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Abstract

:

Desertification is defined as land degradation occurring in the global drylands. It is one of the global problems targeted under the Sustainable Development Goals (SDG 15). The aim of this article is to review the history of desertification and to evaluate the scientific evidence for desertification spread and severity. First quantitative estimates of the global extent and severity of desertification were dramatic and resulted in the establishment of the UN Convention to Combat Desertification (UNCCD) in 1994. UNCCD’s task is to mitigate the negative impacts of desertification in drylands. Since the late 1990s, science has become increasingly critical towards the role of desertification in sustainable land use and food production. Many of the dramatic global assessments of desertification in the 1970s and 1980s were heavily criticized by scientists working in drylands. The used methodologies and the lack of ground-based evidence gave rise to critical reflections on desertification. Some even called desertification a myth. Later desertification assessments relied on remote sensing imagery and mapped vegetation changes in drylands. No examples of large areas completely degraded were found in the scientific literature. In science, desertification is now perceived as a local feature that certainly exists but is not as devastating as was earlier believed. However, the policy arena continues to stress the severity of the problem. Claims that millions of hectares of once productive land are annually lost due to desertification are regularly made. This highlights the disconnection between science and policy, and there is an urgent need for better dialogue in order to achieve SDG 15.
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1. Introduction


Desertification is an environmental issue that has been and still is a topic of political and scientific debate. The term desertification refers to land degradation in the Earth’s drylands, but has been interpreted in many different ways. In the 1970s, when the early satellite images became available to science and the general public, desertification was often related to the southward extension of the Sahara desert [1,2]. This perception appeared to be wrong, and since then a lot of debate has arisen about the definition of desertification, its causes, the severity, the global occurrence of desertification, and the impacts it has on the dryland populations. Despite the confusion and different interpretations of what desertification actually means, alarming numbers on the extent of desertification were published. Estimates of 50% and more of the drylands being affected to some extent by desertification were published [3,4], but these numbers were heavily criticized by scientists actually working in dryland environments [5].



Today, it is still unclear how big a problem desertification is for agriculture and food security. The United Nations through its Convention to Combat Desertification (UNCCD) claims that 12 million hectares of land are annually lost through desertification and drought, which is equivalent to a loss of 20 million tons of grain production [6]. Many similar statements are regularly made. For instance, the International Fund for Agricultural Development [7] claimed that:




“The livelihoods of over 1.2 billion people inhabiting dryland areas in 110 countries are currently threatened by drought and desertification.”





On the other hand, there are scientists who have claimed that the whole concept of desertification is nothing but a myth [8]. They claim that the evidence for the massive and unprecedented desertification is lacking. According to Behnke and Mortimore [9], the whole discussion about desertification has become disconnected between policy and science. While science seems to dispute the very existence and severity of desertification, the policy arena continues to claim that it is a serious threat for sustainable agriculture and food production in the global drylands. In fact, the UN has defined Sustainable Development Goal (SDG) 15 which includes combatting desertification as an important target for the sustainable use of terrestrial agro-ecosystems.



The aim of this article is to review the history of desertification research and evaluate the scientific evidence for desertification spread and severity. We attempted to review the most relevant peer-reviewed published journal articles, as well as the official international reports published by the main policy bodies such as UNCCD. The article concludes with a section on the scientific evidence of the degree and global spread of desertification, and the existing disparities between the scientific and policy domains.




2. History of Desertification


The use of the term desertification has been claimed to originally stem from the colonial French and British administrations in West Africa in the 1920s and 1930s [10]. The word desertification was not yet used, but foresters were worried about increasing drought and the creation of desert-like conditions on crop and grazing land due to overgrazing and uncontrolled burning. According to D’Odorico et al. [11] it was Lavauden [12] who first introduced the term desertification, and related it to poorly managed and low-productive rangelands in Tunisia. But it was Aubréville [13], a French forester, who introduced the term desertification in a broader sense. Aubréville [13] noticed forest degradation in West Africa as a result of destructive land use and adverse management. He used the term desertification to describe desert-like conditions as a result of land degradation in the West African tropical forest belt (700–1500 mm annual rainfall) [14].



During the relatively wet episode in the Sahel during the 1950s and 60s there was not much debate about desertification, but the discussion was revived during the drought of the early 1970‘s [10]. The international community became concerned about the problems of drought and environmental degradation in the Sahel. In 1977 the UN Conference on Desertification (UNCOD) was organized at Nairobi to discuss and formalize the desertification phenomenon. The UNCOD [15] described desertification as:




“… the diminution or destruction of the biological potential of the land, which can lead ultimately to desert-like conditions. It is an aspect of the widespread deterioration of ecosystems, and has diminished or destroyed the biological potential, i.e., plant and animal production, for multiple use purposes at a time when increased productivity is needed to support growing populations in quest of development.”





The UNCOD resulted in an UN endorsed Plan of Action to Combat Desertification (PACD), which was coordinated by the UN Environmental Programme (UNEP). National PACDs were developed in the desertification-prone countries, but most of those plans were never carried out due to lack of funding [16]. Despite the initial definition of desertification provided by Aubréville [13], the focus was now on the arid, semi-arid, and dry sub-humid drylands, and not on the tropical forest zone that receives higher amounts of rainfall.



Many different definitions of desertification were proposed during the 1970s and 1980s, which led to confusion about what desertification actually is. To some, desertification meant a process of change, while others believed that desertification is an end-result of process of change. The common factor in all definitions is that desertification means an adverse environmental process [14], which results in long-lasting and possibly irreversible desert-like conditions [16]. Figure 1 and Figure 2 illustrate such environmental changes for an area in Patagonia, where active wind erosion processes may result in a desert pavement that could be considered as a nearly irreversible desert-like end stage.



In 1991, UNEP defined desertification as land degradation in arid, semi-arid, and dry sub-humid areas resulting mainly from adverse human impact. This definition was again modified during the Earth Summit at Rio de Janeiro in 1992 into [17]:




“Desertification is land degradation in arid, semi-arid and dry sub-humid areas resulting from various factors, including climatic variations and human activities.”





This definition does not include the desert-like end stage, but merely describes desertification as land degradation in the drylands as a result of climatic impacts and human land management. It should be noted that land degradation includes soil degradation, as well as the degradation of vegetation resources. Hence, the definition considers desertification as a gradual process of soil productivity loss and/or a deterioration of vegetative resources because of human activities and climatic variations such as prolonged droughts and floods [18]. The climatic variations may also include climate change that may result in more severe drought or erratic rainfall patterns that impact the biological productivity of the land.



Many new definitions of desertification (e.g., by the Millennium Ecosystem Assessment) were developed since 1992, but in this article, the leading definition of desertification is the one defined in [17]. Following the Earth Summit, the UN Convention to Combat Desertification (UNCCD) was established in 1994. UNCCD’s task is to improve the living conditions for people in drylands, to maintain and restore land and soil productivity, and to mitigate the effects of drought [19].




3. Global Assessment of Desertification


The earliest attempts to quantify desertification assessed the rate of Sahara desert encroachment [1,20]. Others criticized these assessments and found no evidence for large scale movement of the desert boundary but stated that the boundary between the Sahara desert and the more moist Sahelian zone is dynamic. That is, the alternation of dry and wet years results in commensurate movement of the apparent Saharan boundary, driven by rainfall anomalies [5,21,22]. But this view was in its turn criticized by other studies [23,24] which pointed at methodological flaws, and illustrated the controversy about desertification assessment.



