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Abstract: The reconstruction of land use practices in hyper arid Saharan Africa is often hampered
by the accuracy of the available tools and by unconscious biases that see these areas as marginal
and inhospitable. Considered for a long time the living space of pastoral mobile communities, new
research is showing of agriculture might have been more important in these areas than previously
thought. In this paper, after a review of present-day land use strategies in Saharan Africa, we show
how ethnographic and ethnoarchaeological data can offer us a different point of view and help in
better defining land use and food production strategies in this area. Ultimately, these insights can be
integrated into the ongoing effort of reconstructing past land use globally.
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1. Introduction

The Sahara is the largest hot desert on Earth. It includes a variety of ecological and environmental
settings, such as rocky plateaus, mountains, dune fields, (mostly dried) river valleys, and stony surfaces
(hamada/serir). Like all deserts, it has always evoked images of an inhospitable land, devoid of resources,
where human life is harsh at the least; a place where only few tribes of seasoned mobile societies could
win over the barren land and make it their home. In this empty landscape, the presence of water in the
form of rivers or oasis, has always been seen as the lifeline providing coveted places of abundance
and life. Indeed, the Sahara is so overlooked as a place for human life that in modern geopolitics the
African continent is divided into “North Africa” and “sub-Saharan Africa”, both including countries
whose territory falls almost completely into the limits of the desert ecosystem. However, the capitals
of these countries, as well as the living places for the dominant elites in the past, are all close to fresh
water, either alongside major rivers or at the margins of the desert, where the annual precipitations
increase, the vegetation cover becomes more abundant, and the land can be fully cultivated. Thus, the
desert as a space for living disappears from many narratives, to remain associated with a land to cross,
home of pastoral mobile societies or few, small sedentary communities living in the oases. In this paper
we transcend the qualitative, social and geographical definitions and we overcome the dichotomy of
North versus Sub-Saharan Africa by capitalizing on a climatic index, the Aridity Index (AI), which
classify a territory according to the proportion between rainfall and potential evapotranspiration
[1,2]. In this paper, after a general consideration on modern-day land use in the Sahara, we report
on modern and historic examples of three specific forms of land use within extremely arid areas
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characterized by an Al up to 0.07 (Figure 1), specifically pastoralism, oasis agriculture and rainfed
agriculture. Ultimately, starting from ethnographic observations and models, we will discuss how to
extend land use classification in the past for these specific cases, by applying the recent framework
developed by the PAGES LandCover6K initiative [3,4].

Aridity Index

0 500 1,000 km
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Figure 1. Aridity Index [1,2] map of the area considered in this study: (1) Fazzan, (2) Central Sudan.
Note that by using this Index we indicate with the term Sahara also areas that are not normally
considered part of this desert as the Nile Valley and coastal areas of Egypt (map elaborated with
QGIS-LTR 3.16).

2. Present day land use in Saharan Africa

Our understanding of land use in Saharan Africa is, at present, driven by two main constraints:
the availability of data and models and the focus, in the research effort to ensure food stability in
drylands, on crops and cropland. The constant improvement of satellite and remote sensing data has
allowed the creation of multiple datasets and models that are currently used, principally, to monitor
land cover and derive cropland potential at both regional and global level [for a complete list see,
5,6]. One of the latest, the NASA Making Earth System Data Records for Use in Research Environments
(MEaSUREs) Global Food Security-support Analysis Data (GFSAD) product, provides global cropland
extent data for year 2015 at 30m resolution [7]. Recent research has compared this and other datasets
to understand the level of agreement between them, at global and regional levels [see for example
5,6,8]. These studies highlighted a certain lack of agreement between the various datasets, which is
particularly significant in certain areas. For example, Pérez-Hoyos and colleagues [6] found that, over
9 different datasets, full agreement is reached in the whole of Africa only in 2.15% of cases. Conversely,
there are areas, such as the Nile delta in Egypt where full or high agreement (6-8 out of 9 datasets) is
reached in a surprisingly high percentages of cases (42.6% of cases) [6, p.11 and Figure 1]. A similar
study that concentrates only on Africa reached almost identical conclusions and highlighted that
inconsistencies in crop mapping are particularly significant in the Sahel and in west Africa [5]. All
these studies seem to agree on the fact that the Sahara is mostly bare, mainly based on the seminal
landcover publication of FAO that characterizes the entire Sahara as bareland [9].

