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Abstract 
Archaeobotanical evidence from archaeological sites in northeast Burkina Faso dating to the 

first and second millennia AD has provided a useful insight into crop cultivation and the 

development of the West African savanna landscape. Nitrogen isotopic analysis of charred 

pearl millet grains from the same sites now provides the first opportunity to investigate how 

increased crop production and permanence of cultivated fields related to the intensity of 

household waste/manure application. Nitrogen isotope values of pearl millet grains increased 

during the first two millennia AD, indicating an intensification of manuring that would have 

enabled soil to stay fertile for longer, reducing the agricultural footprint of shifting cultivation. 

This may have been advantageous as population and settlement density increased, thereby 

increasing competition over land. The intensity of manure application in the second 

millennium AD at sites close to the Mare d’Oursi suggests that manure was likely sourced 

from outside the farming settlements, from livestock herded by nomadic pastoralists who 

would have been drawn to the mare for water. This is rare evidence for specialisation of 

sedentary farmers and pastoralists, demonstrating how the novel combination of fruit/seed, 

charcoal, faunal and isotopic evidence used in this study can enrich our knowledge of past 

lifeways in West Africa. 
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1. Introduction 

1.1 The first two millennia AD in West Africa 

The first two millennia AD (cal AD 0–1400) were a time of significant social, technological 

and economic change in West Africa. Large settlement mounds appeared, formed from the 

accumulation of cultural and organic materials, which attest to the beginning of long-term 

sedentary occupation (Albert et al., 2004: 123–128; McIntosh, 1994). Plant and faunal 

remains point to farming having been well-established from the beginning of the mound 

sequence, with subsistence based on crop cultivation and livestock husbandry, supplemented 
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by the gathering of wild plants, fishing and hunting (Kahlheber and Neumann, 2007). While 

iron metallurgy had been well-established in Africa from the middle of the first millennium 

BC (Chirikure, 2013), iron artefacts remained rare until larger scale production began in the 

second millennium cal AD (Barros, 1986; Serneels, 2017). There is evidence for trade in 

exotic goods from the second half of the first millennium AD (Magnavita, 2013), which may 

have supported the rise of urban centres and the emergence of the first West African kingdoms 

of Ghana, Gao, Mali and Songhai (MacDonald, 2013: 838–840). These empires controlled 

regional economies exchanging commodities such as grain, animal products, gold and iron 

across the Sahara. In the 14th century AD, there was widespread depopulation of settlement 

mounds in northern Burkina Faso, northern Cameroon and in the Méma region of Mali 

(McIntosh, 1994; Togola, 1996; Vogelsang et al., 1999). This abandonment of sedentary sites 

has been attributed to climate, disease and/or [resulting] political instability, which led to a 

shift to more mobile lifestyles (McIntosh, 1998: 242).  

A key question is: How did the agricultural economy change and underpin these economic 

and societal changes in West Africa during the first two millennia AD? Archaeobotanical 

information for this period is available from Senegal (Gallagher, 1999; Gallagher et al., 2018; 

Murray, 2008; Murray et al., 2007), Mali (Gestrich and MacDonald, 2018), Burkina Faso 

(Kahlheber, 2004), Nigeria (Bigga and Kahlheber, 2011; Klee et al., 2000), Cameroon (Otto 

and Delneuf, 1998) and Benin (Champion and Fuller, 2018). The Malian urban centres of Dia 

(Murray, 2005), Jenne-Jeno (McIntosh, 1995: 348–351), Gao (Fuller, 2000), and Essouk-

Tadmakka (Nixon et al., 2011) have also been investigated archaeobotanically. These 

investigations have generally revealed cultivation of pearl millet (Pennisetum glaucum), 

sorghum (Sorghum bicolor) and African rice (Oryza glaberrima) in varying proportions. In 

many of these cases, however, material is relatively scarce and therefore little more than the 

presence or absence of different plants can be reasonably compared (Neumann, 2018). 

1.2 Subsistence in northeast Burkina Faso 

Archaeobotanical assemblages from settlement mounds in northeast Burkina Faso have 

provided some of the richest information on subsistence in the first two millennia in West 

Africa to date. The settlement mounds were situated close to mares and rivers, providing 
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[semi-]permanent water sources for people and livestock, and sandy soils, which are easy to 

cultivate (Albert et al., 2004: 225). Systematic investigation of plant remains from settlement 

sites (Fig 1) dated to between cal AD 0 and 1400 has provided evidence for the cultivation of 

domesticated pearl millet, probably intercropped with cowpea (Vigna unguiculata). This 

would have served to increase yields on the same area of land and maintain soil fertility, 

whilst also improving resilience in the event of one crop failing (Kahlheber and Neumann, 

2007). 

 

Fig 1. Map showing location of archaeological sites in northeast Burkina Faso. Shading 

denotes annual rainfall derived from interpolation of average monthly climate data for 1970–

2000, available from the WorldClim database, version 2 (Fick and Hijmans, 2017). 

There was little change in the spectrum of plant remains during the first two millennia AD. 