Two global assessments of the status of desertification were conducted in the 1970s and 1980s (Table 1). The first assessment was made for the UNCOD in 1976–1977 [25] to produce a world desertification map [26]. The second assessment was done in 1983–1984 for UNEP to evaluate the progress in the implementation of the PACD [4]. The first (1976–1977) assessment estimated that an area of 3.97 billion ha, or 78.1% of the total drylands (excluding hyper arid deserts) was affected by desertification to some extent. The loss of productive capacity of the land resulted in an estimated annual economic loss of US $26 billion [25]. The second (1983–1984) assessment confirmed the seriousness of the problem and estimated an annual loss of land equal to 6 million ha to desertification. Another 21 million ha of land was believed to lose net economic productivity annually [4].



Although not intended as a desertification assessment per se, the World Map of the Status of Human-Induced Soil Degradation [27] was, and still is to some extent, a key product in the discussion on desertification. The map was developed by the Global Assessment of Soil Degradation (GLASOD) project and based on expert knowledge of soil degradation processes and their spread in a large number of countries. The map of human induced soil degradation distinguishes four categories of soil degradation (water erosion, wind erosion, chemical degradation, physical degradation), and shows the degree of these four categories at the global scale. Based on the GLASOD, the following numbers about soil degradation in drylands were estimated: 43 million ha of irrigated lands; 216 million ha rainfed croplands; and 777 million ha rangelands. In total, 1036 million ha (20.5%) of the total drylands area was estimated as being prone to some form of soil degradation. As the definition of desertification also includes vegetation degradation, Dregne et al. [3] used the same GLASOD derived numbers and added another 2556 million ha of degraded rangelands (50% of the total drylands area) to the estimate of global dryland desertification. Hence, the assessment of Dregne et al. [3] concluded that 70.7% of the global drylands was affected by desertification. But by far the largest part was considered rangeland with significant vegetation degradation that was rather vaguely described as: “… e.g., all extensive areas of rangelands in Australia or the Aral-Caspian Basin of the USSR”. No evidence for the massive rangeland degradation was provided.



Several studies, as summarized in Helldén [5] and Verón et al. [35], have criticized the dramatic desertification numbers of the 1970s, 1980s, and early 1990s [3,4,25,27,28,29]. Research in Sudan neither found any evidence for desert encroachment nor for the establishment of permanent desert-like conditions around villages and water holes [5]. It has become clear that the estimate of 50% of degraded rangelands in the drylands by Dregne et al. [3] is meaningless as long as the desertification is not clearly specified or the method to measure it is not provided [35].



Desertification assessments since the year 2000 were largely based on available global databases of soils, rainfall, human population [30], or remote sensing of vegetation cover trends in drylands [31,32]. Eswaran et al. [30] combined the FAO/UNESCO Soil Map of the World with a global climate database containing data from 25,000 weather stations to compute soil moisture and temperature regimes. Nine classes of land quality (from class I—‘very favorable for grain production’ to class IX—‘grain production virtually impossible’) were calculated using 24 land stresses. The resulting map of vulnerability to desertification was overlain on a global population density map to determine the number of people affected by different degrees of desertification vulnerability. The results indicated that 14.6 million km2 of land were at low risk, 13.6 million km2 of land experienced moderate risk, 7.1 million km2 were at high risk, and 7.9 million km2 of land were under very high risk. The high and very high classes of vulnerability to desertification together covered 11.6% of the total land area, or 29.5% of the total drylands area, while 11.2% of the global population lived in these vulnerability zones. The assessment indicated that another 26.8% of the drylands was under moderate desertification vulnerability. Hence, the assessment of Eswaran et al. resulted in an estimated 56.3% of the total drylands area as threatened by desertification to some extent [30].



Satellite remote sensing imagery is available since the 1970s and provides a good option to assess Earth surface properties over time and at a vast spatial scale. Helldén and Tottrup [31] used the Normalized Difference Vegetation Index (NDVI), derived from the NOAA AVHRR dataset GIMMS (Global Inventory Modeling and Mapping Studies), to determine rates of desertification over the period 1981–2003. NDVI can be considered a proxy for Net Primary Productivity (NPP), and changes in NDVI can be interpreted as changes in ecosystem functioning and productivity [36]. The NDVI time series were standardized and compared with rainfall data for the same time period. The results showed that NDVI and rainfall are well correlated, and a general greening of the drylands was observed. The strongest greening occurred in the Sahel, followed by the Mediterranean and East Asia. The strong greening in the Sahel can be explained by the return of the rains to the level before the major drought period in the 1970s and early 1980s. The study did not find any signs of increased land degradation or desertification, as indicated by decreased vegetation cover over vast areas. This result questions the common assumption that desertification is spreading rapidly and is a serious threat to the livelihood of people in the drylands. But the coarse spatial resolution of the imagery (8 × 8 km) may have obscured the desertification happening at smaller, local scales.



A similar approach was followed by Bai et al. [32], who used the same GIMMS dataset to calculate NDVI time series, but also correlated the NDVI values to NPP values derived from MODIS. In addition, trends in rain use efficiency adjusted NDVI’s were determined at the global scale. The results showed that there was an increase of 3.8% in the global NDVI (and NPP) over the period 1981–2003. The increase varied from 3% in Africa and North America to 6% in Asia. However, an increasing NDVI was not observed everywhere; 24% of the total land area suffered from a declining NDVI. When only drylands were considered, negative trends were observed in southern Africa, north-central Australia, and central-east Argentina. Overall, the reduced NDVI’s were mainly in the humid regions (78%), while notorious environments like the Sahel actually showed an increase in NDVI. The authors of [32] cautioned for the use of NDVI to assess land degradation, and stated that NDVI only provides a proxy for land degradation, but does not include the effects of land use changes or show symptoms of land degradation processes like soil erosion, salinization, etc. For instance, a change from forest cover to crop land or grazing land results in a lower NDVI, but does not automatically mean that the land has become degraded. Still, it is concluded that the NDVI trends may highlight places where biological change is happening.



The NDVI maps of Bai et al. [32] were incorporated in the FAO Global Land Degradation Information System (GLADIS). Subsequently, Bai and Dent [37] evaluated the land degradation status map for South Africa by comparing point and areal field estimates with the map classes. They obtained 33% agreement for the point estimates, and 48% for the areal-based estimates. A number of problems were identified (for instance, climatic influence, crop lands being falsely classified as degraded), which Le et al. tried to correct [33]. This new global map of land degradation status was evaluated by comparing ground-based surveys of land degradation with the NDVI-based land degradation map [38]. Intermediate agreement between field based and remotely sensed based land degradation status was obtained. Similar problems as those discussed by Bai and Dent [37] were encountered. These problems are (i) the lack of observability of specific land degradation processes by coarse scale remote sensing imagery; (ii) fluctuations in vegetation cover in dynamic farming landscapes; (iii) the coarse resolution (~8 km) of the global remote sensing imagery prohibited the discrimination between improvements and degradation coexisting at smaller spatial scales.




4. Sahelian Desertification Based on Remote Sensing


Desertification research has been conducted in many dryland environments, such as China, Southern Africa, and Argentina, but the majority of desertification assessments have focused on the African Sahel, which generally is considered to be the global hotspot of desertification. Several NDVI-based studies observed greening of the Sahel between the mid 1980s and early 21st century when rainfall recovered to similar amounts as before the drought years [22,39,40,41]. Similar greening trends were observed at other dryland regions [31] and were related to enhanced precipitation over the previous three decades [42]. These studies relied on the concept of Rain Use Efficiency (RUE), which is the ratio of Net Primary Production (NPP) and the rainfall [43]. It is usually assumed that land degradation reduces the RUE, because more rainfall gets lost as surface runoff and soil evaporation due to a degraded vegetation cover. In this way, reductions in RUE can be interpreted as indications for land degradation, independent of climate effects [44].



