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Abstract

Expanding on existing data, this thesis presents the largest (N=51) isotopic dataset for Iron Age
(2000-100 years BP) agriculturalists in southern Africa. Four isotopic values are presented for each
individual (8" Chone apaites 8'>Ctooth enamel, &' >Ceollagen, 0'*Neollagen). Dietary reconstructions using both typical
‘fractionation factor’ methods and recent bi- and multi-variate models are presented and compared. For
this population, which consumed primarily C4 protein and energy sources (including protein-rich crops
such as sorghum and millet), multiple tissue isotopes provide valuable insight into diet that cannot be
achieved with single tissues, but current models are limited by the lack of isotopic diversity in the data on
which they are based. Multi- and bi-variate models are unable to distinguish between C4 plants and
animals in some cases, and recreation of cluster analysis including the Iron Age data results in a reduction
in the parsimony of the dietary clusters derived in Froehle et al. 2012. Isotopic reconstructions suggest
that C; dietary components contributed limited protein or energy to Iron Age farmers, elaborating on

archaeological evidence for their use.

Iron Age agriculturalists are found to have consumed highly variable and heterogeneous diets,
especially after the 18" century (for all agriculturalists: 8'*Chone apatite =-6.25%2.49%o0, 8> Crooth enamel =-
2.88+2.48%o, 8"3Ccollagen = -8.65£2.16%0, 8" Neollagen=10.05+1.9%o0). The expansion of settlement into
higher-altitude grassland areas obscures the introduction of maize in the region in the 15" and 16™
centuries, and there is no significant difference between the Early and Late Iron Age, with more diversity
than expected overall. Environmental effects impact 8" Neoiagen significantly, but there is no distinct
geographical patterning in *C between grassland and savanna biomes. Evidence of regional variation

including along rivers and coastal regions is apparent in both the Early and Late Iron Age.

The pre-treatment of bone apatite for isotopic use was explored through a series of experiments
that compared reaction time in acetic acid, sodium hypochlorite, and particle size of the bone powder to
8"3Crone apatite. Extremely small (<25 pm) particles were very sensitive to pre-treatment and significantly
altered 8"*Cpone apatite- Time in sodium hypochlorite was more impactful on the isotopic value of the sample
than time in acid, but for short exposure times (<3.5 hours) even poorly preserved bone showed robust
isotopic values. 8'*Cpone apatite ad 8'>Crooth enamel Were uncorrelated (R?=0.24) and A"3Ceoltagen-bone apatite
(4.77%+1.42%0) and A*Ceoltagen-enamel (5.67%1.66%o0) are comparable to other published values indicating that
tooth enamel and bone apatite are mineralogically and isotopically distinct. The effects of pre-treatment
on isotope values in previous studies is examined and possible sources of difference in metabolic

processes or fractionation for bone apatite and tooth enamel are explored.
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1. Introduction

Stable isotopes have been a valuable tool for understanding the diet of past people for
decades. This technique has enabled broad reconstructions of the ecology and food
production strategies of humans worldwide. Typical analysis involves a single body tissue, or
at most two, and most reconstructions still rely on interpretive methods similar to those of
early isotope work. Multivariate or combinatorial interpretive methods can offer additional
insight into past diets. These techniques are based on characteristics of complex metabolic

processes that are far from fully understood, but are worth pursuing.

This study analyses the isotopic evidence for diet among the Iron Age farmers of
southern Africa. Combining previously published data on bone collagen with tooth enamel
and bone apatite isotopic data, it establishes the largest (N=51) multi-tissue isotopic dataset
for southern Africa and complements other datasets worldwide. The use of isotopes from
bone for archaeological reconstruction has increased substantially in the last five years (Pestle
et al., 2014), but bone apatite is still the least-utilised tissue for isotopic analysis. There is a
lack of studies that compare the isotopes from this tissue to those from bone collagen and
tooth enamel in the same individuals, and the possibilities of dietary reconstructions that are

based on multiple tissues have been explored in only a limited and preliminary way.

Some work has been done to develop multivariate models, based on published data
from controlled feeding experiments, wild animal experiments, and existing data on
archaeological human remains (Kellner and Schoeninger, 2007; Froehle et al., 2012; Pestle et
al., 2015). These models draw from the same human and animal datasets, which are
geographically restricted and do not represent all of the major combinations of possible
human diets. This is an artifact of the currently available data, and this study will contribute a

valuable additional dataset from a different region and distinct dietary regime.

This project augments and expands on existing work to reconcile the isotopic
distinctions between tissues, and contributes to efforts to develop dietary reconstructions that
offer greater detail on the components of past diet. Iron Age farmers in the summer rainfall
zone primarily grew crops such as millet and sorghum, which are both plants that utilize the
C4 photosynthetic pathway (Sage, 1999). This population stands as an excellent comparison
with the North American agriculturalists utilized in the models of Froehle et al., and would

expand the data both numerically and regionally (2010). By analysing isotopes from bone



collagen, apatite, and tooth apatite in the same individuals, this study also seeks to provide
greater insight into the offsets between the different tissues and explore the dietary conditions

under which they can provide greater nuance to our understanding of past diets.

Chapter two provides an introduction to isotope chemistry and the way in which it is
used to reconstruct and interpret human diet. It explores the two multivariate models that are
analysed in the context of southern Africa, and the metabolism and structure of the body
tissues of interest. Background to the ongoing debate around the preparation and analysis of
these tissues, and how these methods effect their isotopic analysis, is also given. Context to
the last 2000 years of southern African agricultural settlement and the archaeological
evidence for it is given in chapter three. This chapter also provides background on the
archaeological sites that feature in this study and the geographical and ecological context

where they are found.

Chapter four outlines the methods employed for all analyses in this study, including
two additional experiments that were conducted around the preparation and analysis of bone
apatite. The full list of all sampled individuals and the institutions where they are housed can
be found here. This chapter also discusses the sources of the previously analysed isotope data

(both published and unpublished sources).

The results of all analysis are in chapter five. Isotopic data from all three tissues are
explored and compared in terms of time, geography, subsistence strategy, and notable
anomalies or outliers are indicated. Chapter five also explores the results of the experiments
that were conducted to provide further support for the use of bone apatite as a tissue of

archaeological interest.

The final chapter, six, examines the results of the analysis and explores possible
reconstructions of Iron Age diet in light of the other lines of archaeological evidence. It
analyses the multivariate models discussed in chapter two with the new Iron Age data, and
presents a critique of previously employed reconstruction methods. This chapter also explores
the implications of the results of the bone apatite experiments and makes recommendations
for all isotopic analysis of this tissue going forward. This chapter concludes the study with a
reflection on the various methods for dietary reconstruction that are possible with isotopes,
and their relevance and appropriateness for [ron Age farmers in southern Africa and the rest

of the world.



2. Isotopic Analysis of Human Diet

2.1. Introduction to Isotope Chemistry

2.1.1. Natural abundance, fractionation, and interpretation
Of all the hydrogen, carbon, nitrogen, oxygen, and sulfur atoms on Earth, 95% occur

as the major isotope of those elements. The major isotope contains equal numbers of neutrons
and protons in the nucleus: in the major isotope of carbon, '°C, there are 6 protons and 6
neutrons. Other common isotopes of carbon are *C (7 neutrons) and *C (which is
radioactive; 12C and '3C are stable). Each isotope of an element has the same chemical
properties, but the different atomic masses cause different physical properties, particularly
reaction rates. In most cases, the major isotope is the ‘light” isotope—i.e. >C is physically
lighter than '3C because it lacks the extra neutron. For all the elements listed above, the major

isotope is the lightest.

Isotopes occur naturally in varying abundances, and their different physical properties
cause them to pattern across the bio- and lithosphere in predictable ways. For example, water
molecules containing the heavy isotope of oxygen, '*0, condense before those containing the
lighter isotope (1°0), making rainfall at the initial point of a storm more enriched in '*O. The
reverse also occurs, when water molecules containing the lighter isotopes of oxygen (and
hydrogen ('H)) evaporate preferentially compared with those containing the heavy isotopes.
The natural process of separating isotopes via their physical properties is fractionation.
Fractionation occurs primarily through the differential reaction rates of heavier and lighter
isotopes: heavier isotopes form stronger bonds, and so tend to accumulate on the side of an
exchange reaction that is most energetically favorable. They also have slower reaction rates;
in kinetic reactions lighter isotopes tend to undergo reaction disproportionately (Schwarcz
and Schoeninger, 2012). Fractionation results in uneven distribution of isotopes of the same
element, producing substances that have distinct, predictable isotopic ratios. The proportion
of light:heavy isotopes of an element in a substance contains information about the formation
processes it underwent, and the environment from which it drew constituent atoms. The

isotope ratio of a sample is expressed as the following (in this example, carbon is used):

1ZC
Sample Ratio (Rsample) = <ﬁ)
sample



The abundance of an isotope is expressed through o (delta), which compares the
abundance ratio of the sample to an internationally accepted standard value. The international
standard is the ‘zero’ value for the heavy isotope on Earth, and so the heavy isotope content
of the sample is the difference between the two ratios (expressed in parts per thousand (%eo)).
This notation focuses on the abundance of the heavy isotope in the sample relative to the
abundance in the standard. If a sample has a more positive 6 value than the standard, it
contains more of the heavy isotope; i.e. the sample is enriched in the heavy isotope relative to

the standard. The equation for 6 is:

8[3C] (%o) = [(M) - 1] x1000

Rstandard

In the case of carbon, the international standard is a marine belemnite from the
PeeDee formation (PDB)!. Relative to PDB, current atmospheric CO> has a §'3C value of -
8%o. Prior to the Industrial Revolution and associated increase in atmospheric carbon, §'*C
was -6.5%o0 (Marino and McElroy, 1991). Delta values for other isotopes are calculated in the

same way, using different internationally recognized standards.

Carbon
The most widespread and significant cause of the fractionation of carbon isotopes

takes place during photosynthesis. Green plants combine CO> from the atmosphere with H>0
to form cellulose, and their tissues take on §'*C values that reflect those of the CO», plus an
offset. The offset reflects the chemical reactions the carbon atoms undergo—i.e. the

fractionation of the carbon as it is transformed from CO» into cellulose.

The majority of terrestrial plants photosynthesize using the C; (Calvin-Benson)
metabolic pathway: this is true of all trees and woody plants, temperate grasses, and most
aquatic plants. C3 plants have 8'°C values between -19%o and -37%o, averaging globally
around -26.7+2.3%o (they are negative relative to the standard; i.e. more depleted in '*C than
PDB) (Cerling et al., 1997b; Codron et al., 2005b). The wide range of §'C values observed
in Cs plants results from specific growing conditions which effect fractionation: enriched or
depleted 5'°C values are found in plants growing under high water stress, or in closed, dark
environments with limited CO, exchange (such as forest floors), respectively (Cerling et al.,

1993, 1997a). §'3C in C; plants is somewhat negatively correlated with rainfall (+°=0.20,

! The original PDB was found in the south-eastern United States; that supply being exhausted, today VPDB
(Vienna PDB) is used. The 3'*C values of VPDB and PDB are identical.
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p<0.01) for plants in southern Africa, which is a less strong relationship than is observed in

comparable regions in Australia (Swap and Aranibar, 2004).