The main problems associated with cropland definition at global and regional level are determined
by gaps in the baseline information, the lag between research and operational implementation, cloud
cover, resolution, and data update amongst others [8]. For Africa specifically, Nabil and colleagues [5])
stress the limitations due to cell resolution, highlighting that the use of 30m resolution image size is
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not enough to detect small (<1.5 ha) and very small (< 0.15 ha) parcel size, which mainly characterize
agricultural land in Africa and suggested that the ideal resolution would be between 5 and 10 m.
Amongst the available datasets, the Spatial Production Allocation Model (SPAM) uses a different
array of inputs to provide plausible estimates of crop distributions within disaggregate units, for
42 crops and different cultivation strategies (irrigated, rainfed, high/low input etc.) and it is being
updated every five years [10]. According to the latest version of this dataset [11], the irrigated and
rainfed cultivated area in North and Saharan Africa can be seen in Figure 2. Based on these estimates,
cultivation in the Saharan belt is based mainly on rainfed practices 2b and the main products are
tropical fruit (date palms most probably) and some small instances of wheat, barley and rice in the
desert, whereas sorghum and vegetables are prevalent along the Nile. Interestingly there seems to be
no record of rainfed cultivation of pearl millet, which was the main crop we observed during fieldwork
[12].
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Figure 2. Aggregated maps for all 42 crops produced using Harvest Choice data [11]: (a) total area
irrigated. (b) rainfed. Areas in red show presence of cultivation of at least one crop at the lower end of
the scale. Areas not shaded indicate that no data is available. Zeroes (cells where there are available
data but no cultivation) have been removed (maps elaborated with ArcGIS).

The above-mentioned issues also affect the reconstruction of grazing lands and pasture areas.
Phelps and Kaplan [13] have recently pinpointed the difficulties in the study of pastoral land use.
Along with the intrinsic problems in defining both terms, the authors indicate that the attempts at
classifying land use for pastoral uses have been mostly performed on remotely collected data [e.g.
14,15] or on available inventory data [e.g. 9]. Only few approaches have adopted a combination of both
datasets [16,17]. The classification of pastoral land use is largely based on the identification of natural
vegetation (land cover) in areas where agriculture is allegedly neither practiced nor practicable. Being
therefore an indirect measure of potential pastoral land use, the various definitions of pastureland and
grazeland largely depend on the capacity of detecting such a patchy vegetation canopy, typical of hyper
arid and arid areas. Remotely sensed land cover reconstructions, in fact, can hardly capture such erratic
‘natural’ vegetation [see 18], where shrubs often represent the base of the livestock nourishment [19].
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Not surprisingly, following the classification of FAO [9] previously mentioned most of the Sahara is
classified as treeless and barren by those engaged with the design of remotely sensed land use models
through time [e.g. 17,20] (Figure 3. To overcome this limitations, Phelps and colleagues [21] provided
maps of climate suitability for animal husbandry at 500-year intervals for the last 10k years, focusing
on the modeling of niches suitable to pastoralism at the continental level. This work represents an
exceptional attempt at modeling the extension on areas suitable to pastoral societies in Africa.

In the next section we will show how ethnoarchaeological data, both extracted from ethnographic
observations produced between the end of the 19" and the beginning of the 20t century, as well as
collected more recently, can provide valuable insights on land use in hyper arid and arid areas.
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Figure 3. Elaboration from data published by Klein Goldewijk, Dr. ir. C.G.M. (Utrecht University) [20].
Anthropogenic land-use estimates for the Holocene; HYDE 3.2. DANS. Legend displays the original
classification of the anthromes (with numbers) as proposed by Ellis and Ramankutty [22]. The legend
includes the most represented anthromes as visible in the map (map elaborated with ArcGIS).

