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 29 

Abstract – The hard and soft tissue remains of a pre-Hispanic population of the Gran Canaria 30 

Island at six different archaeological localities were studied using 14C dating and stable 31 

isotope compositions. Radiocarbon dating indicates island occupation ranging from the 32 

beginning of the 7th to the mid-14th century. We analyzed the oxygen isotope compositions of 33 

apatite phosphate bones of some pre-Hispanic individuals. The oxygen isotope compositions 34 

of meteoric water (δ18Ow) show a significant decrease from -2.1±1.5 to -4.4±1.2 ‰ 35 

(VSMOW) from the Medieval Warm Period (MWP) to the Little Ice Age (LIA). This is 36 

interpreted to reflect a decrease in air temperature by about 5±3°C. Archaeological data along 37 

with δ13C, δ15N and δ34S values of soft tissue indicate that the pre-Hispanic population from 38 

Gran Canaria relied on agriculture throughout the 7th to mid-14th century. However, a 39 

significant contribution of seafood to the diet of the pre-Hispanic population is observed at 40 

archaeological sites located close to the shore. These results suggest cultural resilience in the 41 

pre-Hispanic population of Gran Canaria, reflected in the relative constancy of their diet in 42 

light of climate change.  43 

 44 
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 54 

1. Introduction 55 

Since the beginning of the Holocene (Moberg et al., 2005; Marsicek et al., 2018), 56 

including the last millenium (e.g. Soon and Baliunas, 2003), significant warming and cooling 57 

events have been documented throughout the Holocene. Climatic variations may impact 58 

civilizations through disease, starvation, migration, revolution, and wars, along with the long-59 

term risk of eroding their cultural identity (e.g. DeMenocal, 2001; Prentice, 2009; Büntgen et 60 

al. 2011; 2016). 61 

Holocene climatic change recorded for the past 5,000 years has been attributed to 62 

collapses of civilizations such as the Akkadian of Mesopotamia (about 2200 BCE), the 63 

Mayan of the Yucatán Peninsula (about 1500 AD), the pre-Inca Tiwanaku of the Bolivian–64 

Peruvian Altiplano (about 1000 AD; DeMenocal, 2001), and the Norse from Greenland 65 

(around 1450-1500 AD; Arneborg et al., 2002; Dugmore et al. 2007; D’Andrea et al., 2011). 66 

In contrast, despite experiencing severe drought for several millennia, long-term resilience 67 

has been documented for the Ancient Egyptians (Touzeau et al., 2013).  68 

The main climatic changes of the last two millennia are the Medieval Warm Period 69 

(MWP) from about 1000 to about 1300 AD (Le Roy Ladurie, 1971), and the Little Ice Age 70 

(LIA) from about 1300 to about 1850 AD (Le Roy Ladurie, 1967). In Europe, the LIA was 71 

characterized by colder climates, early snow events, frequent storms of high magnitude and 72 

recurrent floods. The LIA was a period of repeating cooling events, each characterized by low 73 

sunspot activity, decreased solar irradiance and magnetism (e.g. Easterbrook, 2016). In 74 

Europe, many societies showed increased vulnerability and lowered resilience during periods 75 

of extreme storm activity impacting the English, Dutch, Danish and German coasts (e.g. 76 

Lamb, 1980; Athimon and Maanan, 2018). 77 
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A number of causes have been proposed to explain the peculiar climatic conditions of the 78 

LIA. Several authors (DeMenocal et al, 2000; Maslin et al., 2001; Paasche and Bakke, 2010; 79 

Henke et al., 2017; Ilyashuk et al., 2019; Fang et al., 2019) suggested that the LIA was 80 

initiated by a major shift in atmospheric circulation patterns of the Intertropical Convergence 81 

Zone (ITCZ), the West African Monsoon (WAM), the Northern Annular Mode (NAM) also 82 

called Arctic Oscillation (AO), the North Atlantic Oscillation (NAO) and the El Niño–83 

Southern Oscillation (ENSO). Those atmospheric perturbations were documented altogether 84 

around 1400 AD at a time of reduced solar activity (Spörer, 1450–1550 AD; Maunder, 1645–85 

1715 AD and Dalton, 1790–1820 AD), lower sunspot occurrence (Paasche and Bakke, 2010; 86 

Easterbrook, 2016; Owens et al., 2017; Zharkova et al., 2019), as well as a decrease in 87 

greenhouse gas contents (CO2 and CH4), which remained low until about 1800 AD 88 

(Robertson et al., 2001; Siegenthaler et al., 2005; Macfarling Meure et al., 2006). 89 

Volcanic eruptions are known to have a notable impact on climate because they release 90 

dust clouds and sulfur dioxide into the atmosphere as exemplified by the Laki eruption on 91 

Iceland (Thordarson and Self, 1993). Another consequence of volcanic eruptions, besides a 92 

cooling of the atmosphere, is a weakening of westerlies in the following decade (Shindell et 93 

al., 2003). Such catastrophic events are considered key roles in the disturbed and colder 94 

climatic conditions that prevailed with the onset of the LIA (e.g. Miller et al., 2012; 95 

Brönnimann et al., 2019). 96 

 Another recent and different explanation for colder climatic conditions during the 16th 97 

century, is human-induced perturbation of the carbon cycle with the European conquest of the 98 

Americas in 1492. Indeed, Koch et al. (2019) proposed that the “Great Dying” of indigenous 99 

populations of the Americas resulted in abandoned sites. Subsequent growth of vegetation on 100 

the vacated land surface, covering about 5.6x105 km2, extracted a substantial amount of 101 
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carbon dioxide from the atmosphere resulting in a decrease of air temperature (Koch et al., 102 

2019). 103 

Most records of LIA climatic conditions were obtained from high-latitude archives of the 104 

Northern Hemisphere, particularly the North Atlantic region and Europe (Mann et al., 2009). 105 

Therefore, it was originally thought that the LIA mainly, or only, impacted the mid- to high-106 

latitudes (Lane et al., 2011), and consequently the populations living in those areas. 107 

Nonetheless, climatic perturbations contemporaneous to the LIA were also recorded at low 108 

latitudes in the Caribbean Islands (Lane et al., 2011), in South America (Brown and Johnson, 109 

2005), in equatorial Africa (Verschuren et al., 2000; Russel and Jonhson 2007), in East Africa 110 

(Russell et al., 2007), in tropical southeast Africa (Johnson et al., 2001; Brown and Jonhson, 111 

2005), in South Africa (Huffman, 1996; Tyson et al., 2000; Holmgren et al., 2001) and in 112 

tropical northwest Africa (DeMenocal et al., 2000) (Supplementary Figure 1; Supplementary 113 