The use of RUE as a measure for desertification was criticized by Hein and De Ridder [45], who hypothesized that the increased precipitation and the higher RUE actually masks the human-induced land degradation, but this view was strongly rejected by Prince et al. [46] who mentioned several flaws in available datasets and the data analysis made by Hein and De Ridder [45]. In a new study, Hein et al. [47] re-analyzed part of the original data of Hein and De Ridder [45] and added new vegetation data from the Sahel. Their new analysis showed that the relation between the inter-annual variation in NPP and rainfall is non-linear for the Sahel. There are different relations for sites with varying rainfall amounts, which will influence the degree of impact land degradation may have on the remote sensing derived NPP – rainfall relation. Hein et al. [47] argued that more field data on vegetation species, densities, and productivity are required to meaningfully analyze remote sensing products on RUE and land degradation occurrence.



More recently, a study of vegetation changes in 260 Sahelian watersheds in Senegal, Mali and Niger was reported [48]. The study covered 30 years, from 1983 to 2012, and was based on the African Rainfall Climatology database [49] and AVHRR GIMMS NDVI data. The relation between rainfall and NPP was best described by a linear relationship in nearly half of the watersheds (128), while the other half of the watersheds (132) showed a non-linear relationship. It was concluded that the type of relationship has little impact on detecting greening or degradation trends. Overall the study showed again that nearly all watersheds experienced re-greening over the study period, with only four watersheds having experienced significant long-term declines in RUE [48].



A study covering entire West Africa [50] used remote sensing imagery to detect land use and land cover changes since 1975. It was shown that in the dryland part of West Africa major shifts of savannah land to agricultural crop land had occurred over the study period (1975–2013). Again, the overall re-greening of the Sahel was apparent, and also some hotspots of Farmer Managed Natural Re-greening (FMNR) were identified, especially in Niger and Burkina Faso. Hence, the remote sensing based studies leave little doubt for the re-greening of Sahelian Africa following the long drought of the 1970s and 1980s.



A problem with the NDVI-based assessments of desertification is the inability to determine vegetation species composition. A change from grassland to scrubland is often perceived as land degradation by local communities, but generally not recognized as such by scientists who base their analyses on remotely sensed data. Satellite-derived greening trends cannot always be interpreted as an improvement or recovery. In Senegal, Herrmann and Tappan [51] studied vegetation changes in the field and from remote sensing, and evaluated the perceptions of the local farmers. The NDVI based analysis showed greening of the area, but in the field a change in vegetation species was observed, which was interpreted as impoverishment by the local people. Generally, a shift in vegetation species and richness was observed. Tree coverage had declined and was replaced by more drought-tolerant shrub species. Similar changes in vegetation cover were reported from the Chihuahuan desert in the USA where grassland was replaced by desert scrub, which was believed to be caused by desertification. But the above ground biomass only marginally decreased [23]. Similar observations were made by Van Auken [52], who related the increased shrub cover on semi-arid grasslands in the southwestern part of the US to herbivore grazing. Grazing resulted in lowering of the grass biomass, which reduced the amount of fine fuel and an almost complete elimination of grassland fires. The lack of fire favored the encroachment of woody shrubs [52].



Higginbottom and Symeonakis [44] also concluded that the developed and applied NDVI-based methods lack validation of their results, which makes the large-scale analysis of desertification uncertain. Like Hein et al. [47], they made a plea for the use of better field data and standardized validation methods of remote sensing based vegetation analyses. This should also include stakeholder perceptions on the type and use of vegetation in a specific area.



High-resolution, multi-spectral remote sensing data, processing techniques, and analysis methods have become widely available for many environmental monitoring applications [53]. However, for desertification assessments remote sensing can only provide indicators of land degradation, such as vegetation cover changes based on the NDVI, but cannot actually assess the degree of land degradation. Trends in those indicators, either negative or positive, do not provide immediate evidence for large scale degradation or improvement in ecosystem services [54]. At best, the remote sensing based analyses provide estimates of vegetation degradation, but do not provide reliable estimates of soil degradation processes that play a role in desertification. In-situ processes such as wind and water erosion can occur at spatial and temporal scales that do not match the characteristics of the remote sensing data [54]. Moreover, several soil degradation processes may occur in the same area [55], making detection even more complicated. For small-scale phenomena, such as field scale wind erosion or gully erosion, multi-spectral remote sensing imagery with a high spatial resolution (~1 m) is required, and actually becomes increasingly available [53,54]. But those images have a low temporal resolution, with the satellite passing only once every few days. It is likely that dust storms (Figure 3) or water erosion events are completely missed, but the high-resolution imagery can be used to asses gully erosion (Figure 4) rates and extent [56], as well as surface crusting [57]. Imagery with a low spatial resolution (>10 km) has a much higher temporal resolution, which can be used to detect large-scale dust storms [58], but is much too coarse to detect actual degradation processes on the ground.




5. Soil Degradation Processes and Soil Quality


It is unlikely in the short term that better remote sensing based desertification assessments than the current ones will become available. So, the question “how severe is desertification in the global drylands?” remains largely unanswered in the scientific literature. Vegetation degradation data rely mostly on remotely sensed data, as described in the previous sections. Quantitative data of the actual soil degradation processes in terms of soil productivity losses in the drylands are scarce. For water erosion assessments, most studies have relied on modeling [59]. Such modeling studies show the global hot spots of water erosion, but do usually not include the actual loss of soil productivity. A meta-analysis of measured water erosion quantities [60] showed that most datasets come from more humid environments. The majority of the drylands are lacking such water erosion datasets, except for parts of the US and Mediterranean Europe. Concerning wind erosion data in the drylands, the situation is even worse. Many Aeolian studies have focused on geomorphological features such as dunes [61], but only a few studies dealt with quantified soil degradation by wind erosion in drylands. Most of this research was conducted in the US, China, and the Sahel, but the results are fragmented, based on poorly comparable research methods, and generally do not exceed the scale of a single agricultural field [62]. Hence, the in-situ quantitative scientific evidence for the degree of land degradation caused by wind and water erosion is meagre, which is also the case for other soil degradation processes.



Based on a review of many published articles on Sahelian land degradation, [63] concluded that the discrepancy between studies is related to the many definitions of land degradation and their different interpretations. These differences in definitions and interpretations can result in widely varying indicators of land degradation that may cause discrepancies in desertification evidence. The UNCCD defines land degradation as:




“reduction or loss, in arid, semi-arid and dry sub-humid of the biological or economic productivity and complexity of rainfed cropland, irrigated cropland, or range, pasture, forest and woodlands.”





This definition includes three different indicator categories: (i) biological productivity, (ii) economic productivity, and (iii) ecosystem complexity. Each of the three categories has its own indicators that are difficult to define and quantify, which may explain the contradictory ‘evidence’ for Sahelian desertification. Rasmussen et al. [63] provided an example which illustrates the problem. When a semi-natural savannah grassland is converted to cultivated cropland, then the economic productivity is likely to increase, while the ecosystem complexity is declining. The biological productivity could either increase or decrease. Hence, land degradation assessments based either on in-situ observation or remote sensing may come to different conclusions, because different indicators will be used.



One alternative way to try to answer the question of the seriousness of desertification is to analyze soil quality changes in the drylands. If desertification has occurred for a long time in a certain area, the soil quality is likely to be reduced. Wind and water erosion will lead to a loss of soil, and preferential removal of the finest soil particles, organic matter, and nutrients [64,65]. This leads to less soil depth, lower water holding capacity due to soil structure decline, and reduced soil fertility. As a proxy for the degree of soil degradation, the soil organic matter (SOM) or soil organic carbon (SOC) content in the topsoil can be used as a measure of soil quality [66,67]. A literature search did result in only two studies that have quantified soil quality changes over time.



