TM image (1990) and a SPOT5 image (2003). All these images were chosen at the beginning of the dry season (December/January) to avoid cloudiness problems. This period, which follows the harvests (usually in October), may be considered the best period for image acquisition in the Sahel because the contrast between croplands and the natural environment is most marked. Moreover, as the rains largely stop in September and October, the phenological stages of plant covers are not overly influenced by the variation in rainfall between years. In this regard, of the five dates studied 1952 was one of the wettest years recorded at the Sofara station over the 1940–2000 period (figure 3), 1990 was one of the driest, and 1967 and 1978 were years of average rainfall. For lack of data, rainfall in 2003 has not been estimated. 3.1.2 Geometric adjustments and radiometric stretching. The images were georeferenced to obtain optimal superimposition and minimize geographical deviation. The SPOT image, taken from a nearly vertical angle (–1.48 ) and ordered with level Table 1. Sensor types and image dates for imagery used. Acquisition date 30 January 1952 10 December 1967 26 December 1978



13 December 1990



26 December 2003



Sensor



Bands used



Spectral Spatial range (mm) resolution (m)



Source



–



,2.5



–



,2.5



0.50–0.60



57



Landsat 5 TM



Red NIR1 NIR2 Blue



0.60–0.70 0.70–0.80 0.80–1.11 0.45–0.52



30



USGS Global Land Cover Facility



SPOT 5 HRG1



Green Red NIR MIR1 MIR2 Green



0.52–0.60 0.63–0.69 0.76–0.90 1.55–1.75 2.00–2.35 0.50–0.59



10



SPOT image/ CNES (ISIS)



Red NIR MIR



0.61–0.68 0.78–0.89 1.58–1.75



Aerial camera



Single panchromatic band Corona: satellite- Single based camera panchromatic band Landsat 3 MSS Green



Institut Ge´ographique National USGS National Center for EROS USGS Global Land Cover Facility
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2A pre-processing in a Universal Transverse Mercator (UTM) projection, was evaluated against ground surveys to offer geometric location accuracy estimated at 10 m. It was used as the reference image to georeference the other images based on a number of ground control points (GCPs, 30 to 60 depending on the image) spread over the study area. To modify the raw radiometric signal as little as possible, resampling by the nearest neighbour technique was applied to the satellite images based on the GCPs through a first-order polynomial transformation. The root mean square errors (RMSEs) obtained were of the order of 60 m for the Landsat MSS image and 20 m for the Landsat TM image. Because of the substantial geometric deformation observed in the Corona image and the aerial photographs, the correction technique used was bilinear interpolation with the rubber sheeting method based on approximately 60 GCPs. The four aerial photographs covering the study area in 1952 were not mosaicked because of the very large differences in contrast between the photographs. As far as the satellite images are concerned, the three elements influencing the parallax (slopes, altitude differences and acquisition angles) are very small in this study. For instance, shifts in geometrical accuracy due to topography can be estimated to be about 1 m to the maximum and are thus negligible when compared to the spatial resolution of the images. Therefore, the use of an orthorectification method did not seem necessary. For the case of the Corona and aerial photographs, the low value of the local slopes and the softness of the topography also made simple transformations sufficient. Comparison of the corrected images with Global Positioning System (GPS) tracklogs of the area indicated that the various geometric transformations provided image-to-image errors estimated to be at a subSPOT-pixel level. Each image was then subset to the area containing the watershed (see figures 1 and 4). As the multispectral images were acquired by different sensors (MSS, TM and SPOT5), they have different spectral and spatial characteristics (table 1). Spectral information cannot therefore be compared directly from one image to another. Indeed, even if these bands are in some cases from similar spectral regions, it has been assumed that the recorded signal was not physically comparable from one image to another, due (notably) to the variety of acquisition scales, which is reflected in differences in spatial resolution (57 m for MSS, 30 m for TM and 10 m for SPOT5). We then considered that it was important to keep the maximum available spectral information from each image to give the best capability of discrimination for all alternate years’ images. As the images were recorded on near-anniversary dates, it was not judged necessary to normalize the satellite data to approximate reflectance values, as this can be done to remove the effects of dissimilarities in sun angle at the time of image acquisition (see, for example, Millward et al. (2006), Ruelland et al. (2008). Although it can be assumed that atmospheric conditions at the time of data acquisition were different, the technical differences between the images also led us to consider the application of techniques such as dark-object subtraction (Chavez 1996) to minimize the effects of atmospheric scattering as unnecessary. Instead, the various bands of images were only stretched according to 256 values. This operation was judged sufficient for the study so that a post-classification comparison was performed; each classification is produced independently using a common nomenclature, which leads to standardization of the data for each separate image. 3.1.3 Ground surveys. Ground surveys of the area were carried out in May and November 2006. Prior to the surveys, on-screen interpretation of satellite images and unsupervised classifications into about 20 clusters enabled us to identify
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Figure 4.



Spatial and statistical distributions of the reference samples.



homogeneous areas (of some 2 ha on average) considered to be thematically invariant since the 1970s. About 100 field observations were then localized by GPS (4 m), photographed and described on standardized survey forms. These forms indicated the topographical position, the type of vegetation formation, their composition according to several components (tree, shrub, bush, grass, culture) and their respective height and cover, the type of soil and its composition according to several components (block, stone, gravel, clay, sand, slime, etc.) and their respective cover, and the possible human intervention (deforestation, fallows, reforestation, burning, grazing, agricultural practices, irrigation, etc.). This description technique draws on ecological work on methodical surveying of vegetation and environment (Godron et al. 1968) and on the characterization of surface features (Casenave and Valentin 1989). The field observations served to identify distinct land use and land cover classes that could be readily mapped and monitored over time. 3.2