Bambara groundnut (V. subterranea) and roselle (Hibiscus sabdariffa) supplemented pearl 

millet and cowpea in low numbers throughout the period. Sorghum appeared in low numbers 

at the site of Oursi North from around cal AD 700–800, but the lack of threshing waste (in 
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comparison to the large amounts for pearl millet) suggests that it could have been imported 

into the site as part of the trans-Saharan trade network (Kahlheber, 2004: 225). An increase in 

the size (width, length and breadth) of pearl millet grains (between cal AD 100 and 1100) may 

reflect an improvement in growing conditions and soil fertility through time (Kahlheber, 

2004: 222).  

Charcoal analysis at the same sites in Burkina Faso has shown a decrease in the presence of 

Acacia sp. during this period (Höhn and Neumann, 2012). These trees are characteristic of the 

natural savanna vegetation (Le Houérou, 1989) and their dominance in the first half of the 

first millennium AD suggests that when pearl millet and cowpea cultivation first became an 

important part of the subsistence strategy, cultivated fields had little impact on the natural 

vegetation. This has been attributed to the practice of shifting cultivation, whereby fields are 

cultivated for one or two years, before being left fallow for at least 20 years so that the natural 

vegetation can re-grow and soil nutrients can be replenished (Höhn and Neumann, 2012).  

During the course of the first two millennia AD, the natural Acacia savanna vegetation was 

replaced by Combretaceae species, which are characteristic of areas that have been cultivated 

and then left fallow or uncultivated for a number of years. In the first millennium AD, 

Anogeissus leiocarpus was the predominant Combretaceae species, pointing to relatively long 

fallow periods because it regenerates slowly in relation to other species in the Combretaceae 

family (Donfack et al., 1995). By AD 1000, these long-term fallows (c. 5–22 years) were 

interspersed with shorter-term fallows, dominated by Guiera senegalensis, Combretum 

micranthum and Combretum glutinosum, which recover more quickly after clearance. Certain 

trees, such as the shea tree (Vitellaria paradoxa), marula (Sclerocarya birrea), baobab 

(Adansonia digitata), tamarind (Tamarindus indica) and Faidherbia albida are protected 

within cultivated fields due to the useful properties of their fruits, seeds and/or leaves (Pullan, 

1974). Seeds and charcoal from these trees are also present in the archaeobotanical 

assemblages from northeast Burkina Faso, pointing to their presence within the fields. By the 

second millennium, then, the landscape was characterised by a mosaic of fields and fallows, 

dotted with useful trees, much like the parkland savanna that is found in Burkina Faso today 

(Hahn-Hadjali, 1998).   
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G. senegalensis is characteristic of young fallows but also recovers well after grazing and its 

seeds are distributed by livestock, making it a good indicator of the intensity of grazing 

(Arbonnier, 2009: 267). Together with F. albida it is an important source of fodder for cattle 

in particular; leaves and branches (and the fruit of F. albida) are collected in the dry season 

when grass is less readily available (Toutain, 1980). At Oursi hu’beero, dated to around cal 

AD 1100 (Petit and Czerniewicz, 2011), a room identified as a stall due to the presence of 

preserved sheep dung pellets contained fragments of G. senegalensis charcoal, highlighting its 

role in the livestock diet (Höhn, 2005: 99, 105). The increase in G. senegalensis and F. albida 

in the charcoal assemblages (Höhn, 2005: 116), as well as the increased importance of 

domestic livestock (namely sheep and goats) in the archaeozoological assemblages (Linseele, 

2007: 157), points to an intensification in the herding of livestock in the second compared to 

the early first millennium AD.  

The increasing frequency of cultivation would have removed more nutrients from the soil, 

reducing its fertility and therefore potentially reducing crop yields. It has been speculated that 

soil nutrients were replaced by addition of cattle manure, likely through grazing of the fields 

in the dry season, following the harvest (Höhn and Neumann, 2012), as occurs today and as 

occurred in the recent past (Krings 1991; Le Houérou, 1989; Prudencio 1993; Styring et al., 

2019). Cultivated fields close to homesteads (within c. 500 m) today also receive inputs of 

household waste (including animal manure and ash), which is generally spread by hand 

(Adderley et al., 2004; Pelissier 1966; Prudencio 1993). Until now, the theory that manuring 

permitted the increasing frequency of cultivation during the second millennium AD has not 

been explicitly tested. New methods now make it possible to identify manuring practices 

directly, by determining the nitrogen isotope values of ancient charred (carbonised) plant 

remains. 

1.3 Determining manuring intensity through isotopic analysis of 

crop remains 

Addition of manure to soil has been found to increase the nitrogen isotope (δ15N) values of 

cereal grains, according to the amount and frequency of its application (Fraser et al., 2011). 
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Moreover, it has been shown that charred cereal grains recovered from archaeological sites 

retain their original δ15N values (DeNiro and Hastorf, 1985; Fraser et al., 2013). As a result, 

nitrogen isotope analysis of archaeobotanical remains has been used to reconstruct the 

intensity of manuring of arable fields and determine how this varied spatially and temporally 

at a number of archaeological sites in Europe and southwest Asia (e.g. Bogaard et al., 2013; 

Gron et al., 2017; Nitsch et al., 2017; Styring, Rösch, et al., 2017; Styring, Charles, et al., 

2017; Vaiglova, Bogaard, et al., 2014; Vignola et al., 2017).  