Table 1). 114 

Located in the eastern part of the central Atlantic Ocean, Gran Canaria is one of the 115 

seven main islands of the Canary Archipelago which is situated close to the Sahara coast (≈ 116 

200 km), ranging from 27° to 29°N latitude (Figure 1). Although many uncertainties remain 117 

so far, the Canary Archipelago was colonized by people of North African origin at the 118 

beginning of the first millennium AD (Velasco-Vázquez et al, 2019). This hypothesis has 119 

been reinforced by genetic studies (Pinto et al., 1996; Rando et al., 1999; Maca-Meyer et al., 120 

2004; Arnaiz-Villena et al., 2015; Rodríguez-Varela et al., 2017). Strong cultural differences 121 

exist between the archaeological remains of the different islands. For example, remains from 122 

Gran Canaria tend to support the existence of a proto–urban society, adapted to the specific 123 

geoclimatic conditions of the island marked by an abrupt landscape with central mountains 124 

reaching nearly 2000 m. 125 
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Human resilience to past climate changes may be approached through the lens of the 126 

cultural heritage record, which includes the relative steadiness of diet composition. In order to 127 

test such hypothesis, we analyzed the isotopic compositions of the pre-Hispanic people living 128 

on Gran Canaria. Oxygen isotope ratios of human bones were measured in order to estimate 129 

changes in the composition of meteoric waters that constitutes a proxy of mean annual air 130 

temperature. Bone collagen was analyzed for its stable isotope compositions (δ13C, δ15N and 131 

δ34S) in order to estimate the diet, especially to distinguish between dietary products derived 132 

from inland agriculture, cattle raising, and by fishing. In addition, a large dataset of new 14C 133 

dates was obtained from the human collagen to provide a timeline whether or not climate 134 

change, which took place during the transition between the MWP and the LIA, had an impact 135 

on the diet of the inhabitants of the island of Gran Canaria. 136 

 137 

2. Pre-Hispanic people from Gran Canaria 138 

 The Canary Islands were originally settled by people from North Africa belonging to 139 

the Amazigh sphere. Cultural material and linguistic evidence revealed this origin, and was 140 

confirmed by genetic data (Fregel et al., 2009; Guatelli-Steinberg et al., 2001; Maca-Meyer et 141 

al., 2004). However, the exact geographic area of North Africa where the colonizers came 142 

from and the precise processes of colonization remain unclear. According to the latest 143 

radiocarbon studies, those people probably arrived around the beginning of the first 144 

millennium AD (Velasco-Vázquez et al., 2019). The Amazigh settlers introduced 145 

domesticated plants (barley, wheat, fig, and some pulses) and livestock of goats, sheep and 146 

pigs, ensuring a steady food supply. 147 

Once the Canary Archipelago was settled, it remained relatively isolated although 148 

there is evidence of later arrivals once again linked to the Amazigh cultural context. 149 

Paleogenomic analysis revealed that some islands experienced a single colonization event 150 
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while others, such as Lanzarote, Fuerteventura and Gran Canaria, experienced at least a 151 

second event (Fregel et al., 2015; 2019; Ordoñez et al., 2017; Santos et al., 2010). Each 152 

insular population developed a specific economy and social structure conditioned by the 153 

natural peculiarities of each territory. This changed once Europeans discovered the 154 

archipelago in the 13th to 14th centuries AD. In the late 15th century, the Crown of Castile 155 

conquered the islands leading to extirpation of the indigenous culture.  156 

The earlier population on Gran Canaria, known as ancient Canarians, is assigned to the 157 

3rd–4th century AD (Alberto et al., 2019; Velasco-Vázquez et al., 2019). Archaeological 158 

investigations revealed a complex development with profound changes throughout their 159 

historical evolution. In the early stages of settlement, these people exhibit an agro-pastoralist 160 

organization, linked to the use of caves and with a major role for livestock in its production 161 

base. In this first stage, the interpersonal relationship system suggests a preponderance of 162 

group behaviour in which the sense of community prevailed, without excessive distinction in 163 

the social consideration of people. From the 6th-7th centuries AD, this dynamic came into 164 

conflict with the role of agriculture, as a support for the economic system and as the 165 

foundation of its organizational system.  166 

From the 11th century AD, the preceding situation of rupture and imbalance was fully 167 

consolidated in favour of a hierarchical organization agricultural in nature. Archaeological 168 

data indicate a significant demographic increase, as well as the flourishing of stone house 169 

settlements located in the fertile plains of the mouth of the great ravines and somewhat later in 170 

the coastal areas. This last stage of development was characterized by a stratified society, with 171 

agriculture being the most important economic activity, based on barley (Hordeum 172 

vulgare ssp.), wheat (Triticum aestivum/durum), and figs (Ficus carica) as the most common 173 

species found in archaeological sites. In addition, wild fruits such as dates of Canarian palm 174 

(Phoenix canariensis) were gathered by the indigenous population, incorporating them into 175 
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their diet. (Morales, 2019; Morales et al., 2014; Hagenblad et al., 2017). A number of 176 

communal fortified granaries were carved into volcanic tuff rock to store the crop. Vegetarian 177 

diet was complemented with cattle products (Alberto et al., 2017). Fishing was also practiced 178 

as testified by fish remains of Sparisoma cretense, Clupeidae, Engraulis encrasicolus 179 

(Rodríguez Santana, 1996) and shells of Osilinus and Patella being frequently recovered from 180 

archaeological records of villages next to the sea.  181 

 Several results of paleodiet analyses of human bones and teeth support the above 182 

considerations and the importance of cultivated plants in the diet of the ancient Canarios (cf. 183 

trace element patterns, stable isotope compositions of soft tissues, high prevalence of dental 184 

caries or high proportion of osteopenia; Velasco-Vázquez et al., 2000; González-Reimers et 185 

al., 2002; Delgado-Darias et al., 2005; Arnay-de-la-Rosa et al. 2010). The analysis of 186 

entheseal changes in bones of ancient Canarios is consistent with a dominant position of 187 

agriculture in the daily activity of pre-Hispanic people in Gran Canaria (Santana Cabrera et 188 

al., 2012). This economic structure allowed Gran Canaria to support a high population density 189 

in pre-Hispanic times. According to archaeological data and ethnohistorical texts, nearly 190 

30,000 to 50,000 Canarios inhabited the island when Europeans landed. 191 

 192 

3. Material and Methods 193 

3.1. Archaeological sites 194 

Guayadeque is a large ravine in the southeast mountains of the island (Figure 1). 195 