Tropical grasses that are adapted for higher levels of light, aridity, and temperatures
during the growing season utilize the C4 (Hatch-Slack) photosynthetic pathway, which
captures CO; before following the C3 pathway, and results in a 4-carbon end product (as
opposed to the 3-carbon product of the Calvin-Benson cycle). C4 photosynthesis reduces the
loss of CO; through the leaf stomata, resulting in §'°C values between -9%o and -16%o, with
an average of -12.5+1.1%o (Cerling et al., 1997b; Codron et al., 2005b). The distribution of C4
plants correlates with seasonality of rainfall and temperature in the growing season: C3 plants
can only flourish in regions with low temperatures (below 25°C) during the wet/growing
season (Edwards et al., 2010). No relationship is observed between C4 8'*C and rainfall
amongst the plants of southern Africa, which is consistent with the correspondence between
C4 photosynthesis and limited water availability, and the effect on water use efficiency of the
metabolic pathway (Swap and Aranibar, 2004). Some species of marine algae also utilize the
C4 pathway. Over 95% of grass species in inland South Africa are C4, and surveys of
hundreds of species from the region reported non-overlapping ranges for C3 and C4 plants and
significantly different mean 8'3C (-26.5%o and -12.5%o) (Vogel et al., 1978). An extensive
survey of plants in the savanna region of north-eastern South Africa confirmed the distinction
between Cz and C4 plants there, and found that natural variation based on species, plant body
part, geology, etc does not contribute significantly enough to obscure the isotopic separation

of the two groups (Codron et al., 2005b).

Because plants form the basis of the food chain, animals that consume plants of a
particular photosynthetic pathway form body tissues with !°C values that reflect those of the
plants, plus a fractionation offset. Secondary consumers that eat the flesh of primary
consumers further reflect the isotopic composition of their prey, plus another offset—making
them ultimately reflective of the plants in their environment. This process is discussed in
sections 2.2 and 2.3. By measuring the §'3C of body tissues from humans and animals at
archaeological sites, the proportion of C3 and C4 plants (or animals consuming those plants)
in the diet can be determined. This information is also often used to extrapolate climatic
conditions at the time of occupation at the site, since the differences in photosynthetic

pathway between the plants are based on adaptations to different environmental conditions.

11



Nitrogen
The international standard for nitrogen is AIR (ambient inhalable

reservoir)/atmospheric N, defined as having a 8'°N of 0%o. Fractionation of nitrogen isotopes
is driven by a complex cycle of nitrogen fixation and denitrification, primarily in soils and the
ocean, which is much less well understood than the effects of fractionation on §'3C (Handley
and Raven, 1992; Santoro, 2016). There is a marked difference between the 5!°N values of
organisms from marine and terrestrial environments, and §'°N also generally increases with
trophic level (i.e. becomes enriched in '*N with each subsequent consumer). The simple
relationship between trophic level and §'°N that was initially expressed when isotope studies
began (e.g. Minagawa and Wada, 1984), however, is now known to be substantially more
complex, varying with the ratio of '’N:!*N in the diet, the class of the consumer, and the

specific tissue under study (Caut et al., 2009).

Most inland plants in South Africa, both C3and Ca, have §'°N values between +1%o
and +6%o, and there is no significant difference between the two photosynthetic pathways in
terms of 3'°N (Heaton, 1987; Codron et al., 2005b).However, rainfall accounts for nearly
50% of all §'°N values of Cs plants in this region (+*=0.54, p<0.01), while only 4% of C4
plant §'°N values are explained by rainfall (Swap and Aranibar, 2004). In savanna-specific
plants in South Africa (largely C4), climate, geology, and taxon-related factors can alter §'°N
by up to 4%o, but the overall range of 8'°N values is within the 1-6%o interval (Codron et al.,
2005b). In general, the abundance of N isotopes in southern Africa patterns inversely with
rainfall, but this relationship is asymptotic around 1000mm of rainfall/year. This relationship
holds on a largely subcontinental scale, and has been confirmed through studies with
overlapping study areas of various sizes (Heaton, 1987; Sealy et al., 1987; Swap and
Aranibar, 2004). Worldwide, leaf §'°N values increase with increasing mean annual

temperature for regions where MAT> -0.5°C (Craine et al., 2009).

Although there is a marked correlation between aridity and the §'°N of animal bones,
Heaton found a much smaller influence of rainfall on plant §'°N in southern Africa (Heaton et
al., 1986; Heaton, 1987). A large study of plants experiencing between 400-800mm/year of
rainfall in the north-east of South Africa found no relationship between plant §'°N and
rainfall, suggesting that the relationship may be non-linear and only detectable in very arid
conditions (Codron et al., 2013). Increased isotope fractionation in animal bones relative to
plants is thought to be due to changes in the animal’s water consumption and excretion in arid

environments, rather than elevated §'°N in the plants they eat (Heaton, 1987). Humans living
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in arid environments reflect this pattern, with Holocene human remains from the coast and
interior of South Africa demonstrating a correlation between higher §'°N and decreasing
rainfall (Heaton et al., 1986; Sealy et al., 1987). A study of terrestrial and marine animals, as
well as Holocene humans, from the South-Western coast of South Africa supports the high

impact of aridity on 8'°N values of animals and humans (Sealy et al., 1987).

In contrast, however, Murphy and Bowman found that dietary §'°N was the primary
cause of the relationship between kangaroo 8'°Npone collagen and rainfall, suggesting that change
in plant §'°N was driving the change in §'*Npone collagen. Metabolic factors appear to have little
influence in the response of 8" Npone collagen to rainfall; why this case should be different from

those of southern Africa is not yet clear (Murphy and Bowman, 2006).

2.2. 813C and §'°N in Humans

Tissues sampled for archaeological isotope studies
Human tissues form from the plants and animals they consumed, incorporating carbon

and nitrogen from dietary sources. The most commonly sampled tissues in archaeological

studies are bone collagen (protein), the mineral phase of bone, and tooth enamel.

Collagen is the organic component of bone, enabling structural functions like bending
and flexing. Collagen is also replaced as bones remodel, and the resulting isotope value
represents the diet during the period when the collagen formed. Turnover rates are highest
during adolescence (5-15% per annum during ages 10-15) and slow during adulthood (to 1.5-
3% per annum). Collagen in most bones probably reflects the isotopic composition of diet
over a period of at least 10 years, but femoral bone collagen even in older adults includes a

substantial portion of collagen synthesized during adolescence (Hedges et al., 2007).

The inorganic phase of bone is often grouped with other minerals in the body, such as
tooth enamel, but each is a unique biomineral, with specific properties and formation
conditions related to their environment and function. Tooth enamel forms the extremely hard
outer layer of teeth to protect them from the abrasive effects of mastication, and to resist
dissolution in the acidic environment of the oral cavity (Hillson, 1996). Bone mineral
provides the rigid framework and strength required for the load-bearing role of the skeleton in
the body, and bone contains significantly more protein than enamel, such as collagen. Unlike

tooth enamel, bone is remodeled throughout life by osteoclasts and osteoblasts, cells which
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absorb and replace sections of mineral. Tooth enamel must resist dissolution to maintain

function, and is not remodeled.

Both of these minerals are commonly referred to as ‘bioapatite’ or hydroxylapatite
(sometimes written as ‘hydroxyapatite,” which is not recognized by the International
Mineralogical Association), terms which have caused some confusion and will be avoided in
this study. Hydroxylapatite is a class of apatite containing hydroxyl groups (-OH) in the
‘channel site’ of the apatite structure. Both bone mineral and tooth enamel are apatites
(general formula Cas(POa4)3(F,0H,Cl)), but Raman spectroscopic comparison of tooth enamel
and cortical bone reveals that while enamel shows the characteristic bands of —OH groups at
the same positions as geologic and synthesized hydroxylapatite, bone shows no such bands
(Wopenka and Pasteris, 2005; Pasteris et al., 2008). The term ‘bioapatite’ is also misleading
as it does not distinguish between enamel and bone mineral (Sponheimer, 1999), so the terms
tooth enamel and bone apatite will be used in this study. Functional-mineralogical differences
have a significant impact on the preparation and use of these tissues for isotope analysis,
which is discussed in section 1.6. For now, we turn to the pathways through which isotopes

become incorporated in these tissues in the first place.

Macronutrient Routing: from diet to tissue
In early isotope studies, 8'*Chone apatitc and 8'*Ceollagen values of the same individuals did

not agree as expected, casting doubt on the validity of using apatites for isotopic analysis
(Schoeninger and Deniro, 1982). Today, Acollagen-apatite 1S recognized as a naturally occurring
offset, and a valuable tool for dietary reconstruction (Krueger and Sullivan, 1984; Lee-Thorp
et al., 1989; Krueger, 1991; Stott et al., 1997; Kellner and Schoeninger, 2007; Froehle et al.,
2012). Collagen and the biominerals in bones and teeth undergo distinct metabolism and
synthesis, drawing their constituent atoms from different parts of the diet. Each tissue reflects
the isotopic signal of the dietary components that are metabolized to synthesize it

(Schoeninger and Deniro, 1982; Krueger and Sullivan, 1984; Krueger, 1991).

2.2.2.1. Routing: collagen
As a protein, collagen is composed of essential and inessential amino acids. Essential

amino acids cannot be synthesized in the body and are incorporated directly from dietary
proteins, and in some cases inessential amino acids may also be directly incorporated from
the diet. Between 17.3-21% of the amino acids in collagen are essential or have essential

precursors, and are incorporated directly from the diet along with their constituent isotopes.
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Even the isotopic values of non-essential amino acids have been shown to correlate with the
isotopic value of body collagen, reflecting a combination of direct incorporation and de novo
synthesis (Howland et al., 2003). Thus, the isotopic composition of dietary proteins is
reflected in 8'>Ceollagen and 8" Neollagen (Hare et al., 1991; Ambrose and Norr, 1993; Howland
et al., 2003). Jim et al. (2004) calculated that for diets that are 20% protein in rats, 51.3% of

carbon atoms in rat bone collagen are directly routed from dietary protein.

Bulk 8'3Ceollagen correlates well with theoretical §'°Collagen Values calculated from the
3!13C values of constituent amino acids from controlled feeding studies in rats (R?>=0.95) and
pigs (R?=0.96) (Howland et al., 2003; Jim et al., 2006). In general there is a strong correlation
between 8" Ceoliagen and 8'*Cietary protein (Ambrose and Norr, 1993; Tieszen and Fagre, 1993;
Howland et al., 2003; Jim et al., 2004, 2006; Froehle et al., 2010). This correlation is
surprising in view of the complex environment in which collagen forms. Non-essential amino
acids can be incorporated intact or synthesized from dietary precursors that have their own
isotopic signatures, and low protein diets cause more de novo amino acid synthesis from non-
protein food sources. In high protein diets, dietary protein contributes a greater proportion of
carbon atoms to collagen than in lower protein diets, and protein type also affects amino acid
isotope values (feeding studies with mixed C3/C4 diets reveal the inclusion of non-protein
dietary isotopes into non-essential amino acids varies widely) (Jim et al., 2006; Froehle et al.,

2010).

2.2.2.2. Routing: tooth enamel and bone apatite
8!3C of bone and enamel apatite reflects the §'*C values of carbon atoms in the whole

diet, proteins and non-protein components, carbohydrates and lipids. Bone apatite forms in
equilibrium with blood carbonate, a product of energy metabolism, and initially §'*Cbone apatite
was theorized to reflect 8> Cictary encrey (the ‘energy’ components of diet are generally
carbohydrates and lipids, or the non-protein elements) (Krueger and Sullivan, 1984; Lee-

Thorp et al., 1989).

Subsequent controlled feeding studies showed that §'*Chone apatite more closely tracks
813 Cuwhole diet, suggesting that carbon atoms from protein are incorporated into apatite as well
(presumably those not directly routed into collagen) (Ambrose and Norr, 1993; Tieszen and
Fagre, 1993; Howland et al., 2003; Jim et al., 2004). Based on pooled data from feeding
studies, Kellner and Schoeninger (2007) report strong correlation between §'*Chone apatite and

813 Cuwhole diet (R?=0.97) compared to that of §'*Cbone apatite and 8'*Caictary enerey (R?=0.59). Dietary
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protein content and body size of the animal (rats versus swine) had no effect on the offset
between &' Crone apatite and 8> Cuwhole diet. Jim et al. (2006) estimate that diets with protein in
excess of 12% contain more atoms than necessary for collagen synthesis, which likely
includes all experimental diets and most human ones. This suggests that for most diets,

8" Cuwhole diet is influenced by all dietary components including protein.

