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Abstract 24 

Stable isotope analyses of archaeological plant material have increased in the last few 25 

decades with questions arising about climate, past environment, and subsistence strategies. 26 

While the available studies are of great interest in the field, they are still a minority compared 27 

to other types of organic material, first and foremost bone collagen, especially from African 28 

contexts. Desiccated plant material in particular has only sporadically been investigated, 29 

partly because archaeological contexts suitable for this type of conservation are extremely 30 

rare and potentially diagenetically altered. Here we provide stable carbon and nitrogen 31 

isotope data from prehistoric C4 wild desiccated cereals from Takarkori (central Sahara, 32 

southwestern Libya). To our knowledge, this is the first study on uncharred African 33 

archaeological seeds and one of the few examples of stable isotope analysis applied to 34 

desiccated plant material. Results show that the nitrogen stable isotope values are most 35 

likely diagenetically altered and possibly influenced by the extensive presence of coprolites 36 

and dung layers at the site. The carbon stable isotope data are uniform across the different 37 

species analysed with the only exception of Panicum, likely linked to its photosynthetic sub-38 

pathway. Although the available evidence suggests that the response to environmental 39 

constraints is difficult to assess using stable isotope analysis applied to C4 plants, our 40 

results, together with the multidisciplinary studies available from the Takarkori rock shelter, 41 

suggest some kind of adaptation/resilience of the wild cereal species alongside human 42 

exploitation over several millennia. 43 

Keywords: archaeobotany; stable isotopes; C4 plants; desiccated remains; diagenesis; 44 

Holocene 45 
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Introduction 57 

Carbon (δ13C) and nitrogen (δ15N) isotope analyses on archaeological plant findings are 58 

becoming increasingly available and are used to define past environment and climate, 59 

human response and adaptive strategies, and as a baseline to reconstruct human diet 60 

(Aguilera et al. 2008; Heaton et al. 2009; Fiorentino et al. 2012; Bogaard et al. 2013, 2018; 61 

Fraser et al. 2013; Vaiglova et al. 2014a; Araus et al. 2014; Masi et al. 2014; Wallace et al. 62 

2015; Nitsch et al. 2017; Styring et al. 2017; Alagich et al. 2018; García Sanjuán et al. 2018; 63 

Fernández-Crespo et al. 2019; Martínez Sánchez et al. 2020; Knipper et al. 2020; Speciale 64 

et al. 2020; Szpak and Chiou 2020; Santana-Sagredo et al. 2021; Varalli et al. 2021, 2023b; 65 

Gavériaux et al. 2022). Nonetheless, these studies are still a minority compared to those 66 

applied on other types of organic material, particularly bone collagen. Since δ13C and δ15N 67 

values are highly variable depending on the local environment and plant management 68 

strategies, it is important that this number continues to grow, for a better understanding of 69 

past local economies and dietary habits. Due to dry to hyperarid conditions typical of 70 

northern Africa, bioarchaeology, in its wider sense, is often limited by the preservation 71 

constraints of archaeological contexts, with often little, if any, organic matter preserved, 72 

either in human, animal or plant remains. This makes any investigation of preserved 73 

assemblages of utmost importance. Takarkori, a rock shelter excavated in the southern 74 

fringes of the Libyan part of the Acacus massif, like many others in the region, has yielded a 75 

large bioarchaeological assemblage which has been thoroughly investigated in the past two 76 

decades (Tafuri et al. 2006; di Lernia and Tafuri 2013; Dunne et al. 2016, 2018; Mercuri et 77 

al. 2018; Profico et al. 2019; Vai et al. 2019; Ventura et al. 2020; Van Neer et al. 2020; 78 

Casanova et al. 2020; Rotunno et al. 2020). More specifically, while human and animal 79 

remains have poor organic preservation, the plant assemblage revealed to be exceptionally 80 

preserved in a desiccated status (Mercuri et al. 2018). This called for a further 81 

bioarchaeological approach to deepen our understanding of the people occupying the region 82 

across the Holocene. In particular, the analysis of micro and macro plant remains revealed 83 

an extraordinary complexity in plant management by these groups, which appeared to have 84 

had the ability to exploit to its maximum potential the specificity of each plant species. In fact, 85 

earlier work demonstrated that wild plant selection and exploitation at Takarkori was a 86 

reflection of knowledgeable strategies that considered desirable wild cereal qualities such as 87 

stress resistance, weediness, and opportunistic behaviour (Mercuri et al. 2018). This 88 

appears to be frequent in regions under strong environmental constraints: a later exploitation 89 

https://paperpile.com/c/ZAXd1D/159f+zJzW+XMeZ+wPqU+STfd+FRQ2+HcPn+WiTK+rP5i+NHR4+CYji+vhrl+st0w+VYlL+cQzo+RwDO+PJ61+YSR3+hzcE+OnW2+64An+bOEs+NfgD
https://paperpile.com/c/ZAXd1D/159f+zJzW+XMeZ+wPqU+STfd+FRQ2+HcPn+WiTK+rP5i+NHR4+CYji+vhrl+st0w+VYlL+cQzo+RwDO+PJ61+YSR3+hzcE+OnW2+64An+bOEs+NfgD
https://paperpile.com/c/ZAXd1D/159f+zJzW+XMeZ+wPqU+STfd+FRQ2+HcPn+WiTK+rP5i+NHR4+CYji+vhrl+st0w+VYlL+cQzo+RwDO+PJ61+YSR3+hzcE+OnW2+64An+bOEs+NfgD
https://paperpile.com/c/ZAXd1D/159f+zJzW+XMeZ+wPqU+STfd+FRQ2+HcPn+WiTK+rP5i+NHR4+CYji+vhrl+st0w+VYlL+cQzo+RwDO+PJ61+YSR3+hzcE+OnW2+64An+bOEs+NfgD
https://paperpile.com/c/ZAXd1D/159f+zJzW+XMeZ+wPqU+STfd+FRQ2+HcPn+WiTK+rP5i+NHR4+CYji+vhrl+st0w+VYlL+cQzo+RwDO+PJ61+YSR3+hzcE+OnW2+64An+bOEs+NfgD
https://paperpile.com/c/ZAXd1D/159f+zJzW+XMeZ+wPqU+STfd+FRQ2+HcPn+WiTK+rP5i+NHR4+CYji+vhrl+st0w+VYlL+cQzo+RwDO+PJ61+YSR3+hzcE+OnW2+64An+bOEs+NfgD
https://paperpile.com/c/ZAXd1D/HcFy2+BTqC9+Fbhq8+9mRh4+QAQUZ+b0D7F+OvFBW+996T0+3UqrN+pTjJT+ySsz6
https://paperpile.com/c/ZAXd1D/HcFy2+BTqC9+Fbhq8+9mRh4+QAQUZ+b0D7F+OvFBW+996T0+3UqrN+pTjJT+ySsz6
https://paperpile.com/c/ZAXd1D/HcFy2+BTqC9+Fbhq8+9mRh4+QAQUZ+b0D7F+OvFBW+996T0+3UqrN+pTjJT+ySsz6
https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/QAQUZ
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of domesticated resources and the preferred reliance on wild species has been associated 90 

with unpredictable climate even elsewhere in Africa (Barakat and Fahmy 1999; Klee et al. 91 

2004; Lucarini et al. 2016). The response of different plants to climatic fluctuation and the 92 

possible associated human behaviour can be further explored, possibly pointing out adaptive 93 

strategies hitherto difficult to assess due to a general lack of isotope studies. Here we apply 94 