In a recent study, seven dryland locations were selected where soil sampling was carried out recently (after 1987) and in the past (before 1987) [68]. The data used in the study was available through the World Soil Information Service (WoSIS) [69] and Africa Soil Information Service (AFSIS) soil databases [70]. The average SOC contents in the topsoil at two moments in time were compared and it was evaluated if the area has undergone any degradation or improvement. Out of the seven studied locations, five locations showed an increase in SOC contents, and the SOC contents had only decreased in two locations. These changes were only significant (α < 0.05) at two locations. In Mexico, at Mapimi, the average SOC content had decreased from 9.4 g/kg around 1980 to 2.6 g/kg in around 2002. The reason for this decline was most likely due to chemical deterioration of the soil as a result of soil mining activities. In Burkina Faso, the average SOC contents in the topsoil showed a significant increase from 6.7 to 8.5 g/kg over the period 1973–1994. This suggests that soil quality actually had improved in this part of the Sahel, which is at odds with the much acclaimed desertification problems in the Sahel. The increase in topsoil SOC contents in Burkina Faso were explained by the Sahelian re-greening, which has resulted in more organic material in the soils [68]. A similar result was obtained for an area in East Burkina Faso, where topsoil SOC contents had generally improved over a 27-year period (1969–1996) [66].



The seven areas studied by Van Vliet [68] are by no means sufficient to draw conclusions about the degree of global desertification. One of the main problems that limited the study to seven areas alone is the low availability of multi temporal soil data of the same locations. This lack of multi temporal data complicates the global desertification analysis, and can only be improved once more soil data become available in the WoSIS, AFSIS and other open databases. However, the analysis indicates again that in most instances, there is no scientific evidence for serious desertification. Popular statements like “… extensive land and soil degradation still occurs all over the world and fertile soil resources are still rapidly depleted, reducing the potential for food production…” [67]; referring to the UNCCD convention text and achievements and “The world’s soils are rapidly deteriorating due to soil erosion, nutrient depletion, loss of soil organic carbon, soil sealing and other threats, …” [71] seem to be ill-founded. In fact, the report ‘Status of the World’s Soil Resources’ [72] states that it provides a baseline inventory of soil resources and the impact human actions and natural processes have on soils at a point in time (2015). New data on a variety of topics (soil erosion, soil organic matter, nutrient depletion, etc.) should be compared to the 2015 assessment to draw conclusions on changes in the global soil resources, including desertification assessments [72].




6. Desertification Scale and Sustainability


The previous assessments of desertification targeted the entire global drylands region, using the underlying assumption that desertification is a process happening at large spatial scales, such as a landscape or a whole province in a dryland country. Perhaps this idea was driven by the extreme wind erosion in the Great Plains of North America and Canada during the 1930s, a period known as the Dust Bowl [73]. Years of cultivating and ploughing the prairie soils resulted in massive dust storms during the prolonged drought of the 1930′s. The wind erosion caused many families to give up farming and migrate to other areas, hoping to find work. But the lack of work for those newcomers resulted in the largest socio-economic tragedy in the USA and initiated research in soil erosion problems and soil conservation measures [74].



This example shows how a land degradation process in a dryland environment may have a large impact on the land and the people who depend on the same land for a living. But is it also a clear case of desertification? According to the UNCED [17] definition it is, but at the same time, the degradation did not lead to a loss of productive agricultural land. Since the 1930s, the Dust Bowl land has still been used for agriculture, albeit with soil conservation measures now in place [73]. The other issue is the spatial scale of the wind erosion problem itself. The dust storm may originate from a relatively small area of land, while the off-site impacts may affect a much larger area by reducing visibility, polluting air and surface water, and disrupting machinery, houses, etc. The actual damage to soils may in fact be limited to a relatively small portion of the total affected area. In fact, other soils that receive dust inputs may be enriched in organic matter and nutrients [75], which increases their productivity.



Land degradation, and thus desertification, is likely to occur mainly at fine spatial scale, such as a farmer’s field [76], which makes it difficult to assess desertification at province, district, national, or continental levels. Even at the field scale, quantification of the actual amount of damage caused by land degradation processes such as water and wind erosion is difficult due to (i) the general short measurement periods, which may lead to too few or too many extreme events, (ii) measurement errors in the applied techniques, and (iii) spatial scale effects making generalization of results problematic [77]. Despite these uncertainties, many studies have published serious soil loss rates caused by wind erosion [78] and water erosion [79], nutrient losses [80], and surface crusting [81]. Generally, those studies present a bleak picture of many dryland environments, especially those where smallholder farmers grow crops and herd livestock using little inputs. This raises the question of how farmers have been able to cope with this severe degradation [77]. The answer to this question can be sought in the sustainability paradigm [82].



In the case of desertification, the sustainability paradigm considers land management in two mutual exclusive cases: strong sustainability versus weak sustainability [82]. If a farmer owns more than one field, he or she may not invest equally in each field, because of their limited natural, human, and economic capital. Hence, some fields may be well protected against degrading forces, while other fields may be left eroding or prone to other degrading processes. However, if no critical limit is passed, the previously degrading fields may be regenerated again when resources are better or more food production is needed. Conserving soil as much as possible, a case of strong sustainability, is generally promoted by soil scientists and agronomists. They see soil as a non-renewable natural resource, which is part of the natural capital a farmer owns. But a livelihood perspective sees soils as one of the many forms of capital, which can be partly exploited to achieve socio-economic sustainability [82]. This is a case of weak sustainability which allows the substitution of natural by human capital, as long as the total capital is maintained or enhanced [83]. Given that soil is only one form of capital needed to procure enough food, it can be a rational decision for a farmer to allow degradation on one or more fields. If the available household labor can produce more income by selling it elsewhere, which will allow buying food in the market, the required investments in sustainable crop production may not be made. But this type of decision may increase livelihood success [84]. Warren et al. [82] conclude that weak (or sensible) sustainability is a wise option that emphasizes the interdependence between natural resource conservation and the maintenance of socio-economic systems. Conservation of natural capital, such as soil, vegetation, and water resources, is part of a complex trade-off between agricultural and non-agricultural activities.




7. Policy View on Desertification


In the past years major institutions that are dealing with desertification problems have developed analysis tools, documents, and websites on global desertification. These new products make use of the latest global datasets on a variety of socio-economic and bio-physical factors that play a role in desertification. The most recent products that are briefly discussed here have been published by Conservation International, the European Union (EU), the UNCCD, and the Intergovernmental Science Policy Platform on Biodiversity and Ecosystem Services (IPBES).



Conservation International through its website Trends.Earth provides a platform for monitoring global land changes. It is intended to track achievement of the Sustainable Development Goals, especially SDG 15.3, by monitoring three indicators: land productivity, land cover, and soil organic carbon. The tool supports the mapping, monitoring, and reporting of land degradation and improvements, including the impacts of sustainable land management options. Countries can apply the tool to analyze data to prepare for their reporting commitments to the UNCCD.



