Middle Holocene plant cultivation on the Atlantic Forest coast of Brazil?
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Morro do Ouro. Morro do Ouro (MO) is located on the Cachoeira river that drains into Babitonga Bay. The original dimensions of the site are unknown. During the earliest excavations the site measured 140 x 70 x 28 m [1], but by the beginning of this century it had been extensively damaged, and today it measures 90 x 60 x 13 m [2]. From the second half of the 20th century, several preventive archaeological excavations recovered a great amount of artifacts, structures and human burials [1,3,4]. Tiburtius [1] reported zooliths (stone zoomorphic sculptures typically associated with sambaquis [5]), projectile points and other tools and artifacts (made from mammal bones and teeth, and mollusk shells), quartz crystals and ochre pigments as funerary offerings. Lithic artifacts included quebra-coquinhos, chopping tools and flaked stone axes. Beck [3], who only excavated 24 m2 of the north face of the mound, reported marine and terrestrial faunal remains, occupational surfaces, polished stone tools, shell artifacts and human burials. Goulart [4] excavated 1200 m2 and reported finding charcoal, polished stone axes, weights for fishnets, hearth remains and domestic areas.  Faunal remains included mollusks (carib pointed venus, oysters, mussels), fish (e.g. mullet, snook, whitemouth croaker, puffer fish, drumfish, catfish), and terrestrial mammals (e.g. lowland paca, white-lipped peccary) [1]; Ferreira personal communication), but detailed taxonomic and quantitative information is lacking. Plant remains were also recorded, including charred seeds of jerivá palm or palm fruits (Syagrus romanzoffiana) [3,4]. Analyses of micro-remains from dental calculus detected starch grains compatible with sweet potato (Ipomoea batatas), yam (Dioscorea sp.) and Araceae, among other unidentified traces [6]. A total of 116 human burials were recovered at MO [1,3]. Some of them contained mammal vertebrae and teeth, lithic artifacts, ochre and quartz as funerary offerings [1,4]. Radiocarbon dates are reported for a few individuals by Wesolowski [6,7], providing ages of 4,030 ± 40 BP (MO28), 3,870 ± 40 BP (MO80), 4,300 ± 50 BP (MO31). 

Rio Comprido. Rio Comprido (RC) is located near Rio Comprido river, in the city of Joinville. The site, initially reported as a mound of 13 m in height and 60 m in diameter, was first excavated in 1969. The chronology of Rio Comprido is vaguely offered by Prous and Piazza [8] for deposits at different depths spanning a time interval between approximately 4,170 and 4,865 BP. Martin et al. [9] report a 14C date of 4,560 ± 110 BP that appears consistent with Prous and Piazza’s preliminary chronological interval. Lithic artifacts (choppers, flakes and semi-polished axes), charcoal, faunal remains, and pieces of one zoolith were extracted from the pluristratigraphic deposit [8], but no detailed taxonomic and/or quantitative information on food remains is available for Rio Comprido. A total of 67 human burials were excavated [7,8]. Based on field reports, the burials were distributed in at least two funerary packages that possibly represent two distinct occupational phases: an earlier phase (RCI), located at a depth of 2.70 to 6.50 m, and a later burial phase (RCII) between 0.90 and 1.70 m deep [7].

Sample selection. Previous pathological and stable isotope studies have been performed on some of the individuals analysed in this work [6,10,11], but here we expanded the osteological record to integrate a more detailed oral pathology approach on recently dated individuals coupled with new stable isotope analysis of bone and dentin collagen (δ15N and δ13Ccol), and tooth enamel carbonate (δ13Cap). The morphological analyses included sex and age determinations as well as oral pathology analyses of 70 individuals: 28 from RC (divided in two chronological phases: RCI, n = 16; RCII, n = 12) and 42 from MO. Stable isotope analysis was performed for 36 individuals: 16 from RC (RCI, n=9; RCII, n=7) and 20 from MO. 