Several villages are spread throughout the ravine, comprising natural and artificial caves for 196 

dwelling and collective granaries revealing extensive agricultural activity. Food remains such 197 

as seeds and fruits of the diet of the pre-Hispanic inhabitants have been recovered from these 198 

storage areas. Next to these domestic sites, several cemeteries were also established in caves. 199 

They consist of collective burials in which individuals were deposited wrapped in shrouds 200 
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made of rush fibres or animal skins, following the common mortuary practices of the ancient 201 

Canarians (Alberto et al., 2014). The environmental conditions in the caves led to the 202 

desiccation of the human soft tissue of some individuals, as well as that of their shrouds, in 203 

the same way it occurs with domestic plants, insects and other organic artefacts in domestic 204 

caves (Henríquez-Valido et al., 2019; Vidal-Matutano et al., 2020). Absolute dating of some 205 

human skeletal remains (Velasco-Vázquez et al., 2019) range from 1550±30 BP to 768±25 206 

BP. 207 

Acusa is located inland on the western part of the island (Figure 1), placed on a 208 

volcanic plateau surrounded by cliffs. It can be considered as a strategic site regarding the 209 

space available for crops, cattle raising, fodder storage and water supply. This is a large 210 

settlement consisting of natural and artificial cave-rooms, communal granaries and collective 211 

burial sites. Some of these funerary caves were excavated at the beginning of the 20th century, 212 

recovering human remains shrouded in animal skins and rush fibres, together with some 213 

funerary wood boards where the corpses lay. As in Guayadeque valley, the excellent 214 

preservation of these remains was propitiated by the natural environmental conditions of the 215 

caves. Radiocarbon dating of these human remains ranges from 1540±30 BP to 1230±30 BP 216 

(Delgado-Darias, 2020; Velasco-Vázquez et al., 2019). 217 

Andén del Tabacalete or Roque Camello is one of the three peaks raised in the 218 

volcanic basin of Tejeda, in the mountainous central area of the island. This place hosts 219 

abundant vestiges of aboriginal settlements with more than a hundred of natural and artificial 220 

caves for housing, long-term storage of food products and necropolises. One of these 221 

cemeteries is located in the south face of the Andén del Tabacalete peak, near its top, 222 

consisting of small collective caves. Some of them were excavated in the 30s and 40s, 223 

recovering human remains and fragments of rush fibres (Delgado-Darias, 2009). 224 
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El Agujero-La Guancha is referred to a stone house village and a salient necropolis 225 

located in the northwestern coast of the island. The cemetery comprises individual stone cists 226 

and oval burial pits dug directly into the ground, arranged in seven units that show different 227 

dimensions and complexity. Each of them is defined by stone structures that organize and 228 

divide the burial space, denoting a hierarchical layout. Two of these structures were dug in the 229 

30s, recovering the remains of 6 and 58 individuals. According to radiocarbon dating obtained 230 

so far, the necropolis was in use between 910±40 BP and 530±40 BP (Santana Cabrera et al., 231 

2012). 232 

Lomo Maspalomas, located in the southernmost part of the island (Figure 1), was a 233 

large necropolis of around 2000 m2 with 142 graves in oval burial pits and, to a lesser extent, 234 

in cists. Most of them were individual tombs, arranged into groups (Alberto and Velasco, 235 

2009-2010). This site was probably highly strategic for the inhabitants of the southernmost 236 

part of the island, with close vicinity to the coast and the mouth of the Fataga ravine. 237 

Radiocarbon dating places the age of the necropolis from 820±40 BP to 440±30 BP (Santana 238 

Cabrera et al., 2012; Velasco-Vázquez et al., 2019). 239 

El Hormiguero, located in the northernmost part of the island (Figure 1), is another 240 

coastal cemetery consisting of small collective funerary caves. In the late 60s, two of them 241 

caves (number 4 and 5) were excavated. Skeletal remains of 12 and 4 individuals were 242 

recovered from each one and rush fibres from the shrouds that covered the bodies. Stone walls 243 

closing the entrance of both caves were documented and also divided the internal space of 244 

cave number 5 (Navarro Mederos, 1979). Radiocarbon dating available from human bone 245 

samples (cave 4) places this cemetery at about 950±30 BP (Santana Cabrera et al., 2012).  246 

Different funerary practices following a marked diachronic order can be distinguished 247 

among the ancient Canarians. Thus, collective funerary caves spread across the island along 248 

the whole pre-Hispanic period, characterized by a close link to dwelling places. Between the 249 



 11

7th and 11th centuries, the ancient Canarians built large tumular necropolises in lava flows and 250 

rocky areas. From 11th-12th centuries up to the moment of the Castilian Conquest (1483), they 251 

buried their dead in cemeteries consisting of pits and cists, most of them located on the 252 

coastline, and close to the villages. 253 

These changes in funerary traditions over time have been recently related to internal 254 

processes of social and economic changes, in which interpersonal relationships became more 255 

asymmetrical, without ruling out possible punctual arrivals from North Africa that could 256 

introduce new cultural habits (Alberto et al., 2019; Fregel et al., 2019). Despite the different 257 

typology, organization and dimensions of the cemeteries, the treatment of the corpses 258 

(covered by either a shroud of animal skins or rush fibres) and the arrangement of the bodies 259 

in the tombs (laid down in an extended supine) did not change with time. 260 

 261 

3.2. Sampling 262 

3.2.1. Hard and soft tissues from human, cattle and food remains 263 

All the samples analyzed in this study came from the anthropological collection of El 264 

Museo Canario, Las Palmas, Spain. Human and cattle remains were found in six 265 

archaeological sites (Figure 1), which are from north to south 1) Agujero-La Guancha, 2) 266 

Hormiguero, 3) Acusa, 4) Tejeda, 5) Barranco de Guayadeque, and 6) Maspalomas. The 267 

sampling performed on human and animal remains for 14C dating (bone collagen), the oxygen 268 

isotope compositions of the cortical part of the bone or tooth phosphate, and the carbon, 269 

nitrogen and sulfur isotope compositions of bone and soft tissues are given in Supplementary 270 

Tables 2, 3 and 4, respectively. The location and nomenclature of skeletal bones and teeth as 271 

well as the types of organic matter (bone collagen, skin, tendon, animal leather) we analyzed 272 

are also given in Supplementary Tables 3 and 4. In addition, a few remains of food (fig, wheat 273 

and barley seeds) stored in the caves were also analyzed for their carbon, nitrogen and sulfur 274 
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isotope compositions (Supplementary Table 4) as well as of the rush fibres (Supplementary 275 

