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A macronutrient-based model using isotope ratios in collagen and enamel
reveals millet consumption by prehistoric Japanese populations
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Background The application of carbon and

nitrogen stable isotope ratios to archaeological  Food source @ h %
Animal Plant

human bones has mostly utilised collagen, which

primarily reflects protein consumption. However, = Macronutrient
apatite, which is the dominant component in Protein Lipid Carbohydrates
bone/enamel mineral and is noted Cao(PO4)sOH>,
has some PO4> ions substituted with COs* during Amino acid \ .
an organism’s lifetime, and reflects all nutrients in ~ 1issue < !\
Collagen Apatite

the diet ([fig. 1]). Previous studies have used both
[fig. 1] Macronutrient routing
collagen and apatite in human bones to identify the consumption
of C4 plants such as maize, and have been successful in detecting it in the early stages of the agricultural
transition from a C3 terrestrial diet. However, marine resources show similarly high '*C/'?C ratios to C4
plants, and it is difficult to distinguish minor consumption of marine sources from that of C4 plants. In order
to assess the usage of C4 agricultural plants by foragers with access to marine resources, it is
necessary to find a new analysis to discriminate between these two foods.
Objective Archaeological evidence has suggested possible cultivation of millets such as foxtail millet and
broomcorn millet, classified as C4 plants, in the Final Jomon-Yayoi period in Japan. This study attempts to
distinguish minor consumptions of C4 millets from those of marine shellfish, a marine resource which shares
a comparatively low '’N /"N with C4 millets. We combined the analysis of two different tissues which reflect
different nutrients, focusing on the significant difference in the distribution of macronutrients (carbohydrates,
lipids and protein) in C4 millets and marine shellfish. Carbohydrates take up the majority (82% in foxtail
millet) in C4 millets, whereas protein is the primary component (72% in hard clam) in marine shellfish.
Therefore, C4 millet is expected to have a more substantial effect on apatite, which reflects the whole diet.
This study built a macronutrient-based model which calculates the effect that the introduction of these foods
brings upon carbon and isotope ratio indexes. The model was then applied to test whether C4 millet
consumption could be detected in dentine collagen and enamel apatite of human teeth samples from the
Jomon to Yayoi period in Japan, a period that saw the transition from foraging to agriculture.

Materials and Methods Construction of the macronutrient-based model: Carbon isotope ratios in collagen

and apatite (8" Ceoltagen, 0" Capatie), isotope enrichment between these two values (A'*Ceoltagen-apatite =
813 Capatite - 8" Ceollagen) and nitrogen isotope ratios in collagen (8'°N) were calculated for mixed diets

consisting of C3 plants, C3 herbivores, C4 plants and marine shellfish, with different mixing ratios, based



on the algebraic models proposed by Fernandes et al. (2012). I referred to the MEXT Food Composition
Database for macronutrient content data for each food source. The contribution rate of each food source is
given by dry weight ratio in the whole diet.

Evaluation of C4 millet consumption in the Jomon and Yayoi people: 35 tooth and 7 bone samples were
collected from human remains excavated from sites in Gunma and Nagano Prefecture. Extracted collagen
was analyzed for carbon/nitrogen stable isotope ratios and radiocarbon dates. For human tooth samples,

carbon stable isotope ratios in enamel apatite were analyzed. The observed values were compared with the

macronutrient-based model ¢ Iwatsubo(Jomon) o  Iwatsubo(Yayoi)
’ x  Namani(Final Jomon) O Ishigami(Jomon)
. . C3Plant-C4Millet C3Plant-Marine Shellfish
Results and Discussion C3Herbivore-C4Millet C3Herbivore-Marine Shellfish
According to calculations of the macronutrient-based
X
model, isotope ratios showed different trends between the ~ ? o
X
introduction of trace amounts of C4 millet and marine ¢ . R? = 0.39
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Marine shellfish gave a negative correlation under [fig.2] Curve of the macronutrient-based model

the same conditions. In both collagen and  shown with Jomon and Yayoi human tooth data
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apatite, an increase in §'3C was seen in samples 100
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[fig.3] Temporal change of C4 millet
C3 herbivores and C4 millet where the consumption

contribution of C4 millet is 20-80%, implying the consumption of C4 millet in Final Jomon-Yayoi samples.
Next, the contribution of each food source in the whole diet was calculated with the same method used in the
macronutrient-based model. C3 herbivores, C4 millet and C3 plants were considered as food sources. C3
herbivores, C4 millet and C3 plants each took up 9.8%, 77.8% and 12.4% in Early-Late Jomon samples,
where Final Jomon-Yayoi had contributions of 7.7%, 25.5% and 36.9%, respectively ([fig. 3]).

Conclusion A new macronutrient-based model testified that trace contributions of food sources
bearing similar isotopic ratios but which differ in nutrient distribution, such as C4 millet and
marine shellfish, could be distinguished using collagen and apatite. The application of the

macronutrient-based model to Jomon and Yayoi human collagen and apatite samples strongly



suggested the consumption of C4 millet from Final Jomon to Yayoi. This result is consistent with

the hypothesis built on archaeological grounds.



