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Abstract

:

The assessment of land degradation and the quantification of its effects on land productivity have been both a scientific and political challenge. After four decades of Earth Observation (EO) applications, little agreement has been gained on the magnitude and direction of land degradation in the Sahel. The large number of EO datasets and methods associated with the complex interactions among biophysical and social drivers of ecosystem changes make it difficult to apply aggregated EO indices for these non-linear processes. Hence, while many studies stress that the Sahel is greening, others indicate no trend or browning. The different generations of sensors, the granularity of studies, the study period, the applied indices and the assumptions and/or computational methods impact these trends. Consequently, many uncertainties exist in regression models between rainfall, biomass and various indices that limit the ability of EO science to adequately assess and develop a consistent message on the magnitude of land degradation. We suggest several improvements: (1) harmonize time-series data, (2) promote knowledge networks, (3) improve data-access, (4) fill data gaps, (5) agree on scales and assumptions, (6) set up a denser network of long-term field-surveys and (7) consider local perceptions and social dynamics. To allow multiple perspectives and avoid erroneous interpretations, we underline that EO results should not be interpreted without contextual knowledge.
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1. Introduction


Desertification is a complex and multi-faceted phenomenon aggravating poverty that can be seen as both a cause and a consequence of land resource depletion. As reflected in its definition by the United Nations Convention to Combat Desertification (UNCCD) [1], desertification is “land degradation in arid, semi-arid and dry sub-humid areas resulting from various factors, including climate variation and human activities”. In the 1990s, the Global Assessment of Human Induced Soil Degradation (GLASOD) project was the first comprehensive effort to map land degradation globally using standardized criteria [2]. Subsequent studies confirm evidence of land degradation in terms of varying degrees of severity [3]. However, because of massive criticism of the reliability and accuracy of GLASOD, a more recent approach called GLADA (Global Assessment of Land Degradation and Improvement)—within the Food and Agriculture Organization of the United Nations’ (FAO) Land Degradation Assessment in Drylands (LADA) program—mapped land degradation with improved (integrated remote sensing) techniques [4]. The LADA program made important progress in assessing the causes and impacts of land degradation at global, national and local levels, in order to detect hot spots and identify intervention strategies [5]. LADA approaches land degradation as biophysical, social, economic and environmental issues that must be dealt with using a combined geo-informational, scientific and local knowledge tools [6,7].



These programmatic studies showed that the reduction of available agricultural lands in Africa’s drylands is exacerbated by soil fragility and easily degrading lands. A variety of processes are at work, and it is clear from a “convergence of evidence” and consensus among the expert community that large areas in the Sahel are affected [8]. Land degradation—as yet poorly quantified and recognized—is amplified by rapid population growth, increased temperature-driven evaporative demand, and increased rainfall variability [9,10,11,12]. Besides its physical consequences on ecosystems, it induces a wide range of socio-economic threats, including poverty, food insecurity, water shortage, health problems and conflicts [6,13]. Since the adoption of the UNCCD convention, much has been done on various fronts in Africa, including the collaboration of national, sub-regional and regional entities to combat desertification and improve our understanding of the mechanisms and the effects of the phenomenon. However, despite these significant achievements, considerable challenges remain and need of a serious and prompt response.



Many of the obstacles are related to the availability of data and tools that can be used to assess land degradation. Furthermore, current science applies with many contentions, different proxies for biophysical and socio-economic indicators to explain the root causes, driving forces, status, and impacts of and responses to land degradation. Similarly, many controversies exist on replicable methods to assess land degradation, or key indicators of essential variables of processes and state of land in the Sahel [14]. Due to sparse ground observations in African drylands, satellite data have been extensively used to collect evidence of degraded land, particularly within the Driving force-Pressure-State-Impact-Response (DPSIR) framework, which was largely applied to land degradation in drylands, mostly for land cover/land use change and soil moisture [15]. However, Earth Observation (EO) can only provide indicators; a negative or positive trend in vegetation productivity does not necessarily mean widespread and irreversible degradation or an improvement in ecological services as both livelihoods and vegetation greenness depend on many factors. Hence, monitoring and detecting desertification and land degradation in the Sahel using satellite data has become a contentious topic, despite the improvement in data and analytical methods. One of the constraining issues is the agreement among scientists on the most robust methods/indicators for monitoring and assessing land dynamics [16].