Reference nomenclature and spectral analysis



3.2.1 Reference nomenclature. A reference nomenclature for characterizing land use/land cover classes in the study area was established by comparison of the descriptive ground survey forms, photographs of the terrain and analysis (especially spectral analysis) of the MSS, TM and SPOT images (table 2). The first criterion used for this classification is the type of soil, which has a strong influence on spectral response, particularly in the Sahel, where the proportion of bare soils or soils with sparse vegetation is relatively high. The second concerns total plant cover, which indicates the overall level of vegetation of an area without distinguishing between types of plant cover. Lastly, as the spectral responses of grasslands and woody formations are significantly different, the third criterion concerns bush and shrub cover. The nomenclature comprises three levels, with the number of classes increasing from five at the



Croplands (CR)



Steppes (ST)



Open bushlands (OB)



Closed shrublands or woodlands (CS)



Steppes (ST)



Open bushlands (OB)



Closed shrublands or woodlands (CS)



Gravelly soils (GV)



Sandstone levellings (SL)



Sandy soils (SA)



Level II



Croplands (CR)



Bare soils (BS)



Level I



Woody savannas (WS)



Closed shrublands (CS)



Open bushlands (OB)



Steppes (ST)



Degraded steppes (DS)



Gravelly soils (GV) Croplands (CR)



Sandy soils (SA) Sandstone levellings (SL)



Level III



Description Sandy soils found in talwegs and characterized by vegetation cover not exceeding 20% during the year Sandstone levellings attached to the bedrock of the Dogon region and characterized by vegetation cover not exceeding 20% during the year (includes degraded steppes on sandstone substrate) Crust of gravelly ferralitic soils characterized by vegetation cover not exceeding 20% during the year Cultivated formations with or without scattered trees (canopy coverage ,20%) These areas are characterized by annual crops (mainly millet and sorghum), harvested in October–November, followed by a period of bare soil with crop residues Discontinuous grassy formations (10–40% plant cover year-round) with or without scattered bushes/tall shrubs (canopy coverage ,10%). The rest of the land cover consists of erosional surfaces of indurated gravelly ferralitic clay-silt soils with almost no vegetation Continuous grassy formations (cover .40%) with or without scattered bushes/tall shrubs (canopy coverage ,0%). The rest of the land cover consists of erosional surfaces of indurated gravelly ferralitic clay-silt soils with almost no vegetation Formations dominated by bushes/tall shrubs not exceeding 2 m in height, with canopy coverage of 10–40%. The rest of the land cover consists of bare soils and/or grassy formations Formations dominated by bushes/tall shrubs not exceeding 2 m in height, with canopy coverage of 40–70%. The rest of the land cover consists of bare soils and/or grassy formations Formations dominated by tall shrubs or tree with canopy coverage .70%. Shrubs are over 2 m in height and may be either deciduous or evergreen



Table 2. Land use/land cover nomenclature established for the study.
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most general level to nine at the most detailed. Bare soils are defined as having total plant cover of less than 20%. Three types of soil are found in the study area: sandy soils (SA) deposited in certain talwegs, sandstone levellings (SL) corresponding to the substrate, and gravelly clay-silt soils (GV) made up of gravel, cobbles and, locally, indurated trays (rain-impact soil crust). Croplands (CR), a significant indicator of changes due to human activity, are fairly clearly visible in all images and are therefore distinguished from other plant formations at all levels of the classification. Grasslands are distinguished from woody formations by the proportion of bushes and shrubs, the threshold being evaluated at 10%. Degraded steppes (DS), characterized by sparse plant cover (20–40%), are strongly influenced by the spectral response of the soil. Steppes (ST) are distinguished from degraded steppes by a total vegetation density greater than 40%. Woody formations are divided into three classes: open bushlands (OB), closed shrublands (CS) and woody savannas (WS), in increasing order of total plant cover and of the proportion of bushes and shrubs. 3.2.2 Reference data sets. For the purpose of comparing the diachronic processing techniques, the training and control samples (figure 4) were constructed so as to be common to the three satellite images (Landsat MSS, Landsat TM and SPOT5). On the basis of the ground surveys, the samples were selected in areas interpreted as being thematically invariant, that is as belonging to the same class of the nomenclature in 1978, 1990 and 2003. Analysis of the spectral signatures of parcels (figure 5), extracted from each image, was used to verify that a class could unambiguously be assigned to each of the samples. To increase the robustness of both the classifications and the validation, the samples were also selected so as to be representative of the observable proportions (even though these are likely to have changed) for the entire site, roughly evaluated for 1978, 1990 and 2003 by overall visual analysis of the images and supervised classifications. Lastly, additional attention was given to the size and shape of the reference parcels. A parcel is defined as having a size greater than the surface of one MSS pixel (0.325 ha) and a rectangular shape to limit biases stemming from rasterization of parcels when they are compared to the classifications. Eventually, 140 parcels were selected within the study area (figure 4), amounting to 1.6% of its surface area. To make evaluation of the processing techniques more meaningful, 35% of the samples were assigned to the training data set and 65% to the control set. These reference parcels were then used for all the satellite data (1978, 1990 and 2003) and for all processing techniques. 3.2.3 Spectral synthesis and spatial homogenization. Figure 5 presents the average of the normalized spectral signatures of the training samples, for each class and each band. The dispersion of the samples within a class is represented by the range (minimum and maximum) of the normalized spectral signatures. To address the differences in spectral resolution (different number of bands and variable spectra from one image to another), a principal components analysis (PCA) and the calculation of two indices were undertaken. Each multispectral image was reduced to three composite bands representing the first three components of a PCA. Two indices were selected: the Normalized Difference Vegetation Index (NDVI) to identify sparse plant covers and the Brightness Index (BI) for soils (equations (1) and (2), respectively,with NIR for near-infrared band and R for Red band). The new images thus created were stretched according to 256 values. The spectral information was thus synthesized with the same number of bands for each image.
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Normalized spectral signatures of the training samples.