Plant δ15N values can vary due to many other factors, however, including differences in 

mycorrhizal associations (Craine et al., 2009), soil texture (Aranibar et al., 2004), depth from 

which plants obtain their N (Hobbie and Ouimette, 2009), temperature (Amundson et al., 

2003) and rainfall (Craine et al., 2009). This means that it is not possible to directly equate a 

cereal grain δ15N value with a specific manuring level, without taking into account regional 

climate, in particular. The δ15N values of > 11,000 plants collected globally were observed to 

negatively correlate with annual rainfall, independently from the effect of manuring (Craine et 

al., 2009). A linear model was therefore developed to allow the manuring level of an 

archaeological cereal grain sample to be predicted based on its δ15N value and the estimated 

annual rainfall of its growing location (Styring, Charles, et al., 2017).  

While the linear model was primarily based on the δ15N values of wheat and barley grains 

sampled from fields in Eurasia, a recent study found that the δ15N values of modern pearl 

millet grains growing in plots receiving modest levels of manure/household waste in three 

regions in Senegal (mean annual rainfall between 494 and 565 mm) fit well into the low and 

medium manuring levels defined by the model (Styring et al., 2019). Since then, Reid et al. 

(2018) found that the δ15N values of pearl millet grown in four different years at the 

Germplasm Introduction and Research Unit, Kingshill, United States Virgin Islands, with 

annual rainfall ranging from 807–1353 mm, correlated positively with annual rainfall (an 

opposite relationship to that observed globally among all plant types). If the positive 

relationship between pearl millet δ15N values and rainfall is found to be valid at a wider range 

of annual rainfall values, use of the current linear model to infer manuring level from pearl 

millet δ15N values and rainfall will thus need to be modified. Reid et al. (2018) also found a 

positive correlation between pearl millet carbon isotope (δ13C) values and annual rainfall, but 
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a negative correlation with mean growing season temperature. This makes it difficult to 

investigate climatic change using pearl millet δ13C values, since a decrease in rainfall may 

well be accompanied by an increase in temperature, thus cancelling out any directional effect 

of aridity on the carbon isotopic composition. Until further studies are carried out to more 

conclusively assess the relationship between pearl millet δ15N and δ13C values and annual 

rainfall and temperature, we must rely on external proxies to infer whether archaeological 

pearl millet δ15N values are likely to have been affected by changes in climate. 

This study takes a broad look at how pearl millet grain δ15N values changed during the first 

two millennia AD, from AD 100–1400, at five sites in northeast Burkina Faso (Fig 1). Details 

of these sites are given in Table 1. Combined with the systematic and detailed investigations 

of subsistence and vegetation change at these sites, nitrogen isotope values of 98 pearl millet 

grain samples provide a long-term view of how people managed their land and ensured 

sufficient crop yields in response to increased demands for food. Animal bones from the same 

stratigraphic units were also sampled with a view to determine their carbon and nitrogen 

isotopic compositions, which could be compared with the pearl millet grain δ15N values. The 

δ13C values of the pearl millet samples were also determined to assess whether they co-vary 

with the δ15N values. 

Table 1. Description of the settlement mounds in northeast Burkina Faso where pearl millet 
grains were sampled for nitrogen and carbon isotope analysis. 

Site Location 
(latitude 
°N, 
longitude 
°E)

Approximate 
dates

Description Context Sampling

Oursi 
West

14.66, 
-0.50

AD 100–300 Settlement 
mound with 
preceding layers 
dating to the 
first millennium 
BC 

Highest mound 
in a group of 12 
closely grouped 
mounds located 
close to the 
permanent Mare 
d’Oursi lake 

Arbitrary 10 cm 
deep units 
excavated from 
three square 
metre quadrats
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Kissi 3 
and 3B

14.65, 
-0.15

AD 670–880 Burial site with 
evidence for 
exotic goods 
(Kissi 3) 
adjacent to a 
settlement 
mound (Kissi 
3B)

Part of a group 
of settlement 
mounds, 
necropoles and 
stone circles. On 
the northern 
shore of the 
Mare de Kissi 
lake, which is 
seasonally wet 

Samples taken 
from each 
archaeological 
context. Plant 
remains 
recovered from 
burial site but 
interpreted as 
coming from 
settlement 
mound 

Oursi 
Nord

14.69, 
-0.46

AD 400–1250 Settlement 
mound

Highest mound 
in a group of 25 
mounds 
(average 
diameter 
100-200 m), 
which cover c. 
80 ha about 2 
km from the 
permanent Mare 
d’Oursi lake 

Arbitrary 10 cm 
deep units 
excavated from 
two square 
metre quadrats

Saouga 
A

14.37, 
-0.17

AD 1000–
1200 

Settlement 
mound

Part of a group 
of 14 settlement 
mounds, 20 m in 
diameter, 1-2 
km from the 
seasonally wet 
Gorouol river 