δ13C and δ15N analysis of the C4 seeds to explore the plant assemblage from Takarkori 95 

considering multiple variables, as suggested by several previous studies, that might have an 96 

impact on the resulting stable isotope signature. Additionally, we aim to compare our results 97 

with the available isotopic human and animal data (di Lernia and Tafuri 2013) with the 98 

purpose to further investigate the local past human diet. On a different note, the site is one of 99 

the latest contexts excavated by the Libyan-Italian Archaeological Mission in the Acacus and 100 

Messak (SW Libya), before the political unrest that started in 2011 in Libya made research in 101 

the area impossible, hence a continuation of our studies carries also additional significance. 102 

 103 

Figure 1. Location of Takarkori rockshelter (red dot) in SW Libya (from Mercuri et al 2018) (a). Schematic summary of the 104 

climatic fluctuations during the cultural phases of Takarkori occupation (b). Climatic indications are according to (Cremaschi et 105 

al. 2014); chronological characterisation of each cultural sub-phase by radiocarbon dates (14C cal BCE) is after Cherkinsky and 106 

di Lernia (2013) and Rotunno et al (2020). Grey rectangles (LA1; EP1; EP2) indicate the sub-phases for which no plant 107 

accumulation is recorded.  108 

The Takarkori rock shelter and the seed record 109 

The site occupies part of a rock shelter in Libyan central Sahara, located on the first terrace 110 

of the Wadi Takarkori in the southern Tadrart Acacus (Figure 1a). The archaeological 111 

evidence (e.g. stone structures, fireplaces, grinding stones) suggests a semi-residential use 112 

of the shelter, firstly by foragers in the early Holocene, then by a longer occupation of cattle 113 

and caprine herders in the Neolithic, which also included human graves (Biagetti and di 114 

https://paperpile.com/c/ZAXd1D/RwbBU+NNOAh+du8Dh
https://paperpile.com/c/ZAXd1D/RwbBU+NNOAh+du8Dh
https://paperpile.com/c/ZAXd1D/DQ6rA
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Lernia 2013; di Lernia and Tafuri 2013). Radiocarbon dates of different proxies found in the 115 

shelter (e.g. sediment, charcoal, plants) allowed to better frame its exploitation. The site was 116 

first occupied by Late Acacus hunter-gatherer-fishers from around 8200 cal BCE until around 117 

6400 cal BCE, followed by the presence of Pastoral Neolithic groups, and definitively 118 

abandoned around 3000 cal BCE (Biagetti and di Lernia 2013). This sets the lifespan of 119 

Takarkori in the “African Humid Period”. However, some climatic oscillations and different 120 

environmental conditions were identified during the period of occupation of the rock shelter 121 

by sedimentological, micromorphological and palynological analyses (Cremaschi et al. 122 

2014). The first phases of occupation, namely Late Acacus 1, 2 and 3 (LA1, LA2, and LA3) 123 

are marked by increasing aridity, although residual water persisted from the very Early 124 

Holocene in the local phreatic network, which favoured human occupation in the area 125 

(Figure 1b). Following, the Pastoral phases (Early Pastoral 1 and Early Pastoral 2 [EP1, 126 

EP2]; Middle Pastoral 1 and Middle Pastoral 2 [MP1, MP2]) are characterised by wetter 127 

climatic and environmental conditions with an expansion of freshwater areas in the 128 

surroundings. Finally, the final part of MP2 and the Late Pastoral 1 (LP1) are influenced by a 129 

more unsteady climate that marks the beginning of the following arid period (Cremaschi et 130 

al. 2014) (Figure 1b). These climatic fluctuations are comparable with other records from the 131 

Tadrart Acacus and the Libyan central Sahara (Cremaschi et al. 2014). The archaeological 132 

remains prove sophisticated subsistence strategies since the LA foragers occupation (i.e., 133 

corralling of wild Barbary sheep) (di Lernia 2001; Rotunno et al. 2019). The region in this 134 

period shows the adoption of the earliest pottery, with grinding equipment and highly 135 

diversified hunting, together with wild cereal exploitation (for details see Biagetti and di 136 

Lernia 2013). These millennia are then followed by domestic animal exploitation and vertical 137 

transhumance between the lowlands of the Erg Uan Kasa and the elevated areas of the 138 

Tadrart Acacus. In the MP period this is visible at Takarkori in the cattle herding evidence, 139 

including dairy products exploitation (Dunne et al. 2012), and then in the specialised goat 140 

herding during winter season in the LP; the specie’s shift was possibly driven by the drying 141 

environment (Biagetti and di Lernia 2013). The intense animal exploitation documented in 142 

the rock shelter since LA, and especially in the Pastoral period, is also remarkable due to the 143 

preserved goat coprolites remains and the hardened dung layers. The Late Acacus phases 144 

are characterised by the presence of coprolites remains, possibly being the results of not 145 

properly fenced area for animal stabling or human actions (refuse disposal, cleaning) (di 146 

Lernia 2001; Rotunno et al. 2020). While thick dung layers are typical of the Pastoral phase, 147 

being a product of the intensive trampling and exposure of the surface (e.g., defined space 148 

for stabling, pen) (di Lernia 2001; Rotunno et al. 2020). 149 

During all the occupation of the rock shelter, episodes of plant processing and food plant 150 

storage are evident, indicating systematic gathering of wild cereals (Mercuri et al. 2018). 151 

https://paperpile.com/c/ZAXd1D/DQ6rA
https://paperpile.com/c/ZAXd1D/DQ6rA+BTqC9+QAQUZ
https://paperpile.com/c/ZAXd1D/DQ6rA
https://paperpile.com/c/ZAXd1D/DQ6rA
https://paperpile.com/c/ZAXd1D/gV3Px
https://paperpile.com/c/ZAXd1D/gV3Px
https://paperpile.com/c/ZAXd1D/gV3Px
https://paperpile.com/c/ZAXd1D/gV3Px
https://paperpile.com/c/ZAXd1D/gV3Px
https://paperpile.com/c/ZAXd1D/DQ6rA+OvFBW
https://paperpile.com/c/ZAXd1D/DQ6rA+OvFBW
https://paperpile.com/c/ZAXd1D/dXng+budW
https://paperpile.com/c/ZAXd1D/DQ6rA+OvFBW
https://paperpile.com/c/ZAXd1D/DQ6rA+OvFBW
https://paperpile.com/c/ZAXd1D/DQ6rA+OvFBW
https://paperpile.com/c/ZAXd1D/QAQUZ
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This paper will focus on the exceptional amount of desiccated C4 wild cereals that was 152 

excavated from the site of Takarkori between 2003 and 2006 (Mercuri et al. 2018). Wild 153 

cereals from Takarkori were often found in accumulations that were distinguished in “spot” 154 

containing mainly whole spikelets (in total ~150,000), and “mix” containing chaffs and 155 

various plant fragments (in total ~80,000). The spikelets from spot accumulations, unusually 156 

uniform in size and prevalently without glumes, were probably processed by sieving, 157 

threshing and winnowing and maybe gathered in baskets (Mercuri et al. 2018; di Lernia et al 158 

2012). Material from the spots was possibly stored for seeding and human consumption; the 159 

mix accumulations were probably leftovers of food processing or fodder residues (Mercuri et 160 

al. 2018). The species collected from both spot and mix accumulations date approximately 161 

from 7500 to 3500 cal BCE and span across different cultural phases, from LA2 and LA3 to 162 