The EU published the 3rd World Atlas of Desertification (WAD3) [85], which provides a valuable resource for global, regional, and country level assessments of a number of land degradation problems. It can assist policy-making and help to find environmental solutions. The WAD3 mapped and described 14 variables that play a role in global land degradation. The authors claim that no final assessment on the degree of desertification has been provided, as it was realized that “… desertification or land degradation cannot be captured in global maps …” Instead, the 14 identified variables were assessed at the global scale and diligently mapped. One of the mapped variables is the Land Productivity Dynamics (LDP), which is a measure of above ground biomass derived from high-resolution (1 km, 10 days) satellite imagery (SPOT-VGT). The global map shows areas with changes in LDP for the period 1999–2013. In total, 20.4% of the land surface (22 million ha) showed a persistent declining trend, with large differences between continents. Given the short period of analysis (15 years), it is not really possible to determine whether these changes are due to land degradation. Persistent drought, like the Millennium Drought in Australia, is also exemplified in the map. The authors of the WAD3 caution for conclusions on the numbers by stating: “Declining trends do not indicate land degradation per se, nor do increasing trends indicate recovery.” However, the results of the analysis were already used before the publication of the WAD3 in the Global Land Outlook published by the UNCCD [6]. One of the key messages from the Outlook is “over the last two decades, approximately 20 per cent of the Earth’s vegetated surface shows persistent declining trends in productivity, mainly as a result of land/water use and management practices.” On their website, the UNCCD [86] makes an even stronger claim of the severity of desertification by stating “12 million hectares of productive land become barren every year due to desertification and drought alone”, which seems to be based on the WAD3 land productivity dynamics estimate for the drylands.



In a special report on combating desertification in Europe [87] the degree and change in spatial extent of desertification was determined in 2008 and 2017. A dramatic increase of 177,000 km2 in the area of high to very high desertification sensitivity was reported for southern Europe. This estimated increase was based on a methodology that uses three factors to calculate a desertification severity index. One of the factors is the Aridity Index, which is the ratio between annual rainfall and annual potential evapo-transpiration (PET). In the 2017 assessment the PET calculation used a different method, which generally resulted in a higher amount of PET [88], and thus an increase in the Aridity Index, which accounts for 1/3 in the desertification index. Hence, the dramatic increase reported is not an increase in desertification per se, but mainly an effect of a new calculation method. If the same PET calculation would have been used in 2008, a much larger area would have fallen under the high to very high desertification classes. Obviously, the increase in desertification would have been less dramatic. Still, the authors of the report recommended the European Commission to establish national action plans to fight desertification and achieve land degradation neutrality, which was adopted by the European Commission. This example shows how the development of any sound policy can be impeded by uncertainty, inconsistency, and possible exaggerations in the mapping of desertification.



Finally, the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) published a report on global land degradation [89]. Drylands and desertification are specifically addressed in the report, and the report discusses the difficulty of mapping desertification due to the complex interaction of different processes that are important. It is even acknowledged that desertification in the Sahel is localized and not sub-continental in scale. Despite this critical reflection on desertification, the report claims in its Summary for Policymakers that “Desertification currently affects more than 2.7 billion people and can contribute to migration”. It is even mentioned that this claim is well established. Hence, according to IPBES the entire dryland population is affected by desertification, but it is entirely unclear which data this statement is actually based on. In a very dramatic media release, the IPBES warns that the well-being of 3.2 billion people is at risk due to global land degradation, which apparently includes the entire dryland population.



These examples illustrate the disconnection between policy and science when it comes to desertification [9]. Where many scientific studies over the last 20 years have downplayed the importance of desertification in drylands, the policy-oriented studies keep on claiming that desertification is expanding and threatening the livelihoods of many people in the drylands. Science has shown that dryland agro-ecosystems are highly complex systems that can rapidly change from high to low biological productivity, while the economic productivity is actually enhanced [63]. A lower biological productivity should not be interpreted as desertification though.



It has become clear that desertification is linked to this complexity and the associated changes that can occur due to drought or management, but is not necessarily an irreversible process that destroys land to the level that it is not available for food production or other ecosystem services [82]. It seems that the institutional policy level adopts desertification as the dramatic view of the complete loss of land, which started in the 1980s with the false notion of the expanding deserts, and was later replaced by the UNCCD definition of land degradation in drylands. More dialogue between science and policy could help to adjust the international efforts to halt desertification and to achieve the sustainable development goals in the global drylands.




8. Concluding Remarks


In the 1980s and 1990s desertification was perceived as a global environmental issue threatening the lives of millions of people living in the drylands. Most of the desertification discussions focused on the Sahel region where serious drought had affected the livelihoods of the local rural populations. First estimates of the severity of desertification were dramatic [3,4,25,28,29], but were later criticized, because no scientific evidence could be provided to support the early assessments. In fact, what was then perceived as Sahelian desertification was in reality the consequences of serious drought, which later disappeared when the rains got back to normal and a large scale re-greening happened [31,32]. Evidence for the massive degradation and abandonment of land in the drylands is not available. In science, desertification is now perceived as a more local-scale degradation problem (Figure 1, Figure 2, Figure 3 and Figure 4) where land management plays a crucial role in either stimulating or decreasing degradation processes. Desertification is not necessarily an irreversible process; soil can be considered a form a natural capital that can be partly exploited to maintain socio-economic livelihoods [82].



The role of science in the global desertification debate remains crucial. The natural and social sciences should work together and provide evidence about the extent and seriousness of desertification processes in dryland environments, its causes, consequences and how the dryland populations are affected. Land degradation, and thus desertification, cannot be understood in isolation of other trends in society and nature [90]. The use of common definitions and broadly accepted research methods will be needed to provide meaningful information about desertification [35]. So far, the large-scale assessments have mainly focused on vegetation cover changes, which were used as a proxy for land degradation. More work should be done on mapping and classification of the severity of actual soil degradation processes occurring in drylands. This should include processes such as wind and water erosion, as well as salinization and soil crusting. This may lead to better and more objective global assessments of the state and changes of drylands. The report ‘Status of the World Soil Resources’ [72] could become a key reference to which all observed states and changes could be compared for objective assessments of the degrees of soil degradation since 2015. This will help policy institutions to target areas for immediate action, and will assist in developing meaningful solutions to fight real and serious desertification problems.



Despite the critical reflection on desertification by scientists, the policy domain still considers desertification as a serious threat to the livelihoods of the global dryland populations. One can perceive the general dichotomy of science and policy from two different angles. From one perspective, science fails in providing hard and objective assessments and thus limiting informed decision making of policy makers. From the other perspective, it looks like policy makers tend to take numbers from the widely varying set of scientific reports that fit an alarmist message to stimulate action. A better communication between science and policy in which policy better facilitates the scientific assessments and where science listens better to the required insights is urgently needed to give global desertification the proper attention to deal with SDG 15, and specifically SDG 15.3, which aims at reaching land degradation neutrality (LDN) by 2030. LDN is a concept that was adopted by the UNCCD to maintain or improve ecosystem services, productivity, and resilience of the land [91]. It is a concept that reverses land degradation processes by implementing measures and strategies that are based on multi-variable assessments, considering land potential, land condition, resilience, social, cultural, and economic factors. Each country may have different land degradation problems, and may seek optimized solutions that fit the local circumstances. The design and implementation of such measures and strategies should be firmly based on scientific knowledge and policy objectives.