During the last four decades, the Sahel was affected by below-normal precipitation with two severe drought periods in 1972–1973 and in 1983–1984 [17,18]. Because of this negative climate trend, many studies prioritized the Sahel “crisis” in terms of productivity loss and land degradation [19]. These negative perceptions have been opposed with recent findings of improved greenness mostly in relation to recent improvement in rainfall. This paper is a synthesis on current remote sensing methods to assess four decades of land degradation studies. From discussion of strength and limits of many approaches, we suggest a number of knowledge gaps that require more research to improve land degradation assessment in the Sahel using EO.




2. The Sahel Context


The Sahel is a wide climatic zone covering arid and semi-arid biomes (Figure 1). The extent of the biomes is largely determined by the progression of the Intertropical Convergence Zone during the West African Monsoon [20]. The core of the West African Sahelian zone (Senegal, Mali, Burkina Faso and Niger are analyzed in this paper) is characterized by a unimodal rainfall regime during boreal summer with annual totals ranging from 200 to 400 mm. Landscapes are dominated by large planes, small temporal water ponds surrounded with evergreen and semi-deciduous dense vegetation cover. Sand dunes and rocky formations cover the remaining lands. The large stretches of plains are mainly used for grazing and subsistence cultivation dominated by dry cereals such as sorghum or millet. Herbaceous cover primarily includes annual grasses and scattered trees dominated by xeric taxa, such as Acacia, Balanites, and Ziziphus [21]. Recent scientific findings suggest a decline in biodiversity and a shift to more arid and drought resilient species [22,23,24], despite increasing greenness associated with recent improved rainfall [25]. Southward, the Sahel-Sudanian zone is characterized by a unimodal rainfall regime during boreal summer with annual average rainfall ranging from 400 to 700 mm. This permits a mosaic of woodland and savanna vegetation with (semi) deciduous trees with evergreen forests bordering perennial water bodies. A significant part of the zone is under cultivation and the remaining pieces of natural vegetation are used for extraction of commodities and grazing [26,27]. Similarly to the Sahelian zone, a decline in species diversity in general and a decrease of gallery forests are regarded as land degradation. In contrast to the Sahel, a dense cover of perennial grasses and trees reflect a structure of less disturbed sites as compared to more arid areas [28].



Traditionally, people in the Sahel relied on the production of livestock and grazing the regions’ nutritious grasslands during and after the rainy season. During the dry season, people migrated southwards in search of forage resources in the Sudanian zone, a movement known as transhumance. More recently, people have settled to practice small-scale rain-fed farming for their livelihood [3]. Recently, due to the rapidly growing population, the changing environment, the spatial and temporal rainfall variability and the global market change, most parts of the Sahel ecosystems can no longer sustain small-scale rain-fed farming, which has locked people into a negative spiral of poverty and degradation [29]. This has resulted in important southward internal mass migrations of farmers and breeders in search of arable lands and grazing areas [30].



According to the United Nations Environment Programme (UNEP), population growth, deforestation, expansion of cropping lands, overgrazing, droughts and little rainfall as well as poor policies have transformed large parts of the Sahel into barren land during the 20th century [26]. Estimations state that 500 million hectares of African land are degraded, including 65% of agricultural land and 30% of the Sahel zone [2,26,31]. These figures have been severely criticized by the scientific community [31,32,33], as little evidence of widespread degradation is given.
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Figure 1. Sahel delineation (150–700 mm/year precipitation isohyets) and annual average precipitation (Climate Prediction Center Merged Analysis of Precipitation, CMAP 1982–2010). 
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3. Direction and Determinants of Land Degradation


Land degradation mechanisms are related to two main categories of processes, one related to climate change and one associated with local human impact, mostly land use change such as expansion of cultivation, agricultural intensification, overgrazing and overuse of woody vegetation [34]. The land degradation characteristics, triggers and human influence are manifold and interrelated (Figure 2). Some of the indicators of land degradation can be monitored using Earth Observation techniques (Figure 2). The inter-annual variation of land productivity as seen from spatial data is due to two categories of factors: (1) total annual rainfall and (2) land cover types and the additional layer of uncertainty related to remote sensing methods, such as residual radiometric errors [35]. Repeated droughts and low soil productivity have often been cited as major factors of land degradation. There are many other ecological factors (soil type) and human impacts (disturbances such as fires) that can influence these trends (Figure 2). Vegetation indices used to backcast some of the land processes are affected by soil color and texture, grazing pressure, floristic composition, or land use and farming methods [17,34,36]. Studies on crop land expansion concluded that despite population increase, crop land has been stable in many areas, particularly where land availability is a limiting factor or where farmers are able to sustain and diversify their production and avoid field expansion [37]. It is therefore important to advance science towards a better integration of climate and land use related drivers for better reporting on the characteristic spatial patterns of land degradation [34].