3. Three examples of present and modern land use in arid and hyper arid Sahara: pastoralism,
oasis agriculture and rainfed agriculture

In this paper we concentrate on the Fazzan in SW Libya and the Nile Valley, which are probably
the best-known areas in the Sahara and North Africa. Both regions have attracted multidisciplinary
teams of archaeologists, ethnographers, biologists, and geologists that, from the 19" century onward
began to explore their past and present. As a result, these stand out as some of the few areas of the
Sahara where long sequences of occupations have been reconstructed for the last 10k years [23,24].
Current reconstructions suggest that from 7000 years ago onward, pastoralism was the only form of
food production adopted in Fezzan, up to c. 3000 years ago, when cultivation was introduced in the
oases [25]. Pastoralism in this view represents the earliest form of food production in the Sahara, and
its development was largely affected by Holocene climatic shifts. Not differently, Holocene climatic
fluctuations largely affected social dynamics and the development of food production in the Nile Valley
[24], where the exploitation of a broad range of resources characterized past societies between the tenth
and the 6 millennia BC [26]. Standing as a long green strip crossing the eastern part of the Sahara,
the Nile represented a center of attraction for past human communities gravitating around it. Farming
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was considered, up to recent times, to date back to 5200 BC in the Fayum area [27], and to have reached
Sudan a few centuries later [26,28]. In the Nilotic Nubian Neolithic (4500-3000 BC) subsistence was
based on fishing and pastoralism, integrated by wild sorghum and millet [29]. Wild sorghum was
likely cultivated [30,31], while emmer and barley, both of Near Easter origin, were adopted as far
south as Al Khiday [32]. Connections between Central Sahara and the Nile Valley were recognized by
Arkell as early as the beginning of the 20t century [28]. In both regions, the advent of food production
occurred during the Middle Holocene (c. 7k years ago) and was later propelled by the advent of more
arid conditions 5k years ago that, in turn, paved the way to the rise of social stratification [24].

3.1. Pastoralism

It is nowadays widely acknowledged that pastoralism represents a suitable practice to achieve
food security in semi-arid to hyper-arid environments, due to its flexibility and adaptability to changing
natural resources (both in time and in space). Pastures and rangelands represent the most extensive
form of land use, adding up to a quarter of the earth ice-free land surface [13, and references therein],
although quantification and classification of pastureland or rangeland has proven to be a difficult
task (see section 2). On the other hand, ethnographic accounts can provide important insights on
past and recent land use of pastoral societies, though the majority of pastoral landscape have been
cartographed as a series of points connected by arrows, displaying thus the year round cycles of
movements of a given society [33]. In terms of land use reconstruction, this type of information is
intrinsically problematic, as it does not convey the extent of the territory used by pastoralists at the time
of the generation of the map. Aware that any cartography of pastoralists, especially in drylands, is an
indicative tool that can portrait some coarse contours including customary lands used by pastoralists,
we will discuss here the case of the Fazzan, where military administration from the 1930s, coupled
with direct field observation from one of the author (SB) can lead to the estimation of some facts about
recent and current land use.

Pastoral activities during 1930s, as reported by colonial age accounts, covered vast areas from
SW Fazzan. All the five areas included in the reports (see Table 1) represent important hotspots in
the region, and host oases and towns. Along with sedentary settlements, Tuareg and Tebu nomads
have traditionally grazed their livestock. In 1930s, accurate census of the nomads and sedentaries was
carried out under the Italian and, later, French administrations. The Italians [34-36] collected precise
data on the nomadic herders and their customary grazing areas (see Figure 4 and Table 1). Tuareg
and Tebu from the Fazzan roamed through hyper arid locations (Figure 4b), where only few spots of
‘grazing areas’ have been identified by the HYDE 3.2 map of land use (Figure 4c and d). The authors
refer to those herders as nomadic, and hint at some differences in their patterns of yearly movements
[34-36]. Those living in area 4 and 5 looked more prone to longer transhumances, while those living in
the large Wadi Shati (area 1), Wadi el Ajal (area 2), and Wadi Berjuj (area 3) were characterized by more
regular movements, though still opportunistic and variable, and this may explain the occurrence of
‘other’ stock, mainly poultry, that fits with a semi-nomadic lifestyle. Allegedly pure nomads were rising
only ovicaprids (OC in Table 1, dromedaries, and, in the case of the Tuareg living in the area of wadi
Tanezuft (area 5) also some donkeys (Equines in Table 1). Field research in the Tanezuft area reported
the presence of contemporary Tuareg pastoralists in the area, exploiting the erratic pastures that are
to be found along the wadis [19]. Similarly, field trips to Wadi el Ajal and Wadi Berjuj confirmed the
persistence of pastoralism, although a general trend toward a progressive sedentarization -already
stressed in the 1930s- was noticed [19]. In the 2000s - 2010s, up to the 2011 turmoil, pastoralism in those
areas was characterized by strong opportunism. Families of herders exploited customary grazing areas
and were ready to move to more distant pastures in case of good rain. Flexible movements and rapid
decisions represent the key to thrive in the Fezzan, where the climate is hyper arid with almost no
rainfall (ranging between 0 and 20mm per year) and the natural resources for livestock (water and
pastures) are erratic and patchy.
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Figure 4. Pastoral areas in Fezzan according to ethnographic sources [34-36]. (a) the five areas discussed
in this paper. Key: 1 Wadi Shati, 2 Wadi el Ajal, 3 Wadi Berjuj, 4 Wadi Hikma, 5 Wadi Tanezuft. (b)
superimposed to the Aridity Index values. (c) superimposed to rangeland values. (d) superimposed to
grazing values. Legend in (c) and (d) displays the land use according to Klein [20]. Spatial resolution 5
arc-minutes (maps elaborated with ArcGIS).