Author Contributions


Research idea and major part of the literature review: G.S.; review of soil quality issues: J.J.S.; writing of manuscript: G.S.; review and correction of draft manuscript: J.J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lamprey, H.F. Report on the desert encroachment reconnaissance in northern Sudan. 21 October to 10 November 1975. UNESCO/UNEP Paris/Nairobi Republished Desertif. Control. Bull. 1975, 17, 1–7. [Google Scholar]

	



Eckholm, E.; Brown, L.R. Spreading Deserts-The Hand of Man; Worldwatch Paper No. 13; Worldwatch Institute: Washington, DC, USA, 1977. [Google Scholar]

	



Dregne, H.; Kassas, M.; Rozanov, B. A new assessment of the world status of desertification. Desertif. Control. Bull. 1991, 20, 6–18. [Google Scholar]

	



UNEP. General Assessment of Progress in the Implementation of the Plan. of Action to Combat Desertification, 1978–1984; GC-12/9 United Nations Environmental Programme: Nairobi, Kenya, 1984. [Google Scholar]

	



Helldén, U. Desertification–Time for an assessment? Ambio 1991, 20, 372–383. [Google Scholar]

	



UNCCD. The Global Land Outlook, 1st ed.; United Nations Convention to Combat Desertification: Bonn, Germany, 2017. [Google Scholar]

	



IFAD. Gender and Desertification: Expanding Roles for Women to Restore Drylands; International Fund for Agricultural Development: Rome, Italy, 2010. [Google Scholar]

	



Thomas, D.S.; Middleton, N.J. Desertification: Exploding the Myth; Wiley: Chichester, UK, 1994. [Google Scholar]

	



Behnke, R.H.; Mortimore, M. Introduction: The end of desertification? In The End of Desertification?–Disputing Environmental Change in the Drylands; Behnke, R.H., Mortimore, M., Eds.; Springer: Heidelberg, Germany, 2016; pp. 1–34. [Google Scholar]

	



Swift, J. Desertification: Narratives, Winners and Losers. In The Lie of the Land; Leach, M., Mearns, R., Eds.; The International African Institute: London, UK, 1996; pp. 73–90. [Google Scholar]

	



D’Odorico, P.; Bhattachan, A.; Davis, K.F.; Ravi, S.; Runyan, C.W. Global desertification: Drivers and feedbacks. Adv. Water Resour. 2013, 51, 326–344. [Google Scholar] [CrossRef]

	



Lavauden, L. Les forêts du Sahara. Rev. Des Eaux Et 1927, 7, 329–341. [Google Scholar]

	



Aubréville, A. Climats, Forêts et Désertification de L’afrique Tropicale; Société, D., Ed.; Géographiques, Maritimes et Coloniales: Paris, France, 1949. [Google Scholar]

	



Glantz, M.H.; Orlovsky, N.S. Desertification: A review of the concept. Desertif. Control. Bull. 1983, 9, 15–22. [Google Scholar]

	



UNCOD. UN Conference on Desertification. In Round-up, Plan of Action and Resolutions; UN: New York, NY, USA, 1978. [Google Scholar]

	



Helldén, U. Case studies of desertification monitoring. A discussion of EU Initiatives. In Proceedings: Local & Regional Desertification Indicators in a Global Perspective, Proceedings of the International Seminar; Enne, G., Yeroyanni, M., Eds.; Beijing, China, 16 to 18 May 2005; European Commission-DG Research: Brussels, Belgium, 2006; pp. 195–203. [Google Scholar]

	



United Nations. Report of the United Nations Conference on Environment and Development, Volume II Proceedings of the Conference; Rio de Janeiro, 3–14 June 1992; A/CONF.151/26/Rev. 1 (Vol. II), United Nations: New York, NY, USA, 1993. [Google Scholar]

	



UNCCD. Available online: https://www.unccd.int/frequently-asked-questions-faq (accessed on 7 May 2020).

	



UNCCD. Available online: https://www2.unccd.int/convention/about-convention (accessed on 11 April 2018).

	



Stebbing, E.P. The encroaching Sahara: The threat to the West African colonies. Geogr. J. 1935, 85, 506–524. [Google Scholar] [CrossRef]

	



Tucker, C.J.; Dregne, H.E.; Newcomb, W.W. Expansion and contraction of the Sahara desert from 1980 to 1990. Science 1991, 253, 299–301. [Google Scholar] [CrossRef]

	



Nicholson, S.E.; Tucker, C.J.; Ba, M.B. Desertification, drought and surface vegetation: An example from the West African Sahel. Bull. Am. Meteorol. Soc. 1998, 79, 815–829. [Google Scholar] [CrossRef]

	



Huenneke, L.F.; Anderson, J.P.; Remmenga, M.; Schlesinger, W. Desertification alters patterns of above ground net primary production in Chihuahuan ecosystems. Glob. Chang. Biol. 2002, 8, 247–264. [Google Scholar] [CrossRef]

	



Verón, S.R.; Oesterheld, M.; Paruelo, J.M. Production as a function of resource availability: Slopes and efficiencies are different. J. Veg. Sci. 2005, 16, 351–354. [Google Scholar] [CrossRef]

	



UNEP. Status of Desertification and Implementation of the United Nations Plan. of Action to Combat Desertification; UNEP/GC/SS.III/3: Nairobi, Kenya, 1991. [Google Scholar]

	



UNCOD. World Desertification Map; Document A/Conf 74/2; United Nations Conference on Desertification: Nairobi, Kenya, 1977. [Google Scholar]

	



Oldeman, L.R.; Hakkeling, R.T.A.; Sombroek, W.G. World Map of the Status of Human-Induced Soil Degradation, 2nd ed.; ISRIC: Wageningen, The Netherlands, 1991. [Google Scholar]

	



Mabbutt, J.A. A new global assessment of the status and trends of desertification. Environ. Conserv. 1984, 11, 103–113. [Google Scholar] [CrossRef]

	



Dregne, H.E. Desertification of arid lands. In Physics of desertification; El-Baz, F., Hassan, M.H.A., Eds.; Martinus Nijhoff: Dordrecht, The Netherlands, 1986; pp. 4–34. [Google Scholar]

	



Eswaran, H.; Reich, P.; Beinroth, F. Global desertification tension zones. In Sustaining the Global Farm – Selected papers from the 10th International Soil Conservation Organization Meeting; Stott, D.E., Mohtar, R.H., Steinhardt, G.C., Eds.; International Soil Conservation Organization in cooperation with the USDA and Purdue University: West Lafayette, IN, USA, 2001; pp. 24–28. [Google Scholar]

	



Helldén, U.; Tottrup, C. Regional desertification: A global synthesis. Glob. Planet. Chang. 2008, 64, 169–176. [Google Scholar] [CrossRef]

	



Bai, Z.G.; Dent, D.L.; Olsson, L.; Schaepman, M.F. Proxy global assessment of land degradation. Soil Use Manag. 2008, 24, 223–234. [Google Scholar] [CrossRef]

	



Le, Q.B.; Nkonya, E.; Mirzabaev, A. Biomass Productivity-Based Mapping of Global Land Degradation Hotspots; ZEF-Discussion Papers on Development Policy No. 193; University of Bonn: Bonn, Germany, 2014. [Google Scholar]

	



Deichmann, U.; Eklundh, L. Global Digital Data Sets for Land Degradation Studies: A GIS Approach; UNEP/GEMS and GRID: Nairobi, Kenya, 1991. [Google Scholar]

	



Verón, S.R.; Paruelo, J.M.; Oesterheld, M. Assessing desertification. J. Arid Environ. 2006, 66, 751–763. [Google Scholar] [CrossRef]

	



Rasmussen, M.S. Developing simple, operational, consistent NDVI-vegetation models by applying environmental and climatic information. Part 1. Assessment of net primary production. Int. J. Remote Sens. 1998, 19, 97–117. [Google Scholar] [CrossRef]

	



Bai, Z.G.; Dent, D.L. Verification Report on the GLADA Land Degradation Study: Land Degradation and Improvement in South. Africa Identification by Remote Sensing; University of South Africa, D J Pretorius Department of Agriculture: Stellenbosch, South Africa, 2008. [Google Scholar]

	