MP1 and MP2 and LP1. Whole cereals % are in large amounts in LA3 and MP1 phases 163 

(Mercuri et al. 2018). No data comes from the Late Acacus 1 and Early Pastoral phase as no 164 

seed accumulation was recorded (Mercuri et al. 2018). It is also important to note that the 165 

archaeological evidence suggests that possibly almost all the spots from MP1 and MP2 166 

could represent a single storage facility (Mercuri et al. 2018). The above mentioned climatic 167 

fluctuations could also be reflected in the type and abundance of wild cereal seeds over 168 

these periods. Some resilient plants, such as the prolific and annual weed Urochloa 169 

panicoides and Panicum laetum, were collected over different phases, some others were 170 

introduced by Pastoral Neolithic groups, such as Echinochloa colona - less drought-tolerant - 171 

which benefited of a warmer and wetter climate (Mercuri et al. 2018). Setaria seeds were 172 

mainly found in the MP1 cultural phase, although their presence is already attested in the 173 

LA3 phase. The long-term presence of these wild cereals highlights their adaptive behaviour, 174 

but also a possible cultural transmission through generations over millennia (Mercuri et al. 175 

2018). Sorghum bicolor, more drought-tolerant and with larger seeds than Echinochloa, 176 

characterising one spot dated to the LA3 phase, was probably not widely spread around the 177 

area (Mercuri et al. 2018). For a detailed description of the species recovered from the rock 178 

shelter see the method section in Mercuri et al. (2018) and related supplementary 179 

information. The seeds were found under different types of deposit; the majority were found 180 

in organic sand layers predominant at the site, others were found surrounded by straw, in 181 

enclosures (small fenced areas used as corrals for animals), in pits and on the floor (Mercuri 182 

et al. 2018). As above mentioned, extensive organic depositions of hardened layers of dung 183 

and loose scatters of coprolites have been found at the site as results of animal 184 

management in the rock shelter across the millennia. 185 

https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/QAQUZ
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Stable isotope analysis of plants and desiccated plant remains 186 

The carbon isotopic composition of terrestrial plants is mostly influenced by their 187 

metabolism. The atmospheric carbon is absorbed in its CO2 form and fixed in the plant tissue 188 

during the photosynthesis process. According to the photosynthetic pathway, a different 13C 189 

discrimination would occur during the CO2  fixation producing characteristic fractionation and 190 

related δ13C values (Smith and Epstein 1971). The C3 metabolic pathway is the most 191 

common (e.g. wheat and barley, most of all trees, herbs and temperate grasses) with a 192 

strong discrimination against 13C (δ13C values from ca. -36 to -24‰). While the C4 (Hatch-193 

Slack) pathway is an adaptation to aridity and higher solar radiation; to minimise water loss 194 

C4 plants reduce the time during which leaf pores (stomata) are open, resulting in a smaller 195 

carbon isotopic fractionation in plants with consequent less negative δ13C values compared 196 

to C3 plants (from ca. -16 to -9‰) (Smith and Epstein 1971; O’Leary 1981).  We will focus on 197 

the C4 pathway as it characterises many Panicoideae and all the wild cereals object of this 198 

study. C4 plants photosynthesis can be further distinguished in at least two pathways: NAD-199 

dependent malic enzyme (NAD-ME) and NADP-dependent malic enzyme (NADP-ME) 200 

according to the predominant enzyme, with the contribution of PEP carboxykinase (PEPCK) 201 

in some species (for a review see Rao and Dixon 2016). Several Panicum species follow the 202 

NAD-ME sub-pathway and Brachiaria and Urochloa species the NAD-ME + PEPCK; all the 203 

remaining plants analysed in this work follow the NADP-ME sub-pathway. Environmental 204 

and climatic factors also influence the δ13C values of plants. For example, a negative 205 

correlation exists between water availability and δ13C values of C3 plants, while δ13C values 206 

of C4 plants seem to be less sensitive to water presence (Farquhar et al. 1989; Van de 207 

Water et al. 2002; Swap et al. 2004; Weiguo et al. 2005; Flohr et al. 2019; Dong et al. 2022). 208 

In fact, unlike C3 plants, which have been largely investigated in their ability to reflect water 209 

availability, mostly through experimental works (e.g., Wallace et al. 2013; Flohr et al. 2019) 210 

C4 plants have been seldom investigated for this aspect. However, previous studies have 211 

found both positive and negative correlations in δ13C values of C4 plants with respect to 212 

precipitation (Schulze et al. 1996; Weiguo et al. 2005; Murphy and Bowman 2009; An et al. 213 

2015). More recently, positive correlations were found between δ13C values and water 214 

availability in two species of C4 plants with archaeological interest, foxtail millet (Setaria 215 

italica) and pearl millet (Pennisetum glaucum) (Lightfoot et al. 2020; Sanborn et al. 2021). 216 

Soil salinity also causes less negative δ13C values of plants (Farquhar et al. 1989), while 217 

increased altitude results in higher δ13C values of foliage (e.g. Hultine and Marshall 2000).  218 

The nitrogen isotopic composition of plants, except for the leguminous family, is instead 219 

largely dependent on that of soil. Plants obtain nitrogen from soil in the form of nitrate (NO3
-) 220 

or from ammonium (NH4
+) (Yoneyama et al. 2003; Amundson et al. 2003; Evans 2007). δ15N 221 

https://paperpile.com/c/ZAXd1D/fNUpE+ea7xk
https://paperpile.com/c/ZAXd1D/fNUpE+ea7xk
https://paperpile.com/c/ZAXd1D/xvTRD
https://paperpile.com/c/ZAXd1D/ttFgw+wuSgC+6975a+mqpx7+EF2Mk
https://paperpile.com/c/ZAXd1D/ttFgw+wuSgC+6975a+mqpx7+EF2Mk
https://paperpile.com/c/ZAXd1D/2Pq6V+0tKHE
https://paperpile.com/c/ZAXd1D/ttFgw+wuSgC+6975a+mqpx7+EF2Mk
https://paperpile.com/c/ZAXd1D/wuSgC+msfsA
https://paperpile.com/c/ZAXd1D/0OLgH+CrFN0+5a9g0+EF2Mk
https://paperpile.com/c/ZAXd1D/0OLgH+CrFN0+5a9g0+EF2Mk
https://paperpile.com/c/ZAXd1D/QkovR+urDcz
https://paperpile.com/c/ZAXd1D/ttFgw
https://paperpile.com/c/ZAXd1D/W2LEX
https://paperpile.com/c/ZAXd1D/TlRxJ+4Dcsq+QsmNl
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values of plants are also highly influenced by climatic and environmental conditions. In 222 

particular, δ15N values are positively correlated with mean annual temperature (Martinelli et 223 

al. 1999; Amundson et al. 2003; Szpak et al. 2013) and negatively correlated with mean 224 

annual precipitation or, more in general, water availability at regional and global scales 225 

(Handley et al. 1999; Amundson et al. 2003; Swap et al. 2004; Szpak et al. 2013). Animal 226 

fertilisation also has a significant impact on δ15N values of plants. In particular, it was shown 227 

that solid organic matter from herbivores can enrich δ15N values of plants by 2 to 8‰ 228 