Arbitrary 10 cm 
deep units 
excavated from 
three square 
metre quadrats

Oursi 
hu-beero

14.69, 
-0.46

AD 1100 Remains of 
mud-brick 
buildings on a 
settlement 
mound

A homestead 
(450 m2) that 
was burned to 
the ground and 
borders Oursi 
North to its east 

Samples taken 
from each 
archaeological 
context, some 
hand-picked 
and some by 
flotation
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2. Materials and methods 

2.1 Sampling of archaeobotanical remains 

Each archaeological site (with the exception of Oursi hu-beero) was excavated in 10 cm deep 

units, with an archaeobotanical sample taken from each unit in each quadrat, by a team of 

archaeologists at the Goethe Universität-Frankfurt (details in Kahlheber, 2004). At Oursi hu-

beero, each archaeological feature was treated as a distinct context and plant remains were 

either hand-picked or recovered by flotation (Petit and Czerniewicz, 2011). Pearl millet grains 

recovered by flotation from the archaeological sites of Oursi West (BF94/45), Kissi 3 

(BF96/3), Oursi North (BF97/13), Saouga A (BF94/120) and Oursi hu-beero (BF97/30) were 

identified by S. Kahlheber as part of her doctoral thesis (Kahlheber, 2004). Kahlheber 

investigated the contents of archaeobotanical samples taken approximately every 30–50 cm in 

depth. Additional samples of pearl millet grains were selected from intermediate units and 

identified by A. Styring and B. Eichhorn as part of this study. Between 9 and 15 grains 

(weighing 5–55 mg) were selected from each archaeobotanical sample for isotopic analysis. 

Each sample thus comprises 9–15 grains from each context. Details of the archaeological 

contexts of the samples are given in Supplementary material (Table S1). Two samples, from 

Kissi 3 and Oursi hu-beero, were scraped clean, crushed and analysed using Fourier transform 

infrared spectroscopy with attenuated total reflectance (FTIR-ATR) to look for the presence of 

carbonate, nitrate and/or humic contamination (after Vaiglova, Snoeck, et al., 2014). No 

evidence for contamination was observed (Supplementary material, Fig S1) and so the 

remaining samples were scraped clean using a scalpel before being crushed using an agate 

mortar and pestle. 

2.2 Extraction of bone collagen from animal bones 

Animal bones were recovered from the same stratigraphic units as archaeobotanical samples. 

These were identified by V. Linseele as part of her PhD thesis (Linseele, 2007). A sub-sample 

of 60 bones identified as large bovids (likely cattle), cattle (Bos primigenius f. taurus), sheep 

(Ovis aries), goat (Capra aegagrus f. hircus), sheep/goat or wild herbivores – including 
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antelopes, bohor reedbuck (Redunca redunca), bush duiker (Sylvicapra grimmia), kob (Kobus 

kob), oribi (Ourebia ourebi) and red-fronted gazelle (Gazella rufifrons) – were selected from 

Oursi West, Oursi North, Saouga A and Oursi hu-beero to test for collagen preservation. 

Between 0.5 and 1 g of bone was cleaned of any visible dirt or carbonate crusts using a drill 

bit before being roughly crushed. Bone pieces were then soaked in 0.5 M hydrochloric acid; 

the acid was changed every second day. After approximately two weeks, the acid was 

decanted and the bone residue rinsed three times with distilled water. Acidified distilled water 

(pH 3) was then added and the mix heated at 75°C for 48 h. The liquid was separated from 

any residue using an Ezee Filter, 60–90 µm (OEA Laboratories Limited, UK), and then 

freeze-dried. Fifteen of these samples with the cleanest and fluffiest-looking ‘collagen-isolate’ 

were selected for isotopic analysis. 

2.3 Laboratory analysis 

The homogenised powders of the archaeological pearl millet grains and bone collagen isolates 

were weighed into tin capsules for isotopic analysis on a Thermo MAT 253 continuous flow 

isotope ratio mass spectrometer coupled to a Thermo Flash 1112 Series elemental analyser in 

the Institut für Geowissenschaften, Goethe-Universität Frankfurt, Germany. Isotopic data are 

provided in Supplementary material (Table S2). The nitrogen contents of the samples were 

calculated based on the area under the N2 peak relative to the weight of the sample, calibrated 

using IAEA-N2. Following the method presented by Szpak et al. (2017), measurement 

uncertainty in %N content was monitored using two in-house standards (DL-leucine, %N 

10.7%, DL-glutamic acid monohydrate, %N = 8.5%). Precision (u(Rw)) was determined to be 

± 0.3% on the basis of repeated measurements of calibration standards, check standards and 

sample replicates. Accuracy or systematic error (u(bias)) was determined to be ± 0.5% on the 

basis of the difference between the observed and known %N contents of the check standards. 

Using the equation presented in Supplementary material (Table S3), the total analytical 

uncertainty in %N content was estimated to be ± 0.6%. The carbon contents of the samples 

were calculated based on the area under the CO2 peak relative to the weight of the sample, 

calibrated using IAEA-C7. Measurement uncertainty in %C content was monitored using two 

in-house standards (DL-leucine, %C 54.9%, DL-glutamic acid monohydrate, %C = 36.4%). 

u(Rw) was determined to be ± 2.2% on the basis of repeated measurements of calibration 
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standards, check standards and sample replicates, u(bias) was determined to be ± 1.0% on the 

basis of the difference between the observed and known %C contents of the check standards. 