Fractionation Factors: from tissue to diet
Isotopic reconstruction of archaeological diet seeks to extrapolate the source of
isotopes (the diet) from a distorted reflection (the isotopes recorded in body tissues). To do
this, it has been necessary to calculate the specific effect of fractionation between diet and
human tissues—to reverse-engineer the process of fractionation that results in tissue isotope

values.

Initial estimates of the fractionation factor between diet and whole body §'°C in
primary consumers (A!*Caict-body) Were between +1%o and +3%o (DeNiro and Epstein, 1978;
Schoeninger and De Niro, 1984) and +5 or +6%o was most commonly applied to human bone
collagen (Vogel et al., 1977; Van Der Merwe and Vogel, 1978; Krueger and Sullivan, 1984).
Experimental conditions have yielded published values for A'*Caict-collagen between +3.7-6%o
(Bocherens and Drucker, 2003; Froehle et al., 2010). A" Naiet-body Was initially hypothesized
to be ~ +3-5%o per trophic level, although at the outset variation was observed both within
and between diets (DeNiro and Epstein, 1981; Schoeninger and De Niro, 1984); between +1
and +6%o is reported for a variety of wild and controlled animal feeding studies (Caut et al.,
2009). In the first-ever semi-controlled-diet study of humans, O’Connell et al. (2012) found a
significantly larger A" Naict-coliagen (+4.6%o0 at minimum), which suggests that previous

interpretations may have overestimated the amount of '°N enriched foods in the diet.

It is also becoming clear that fractionation in carbon isotopes associated with the
formation of bone and tooth enamel apatite is different, and that the effect is greater in the
case of enamel (resulting in a larger diet to tissue spacing) (Webb et al., 2014). Animal
studies have yielded a range of fractionation offsets between apatite and diet: consolidating
animal studies in rats and swine, Kellner and Schoeninger (2007) report a A3 Capatite-whole diet Of
+9.7%o (close to +9.4%0 and +9.5% in rats (Ambrose and Norr, 1993; Jim et al., 2004)), while
swine not included in their study showed a A'*Capatite-whole diet Of 12%0 (Warinner and Tuross,
2009). A A*Cenamel-whole diet Of +14.1%o was reported in pigs (Warinner and Tuross, 2009) and

between +11.5£0.3%o to +14.6+0.3%o in animals varying in size from voles to cattle (Passey
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et al., 2005). Several literature surveys report offsets between ~12-15%o for A*Cearbonate-diet in
large herbivores, with carbonate deriving from a number of sources (primarily tooth enamel)
(Kohn and Cerling, 2002; Hedges, 2003). Warinner and Tuross (2009) suggest that if tooth-
bone difference in humans is similar to that of pigs, dietary reconstructions that have applied
fractionation factors derived from bone apatite to 8'*Chooth enamel Values may have

overestimated the presence of Cs plants in the diet.

Sponheimer and Cerling (2014) suggest that the different offsets may be due to
digestive physiology: methane produced by large herbivores is depleted in '*C, raising the
813C value of dissolved inorganic carbonate from which 8'3Capatite is derived. Digestive
physiology is an important consideration when comparing isotope values between species;
methanogensis would affect both §'*Cenamel and §'*Capatite, but does not occur in small

mammals such as rats or swine, or in primates and hominins.

After reviewing over 500 different fractionation factors from 66 publications, Caut et
al. (2009) concluded that fractionation factors vary with taxon, type of tissue, and diet
isotopic ratio—suggesting that specific, diet-dependent ratios should be calculated and used
from now on for dietary reconstructions, and that cross-species comparison should be
avoided if possible. Given that human diet and geographical distribution is the most diverse
on Earth, and the difficulty of conducting human feeding experiments, it is unlikely that such
precise factors could ever be calculated for reconstructing human diets. Other factors, such as
activity level (affecting metabolic rates) and dietary fibre content have been shown to also

affect diet to tissue spacing (Howland et al., 2003).

Given this, reconstructions should seek to use fractionation factors that are as
population, diet, and region specific as possible, and ranges of factors more realistically
account for natural complexity of isotopic analysis, especially when comparing across species
(Bocherens and Drucker, 2003; Hedges and Reynard, 2007; Caut et al., 2009; O’Connell et
al., 2012). Interpretation of archaeological diets should consider these uncertainties and be
limited accordingly. Dietary reconstruction should move away from attempts to quantify the
isotopic values of past diets, and new methods of dietary reconstruction that provide similar
dietary information without the use of fractionation factors offer another, complementary

approach (Kellner and Schoeninger, 2007; Froehle et al., 2012).
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2.3. Beyond fractionation factors: multi-tissue dietary reconstruction

Dietary characteristics and tissue isotope values: protein content
Because they reflect different aspects of the diet, apatite and bone collagen isotope

values are often studied in combination. These studies have revealed that the relationships
between &' Capatite, 8> Ceollagen, and diet differ according to the type of diet. As mentioned
before, diets with above 12% protein provide sufficient amino acids to synthesize tissue
proteins such as collagen, and the remaining carbon atoms are available for uptake in apatite.
ACcollagen-bone apatite is smaller in high protein diets, likely because in those cases 8'*Cywhole dict
resembles §'3Ciet protein (Lee-Thorp et al., 1989). Conversely, although A*C whole diet-bone apatite
was unaffected by changes in dietary protein content, 8'>Cpone apatite Was predicted by 8'3Cietary
energy MOst accurately for low protein (5%) diets, with accuracy decreasing as protein
concentration increased (Kellner and Schoeninger, 2007). The same is broadly true for
8'3Ciooth enamel, but much less research has compared it to §'*Ceollagen. Subsequent studies have
further established that dietary protein levels significantly affect A’C collagen-apatite and A*C -
whole diet-collagen, Underscoring the importance of estimating protein content in archaeological
diets through independent means in order to interpret isotopic values (Tieszen and Fagre,

1993; Howland et al., 2003; Jim et al., 2004).

Harrison and Katzenberg (2003) report 8'*Ceoliagen and 8> Chone apatite for two
populations, one shifting from a C3 plant and animal diet to one including maize (southern
Ontario) and one with a consistent diet of marine protein and Cs plant material (San Nicholas
Island). The introduction of maize (a C4 plant) is apparent in the wide range of A">C collagen-bone
apatite OVET time 1n southern Ontario (5.2%o to 10.8%o), in contrast to the constant offset found
on San Nicholas Island (2.5%o to 2.8%0). The authors also note that the introduction of maize
appears gradually in continuously enriched §'*Cbone apatite values, while §'*Ceoliagen does not
shift to a more mixed (Cs/Cs) signal until a significant amount of maize has entered the diet
(Harrison and Katzenberg, 2003). It is important to note that the maize agriculturalists in
southern Ontario ate primarily Cs3 resources aside from maize, including freshwater fish and
animals feeding on Cs plants. The isotopic distinction between that diet and the new resource

(maize) contributes to how apparent it is in especially 8'*Cpone apatite.

Diet characteristics and tissue isotope values: protein type
ABC coliagen-apatite also varies with 83 Ceoliagen, and a wide range of human A3C coliagen-

apatite Values have been reported even for individuals living in the same area (Sealy, 1997;
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Loftus and Sealy, 2012). Ambrose and Norr (1993) demonstrated the large impact of the
isotopic value of dietary protein on A'>C collagen-bone apatite: adding just 5% isotopically different
protein to a monoisotopic diet was found to change 8'*Ceollagen Values in mice by up to 50%.
Mice raised on a diet of C3 protein (8'*Caiet protein=-26.3%o0) and energy (8'*Cenerey =-25.1%o0)
had 8" Ceollagen of -21.4%o; replacing the protein with a Ca source (8'>C diet protein =-14.2%o) but
keeping energy the same shifted 8!*Ccoliagen to -14.7%o (Ambrose and Norr, 1993). §'3Caiet
protein Shifted 8'3Ceollagen non-linearly as diets increased in protein content (a diet with 5%
protein, which was isotopically distinct, shifted §'3Ccollagen by 41-52%, while a diet with 20%

distinct protein caused a 66% shift in '3 Colagen).

Froehle et al. (2010) also demonstrated that A'*C coltagen-bone apatite is consistent within,
but varies across, protein type: experimental data for rats and swine show highly diverse
relationships between bone collagen and apatite, but when diets are separated by Cz and Cs
protein content, the correlations are much higher (R>=0.814 for Cs/marine protein, and
R?=0.921 for C3) even across taxa. This suggests that when dietary protein source is not
known, collagen should be interpreted as reflecting primarily protein components of the diet,
but that it can also provide useful whole-diet information if the dietary protein is
monoisotopic and known. In the case of mixed protein sources, interpreting 8'3Ceollagen can be
challenging. In the case of high protein diets, 3'*Cpone apatite, reflecting 8'*Cwhole diet, can
resemble 8'*Ceoliagen as they both are tracking 8'*Cietray protein. Diets low in protein, with
distinct (C3 and C4) protein and non-protein food sources, are easiest to interpret, as in these

cases 8"*Chone apatite is most distinct from 8'*Ceoltagen.

The fact that the correlations are strong and consistent for data from both swine and
rats is encouraging, as it suggests that despite differences and body size and digestive
physiology, these animal models are reflecting biological processes that could be extrapolated
to other animals. However, the very substantial impact of even a small amount of protein of a
different isotopic signature, which may not be readily visible in the archaeological record,
suggests that truly monoisotopic human diets should not be assumed without strong

ecological or environmental constraints, such as island conditions.

The Harrison and Katzenberg (2003) study also provides two contrasting studies on
the impact of isotopically distinct food sources in the diet. In the case of southern Ontario,
isotopically distinct (C4) maize was introduced into the diet, and even relatively small (small

enough to not affect §'*Ccoliagen) quantities shifted 8'*Chone apatite. This resulted in a large A'*C
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collagen-bone apatite (7%0), Which indicates that protein and non-protein dietary components are
isotopically distinct even if the presence of maize had not been verified archaeologically. In
the case of San Nicholas Island, marine protein resembles C4 foods, in contrast to the
terrestrial C3 plants that were consumed; in this case, 8'Ceollagen Was enriched in *C in
comparison to 8'*Chone apatite, resulting in a small (2.6%o) A*C collagen-bone apatite (Harrison and
Katzenberg, 2003). These two cases provide further evidence that multiple tissue isotopes can
shed significant light on complex diets in cases where protein and non-protein components
diverge isotopically. They also emphasize, however, that isotopic results must be interpreted

in the context of local diets and other knowledge of their composition.

Reconstruction by model
It is now clear that different body tissues reflect dietary constituent elements to

different extents, and can provide more detailed dietary information than is derived in most
studies of a single tissue. In particular, separating the protein component from the rest of the
diet, and differentiating between diets with monoisotopic components, or mixed ones, is the
logical next step in isotopic dietary reconstructions. The wealth of existing data on
experimental and wild animal studies, as well as archaeological humans, provides the
opportunity to compare, combine, and seek larger patterns among terrestrial mammals or

wider human populations.