Sex and age determination. Sex determinations were made for 60 adult individuals based on pelvic and cranial morphology [12] (table S2): 28 from Rio Comprido (divided in two chronological phases: RCI, n = 16; RCII, n = 12) and 42 from Morro do Ouro (MO). Because morphological sex estimation of juveniles is problematic, they were all classified as sex-undetermined. Age at death in adults was estimated by pubic symphysis morphology, 4th rib surface, auricular surface, and cranial suture closure. In subadults, age at death was estimated based on tooth formation and eruption charts, vertebral development and epiphyseal closure (all methods in [12]). Given the uncertainties of exact age determination for fragmented skeletons, such individuals were classified in broad age-categories [12]. As our sampling focused on the best-preserved individuals to guarantee the best possible record of oral pathology and isotope values, it is possible that our sample is not demographically representative [13]. However, the distribution of the analyzed groups by age classes (Tab. S2) does not show significant differences (Pearson Chi Square: X2 = 9.494; df = 8; p = 0.302; Jonckheere-Terpstra Test: Observed J-T Statistic = 829.000; p = 0.068).

Oral health markers. Oral pathology markers are informative about the various dimensions of dietary behaviors and provide valuable data about the cariogenicity of diet, quality and quantity of carbohydrates in the diet and physical features of food (related with preparation and/or conservation techniques [14,15]. We used 11 oral health markers grouped into caries, periodontal disease and dental wear categories [16,17] (tables S3, S4 and S5).
[bookmark: _GoBack]1- Caries frequency (number of carious teeth by total number of preserved teeth); 2 – Antemortem tooth loss (AMTL) frequency (number of AMTL, by total number of preserved alveoli); 3 - Frequency of caries by depth (number of carious lesion by tissue affected per total number of carious teeth). Scores: a) enamel caries; b) dentin caries; c) pulp caries; d) gross- gross caries; 4 - Frequency of caries type (number of a certain type of carious lesion per total number of carious teeth). Scores: a) Occlusal caries usually affect sulci and fossae of premolar and molar occlusal surfaces. b) Pit caries affect vestibular sulci of lower molars, and the cingulum on the lingual surface of upper incisors and canines. c) Smooth surface caries (B/L) penetrate the smooth buccal or lingual surfaces. d) Approximal caries affect the contact area between two teeth. e) Smooth surface caries (M/D) affect the approximal surface below the contact point between two teeth in the coronal cervical third, not affecting the cementum-enamel junction. f) Root surface caries and/or CEJ caries affect uncovered roots or near to the gum rim and the cementum-enamel junction. g) Occlusal attrition, enamel edge chipping and caries refer to the lesions associated with marginal enamel fractures caused by intense dental wear. h) Occlusal wear, dentine caries and pulp exposure refer to the lesions that affect the pulp through dental wear. j) Gross-gross caries refer to wide destruction of tooth crown or root remains. When more than one carious lesion appears in a tooth, the more “cariogenic” score was recorded. For instance: a tooth with two lesions, occlusal and approximal, was classified as Score 4 (approximal caries); 5-7: Prevalence (number of individuals affected by the condition in one population) of caries, AMTL, periapical lesions. 8 - Prevalence of periodontal disease: Frequency of individuals with alveolar resorption score >1 were considered as affected with periodotitis (a clinical stage with inflammatory and alveolar bone loss, mobility and periodontal bags); 9 - Dental calculus index: calculus accumulation in a crown or root of a tooth. Scores: 1) scarce supra-gingival calculus (stain or calcified lines <1 mm of thickness); 2) abundant supra-gingival calculus (>1 mm of thickness); 3) Infra-gingival calculus (below the CEJ) of any thickness. Lingual and buccal surfaces were recorded and a tooth average was computed. The individual index is the average of all teeth recorded. The group index is the interindividual average; 10 - Alveolar resorption index: bone resorption by alveolus Scores: 1) between 2 mm and less than ¼ of root length; 2) between ¼ and ½ of the root length; 3) more than ½ of the root length. Lingual and buccal surfaces were recorded and a tooth average was computed. The individual index is the average of all alveoli recorded. The group index is the interindividual average; 11 - Dental wear index: Use an ordinal scale (scores 1 to 8) to quantify occlusal wear by incisors, premolars and molars. The individual index is the average of all teeth recorded. The group index is the interindividual average. 
Although some oral health markers are age-related (periodontal disease, AMTL, dental wear), the progression of carious lesions (faster or slower) is more dependent on the relative virulence of the oral bacteria and the quantity and quality of carbohydrate consumed than age [18].