NDVI ¼



BI ¼



ðNIRÞ  R ðNIRÞ þ R



qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ðNIRÞ2 þR2



(1)



(2)



To overcome the differences in spatial resolution (10, 30 and 57 m), the 1990 Landsat and 2003 SPOT images were resampled at the lowest resolution (57 m) using a bilinear interpolation method. The new images were registered to the 1978 Landsat MSS image, to obtain the best-fit superimposition of pixels from the various images. The aim of resampling images at a common resolution is to generate a structural unit (the pixel) of uniform size and to place all the satellite images on the same scale of representation. It should nonetheless be noted that this technique does not produce perfectly comparable
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documents, since the raw signals are on different acquisition scales. Spectral synthesis by PCA and indices was also performed on the resampled images. Spectral analysis of the original bands of the images at their initial resolutions shows fairly good discrimination between land cover classes, particularly in the red (R) and near-infrared (NIR) bands, which are available for all the images. The blue (B), green (G) and mid-infrared (MIR) bands discriminate between classes according to a hierarchy fairly similar to those of the red and NIR bands. However, this information provides complementarity, which can be of use in enhancing the separability of the classes. Regardless of the image considered, sandy soils (SA), sandstone levellings (SL) and gravelly soils (GV) have an average spectral signature that is clearly distinguishable from other classes. Croplands (CR), grassy formations (DS, ST) and woody formations (OB, CS, WS) are also distinguished relatively well from other covers. Discrimination is poor, however, within the grasslands group (i.e. between degraded steppes (DS) and steppes (ST)) and within that of closed woody formations (i.e. between closed shrublands (CS) and woody savannas (WS)). These similarities are more strongly marked in the MSS and TM images than in the SPOT image, and they justify the decision to aggregate these classes at level II of the nomenclature (table 2). Spectral synthesis of images using three-component PCA and two indices (NDVI and BI) seems to improve discrimination among the classes, particularly for the Landsat TM and SPOT images. For example, it improves differentiation of degraded steppes (DS) from steppes (ST), particularly in the spectral response offered by the first three components of the PCA and by the BI. Discrimination between closed shrublands (CS) and woody savannas (WS) remains poor for the MSS and TM images. This preliminary analysis suggests that the use of composite bands from PCA and indices might improve class separability and hence the quality of the classifications. Resampling the Landsat TM and SPOT images at the spatial resolution of the Landsat MSS image has little effect on spectral discrimination between classes. The spectral signatures obtained at the initial resolutions are largely unchanged in form and hierarchy in the resampled images, for both original bands and composite bands. The spectral analysis as a whole suggests that the spectral and spatial differences between the Landsat (MSS, TM) and SPOT data will not have a strong influence on processing bias, as shown by other authors (Chavez and Bowell 1988, Millward et al. 2006). However, the influence of spectral synthesis (using PCA and indices) and spatial homogenization of the images on the quality of the classifications has yet to be assessed. 3.3



Image processing



Image processing was based on classifications derived from the use of training parcels and obtained separately from MSS (1978), TM (1990) and SPOT (2003) images. In keeping with the reference nomenclature, these classifications were performed first with nine classes (level III of the reference nomenclature) and then grouped to make seven classes (level II of the reference nomenclature). Three classification techniques were tested: supervised classification, grid-based on-screen interpretation and objectoriented classification. Figure 6 reports on the tests carried out. Pixel-based classification consisted of classifying the images produced from the combination of original bands and composite bands (PCA and indices), using either the initial resolutions or resampled images based on a common spatial resolution. Supervised classifications were performed using the maximum likelihood algorithm, based on the spectral signatures of the training samples. Each class was defined by an
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Image processing chains.



average spectral signature obtained by merging the signatures of the samples within a given class. As no information was available concerning the relative proportion of plant covers in the study area, and as these proportions are likely to have changed over time, the same weighting was assigned to each class in the classification algorithm. In grid-based on-screen interpretation, the images were manually classified using a geographic information system (GIS). For this technique, it did not seem worthwhile testing for the influence of the combination of composite bands or of resampling. The interpretations were therefore performed using the original bands at their initial resolution for each image by application of a georeferenced vector grid. The procedure consisted of generating a grid with 57 m-square cells that are perfectly registered to the pixels of the Landsat MSS image, for a total of some 60 000 polygons over the study area (,200 km2). This scale was considered to be appropriate for monitoring LUCC in the study area, and the technique was applied to all the images. It provided a satisfactory level of detail given the nature of the site and the images available, and entailed a reasonable workload for a study of this type. The cells were classified using on-screen interpretation, which consisted of assigning one of the nine classes of the nomenclature to each cell. Most of the time, land cover types were relatively homogeneous within those cells, which tends to show that this was an adequate cell-based scale. Nevertheless, cells with mixed cover types were attributed to dominant land cover types. Lastly, a review of all the on-screen interpretations performed allowed us to verify the coherence and accuracy of the interpretation and to make adjustments as necessary. Processing by object-oriented classification consisted of image segmentation and object-oriented classifications using eCognition Professional 6.0 software (Definiens Imaging, Mu¨nchen, Germany). The first step in the process aims at segmenting the
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digital image into a set of non-superimposable, discrete regions on the basis of an internal homogeneity criterion. This method has been described in detail by Benz et al. (2004) and Devereux et al. (2004). The second step in image processing is classification of the objects created during the segmentation phase. This classification is similar to supervised classification, the difference being that it is based on objects rather than pixels. As the objects are defined on the basis of spectral and spatial criteria, it seemed useful, as for the pixel-based approach, to assess the influence of the use of composite bands and resampling on the classification results (figure 6). The grouping of pixels to form objects, performed during the segmentation phase, was determined by three parameters that account for the concepts of neighbourhood, proximity and homogeneity (Blaschke et al. 2005): Scale, Shape and Compactness. The Scale parameter influences the level of segmentation of the image. By merging pixels to form a larger or smaller number of objects, it serves to define the size of the units of the image. The Shape parameter increases or decreases the weighting given to the spatial or spectral (colour) dimensions of the image. The Compactness parameter influences the delineations between different zones, making them sharper or fuzzier. To characterize LUCC through images with different spatial resolution, the segmentation was carried out such that the number of objects would be similar from one image to another. Thus, the classifications were performed at the same working scale, which made it possible to produce classifications having a comparable level of detail. The values of the segmentation parameters (table 3) were defined through a heuristic approach. Based on the criteria defined above and analysis of the initial classifications, a segmentation of about 5200 objects, with an average surface area of about 3.8 ha per object, was found to be well suited to all images (MSS, TM and SPOT). The Scale parameter, which can incorporate this additional condition, was then adjusted to draw the images closer to this common scale: values between 2 and 23 were necessary to reach a similar number of segmented objects for all images depending on their resolution or bands’ composition. For all the images, the value of the Shape parameter was set at 0.1, thus establishing that colour (0.9) is the preponderant factor. The rationale for this choice is that the study area contains very few characteristic geometric shapes that are visible on all available images; croplands and bowe´s are the most strongly marked features, but they Table 3. Segmentation parameters for object-oriented classification. Images at initial resolution