(Bateman and Kelly 2007) while a mixture of solid and liquid waste (therefore containing 229 

higher amounts of urea) by 6 to 15‰ (Choi et al. 2002; Yun et al. 2006). The few available 230 

experimental studies on the effect of manuring on C4 plants show an enrichment parallel to 231 

those recorded on C3 species (Styring et al. 2019; Christensen et al. 2022). The available 232 

evidence suggests that the animal fertiliser that results with the highest δ15N values in plants 233 

is seabird guano which is composed primarily of uric acid (Szpak et al. 2012a, b; Santana-234 

Sagredo et al. 2021). The underestimation of the impact of animal manure on the δ15N 235 

values of archaeological plant material can have serious implications in the interpretation of 236 

δ15N values of human collagen for dietary reconstruction (Bogaard et al. 2007). A recent 237 

experimental study on sorghum (Sorghum bicolor) and pearl millet (Pennisetum glaucum) by 238 

Varalli et al. (2023a) documented the effect of charring on the isotopic values of these C4 239 

plants, and the isotopic difference between the two subtypes of photosynthesis under the 240 

same conditions. Results show that the temperature of charring has a higher impact than 241 

time on the preservation and isotopic values. Moreover, they document an isotopic 242 

difference between NAD-ME and NADP-ME species grown under the same conditions (-243 

1.29‰ mean difference in δ15N values and 0.42‰ in δ13C values between uncharred pearl 244 

millet and sorghum) (Varalli et al. 2023a).  The documented lower δ13C values in pearl millet 245 

than sorghum, and the opposite trend of higher δ15N values in pearl millet, are attributed to 246 

their different photosynthetic pathway (for details see Varalli et al. 2023a). 247 

It is worth noting that there is also a different isotopic ratio between different parts of the 248 

plants in both carbon and nitrogen values, with seeds showing higher δ13C and δ15N values 249 

than the leaf (Tieszen 1991; Yoneyama et al. 2003). 250 

 251 

All these studies are mainly undertaken on charred remains, most commonly found in 252 

archaeological contexts; therefore also studies on pre-treatment protocols and the impact of 253 

contamination have been undertaken mostly on charred remains (e.g. Vaiglova et al. 2014b). 254 

Nonetheless, particular preservation conditions allow the recovery of desiccated plants such 255 

as in our case, however their exceptional features have not been investigated as well, 256 

including their chemical pre-treatment (see discussion in Szpak and Chiou 2020).  257 

https://paperpile.com/c/ZAXd1D/TlRxJ+a1Eyy+ZHujm
https://paperpile.com/c/ZAXd1D/TlRxJ+a1Eyy+ZHujm
https://paperpile.com/c/ZAXd1D/TlRxJ+78DIJ+6975a+ZHujm
https://paperpile.com/c/ZAXd1D/4wx4V
https://paperpile.com/c/ZAXd1D/oKpoL+6G81h
https://paperpile.com/c/ZAXd1D/2Pq6V+0tKHE
https://paperpile.com/c/ZAXd1D/RwDO+uQffZ+fwKq2
https://paperpile.com/c/ZAXd1D/RwDO+uQffZ+fwKq2
https://paperpile.com/c/ZAXd1D/28KQA
https://paperpile.com/c/ZAXd1D/2Dvq6
https://paperpile.com/c/ZAXd1D/28KQA+juiXP+Q7vJk
https://paperpile.com/c/ZAXd1D/TlRxJ+4Dcsq+QsmNl
https://paperpile.com/c/ZAXd1D/Axkf
https://paperpile.com/c/ZAXd1D/hzcE
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For years desiccated archaeological plant remains have been excluded from stable isotope 258 

analysis of carbon and nitrogen since their δ13C and δ15N were believed to be diagenetically 259 

altered and not representative of the original composition of the living plant, as a result of a 260 

pioneering publication (DeNiro and Hastorf 1985). This study has been recently commented 261 

by Szpak and Chiou (2020) who suggest that the high δ15N values of the desiccated plants 262 

published by DeNiro and Hastorf (1985) can be better explained by the location from which 263 

these plants were collected and by the use of seabird guano as fertiliser (Szpak and Chiou 264 

2020). The same authors also propose a simple method to assess the possible degradation 265 

of desiccated plant material which is based on the observation of a strong correlation 266 

between carbon to nitrogen ratios (C:N) and δ15N values. Indeed, in case of degradation, 14N 267 

is preferentially lost, which determines 15N-enriched δ15N values (Szpak and Chiou 2020). 268 

Moreover, among the issues considered, the aggressive chemical pre-treatment used by 269 

DeNiro and Hastorf (1985) may have contributed to their highest values in desiccated 270 

remains (Szpak and Chiou 2020). Considering the potential limits in the interpretation of 271 

isotopic data from desiccated C4 plants remains, and this being the first isotopic study on 272 

archaeological desiccated plants from Africa, here we present an exploratory investigation of 273 

seeds from the Takarkori rock shelter to trace human-environment interactions in the area in 274 

relation to the information already acquired from other proxies from the site.  275 

Materials and Methods 276 

A total of 586 uncharred spikelets hereafter 'seeds' of Urochloa, Brachiaria, Echinochloa, 277 

Panicum, Setaria and Sorghum has been analysed (Supplementary Table 1). The 278 

archaeobotanical material analysed comes from 22 plant accumulations, dated from LA2 to 279 

MP2/LP1 (Supplementary Table 1). For each accumulation, the isotopic analysis has been 280 

carried out on three replicas of each available species. Seeds were sampled entirely (not 281 

pulverised). Each replica is composed of a minimum of 2 to a maximum of 8 seeds 282 

depending on their preservation; glumes were included in some replicas to make sure we 283 

had enough material due to the poor preservation in specific accumulations: “seed+glume” 284 

indicates that seeds were prevalently sampled for MS, with the inclusion of some 285 

glume/glume fragments; whereas "glume+seed" indicates that glumes were prevalently 286 

sampled, with some seed/seed fragments (Supplementary Table 1). Seeds were identified 287 

based on their morphological features (for their description, see Mercuri et al. 2018). Each 288 

replica is treated here as a separate sample due to the variability of carbon and nitrogen 289 

stable isotope values in plants (Tieszen 1991; Bogaard et al. 2007; Fiorentino et al. 2015). 290 

Each replica was chemically treated to remove potential contaminants using an acid-base-291 

acid (ABA) modified protocol based on Fraser et al. (2013) and Vaiglova et al. (2014b) 292 

https://paperpile.com/c/ZAXd1D/FZhFW
https://paperpile.com/c/ZAXd1D/hzcE
https://paperpile.com/c/ZAXd1D/FZhFW
https://paperpile.com/c/ZAXd1D/FZhFW
https://paperpile.com/c/ZAXd1D/FZhFW
https://paperpile.com/c/ZAXd1D/hzcE
https://paperpile.com/c/ZAXd1D/hzcE
https://paperpile.com/c/ZAXd1D/hzcE
https://paperpile.com/c/ZAXd1D/hzcE
https://paperpile.com/c/ZAXd1D/FZhFW
https://paperpile.com/c/ZAXd1D/hzcE
https://paperpile.com/c/ZAXd1D/QAQUZ
https://paperpile.com/c/ZAXd1D/28KQA+juiXP+Q7vJk
https://paperpile.com/c/ZAXd1D/WiTK
https://paperpile.com/c/ZAXd1D/Axkf
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(Supplementary Methods). Samples were measured in their isotopic composition at Iso-293 

Analytical Limited (Crewe, UK) by Elemental Analysis – Isotope Ratio Mass Spectrometry 294 