Anderson, W.; Johnson, T. Evaluating global land degradation using ground-based measurements and remote sensing. In Economics of Land Degradation and Improvement–A Global Assessment for Sustainable Development; Nkonya, E., Mirzabaev, A., von Braun, J., Eds.; Springer International: Cham, Switzerland, 2016; pp. 85–116. [Google Scholar]

	



Prince, S.D.; Brown de Colstoun, E.; Kravitz, L. Evidence from rain use efficiencies does not support extensive Sahelian desertification. Glob. Chang. Biol. 1998, 4, 359–374. [Google Scholar] [CrossRef]

	



Eklundh, L.; Olsson, L. Vegetation index trends for the African Sahel 1982–1999. Geophys. Res. Lett. 2003, 30, 1430. [Google Scholar] [CrossRef]

	



Herrmann, S.M.; Anyamba, A.; Tucker, C.J. Recent trends in vegetation dynamics in the African Sahel and their relationship to climate. Glob. Environ. Chang. 2005, 15, 394–404. [Google Scholar] [CrossRef]

	



De Jong, R.; Schaepman, M.E.; Furrer, R.; de Bruin, S.; Verburg, P.H. Spatial relationship between climatologies and changes in global vegetation activity. Glob. Chang. Biol. 2013, 19, 1953–1964. [Google Scholar] [CrossRef]

	



Le Houerou, H.N. Rain use efficiency: A unifying concept in arid-land ecology. J. Arid Environ. 1984, 7, 213–247. [Google Scholar]

	



Higginbottom, T.P.; Symeonakis, E. Assessing land degradation and desertification using vegetation index data: Current frameworks and future directions. Remote Sens. 2014, 6, 9552–9575. [Google Scholar] [CrossRef]

	



Hein, L.; de Ridder, N. Desertification in the Sahel, a reinterpretation. Glob. Chang. Biol. 2006, 12, 751–758. [Google Scholar] [CrossRef]

	



Prince, S.D.; Wessels, K.J.; Tucker, C.J.; Nicholson, S.E. Desertification in the Sahel: A reinterpretation of a reinterpretation. Glob. Chang. Biol. 2007, 13, 1308–1313. [Google Scholar] [CrossRef]

	



Hein, L.; de Ridder, N.; Hiernaux, P.; Leemans, R.; de Wit, A.; Schaepman, M. Desertification in the Sahel: Towards better accounting for ecosystem dynamics in the interpretation of remote sensing images. J. Arid Environ. 2011, 75, 1164–1172. [Google Scholar] [CrossRef]

	



Kaptué, A.T.; Prihodko, L.; Hanan, N.P. On regreening and degradation in Sahelian watersheds. Proc. Natl. Acad. Sci. USA 2015, 112, 12133–12138. [Google Scholar] [CrossRef] [PubMed]

	



Novella, N.S.; Thiaw, W.M. African Rainfall Climatology Version 2 for early warning systems. J. Appl. Meteorol. Climatol. 2013, 52, 588–606. [Google Scholar] [CrossRef]

	



CILSS. Landscapes of West. Africa–A Window on a Changing World; U.S. Geological Survey EROS, 47914 252nd St: Garretson, SD, USA, 2016.

	



Herrmann, S.M.; Tappan, G.G. Vegetation impoverishment despite greening: A case study from central Senegal. J. Arid Environ. 2013, 90, 55–66. [Google Scholar] [CrossRef]

	



Van Auken, O.W. Shrub invasions of North American semiarid grasslands. Annu. Rev. Ecol. Syst. 2000, 31, 197–215. [Google Scholar] [CrossRef]

	



Johansen, K.; Roelfsema, C.; Phinn, S. High spatial resolution remote sensing for environmental monitoring and management preface. J. Spat. Sci. 2008, 53, 43–47. [Google Scholar] [CrossRef]

	



Mbow, C.; Brandt, M.; Ouedraogo, I.; de Leeuw, J.; Marshall, M. What four decades of Earth Observation tell us about land degradation in the Sahel. Remote Sens. 2015, 7, 4048–4067. [Google Scholar] [CrossRef]

	



Visser, S.M.; Sterk, G. Nutrient dynamics—Wind and water erosion at the village scale in the Sahel. Land Degrad. Dev. 2007, 18, 578–588. [Google Scholar] [CrossRef]

	



Vrieling, A.; Rodrigues, S.C.; Bartholomeus, H.; Sterk, G. Automatic detection of erosion gullies with ASTER imagery in the Brazilian Cerrados. Int. J. Remote Sens. 2007, 28, 2723–2738. [Google Scholar] [CrossRef]

	



De Jong, S.M.; Addink, E.A.; van Beek, L.P.H.; Duijsings, D. Physical characterization, spectral response and remotely sensed mapping of Mediterranean soil surface crusts. Catena 2011, 86, 24–35. [Google Scholar] [CrossRef]

	



Van Iersel, W.K. Suitability of Remote Sensing for Dust Storm Detection and Quantification in Sahelian Africa. Master’s Thesis, Department of Physical Geography, Utrecht University, Utrecht, The Netherlands, 2014. [Google Scholar]

	



Borrelli, P.; Robinson, D.A.; Fleischer, L.R.; Lugato, E.; Ballabio, C.; Alewell, C.; Meusburger, K.; Modugno, S.; Schütt, B.; Ferro, V.; et al. An assessment of the global impact of 21st century land use change on soil erosion. Nat. Commun. 2013, 8. [Google Scholar] [CrossRef]

	



García-Ruiz, J.M.; Beguería, S.; Nadal-Romero, E.; González-Hidalgo, J.C.; Lana-Renault, N.; Sanjuán, Y. A meta-analysis of soil erosion rates across the world. Geomorphology 2015, 239, 160–173. [Google Scholar] [CrossRef]

	



Livingstone, I.; Wiggs, G.F.S.; Weaver, C.M. Geomorphology of desert sand dunes: A review of recent progress. Earth-Sci. Rev. 2007, 80, 239–257. [Google Scholar] [CrossRef]

	



Sterk, G. Causes, consequences and control of wind erosion in Sahelian Africa: A review. Land Degrad. Dev. 2003, 14, 95–108. [Google Scholar] [CrossRef]

	



Rasmussen, K.; D’haen, S.A.L.; Fensholt, R.; Fog, B.; Horion, S.; Nielsen, J.O.; Rasmussen, L.V.; Reenberg, A. Environmental change in the Sahel: Reconciling contrasting evidence and interpretations. Reg. Environ. Chang. 2016, 16, 673–680. [Google Scholar] [CrossRef]

	



Sterk, G.; Herrmann, L.; Bationo, A. Wind-blown nutrient transport and soil productivity changes in southwest Niger. Land Degrad. Dev. 1996, 7, 325–335. [Google Scholar] [CrossRef]

	



Morgan, R.P.C. Soil Erosion and Conservation; Blackwell Publishing: Oxford, UK, 2005. [Google Scholar]

	



Niemeijer, D.; Mazzucato, V. Soil degradation in the West African Sahel: How serious is it? Environ. Sci. Policy Sustain. Dev. 2002, 44, 20–31. [Google Scholar] [CrossRef]

	



Keesstra, S.D.; Bouma, J.; Wallinga, J.; Tittonell, P.; Smith, P.; Cerdà, A.; Montanarella, L.; Quinton, J.N.; Pachepsky, Y.; van der Putten, W.H.; et al. The significance of soils and soil science towards realization of the United Nations Sustainable Development Goals. Soil 2016, 2, 111–128. [Google Scholar] [CrossRef]

	