The total analytical uncertainty in %C content was estimated to be ± 2.4% (Table S3). Stable 

nitrogen isotope values were calibrated to the AIR scale using IAEA-N1 (δ15N 0.4 ± 0.2 ‰) 

and IAEA-N2 (δ15N 20.3 ± 0.2 ‰). Measurement uncertainty in δ15N values was monitored 

using three in-house standards: LEU (DL-leucine, δ15N 6.46 ± 0.40 ‰), GLU (DL-glutamic 

acid monohydrate, δ15N –1.87 ± 0.07 ‰) and MIL (millet flour from a single panicle from a 

plot in Senegal, δ15N 3.14 ± 0.63 ‰). Precision (u(Rw)) was determined to be ± 0.18 ‰, 

accuracy or systematic error (u(bias)) was ± 0.59 ‰ and the total analytical uncertainty in 

δ15N values was estimated to be ± 0.61 ‰ using the equation presented in Supplementary 

material (Table S3). Stable carbon isotope values were calibrated to the VPDB scale using 

IAEA-C7 (δ13C –32.15 ± 0.05 ‰) and IAEA-USGS24 (δ13C –16.05 ± 0.04 ‰). Measurement 

uncertainty in δ13C values was monitored using three in-house standards: LEU (DL-leucine, 

δ13C –28.26 ± 0.07 ‰), GLU (DL-glutamic acid monohydrate, δ13C –10.41 ± 0.09 ‰) and 

MIL (millet flour from a single panicle from a plot in Senegal, δ13C –10.21 ± 0.09 ‰). u(Rw) 

was determined to be ± 0.06 ‰, u(bias) was ± 0.11 ‰ and the total analytical uncertainty in 

δ13C values was estimated to be ± 0.13 ‰ (Table S3). Statistical analyses were performed in 

R (3.4.3).  

2.4 Chronology 

Charcoal from various stratigraphic levels was radiocarbon dated at all sites (see Höhn, 2005 

for dates). To provide a rough chronology of samples within each site’s stratigraphy, a 

constant sediment accumulation rate was assumed. The most recent date in the calibrated date 

range from the highest dated stratigraphic level was treated as the terminus ante quem and the 

oldest date in the calibrated date range of the lowest dated stratigraphic level treated as the 

terminus post quem. The depth of the sample within this range was then used to calculate its 

approximate date. At Oursi North, the material between 550 and 810 cm below the surface 

dated to between cal AD 426 and 885 (c. 400 years in 260 cm), whereas the material between 

50 and 550 cm below the surface dated to between cal AD 885 and 1250 (c. 400 years in 500 

cm). The difference in sedimentation rate between these two zones means that they were 

treated separately when estimating dates. All samples from Oursi hu’beero were assumed to 
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be contemporaneous and to date to around cal AD 1100, when a sizeable homestead was 

present at the site (Petit and Czerniewicz, 2011). The single sample from Kissi 3 was assigned 

a date of cal AD 800 because it derived from a settlement mound (Kissi 3B) that was 

radiocarbon dated to between cal AD 670 and 880 (Magnavita, 2006: 38). Estimated dates for 

each sample are given in Supplementary material (Table S1).   

3. Results 

The %N and %C content and δ15N and δ13C values of each pearl millet grain sample included 

in this study are given in Supplementary material (Table S2). Prior to graphing and analysis, 

these δ15N and δ13C values were corrected for charring by subtracting 0.34 ‰ and 0.11 ‰, 

respectively, from the determined δ15N and δ13C values (after Styring et al., 2019). Only the 

first analysed of the duplicate samples (i.e. those without an “a” following the SampleID) are 

included in the following analyses. The pearl millet %N contents range from 1.6 to 5.2% (Fig 

2). The majority of archaeological pearl millet %N contents fall within the range of the %N 

contents of modern pearl millet grains heated for between 2 and 24 h at 215°C to 260°C 

(shaded region in Fig 2; values are taken from Styring et al., 2019). One of the samples has a 

higher %N content and others have slightly lower %N contents than the modern charred 

millet grains. However, the range of %N contents of modern samples is derived from only one 

study by Styring et al. (2019), which considered modern commercial cultivars, and it is likely 

that ancient pearl millet had a more diverse range of %N contents. Furthermore, the δ15N 

values of these samples do not appear anomalous and therefore we have included these in 

further analysis and interpretation.  
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Fig 2. Plot of archaeological charred pearl millet δ15N values against their %N content. 

Samples are colour-coded by site. Shading shows the range in %N contents of modern pearl 

millet grain samples from Senegal, charred by heating to 215–260°C for 2–24 hours (data 

from Styring et al., 2019).   