(EA-IRMS) with a Europa Scientific 20–20 IRMS. Precision was determined to be ± 0.03 ‰ 295 

for δ13C and ± 0.06 ‰ for δ15N on the basis of repeated measurements of calibration 296 

standards and check standards over three runs (Szpak et al. 2017). Accuracy, or systematic 297 

error, was determined to be ± 0.08 ‰ for δ13C and ± 0.26 ‰ for δ15N on the basis of the 298 

difference between the observed and known δ values of the check standards and the long-299 

term standard deviations of the check standards over three runs (Szpak et al. 2017). 300 

Considering the large chronological span between the different accumulations (from ca. 301 

7500 to 3500 cal BCE), we considered the variation of δ13C of the atmospheric CO2 during 302 

the Holocene to compare the results across cultural phases (Ferrio et al. 2005, 2007). The 303 

δ13C corresponding to the atmospheric CO2 (δ13Cair) is estimated from ice cores data 304 

covering the whole Holocene (from IRCO2_LOESS based on the CU-INSTAAR/NOAA-305 

CMDL database) (Ferrio et al. 2005), and utilised to calculate the corresponding Δ13C 306 

following the equation by Farquhar et al. (1982) (Supplementary Table 2).  307 

To compare the differences in elemental (wt% C, wt% N and C:N) and isotopic (δ13C and 308 

δ15N) composition we relied on the most recent article by Vaiglova et al. (2022). Plotting, 309 

descriptive statistics and statistical tests were performed using R version 4.0.3.  310 

Results 311 

The elemental (wt% C, wt% N and C:N) and isotopic (δ13C and δ15N) compositions of the 312 

uncharred seeds from Takarkori are reported in Supplementary Table 1. First, we explored 313 

our data in order to detect any differences in sample composition (i.e., only seeds, seeds 314 

and some glumes or glumes and some seeds) (Supplementary Table 3), and Urochloa 315 

resulted in the only species suitable to be explored. Urochloa samples composed of seeds, 316 

seeds and glumes and glumes and seeds do not appear to differ by visualisation and 317 

through testing wt% C, wt% N, C:N, δ13C and δ15N (Supplementary Figure 1 a, b, c and d, 318 

respectively and Supplementary Table 4). Therefore, for the purpose of this paper, we will 319 

assume that wt% C, wt% N, C:N, δ13C and δ15N are not affected by sample composition in 320 

regard to the presence of seeds and/or glumes in different proportions. Data were explored 321 

according to species and cultural phase and descriptive statistics is reported in Table 1. 322 

https://paperpile.com/c/ZAXd1D/3Wg5e
https://paperpile.com/c/ZAXd1D/3Wg5e
https://paperpile.com/c/ZAXd1D/Cdqpw+cuudb
https://paperpile.com/c/ZAXd1D/Cdqpw
https://paperpile.com/c/ZAXd1D/8IMHu
https://paperpile.com/c/ZAXd1D/LXk2C
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Table 1. Descriptive statistics of the isotopic (δ13C, Δ13C and δ15N) (upper panel) and elemental (wt% C, wt% N and C:N) (lower panel) compositions of the uncharred seeds from Takarkori reported 323 

by species and cultural phase. 324 

Species 
Cultural 
phase 

n 
Mean 
δ15N 

Median 
δ15N 

1SD 
δ15N 

CIs 
δ15N 

Min 
δ15N 

Max 
δ15N 

Mean 
δ13C 

Median 
δ13C 

1SD 
δ13C 

CIs 
δ13C 

Min 
δ13C 

Max 
δ13C 

Mean 
Δ13C 

Median 
Δ13C 

1SD 
Δ13C 

CIs 
Δ13C 

Min 
Δ13C 

Ma
x 
Δ13

C  

Echinochlo
a 

MP1 
1
6 

21 21.6 2.6 1.4 14 24.7 -9.1 -9 0.2 0.1 -9.5 -8.8 2.8 2.8 0.2 0.1 2.5 3.2  

MP2/LP
1 

8 20.1 20.2 3.3 2.7 15.3 26.3 -9 -9 0.3 0.2 -9.4 -8.5 2.6 2.7 0.3 0.2 2.2 3.1  

Panicum 
MP1 

1
5 

18.7 18.7 2 1.1 14.4 21.5 -9.7 -9.7 0.2 0.1 -10 -9.3 3.4 3.4 0.2 0.1 3 3.7  

MP2/LP
1 

6 19.2 18.9 1 1 18.3 20.5 -9.4 -9.2 0.5 0.5 -10.2 -9 3.1 2.8 0.5 0.5 2.7 3.9  

Setaria LA2 2 22.6 22.6 1.9 16.9 21.2 23.9 -9.2 -9.2 0.2 1.5 -9.3 -9 2.7 2.7 0.2 1.5 2.5 2.8  

Sorghum LA3 6 13.2 12 3.1 3.3 10.1 17.3 -9 -9 0.5 0.5 -9.6 -8.5 2.6 2.6 0.5 0.5 2 3.2  

Urochloa 

LA3 8 18.3 18.4 1.9 1.6 15.5 20.3 -9.2 -9.2 0.2 0.2 -9.5 -9 2.8 2.7 0.2 0.2 2.5 3.1  

MP1 
2
2 

22.9 23.5 3 1.4 16.1 26.4 -9.1 -9.1 0.3 0.1 -9.8 -8.8 2.8 2.8 0.3 0.1 2.5 3.5  

MP2/LP
1 

3 25.6 25.9 2.9 7.2 22.6 28.4 -9.4 -9.5 0.3 0.6 -9.6 -9.1 3 3.1 0.3 0.6 2.8 3.3  

Urochloa/ 
Brachiaria 

LA2 1 24.3 24.3   24.3 24.3 -8.6 -8.6   -8.6 -8.6 2.1 2.1   2.1 2.1  

LA3 1 14 14   14 14 -9 -9   -9 -9 2.5 2.5   2.5 2.5  

n 
Mean 
wt% N 

M
ed
ia
n 
w
t
% 
N 

1SD 
wt%N 

CIs wt%N 
Min 
wt%

N 

Max 
wt% 

N 

Mea
n 

wt% 
C 

Med
ian 

wt% 
C 

1SD 
wt%C 

CIs wt%C 
Min 
wt
%C 

Ma
x 

wt
%C 

Mea
n C:N 

Media
n 

 C:N 

1SD  
C:N 

CIs C:N 
Min 
C:N 

Max 
C:N 
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16 1.1 
0.
9 0.3 0.2 0.6 1.8 41.9 41.5 2.4 1.3 