To address the complexity behind land degradation processes, Rasmussen et al. [38] used the adaptive cycle heuristic, and showed that traditional pictures of a unidirectional process of land degradation and system collapse in Sahelian agro-pastoral systems is a simplification of more complex realities. They concluded that the Sahelian systems buffer pressures and shocks to some extent. Quantifying these feedback mechanisms remains one of the major challenges in land use system analysis [39]. This was confirmed by several studies [40,41], which showed that inter-annual land cover changes in Africa mostly involve erratic variations in land cover conditions due to inter-annual climatic variability and temporary modifications in seasonality. Signs of land degradation are in essence very diverse (Figure 3) making it difficult to have a simplistic assessment method from spatial data.
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Figure 2. Land degradation linkages (* red underlined text indicate the factors that can be monitored using remote sensing indicators). 
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4. Remote Sensing Based Assessment of Land Degradation Dynamics in the Sahel


4.1. Assessing Degradation


Claims of widespread degradation, i.e., millions of hectares of barren land, could never be confirmed (e.g., [42]) despite a variety of remote sensing data and methods (Figure 4) that were used to document degraded land. Among those are the traditional hydroclimatic variables (evapotranspiration), erosion patterns, soils fertility or species composition. With satellite data, a new set of indicators have been tested and include albedo, Normalized Difference Vegetation Index (NDVI), Rain Use Efficiency (RUE), hyperspectral narrow bands, normalized surface reflectance, brightness temperature, Fraction of Absorbed Photosynthetic Active Radiation (FAPAR), biomass-NPP (Net Primary Production) derivatives, vegetation water content, and land-atmosphere exchanges of carbon (NEE) and energy [40,43]. Relationships among these data are performed to develop deterministic models that improve the assessment of land dynamics.



The most used index is the temporally aggregated NDVI; the ΣNDVI used to indicate a year round aggregation and the iNDVI to denote aggregation over the growing season—have been considered as a suited proxy for vegetation productivity, and thus trends in iNDVI and ΣNDVI might be used as an indicator of changes in vegetation productivity.
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Figure 3. Matched satellite images and ground photos of degradation phenomena in the Sahel: (a) Water erosion with gullies. (b) The loss of woody vegetation (red color in RapidEye) caused by poor management and climatic changes induces wind/water erosion of fertile topsoil (bright yellow color) and leaves only stony laterite (dark gray color). (c) Outcropping of hard rocks (black color) caused by soil degradation and forest/tree loss. (d) Clogging of ferruginous soils (white color), loss of topsoil and woody (red) and herb vegetation (gray) caused by overgrazing/trampling. RapidEye composites (bands 5-3-2) (left) and photos (right): (a–c) Mali December 2011, (d) Senegal September 2012. 
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Several versions of the NOAA-AVHRR (National Oceanic and Atmospheric Administration—Advanced Very High Resolution Radiometer) data have been used to compute global trends of vegetation indices [17]. These various coarse scale products differ in terms of calibration, atmospheric corrections, compositing process and compensation for orbital drifts [17]. The most used products among those are Global Inventory Modeling and Mapping Studies (GIMMS) [44] and Long Term Data Record (LTDR) [45] and now GIMMS-3g datasets. GIMMS-3g is seen as performing better in terms of temporal change analysis and its consistency with the MODIS (Moderate Resolution Imaging Spectroradiometer) NDVI and the archive spans from 1981 to the present [46]. However, in its current version, GIMMS-3g is not without errors in the Sahelian region [47].