Segmentation parameters Scale Shape Compactness No. of objects PCA þ NDVI þ BI Segmentation parameters Scale Shape Compactness No. of objects



Resampled images



MSS 1978



TM 1990



SPOT 2003



TM 1990



SPOT 2003



2.0 0.1 0.1 5228



6.4 0.1 0.3 5203



21.3 0.1 0.5 5232



3.3 0.1 0.1 5238



4.9 0.1 0.1 5208



5.4 0.1 0.1 5131



8.6 0.1 0.3 5291



23.0 0.1 0.5 5276



5.4 0.1 0.1 5224



5.3 0.1 0.1 5098



Original bands
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are not always clearly delineated. The value of the Compactness parameter for the SPOT image at the initial resolution (10 m) was set at 0.5. In the images, however, it was observed that lower spatial resolution made the transition between two different zones less sharp with this value. For this reason, the values of the Compactness parameter were specified to be 0.3 and 0.1, respectively, for images at a spatial resolution of 30 m and 57 m. To allow comparison between the results of the object-oriented approach and those of the other methods tested, object-oriented classification was restricted to relatively simple criteria, similar to those used in the supervised classification performed under the pixel-based approach. The classification was therefore carried out on the basis of training samples/objects selected so as to include the training parcels defined for the other approaches. Only the spectral information of the objects was considered. For each class, average statistical values were calculated to classify the images.
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Classification assessments



Classification accuracy was estimated for each date (1978, 1990 and 2003) and each method by computing confusion (error) matrices between the control parcels and the classification results. Values of the Kappa coefficient (k, equation (3)) were calculated (Cohen 1960, Congalton 1991). Although strictly speaking the Kappa coefficient should theoretically be applied to a random sampling of pixels, a condition that is not met here because parcels rather than pixels are used to draw up the confusion matrices, we decided to use it nonetheless because: (i) in most cases, its values were close to those of the overall accuracy levels obtained with the confusion matrices; (ii) it gives better results for assignment errors (both excess and deficit); and (iii) it is interpreted relative to the whole set of tests:   L L  P  P N xii  ðxiþ xþi Þ  i¼1 i¼1 k ¼ 100 (3) L P 2 N  ðxiþ xþi Þ i¼1



where L is the number of lines, N the total number of observations, xii the number of observations on the diagonal, xiþ the number of observations to the left of the diagonal, and xþi the number of observations to the right of the diagonal. Two complementary analyses were conducted to assess the semantic accuracy and geographical quality of the classifications, as well as their relevance to land cover changes in the historical context. First, we evaluated the differences in the proportions of thematic classes for each date according to the methodological choices made (classification approaches, choice of spectral bands and spatial resolution). Geographical coherence between methods was then studied through an analysis of diachronic land cover maps. 4. 4.1



Results Confusion analysis



Given the number of classifications conducted for this paper (23), the confusion matrices comparing the various classifications to the control parcels are represented in summary fashion by their Kappa coefficients (figure 7). These coefficients show scores of above 84%, indicating close agreement between the classifications and the control parcels. The scores obtained from the 1990 TM and 2003 SPOT images are over 93%.
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Figure 7.



Overall accuracy (Kappa coefficient) for all tests.



Classifications based on the 1978 MSS image obtain scores of 84.1–91.5%. Table 4, which is representative of the calculated matrices, highlights the sources of confusion that explain the differences in results from one classification to another. Some classes obtain better scores than others. Sandy soils (SA), sandstone levellings (SL) and croplands (CR), for example, offer producer’s accuracy and user’s accuracy of over 95%. Confusion still exists, however, between gravelly soils (GV) and steppes (ST). Errors (both excess and deficit) are also observed between steppes (ST) and croplands (CR). These confusions may be attributed to the soils in these land cover types (gravelly and/or clay-silt soils), which affect the spectral response and at times make classification more difficult in areas with sparse vegetation. The largest assignment errors, however, are related to woody formations (OB, CS), reflecting the difficulty in obtaining highly precise separation between open bushlands and closed shrublands. Figure 7 also highlights some differences between the methods. In general, the Kappa coefficient values indicate that resampling of the 1990 TM and 2003 SPOT images in the pre-processing phase has a limited effect, as the scores are only slightly worse (a maximum difference of 1.6 percentage points) than those obtained in the classifications based on initial resolutions. The resampling even improves the scores of the object-oriented classifications performed using the original bands of the SPOT image (95.6% vs. 93.7%) and the composite bands of the 1990 TM image (97.5% vs. 95.9%). In the pixel-based approach, spectral synthesis by composite bands (PCA, NDVI, BI) also seems to have little impact on the statistical results from the confusion matrices: the scores obtained in the classifications of original bands are almost systematically identical. In the object-oriented approach, however, the use of composite bands seems to
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Table 4. Example of confusion matrix (1 pixel represents about 0.3 ha). On-screen interpretation classification (MSS, 1978) Control parcels