Kellner and Schoeninger (2007) combined the results of four experimental animal
studies (all those that analyzed multiple tissues and reported §'*Caiet and 8" Caiet protein), studies
of free-ranging fauna that reported 8'3C values for bone apatite and collagen, and ten
archaeological human populations which consumed diets with monoisotopic protein sources,
as confirmed archaeologically. They concluded that isotope values for single tissues are
insufficient to derive dietary reconstructions of meaningful strength or depth. Such
reconstructions correlate to a range of possible dietary values that often overlap, complicating
potential interpretations. For instance, 8'*Ceoliagen can predict 100% Ca (8> Ceoliagen ~-8%o) or C3
(8" Ceollagen ~-22 to -20%o) diets fairly accurately, but between -18%o and -12%o (i.e. mixed
diets, as most real diets are), 8'*Ccoliagen can provide little information besides the fact that
both sources are present. Confounding effects such as dietary protein content, animal body

size, and digestive physiology are also a concern, and are discussed below.
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By combining 8"*Ccoliagen and 8'3Chone apatite for all available controlled feeding studies,
Kellner and Schoeninger derive a dietary reconstruction model based on two lines: one which
describes diets with C3 protein, and one for C4/marine protein. The lines are parallel with
significantly different intercepts; a separate line for marine protein has a steeper slope and is
near, and intersects, the C4 protein line. Diets with mainly C3 non-protein (“energy”) cluster
at the lower end of both lines, and those with C4 energy group at the top (Figure 2-1). Plotting
wild faunal data and ten archaeological human populations with a variety of diets onto the
lines indicates the primary isotopic content of both parts of the diet with a relatively high
degree of accuracy (theorized diets were checked against prior conclusions based on
archaeological evidence) (Kellner and Schoeninger, 2007). However, this simple model
cannot resolve mixed diets, which fall either between the two lines (mixed protein sources)

and/or in the middle of each line (mixed energy sources).
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Figure 2-1 A simple model for dietary reconstruction based on protein source. From Kellner and Schoeninger 2007 (fig. 2b).
Isotopic data from experimental animals divide into three statistically significant lines when separated by protein type; in
each case, diets with primarily Cs energy correspond to more negative collagen and apatite values

While Kellner and Schoeninger (2007) constructed a bivariate model from laboratory
data and extrapolated it for wild animals and humans, Froehle et al. (2012) combined eight of
the ten human populations studied in Kellner and Schoeninger to derive a multivariate diet
reconstruction model using carbon and nitrogen. Attempting to resolve the overlap between

C4 and marine protein sources in the bivariate model, as well as provide more clarity on
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mixed protein/energy diets, the multivariate model combines §'*Ccoliagen, 8'*Cpone apatite, and

813 Neollagen. Using cluster analysis to confirm that each diet in the human samples is
isotopically distinct, Froehle et al. (2012) interpreted the diet represented by each cluster by
comparing them to the protein-separated lines from Kellner and Schoeninger (also Froehle et

al., 2010).

Discriminant function analysis then predicted which cluster a new human sample
would fall into, based on a ‘training sample’ of known cluster membership (the Froehle et al.
study sample) (Figure 2-2). Two discriminant functions were derived that accounted for
98.8% of the variance between the clusters—function one correlates to 8'*Ceoltagen and 8" *Cpone
apatite, and function two to 8'°N (they are called ‘carbon’ and ‘nitrogen’). This allows new
human isotope values to be converted to DFA scores and plotted against the five diet clusters,
comparing them to the study sample and predicting their diets relative to the clusters. This
was verified with a population from Saipan Island with an ambiguous diet, which were
compared to hypothetical diet clusters for each of the candidate food sources and resolved

(Froehle et al., 2012).

Figure 2-2 A multivariate model for diet reconstruction. Based on discriminant function scores and dietary clusters from
Froehle et al 2012 (figure 4): (4)Discriminant function analysis converts three dimensions (3'°N, 6"3Cecottagen, 6" Chone apatite)
into two scores that predict the group membership of a new sample based on known group memberships. In this case, the
study sample of eight archaeological human populations was used as the known sample, the scores of which are plotted
against pre-determined centroids representing different diets. (B) Mean and 2 standard deviation bars for each cluster. The
limits of the boxes represent the minimum and maximum function score for each dietary cluster identified by the centroid.
The dietary clusters are described as: percent C3:Cy diet and protein composition: Cluster 1=diet 100:0, protein 100% C3,
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Cluster 2=diet 30:70, protein >50% C4, Cluster 3=diet 50:50, protein 100% marine, Cluster 4=diet 70:30, protein >65%
Cs, Cluster 5=diet 30:70, protein >65% Cs.

Both models attempt to combine the available isotopic measurements to provide a
more holistic and informative image of past diets. They demonstrate that multiple-tissue
isotope data can be used to great effect to provide more detailed insights into diet, including
change over time, social differentiation, and resolve food sources that are archaeologically
indistinct (Kellner and Schoeninger, 2007; Froehle et al., 2012; Somerville et al., 2013). It is
clear that single isotopic measurements and reconstructions based off single fractionation
factors can be improved upon as a source of dietary information. Comparing, combining, and
contrasting the values of multiple tissues can help resolve issues of protein type, high and low

protein diets, and mixed diets.

However, gathering isotopic data on additional tissues is only the start of this process.
Fundamental understanding of key processes such as the impact of high and low protein
content, aridity, and stress on macronutrient routing—which is crucial to interpreting the
variance between tissues—is still lacking. It is also probable that unifying functions or lines
derived from a wide range of human data obfuscate more than they reveal. Based on what
(albeit little) we know about the effects on tissue isotope values of even small differences in
dietary preference amongst feeders of the same type, the effects of aridity, and stress, it seems
more likely than not that humans would present a wide range of geographically-correlated
isotope variation. The diversity of human habitats presumably will have physiological and
metabolic consequences that make grouping them all together under a unifying function

counterproductive to the project of developing more detailed understandings of past diets.

The natural range of isotopic variation within a population—which is already a
significant and unresolved issue, as individuals exhibit their own slight, but distinct isotopic
variance—further complicates the problem of distinguishing between truly different diets,
and simply different individual preferences, metabolisms, or localities. How much variation
constitutes a true difference, both inter- and intra-population as well as intra-species or
region, cannot be resolved simply by studying more tissues. Developing geographically
informed dietary reconstructions based on multiple lines of evidence and restricting
comparison only to the closest possible analogs (with both other regions and other species)
will be crucial to moving dietary reconstruction away from simply “a Cs diet” and into more

detailed, but more complex, territory.
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Although macronutrient routing provides the opportunity for more detailed dietary
reconstruction, it also indicates that isotopic fractionation between diet and tissue, and
interpretation thereof, is much more complex than researchers initially thought. Combining
multiple tissue values is a necessary next step, but researchers should bear in mind that as
isotope studies have expanded, the systems have proved more, not less, complex. Dietary
interpretations may need to become more conservative before they can be more specific, as
the usefulness of generalized theories, functions, and comparisons dwindles. The future of
isotopic dietary reconstruction lies in more individualized, population-specific interpretations
that are more detailed and less generalizable, in keeping with the complexity and variation

that underlies human behavior, metabolism, and physiology.

2.4. Limitations and concerns when extrapolating from animal studies

Controlled feeding studies have been instrumental in revealing the effects of
macronutrient routing and provide experimental support for the metabolic theories first
advanced by Krueger and Sullivan (1984). However, there are some challenges to
extrapolating the data from controlled feeding studies, and animal studies in general, to

humans and the archaeological record.

Swine and rats differ substantially from humans, and each other, in terms of body
size, metabolic rate, and digestive physiology. All three animals utilize simple monogastric
bacterial digestion, but it is not yet clear how discrepancies in isotopic values between them
should be interpreted (Schoeninger, 2014). Animals such as ruminants, or those utilizing
other forms of fermentation for digestion, are probably not applicable analogs at all for
humans, which rules out some studies of wild terrestrial herbivores (Lee-Thorp et al., 1989;
Hedges, 2003), although not all wild herbivores are ruminants (Levin et al., 2008). Drawing
from experimental data on a number of different species, Schoeninger (2014) proposed a
813 Crooth enamel —8'*Caiet 0ffset of 14%o for animals relying on microbial fermentation, and 10%o
for those with simple digestive tracts (such as primates, including humans), which is only one
of many necessary taxa- or system-specific offsets and considerations (Sponheimer and
Cerling, 2014). A §"3Chone apatite —0'>Ceollagen Offset of 5.6 + 1.2%o has been reported across the
primate order, an important contribution of omnivorous human analogues, although the

authors do note they only studied primates with monisotopic diets (Crowley et al., 2010).
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Although some studies have shown similar isotopic patterning in swine and rats (e.g.
the relationship between §'*Ccollagen and 8'>Chone apatite When separated by C3/Cs protein type)
(Froehle et al., 2010), others suggest that the differences in body size (and species) could
significantly affect fractionation factors even among animals with similar dietary preferences
(e.g. discrepant A*Ceiet-collagen Values between mice, rats, and gerbils) (Ambrose and Norr,
1993). The consistent offset between 8'*Chone apatite and 8 *Cuwhole diet regardless of body size and
dietary type suggests that some tissues’ isotopic values may be less affected by physiological

and metabolic factors than others (Kellner and Schoeninger, 2007).

The resemblance between experimental diet and actual diets is also relevant. The
populations that are of most interest, namely archaeological humans, inevitably consumed a
wide range of food sources (the proverbial ‘mixed diet’), and their diets would be expected to
have varied in protein content and composition over time. Isotopes can only provide a
homogenized reflection of a highly complex and conditional system, and animals fed on
strictly calculated, unvarying diets—even those that are designed to simulate the ‘mixed’ diet
of free-ranging omnivores—can provide general trends or patterns at best. Experimental
animals also tend to be more specialist feeders, restricting the range of diets they can be fed
(especially in the case of generational experiments, where low protein diets can affect
fertility) (Tieszen and Fagre, 1993). Models derived from studies of such diets are also
limited, as illustrated by the inability for the bivariate model to distinguish mixed diets of any

kind.

Multivariate models to date have all been dependent on animal data of some kind, and
will remain so as long as human data is scarce and difficult to source. Although Froehle et al.
(2012) built their multivariate model off of human population data, they interpreted the
dietary clusters (which are the source of meaningful dietary information in the model) based
on the bivariate plot in Kellner and Schoeninger (2007). The limitations of animal study data
are thus still present when interpreting human data from on the multivariate model. The
majority of dietary reconstructions produced, however, did agree with previous conclusions
reached through archaeological or ecological means (151 out of 158 individuals classified
correctly) (Froehle et al., 2012). Anomalies between dietary reconstructions based on other
lines of evidence, and those returned by the bi- or multivariate models may in fact be more

illustrative of significant differences between the source datasets, rather than outright errors.
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2.5. Bone and tooth enamel apatite: all apatites are not created equal

The tissues sampled for isotope studies (bone collagen and mineral, tooth enamel) are
used out of necessity, as they are usually the only materials that are preserved in
archaeological contexts. The very qualities that allow them to be preserved, however, also
have implications for isotopic analysis, particularly for the laboratory methods used to
analyze a piece of bone or tooth enamel for §'3Capasite. Since both tissues are formed from
blood plasma, it is unlikely that dietary components are routed to them differently, although
there is minimal study to confirm this assumption. As will be discussed, however, bone and
tooth apatite are mineralogically distinct due to their different functions within the body.
These differences do impact the protocols and methods used to extract the isotopes in the first

place.

Structural and functional variation in bone apatite and tooth enamel
There is increasing evidence that tooth enamel and bone mineral should be treated as

mineralogically and chemically distinct (Sponheimer, 1999; Pasteris et al., 2004; Wopenka
and Pasteris, 2005; Webb et al., 2014). Bone apatite crystals are much more poorly
organized, and much smaller (one-tenth to one-hundredth the size) than those of tooth
enamel. The smaller and more disordered the crystals, the less energetically favorable it is for
the mineral to incorporate —OH groups. This could explain the difference in hydroxylation
between bone apatite and tooth enamel (Wopenka and Pasteris, 2005; Sponheimer and
Cerling, 2014). In bone apatite, carbonate substitutes for phosphate in many cases; as the Ca-
CO3* bond is weaker than the Ca-PO4* bond, bone apatite is more soluble in acid than an
apatite with less carbonate (for instance, enamel) (Wopenka and Pasteris, 2005). The
presence of carbonate, smaller crystal size, and lack of buffering capacity conferred by more

—OH groups renders bone significantly more soluble than enamel.

Acid dissolution is the mechanism by which osteoclasts resorb bone mineral, and the
higher solubility of bone mineral facilitates this periodic remodeling. In contrast, tooth
enamel must resist dissolution by oral fluids and by the acid attacks of bacteria that form on
the surface of teeth. Enamel displays the same —OH Raman spectroscopic bands as geologic
or synthesized hydroxylapatite (Pasteris et al., 2004; Wopenka and Pasteris, 2005).
Functional-structural differences between the two apatites do not necessarily lead to isotopic

differences, but consistent offsets have been reported between them across several species,
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probably due to their different formative processes and functional requirements (Webb et al.,

2014).