Other studies have tried to retrace the evolution of the Sahel using LANDSAT (30 m) archives to examine changes in land cover. Brink and Eva [48], for example, assessed changes in broad land cover classes and showed a 57% increase in agriculture area at the expense of savanna vegetation. They also found a decrease in vegetation cover by 21% over the period 1975–2000, with nearly five million hectares forest and non-forest natural vegetation lost per year. At lower resolution, Budde et al. [49] used NDVI from AVHRR-1 km and SPOT VEGETATION (VGT) to assess land cover performance in Senegal from 1992 to 2001 that showed similar trends in terms of agricultural extension. Using historic and recent aerial photography, Tappan et al. [50] reported a moderate land cover change from 1965 to 2000, a decrease in savanna from 74% to 70% concurring with an expansion of cropland from 17% to 21%. However, at the eco-region scale, they observed rapid change in some areas and relative stability in others revealing differential land dynamic trajectories. These results seem to contradict the recent increase in biomass production particularly in the northern Sahel side.



Some studies reported declines in species diversity and densities of trees. For example, Gonzalez [23] demonstrated with original field data that forest species richness and tree density in the West African Sahel declined in the last half of the 20th century. Average forest species richness in areas of 4 km2 in Northwest Senegal fell from 64 ± 2 species in 1945 to 43 ± 2 species in 1993, while tree density declined from 10 ± 0.3 ha−1 in 1954 to 7.8 ± 0.3 ha−1 in 1989 with direct implications for standing woody biomass. This decline and shift in biodiversity is confirmed by various studies [22,24,28,50]. Herrmann and Tappan [24] found a decline in tree populations, an increase in shrub density, and a decline in species diversity interpreted as a shift towards more arid-tolerant species. Gonzalez et al. [22] found a general decline in tree density and diversity in the western Sahel, which they linked to global climate change. Consequently, these changes have shifted higher diversity and density vegetation zones toward areas of higher rainfall towards the south.



Recent studies suggest more diverse changes in tree cover and species diversity. While Spiekermann et al. [51] found an encroachment of degraded areas (+10%) in the ferruginous Sahel and a general tree cover decline in the sandy Sahel of Mali (−4%) from 1967 to 2011, they also reported a significant increase of tree cover in proximity to village areas, independent from soil type (+10%). However, the studied time frame can be decisive and lead to opposing results. The above studies compared the situation before and after the Sahelian droughts. Several local studies in Senegal and Mali, that compared baseline established during the droughts with the post drought situation show that in many areas tree cover has been increasing since the 1980s [28,47,52,53,54], with leaf biomass of woody species almost doubling at several monitoring sites. This recovery of the tree layer, which is driven by rainfall, is considered an important factor explaining the greening of the Sahel [25,46].



It is easy to assume that the re-greening of the Sahel would have led to a concurrent improvement of ecosystem services and livelihoods. Recent perception studies question the validity of such linear thinking. For example, a study by Herrmann et al. [55] using participatory methods in Senegal showed that local people may still perceive a degradation of their ecological services, despite living in a pixel with apparent greening and positive vegetation trends. This implies that the perceived improvements of ecosystem services are much more than a simple positive greenness trend in satellite data. This again challenges the prevailing assumption that the greening represents a rehabilitation of the vegetation and goes along with positive effects on people’s livelihoods.





[image: Remotesensing 07 04048 g004 1024] 





Figure 4. The evolution of remote sensing data and methods used in assessing land degradation in the Sahel. LAI (Leaf Area Index); NDVI (Normalized Difference Vegetation Index); PCA (Principal Component Analysis); WUE (Water Use Efficiency). 
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4.2. The Greening Sahel Phenomenon


The entire Sahel was documented by many authors—not all—as having an overall positive trend in the NDVI [35,46,56,57,58]. These studies among others agreed on this re-greening from 1982 to 2012 period and all were based on NOAA-AVHRR products. Recent trends based on higher spatial resolution but shorter-term MODIS data (2000–2013) yielded less univocal conclusions and revealed spatial heterogeneity in trends. Some analyses even showed a browning or no trend over this period [40]. Rasmussen et al. [34] and Brandt et al. [54] found a negative trend in NDVI (MODIS data 2000–2012) in Northern Burkina Faso and the Dogon region in Mali respectively. In the pastoral region of Gourma (Mali), Dardel et al. [17] found a re-greening trend (1984–2011) mostly over sandy soils but not in other pedological units.



The challenges in analyses of the Sahel greening is to document consistently the role of the underlying factors and to attribute the greening to individual or combinations of proposed processes. Despite the appeal to attribute the greening to climate variability, it has been recognized that rainfall alone does not fully explain the observed trends [17,34]—see also regression coefficients in Table 1. These results suggest a role for other human induced factors; yet, distinguishing climate related change from human induced change is a big challenge, because of the limited ground datasets or land cover maps at a regional scale and with a sufficient time depth [35]. The use of models [59,60] to test the relative importance of various factors is also limited by lack of validation data.