Stable carbon and nitrogen isotope analysis of bone and dentin collagen. Bone collagen samples for stable isotope analysis of carbon (δ13Ccol) and nitrogen (δ15Ncol) of bulk collagen (table S6) were extracted at the BioArCh facilities of the Department of Archaeology, University of York (UK). Bones were cleaned mechanically to remove the surface and the extraction followed a modified Longin method [19]; details can be found in previous studies [20]. In short, shards of bones (ca. 200 to 300 mg) were demineralized using 0.6 M HCl at 4 °C for several days, then rinsed with ultrapure H2O (milli-Q®) and gelatinized with 0.001 M HCl at 80 °C for 48 h. Samples were then ultrafiltered (30 kDa, Amicon® Ultra-4 centrifugal filter units; Millipore, MA, USA), frozen and freeze dried. Collagen samples (1 mg) were combusted to obtain CO2 and N2 with a Sercon GSL system attached to a Sercon 20-22 mass spectrometer (Sercon, Crewe, UK). Standardization was carried out using IAEA 600 and IA-006 for δ13C, and IAEA-N-2 and IAEA-600 for δ15N. Precision was <0.2‰ (1σ) for both δ13C and δ15N values. 
Collagen was also extracted from the dentin of 12 and 8 individuals from MO and RCI, respectively, for bulk stable carbon and nitrogen isotopes analysis at the Environmental Isotope Laboratory of the Department of Geosciences, University of Arizona (USA) (table S7). Each tooth was sectioned to separate enamel from dentin. Bulk dentin collagen was prepared using a method modified from [21]. Samples were sonicated in deionized H2O, the outer layer was removed and then ground to < 1.0 mm particle size using a mortar and pestle. Approximately 100 - 500 mg dentin powder was treated with 0.5 M HCl for demineralization, followed by deionized water for neutralization and 0.1 M HCl for acidification. The resultant solids were gelatinized in 0.1 M HCl at 70 °C for 20 h. The final solution was filtered through a 0.45 μm glass microfiber filter, frozen and lyophilized. Collagen samples (1 mg) were combusted to obtain CO2 and N2 with a Costech EA system attached to a Finnigan Delta PlusXL mass spectrometer. Standardization was carried out using IAEA CH-7 and USGS-24 for δ13C, and IAEA-N-1 and IAEA-N-2 for δ15N. Precision was <0.2‰ (1σ) for both δ13C and δ15N values.

Stable carbon isotope analysis of enamel carbonate. Teeth were selected for apatite stable carbon (δ13Cap) isotope analysis from 12 and 8 individuals from MO and RC, respectively. Crown fragments containing only enamel were mechanically cleaned with scrapers, dental brushes, and nitric acid, and powdered with a carbide dental drill. Samples of approximately 20 mg were then immersed in 0.1 N C2H4O2 for 2 h and rinsed three times with distilled water. The enamel powder was allowed to react with H3PO4 and Ag at 70°C in a KIEL-III sample preparation system. The δ13C values of the resultant CO2 were measured using a Finnigan MAT-252 Isotope ratio mass spectrometer. Calibration of the isotope ratios were based on repeated measurements of NBS-19 and NBS-18 with a precision of ± 0.08 ‰ for δ13C (1σ). Cleaning and measurement procedures are based on Koch et al. [22]. 
All teeth sampled represent ages ranging from at least 2-11 years old (1st permanent premolar crown develops between 2-6 years, whereas root develops between 6-11 years) to 10-20 years old (3rd permanent molar crown develops between 9-12 years, whereas root develops between 12-20 years), from infantile to juvenile age-ranges [12]. Diet was estimated for teeth (δ13Ccol, δ15Ncol and δ13Cap values) and bone (δ13Ccol and δ15Ncol values) to explore differences in age, and because not all individuals were equally represented by these elements.
Results of stable isotope analyses are reported in δ-notation, where δ13Ccol, δ13Cap and δ15Ncol values are given as parts per mil (‰) deviations from the standards VPDB (Vienna Pee Dee Belemnite - PDB) for both δ13Ccol and δ13Cap, and AIR (atmospheric N2) for δ15Ncol.

Collagen extraction and stable isotope results. Dentin collagen was successfully extracted from all individuals (n = 20), but only samples with the molecular characteristics of preserved collagen according to the literature [23–26] were included in this study (n = 13; 65 %). The δ13Ccol and δ15Ncol values of dentin ranged from -13.9 ‰ to -13.1 ‰ and from +14.5 ‰ to +15.7 ‰ in RC, whereas in MO the δ13Ccol and δ15Ncol values ranged from -12.9 ‰ to -21.3 ‰ and from +15.4 ‰ to +10.0 ‰, respectively. No significant differences were observed between the sites/series for both δ13Ccol and δ15Ncol values (p = 0.299 and 0.168, respectively). In general, no significant differences were observed between bulk dentin and bone δ13Ccol and δ15Ncol values for MO (n = 4; p < 0.05 for all tests). The small sample size from RC prevented testing differences between bone and dentin collagen for the same individuals. Finally, the δ13Cap values ranged from -9.0 ‰ to -7.3 ‰ in RCI (n = 4) and from -12.3 ‰ to -7.4 ‰ in MO (n = 9), with no significant differences between the sites (p = 0.098). 