The pearl millet δ15N values range from 2.9 to 12.6 ‰ and are normally distributed, both 

overall (W = .978, p = .108) and within sites. A linear mixed-effects model between pearl 

millet δ15N values and date, including a random effect of archaeological site, finds an increase 

in δ15N values of 0.19 ‰ per century (Beta = .00189, SE = .000671, t = 2.82, p = .006) (Fig 

3). A similar increase in δ15N values of 0.16 ‰ per century is observed when only pearl millet 
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grains from Oursi North, spanning a date range from c. cal AD 400 to 1250, are considered 

(Beta = .00155, SE = .000775, t = 2.00, p = .053). 

 

Fig 3. Plot of archaeological charred pearl millet δ15N values against their date, estimated 

from stratigraphic position and radiocarbon dates. Samples are colour-coded by site. Shading 

shows the range in δ15N values of modern uncharred pearl millet grain samples from Senegal, 

grown under low-medium manuring levels (Styring et al., 2019). The regression line shows 

the fixed effect of date on pearl millet δ15N values (y = .00189x + 5.44). 

The pearl millet δ13C values range from –9.7 to –7.7 ‰ and are normally distributed, both 

overall (W = .994, p = .953) and within sites. Fig 4 plots pearl millet δ15N values against their 

δ13C values. A Pearson product-moment correlation coefficient was computed to assess the 

relationship between pearl millet δ15N and δ13C values and found that there was no correlation 

between the two variables (r = .125, n = 96, p = .218). A linear mixed-effects model, 

including a random effect of archaeological site, finds no relationship between pearl millet 

δ13C values and date (Beta = .000099, SE = .000153, t = 0.65, p = .518) (Supplementary 

material, Fig S2). Moreover, no change is observed when only pearl millet grains from Oursi 

North, are considered (Beta = -.000009, SE = .000221, t = -0.0387, p = .969). Nevertheless, 

an analysis of variance (ANOVA) on the pearl millet sample δ13C values yielded significant 
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variation among sites (F(4, 93) = 12.9, p < .001). A post hoc Tukey test showed that the δ13C 

values of pearl millet from Oursi West are significantly lower than those at the other sites, at p 

< .0446. The δ13C values are not discussed further at it is currently unclear how these can be 

interpreted in terms of water availability and temperature. 

 

Fig 4. Plot of archaeological charred pearl millet δ15N values against their δ13C values, 

colour-coded by site. 

The residue that was isolated from the bone samples comprised between 0.2 and 9.0% of the 

original bone mass (mean = 3.6%) (Supplementary material, Table S4). However, the residues 

selected for isotopic analysis only contained between 0.5 and 1.9% carbon and 0.2 and 0.6% 

nitrogen, whereas collagen should contain at least 30% carbon and 10% nitrogen (van 

Klinken, 1999). It is therefore clear that the residues from the collagen extraction protocol are 

not organic but likely to be exogenous contamination or highly degraded bone. No isotope 

values were therefore determined and no further bones were analysed from these sites. 
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Similarly poor collagen preservation was also found at other arid sites in the Mauritanian 

Dhar and Inner Niger Delta (Maurer et al., 2014).  

4. Discussion 

The increase in pearl millet δ15N values during the first two millennia AD (Fig 3) points to an 

increase in manure/organic matter addition to arable fields. Such a consistent 15N-enrichment 

could arguably alternatively be due to a unidirectional change in rainfall: a decrease in rainfall 

according to the negative correlation observed globally between plant δ15N values and 

precipitation (e.g. Craine et al., 2009), or an increase in rainfall according to the positive 

correlation observed between pearl millet δ15N values and precipitation by Reid et al. (2018). 

Reconstruction of the hydrological conditions during occupation of the archaeological sites, 

based on fluvial sediments of the Yamé River in Mali, around 350 km to their west, indicates 

similar conditions to those of the present-day, interspersed with periods when it may have 

been a little wetter (Lespez et al., 2011). The recovery of V. paradoxa charcoal from the 

archaeological sites in Burkina Faso, however, suggests that the climate was consistently 

wetter than the present-day throughout their occupation as V. paradoxa requires at least 600 

mm annual rainfall (Hall et al., 1996). Since the Yamé River proxy evidence for past rainfall 

is more than 300 km away from the archaeological sites in this study, there is clearly a need 

for more investigations into the climatic conditions in this region during the settlement mound 

occupation. To date, however, these available proxies provide no indications that the climate 

became significantly drier or wetter during the occupation of the sites, suggesting that the 

increase in pearl millet δ15N values is consistent with an intensification of manuring practices 

rather than progressive climatic change. 

The increase of manure/organic matter input inferred from the pearl millet δ15N values 

coincides with the increasing importance of cereal cultivation (Kahlheber, 2004: 238), 

increasing settlement density (Vogelsang et al., 1999) and reduction in the length of fallow 

periods, as evidenced by an increase in the proportion of charcoal from woody species that 

recover quickly after vegetation clearance (Höhn and Neumann, 2012; Neumann et al., 1998). 