Table 4) used for wrapping of the human bodies. 276 

 277 

3.2.2. Present-day fresh and marine water samples 278 

   Three sea surface waters (GC-1 to GC-3) and eleven fresh water samples (GC-4 to 279 

GC-14) were sampled in different spots of Gran Canaria. Location and altitude relative to sea 280 

level are given in Figure 1 and Supplementary Table 5. Seawater was sampled along the 281 

northern and southern coasts at a depth range of 1 to 2 meters below sea level. Fresh waters 282 

are either flowing waters in springs, irrigation ditches or surficial wells feed by rain. One 283 

sample (GC-14) corresponds to water sampled in a natural pond (Supplementary Table 5). 284 

 285 

3.3. Radiocarbon dating and stable isotopes analyses 286 

All methods for extraction of soluble collagen, radiocarbon dating, hydrogen and 287 

oxygen isotope analyses of present-day waters, oxygen isotope analysis of phosphate as well 288 

as carbon, nitrogen and sulfur isotope analysis of collagen are available in Supplementary 289 

Material (Methods). 290 

 291 

4. Results 292 

4.1. 14C dating 293 

Twenty-nine calibrated 14C dates obtained from human and cattle bone collagen range 294 

from 553-648 cal AD (95.4%) to 1310-1431 cal AD (95.4%) (Supplementary Table 2). These 295 

dates encompass the transition between the Medieval Warm Period (MWP) (highlighted in 296 

grey in Supplementary Table 2) and the beginning of the Little Ice Age (LIA). Ranges of 297 

calibrated dates obtained for each studied archaeological site are reported in Figure 1. Here, 298 
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we emphasize that the two archaeological sites (Agujero, Maspalomas) occupied by pre-299 

Hispanic populations during the LIA are located along the coast. 300 

 301 

4.2. Hydrogen and oxygen isotope compositions of present-day waters 302 

Waters from Gran Canaria were collected from 27th to 29th August 2018. Sea surface 303 

waters have δ18Osw of 0.97‰, 0.83‰ and 0.87‰ (VSMOW) with an average value of 304 

0.89±0.07‰ (Supplementary Table 5). This mean value compares well with data published 305 

by Clauzel et al. (2020) for the coastal sea surface waters of Lanzarote (δ18O = 1.09‰) and 306 

Fuerteventura (δ18O = 1.08‰), the easternmost islands of the archipelago (Figure 1). Such 307 

oxygen isotope compositions are higher than the SMOW reference reflect a tropical 308 

environment where the ratio between evaporation and precipitation is higher than one. Indeed, 309 

the Köppen-Geiger climate subtype climate mode (Kottek et al., 2006) for the island is rated 310 

as Bwh (Tropical and Subtropical Desert Climate) with a mean annual air temperature 311 

(MAAT) of 20.7°C, the warmest month is August (T = 24.2°C) and the coldest month is 312 

January (T = 17.6°C). Mean annual precipitation (MAP) is close to 135 mm (National Center 313 

for Atmospheric Research). 314 

Fresh waters have δ2H and δ18O values ranging from -23.8 to 1.7 and from -4.93 to -315 

0.03 ‰ (VSMOW), respectively. Both δ2H and δ18O values define a line whose slope ‘S’ is 316 

5.54±0.52 with an intercept ‘d’ of 5.42±1.95 (Figure 2), which reflects the local meteoric 317 

water line (LMWL). However, water sample GC-6 suffered significant evaporation while 318 

resting in a pond, as testified by its high δ2H and δ18O values close to the SMOW values 319 

(Figure 2). Therefore, it was excluded from the dataset before computing the LMWL (Figure 320 

2), for which the linear correlation is highly significant according to the Pearson’s product 321 

moment correlation (p = 5.4x10-6 for the null hypothesis H0 = no correlation between the two 322 

variables). Compared to the Global Meteoric Water Line (GMWL), as defined by Dansgaard 323 
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(1964), both slope (as low as 5) and intercept lower than those of the GMWL (S = 8; d = 10; 324 

Figure 2) constitute parameters commonly documented in tropical islands (Dansgaard, 1964). 325 

An altitude effect upon the stable isotope compositions of meteoric waters (δ18Omw) is 326 

also observed in Gran Canaria (Figure 3). For example, δ18Omw values (‰ VSMOW) 327 

negatively correlate with altitude (in meters a.s.l.). The slope of the line of best fit 328 

corresponds to a decrease in δ18Omw by 1.97±0.91 ‰ per 1,000 m (R = 0.61). Even if 329 

significant (Pearson’s product moment correlation test: p = 0.06 for the null hypothesis H0 = 330 

no correlation between the two variables), the rather weak correlation results from the sample 331 

strategy. Indeed, water was collected from springs, i.e. where the water table intersects the 332 

Earth’s surface, which implies that the altitude of catchment is most likely higher in several 333 

cases. The gradient we calculated fall in the range of those documented by Gonfiantini et al. 334 

(2001) who established oxygen isotope gradients for meteoric waters with altitude (per 1,000 335 

m) of -1.56±0.05 ‰ for Mount Cameroon, Africa, and of -2.39±0.15‰ for two Altiplano-336 

Amazon transects through Bolivia.  337 

 338 

4.3. Oxygen isotope analysis of skeletal apatite phosphate 339 

Oxygen isotope compositions of apatite phosphate (δ18Op) have been determined on 340 

skeletal remains of pre-Hispanic populations (Supplementary Table 3). As a whole, their 341 

δ18Op values range from 17.6‰ to 21.8‰ with a mean of 19.3±0.9 ‰ (VSMOW). Range and 342 

mean of δ18Op values (VSMOW) obtained for each studied archaeological site are represented 343 

in Figure1. It is worthy to mention that there is quite large variation in δ18Op values of 344 

individuals at any given site. Such pattern could be the result of human mobility within the 345 

island of Gran Canaria as well as the record of an interannual variability in the oxygen isotope 346 

composition of precipitation. 347 
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In a first step, the oxygen isotope compositions of human skeletal remains have been 348 

converted into δ18O of drinking water (assumed to be a good approximation of precipitation in 349 

the island) according to the equation determined by Daux et al. (2008). In a second step, the 350 

calculated δ18Omw were corrected for the altitude effect according to a gradient of -351 

1.97±0.91‰ per 1,000 m (§ section 4.2), to an altitude close to sea level. Those corrected 352 

δ18Omw are reported in Supplementary Table 3 and Figure 4 for further interpretation and 353 

discussion. 354 

 We also analyzed a tooth of a parrotfish (Sparisoma cretense) from Bocabarranco, 355 