Fensholt et al. [61] hypothesized that RUE—the ratio between NPP and rainfall—is a good indicator that highlights the role of factors that are not related to precipitation. Temporal changes in RUE are supposed to reflect degradation—or the reverse—of the vegetation cover, because it reflects changes in the efficiency of the use of rainwater in primary production. Another approach to distinguish rainfall-related variations and trends from human-induced land degradation is the Residual Trend Analysis (RESTREND), which regresses the growth season aggregated NDVI (iNDVI) and accumulated rainfall for each pixel, to analyze trends in the residuals, i.e., the observed NDVI minus the NDVI predicted from rainfall, as a method to detect trends in human impact on vegetation productivity [16]. The weak accuracy of available rainfall datasets (field based and remotely sensed) limits the value of RUE and RESTREND approaches to tease out the impact of non-rainfall related factors [62]. Still, contrasted changes in the landscape’s functioning add another level of complexity when increase in erosion and run-off processes is for example associated with decreasing or stable vegetation cover in some areas (Sahel Paradox) [63].



For a long time, the greening of the Sahel has been attributed to more vigorous growth of the herbaceous vegetation, rather than tree cover [17]. This allegation diverges from recent findings by Brandt et al. [52] who monitored several sites in Senegal in terms of in situ measured herb and tree biomass and species composition over 27 years (1987–2013). They found that herbaceous vegetation productivity is highly variable, with no significant long-term trend as opposed to tree biomass, which increased concurrent with the observed trend in vegetation greenness. Because of this, Brandt et al. [52] postulated that the greening of the Sahel might be caused by an increase in tree cover. This result can be consistent with the trend in ΣNDVI, which is considering beyond growing season greenness. Thus, long-living trees seem to have a higher footprint in long-term ΣNDVI time series as compared to herbs.



For all these reasons, trends in the relationship between the annual NDVI and rainfall may be different depending on the eco-climatic region considered, hence a need to account for internal heterogeneity of the Sahel [64] (see Table 1 and Figure 5). Other factors impact NDVI dynamics, such as the land degradation/restoration or the land use change, both of which being constrained by climate and human activities [35]. Additionally, there are many uncertain relationships between spectral radiance and ecosystem structure and functions that require long-term vegetation ground observations to validate or help interpret satellite observations [17,23,27,47,52].



Most studies used linear least square regression to investigate the temporal trends of the integrated NDVI and rainfall anomalies (z-scores). The correlation between maximum aboveground biomass and any of the environmental variables (NDVI, FAPAR, etc.) is only moderate in many studies (Table 1 and Figure 5), often related to conversion and scale issues. No conclusion can be made about what caused high productivity years unless we explore more the role and importance of species composition, the role of grazing, fires, or herbivory [27,36].
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Figure 5. Spatial variation of multiple regression of annual summed GPCP (Global Precipitation Climatology Project) precipitation and annual mean air temperature on annual integrated GIMMS NDVI 1982–2007 (adjusted r2 values) (original data in Fensholt et al., [65]). 
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Table 1. Correlation coefficients between NDVI, rainfall and biomass in different studies in the Sahel from 1982 to 2013. Different data, scale and periods lead to varying results.
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Study

	
NDVI/

Biomass

	
NDVI/

Rainfall

	
NDVI Trend

	
Data

	
Period

	
Area






	
Tagesson et al. [40]

	
-

	
r² = 0.39

	
no trend

	
in situ NDVImax

	
2002–2012

	
Dahra, Senegal




	
Rasmussen et al. [34]

	
-

	
r² = 0.29

	
-

	
MODIS, NDVI growing season

	
2000–2012

	
Northern Burkina Faso




	
Dardel et al. [17]

	
r² = 0.59/0.38

	
-

	
0.05/−0.04 units/period

	
GIMMS3g growing season, herb biomass

	
1984–2011/

1994–2011

	
Gourma, Mali/Fakara, Niger




	
Brandt et al. [52]

	
r² = 0.57

	
r² = 0.78

	
36%/period

	
LTDR/VGT sum, TAMSAT, herb + leaf biomass

	
1987–2013

	
Senegal




	
Meroni et al. [41]

	
r² = 0.34

	
-

	
-

	
VGT FAPAR, herb biomass

	
1998–2013

	
Matam, Senegal




	
Anyamba et al. [46]