Table 1. Demographic and livestock data in the areas of the Fazzan [34-36]. For the location of the
areas, see Figure 4. OC = Ovicaprines; Equines = horses and donkeys.

Area  Group LU1 LU2 Area (km2) People Dromedaries OC  Equines Cows Others
1 Tuareg  Pastoralism  Mobile-irregular 15641 4106 1214 865 339 0 300
2 Tuareg  Pastoralism  Mobile-irregular 12396 611 335 375 48 0 150
3 Tuareg  Pastoralism  Mobile-irregular 15619 280 150 340 0 0 50
4 Tebu  Pastoralism  Mobile-irregular 7286 260 240 410 nd 0 nd
5 Tuareg  Pastoralism  Mobile-irregular 5463 500 509 1137 308 25 nd



https://doi.org/10.20944/preprints202103.0723.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2021 d0i:10.20944/preprints202103.0723.v1

8of17

3.2. Oasis agriculture

Oasis agriculture in Fazzan is dated as early as c. 3k years [for a recent review see 25], and was
practiced with traditional technologies until very recently. Ethnographic studies on local agricultures
were carried out under the French and the Italian colonial administrations [34-37]. In the first half of the
20t century, those authors reported that the Fazzani oases presented favorable characteristics for the
cultivation of crops. In fact, water table was generally shallow. Scarin [35] noticed that in many areas
the water table could be reached only a few meters below the surface. Therefore, traditional shallow
wells were reported in use during 1930s and 1940s [35,37], representing the sole method for irrigating
fields, being the ancient foggaras abandoned in historical times. Some colonial age publications report
precise data on the list of species cultivated and their number in each oasis [34-36](Table 2. Oasis
agriculture is described as being dependent on well irrigation although in some cases (e.g. in the Wadi
el Ajal) portions of the ancient foggaras were still in use [38]. Fazzani gardens are generally square
or rectangular, with sides that range between 30 and 200m. Every garden is crossed by a network of
shallow irrigation channels made of mud. In the 1930s, the majority of those gardens were owned
by some prominent families, who employed wage workers. Small holders, mainly former nomadic
Tuareg or Tebu, owned smaller gardens and were running family enterprises with no employees. The
gardens were being cultivated with palm trees (Phoenix dactylifera L. arabic Nachla), providing dates
and plant material for crafting basketry, beds, saddles, and for construction as well. Palm trees in the
Fazzani gardens did not need irrigation since the water table was often shallower than 5 m. Along
with their byproducts, palm trees provided shade to wheat (Triticum vulgare Vill. in the original text,
syn. T. aestivum L.) and barley (Hordeum vulgare L.) during winter and sorghum and millet (Pennisetum
americanum (L.) Leeke in the original text syn. Chenchrus americanum (L.) Morrone), along with legumes
and vegetables. Occasionally, those reports are associated with some sketches of selected oases [35,36],
that allow to reconstruct the extent of the inhabited area and the size of the cultivated areas (Table 2).