Gáldar, Gran Canaria, (Supplementary Table 3), a stone house village dated to the 13th 356 

century (Velasco-Vázquez et al., 2019). This tooth sample provided a δ18Op of 22.1‰ 357 

(VSMOW). Considering that sea-level and the coastal δ18Osw (0.89±0.07‰) remained 358 

constant for the last millenia, a seawater temperature of 22±1°C has been estimated using the 359 

oxygen isotope fractionation equation determined by Lécuyer et al. (2013). 360 

 361 

4.4. Carbon, nitrogen and sulfur isotope ratios of human bone collagen 362 

Bone collagen samples have a carbon amount of between 33.0% and 42.6%, with an 363 

average %C of 40.6±2.0% and a nitrogen amount of between 12.3% and 15.9%, with an 364 

average %N of 15.4±0.8% (Supplementary Table 4). These values are higher than the 365 

thresholds defined by Van Klinken (1999) (%C > 30% and %N > 10%) to assess the 366 

preservation of collagen. C/N ratios range from 3.03 to 3.37 with a mean of 3.09±0.09 367 

(Supplementary Table 4). These values, although a little low, lie in the range recommended 368 

by DeNiro (1985) for well-preserved collagen (2.9 to 3.6) from archaeological human 369 

remains. Carbon, nitrogen and sulfur isotope ratios were measured on four categories of 370 

archaeological artefacts (Supplementary Table 4), which are 1) food remains, 2) rush fibres, 371 

and animal leather wrapping of human mummies, 3) cattle bone collagen, and 4) human bone 372 
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collagen and other soft tissues such as skin and tendon. As a whole, these artefacts have δ13C, 373 

δ15N and δ34S values ranging from -24.6‰ to -18.4‰, 4.0‰ to 13.0‰, and 14.0‰ to 21.1‰, 374 

respectively. A few striking points, however, are underlined: 375 

- In the case of Mummy 6, we notice that soft tissue is depleted in 13C by 1.7‰ and 376 

enriched in 34S by 3.7‰ relative to bone collagen (Supplementary Table 4). Isotopic 377 

differences between bone collagen and soft tissues have been studied on archeological 378 

and modern human individuals (O’Connell et al., 1999; 2001). The enrichment of bone 379 

collagen in 13C by 1.7‰ compared to soft tissues is similar to the offset of +1.4‰ 380 

between bone collagen and hair obtained on modern individuals by O’Connell et al. 381 

(2001). 382 

- Rush fibres have the lowest δ13C values (-24.4‰ and -24.6‰) of our collection of 383 

samples. 384 

- Concerning food remains, cereals are characterized by the lowest δ15N values (4.0‰ and 385 

5.2‰) while the fig has a δ15N of 10.8‰. Animal leather and bone collagen have δ15N 386 

values ranging from 6.5‰ to 11.2‰. Human bone collagens have the highest δ15N values 387 

ranging from 9.9‰ to 12.7‰. These data are compatible with a trophic chain that can be 388 

reconstructed for Guayadeque and Acusa sites.  389 

- Sixteen δ34S values of human bone collagens are higher than 14.1‰ and up to 17.6‰ 390 

with an average value of 15.9±0.9‰ that needs to be compared with the marine end-391 

member (present-day seawater has a δ34S of 20.99±0.25‰; Rees et al., 1978) that can be 392 

estimated by the δ34S of 20.3‰ measured in a Patella shell from the Bocabarranco site 393 

(Gáldar) close to Agujero (Figure 1).  394 

- Human bone collagen recovered from the sites occupied during the LIA have average 395 

isotopic compositions which differ from those documented in sites occupied by humans 396 

during the MWP by +0.5‰ for δ13C, +1.3‰ for δ15N and +0.9‰ for δ34S (Figure 5). In 397 
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addition, positive correlations are observed between δ15N and δ13C values (R = 0.50; 398 

Figure 6) and between δ15N and δ34S values of human bone collagen (R = 0.45; Figure 399 

7A). A more robust correlation (R = 0.72; Figure 7B) is obtained when excluding outlier 400 

sample C4Ind10 from the Hormiguero site dated at 1000 to 1160 cal AD.  401 

 402 

5. Discussion 403 

5.1. Update of the occupation chronology of the archaeological sites 404 

 The new series of radiocarbon dating presented in this work, provides a new 405 

framework to the recently proposed occupation processes of the island by the ancient 406 

Canarians (Alberto et al. 2019; Velasco-Vázquez et al. 2019). In these processes, the inner 407 

and mountain areas were the preferred landscapes by the first settlers arriving from the 408 

northern areas of Africa around the 2nd–3rd centuries AD, while maintaining and increasing 409 

the occupation of these areas over time. This scenario is exemplified by the new 14C dates for 410 

Guayadeque, Acusa and Andén del Tabacalete. In the case of Maspalomas and El Agujero-La 411 

Guancha, the new dates reveal that the coastline started to be densely and extensively 412 

populated by the ancient Canarians from the 13th century, but not as soon as the 11th century 413 

as believed so far. Stone house villages with necropolises of pits and cists spread out along 414 

the coast, especially on the fertile plains of ravine mouths.  415 

 This trend observed in the occupation of the island fits in with the most recent 416 

proposals of social and economic changes over time, in the framework of intensification of 417 

agricultural activity together with demographic growth (Alberto et al., 2019; Morales, 2019; 418 

Moreno, 2014; Moreno Benítez and González Quintero, 2014; Velasco-Vázquez, 2014). 419 

 The new radiocarbon data also reinforce our knowledge of the diachrony of the 420 

different funerary expressions, since sepulchral caves such as Acusa, Guayadeque or 421 

Hormiguero were occupied at different times of the pre-Hispanic period, whereas cist and pit 422 
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necropolises such as Maspalomas or El Agujero-La Guancha developed during the 13th–14th 423 

centuries. 424 

 425 

5.2. A record of climate change during the transition between the MWP and the LIA 426 

5.2.1. Altitude effect on air temperatures and isotopic compositions of precipitations 427 

 First of all, it must be kept in mind that the relationships between the present-day 428 

environmental parameters of interest (LMWL, MAAT and isotopic altitudinal gradients) are 429 

considered to be still valid when applied to the periods comprised between the 7th and 14th 430 

centuries. It is probably a robust assumption to consider that these relationships are 431 

conservative for at least the second half of the Holocene (e.g. Rozanski, 1985; Von 432 