	
-

	
r² = 0.38

	
-

	
GIMMS-3g and various rainfall data sources

	
1983–2012

	
all Sahel




	
Fensholt et al. [61]

	
-

	
r² = 0.42

	
0.046

	
GIMMS3g sum

	
1982–2010

	
all Sahel




	
Mbow et al. [36]

	
r² = 0.39

	
-

	
-

	
in situ NDVI, biomass

	
2006–2010

	
Dahra, Senegal




	
Fensholt et al. [65]

	
-

	
most pixels r² < 0.5

	
-

	
GIMMS NDVI, GPCP

	
1981–2007

	
all Sahel




	
Fensholt et al. [66]

	
r² = 0.49/0.37

	
-

	
-

	
MODIS C4/C4-5 NPP, biomass

	
2001

	
Dahra, Senegal




	
Li et al. [67]

	
-

	
r² = 0.89 /0.71/0.73/0.3

	
-

	
GIMMS NDVI

	
1982–1997

	
stepps/ agriculture/savanna/woodland Senegal











5. Data Limitations and Prospects of Remote Sensing Applications for Land Degradation


Being aware of the current state-of-the-art methods and their limitations is the first step to approach methodological challenges. The possibilities and limitations in using remotely-sensed data to assess and monitor land degradation are shown in Table 2. An additional overview is given in Knauer et al. [74]. It is obvious that monitoring techniques are related to vegetation greenness and landscape patterns, whereas biodiversity and livelihoods cannot be directly addressed. The major advantage of satellite images in relation to vegetation change studies is the overview created by the coverage of areas of national or regional scale in a repetitive way that reduce labor-required for repeated vegetation investigations. A comparison of vegetation cover might facilitate interpretation of vegetation changes [68,69] mostly when coarse satellite images are recorded at a high temporal frequency. This is an important factor, as the Sahel covers very dynamic eco-regions with considerable intra- and inter-annual variations.



There are three major drawbacks to gaining information about vegetation change using archived EO data. First, only relatively short time series with approximately 30 years of data are available. In West Africa, this is further complicated by the fact that most time series start just after the last major drought (1983–1984), which makes the first points in the time series extreme. Second, the reflectance in satellite images is made up by the reflectance from the vegetation linked with a reflectance from soil and atmosphere that might be more influential than subtle vegetation changes [70]. And third, until present, the relation between vegetation parameters, apart from photosynthetic activity, and the spectral variation in satellite images is poorly understood.



Recent initiatives that incorporate GIMMS time series (and the new generation GIMMS-3g), LTDR, SPOT-VGT, and MODIS products have shown a great interest in a systematic study of the Sahel vegetation trend over three decades. GIMMS and LTDR have a very coarse spatial resolution (5–8 km) but range back to the beginning of the 1980s, and especially GIMMS has been intensively used for long-term vegetation trend assessments (e.g., [17,46,56,61,71]). MODIS is available since 2000 with 250 m resolution [66] and SPOT VGT since 1998 with 1 km spatial resolution. Studies comparing the datasets indicate a fairly high consistency at regional scale, but discrepancies exist, especially at the local scale [17,47,72]. Linkages with long time series of in situ biomass data imply that observed trends are realistic [17,52], however, whereas degradation is rarely visible at 8 km, MODIS, SPOT VGT and high resolution imagery (Figure 4) clearly identify areas with a reduction of vegetation cover, despite increasing rainfall [49,54,73]. This active degradation is often hidden in GIMMS pixels, not only due to the coarse resolution, but also the processing methods (input reflectance, retrieval algorithms) of the datasets. This is shown by Brandt et al. [47], who identified degraded areas, not captured by GIMMS, using likewise coarse Geoland GEOV1 FAPAR data. Nevertheless, a slightly higher resolution of LTDR NDVI reveals a more detailed spatial pattern of vegetation trends in Mali and Senegal. As all long time series start during a dry period and end in a wet period, areas without positive greenness trend were considered as degraded. These areas were verified by high-resolution imagery and field work, and account for approximately 5% of the study areas [47,54].