Table 2. Demographic and crop data for selected oases in the Fazzan [34-36]. For the location of the
oases, see Figure 4. Areas are expressed in ha; garden area includes settlement area. * system formed
by three oasis Tamzaua-Es Zueia-Zeluaz

Area Oasis LU1 LU2 People  Mobility  Settlementarea Gardenarea Palms Pams/pax
1 Brak Agriculture  Annual crops 730 sedentary 59 54 17000 23
1 Tamzaua  Agriculture  Annual crops 1329 sedentary 23,74 1200 22600 17
2 Greifa Agriculture  Annual crops 541 sedentary 14.5 50 3000 6
2 Brach Agriculture  Annual crops 257 sedentary 5 69 7800 30
2 El Abiad  Agriculture = Annual crops 266 sedentary 0.9 9 2800 23
4 El Gatrun  Agriculture ~ Annual crops 404 sedentary 24 160 39000 97
4 Tegerhi Agriculture  Annual crops 140 sedentary 1.1 90 7000 50

3.3. Rainfed Agriculture

For the purpose of this paper, we consider rainfed agriculture as the cultivation of domestic or
semi-domestic crops that rely exclusively on rain, where no additional water (irrespective of its origin)
is provided to the plants before or during the growth period, and that is practiced far from rivers or
water basin that can create a flooding area during the rain period. The crops that can be cultivated with
this kind of agricultural practice are obviously dependent on the environment where they are grown
with wetter areas providing better ground for this practice. Rainfed agriculture is usually deemed
unviable in areas that receive less than 300 mm of annual rainfall in the absence of water harvesting
structures [39] even when considering drought-tolerant crops such as millets and sorghum, which
not only require less water than other crops (such as wheat, barley, rice and maize) but have also a
shorter growing periods, making them more adapted to grow in drylands. As Figure 2 shows, rainfed
agriculture is extremely limited in Saharan Africa and is mainly concentrated in the Sahel, on the
northern coast and along the banks of the river Nile, that is in areas with higher rainfall (and Aridity
Index values) or on the floodplain of a major river. Between 2015 and 2019 the authors have conducted
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ethnoarchaeological surveys in the area south of Omdurman on the west bank of the white Nile within
the frameworks of the Al Khiday (directed by D. Usai and S. Salvatori) and the RAINDROPS projects.
At present this area can be classified as borderline hyper arid, having an Aridity Index of 0.07. Here we
recorded several instances of rainfed cultivation of pearl millet, as far as 15 km west of the river bank
[12,40]. These types of cultivation are visible on satellite images, and temporal series, provided freely
by GoogleEarth. However, because the individual plants are widely spaced and a great amount of
ground is visible between them, this type of cultivation is practically undetected by automatic systems
of vegetation reconstruction. A visual scanning of the satellite images of the area surveyed, and of
neighbouring areas where local collaborator had additional fields, suggested that this type of practice,
though highly variable and uncertain, is viable not only when rainfall is abundant (i.e. around 350
mm) but also when its values are much lower than what is considered the minimum required for
this crop to grow. Indeed, observation of temporal series have shown the presence of fields in years
where average rainfall is around 150 mm [40, Figure 2]. According to the Harvest Choice data [11],
rainfed cultivation of pearl millet in our study area, is limited to a small area on the banks of the Nile
where it can benefit from the seasonal river flooding. The areas that we identified during fieldwork are
not included in their maps (Figure 5) and indeed, traditional rainfed cultivation of pearl millet is not
recorded in the Khartoum state (where our study area is located) in the latest reports on agricultural
productivity in Sudan [41].

g INRSRN
. [ Rainfed pearl millet (field and satellite observations)
] Rainfed pear! millet (field observation)

Rainfed pearl millet (Harvest Choice)

Figure 5. Map showing the location and extent of rainfed pearl millet fields, observed both during
ethnographic fieldwork and remotely (map elaborated with QGIS-LTR 3.16, base image GoolgeEarth
satellite 2014).

Interestingly, although we have not personally visited the area where Harvest Choice places
pearl millet rainfed cultivation, in our research we have never encountered this crop cultivated on the
floodplain of the river. This area is usually cultivated in sorghum and vegetables, making the most of
the higher soil moisture and organic content provided by the flooding of the river. The fields of pearl
millet, are usually located further inland from the Nile, in areas where the soil has lower quantities of
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organic matter and less moisture. Notwithstanding the ethnographic interviews conducted in this area
have revealed that this type of cultivation can provide the farmers with enough crops to cover their
annual needs and in times of good rainfall (.e. above 15 mm) even with surplus to sell at the market
and the possibility to cultivate cash crops [12,40] (Table 3).