Van Vliet, G. The level of desertification using historical and more recent data of soil organic carbon. Bachelor’s Thesis, Soil Geography and Landscape group, Wageningen University, Wageningen, The Netherlands, 2018. [Google Scholar]

	



Batjes, N.H.; Ribeiro, E.; van Oostrum, A.; Leenaars, J.; Hengl, T.; Mendes de Jesus, J. WoSIS: Providing standardised soil profile data for the world. Earth Syst. Sci. Data 2017, 9, 1–14. [Google Scholar] [CrossRef]

	



Leenaars, J.G.B.; van Oostrum, A.J.M.; Ruiperez Gonzalez, M. Africa Soil Profiles Database, Version 1.2. A Compilation of Georeferenced and Standardised Legacy Soil Profile Data for Sub-Saharan Africa [with Dataset]; ISRIC Report 2014/01; Africa Soil Information Service [AfSIS] project and ISRIC—World Soil Information: Wageningen, The Netherlands, 2014. [Google Scholar]

	



FAO. Soils are Endangered, but the Degradation Can be Rolled Back: Population Growth, Industrialization and Climate Change Threaten Soil Health. News article of the Food and Agricultural Organization of the United Nations. 4 December 2015. Available online: http://www.fao.org/news/story/en/item/357059/icode/ (accessed on 30 March 2020).

	



FAO and ITPS. Status of the World’s Soil Resources [SWSR]–Main Report; Food and Agriculture Organization of the United Nations and Intergovernmental Technical Panel on Soils: Rome, Italy, 2015. [Google Scholar]

	



Lee, J.A.; Gill, T.E. Multiple causes of wind erosion in the Dust Bowl. Aeolian Res. 2015, 19, 15–36. [Google Scholar] [CrossRef]

	



Sterk, G.; Boardman, J.; Verdoodt, A. Desertification: History, causes and options for its control. Land Degrad. Dev. 2016, 27, 1783–1787. [Google Scholar] [CrossRef]

	



Simonson, R.W. Airborne dust and its significance to soils. Geoderma 1995, 65, 1–43. [Google Scholar] [CrossRef]

	



Warren, A. Land degradation is contextual. Land Degrad. Dev. 2002, 13, 449–459. [Google Scholar] [CrossRef]

	



Warren, A.; Batterbury, S.; Osbahr, H. Soil erosion in the West African Sahel: A review and an application of a “local political ecology” approach in South West Niger. Glob. Environ. Chang. 2001, 11, 79–95. [Google Scholar] [CrossRef]

	



Sterk, G.; Stein, A. Mapping wind-blown mass transport by modeling variability in space and time. Soil Sci. Soc. Am. J. 1997, 61, 232–239. [Google Scholar] [CrossRef]

	



Roose, E.J. Erosion et Ruisellement en Afrique de L’ouest: Vingt Années des Mesures en Petites Parcelles Expérimentales; Travaux et Documents, 78; Office de la Recherche Scientifique et Technique de l’Outre Mer [ORSTOM]: Paris, France, 1977. [Google Scholar]

	



Stoorvogel, J.J.; Smaling, E.M.A.; Janssen, B.H. Calculating soil nutrient balances in Africa at different scales—I Supra-national scale. Fertil. Res. 1993, 35, 227–235. [Google Scholar] [CrossRef]

	



Graef, F.; Stahr, K. Incidence of soil surface crust types in semi-arid Niger. Soil Tillage Res. 2000, 55, 213–218. [Google Scholar] [CrossRef]

	



Warren, A.; Batterbury, S.; Osbahr, H. Sustainability and Sahelian soils: Evidence from Niger. Geogr. J. 2001, 167, 324–341. [Google Scholar] [CrossRef]

	



Neumayer, E. Weak Versus Strong Sustainability: Exploring the Limits of Two Opposing Paradigms; Edward Elgar: Cheltenham, UK, 2003. [Google Scholar]

	



Mortimore, M.J.; Adams, W.M. Farmer adaptation, change and ‘crisis’ in the Sahel. Glob. Environ. Chang. 2001, 11, 49–57. [Google Scholar] [CrossRef]

	



Cherlet, M.; Hutchinson, C.; Reynolds, J.; Hill, J.; Sommer, S.; von Maltitz, G. World Atlas of Desertification; Publication Office of the European Union: Luxembourg, 2018.

	



UNCCD. Available online: https://www.unccd.int/issues/land-and-human-security (accessed on 20 July 2018).

	



EU. Combating Desertification in the EU: A Growing Threat in Need of More Action, Special Report 33; European Union, European Court of Auditors: Luxembourg, 2018. [Google Scholar]

	



Prăvălie, R.; Patriche, C.; Bandoc, G. Quantification of land degradation sensitivity areas in Southern and Central Southeastern Europe. New results based on improving DISMED methodology with new climate data. Catena 2017, 158, 309–320. [Google Scholar] [CrossRef]

	



IPBES. The IPBES Assessment Report on Land Degradation and Restoration; Montanarella, L., Scholes, R., Brainich, A., Eds.; Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services: Bonn, Germany, 2018. [Google Scholar]

	



Andersson, E.; Brogaard, S.; Olsson, L. The political ecology of land degradation. Annu. Rev. Environ. Resour. 2011, 36, 295–319. [Google Scholar] [CrossRef]

	



UNCCD/Science-Policy Interface. Land in balance. In The Scientific Conceptual Framework for Land Degradation Neutrality (LDN), Science-Policy Brief 02; United Nations Convention to Combat Desertification (UNCCD): Bonn, Germany, 2016. [Google Scholar]








[image: Land 09 00156 g001 550] 





Figure 1. An example of a process of change: Active wind erosion destroying a vegetated area used for extensive sheep grazing in Chubut province, Patagonia, Argentina. 
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Figure 2. An example of a possible desert-like end stage: A desert pavement following strong wind erosion on previously vegetated land in Chubut Province, Patagonia, Argentina. 
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Figure 3. A dust storm near a village in Senegal. 
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Figure 4. An active gully head eroding rangeland soil in the semi-arid ‘Badia’ of Jordan. 
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Table 1. Reported assessments of the extent of desertification in the global drylands.






Table 1. Reported assessments of the extent of desertification in the global drylands.





	
Source

	
Remark

	
Area Affected by Desertification

	
Proportion of Drylands *




	

	

	
ha

	
%






	
UNEP (1991) [25]

	
Assessment for UNCOD, Nairobi, 1977

	
3.97 × 109

	
78.1




	
UNEP (1984) [4]

	
Assessment for UNEP’s Governing Counsel 12/9, 1984.

	
3.48 × 109

	
68.4




	
Mabutt (1984) [28]

	
Assessment of desertification seven years after UNCOD

	
1.94 × 109

	
38.2




	
Dregne (1986) [29]

	
Published study

	
4.71 × 109

	
92.6




	
Oldeman et al. (1991) [27]

	
Global Assessment of Soil Degradation (GLASOD). Assessment excludes rangeland degradation.

	
1.04 × 109

	
20.5




	
Dregne et al. (1991) [3]

	
Based on GLASOD numbers, with added rangeland degradation

	
3.59 × 109

	
70.7




	
Eswaran et al. (2001) [30]

	
Published study

	
2.86 × 109

	
56.3




	
Helldén and Tottrup (2008) [31]

	
Published study

	
None #

	
0




	
Bai et al. (2008) [32]

	
Published study

	
0.38 × 109

	
7.6




	
Le et al. (2014) [33]

	
Published study

	
1.47 × 109

	
29.0








* Based on the estimated dryland area (excluding hyper-arid zones) of 5.08 × 109 ha by [34]. # Study identified overall greening in the global drylands and no signs of desertification were observed.
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