Bone collagen was successfully extracted from 29 (93.5 %) out of 31 individuals. The wt % of C and N ranged from 16.2 % to 40.5 % and 5.5 % to 14.5 %, respectively, while the the C:N ratios ranged from 3.3 to 3.6. These values are in the expected range of preserved collagen [23–26]. The δ13Ccol and δ15Ncol values of bone ranged from -11.4 ‰ to -15.2 ‰ and from +16.3 ‰ to +11.7 ‰ in RC, whereas in MO the δ13Ccol and δ15Ncol values ranged from -12.0 ‰ to -20.6 ‰ and from +14.5 ‰ to +7.0 ‰, respectively. No significant differences were observed between the sites for both δ13Ccol and δ15Ncol values (p = 0.261 and 0.326, respectively). Similarly, no significant differences were observed for δ13Ccol and δ15Ncol values between the earlier (RCI) and the later (RCII) phases of RC (p = 0.748 and 0.807, respectively). The δ13Ccol and δ15Ncol values did not differ significantly between sexes for either site (p < 0.05 for all tests). 

Statistical analysis. Depending on variable type and distribution, descriptive and inferential statistical analyses of oral pathology markers were performed using U Mann-Whitney, Kruskal-Wallis, Chi-square, and Fisher exact tests with α = 0.05 using SPSS v. 18.0 package (IBM®). The δ13Ccol and δ15Ncol values (bone and dentin) and δ13Cap values between sites, phases (RCI and RCII) and individuals (sex) were compared using one-way ANOVA (α = 0.05), after checking for normal distribution with the Shapiro-Wilk test for normality (α = 0.05). The δ13Ccol and δ15Ncol values from bone and dentin for the same individuals for MO were compared using a paired t-test (after checking for equality of variance with F test). Statistical tests were performed in PAST 3.x [27].
[bookmark: _l1cknxdiwxxv][bookmark: _30j0zll]The proportional contribution of different food sources to human diet at MO and RC was estimated using a Bayesian mixing model in FRUITS 2.1.1 [28] based on dietary proxies (stable isotopes) of humans and food items. Unfortunately, the faunal remains recovered at MO and RC were not available for isotopic analysis. We therefore used the average δ13Ccol and δ15Ncol values of terrestrial mammals (-22.0 ± 1.2‰ and +8.4 ± 1.7‰ respectively, n = 14) published by Colonese et al. in 2014 (32). These consisted of Late Holocene herbivorous and omnivorous taxa from the Atlantic Forest coast of Brazil (e.g. peccary, lowland paca, brocket deer, howler monkey, six-banded armadillo). Their δ13Ccol values indicate diets based on C3 plant ecosystems. 
[bookmark: _3znysh7]For fish we integrated two sets of samples to take into account fishing in marine and estuarine environments by groups at Babitonga Bay. The first set of samples includes the average δ13Ccol and δ15Ncol values (-11.4 ± 1.4‰ and +13.5 ± 2.0‰ respectively, n = 17) of modern (n = 10) and archaeological (n = 7) fish specimens published in Colonese et al. [29]. These are specimens captured in the open sea and coastal bays of southern Brazil. The δ13Ccol values of modern specimens were previously corrected for the Suess effect [29]. A second set of samples corresponds to modern specimens (n = 5) recently captured in the estuary of Babitonga Bay [30]. The δ13C and δ15N values of flesh were first corrected for the Suess effect (+ 2 ‰) using the δ13C value of the atmosphere in 2010 (-8.4 ‰) [31], and then converted to δ13Ccol and δ15Ncol values (-13.5 ± 1.5 ‰ and +11.1 ± 2.4 ‰ respectively) using offsets between flesh tissue and bone collagen of -2 ‰ and +1.5 ‰ respectively [32,33]. Babitonga Bay is currently an estuary under the influence of freshwater and seawater circulation, with stable carbon and nitrogen isotopic signatures which differ significantly [34]. However, during the Middle-Late Holocene, the area was under a more direct input of oceanic circulation due to the high sea-level stand along the southern coast of Brazil [35–37]. Preliminary analyses of fish remains from MO and other sambaquis in Babitonga Bay reveal that fishing was predominantly practiced in marine and estuarine environments (Fossile, Ferreira, personal communications). This consequently legitimates the use of mixed marine and estuarine fish isotope values for dietary reconstructions at the inner sector of the bay. For plants we used the average δ13C and δ15N values of modern fruits (n = 30), roots (n = 5) and palm-heart (n = 13) (-29.2 ± 3.0 ‰ and +1.1 ± 2.0 ‰, respectively) collected in national parks in the southeastern Atlantic Forest between 2010 and 2012 [38]. The δ13C values were corrected for the Suess effect (+ 2 ‰) using the δ13C value of the atmosphere in 2010 (-8.4 ‰) [31]. Recent studies suggest that some later pre-ceramic coastal populations may have consumed maize [39], a C4 plant. However the δ13C value single amino acids of these individuals indicate that maize or any other C4 plant, if consumed, had a negligible impact on human isotope composition [29]. We have therefore excluded C4 plants from the model input. 