SA



SL



GV



CR



ST



OB
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Sandy soils (SA) 4 Sandstone levellings (SL) 168 1 Gravelly soils (GV) 27 5 Croplands (CR) 2 153 5 1 Steppes (ST) 2 95 Open bushlands (OB) 60 Closed shrublands (CS) 6 Total 4 170 27 155 106 67 User’s accuracy (%) 100.0 98.8 100.0 98.7 89.6 89.6



Producer’s CS Total accuracy (%) 4



26 51 81 63.0



4 173 32 161 97 86 57 610



100.0 97.1 84.4 95.0 97.9 69.8 89.5 91.5



limit confusion compared to the original band classifications: the Kappa coefficient values improve by 1.8 to 4.2 percentage points depending on the image considered. Lastly, for all the images considered, the best statistical scores are obtained through onscreen interpretation, with coefficients of 91.5%, 97.7% and 99.0%, respectively, for the MSS, TM and SPOT images. However, the differences in the Kappa coefficients from one classification to another are not significant enough to draw firm conclusions as to which processing options (the classification approach, spectral bands and spatial resolution) should be preferred. Other indicators were therefore used for the evaluation. 4.2



Overall analysis of LUCC (1978–2003)



Analysis of the overall proportions of the thematic classes and how they changed between 1978, 1990 and 2003 reveals more marked differences between the methods (figure 8). In the pixel-based approach, resampling of the 1990 TM and 2003 SPOT images at the resolution of the MSS image seems to have little effect on the relative proportions of the various land covers obtained through processing. For a given date, the maximum variation observed between the results for images at the initial resolution and those for resampled images was 3 percentage points per class. For instance, when the SPOT image is processed using original bands at the initial resolution, croplands (CR) account for 32% of total area, as against 35% when the resampled original bands are used. Similarly, spectral synthesis using composite bands (PCA, NDVI, BI) has a limited impact on the relative proportions of cover in the pixel-based approach. For a given date, the maximum variation observed is 5 percentage points per class. For example, when the SPOT image is processed using original bands at the initial resolution, sandstone levellings (SL) account for 24% of total area, as against 29% when the composite bands are used. In the object-oriented approach, by contrast, resampling of images at a common resolution has a non-negligible impact on the results. For a given date, the variation observed between the results for images processed at the initial resolution and those for resampled images amounted to as much as 9 percentage points per class. For instance, when the SPOT image is processed using original bands at the initial resolution, sandstone levellings (SL) and croplands (CR) account respectively for 28% and 38% of total area, as against 37% and 29% when the resampled original bands of the same image are used. The effect of spectral synthesis using composite bands (PCA, NDVI, BI) also seems to be significant in the object-oriented approach. For a
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Land cover relative areas in 1978, 1990 and 2003 according to the various tests.



given date, the variations observed can be as much as 10 percentage points per class. For example, when the Landsat image is processed using the resampled original bands, steppes (ST) account for 25% of the total area, as against 15% when the composite bands derived from the same image are used. The trends in LUCC from 1978 to 2003 are the same for the broad approaches tested (pixel-based, on-screen interpretation, object-oriented), but the proportions of change are different. First, the proportions of sandstone levellings (SL) are stable over time regardless of the approach tested, as expected because of their relative sterility in terms of vegetation. In 1978, 1990 and 2003, the SL zones accounted respectively for 29%, 29% and 26% of the total area on average using the pixel-based approach; 30, 31 and 30% using on-screen interpretation; and 33%, 36% and 34% on average in the object-oriented approach. Second, all the approaches show a fairly regular increase in cropland zones, which is consistent with the population pressure in the sector, but again the proportions differ between approaches. In 1978, 1990 and 2003, croplands (CR) accounted respectively for 19%, 29% and 33% of total area on average using the pixel-based approach; 13%, 18% and 23% using on-screen interpretation, and 18%, 22% and 32% on average in the object-oriented approach. The estimates of these areas are thus substantially higher (by a factor of ,1.5) with the pixel-based and object-oriented approaches than with onscreen interpretation. Lastly, all the methods tested show a gradual decline in woody formations (OB and CS), and an increase in croplands (CR) and grassy formations (ST).
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For example, in 1978, 1990 and 2003, woody formations (OB and CS) accounted respectively for an average of 25%, 23% and 19% of total area using the pixel-based approach, 33%, 24% and 20% with on-screen interpretation, and 23%, 15% and 13% on average using the object-oriented approach. The decline in woody formations over 25 years thus seems less pronounced with the pixel-based approach (–6 percentage points) than with the object-oriented approach (–10 points) and especially on-screen interpretation (–13 points). The pixel-based approach and on-screen interpretation give proportions of woody formations that are closer to each other than to the proportions obtained with the object-oriented approach, which yields lower estimates of the number of such formations. These differences in the proportions of classes for each date according to the methodological choices made (classification approaches, choice of spectral bands and spatial resolution) clearly show (in contrast to the prior statistical analysis based on confusion matrices) that these choices can have a substantial impact on the results. 4.3



Analysis of land cover maps (1978–2003)