38.
5 

49.
2 50.3 52.4 13.6 7.3 28.7 80.4 

8 1.4 
1.
4 0.2 0.1 1.1 1.7 43.8 43.8 1.8 1.5 41 

46.
1 38 37.8 4.7 4 30 45.2 

15 1.2 
1.
2 0.3 0.2 0.7 1.8 41.4 41.4 1.8 1 38 

44.
3 43.5 39.3 11.5 6.4 28.1 62.9 

6 0.9 1 0.1 0.1 0.7 1.1 41.6 42.1 2.3 2.5 
37.
1 

43.
4 53.1 52 7.2 7.5 45.5 66.4 

2 1.1 
1.
1 0.5 4.3 0.8 1.4 28.3 28.3 3.8 33.8 

25.
7 31 32.7 32.7 10.2 91.9 25.4 39.9 

6 2.8 
2.
7 1.2 1.2 1.1 4.3 45 45.7 2.3 2.4 

40.
9 

46.
9 22.7 20.1 10.9 11.4 12.9 41.7 

8 2 
1.
9 0.8 0.6 1.2 3.3 38.4 38.5 2.8 2.4 32 

40.
8 25.2 21.9 9.2 7.7 14.5 38 

22 0.9 
0.
9 0.2 0.1 0.6 1.3 42.3 40.3 4.4 2 

36.
8 

52.
4 57.5 60.3 14.5 6.4 35.2 92.4 

3 0.8 
0.
8 0.1 0.3 0.7 0.9 43.9 42.8 4.7 11.6 

39.
9 

49.
1 64 66.6 7.2 18 55.8 69.5 

1 0.7 
0.
7   0.7 0.7 30.3 30.3   

30.
3 

30.
3 49.8 49.8   49.8 49.8 

1 1.7 
1.
7     1.7 1.7 35.6 35.6     

35.
6 

35.
6 24.9 24.9     24.9 24.9 

325 
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Elemental (wt% C, wt% N and C:N) composition of the seeds from 326 

Takarkori 327 

 328 

Figure 2. Distribution of carbon (a, wt% C), nitrogen (b, wt% N) and carbon to nitrogen (c, C:N) across genera according to 329 

cultural phase. Continuous lines represent the median or second quartile (Q2), the empty black circles represent the mean, the 330 

box limits represent the first (Q1) and third (Q3) quartiles and the whiskers represent Q1 - 1.5 * IQR (where IQR stands for 331 

interquartile range) and Q3 + 1.5. The number of samples for each distribution is shown at the top of the Figure. 332 
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When we explore the elemental composition of seeds from Takarkori, we observe a 333 

progressive increase in wt% C with time across species and according to cultural phase for 334 

all those plants where more than one cultural phase is available (i.e., Echinochloa, Panicum, 335 

Urochloa and Urochloa/Brachiaria) (Figure 2a and Table 1). However, the differences do 336 

not appear to be significant (Supplementary Table 5a). Moreover, the wt% C is similar to 337 

those obtained from the few available studies on these uncharred species (e.g. Varalli et al. 338 

2023a). Overall, the wt% C values are distributed around 40%, except for Setaria that 339 

exhibits the lowest mean wt% C (28.3%, Figure 2a and Table 1) and of the single 340 

measurements made on Urochloa/Brachiaria for phases LA2 and LA3 (30.3% and 35.6%, 341 

respectively, Table 1). The highest mean wt% C value is found in Sorghum (45%, Figure 2a 342 

and Table 1) of LA3 phase. A similar trend is not observed for wt% N or C:N values (Figure 343 

2b, Figure 2c and Table 1). Sorghum are the seeds with the highest mean wt% N value 344 

(2.8%, Figure 2b and Table 1), while the lowest is found in Urochloa/Brachiaria phase LA2, 345 

although this is based only on one measurement (0.7%, Figure 2b and Table 1). The 346 

highest C:N values are found in the Urochloa species in phase MP1 and MP2/LP1 (57.5 and 347 

64, respectively, Figure 2c and Table 1) and the lowest values are exhibited by Sorghum 348 

(22.7, Figure 2c and Table 1). Although similar data on these species are lacking, the 349 

available studies show generally low wt% N (< 3 %) for C4 uncharred seeds (e.g. Varalli et 350 

al. 2023a). 351 

Isotopic composition (δ13C and δ15N) of the seeds 352 

The seeds analysed in this study present mean δ13C value and 1SD of -9.2 ± 0.4 ‰ and 353 

mean δ15N value and 1SD of 20.2 ± 3.7 ‰ (Figure 3). 354 

 355 

 356 
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Figure 3. Scatterplot of δ13C and δ15N mean values and 1SD in seeds from Takarkori according to species and cultural phase. 357 

The number of samples composing each group is indicated next to the mean value; where this is not indicated, the symbol 358 

represents one sample. δ13C and δ15N values are plotted with different scales due to their differing ranges. 359 

 360 

The seeds belonging to Panicum species report the lowest δ13C values for both MP1 and 361 

MP2/LP1 phases (-9.7‰ and -9.4‰, respectively) across the entire assemblage (Figure 3 362 

and Table 1). In particular, Panicum seeds from the MP1 phase are statistically different in 363 

their δ13C values from the Echinochloa seeds from phases MP1 and MP2/LP1 and from the 364 

Urochloa seeds of phase LA3 and MP1 (p-value<0.05, Supplementary Table 5b). The only 365 

measurement on Urochloa/Brachiaria seeds from phase LA2 exhibit the highest δ13C value 366 

of the entire assemblage (-8.6‰, Figure 3 and Table 1). As for nitrogen isotope values, 367 

Sorghum seeds reported the lowest δ15N values (13.2‰, Figure 3 and Table 1), being 368 

statistically different from seeds belonging to Echinochloa species and phase MP1 and from 369 

seeds of the Urochloa species and phase MP1 (p-value<0.05, Supplementary Table 5c). 370 

Urochloa seeds from phase MP1 are also statistically different from Panicum seeds from the 371 

same phase (p-value<0.05, Supplementary Table 5c). The highest nitrogen mean value is 372 

exhibited by Urochloa seeds from phase MP2/LP1 (25.6‰, Figure 3 and Table 1). 373 

Discussion 374 

Diagenetic alteration of stable nitrogen isotope values 375 

The δ15N values measured in the Takarkori plant remains are unusually high and difficult to 376 

be explained by the local environment and climatic conditions, if comparing the results with 377 

those from human and non-human mammal collagen from the site (di Lernia and Tafuri 378 

2013) (Figure 4).  379 

https://paperpile.com/c/ZAXd1D/BTqC9
https://paperpile.com/c/ZAXd1D/BTqC9
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 380 

Figure 4. Scatterplot of δ13C and δ15N mean values and 1SD of seeds from Takarkori compared to those of animals and 381 

humans (three from MP and one from LP) from the same site published by di Lernia and Tafuri (2013). The number of samples 382 

composing each group is indicated next to the mean value; where this is not indicated, the symbol represents one sample. 383 

Looking at the available literature, one possible explanation can be the presence of animal 384 

excrements, with seabird guano being the most common explanation for such high values 385 

(Szpak et al. 2012a, b; Santana-Sagredo et al. 2021). Indeed, several species of aquatic 386 

birds are attested at the site and have occasionally used the shelter as testified by guano 387 

remains in some areas (Van Neer et al. 2020). From the Late Acacus, the presence of 388 

coprolites and animal housing areas indicate their regular presence at the site, especially 389 

during the Late Pastoral where thick dung layers are recovered. This could have affected the 390 

δ15N values at least partly. Considering that diagenesis might have also played a role, we 391 

tested our data to determine if the nitrogen isotopic composition reflects their original values 392 

or if it appears to be altered. To do so, we plotted the δ15N values against C:N (Figure 5a) 393 

and wt% N (Figure 5b) as suggested by Szpak and Chiou (2020). We found that C:N and 394 