Isotopic variation between bone apatite and tooth enamel
813C values from bone and tooth apatite have been treated interchangeably as derived

from ‘structural carbonates’ (e.g. France and Owsley, 2012), and studies that include isotope
values for bone and tooth apatite from the same individuals are rare. Carbonates that are
substituted into the mineral structure (bone apatite or tooth enamel) are formed in equilibrium
with the bicarbonate mass balance within the body (Passey et al., 2005). Despite this fact, a
range of variation has been reported in the isotopic values of these two biominerals. Webb et
al. (2014) report an average +4.3+1.2%o offset between co-forming enamel and bone apatite
in juvenile archaeological specimens. Santana-Sagredo et al. (2015) report an offset of
+1.8+2.3%o for the same tissues in adults, and +1.7+2.5%o has also been documented (France
and Owsley, 2012). Loftus and Sealy (2012) report poorly correlated bone and tooth apatite
813C values in Holocene adults (R?=0.37), and enamel was found to be consistently enriched
by +2.3%o0 over bone apatite in swine (Warinner and Tuross, 2009). Warinner and Tuross
(2009) caution that previously determined relationships between the isotopic value of diet and
bone apatite may not hold true for tooth enamel (i.e. the same fractionation factor may not
apply). Other swine studies reported a A'*Chone apatite-diet Of +10.2£1.3%0 (Howland et al.,
2003) and ACenamel-dgiet f +13.1%o (Passey et al., 2005). These relatively few studies
nonetheless point to a significant difference between enamel and bone apatite, and suggest
that they should no longer be compared directly without accounting for different diet to tissue

fractionation.

Given that they form in equilibrium with the body, there are a limited number of
explanations for the diversity of isotopic values found in biominerals. Maturation rates and
formation times are distinct for tooth enamel (which forms early in life) and bone apatite
(which is remodeled over the course of life), so dietary shifts over a lifetime may be revealed
by differences between these two tissues (Sealy et al., 1995; Hillson, 1996; Lee-Thorp and
Sealy, 2008). Third molars are typically sampled in an attempt to avoid the effects of
weaning on the dietary signal, but even post weaning changes in diet related to age may be
detected in tooth enamel. Although life history may well contribute to the offset between
bone and tooth apatite, the process by which dietary isotopes are incorporated into the apatite
structure must also be considered as a source of the inherent difference between the two

sources of isotopic information. No studies have specifically compared the process of isotope
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metabolism in these two apatites, or explored explicit routing through controlled feeding

studies.

Aside from variation due to diet at the time of formation and possible differences in
formation energies, the remaining explanation for these differences is that they are caused by
the process of deriving and analyzing the isotopes themselves. If pre-treatment is the primary
cause of the offset between tooth enamel and bone apatite, then experiments that attempt to
control for pre-treatment effects should result in reduced offsets. The common pre-treatment
protocols and their possible effect on the measured isotopic values are discussed in the next

section.

2.6. Archaeological realities: diagenesis and pre-treatment methods

Diagenesis is the process that alters material as it transitions from the biosphere to the
lithosphere. Almost any material preserved in the archaeological record has undergone
diagenesis, which alters the chemical-physical properties to stabilize the material and
preserve it, including changing the original isotopic value of the sample. This can occur
broadly in two ways: through the incorporation or adsorption of foreign material (minerals,
ions, etc) with different isotopic values to the sample, or isotopic changes to the original
sample during processes of dissolution and re-precipitation (Zazzo et al., 2004).
Archaeological tissues, and especially paleontological ones, are pre-treated before analysis to
prevent diagenetic material from the depositional environment influencing the analysis of the
original isotopic composition of the sample. Protocols for extracting collagen from bone
samples and detecting some degree of diagenesis are established (Hedges, 2002; Lee-Thorp,
2002). Apatites (especially bone apatite), which are relatively newer to isotopic analysis, pose

more challenges for mitigating the effects of diagenesis.

Bone and tooth enamel apatite: preservation
Tooth enamel is much more robust than bone apatite, resisting diagenesis over time,

and material that is well over a million years old has been shown to preserve the original
biogenic isotopes (e.g. Lee-Thorp and van der Merwe, 1991; Lee-Thorp and Sponheimer,
2006; Lee-Thorp, 2002). Initially, use of bone apatite for isotope studies was questioned due
to the tendency for bone mineral to exchange atoms with its environment, especially in the
form of ‘adsorbed’ carbonate that adheres to the exterior of the apatite mineral structure

(Koch et al., 1997; Krueger, 1991; Lee-Thorp and van der Merwe, 1991; Schoeninger and
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DeNiro, 1982). Attempts to derive radiocarbon dates from bone apatite were unsuccessful for
this reason. Stable isotopes, however, are much more abundant than '*C and so stable isotope

analysis is much less sensitive to contamination than radiocarbon analysis.

The fidelity of isotopes in bone apatite from archaeological contexts was ultimately
verified by comparing the §'°C values of apatite and collagen from the same bones, and
tracing the expected 5'°C offset between browsers (C3 consumers) and grazers (C4) through
time. The validity of 8'*Cpone apatite has been confirmed subsequently, although the possibility
of problematic diagenetic alteration of ions in bone mineral remains a concern (Sullivan and
Krueger, 1981; Lee-Thorp and van der Merwe, 1991; Lee-Thorp, 2002; Lee-Thorp and
Sponheimer, 2003; Shin and Hedges, 2012).

Crystallinity and other mineralogical characteristics are often assessed to verify the
integrity of biominerals and show that they have not undergone substantial alteration.
Experimental work has suggested that bone apatite, and to a lesser extent enamel, can
undergo substantial changes to both carbonate and phosphate, even before mineralogical
change is detected (Nelson et al., 1986; Wang and Cerling, 1994; Koch et al., 1997; Zazzo et
al., 2004). Such changes are detected by shifts in crystallinity index through techniques such
as FTIR and IRSF, but crystallinity fails to predict isotopic integrity for severely altered
samples (Trueman et al., 2008). Although changes in crystallinity can demonstrate that
minerals have not been structurally reorganized during diagenesis, the link between the
crystallinity of a biomineral and its isotopic value—and why changes in crystallinity

necessarily predicts diagenetic alteration of isotopes—is yet to be firmly established.

Bone and tooth enamel apatite: pre-treatment
Pre-treatment protocols to remove adsorbed, environmental carbonate from mineral

prior to analysis were adopted very early on in isotope studies, and have varied little since
(e.g. Sullivan and Krueger, 1981; Koch et al., 1997; Kohn and Cerling, 2002; Webb et al.,
2014). Powdered samples are rinsed (in sodium hypochlorite or hydrogen peroxide) to
remove organic contaminants (and in the case of bone, collagen) and in an acid (usually
acetic acid) to remove soluble minerals (despite consistencies in the methodological steps,
laboratories vary widely in the strength of reagents and length of treatment times, see Pestle
et al., 2014). Exogenous contaminants are assumed to be largely on the surface of the sample,
and thus should react first in the acid (Shin and Hedges, 2012). Substituted mineral is also

more soluble due to increased imperfections in the crystal structure of the sample and should
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be removed more easily (except in the case of material which has adsorbed a significant
proportion of fluoride ions, which stabilize the apatite structure and will result in less soluble
mineral) (Shin and Hedges, 2012). The remaining mineral should contain less substituted or

contaminated material after leaching.

This process can reduce the presence of foreign material on the sample, but the
dissolution and re-precipitation of bone in isotopically heterogeneous depositional
environments during diagenesis remains a concern (Zazzo et al., 2004). The same process can
occur during pre-treatment itself. From the outset there was controversy about the effects of
pre-treatment on sample mineral recrystallization (and accompanying re-incorporation of
dissolved mineral) and the subsequent isotopic value of the sample (i.e. Schoeninger and
Deniro, 1982; Sullivan and Krueger, 1981). Systematic studies of the effect of acid
concentration and treatment time on bone apatite and tooth enamel have revealed that
samples may risk dissolution and recrystallization when concentrated acids or long reaction
times are used (Koch et al., 1997; Sponheimer, 1999; Garvie-Lok et al., 2004). It is also
possible that differently-soluble areas of mineral in a single sample, which have different
isotopic values, are isolated by dissolution and when analyzed do not reflect the isotopic
value of the whole (Koch et al., 1997; Shin and Hedges, 2012). FTIR spectroscopy indicates
that even 15 minutes in dilute (0.1M) acetic acid can induce more substantial crystallographic
changes in tooth enamel than 3 million years of fossilization (Sponheimer, 1999; Garvie-Lok

et al., 2004).

After reacting bone and enamel powders in simulated diagenetic environments, Zazzo
et al. (2004) determined that acetic acid pre-treatment was not sufficient to restore samples to
their pre-reaction isotopic values or crystallinity indices, although the process was more
effective for enamel than bone. However, those samples were treated with 1M acid for a
minimum of 24 hours; in light of the documented effects of such concentrated acid and long
treatment times, it is likely that the divergence between pre-diagenesis and post-treatment
values was actually caused by recrystallization of the sample (Nielsen-Marsh and Hedges,
1997; Garvie-Lok et al., 2004). Changes in crystallinity and porosity after prolonged (16
hour) exposure to 0.1M acetic acid are observed in bone of varying degrees of preservation,
but is especially acute for poorly preserved bones (Nielsen-Marsh and Hedges, 2000). That

being said, a clear relationship between changes in crystallinity and ultimate isotopic
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composition has not yet been established (Lee-Thorp and Sponheimer, 2003; Trueman et al.,

2008).

The goal of pre-treatment of apatites remains the same—to remove exogenous organic
and inorganic contaminants—but increasing use of apatite, especially enamel, for isotopic
analysis, necessitated revising the accepted pre-treatment method. Initial treatment times
were as long as two days in acid for large pieces (Schoeninger and Deniro, 1982), but it
quickly became clear that prolonged reaction with acid risked recrystallization and possible
alteration of the isotope values (Lee-Thorp and van der Merwe, 1991). With the development
of small (~2.5 mg) sample preparation, recommended acid treatment times shortened to
fifteen minutes, and concentrations shifted to 0.1M from 1.0M (Lee-Thorp et al., 1997;
Sponheimer, 1999). Garvie-Lok et al. report a precipitous change in the §'3C and §'%0 of
modern and archaeological bone apatite after 4 hours, with recrystallization remaining a risk
thereafter (2004). Even one hour in dilute (0.1M) acetic acid was found to be long enough to
induce substantial changes in mineralogy and structural crystallinity, although no direct
measurements were made to test the effects of increased crystallinity on the isotopic values of

the sample (Nielsen-Marsh and Hedges, 1997).

The protocol for small, powdered enamel samples proposed by Lee-Thorp et al.
(1997) also recommends more dilute (0.1M) acid, and notes the increased potential for
reaction with the fine particles produced by common rotary drill collection methods
(Sponheimer, 1999). Garvie-Lok et al. (2004) and Koch et al. (1997) both report isotopic
variation for samples treated with 0.1M acid versus 1.0M in order to remove diagenetic
carbonates. They concluded that 0.1M is preferred to prevent substantial changes to the
crystallinity index of samples as well as changes to 8'*C, however, Koch et al. (1997) also
warn that even with 0.1M acid, some recrystallization can occur, especially if reaction time is
lengthy. In contrast, Pestle et al. (2014) studied inter-laboratory variation in isotopic values
and found that the use of stronger (1.0M) acid changed §'>Cbone apatite Of the same bone by only
0.03%o.