However, the overall results have mostly shown that the Sahel is greening, with various controversies between botanists and geographers. Rasmussen et al. [75] stated that, even though with opposing results, most statements are correct because scientists see vegetation from different points of views. Rasmussen et al. [75] recall the biases linked to our acquired knowledge that guides the rationale of each specialist’s research. Moreover, a study by Seaquist et al. [59] supports that herding or grazing does not appreciably affect vegetation dynamics in the region. Either people have not had a significant impact on very coarse scale vegetation dynamics in the Sahel, or the identification of a human “footprint” is precluded by inconsistent or subtle vegetation response to complex socio-environmental interactions.



Additionally, the apparent “greening” of the Sahel, based on NDVI, is itself debated. Some research show that evapotranspiration over much of the Sahel has been declining over the past 30 years [76], which is attributed mostly to temperature-driven increases in atmospheric demand [11]. The latter is backed up by AMMA (African Monsoon Multidisciplinary Research) results that show runoff and groundwater storage over much of the Sahel is increasing. We would expect this response if agricultural land was expanding, because crops have lower evapotranspiration (shorter growing season), higher runoff (lower vegetation cover), and are “greener”.
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Table 2. Indicators and limitations to monitor land degradation using Earth Observation data.
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Degradation Indicator

	
Examples of EO Applications

	
Data Example

	
Limitations

	
Example Study






	
Trends in greenness

	
Vegetation greenness time series linear trend analysis

	
AVHRR (GIMMS-3g)

	
Does not distinguish between crops, trees, grass, species; depends mostly on rainfall; driver of change remains unclear; coarse data mixes various processes

	
Dardel et al. [17]




	
Land productivity

	
Rain use efficiency, NPP

	
AVHRR, VGT, MODIS

	
Mixed pixels, unreliable rainfall data, quality of production unknown, translation to biomass highly dependant to environmental conditions

	
Fensholt and Rasmussen [78]




	
Land use/cover change

	
High resolution post-classification comparison

	
Landsat, Quickbird, ASTER

	
Dynamics and inter/intra-annual variability are hardly captured, no information on species

	
Mbow et al. [77]




	
Water use efficiency

	
Evapotranspiration

	
LTDR (AVHRR)

	
Does not distinguish between species; depends mainly on climate reanalysis (water and energy); driver of change remains unclear; coarse data mixes various processes

	
Marshall et al. [76]




	
Water resources degradation

	
Medium resolution time series classification

	
MODIS, Landsat

	
Cloud cover over water bodies; misclassifications due to similar spectral properties

	
Moser et al. [78]




	
Wind/water erosion, tree cover loss

	
High resolution visual inspection

	
Corona, Quickbird, RapidEye

	
Qualitative, hard to quantify, little information on species

	
Tappan et al. [50]










6. Main Research Gaps in Assessing Trends in Land Degradation in the Sahel-Sudan


There is a need for more information on the nature of interactions among drivers of land degradation in the Sahel. Many studies show the importance of long-term rainfall effects on productivity [25], but little on the effects of increased extreme events (drought and floods) and how non-linear changes in climate and human activity have impact on land dynamics. Issues to be addressed include the predictability of thresholds of human-climate dynamics or structural characteristics of changing land architecture [10]. In detail, we identified seven emerging research areas that could be articulated along the list of points below.

	
There are major gaps for well-documented, comparable, time series of key indicators for many ecosystem features that increase the knowledge of the condition and trends on land degradation in the Sahel. This long-term survey data comparison requires a multi-scale and multi-thematic connection of many studies. Recent attempts have been done by Dardel et al. [17] and Brandt et al. [52] to harness long-term connection of satellite observations with field data on vegetation diversity and productivity.



	
After many decades of remote sensing application in the Sahel, capacities are still limited for a rigorous and consistent monitoring of land use and land cover change. The Senegalese Centre de Suivi Ecologique (CSE) and the regional Center of AGRHYMET are among the very few examples of long-term efforts for quantifying land dynamics in the Sahel, because of the limited financial resources; and only then, these analyses are performed on a case study basis. Thus, many ground studies are restricted to few Sahelian countries (Table 1).



	
Because of the scarcity of data—despite the declassification of LANDSAT archives—information on land degradation in drylands is quite poor and limits the ability to assess consistent baseline of the state of land degradation and desertification.