δ15N are positively correlated (R2=0.6, Figure 5a) and that there is also a relationship 395 

https://paperpile.com/c/ZAXd1D/RwDO+uQffZ+fwKq2
https://paperpile.com/c/ZAXd1D/pTjJT
https://paperpile.com/c/ZAXd1D/hzcE
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between wt% N and δ15N (Figure 5b). We found that this relationship is best described by a 396 

power function with equation 𝑦 = 20.85639 × 𝑥0.37682 (R2=0.6, Figure 5c). Increasing δ15N 397 

values with increasing C:N values and decreasing wt% N values suggests that nitrogen was 398 

lost during diagenesis, leaving the remaining nitrogen 15N-enriched (Szpak and Chiou 2020).  399 

 400 

Figure 5. Bivariate plots of nitrogen stable isotope composition and C:N (a) and wt% N (b, c). 401 

 402 

Lower C:N values, higher wt% N values and lower δ15N values were observed in seeds from 403 

the Late Acacus 3 phase (the difference in all C:N, wt% N and δ15N values was found to be 404 

statistically significant, p-value < 0.05, and this is supported by the inspection of the CIs, 405 

Supplementary Table 6). The Sorghum seeds in particular exhibit the lowest δ15N values 406 

(Figure 3 and Figure 5). Only LA3 has higher wt% N values while LA2 does not. However, 407 

we observed that the majority of samples that were lost during chemical treatment and/or 408 

have insufficient wt% N are those belonging to the LA2 phase. This further supports the 409 

https://paperpile.com/c/ZAXd1D/hzcE
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hypothesis that the earliest phase is diagenetically altered, and it leaves us with only 3 410 

samples to be compared with the following phase, LA3. It was previously observed that 411 

between LA2 and LA3 the Takarkori rock shelter was affected by progressive environmental 412 

instability (Cremaschi et al. 2014), which is an additional element of diversification between 413 

the two phases in their elemental and isotopic composition. It should also be considered that 414 

the LA3 plant assemblage is largely composed of Sorghum seeds (which are only found in 415 

this phase). It was observed during the microscopic analysis that seeds belonging to this 416 

species, compared to the other plants considered, have a thicker and more leathery 417 

structure, which might make them more resistant to diagenetic processes, possibly 418 

explaining the highest wt% N and lowest C:N values. It should also be noted that one of the 419 

two Sorghum accumulations analysed (ID 8 from Mercuri et al 2018) was found in a spot 420 

with no other plant inclusions, suggesting a selection for storage (for consumption and/or 421 

cultivation) (Mercuri et al 2018). Considering this possible use, one could not exclude that 422 

different pre- and post- depositional processes may have occurred and contributed to the 423 

peculiar preservation of this sample. However, the other Sorghum sample, which was 424 

recovered from an accumulation with inclusion of other plants (ID 12 from Mercuri et al 425 

2018), is equally less affected by diagenesis, corroborating the idea that the species 426 

structure might influence preservation more than its depositional process. wt% N values and 427 

δ15N values were also explored according to type of deposition and no relation between the 428 

two was observed (Supplementary Figure 2). Something else to consider is the extensive 429 

presence of organic matter at the site that might have caused 15N-enriched δ15N values, 430 

particularly in the Pastoral phases that are characterised by thick dung layers. Additionally, 431 

potential post-depositional bacterial alteration should also not be disregarded (Hartman et al. 432 

2020). However, at the moment and to our knowledge, experimental studies on the post-433 

deposition effect that organic matter can have on desiccated seeds are lacking so we are 434 

unable to delve into this further.  435 

Considerations on carbon content and stable isotope values across taxa 436 

and cultural phases 437 

Interestingly, we observed a systematic increase of wt% C values with time for all species 438 

(for which seeds from more than one cultural phase were available) (Figure 2a). This 439 

however is not reflected in their carbon isotopic composition; indeed, when the carbon 440 

isotopic composition is explored in relation to the C:N (Supplementary Figure 3a) and wt% 441 

C values (Supplementary Figure 3b) no correlation is found. This would imply that the 442 

carbon isotopic composition of these seeds does not vary significantly in relation to their 443 

carbon content. As mentioned, very few isotopic data are available on C4 plants, even less if 444 

considering uncharred remains. Our results show that the δ13C of the plants analysed are in 445 

https://paperpile.com/c/ZAXd1D/gV3Px
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line with observed δ13C values available for some of these C4 plants species (i.e. uncharred 446 

Sorghum from Varalli et al. 2023a and charred Panicum from Fernández-Crespo et al. 447 

2019). δ13C values appear to be quite homogeneous across the entire assemblage, with the 448 

only exception of Panicum from the Middle Pastoral phase 1, that was found to be 449 

significantly different from some of the other species, in particular Echinochloa from the 450 

Middle Pastoral phases 1 and Middle Pastoral phase 2/Late Pastoral phase 1 and from 451 

Urochloa from the phase Late Acacus 3 and Middle Pastoral 1 (Supplementary Table 5b). 452 

The difference evidenced in the Panicum sample with Echinochloa and Urochloa, also 453 

considering that they come from the same cultural phase (MP1), could be related to its 454 

different photosynthetic pathway (NAD-ME), being the only species of this subtype analysed 455 

in this assemblage, and for which lower δ13C are expected (Buchmann et al. 1996).  456 

Carbon and nitrogen stable isotope values according to the type of 457 

accumulation 458 

We explored δ13C and δ15N values according to the type of accumulation (i.e., spot vs. mix) 459 

to evidence plausible different growing conditions for food destined presumably to human 460 

consumption (from spots) and that to animal feeding (from mixes) (Supplementary Figure 461 

4). There is no significant difference in δ13C values between seeds belonging to the same 462 

group that were accumulated in spots of whole spikelets or mix accumulations containing 463 

plant fragments (Supplementary Figure 4 and Supplementary Table 7a). However, there 464 

is a statistically significant difference between spots of Panicum seeds, Echinochloa and 465 

Urochloa (p-value < 0.0.5 and CIs, Supplementary Table 7a). This again most likely reflects 466 

the biochemical differences of the Panicum derived from its different sub-pathway (NAD-ME) 467 

when compared to Echinochloa and Urochloa seeds (NADP-ME and NAD-ME + PEPCK, 468 

respectively). Seeds belonging to the same group also do not exhibit different δ15N values 469 

whether they were recovered from spot or mix contexts. However, we do find that δ15N 470 

values of spots of Sorghum are statistically different from those of Panicum, Urochloa and 471 

Echinochloa. Additionally, we found that spots of Panicum statistically differ from those of 472 

Urochloa (p-value < 0.0.5 and CIs, Supplementary Figure 4 and Supplementary Table 473 

7b). No other isotopic variation in relation to the different structure of these plants (e.g. 474 

presence/absence of glume; cuticular wax composition) are found in the samples that we 475 

have analysed. 476 

Carbon and nitrogen stable isotope values according to the stratigraphic 477 

contexts 478 

To observe possible differences caused by the different stratigraphic contexts, we evaluated 479 

the possible effect of these (i.e, organic sands, floor/trampling, pit, ring/enclosure, and straw) 480 

https://paperpile.com/c/ZAXd1D/2Dvq6
https://paperpile.com/c/ZAXd1D/FRQ2
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on the δ13C and δ15N values of seeds from the site (Supplementary Figure 5 and 481 

Supplementary Table 8). Seeds from floor/trampling have the lowest δ13C values and these 482 

are represented by Panicum (Supplementary Figure 5). The material (belonging to the 483 

Urochloa sp.) from the rings/enclosures, most likely used as stables for animals, shows the 484 

most 15N-depleted δ15N values and it comes from the LA3 phase (Supplementary Figure 485 