Mineralogical differences between enamel and bone apatite warrant further attention
to the issues of recrystallization and reaction time. In some cases, the pre-treatment protocol
for tooth enamel (30-45 minutes in sodium hypochlorite, and 15 minutes in 0.1M acetic acid)
has been applied to bone apatite (Smith, 2005; Santana-Sagredo et al., 2015), although more

lengthy and concentrated methods (such as 24-12 hours in sodium hypochlorite and 4 hours
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in 1.0M acetic acid) remain in use (White et al., 2001; Reitsema et al., 2010; France and
Owsley, 2012; Webb et al., 2014). Research into bone pre-treatment has largely tested long
exposure to acid (~4 hour to 3 days) and varying concentrations (1.0M versus 0.1M) (Koch et
al., 1997; Garvie-Lok et al., 2004). Neither study compared times in NaClO (samples were
soaked in sodium hypochlorite for 2 and 3 days respectively).

Smith (2005) subjected bone apatite samples from modern and archaeological fauna
to two different sodium hypochlorite times (3 and 4 hours) and three 0.1M acetic acid
treatments (10, 15, and 30 minutes). Smith found 8'>Chone apatite Values consistently offset from
those of bone collagen and tooth enamel from the same individuals, and very little variation
due to pre-treatment overall. Based on this, and FTIR results for some samples, Smith
concluded 3-4 hours in sodium hypochlorite and 10-15 minutes in acid yields the most
consistent results for the archaeological bone in the study, which was also Iron Age bone
from South Africa (reproducibility <1.5%o) (Smith, 2005).This experiment emphasizes the
need for different pre-treatment methods for bone apatite and tooth enamel, and is also
promising in that it demonstrated bone apatite from this region could, at times, be robust to

some degree of pre-treatment.

In the first-ever study of the effect of NaClO to remove organics from archaeological
bone and tooth enamel, Snoeck and Pellegrini (2015) reported that NaClO appeared to add
COs to the samples as revealed via FTIR. This is a troubling finding that should be explored
further—although they also found that subsequent treatment by acetic acid to remove
adsorbed carbonates was effective in removing the CO3 contributed by the NaClO, this points
to a chemical process that is not yet understood and could affect the sample’s isotopic value

(Snoeck and Pellegrini, 2015; Pellegrini and Snoeck, 2016).

There 1s consensus around this less aggressive pre-treatment for tooth enamel and
bone apatite, but differences in particle size that result from standard collection methods have
not been addressed. Tooth enamel powder collected with a diamond-tipped dental drill bit
attached to a Dremel or other drill is extremely fine (15-22 um) (Lee-Thorp et al., 1997;
Sponheimer, 1999). As this practice is widespread and the highly-organized structure of
enamel is likely to result in fine particles when abraded, it is reasonable to assume that such
particle sizes are common. In contrast, bone carbonate is typically ground to a powder using a
variety of instruments (SPEX mills, pestle and mortar, drills, etc) and can result in a wide

variety of particle sizes. Harrison and Katzenberg (2003) sieved bone apatite particles to
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0.375 mm, but did not compare the isotope results of those particles to any other particle size
or tissue. That powder was reacted with 1.0M acetic acid for 24 hours, which is substantially
longer than the pre-treatment for tooth enamel of a similar size (Harrison and Katzenberg,
2003). It is likely that all isotopic studies of bone apatite have tested varying and mixed
particle sizes, which poses a problem for interpreting the results and comparing between

studies.

Finer particle sizes produce more surface area for reaction, which can result in the
loss of sample, or even the dissolution of the mineral of interest, potentially leaving behind
exogenous, more insoluble components such as trace fluorine, to be analyzed (Sponheimer,
1999). More aggressive reaction with acid during pre-treatment may also cause fine-particle
samples to recrystallize during treatment. Webb et al. (2014) found the largest offset between
tissues came from tooth and bone apatite; since particle size was not considered and both
tissues were treated following the same method, differences in isotopic values could be due to
recrystallization of finer particles as much as inherent tissue differences. Shin and Hedges
(2012) report a significant shift in 8'*Cone apatite values for samples that are separated by bone
density fractionation prior to pre-treatment, further suggesting that the mineral properties of

bone are isotopically relevant and effected by pre-treatment methods.

In light of the concerns raised above, additional experiments were conducted to
reduce the effects of particle size and pre-treatment protocol on the apatites analyzed in this
study. The fourth chapter describes the methodology of these experiments as well as the
preparation and analysis of tooth enamel, bone apatite, and bone collagen from the Iron Age
individuals studied here. Context on the economy, diet, and ecology of these individuals, as

well as the provenience of their remains, is discussed in the next chapter.
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3. The Iron Age in southern Africa

3.1. Ecology of southern Africa
Studies of ancient humans seek to document and understand patterns of behavior in

the context of their environment, including how humans actively alter and adapt to it.
Environmental characterizations vary in scale and detail, and researchers should match the
spatial scale of the characterization to that of their investigation. This study analyses a human
population across a broad unit of space and time: those that practised agriculture in southern
Africa prior to the arrival of European settlers, a period of over 2000 years and across almost
one half of modern-day South Africa. For these purposes, broad environmental units are

sufficient.

Biomes designate a geographic unit where a similar vegetative structure is exposed to
the same macroclimatic forces and types of disruption, which correspond well to broad
studies of large, mobile animals such as humans. (Mucina and Rutherford, 2006). Two
biomes, savanna and grassland, dominate the northern half of South Africa and overlap in
many areas. Both biomes experience similar rainfall patterns, with rainfall concentrated in

January and February.

Distinct wet-summer/dry-winter periodicity is a key defining characteristic of the
region, often called the ‘summer rainfall’ zone (Mucina and Rutherford, 2006). Vegetation is
mainly Cy4 grasses, with tree cover in the savanna ranging from 1-75%. Grassland is typically
higher altitude (above 1500 meters above sea level) than savanna and is thus colder (high-
altitude grasslands experience the most frost days of any biome in southern Africa). A small
portion of samples for this study come from the Indian Ocean coast and just inland, which is
extremely variable in vegetation cover, but has the highest annual rainfall and combines

savanna-like areas with patches of sub-tropical forest.

Characterization of the southern African landscape is a legacy project with a great
deal of diversity. Previous studies referred to in this thesis may refer to the ‘woodland
savanna’ (Lee-Thorp et al., 1993) or the ‘bushveld,” which describes patches of interlocking
small trees and shrubs. These areas are all part of the savanna. Other common terms combine

topography and vegetation, such as ‘Highveld’ (the largely grassland area of the Central
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African Plateau), ‘bushveld’ (savanna north of the Highveld) and ‘Lowveld’ (region below
500 meters above sea level, including the Kruger Park). Highveld is maintained in this text
for continuity to refer to the central grassland region occupied during the Late Iron Age (see
below). The regions of interest in this study, divided by biome and modern mean annual
rainfall, can be found in Figures 3-1, 3-2, and 3-3, which also include the sites included in

this study. Table 3-1 lists the sites described below and their corresponding biome.

3.2. The Iron Age

The Iron Age refers to a new way of life based on agriculture and settled, village-
based societies that arrived in southern Africa approximately 2000 years ago. Bantu-speaking
people expanded southwards from East and West Africa (for review, see Mitchell, 2002),
bringing this socio-cultural complex with them. These people were the first to smelt and work
metals in southern Africa, leading to the term ‘Iron Age,’ but their plant husbandry was also
new to the region, and some contemporary scholars prefer the terms ‘farmers’ or
‘agriculturalists.’ It is the diet and food procurement strategy of this group that is of interest
in this study, so ‘farmers’ is apt. Contemporaneous individuals, sometimes in the same
region, procured their food by hunting and gathering (e.g. Ribot et al., 2010) and will be
referred to as ‘hunter gatherers.” For the sake of clarity with previous work, however, the
entire complex of new behaviors and economic practices associated with the arrival of the
Bantu-speaking people (i.e. metallurgy, agriculture, and distinctive ceramics) will continue to

be referred to as the ‘Iron Age’ (Phillipson, 1977; Huffman, 1982).

The farmers who arrived in southern Africa relied primarily on cultigens and domestic
animals for food, but also hunted wild game and collected wild plant foods when available.
Shellfish would have remained an important food source on the eastern coast, and
exploitation of wild plants such as marula is evident (Maggs, 1994; Mitchell, 2002). There is
also considerable evidence for overlap and interaction between agropastoral groups and those

who practiced hunting and gathering (Maggs and Whitelaw, 1991; Ribot et al., 2010).

The Iron Age can be roughly divided into the Early Iron Age (EIA), which broadly
corresponds to the first millennium AD, and the Late Iron Age (LIA) which corresponds to
the second. On the Indian Ocean coast in modern-day KwaZulu-Natal, EIA sites are located
in fertile soils adjacent to rivers, and LIA sites are located further from rivers. Building in
stone is first documented in the second millennium AD, and ceramic sculpture recorded at a

number of EIA sites (most notably the Lydenburg Heads) are not found at LIA sites. Scholars
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disagree as to the degree of continuity or disjunct between these two periods, and whether
they represent new waves of immigrants or in situ cultural developments. The term ‘Middle
Iron Age’ is especially ill-defined and will not be used here (Badenhorst, 2009). For the
purposes of this study, which does not closely examine timescale differences within the

agricultural period, these broad distinctions are sufficient.

Figure 3-1 Map of Iron Age sites included in this study, by biome as designated in Mucina and Rutherford 2006
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Figure 3-2 Map of modern-day mean annual precipitation in southern Africa, with Iron Age archaeological sites included in
this study. Intervals (mm) are based on the peaks and troughs of the regional data to create meaningful distinctions in
rainfall. Intervals are cut off at troughs in the original data to preserve real distinctions in rainfall intervals. Skutwater is the
only site that receives less than 400mm of precipitation a year.

3.3. Subsistence and Food Production in the Iron Age

There has been a great deal of archaeological investigation into the subsistence
practices, settlement patterns, symbolic systems and other aspects of Iron Age communities.
In contrast, there has been very little work on skeletal bone chemistry: in South Africa, three
studies have investigated carbon and nitrogen isotopes in bone collagen (Lee-Thorp et al.,
1993; Gilbert, 1995; Ribot et al., 2010). Mosothwane (2010) did similar work in Botswana.
All of these studies were limited to bone collagen, and many of the results remain
unpublished. There is clearly an opportunity to use more up-to-date approaches to
palaeodietary reconstruction, especially incorporating analysis of multiple tissues, in order to
explore questions about Iron Age diet, and to make a contribution to current debates on multi-

tissue analysis and multivariate reconstruction of palaeodiet.

Sorghum and millet, the main cultigens of Iron Age farmers, require warm, wet

growing seasons (grown together, sorghum and millet need at least 350mm of rain during the
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growing season) (Mitchell, 2002). The summer rainfall zone encompasses most of northern
and eastern South Africa, stretching north-east of the Cape Fold Mountain belt (west of these
mountains, seasonal expansion of the westerly winds and disruption of the easterlies produces
wet winters and dry summers) and extending northward across the present South African
border. Rainfall in southern Africa is highly variable, with the western Karoo receiving as
little as 50 mm of rainfall a year, and the semi-tropical/tropical zones of the Indian Ocean

coast receiving over 1000 mm a year (Figure 3-2).

Most of the archaeological sites discussed here are located in the north-east of
modern-day South Africa, from the eastern coast to the Zimbabwe border, which receives
less than 1000 mm of rainfall each year (Figure 3-2). With the exception of the coast, these
areas receive rain almost exclusively from November to May, when they also reach their
highest temperatures (Maggs, 1976; Lee-Thorp et al., 1993; Mucina and Rutherford, 2006).
Iron Age settlement appears to have been restricted to regions with sufficient rainfall to grow
crops (greater than 400 mm/year), suggesting that climate, controlling vegetation, impacted
the geographic dispersion of agriculturalists (Maggs, 1976, 1994; Mitchell, 2002). EIA sites
track the modern-day geographical range for land suitable for growing sorghum quite closely
(Russell and Steele, 2009), and many sites cluster around more moist pockets of the savanna

or grassland (see Figure 1-2, for example Rustenberg, Oliphantspoort, and Boshoff’s Farm).