The 23 maps derived from the classifications are not presented here. For the pixel-based and object-oriented approaches, the cartographic analysis was limited to comparison of the multi-temporal classifications based on images preliminary resampled at a common resolution (57 m). Table 5 summarizes the proportions of land cover changes estimated depending on the approach tested (pixel-based, on-screen interpretation or objectoriented) and on the combinations of bands performed prior to image processing. It provides the estimated proportions of changes calculated from the spatial overlay of three diachronic classifications (1978, 1990 and 2003). On-screen interpretation minimizes the area having changed (40.2%) compared to the pixel-based (60.4% to 62.6%) and object-oriented (57.6% to 63.2%) approaches. It also emerges that the choice of a given combination of diachronic classifications has more impact on the estimated proportions of change in the object-oriented approach than in the pixel-based approach. In other words, the classifications obtained through the object-oriented approach are more sensitive to the influence of prior spectral synthesis of images than are those obtained through the pixel-based approach. Lastly, the combinations of multi-temporal classifications that yield the lowest estimates over the 25-year period analysed are the same in the pixel-based approach (60.4% of area changed) and in the object-oriented approach (57.6%); namely, the MSS image classification using original bands combined with the TM and SPOT 5 classifications using composite bands (PCA þ NDVI þ BI). Figure 9 presents the maps for these classification combinations, allowing cartographic comparison of the three approaches tested. All the maps show a fairly clear demarcation running from the southwest to the northeast, dividing the study area into two large sectors. The southeast sector contains an extensive area of sandstone levellings (SL), including several gravelly bowe´s (GS) surrounded by erosional surfaces dominated by grass formations (ST), a few scattered areas of cropland (CR) and woody formations (OB or CS) located in rifts. The northwest sector contains two cropland (CR) areas located on either side of nonpermanent watercourses. These croplands are bounded by arid zones dominated by grassy formations (ST), with some open bushlands (OB) to the north and northeast. A few gravelly bowe´s are also found in this second sector. The maps generated from the pixel-based classifications differ from those derived from the other two approaches in that they have a ‘salt and pepper’ appearance due to
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Table 5. Total land cover change estimated by the various approaches and band combinations.
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Pixel-based classification (pre-processing resampling at 57 m)



On-screen interpretation Object-oriented classification (pre-processing resampling at 57 m)



1978 (MSS)



1990 (TM)



2003 (SP5)



Change (%)



Original bands Original bands Original bands Original bands PCAþNDVIþBI PCAþNDVIþBI PCAþNDVIþBI PCAþNDVIþBI Original bands Original bands Original bands Original bands Original bands PCAþNDVIþBI PCAþNDVIþBI PCAþNDVIþBI PCAþNDVIþBI



Original bands Original bands PCAþNDVIþBI PCAþNDVIþBI PCAþNDVIþBI PCAþNDVIþBI Original bands Original bands Original bands Original bands Original bands PCAþNDVIþBI PCAþNDVIþBI PCAþNDVIþBI PCAþNDVIþBI Original bands Original bands



Original bands PCAþNDVIþBI Original bands PCAþNDVIþBI PCAþNDVIþBI Original bands PCAþNDVIþBI Original bands Original bands Original bands PCAþNDVIþBI Original bands PCAþNDVIþBI PCAþNDVIþBI Original bands PCAþNDVIþBI Original bands



60.7 60.4 60.7 60.4 62.4 62.6 62.3 62.6 40.2 61.3 58.9 60.8 57.6 58.9 62.2 60.7 63.2



Bold characters indicate combinations that minimize the proportion of changes between dates for each of the three broad approaches tested.



the processing method used. They show a fair degree of local heterogeneity, in contrast to maps derived from on-screen interpretation or object-oriented classifications, which have a smoother appearance. Irrespective of the approach used, the trends in land cover change over time are those discussed in the analysis of overall land cover proportions (though of course there is local variation): stability of sandstone levellings (SL), linear increase in croplands (CR), and gradual decrease in woody formations (OB and CS) in favour of croplands (CR) and steppes (ST). Nevertheless, on-screen interpretation yields spatial trends that are much more coherent than those obtained with the pixel-based and object-oriented approaches. On-screen interpretation, in contrast to the other two approaches, offers good geographical consistency for areas where croplands and grassy erosional surfaces around bowe´s are increasing and areas where woody formations are declining. It may also be noted that the woody formations, particularly closed shrublands (CS), detected in the 1978 Landsat MSS image are estimated to be greater in on-screen interpretation than with the other two approaches. This greater geographical consistency is reflected in the minimization of areas presenting thematic changes (table 5) between the three dates (40.2%) compared to the pixel-based approach (60.4%) and the object-oriented approach (57.6%), indicating once again that on-screen interpretation is the approach most apt to yield valid and coherent results.



5. 5.1



Discussion Assessment of the methods tested



This study had three aims: (i) to assess the influence of spectral synthesis and spatial homogenization of the data on the classification results; (ii) to compare three main



1769



Downloaded By: [Universite Paul Sabatier] At: 12:08 27 March 2011



Comparison of methods for long-term LUCC monitoring



Figure 9.



Comparison of land cover maps for 1978, 1990 and 2003 by the approach tested.