5). The LA phases are characterised by the presence of coprolites but absence of thick 486 

layers of dung, typical of the following pastoral phases. As suggested above, it is possible 487 

that this material is less affected by diagenetic processes at the site. However, none of the 488 

stratigraphic contexts appear to be significantly different from the others, both in their δ13C 489 

and δ15N values (Supplementary Table 8). This suggests that the isotopic values of the 490 

seeds here analysed seem not to be impacted by the type of stratigraphic context.  491 

Evaluation of Δ13C values and possible fluctuations through time and 492 

cultural phases 493 

When dealing with isotopic data of plant material from different time periods, Δ13C is most 494 

commonly used as it allows to consider the δ13C variation of atmospheric CO2. The variability 495 

of Δ13C value (max-min) of our assemblage is +1.9 ‰ with a standard deviation of 0.4 ‰. It 496 

is difficult to discuss climate fluctuations and possible human management strategies of 497 

these species since the Δ13C of C4 plants is little if at all affected by environmental factors 498 

(Flohr et al. 2019). The highest Δ13C values are provided by the Panicum samples from the 499 

Middle Pastoral phases (Table 1). In fact, this species is the one showing statistically 500 

significant differences within our assemblage, but this is most likely related to its different 501 

photosynthetic sub-pathway, as discussed above. We did not observe differences related to 502 

Δ13C values variability across cultural phases and species (varying from 0.2 to 0.5 ‰ SD) 503 

(Table 1). It was previously noted for C3 plants that a high Δ13C variability (SD > 0.7 ‰) can 504 

be indicative of different harvests (Heaton et al. 2009). However, our assemblage is 505 

composed uniquely by C4 plants for which experimental studies on environmental influence 506 

are low in number and sometimes contradictory (Farquhar et al. 1989; Schulze et al. 1996; 507 

Van de Water et al. 2002; Swap et al. 2004; Weiguo et al. 2005; Murphy and Bowman 2009; 508 

An et al. 2015; Flohr et al. 2019). 509 

Merging the archaeological evidence from Takarkori: the role of seeds in 510 

the human diet 511 

Considering the diagenetic alteration observed and the little variability in the carbon stable 512 

isotopes of these C4 species, it is difficult to use these results to infer about local economy. 513 

Nevertheless, we can use at least the stable carbon isotope values to question the human 514 

diet relying on previously published data on Takarkori. We compared δ13C and δ15N values 515 
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of the seeds with those of humans and animals from the site previously discussed by di 516 

Lernia and Tafuri (2013) to evaluate their contribution to the human diet. Considering the 517 

stable carbon isotope values of the C4 seeds from this study, the diet of the humans appears 518 

to be composed predominantly of C4 sources, as also suggested by recent organic residue 519 

analysis (ORA) of ceramics from Central Sahara (Dunne et al. 2012; Manning et al. 2023), 520 

although that of the only individual from the LP phase might have reflected a mixed isotopic 521 

signal (e.g. from C3 and/or aquatic sources) (Figure 4). Leaving aside the nitrogen isotopes 522 

from seeds that we have outlined is diagenetically altered, we can use humans and animals 523 

to explore relative contributions of the dietary protein component. If we consider a Δ15Ndiet-524 

consumer offset of around +5‰ (Fernandes 2016), the diet of the humans from Takarkori 525 

should be composed of a source (or a mix of sources) with an average δ15N value of ca. 8‰. 526 

The only two animals that provided isotopic values from the site exhibit higher δ15N values 527 

(Ovis vel Capra: 10.1‰; Bos taurus: 12.9‰) than this hypothetical source, therefore animal 528 

products most likely contributed only in part to the human diet. By looking at the human and 529 

animal data alone, the rest of the diet would be composed of lower trophic level sources, 530 

most likely plant food. However, the δ15N values of the seeds analysed in this paper are 531 

much higher than the human value (Δ15Nseeds-human: +7.4‰), which would imply that these 532 

seeds were not consumed by the humans analysed from Takarkori. Nonetheless, we should 533 

consider that the δ15N values of these seeds are most likely affected by diagenetic 534 

processes as suggested above (Figure 4). This would also be in contradiction with the 535 

archaeological record which suggests that these seeds were collected mostly for human 536 

consumption. To confirm our conclusion, further analysis of non-diagenetically altered plant 537 

material from the area would be necessary, also considering the limited animal sample 538 

available. Moreover, the humans buried at the rock shelter and analysed by di Lernia and 539 

Tafuri (2013) are only females and children, thus socio-cultural -and biological- factors that 540 

might have influenced the reconstructed dietary intake should also not be excluded.  541 

Conclusion 542 

We have presented the first evidence of stable carbon and nitrogen isotope data of 543 

archaeological uncharred seeds from an African context and one of the few examples of 544 

stable carbon and nitrogen isotope data from desiccated archaeological plant material. The 545 

wild cereals analysed at Takarkori come from different phases of human occupation, 546 

spanning approximately from ca. 7500 to 3500 cal BCE and corresponding to the cultural 547 

phases from Late Acacus 2 and 3, to the Middle Pastoral 2 and 3, going through different 548 

environmental and climatic conditions. The Takarkori rock shelter is an exceptional site: it is 549 

multipurpose (dwelling area, burial ground, animal management site and so on) and the wild 550 
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seeds recovered were accumulated over a long occupation spanning approximately four 551 

millennia. Our results show that the nitrogen isotope data are most likely affected by 552 

diagenesis and possibly altered by the presence of coprolites and dung layers in the 553 

sediments. However, we noticed that samples from the Late Acacus 3 phase, and in 554 

particular the Sorghum samples, are less affected by diagenesis, which might be explained 555 

considering the structure of seeds belonging to this species. Nevertheless, experimental and 556 

reference values would be needed in order to confirm this. Our carbon isotope results show 557 

that there is no significant difference between plants and from different phases, with the only 558 

exception being Panicum, which is most likely related to its different physiology compared to 559 

the other species (NAD-ME photosynthetic sub-pathway). Results were also explored by 560 

type of accumulation (“spot” of whole spikelets without glumes or “mix” of plant fragments) to 561 

evaluate differences in terms of human and animal consumption, and they suggest lack of 562 

differentiation. Similarly, no difference in the data according to type of deposition was 563 

observed. Therefore we conclude that significant difference occurs only in relation to the 564 

different physiology of Panicum, underlying how further experimental studies on these 565 

species are needed to understand their isotopic response and application in archaeological 566 

studies. The associated resilience of human acquisitive economy in a changing environment, 567 

which is well pictured in the continued exploitation of wild cereals over several millennia, 568 

speaks of a skilled adaptive response of people occupying the Central Sahara across the 569 

Early and Middle Holocene. However, given the current experimental evidence, we are 570 

unable to use the stable isotope evidence obtained in this study to support such resilience. 571 

This limitation arises from diagenetic alterations which seem to affect the stable nitrogen 572 

isotope values and the limited sensitivity of δ13C values in C4 plants to water availability. Our 573 

work further reveals that stable isotope data from plant assemblages should take into 574 

consideration plant physiology, metabolism, and behaviour, which might have an impact on 575 

results obtained. We however have to acknowledge that experimental studies on C4 plants 576 

and their response to changing environmental conditions are low in number and sometimes 577 

contradictory. To do so, we call for an increase in experimental application regarding C4 578 

species, which are still a small minority compared to studies on C3 plants, since these plants 579 

represented the staple of human diet in different parts of the world, including the Central 580 

Sahara.  581 
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