Grafenstein et al., 1996). 433 

Hydrogen and oxygen isotope compositions of fresh waters collected in Gran Canaria 434 

reflect, at the first order, the local meteoric water line of a tropical island as shown by the 435 

properties of the linear regression equation (S = 5.54; d = 5.42; R = 0.97) illustrated in Figure 436 

2. Consequently, changes in mean annual air temperatures are estimated by using the 437 

following set of equations. Firstly, the relationship established between the δ18Omw and the 438 

altitude in meters (m) (§section 4.2): 439 

 440 

δ18Omw (‰) = -0.00197(±0.00091)m – 2.69(±0.50)    (1) 441 

 442 

is used to correct the δ18Op of pre-Hispanic individuals from the altitude effect upon 443 

the isotopic composition of precipitation (Supplementary Table 3). Such corrections allow a 444 

comparison of pre-Hispanic individuals within the same reference frame (cf. sea level). 445 

Secondly, we took advantage of the relationship between altitude and mean annual air 446 



 19

temperature (Figure 8A), which has been established according to geographic and climatic 447 

data published in Ninyerola et al. (2005), Martin (2006) and García de Diego et al. (2011): 448 

 449 

MAAT = -0.0044(±0.0004)m + 21.49(±0.44)    (2) 450 

 451 

The Pearson’s product moment correlation was performed to test the null hypothesis 452 

H0 of no correlation between the two studied variables; a p-value of 0.002 supports the 453 

significance of this linear correlation. Moreover, the robustness of equation (2) is also 454 

confirmed by its comparison, within the uncertainties, to that defined in Tenerife Island by 455 

Yanes et al. (2009) who determined a relationship as follows: 456 

 457 

MAAT = -0.005m + 20.5       (3) 458 

 459 

Thirdly, by combining equations (1) and (2), we related MAAT to δ18Omw in Gran Canaria as 460 

follows: 461 

 462 

MAAT = −0.0044	±0.0004� × ��������.��	±�.����
��.�����	±�.������ + 21.49	±0.44�  (4) 463 

 464 

Equation (4) thus allowed us to calculate a difference in MAAT of 5±3°C 465 

corresponding to the difference in the mean compositions of drinking water (∆δ18Op = 466 

2.3±1.9) calculated between the LIA and MWP periods (Figure 4). The estimated uncertainty 467 

of ±3°C associated with the change in MAAT is high because of the propagation of several 468 

sources of uncertainties of which the most critical are the relationship between the δ18Op and 469 

the δ18Omw, and the δ18Omw and altitude. Indeed, in the case of equation (1), we emphasize 470 

again that the location of water sampling may differ from the catchment area. 471 
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 The present-day relationship between MAAT and δ18Omw in Tenerife (IAEA/WMO 472 

data) indicates that a 2.3‰ change in seasonal variations of δ18Omw corresponds to a change 473 

in 4.6(±0.5)°C in air temperature (Figure 8B). A result in accordance with that deduced from 474 

the change in air temperature with altitude according to equation (2). Therefore, according to 475 

equation (4), we consider that a drop in air temperature close to 4°C–5°C (from about 22°C–476 

23°C down to 18°C–17°C) is the most probable scenario that took place in Gran Canaria at 477 

the beginning of the 14th century. The next step is to evaluate how this cooling event recorded 478 

in Gran Canaria compares with the global picture of climate change during the MWP–LIA 479 

transition. 480 

 481 

5.2.2. Climate change in Gran Canaria and the LIA cooling event 482 

 As seen in section 4.3, assuming that the oxygen isotope composition of seawater did 483 

not change in the eastern part of the Central Atlantic Ocean during the two last millennia, 484 

since a seawater temperature of 22±1°C was inferred from the δ18Op of a parrotfish tooth. 485 

Such temperature is in accordance with those (20.7°C < mean T < 22.4°C) calculated from 486 

the oxygen isotope compositions of Patella shells coming from the western Canary Islands 487 

(Tenerife, La Palma, La Gomera) and dated from 700 to 1200 AD (Parker et al., 2020). Sea 488 

surface temperatures close to 21°C–22°C recorded during the MWP resemble those 489 

documented today off the Canary Archipelago with a mean SST of 20.4°C for the period 490 

comprised between 2007 and 2017 (Meco et al., 2018). Similar observations have been made 491 

from a stable isotope study of planktonic foraminifera (deMenocal et al., 2000) extracted from 492 

Core 1H of ODP Hole 685C off Cap Blanc, Mauritania (20°45’N–18°35’W). This 493 

sedimentary record also revealed that SST were reduced in the tropical ocean by 3°C to 4°C 494 

as soon as 1300 AD (deMenocal et al., 2000). These authors also attributed these SST 495 
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fluctuations to changes in the strength of the Canary Current, which is known to transport 496 

temperate to subpolar waters throughout the European margin and West African coast. 497 

 The onset of colder climatic conditions during the LIA was recorded all along the 498 

Atlantic rim including Greenland, Caribbean Islands, South America, South to Northwestern 499 

Africa, and Western Europe (Supplementary Figure 1; Supplementary Table 1 and references 500 

therein). Such observations led Lund et al. (2006) to consider a weakening of the North 501 

Atlantic subtropical gyre accompanied by a southward motion of the Inter Tropical 502 

Convergence Zone (ITCZ). A southward drift of about 5° in latitude of the ITCZ during the 503 

LIA might be forced by a decrease in solar irradiance (Sachs et al., 2009). Paasche and Bakke 504 

(2010) proposed on the basis of proxy observations that the atmosphere was the key “of the 505 

dynamical changes associated with the LIA and that major circulation patterns fluctuated on 506 

century-time scales during interglacial climate conditions”. Considering the cooling event, 507 

which was contemporaneous with the beginning of the LIA, and affected the pre-Hispanic 508 

populations of the Canary Islands, we can ask whether such a climatic perturbation 509 

significantly impacted or not their diet, itself reflecting a potential major change in resource 510 

availability. 511 

 512 

5.3. Did the climate change impact the diet of pre-Hispanic populations? 513 

 Individuals dated from the 7th century (Guadayeque, Tejeda, Acusa) and individuals 514 

dated from the 14th century (Maspalomas, Agujero) lived under different climatic conditions, 515 

respectively the Medieval Warm Period (MWP) and the Little Ice Age (LIA). A difference in 516 