	
There are some gaps on moderate spatial resolution LANDSAT archives. Specifically, no images are available in the USGS archive for the years 1976–1983 and 1989–1998 for the majority of path/rows [79], and these periods correspond with the severe droughts with obvious implication on land degradation. AVHRR data are considerably more abundant, but at a coarse resolution. This highlights the potential to use LANDSAT-AVHRR data fusion techniques (e.g., STAR-FM: Gao et al. [80]) to improve the spatio-temporal quantification of land dynamics.



	
Differentiation of scales of the biophysical studies opposing remote sensing specialists and botanist on the ground lead to many inconsistent messages (degradation/recovery). This is underlined by Rasmussen et al. [75] as apparent contradiction that can affect how land dynamics are perceived in the area and what strategy is needed to be taken to reduce land degradation.



	
Not enough attempts for long-term field based survey of land dynamics have been made, and those are limited to Niger [17], Mali [27,28,81] and Senegal [36,52,72] (Table 1).



	
Local perceptions of land degradation/improvements often disagree with EO analyses [55], and there is a need for more interdisciplinary studies. Remote sensing based analysis of land degradation focuses on using geospatial biophysical data only, while several new socioeconomic geospatial datasets now exist and could be integrated with these data giving a more comprehensive quantification of change [82].









7. Conclusions


The study reveals that multi-scale Earth Observation (EO) analyses does not show until now any clear trend in the process of desertification nor the greening paradigms, as both attempt are simplification of very complex realities. We found that heterogeneity is an issue of scale, and very coarse-scaled vegetation trend analyses reveal a greening Sahel, sometimes with good confidence, while local-scale studies are not uniform, observing greening and degradation at the same time.



The Sahel is known for its high climate variability and this depicts in high variations of Normalized Difference Vegetation Index (NDVI) signal measured by satellite data, making it difficult to interpret in terms of land degradation in a robust and consistent way. It appears from this study that there is no evidence on what the most appropriate EO indices are to be used for land degradation assessment [60,83,84]. Many contentious issues still exist and no clear consensus is achieved on the trend of land productivity, hence land degradation in this region.



Theoretically, Rain Use Efficiency (RUE) can normalize the inter-annual variability in NPP due to rainfall variability, and consequently provide an index of degradation that is independent of the effects of rainfall [35,42,61]. However, the interpretation of RUE requires more information on the topography, soil texture, soil fertility, vegetation type, and management regime, among other factors. A lot of controversies in the use of RUE come from the assumption that Net Primary Production (NPP) has a good correlation with rainfall. However, this condition is weak in most instances, mainly due to data and scale issues. Recently, the “residuals” method has emerged as another way of removing the climate signal from the NDVI time series. The differences between the observed NDVImax and the NDVImax predicted from the regression are used to assess the trend in the residuals then indicate changes in the NDVI response that are not due to climatic effects [16].



We found that the general lack of appropriate field data matching the satellite time series (1980s to present), including detailed land use dynamics information are the main limit of quantitative evaluation of land degradation in the Sahel. Field biomass data collections are scarce and there is a need to take stock of sparse studies that could be a good starting point for documenting biomass and ecological indicators. Also, the ground process leading to tree and grass species composition are not well connected to observations in inter-annual biomass and vegetation productivity variation, thus challenging dryland productivity models based on remote sensing.



Several sources of uncertainty associated with remote sensing products have been identified by Targesson et al. [40] and include sensor noise and degradation, calibration errors, atmospheric perturbations (water vapor, aerosols, clouds, scattering, etc.), retrieval algorithm errors, adjacency effects, scaling issues and anisotropic properties of land surface that depends on viewing/illumination geometry, and can cause substantial bias in remote sensing products (e.g., [85,86]). Therefore, the relationship between NDVI (either integral, average or maximum over a period) and ground-measured vegetation mass is limited by uncertainty in the relationship between NDVI and absorbed radiation, in the conversion of absorbed radiation in net primary production, and in the links between production and end of season biomass [17].



Different trend assessment methods, based on the same time series of satellite vegetation index data are quite inconsistent over time [16] and there is a big avenue of research in that area. Thus, to allow multiple perspectives and avoid erroneous interpretations caused by data quality/scale issues/generalizations, we recommend combining multiple data sources at multiple scales. Furthermore, we underline the relevance of field data and experience, and results achieved by remote sensing techniques should not be interpreted without contextual knowledge.
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