[bookmark: _2et92p0]For each food source the average δ13C and δ15N values of the nutrient fraction (protein, carbohydrate, lipids) was estimated using fractionations reported in [40,41]. For fish and terrestrial mammals the isotopic composition of their nutrient fraction was derived from their average δ13Ccol and δ15Ncol values using the following offsets: -2 ‰ (∆13Cprotein-collagen), -8‰ (∆13Clipids-collagen) and +2 ‰ (∆15Nprotein-collagen). For fish these are: -1 ‰ (∆13Cprotein-collagen), -7 ‰ (∆13Clipids-collagen) and +2 ‰ (∆15Nprotein-collagen). We used a conservative offset for lipid-collagen of -7 ‰, although previous studies suggest that for marine organisms the offset can be higher [42]. For plants, the offsets are: -2 ‰ (∆13Cbulk-protein) and +0.5 ‰ (∆13Cbulk-lipids), and assuming that the δ15N value of plant protein was the same as the average bulk plant δ15N value. A conservative uncertainty of 1 ‰ was used for all offsets.  
[bookmark: _tyjcwt]Since δ13Cap values represent the total carbon in diet [24] we considered the weighted average of each food group (according to nutrient composition) as the source of the δ13Cap values. For practicality, we considered nutrient concentrations (as dry weight) reported in [40]. Instead, for collagen the nitrogen is assumed to derive exclusively from proteins (100%), but carbon isotopes can be variably sourced from carbohydrates and lipids during de novo synthesis of non-essential amino acids [24,43–45]. We have therefore used estimations of carbon isotopes from protein and energy to bulk collagen of 74 ± 4 % and 26 %, respectively [43]. 
In order to integrate this “scramble” effect, a concentration-dependent and routed model was selected for the Bayesian estimations for both teeth and bone isotope data [41]. Lipids and carbohydrates are aggregated as energy in the model input. Diet-to-collagen and diet-to-apatite δ13C offsets (+5 ± 0.5 ‰ and +10.1 ± 0.5 ‰, respectively), and diet-to-collagen δ15N offset (+5.5 ± 0.5 ‰) were taken from [43], and these represent consensus values from distinct experimental studies. Finally, dietary estimations were constrained for a conservative acceptable range of protein intake of >5% and <45% of total calories according to physiological studies [28] (S8 Table).
Dietary estimations from MO and RC were compared with other sites from this region. The Bayesian mixing model was also applied to the average (and standard deviation) δ13Ccol and δ15Ncol values of other pre-ceramic coastal shellmound builders from Babitonga Bay (Cubatão) and its outermost part on the island of São Francisco (Forte Marechal Luz), from the central (Rio Vermelho) and southern (Jabuticabeira II) coast of Santa Catarina state dated between ~4,800 to 1,500 cal BP. We also included individuals who used ceramic vessels associated with the Taquara/Itararé tradition from the island of São Francisco do Sul (Forte Marechal Luz), and from the central (Tapera) and southern (Galheta IV) coasts of Santa Catarina state at ~1,000 cal BP [29,46–49]. For sites outside Babitonga Bay (Forte Marechal Luz, Rio Vermelho, Jabuticabeira II, Tapera and Galheta IV), only fish published in Colonese et al. [29] were used.
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