δ18O values of drinking water has been detected between these groups, representing 517 

differences in mean air temperatures (Figure 4). In order to track the diet of pre-Hispanic 518 

populations, we combined the analysis of three stable isotope systems (δ13C, δ34S and δ15N) in 519 

bone collagen and soft tissues of mummified human bodies. 520 
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The carbon isotope signal recorded in bone collagen is mainly influenced by diet in 521 

vegetal species (C3/C4) and marine products (e.g. Schwarcz and Schoeninger, 1991). C3 522 

species (wheat, barley) have been found in several archeological sites, showing that the 523 

vegetal diet of pre-Hispanic populations was made up of C3 plants. Modern wheat and barley 524 

have δ13C values between -25.0‰ and -23.4‰ (Arnay-de-la-Rosa et al., 2010), fitting the 525 

range of C3 plants. Carbon isotope values of archeological seeds, measured in the sites of 526 

Guadayeque and Acusa, fall in the same isotopic range (Supplementary Table 4). While C3-527 

eaters have a carbon isotope value of ≈ -20‰ (Richard and Hedges, 1999), there is a need to 528 

assess the δ13C signature of seafood eaters. Richard and Hedges (1999) estimated that 529 

individuals with a 100% seafood diet should have δ13C values similar to that of marine 530 

mammals of approximatively -12 ‰. Considering two end-members for the diet (full C3 eater 531 

and full seafood eater), we can estimate the proportions of vegetables and seafood in the diet 532 

of individuals using a mass balance equation. For individuals that lived during the MWP, the 533 

average δ13C values of human bone collagen is -19.6±0.41‰, while for those of the LIA the 534 

average δ13C value is -19.08±0.31‰ (Supplementary Table 4; Figure 5). We thus obtained a 535 

ratio between seed±cattle and seafood proportions of 95%–5% during the MWP and 89%–536 

11% during the LIA. Consequently, the diet of the LIA individuals seems to contain more 537 

seafood products, by about 6% more than during the MWP, which is consistent with the 538 

coastal positions of Maspalomas and Agujero. 539 

Nitrogen isotopes are also powerful tracers of trophic chains as observed in Acusa and 540 

Guayadeque (Figure 1). Indeed, an increase in δ15N values from +2.8 to +3.7‰ is observed 541 

throughout the trophic chain, which levels are cereals±fruits, cattle, and humans. This isotopic 542 

fractionation of metabolic origin, which took place from one trophic level to the next, has a 543 

magnitude comparable to those previously reported (from +3 to +4‰) in the literature (e.g. 544 

Minagawa and Wada, 1984; Schoeninger and DeNiro, 1984; Kim et al., 2012). 545 
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The “LIA population” is also 15N-enriched by ≈1.3‰ compared to the MWP 546 

population (Figure 5). On the basis of δ15N values of human bone collagen, the proportion of 547 

seafood consumption is estimated to be close to 20% by assuming a baseline of 9.9‰ (the 548 

lowest observed value for sample 29.983, 7th, from Tejeda, inland; Figure 1; Supplementary 549 

Table 4) for the δ15N values of human bone collagen derived from a diet strictly based on the 550 

consumption of terrestrial products, and a second end-member (mean δ15N = 16.5‰; 551 

Schoeninger and DeNiro, 1984; Nehlich, 2015) based on a diet strictly composed of marine 552 

fish and mammals. At variance with the previous estimate, nitrogen isotope ratios allow the 553 

calculation of a proportion of marine products in the diet of humans about twice those 554 

estimated from carbon isotope ratios. In the case of Gran Canaria there is a large number of 555 

archaeological and anthropological evidence that points to the importance of fishing, 556 

especially from the 12th–13th centuries AD (Rodríguez Santana, 1996; Velasco et al., 2000; 557 

Delgado-Darias et al., 2005; 2006). The consumption levels of fish by the ancient Canarians, 558 

at least at their final stage, are higher than those documented for the rest of the islands, where 559 

seashells were the preferred marine products (Arnay-de-la Rosa et al., 2009; 2010). Fish is 560 

15N-enriched as a consequence of longer trophic chains in marine ecosystems (Schoeninger 561 

andDeNiro, 1984), which results in a higher δ15N signature of human bone collagen than what 562 

was expected from carbon isotope ratios. Therefore, we highlight that the nitrogen isotope 563 

signature of the LIA population indicates an increased consumption of fish, among all 564 

seafood products, as shellfish is less 15N-enriched than fish as a consequence of shorter 565 

trophic chains (Arnay-de-La-Rosa et al; 2010). When combining the carbon and nitrogen 566 

isotope ratios (Figure 6), we observe the same increase in the marine component of the diet 567 

when population migrated to the coast, as it has been shown in other studies conducted in 568 

Southern California (Walker and DeNiro, 1986) or in British Columbia (Schwarcz et al., 569 

2014). 570 
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There is minute biological fractionation of sulfur (0.5‰ ± 2.4‰) during food 571 

assimilation (Nehlich, 2015), which implies that sulfur isotope ratios remain preserved 572 

throughout the food chain (Krouse et al., 1991; Thode, 1991; McCutchan, et al., 2003). In 573 

Gran Canaria, the sulfur isotope ratios of human bone collagen are always high 574 

(Supplementary Table 4), thus reflecting a contamination of the whole trophic chain by the 575 

well-known “sea spray effect” (Krouse et al., 1991; Thode, 1991; Thompson et al., 2010; 576 

Nehlich, 2015). Diets based on terrestrial resources tend to have lower δ34S values 577 

(Thompson et al., 2010). The consumption of marine food is also responsible for high δ34S 578 

values. In the case of Gran Canaria, an increase in consumption of marine products is 579 

consistent with the higher average δ34S value of the LIA population by ≈ 0.9‰ compared to 580 

that during the MWP (Figure 5). The location of the LIA population at Agujero and 581 

Maspalomas, which are essentially on the coast, also explains that they were more likely to 582 

consume seafood and fish compared to the MWP population which lived inland (Figure 1). 583 

On the basis of δ34S values, the proportion of seafood consumption is estimated to be close to 584 