Diet in the EIA
The primary source of information on diet and economy among Iron Age populations

is excavated food remains. Archaeological evidence such as grindstones and seed impressions
on pottery indicate that cultigens were consumed during the Early Iron Age, with the earliest
direct evidence impressions of pearl millet (Pennisetum americanum) seeds in clay at the 3™
century AD site of Silver Leaves (Huffman, 1982). Sorghum (Sorghum bicolor), and melon
(Citrullus) were found at Magogo, in the 6 century AD (Maggs and Whitelaw, 1991).
Domesticated animals, such as ovicaprines and to a lesser extent cattle, are evident from the
4™ century at Happy Rest and Broederstroom (Mason, 1981; Voigt and Plug, 1984; Maggs
and Whitelaw, 1991), with sheep and goats in clear evidence in coastal regions at Magogo
(Maggs and Ward, 1984; Voigt, 1984). Despite the presence of domesticates at some sites,
there are other contemporaneous sites where the faunal assemblages show a high reliance on
hunting wild animals. Gathered plants would have been a key supplement to diet during

period of drought and crop failure (Maggs, 1976; Plug and Voigt, 1985; Gilbert, 1995).

38



For EIA populations living in the coastal savanna in the east, previous isotopic results
from bone collagen suggest consumption of C4 plants or animals fed on Cs4 plants, as well as
marine protein sources for those individuals found near the coast (Ribot et al., 2010). Inland
agricultural sites with evidence of marine resource exploitation suggest that farmers
periodically travelled to the coast to collect shellfish, possibly on a seasonal basis, before

returning inland (Maggs, 1994; Mitchell, 2002).

Increased production and consumption of crops, as reflected by a significant isotopic
shift in human skeletons towards C4 foods and away from marine resources, is reported by
Ribot et al. after 400 AD (2010). At this time, there is also evidence for larger, more settled
populations at higher altitude areas among EIA sites (Maggs and Whitelaw, 1991). Finger
and pearl millet (Eleusine corocana, Pennisetum typhoides) were identified at
Ndondondwane (8™ century AD), along with the crops found at Magogo. Grindstones and
iron agricultural implements such as hoes have also been recovered from a variety of sites

(Maggs and Ward, 1984; Maggs and Whitelaw, 1991).

Diet in the LIA
The Late Iron Age begins with the resumption of most sequences around 1300-1500

AD, after many sequences reflect a hiatus from 1000-1500 AD. The hiatus has been
interpreted to suggest environmental pressure or other stressors forced populations to relocate
(Plug and Voigt, 1985). The LIA is a period for which much more is known about food
production, diet, and life in general. Agriculturalists spread into new areas, including the
grasslands of the interior modern-day KwaZulu-Natal and adjacent areas. By 1640,
agriculture was found throughout the higher elevation portions of the savanna and grassland
(modern-day Gauteng and Free State provinces and Lesotho), covering the entire climatic
range for millet and sorghum (the modern day 550-600mm MAR isohyet) (Mitchell, 2002).
The overall drier and cooler conditions of the Little Ice Age (1400-1800 AD) reduced
riverine and forest cover, facilitating the expansion of savanna and grassland species, but
there is historical and dendrochronological evidence for rainfall fluctuation and drought
throughout this period (Tyson et al., 2002; Gillson and Ekblom, 2009; Ekblom et al., 2012;
Woodborne et al., 2015). Agriculturalists would have been subject to intervals of famine and
prosperity, and their reliance on crops would have fluctuated along with the climate

(Huffman, 1996; Gillson and Ekblom, 2009).

As trade networks spread and resulted in the unequal distribution of wealth across

societies (notably the site of Bambandyanalo (K2), from which interior African trade was
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controlled), food production expanded and individual diets varied more with social status
(Gilbert, 1995). Cattle took on a much more prominent role, although whether they were
consumed in proportion to their presence in the archaeological record is debated (Huffman,
1989; Mitchell, 2002; Badenhorst, 2009). Communities living in the grassland appear to have
consumed more livestock (and specifically, more cattle) than those living in the savanna.
Domestic fauna, along with wild animals, may have sustained food supplies during
intermittent crop failures in the higher-altitude and colder grassland (Plug and Voigt, 1985;
Lee-Thorp et al., 1993; Mitchell, 2002). Diet continued to diversify as towns grew and social
strata solidified: it is theorized that the inhabitants of Skutwater (a satellite town of
Mapungubwe) may have consumed more wild plants and animals than those in the regional
capital, although the effect may be caused by differential preservation and sample sizes at the

two sites (Van Ewyk, 1987).

Maize
Maize produces higher yields than sorghum or millet and has a shorter growing

season (Board on Science and Technology for International Development, 1996). Maize
cultivation may have begun as early as 1635 on the southern Indian Ocean coast, where there
is an accompanying increase in site density and expansion into marginal lands (Mitchell,
2002). Maize pollen has been identified in sediment cores from the Limpopo River Valley
between 1600-1700 AD, and carbonized maize cobs in the savanna region of the eastern
coast fall within the same period (Maggs, 1980; Ekblom et al., 2012). Cores from Lake
Sibaya in northern KwaZulu-Natal province contain palynological evidence for cereal
cultivation in the second millennium AD with pollen from Zea mays (maize) dated between
150-300 years BP (Neumann et al., 2008). The density of large Bokoni settlements on the
Mpumalanga Escarpment suggests maize may have been cultivated as early as 1600 AD to
support large populations, estimated to range as high as 19,000-57,000 people at maximum
occupancy. Conditions on the Escarpment are too wet to support other cereal crops: although
maize is more productive, it also requires 25% more rain than sorghum or millet (Maggs,
2008). Maize agriculturalists would have been more exposed to drought and crop failure,
potentially forcing them to fall back on wild foods (Gilbert, 1995; Huffman, 1996; Mitchell,
2002). The exact date of maize introduction has been difficult to trace and will likely never
be known, but historical evidence for Portuguese trade with communities in modern-day

Zimbabwe combined with the archaeological evidence suggest that the crop would have
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definitely been introduced to northern South Africa by the early to mid-16™ century (Gilbert,
1995).

Differences in the economies and settlement patterns of EIA and LIA people have
been thoroughly discussed and debated elsewhere (Huffman, 1982; Mitchell, 2002;
Badenhorst, 2009). For the purposes of this study, only a few key differences will be
highlighted: EIA settlements were closer to rivers or lower-lying areas, as opposed to higher
altitude LIA settlements (Maggs and Ward, 1984), and coastal EIA people consumed a larger
proportion of marine resources than those in the LIA (Maggs, 1994; Ribot et al., 2010). EIA
sites are restricted to the savanna, while LIA settlements expanded to the grassland as the
climate shifted throughout the second millennium (Maggs, 1994; Huffman, 1996; Tyson et
al., 2002). Some researchers have suggested that the dominant domesticates in the EIA were
ovicaprines, with increased emphasis on cattle beginning in the LIA (Plug and Voigt, 1985;

Badenhorst, 2009), but others disagree (Huffman, 1982).

3.4. Isotopic predictions of Iron Age diet

The animal component of Iron Age diet can be inferred from the ecology of the
region’s vegetation. Wild and domesticated grazers consume primarily C4 grass, while wild
browsers reflect more mixed or Cs diets, as most browse, such as the leaves of shrubs and
trees, is C3. As grazers, cattle strongly reflect C4 grasses; ovicaprines tend to have more
negative 8'°C values than cattle as they browse more, but this difference is not likely to be
apparent in human tissues (Smith et al., 2007; Mosothwane, 2010). Wild game from this

region can be either grazers or browsers (Lee-Thorp et al., 1993).

Savanna and grassland grasses are almost entirely Ca, as are the cereal crops grown in
those regions. Gathered wild plant foods such as tubers and fruits are nearly all C3z (Lee-
Thorp et al., 1993), as are cultivated legumes and cucurbits. Increased reliance on Cy4
cultigens and domesticated C4 feeding animals probably came at the expense of wild food
sources such as Cs plants or wild browsers, and this should be apparent in the §'°C values of
the farmer’s body tissues. There is no evidence for Iron Age settlement in the high altitude C;
grassland of the Drakensberg mountains, where there are few woody plants to use as fuel and

conditions are too harsh for grazing.
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Limited ethnography supports the general archaeological image of Iron Age diet. The
Pedi primarily consumed C4 crops and C3 legumes and cucurbits, ate domestic animal
products or wild game, and supplemented their diets with wild herbs (Quin, 1964). The wide
variety in this example underlines the heterogeneity of Iron Age subsistence strategies and
the resources available to people at this time. In the EIA, archaeology has demonstrated
strategies from a high reliance on domestic stock in the savanna areas (sites such as Happy
Rest, Broederstroom, and others), while those on the coast show evidence of extensive use of
marine resources such as mollusks (Voigt and Plug, 1984; Plug and Voigt, 1985; Lee-Thorp
et al., 1993; Maggs, 1994). Lee-Thorp et al studied 5'*C and §'°N in bone collagen from
individuals from LIA sites in the savanna and grassland (all the area covered by the present
study except the Indian Ocean coast), and found a considerable degree of variation across
populations, even within similar biomes and rainfall zones. Individuals from the central
grassland sites (Vrede, Lindley, Welgegund, Irene Cave) show the highest §'*C values (-
7.43+1.70%0) while those in the most arid savanna region (Skutwater) have the most depleted
results (-10.58+1.24%o), suggesting the former consumed more C4 based resources, probably

cultivated grains (Lee-Thorp et al., 1993).

Ambrose (1986) reported relatively low nitrogen values (maximum §'°N =10.4%o) for
eight LIA farmers included in his study (two sites, Nysvlei and Ficus, are also included in this
study although the individuals sampled are different). This was interpreted as an indication
that they consumed very few domestic animal products, especially when compared the §'°N
values of pastoralists. Ambrose (1986) interpreted these values through the Pedi diet, which
is low in animal products. However, the aridity and physiological water retention effects in
animals and humans complicate simple trophic-level reconstructions with §'°N, and it is
possible that environmental factors account for some of the low nitrogen values. Such
confounding variables are another motivating factor in the development of other, multivariate

reconstruction techniques.

The bulk of the specimens included in this study were first reported in Gilbert’s 1995
study of §'*C and 8'°N in bone collagen. Table 5-4 lists the isotopic values for all individuals.

3.5. Background to sampled sites

The human skeletal record for the summer rainfall zone of southern Africa is
comprised mainly of skeletons from individual burials, which limits their numbers. The

combination of warm summer temperatures and moisture is highly destructive to bone and
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preservation is often poor. The individuals sampled in this study represent a highly diverse
population from sites across the north-eastern portion of South Africa and from both the EIA
and LIA. Constraining the sample to more specific time and place intervals would have
resulted in dramatically smaller sample size and limited the value of the analysis. Despite
being dispersed in space and time, however, most of the individuals sampled have been
established as being part of the Iron Age by previous scholars, mainly through archaeological
context (especially associated ceramic traditions and settlement layout) (e.g. Gilbert, 1995;

Maggs, 1980; Morris, 1992; Ribot et al., 2010; Van Ewyk, 1987).

The exceptions are a small number of individuals from several sites (Illovo Beach,
Richard’s Bay, Ballito Bay). Previous isotopic analysis of bone collagen suggests they
consumed a higher proportion of C; foods, and they are dated to >2000 BP (Ribot et al.,
2010). This suggests they practiced a subsistence pattern based more on hunting and
gathering than on agriculture. These individuals are included in the analysis for comparative

purposes.

The archaeological sites selected for this study are listed in Table 3-1, along with the
biome in which they are situated and the rainfall as recorded by the nearest weather station
(see also Figure 3-2). All individuals studied have been securely placed in the Iron Age,
either through direct or indirect dating. The majority of sites occur in either the savanna or
grassland biomes, and all are in areas that typically receive >200mm of mean annual

precipitation per year.