approaches to classification; and (iii) to map patterns and dynamics in both croplands and natural vegetation on a Sahelian area over 50 years. Where the first objective is concerned, the assessment cannot be categorical, but valuable indications were found. The study does not show clear and systematic benefits from the use of composite bands (PCA, NDVI, BI), particularly in the pixel-based approach. Classifications based on the original bands seem generally satisfactory, although the results were slightly improved in the object-oriented approach (and to a lesser extent the pixel-based approach) by spectral synthesis of the TM and SPOT imagery. However, resampling images at a common resolution seems to make identification of areas having undergone thematic change more consistent with conditions on the ground (in their area and demarcation), with no significant information loss. Spatial homogenization, by providing a common
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working scale for the various images, may thus be a technique well suited to comparison of multi-scale documents over time and may be recommended as a pre-processing step for both pixel-based and object-oriented classification. With regard to the second objective, the study clearly demonstrates that of the three broad approaches tested (supervised classification, vector grid-based on-screen interpretation and object-oriented classification), on-screen interpretation was the method that yielded the best results according to all the indicators tested. The pixel-based and object-oriented approaches represent an automated interesting alternative but lead to substantially different estimates of relative land-cover areas in certain ranges. The LUCC trends (increase in croplands, degradation of the natural environment, etc.) are generally reproduced in these approaches, but in different proportions. Furthermore, in comparison to on-screen interpretation, these approaches seem to overestimate considerably the zones having undergone change: these zones amount to about 60% of total area in the pixel-based and object-oriented approaches, as against 40% in on-screen interpretation. The question then arises as to why the visual interpretation method is superior in comparison to the automated ones in that context. Two elements can be pointed out: the diachronic processing and the type of landscape. The diachronic processing requires perfectly superimposed limits. In addition, the landscape considered in this study is at the same time very variable locally (e.g. isolated trees) and much less variable on a more global scale (context of continuous and fuzzy evolutions of natural vegetation such as the density of woody covers); there is no clear limit between zones, except in the case of shrubs found along watercourses and in rifts, or of main demarcations between croplands and natural areas. The pixel approach makes it possible to finely characterize strong local variability, such as isolated trees. By contrast, in the diachronic study, this local variability disturbs the analysis of the changes because of the need for working on entities of several contiguous pixels. On-screen interpretations and object-oriented approaches can be expected to do it better. However, the object-oriented method used relies on landscape segmentations that are very sensitive to the parameter setting. This setting rests on an empiricism that induces strong fluctuations in the diachronic demarcations of the limits in these zones where continuous and fuzzy evolutions occur. This entails an uncertainty in the detection of the changes between dates, particularly when multi-source images are used. Finally, on-screen interpretation provides with a more satisfactory method because the operators’ expertise and their knowledge of the studied area lead to better choices about the homogeneity (density) of a zone and its boundaries. While previous studies have identified this method as a superior technique of classification, notably in African environments (e.g. Imbernon 1999, Tappan et al. 2004, Ruelland et al. 2010), this paper presents strong evidence to support that it is the best for accurately monitoring land use and land cover through images from different sensors. In addition, the use of a vector grid system for onscreen interpretation partly resolves the problem of differences in spatial resolution between the documents analysed by placing them on the same working scale. The results show that interpretation errors, although inevitable, can be minimized through the use of this technique. Although the on-screen interpretation method resulted in the highest accuracy, it might obviously be very time-consuming when compared to the automated methods, particularly for classifications at a broader scale. Hence, this study provides us with valuable and precise assessment of the accuracy that can be expected with automated classification approaches when compared to manual classification ones.
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Concerning the third aim of the paper, the conclusions above and the type of documents available led us to extend the analysis of land use and land cover to the 1950s and 1960s. The same method of vector grid-based on-screen interpretation was applied to a Corona image (1967) and aerial photographs (1952) (table 1).
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Estimation of changes over 50 years



Figure 10 presents the classifications of land cover types in the watershed obtained through on-screen interpretation for the five dates studied (1952, 1967, 1978, 1990, 2003) using a simplified five-class reference nomenclature (table 2). The increase in croplands can be related to the demographic pressure experienced by the rural Sofara region for almost 50 years. Farming and herding activities have spread, leading to increased breaking of new land for farming, harvesting of wood as an energy source, and grazing. Woody formations have been the component of the vegetation cover most sensitive to these pressures. These types of cover (open bushlands, closed shrublands and woody savannas) accounted for 59% of the area of the watershed in 1952, and only 17% in 2003. Over the 50-year period, croplands increased gradually (from 6% to 23% between 1952 and 2003), as did erosional surfaces with sparse vegetation (from 7% to 27%), in contrast to a drastic reduction in open (from 20% to 6%) and closed (from 39% to 11%) woody covers. The process seems to have accelerated between 1967 and 1978, as shown by the slopes of the curves representing change in woody covers and steppes (figure 10). This development may be partly attributed to the climatic change observed in the area as from 1970 (figure 3) and to the substantial expansion of human activities in the 1970s. This break in the trend may also be due to bias in on-screen interpretation, particularly because the pre-1970 documents used (aerial photographs and Corona images) raise difficulties of precise interpretation owing to their panchromatic mode. The trends are undeniable, however, and are confirmed by other studies on semi-arid environments in West Africa. For example, in the context of monitoring land use and land cover in Mali from 1965 to 2001 in an area comprising 21 villages and their environs, Tappan and McGahuey (2007) showed that the villages had increased in size by 30% to 50% in 35 years and that croplands increased from 5–10% to 25–30% of total land area over the same period. In another monitoring study covering the 1969–2002 period in Sudan, Elmqvist and Khatir (2007) showed that croplands increased from 19% to 38% of total land area in 33 years, as the population density increased from 3 to 20 people per square kilometre. These authors also observed a decline in areas covered with so-called natural vegetation, but too few classes are available to pinpoint the precise changes. However, Leblanc et al. (2008), in a study of an area of about 500 km2 in southwestern Niger, used aerial photographs to show that 80% of the study area had been cleared of woody species between 1950 and 1992. This drastic reduction in woody cover is similar to what has been observed on the Kouonbaka watershed for nearly 50 years and the use of wood as an energy source seems to be one of the main causes of the reduction of forested areas (Ruelland et al. 2010). 5.3



Limits and prospects



A number of factors contribute to the difficulty of detecting LUCC in the Sahel. First, rainfall varies strongly from year to year in the region, which over the long term disturbs the phenological state of plant covers. Moreover, as we have seen, the various types of cover are subject to strong human pressure because of population growth,
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30 January 1952



10 December 1967



26 December 1978



13 December 1990



26 December 2003



Figure 10. Cartographic analysis of land cover changes from 1952 to 2003 by grid-based onscreen interpretation.