13±10% by assuming a baseline of 14‰ (the lowest observed value is for sample 29.983, 7th 585 

century AD, coming from Tejeda, inland; Figure 1; Supplementary Table 4) for the δ34S 586 

values of human bone collagen only contaminated by sea spray and a marine end-member 587 

value set to 21‰, which is the ratio of modern seawater sulfate (Rees et al., 1978). Within the 588 

large uncertainties associated with those calculations, we may consider that both estimates of 589 

seafood proportion (a few wt%) in the diet are comparable on the basis of δ13C and δ34S 590 

proxies. Figure 7B also shows a combined increase in nitrogen and sulfur isotope ratios 591 

between the “MWP” and the “LIA” populations, which is interpreted as a higher fish 592 

consumption. This result supports the observations made from nitrogen and carbon isotope 593 

ratios, pointing altogether toward a higher marine food consumption for the “LIA” 594 

population. It is thus likely that the inhabitants migrated toward living areas close to the 595 
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coastline where less harsh climatic conditions prevailed than in altitude. Consequently, they 596 

started to consume a significant amount of marine food relative to the diet of pre-Hispanic 597 

people in Gran Canaria. However, these “LIA” populations conserved a diet mainly based on 598 

the consumption of resources of terrestrial origin, thus revealing a form of cultural resilience 599 

despite the colder and more arid conditions of the LIA compared to the MWP. These 600 

conclusions concur with the results obtained by Arnay-de-La-Rosa et al (2009; 2010) and lead 601 

to the same conclusion of a significant marine food consumption by the ancient Canarians in a 602 

very advanced period of their historical development. 603 

 604 

6. Conclusion 605 

Radiocarbon dates of human collagen from the pre-Hispanic population of Gran 606 

Canaria at six distinct archaeological localities revealed different periods of human 607 

occupation between the beginning of the 7th and the mid-14th century. The dates obtained 608 

cover the transition between the Medieval Warm Period (MWP) and the onset of the Little Ice 609 

Age (LIA). 610 

Over this time interval, the oxygen isotope compositions of apatite phosphate (δ18Op) 611 

from bones of pre-Hispanic individuals revealed a decrease from -2.1‰ to -4.4‰ of meteoric 612 

waters, which is interpreted as a decrease in air temperature by about 5±3°C. Our result is 613 

consistent with the sedimentary isotopic record in Core 1H of ODP Hole 685C off Cap Blanc, 614 

Mauritania where SST started to decrease by 3°C to 4°C at the beginning of the 14th century. 615 

Such cooling event most likely resulted from a major reorganization of atmospheric and 616 

oceanic circulations in the North Atlantic Ocean forced by a decrease in solar irradiance. 617 

The stable isotope compositions (C, N and S) of soft tissues suggest that the pre-618 

Hispanic population from Gran Canaria relied mostly on agriculture and the contribution of 619 

seafood products, especially fishes, to their diet was identified in archaeological sites of 620 
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Agujero and Maspalomas located near the coast, with occupation dated contemporaneous to 621 

the LIA.  622 

Our results inferred from stable isotope data and 14C dating of human remains suggest 623 

that the pre-Hispanic population of Gran Canaria developed a resilience to climate change, 624 

reflected in a relatively steady composition of diet over a time interval between the beginning 625 

of the 7th century and the first half of the 14th century. 626 
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Figure captions: 970 

 971 

Figure 1: Geographic maps of the Canary Archipelago and of the island of Gran Canaria with 972 

the location of studied archaeological sites (filled red circles) and sampled marine and 973 

fresh waters (filled blue circles). Pictures were taken from Google EarthTM. Numbers 974 

in brackets represent the range and standard deviation around the mean of δ18Op values 975 

of Canarian skeletal remains.   976 

 977 

Figure 2: A) δ2H–δ18O (‰ VSMOW) bivariate plot for Gran Canaria marine waters (filled 978 

blue circles), fresh waters (filled green circles), SMOW (filled red square). The black 979 

line illustrates the Global Meteoric Water Line (GMWL). B) Linear fit of fresh water 980 

δ2H–δ18O data defines a slope S of 5.54±0.52 and an intercept d of 5.42±1.95 (R = 981 

0.97; n = 10); both being characteristics of Local Meteoric Water Lines observed in 982 

tropical islands. 983 

 984 

Figure 3: δ18Omw–altitude bivariate plot for Gran Canaria fresh water samples. Altitude is 985 

reported in meters above sea level (m a.s.l.). A linear fit of data defines a slope of -986 

0.00197±0.00091 and an intercept of -2.69±0.50 (R = -0.61; n = 10). Sample GC-6 has 987 

been discarded from the data set (Supplementary Table 5) as δ2H and δ18O values 988 

close to the SMOW composition suggest a significant rate of evaporation while water 989 

was resting in the pond. 990 

 991 

Figure 4: Oxygen isotope compositions of rainfall (δ18Omw) corrected from altitude (see 992 

δ18Omw** in Supplementary Table 5) are reported against the calendar 14C dates (years 993 
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AD) measured on human bone collagen (Supplementary Table 2). The mean δ18Omw 994 

of -2.1±1.5 (‰ VSMOW) recorded during the Medieval Warm Period (MWP) is 995 

significantly higher than that of -4.4±1.2 (‰ VSMOW) recorded during the Little Ice 996 

Age (LIA). (see Supplementary Table 6 for statistical tests) 997 

 998 

Figure 5: Carbon, nitrogen and sulfur isotope compositions of human bone collagen reported 999 

as a function of the 14C-determined calendar dates AD (years). Note that the three 1000 

isotopic ratios are significantly higher during the LIA than the MWP (see 1001 

Supplementary Table 6 for statistical tests). Filled red squares represent mean values 1002 

while error bars illustrate standard deviations. 1003 

 1004 

Figure 6: δ15N–δ13C bivariate plot for the bone collagen of pre-Hispanic individuals from 1005 

Gran Canaria. The positive correlation (R = 0.5; n = 16) suggests that a part of the 1006 

variance is due to an increase in seafood consumption but also to an increase in water 1007 

stress between the MWP and the LIA. 1008 

 1009 

Figure 7: δ15N–δ34S bivariate plot for the bone collagen of pre-Hispanic individuals from 1010 

Gran Canaria. A) Linear fit performed with all data (R = 0.45; n = 15) and B) linear fit 1011 

performed without the outlier ‘C4ind10’ (R = 0.72; n = 14). The positive correlation 1012 

suggests that a part of the variance is due to an increase in seafood consumption 1013 

between the MWP and the LIA. 1014 

 1015 

Figure 8: A) Mean annual air temperature (°C) reported against the altitude above sea level on 1016 

the northern side of Gran Canaria. Error bars illustrate the mean range of variations for 1017 

both variables. A linear fit of data defines a slope of -0.0044±0.0004 and an intercept 1018 
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of -21.49±0.44 (R = -0.98; n = 5). B) Monthly air temperature in Tenerife Island 1019 

reported as a function of the δ18O of meteoric waters (‰ VSMOW). Data come from 1020 

the IAEA/WMO database. A linear fit of data defines a slope of 2.01±0.22 and an 1021 

intercept of 22.4±0.43 (R = 0.96; n = 9). No data are available for July, August and 1022 

September because of the absence of precipitations.  1023 
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