Table 3. Demographic and crop data collected during ethnographic interviews in Central Sudan [12,40].
Filed area is expressed in ha; Production of millets only (pearl millet and sorghum) is expressed in kg
and is an estimation based on average plants per area and average production per plant (except in the
case marked with *) and on last 5 years’ average production of traditional rainfed cultivation [41]

Area LU1 LU2 Field area  Floodplain Crop Production
Al Khiday Agriculture  Herbaceous/Ground crops 16.8 no Pear] millet 1600
AlKhiday  Agriculture Herbaceous/Ground crops 19.7 no Pearl millet 2000*
El Gos Agriculture  Herbaceous/Ground crops 12.6 no Pear] millet 1260
El Gos Agriculture  Herbaceous/Ground crops 10 no Pearl millet, watermelon 1000
Atwal Agriculture  Herbaceous/Ground crops 4.6 yes Sorghum, vegetables 2100
Atwal Agriculture  Herbaceous/Ground crops 7.6 yes Sorghum, vegetables 3500
Atwal Agriculture  Herbaceous/Ground crops 16.8 yes Sorghum, vegetables 7700
Samrah Agriculture  Herbaceous/Ground crops 1.7 yes Sorghum, vegetables 782
Samrah Agriculture  Herbaceous/Ground crops 6.3 yes Sorghum, vegetables 2900
Samrah Agriculture  Herbaceous/Ground crops 16.8 yes Lady fingers nd
Samrah Agriculture  Herbaceous/Ground crops 13.9 yes Sorghum, vegetables 6400
Umm Habib  Agriculture  Herbaceous/Ground crops 21 no Pearl millet 2100
Umm Habib  Agriculture = Herbaceous/Ground crops 6.3 no Pearl millet, watermelon 630