which leads to intensification and extension of farming and herding activities and to accentuated degradation of the natural environment due to wood harvesting and burning techniques. Short-term changes, for example those due to seasonal variation, increase the risk of error in assessing longer-term changes. These considerations argue in favour of using remote sensing data over the longest possible time interval,
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although comparison of such data is subject to well-known limitations due to their heterogeneity and the lack of ground data for earlier periods. Although this paper provides objective means of mapping and quantifying the increase in croplands and the degradation of the natural cover, two major difficulties were encountered: (i) precise detection of the demarcations between types of cover (particularly between croplands and steppes or degraded steppes); and (ii) characterization of the density of woody covers for correct assignment within a reference nomenclature designed to represent the degree to which these environments are open or closed (table 2). There seem to be no obvious solutions to the second difficulty, given the type of documents used and the scale of the study (nearly 100 km2 over 50 years). With regard to the first, however, croplands are organized spatially in a fairly typical toposequence for the Sahel (expansion of croplands in areas around non-permanent watercourses and at the bottom of gentle slopes, where the soil is more fertile), and this knowledge could be integrated into the processes of land cover analysis to help in delineating croplands, or the area to which croplands may potentially be extended. Thus, geographical approaches using combinations of descriptors such as slope, distance to the watercourse and distance to villages may be considered, to try to identify potential cropland areas without recourse to imagery. The spatio-temporal monitoring of land cover undertaken in this paper is therefore a valuable foundation for validating this type of geographical approach, which could make a useful contribution to studies of larger areas, despite Hammer’s (1994) contention that in the highly varied terrain of the Sahel, approaches based on toposequence should be applied only to limited surface areas. 6.



Conclusion



Satellite imagery is regarded as a good source of historical data, but using it to determine changes over long periods requires reliable and easy-to-use analytical methods to ensure reproducibility. An added complication is that the field data needed for historical validation are generally lacking. Moreover, a complete time series of images produced by the same sensor is rarely available for a given site. This study therefore evaluates the potential of aerial and satellite imagery for LUCC monitoring in the Sahel over a 50-year period. It is based on monitoring over five dates from 1952 to 2003, using multi-source data. It assesses the influence of spectral synthesis and spatial homogenization on the classification results, compares three main approaches to remote sensing and describes changes in land cover in a Sahel site over 50 years. Differences in spatial resolution were found to be the most important constraint on comparison of images acquired by different sensors. To monitor change over time on the basis of these images, it therefore seems of overriding importance to define a common scale for representing the study area. The results show, moreover, that in the pixel-based and object-oriented approaches a non-negligible gain is obtained by resampling images at a common resolution. Spectral synthesis of the images by creating composite bands (PCA, indices) makes a less significant contribution. The study also demonstrates the highest accuracy (from statistical and mapping points of view) of vector grid-based on-screen interpretation over automated methods such as pixel-based and object-oriented classification for monitoring land cover over 50 years from multi-scale documents. Lastly, studying land cover by on-screen interpretation of five documents from different dates enabled us to carry out a time series analysis coupled with field data to describe the successive conditions of the vegetation
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cover and to analyse changes in it over nearly 50 years. Under the combined impact of climate change and human activity, the study area underwent major changes, with an increase in croplands (from 6% to 23% of total surface area in 50 years) and in erosional surfaces with sparse vegetation (from 7% to 27%), as against a drastic reduction in woody covers (from 59% to 17%). Although changes may be overestimated due to the methods used and the heterogeneity of the geographical documents, their trends are undeniable. Given the growth of the population and the pressures it will continue to generate, there is reason for concern over the future availability of wood, which is still the leading energy source for the local population. A major constraint encountered by scientific research in the field of long-term environmental monitoring is the lack of data at the required spatial and temporal scales. Although civilian remote sensing has provided useful data since 1972, monitoring long-term changes such as those associated with climate change and human activity requires greater time depth. The methodological difficulties stemming from the diversity of available data for periods before and after the first commercial satellites continue to limit the scope of environmental studies to short-term overviews, thus compromising our understanding of the complexity of environmental processes. The use of archive documents is thus inevitable if we want to undertake retrospective monitoring over a 50-year period. This paper shows that selecting an appropriate method for addressing the technical characteristics and the varying acquisition scales of those documents still remains a complex matter. Describing LUCC in a Sahelian environment on the basis of multi-sensor documents therefore continues to be a field requiring exploration, and methods need to be developed to make better use of the huge amount of archival data available and to ensure that the benefits stemming from spatial observation techniques lead to quantification of the phenomena considered. Acknowledgements This work was carried out as part of the RESSAC (Vulnerability of surface water resources to anthropogenic and climate changes in Sahel) programme (ANR-06-VULN-017). It was based on the use of one SPOT image (ISIS Program, copyright CNES) and two Landsat images supplied free of charge by the Global Land Cover Facility established by the USGS and NASA and hosted by the University of Maryland. We are grateful to the IRD Centre of Bamako and to Harber Dicko for their logistical support, which helped in collecting data for the ground control points during the field surveys in 2006. Finally, the anonymous reviewers are thanked for their interest in this work and their useful comments. References ALLEN, T.F. and STARR, T.B., 1982, Hierarchy Perspective for Ecological Complexity, pp. 21–25 (Chicago: University of Chicago Press). ANYAMBA, A. and TUCKER, C.J., 2005, Analysis of Sahelian vegetation dynamics using NOAAAVHRR NDVI data from 1981–2003. Journal of Arid Environments, 63, pp. 596–614. BENZ, U., HOFMANN, P., WILLHAUCK, G., LINGENFELDER, I. and HEYNEN, M., 2004, Multiresolution, object-oriented fuzzy analysis of remote sensing data for GIS-ready information. ISPRS Journal of Photogrammetry and Remote Sensing, 58, pp. 239–258. BLASCHKE, T., LANG, S. and MO¨LLER, M.S., 2005, Object-based analysis of remote sensing data for landscape monitoring: recent developments. In Anais 12th Symposium of Remote Sensing, 16–21 April 2005, Goiaˆnia, Brasil, INPE, pp. 2879–2885.
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