This is the first direct evidence pointing to the fact that addition of household waste and/or 
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animal manure enabled people to reduce the length of time that fields were left fallow, thus 

intensifying their agricultural production. Leaving fields fallow so that humus can re-

accumulate after the removal of plant residues and thus nutrients during harvest is the lowest-

cost method for regenerating soil fertility (Gallagher, 2010: 91). However, this becomes 

unfeasible when pressure for land increases, likely due to increasing population and 

settlement density, and it is no longer possible to clear larger areas for agriculture without 

having to compete over land with neighbours. Thus, the greater availability of manure may 

have been the driver for the longer-term cultivation of plots, allowing surplus production 

without continually shifting cultivation to new areas.  

Interestingly, increasing manuring intensity to reduce the ‘footprint’ of land required for 

cultivation in Burkina Faso is the opposite of what occurred in northern Mesopotamia from c. 

6500 BC to 2000 cal BC, as populations increased and urban centres began to emerge 

(Styring, Charles, et al., 2017). In this region, which today is northern Syria, manuring 

intensity of wheat and barley decreased as the size of population centres (used as a proxy for 

population) increased. This indicates that increased demand for cereals to feed growing 

populations was met by cultivating larger areas of land with lower manure inputs rather than 

investing more manure, and thus labour, to increase crop yields on the same area. A corollary 

of tying arable production to the area of land under cultivation is a greater importance of land-

based wealth, which can be transferred from generation to generation (Borgerhoff Mulder et 

al., 2009). This can lead to inherited wealth inequality, which is clearly visible in the early 

urban centres of northern Mesopotamia (e.g. Oates et al., 2007). By contrast, in Burkina Faso, 

production seems to have been more dependent on access to manure or organic waste and the 

labour required to apply this to arable plots, and it appears that competition over land was 

minimised through higher manure and labour inputs. The increase in pearl millet δ15N values 

during the first two millennia AD in northeast Burkina Faso is also in contrast to the situation 

from cal AD 500–1150 at Tongo Maaré Diabal, Mali, where the δ15N values of pearl millet 

samples remained relatively constant throughout the occupation of the site (Styring et al., 

2019), in conjunction with little change in vegetation (Gestrich and MacDonald, 2018). 

Perhaps here, the focus was less on agricultural surplus and more on iron production, given 

the evidence for intensive iron-working on the site and its surrounding settlements (Gestrich 
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and MacDonald, 2018). Therefore the intensity of agriculture may not have changed as much 

during the site’s occupation as it did in northeast Burkina Faso. 

It is likely that the increase in pearl millet δ15N values from Burkina Faso is due to an increase 

in the application of animal manure. Studies of present-day small-scale societies in China 

have found that households produce relatively little household waste (0.25 t human waste per 

person plus 0.15 t of household waste per year (FAO, 1978: 27)). Manure from livestock – 

particularly from cattle – therefore plays a key role in supplementing this (c. 6 t per year per 

cow, 3 t per year per pig, 0.8 t per year per sheep/goat (FAO, 1978: 27)). Moreover, the 

increase in pearl millet δ15N values in northeast Burkina Faso is concomitant with an increase 

in charcoal from G. senegalensis and F. albida, both of which are associated with livestock 

grazing; G. senegalensis is considered an indicator of overgrazing (Arbonnier, 2009: 267) and 

F. albida is a favoured source of fodder for cattle (Toutain, 1980).  

At Saouga A, pearl millet δ15N values are lower than contemporaneous pearl millet samples 

from Oursi North (Fig 3) (t(41.2) = 5.64, p < .001, mean δ15N value of samples from Oursi 

North dated to later than AD 800 = 7.4 ‰, mean δ15N value of samples from Saouga A = 6.1 

‰). At Saouga A, quantities of G. senegalensis and F. albida are also significantly lower than 

at Oursi North (Höhn and Neumann, 2012; Neumann et al., 1998). A lower proportion of 

domestic animal bones was also recovered at Saouga A compared to Oursi North (Linseele, 

2007: 140), again making the case that availability of animal manure determined the amount 

of organic matter spread on the fields. It therefore seems highly likely that increased inputs of 

manure to arable fields were enabled by an increase in the number of livestock.    

The δ15N values of pearl millet grains from the early first millennium AD site of Oursi West 

are similar to those of modern pearl millet grains sampled from farming plots in northeast 

Senegal (–1.1 to 6.6 ‰) (see shaded area in Fig 3; values are taken from Styring et al., 2019). 

In Senegal, plots received low to medium levels of manure/household waste, either from 

compost heaps comprising household waste and manure from a few livestock kept within the 

homestead, through grazing of large herds of sheep/goats on the post-harvest cereal stubble, 

or through penning of cattle for a couple of months after harvest. The δ15N values of pearl 

millet grains from Saouga A also fall within the range of pearl millet δ15N values from 
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Senegal but are nonetheless higher than those from Oursi West (t(45.7) = –3.26, p = .00211, 

mean δ15N value of samples from Oursi West = 5.2 ‰, mean δ15N value of samples from 

Saouga A = 6.1 ‰) (Fig 3). These pearl millet fields likely received household waste/manure 

inputs similar to those plots in Senegal, suggesting that the manure needs at these two sites 

could have been met from within households which possessed a moderate number of small 

livestock. 