4. Discussion

The reconstruction of past land use in hyper arid and arid environments will certainly keep
challenging the scientific community for the next years. As noted, technological advances, especially in
the acquisition of data through remote-sensing, are enabling a better understanding of present and past
land use activities. However, there are still many issues that hamper our ability to fully and correctly
identify the types of practices discussed in this paper. First and foremost the scanty remains they
leave behind makes it difficult to directly trace their existence far back in the past. With the exception
of oasis agriculture, which are geographically tied to features whose presence can be identified in
the paleoenvironmental record, the trajectories of pastoralism and rainfed agriculture can only be
reconstructed through interpretation of indirect evidence. Both these practices are usually inferred
through the analysis of archaeological macroscopic, and in few cases microscopical, evidences such as
architectural remains, settlement location and bioarchaeological remains and the contexts in which
all these evidences are found is usually what drives their interpretation. Late Holocene occupation
evidences (monuments and settlements) widespread from Mauritania’s coast to the Nile Valley have
been recently analysed through remote sensing [18,42,43]. In spite of the almost total inaccessibility of
many regions in North African and the Sahara after the 2011 turmoil, large inventories of endangered
sites have been and are being compiled, by various international efforts (e.g. the EAMENA project or
also the Mapping Africa’s Endangered Archaeological Sites and Monuments project). Still, the majority of
available data come from the Fazzan region and from the Nile Valley. In these areas, the onset of current
arid conditions determined a deep economic and geographic reorganization of the human communities.
In North Africa and the Sahara the general trend toward present day aridity began around 5k years
ago [44,45]. Post 5k aridification was a main driver in opening new pastures to domestic livestock,
fostering the diffusion of pastoralism into sub-Saharan Africa [21]. Nevertheless, the Sahara was not
abandoned 5k years ago, and pastoral societies responded to climate change with the adoption of
different types of stock and changing their settlement patterns [46,47]. Since the adoption of animal
domesticates (c. 7000 years ago) African pastoralists could cope with variations in yearly rainfalls, not
dissimilarly to what current pastoral societies do [48,49]. Such climatic variability likely prompted
the adoption of flexible strategies of land use from 5000 years ago onwards [46]. Reconstruction
of archaeological land use of pastoral areas may be inferred by the distribution of archaeological
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sites unequivocally related to ancient herders (e.g. dung deposits, recognizable burial monuments
or material culture associated to ancient pastoral communities), although pastures might have well
extended beyond the recorded archaeological evidence [18]. In the ‘customary’ areas considered in
this paper inhabited by pastoralists in the 1930s, evidences of past frequentations by herders society
have been noticed in the form of burial tumuli [18,50], of archaeological deposits [49,51], rock art
[52,53], or scatters of materials [54]. With the advent of the historical Garamantian age (c. 3000-1400
years ago), oasis cultivation and long-range pastoralism became the main components of a mixed
system that lasted practically up to modern times [19]. Recent research [25,55] has shown that the
oases of the Fazzan were intensively exploited by agriculturalists and, in some cases, densely inhabited
as early as Garamantian times (BC1000-700AD, c. 3000-1400 years ago) [56]. Thanks to the work of
both British and Italian teams (1990s-2011), with the support of Libyan institutions and colleagues, an
outstanding dataset of remotely identified sites, selected foot surveys, and dozens of C14 dates allows
to reconstruct past human activities within the five areas of the Fazzan discussed in the previous
paragraph. Through these data, oasis agriculture in the Fazzan is dated to c. 3k years ago [for a
recent review see 25] and featured the use of foggaras (qanats) underground channels and dug wells.
Foggaras were likely introduced in Gramantian times during the last centuries BC and were in use
until the medieval period, and probably no later than the end of the first millennium AD [57]. In
Garamantian times, major crops included palm trees, pearl millet, and sorghum [58,59], the latters
apparently absent today according to the spatial allocation model for crops of Harvest choice [11].
The combination of farming in the oases, pastoralism in their surrounding and in the mountains, and
the long distance trans-Saharan trade, allowed the Garamantian kingdom to flourish in the rugged
terrains of the Sahara for centuries. The ability to cope with variation in rainfall and, thus, in the
exploitation of different ecological niches, was key to enhance the resilience of past Central Saharan
population throughout the Late Holocene, up to present days. In this perspective, the demographic
decrease postulated after the end of the AHP [60] may be better read as the concentration around
some oasis, where most tangible evidence of human frequentations are to be found in the forms of
forts [61-63], necropoleis [18,56,64—66], and oasis fields [25,55]. Not surprising, colonial accounts from
the 1930s report the existence of ksur (forts) of uncertain date (ranging from Garamantian to Islamic
age) in the oases, testifying to the temporal depth of human exploitation of such niches. In Central
Sudan, the area immediately adjacent to the Nile has provided innumerable examples of successful
adaptation to otherwise hyper-arid conditions. The debate on whether southwest Asian cereals, i.e.
wheat and barley, were introduced together with domestic animals between the end of the 7" and the
beginning of 6" millennium BCE, or the two events were separate and sequential is still open [67].
However, an holistic view of the archaeobotanical remains identified mostly in cemeteries, is slowly
pushing the use and consumption of crops such as wheat and barley (C3 plants) to the second half of
the 6th millennium BCE (5620-5480 cal BC) [68]. These results are particularly significant as the wild
ancestors of these crops are missing from the region [69], which led the authors of the study to suggest
that they were imported from the north of the Nile Valley [68, p.5]. However, they do not exclude the
possibility of a local cultivation of these crops that relied on the flooding of the river [68, p.6]. The
widespread presence of phytolith and starch from millets (used in the widest sense to include several
types of millet and sorghum, C4 plants) found in the necropolis at Ghaba, suggests also that Neolithic
people were consuming a wide spectrum of local cereals [32]. The existence of a broad-spectrum diet
is somehow confirmed by the stable isotope analysis conducted on human bone remains found at Al
Khiday [70], which showed that the diet of pre-Mesolithic people was composed of a mixture of C3
and C4 plants, whereas the Mesolithic diet seems to shift towards C4 species only. It is most likely that
the C3 signature of the pre-Mesolithic individuals derives form legumes rather than cereals. Although
it was not possible to fully ascertain whether the millets remains recovered form Ghaba pertained to
wild or domestic species [68], it was noted that the morphology and patterns of fragmentation of the
silica skeletons (phytoliths in anatomical connections) did not follow the natural contour of individual
cells [32]. This led the authors of the study to suggest that millets were at least partly processed
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using a sharp tool but no further indications on whether these were wild or domestic were proposed.
Taken together these finds challenge the traditional interpretation of the Neolithic of the Sudanese
Nile Valley as characterised mainly by pastoralism and introduce the presence of domestic cereals
from c. 500 years earlier than so far considered [32]. Thus agriculture had a more important role than
previously thought, at least in the Nile Valley. Our ethnographic research, described in section 3.3,
might suggest that alternative methods of cultivation could have coexisted with floodplain agriculture
and might offer a hint on whether millets remains found at Ghaba, but also at Kedada [71], could be
domestic rainfed plants. Archaeologically, crop water management is usually hypothesised on the
basis of geography, economy and degree of social organisation. Thus, sites that are (or were) located
in the vicinity of a major watercourse, such as the Nile, are usually believed to rely on floodplain
agriculture. Similarly, when archaeobotanical remains are found in locations that are far from any
permanent water source, crops are believed to be grown under rainfed condition or imported. This is
the case, for example, of the recent research by di Lernia and colleagues [72] on the possible presence
of rainfed cultivation in the Tadrart Acacus in the past. Advances in the analytical methods available
to archaeologists provide a method to infer plant water availability directly from archaeobotanical
remains through the application of stable isotope and phytolith analyses [see 12, for a review on the
subject]. This has been established and widely tested for C3 plants but is still being developed for
C4 species. Preliminary results on phytolith extracted from sediments collected in modern fields of
rainfed pearl millet in the area of Al Khiday suggest that this could be a viable approach to identify
past water management practices for C4 crops [12] but more research is ongoing that will create the
necessary baseline values for the study of archaeobotanical remains. The reliable classification of
pastoral and agricultural practices in the past is of paramount importance for the reconstruction of past
land use scenarios that can be integrated into climate modelling. To this effect, the present research is a
first step towards the introduction of different, or more nuanced, models of land use in hyper arid
deserts. This effort is frameworked within the wider context of the LandCover6k action of PAGES [4]
and especially the Archaeology/History land use reconstruction group, which aims at providing the
climate modeling community with information on past land use reconstructed from archaeological
proxies. In particular, this work contributes to a better definition of two land use categories [3]:

1. LU1 Agriculture > LU2 Herbaceous/Ground crops (with variables: "CULTIGEN" = wheat,
barley, pulses, sorghum, millets, orchard/trees crops and "WATER AND LANDSCAPE
MODIFICATIONS" = rainfed, flood, qanats)

2. LU1 Pastoralism > LU2 Mobile irregular (with variable: "SETTLEMENT MODE" = dispersed,

non sedentary)

5. Conclusions

Along with a variety of proxies hinting at a general trend toward aridification in Saharan Africa
[31,44], more recent research has remarked the role of local sequences for the understanding of
landscape units and human communities responses to climatic shifts [73,74]. The available data points
to a marked variation in yearly rainfall over the last four millennia, within the context of increasing
aridity [75,76]. People’s response to aridification was likely mediated by local geomorphological
factors, such as for example the existence and size of near-surface aquifers or of areas of increased rain
water retention, that enhanced or mitigated the effect of climate change. Moreover, if climatic events
are global, ‘change’ is likely experienced in regional or local terms (e.g. the flooding a given plain,
the shrinking of a lake, the reduction of pasture). The ethnographic present provides insights on how
human societies copes with the available resources and thrive in allegedly unsuitable regions. In this
paper we have aimed at re-examining ethnographic and ethnoarchaeological data that represent, in our
vision, an overlooked source of information. Often vague and largely descriptive, many ethnographic
reports deserve an in-depth analysis to extract valuable facts and figures that can inidcate possible
land use practices. In this work we have focused on primary sources, i.e. those produce by direct
observation on the field, and their role in providing usable data for understanding contemporary
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and sub-contemporary forms of land use in hyper-arid environments. The data presented in this
paper, coupled with a recent review [12] are providing new information on forms of land use that
escape traditional views on drylands ecosystems. Rainfed agriculture in hyper arid and arid areas
represent a well-rooted cultivation practice characterized by its sustainability. The use of the scanty and
erratic rainfall in drylands for agricultural purposes, in fact, highlight the role of traditional ecological
knowledge for food production. In terms of land use, data on oasis cultivation in the Old World
drylands are extremely scarce [20]. In this paper we attempted a first quantification of agricultural
production in an hyper arid region, that may help refining land use study of similar areas set between
North Africa and the Middle East, up to arid areas of South East Asia. Ultimately, the knowledge on
agro-pastoral practices, coupled with data on type and the quantity of livestock and crops, supplement
the qualitative information that often characterizes the pure ethnographic literature, contributing to a
better characterization of land use in hyper arid areas, where remote-based modeling does not detect
potentially usable lands for pastoral and, agricultural communities. Data collected in the present can
be used to build general models for the interpretation of the past, in a genuine and data-informed
ethnoarchaeological perspective, focusing on less evident (or less studied) elements of the drylands’
archaeological landscape
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