The pearl millet grains from Oursi North, Oursi hu-beero and Kissi 3B generally had higher 

δ15N values than the pearl millet sampled in Senegal (Fig 3). No modern analogue with such 

high δ15N values has been studied thus far in West Africa. However, the increase in cereal 

grain δ15N values with increased household waste/manure addition (Styring, Charles, et al., 

2017) makes it likely that these pearl millet fields received higher inputs of manure than 

observed in Senegal, through access to more animal manure and greater quantity/frequency of 

its application. The very high δ15N values of pearl millet grains from Oursi hu-beero (>8 ‰) 

have only been observed in farming situations involving highly intensive manuring, of 20+ 

tonnes manure per hectare (Styring, Charles, et al., 2017). It is possible that the sampling of 

pearl millet from discrete spatial contexts at Oursi hu-beero, rather than through arbitrary 

stratigraphic sampling, has selected some pearl millet grains deriving only from plots close to 

the homestead, which likely received higher quantities of organic matter (e.g. Prudencio, 

1993).  

In contrast to Oursi West and Saouga A, it seems unlikely that the manure needs at Oursi 

North and Oursi hu-beero could have been met from within households with small numbers 

of sheep and goats. As sedentary farmers it would have been difficult to sustain large numbers 

of livestock in a landscape that was becoming increasingly densely cultivated. Rather, it 

seems more likely that livestock and their manure came from outside the farming settlements, 

potentially in association with nomadic pastoralists. Oursi North and Oursi hu-beero, as well 

as Kissi, where a single pearl millet sample also had a relatively high δ15N value, are located 

next to a mare, which would have provided an important source of water for livestock in the 

dry season and therefore an important convergence point for nomadic pastoralists. Indeed, 

Barral (1977) describes the presence of 10,000 zebu cattle at one point in the dry season 

around the banks of the Mare d’Oursi in 1972, demonstrating how likely it is that this 
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permanent water source was also a focus for nomadic pastoralists in the second millennium 

AD. This congregation of huge numbers of livestock (especially if predominantly cattle) 

would have provided an opportunity for sedentary farmers to collect large quantities of 

manure for their fields. Other evidence consistent with the convergence of nomadic 

pastoralists and sedentary farmers at this time comes from the recovery of bones from sheep, 

goats and cattle of varied sizes at Oursi hu-beero. This points to two discreet populations of 

livestock having come together at the site, perhaps one belonging to sedentary farmers and 

one to nomadic pastoralists (Linseele, 2007).  

5. Conclusions  

The archaeobotanical and now nitrogen isotopic data suggest that farming in the early first 

millennium AD at Oursi West was small-scale and that the fertility of the cultivated plots was 

maintained by long fallow periods and perhaps small inputs of household waste/manure. With 

the increase in population and settlement density, fallow periods became shorter and addition 

of organic matter in the form of animal manure increased in importance in order to maintain 

soil fertility. At Saouga A in the second millennium AD, there is little evidence for intensive 

livestock grazing, likely due to the lack of a year-round source of water. The consequent 

lower availability of manure meant that land was left fallow for longer at Saouga A than at 

contemporary sites. At Oursi North and Oursi hu-beero, evidence for overgrazing and 

intensive manuring, likely due to large numbers of cattle converging at the nearby mare in the 

dry season, points to a potential specialisation of settled farmers and nomadic pastoralists, 

whose herds increased the availability of manure above that produced by local livestock. This 

novel combination of fruit/seed, charcoal, faunal and isotopic evidence has thus enriched our 

knowledge of past lifeways in West Africa and the findings of this study demonstrate the 

potential of this approach in contributing to ongoing debates such as the emergence of 

specialised pastoralism in this region.  

This nitrogen isotopic analysis of archaeological pearl millet grains has shed light on the 

management of soil fertility in a region of West Africa over a period of 1400 years. This area, 

however, seems to have been relatively rural, where stable conditions allowed long-lived and 
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uninterrupted habitation for almost 1500 years (Kahlheber, 2004: 223). In the future, it would 

be interesting to compare these isotopic results from northeast Burkina Faso with those from 

other areas of West Africa with more abundant resources or a more strategic position, such as 

the Inner Niger Delta and the Méma region of Mali. Here, there is evidence of craft 

specialisation and the development of commercial urban centres, which means that the focus 

was perhaps not on producing an agricultural surplus per se (McIntosh, 1998; Togola, 1996). 

It is therefore possible that strategies for meeting subsistence needs in these regions differed 

from the intensification of manuring and labour inputs that is evidenced at these sites in 

Burkina Faso.  
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Supporting Information Captions 

Table S1. Contextual details of archaeological pearl millet grain samples from sites in 

northeast Burkina Faso. 

Fig S1. Fourier-transform infrared spectroscopy spectra of archaeological pearl millet grain 

samples from Kissi 3 and Oursi hu-beero, northeast Burkina Faso. 

Table S2. Nitrogen and carbon content and δ15N and δ13C values obtained by EA-IRMS 

analysis of standards and archaeological pearl millet grains from sites in northeast Burkina 

Faso. 

Table S3. Standard uncertainty calculator for two sessions of EA-IRMS analysis. 

Table S4. Archaeological contexts and results of collagen extraction of archaeological animal 

bones from northeast Burkina Faso. 
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