Many of the individuals analyzed in this project were discovered accidentally in the
course of agricultural activities, construction projects, or erosion. Some of them (individuals
from Tinley Manor, Illovo Beach, Wellington Estates) were discovered in the early 1920s
and 30s and sent to specialists for analysis, so very little contextual information is available
(Wells and Dart, 1934; Galloway, 1936; Fichardt, 1960). Other sites analyzed here (Magogo
Hills, Nanda, Mhlopeni, Rooikrans, Ficus, Nysvlei, Oliphantspoort, Rustenberg, Skutwater)
were formally excavated and described (e.g. Maggs and Ward, 1984; Plug, 1984; Voigt,
1984). Many individuals—both those formally excavated and those that were discovered
through erosion—were found in formal graves with grave goods, including ceramics, iron
tools, and bead ornaments (e.g. some burials from Wellington Estates, Skutwater, Magogo

Hills, and Mhlopeni).
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All excavated sites that contained faunal material contained a mix of domesticated

and wild animal remains. At Rooikrans, wild animals and hunting appeared to make up the

majority of animal protein consumed; in contrast the bulk of animal remains at Skutwater

were domesticates, and Van Ewyk suggests 51% of dietary protein was from cattle (Plug,

1984; Van Ewyk, 1987). Broederstroom, a 4"-7" century AD village, contained very few

cattle remains and some ovicaprines, but hunting seemed to be the main source of animal

protein (Maggs and Whitelaw, 1991). At Ficus and Happy Rest, herding is inferred through

the presence of many ovicaprine remains (Voigt and Plug, 1984; Ambrose, 1986).The well-

preserved fauna assemblage at Magogo also forms early evidence for herding (Voigt, 1984).

The scattered and varied nature of the Iron Age human remains that have been found

to date means that in many cases, isotopic analysis is one of the few avenues of research into

the diet and economy of the individual. By comparing the isotopic values of less-studied

individuals with those of remains from sites with other, archaeological lines of evidence for

consumption patterns at these sites (primarily faunal and plant remains), it is possible to

create a more complete understanding of the economy and consumption of food-producing

people during the Iron Age.

Table 3-1 Regional and archaeological context for individuals included in the study.

*These areas are all contemporary regions, rather than excavated sites. Individuals recovered there and included in this

study have been dated to >2000 BP and they are included for comparison (see Table 5-3) for radiocarbon dates for each. **

Two individuals recovered at Ballito Bay are included in this study, one ascribed to the LIA and the other dated to >2000

BP (Ribot et al., 2010)

Site Name Biome? Rainfall (mm/y) Iron Age
Ballito Bay Coastal Savanna 1054-1401 ok
Boshoff's Farm Savanna 708-1053 LIA
Diamant>* Savanna 363-707 EIA
Ellerton Mine Savanna 363-707 LIA
Estcourt® Grassland 708-1053 LIA
Ficus® Savanna 708-1053 LIA
Fynnlands Coastal Savanna 708-1053 EIA
Heilbron® Grassland 363-707 EIA
Illovo Beach’ Coastal Savanna 1054-1401 *

2 (Mucina and Rutherford, 2006)
3 (Morris, 1992)

4 (Plug, 1985)

> (Plug and Voigt, 1985)

¢ (Lee-Thorp et al., 1993)

7 (Galloway, 1936)
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Kaybars Cave® Grassland 1054-1401 LIA
Lindley’ Grassland 363-707 LIA
Magogo® 1 Grassland 708-1053 EIA
Mhlopeni Savanna 708-1053 EIA
Nagome'! Savanna 363-707 LIA
Nanda'? Coastal Savanna 708-1053 EIA
New Smitsdorp'? Savanna 363-707 LIA
Nysvlei'? Savanna 363-707 LIA
Olifantspoort!* Savanna 708-1053 LIA
Pilgrim's Rest® Savanna/Grassland 1054-1401 LIA
Richards Bay Coastal Savanna 1054-1401 *

Robinsons Shelter Grassland 1054-1401 LIA
Rooikrans® 116 Savanna 363-707 LIA
Rustenburg® Savanna 708-1053 LIA
Skutwater® 7 Savanna 20-362 LIA
Tinley Manor'®:# I0CB 1054-1401 EIA
Vetchkop Grassland 363-707 LIA
Wellington Estates® '® Savanna 363-707 LIA

3.6. Study aims and overview

This study builds on previous isotopic analysis of individuals from these sites, which
consisted of 8'*C and 8'°N measurements of bone collagen (Lee-Thorp et al., 1993; Gilbert,
1995; Ribot et al., 2010). Supplementing these data with §'*C from bone apatite and tooth
enamel and adding all four isotopic values for additional individuals, this study (N=51)

represents the largest known body of multivariate isotopic data on Iron Age agriculturalists.

This study has three main aims:

8 (Wells and Dart, 1934)
 (Maggs, 1976)

10 (Maggs and Ward, 1984)
! (Rightmire and van der Merwe, 1976)
2 (Whitelaw, 1993)

13 (Myers, 1958)

14 (Mason, 1986)

15 (Plug, 1984)

16 (Hall, 1984)

17 (Van Ewyk, 1987)

18 (Wells and Dart, 1934)
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1) Measure the carbon isotope!” ratios of additional body tissues (bone and tooth
enamel apatite) for previously published and new individuals to expand global
multi-tissue isotopic data and compare with the results of previous studies of the
region.

2) Utilizing the isotopic composition of different tissues to build a higher-resolution
dietary reconstruction for farmers of the Iron Age.

3) Position the South African population sample in global models for macronutrient

routing and dietary reconstruction.

The following chapter lays out the methodology employed, including two additional
experiments in the pre-treatment of bone apatite. Based on the considerations given in section
2.2, these experiments were used to establish the usability of bone apatite of the studied
individuals, and bone from Iron Age South Africa more generally. The methods used for all
preparation and isotopic analysis of bone apatite and tooth enamel are then described, as well

as the few samples for which collagen was not analysed in a previous study.

19 Analysis of carbonate also measures §'0, which is reported in Appendix A. Oxygen results are not discussed
in this study.
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4. Methods for 1sotopic analysis

This chapter describes the pre-treatment and analysis of all three tissues (bone apatite,
tooth enamel, bone collagen) studied. The pre-treatment methods described in this chapter are
intended to isolate the component of interest in each tissue (bone apatite, tooth enamel, bone
collagen) by removing contaminants and diagenetic materials. For apatites, there are a variety
of protocols in the literature and so preliminary experiments were carried out to contribute to
the ongoing debate around the efficacy and effects of varied pre-treatments. The preparation

of bone collagen follows a generally well-accepted protocol that is outlined below.

4.1. Apatite pre-treatment experiments

All protocols for apatite pre-treatment involve the oxidation of organic contaminants
on bone or enamel, followed by treatment with acid to remove carbonates that have formed
on the sample during deposition or through diagenesis. Section 2.6.2 outlined the variety of
pre-treatment protocols and concerns around particle size, recrystallization, and other effects
of prolonged exposure to the pre-treatment reagents. The pre-treatment of tooth enamel is
established and warranted no further investigation, but given the concerns around bone
apatite, two experiments were conducted comparing the effects of pre-treatment to the final
isotopic values of bone apatite samples. The first examined the effect of bone apatite particle
size on the outcome of pre-treatment, and the second looked more closely at sodium

hypochlorite exposure times and their effect on poorly preserved human bone.

4.1.1. Pre-Treatment Test 1: particle size
To compare the effect of pre-treatment protocols on bone powders of varying particle

size, a well preserved bovid rib from the site of Olifantspoort was collected along with the
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human material. 8> Ccollagen Of the rib was -5.9%o (C:N=3.19), determined via the method

described in sections 4.2.3 and 4.3.2 below.

The rib was mechanically cleaned and cut into 2 cm long pieces which were ground in
a SPEX mill, cooled with liquid nitrogen. As different particle sizes were desired, the rib
pieces were milled using different impact frequencies and milling times and all powder was
pooled together, mixed, and sieved through the following mesh sizes: 180 pm, 106 pm, 63

um, and 25 um. This resulted in the five particle size categories, defined as:

Size A: particles that did not pass through 180 um mesh (>180 pm)*°

Size B: particles that passed through 180 pm but not 106 um mesh (179-107 um)
Size C: particles that passed through 106 um but not 63 um mesh (105-64 um)
Size D: particles that passed through 63 um but not 25 um mesh (62-26 pum)
Size E: particles that passed through 25 um mesh (<24 um)

Mechanical sieving was sufficient to separate all particle sizes except those <25 um.

In that case, the bone powder was washed through the sieve with ethanol overnight.

Approximately 2mg of each size fraction was placed in 1.5 ml snap-top
microcentrifuge tubes. Each of the five size fractions was subjected to six pre-treatments,

adapted from Smith (2005), found in Table 4.1.

Table 4-1 Protocol for pre-treatment experiment 1. Reaction times in sodium hypochlorite and acetic acid were varied for
different particle sizes. Sodium hypochlorite solution is diluted 1:1 with distilled water, resulting in ~1.75% NaCIlO v/v.

Particle 10 mins in 0.1M CH3COOH 15 mins in 0.1M

Size CH;COOH

Size A 2.5 3 35 2.5 3 3.5 | Hours in sodium
Size B 2.5 3 3.5 2.5 3 3.5 | hypochlorite
Size C 2.5 3 3.5 2.5 3 35

Size D 2.5 3 3.5 2.5 3 35

Size E 2.5 3 3.5 2.5 3 35

Following the standard procedure for most pre-treatment methods, 1.0 ml of sodium
hypochlorite was pipetted into each microcentrifuge tube and allowed to react. Tubes were
shaken by hand every 15 minutes during the specified reaction time, and then centrifuged, the
sodium hypochlorite pipetted off, and the powders rinsed three times in distilled water. 1.0 ml

of acetic acid was added to each tube, which was shaken thoroughly to re-suspend the bone

DThese sizes will be referred to in the text by a range in um. This is merely for ease of reference, and is not to
suggest that these are the exact known sizes of all particles.
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powder. Samples were centrifuged two minutes before the end of the treatment time and acid
removed at exactly 10 or 15 minutes; then the powders were rinsed three times in distilled
water and freeze dried. Visual inspection of sample powder showed minimal loss of sample

due to treatment.
Mass spectrometry for all apatite samples is described in section 4.3.1.

Pre-treatment Test 2: poorly preserved bone
As pre-treatment is intended to mitigate the effects of post-depositional change to the

isotopic composition of samples, especially for bone apatite, the preservation of individual
samples is an important consideration. Authors analyzing bone apatite often emphasize the
high levels of preservation in the contexts from which they draw their samples, and it is

logical to conclude that pre-treatment methods may be more efficacious on well-preserved

bone (Smith, 2005; France and Owsley, 2012; Santana-Sagredo et al., 2015).

In order to test the effects of pre-treatment on more poorly preserved bone, five
human bone samples were selected from the study population. Poor preservation was
assessed on the basis of discoloration, fragmentation or ‘crumbliness,” and overall appearance
of the bone. The samples were cleaned and ground as described for the faunal rib in pre-

treatment test 1 in the SPEX mill, and sieved.

Particle size B (179-107 um) was selected on the basis of the results of pre-treatment
test 1 and treated for 2.5, 3, and 3.5 hours in sodium hypochlorite and 15 minutes in acid as
described. The results of pre-treatment test 1 had suggested greater variation in the isotopic
value of the sample due to NaClO treatment than time in acid, so NaClO was varied in this

experiment while time in acid was not.

4.2. Archaeological human samples

Human remains were selected based on 1) association with Iron Age sites and farming
practices, 2) inclusion in previous studies confirming their status as food producers, and 3)
preservation. Well preserved bone was selected as much as possible and specimens were
eliminated in cases where there were no well-preserved bones available. Individuals without
second or third molars with sufficient enamel to sample were also eliminated. The enamel of
first molars begins forming very early in life and can carry a pre-weaning isotopic signal that
would not be comparable to the adult diet analyzed in bone apatite and collagen (Hillson,

1996).
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Teeth or bones coated in glue or other preservatives were avoided. 3-8 cm long bone
fragments were collected for each individual, preferably rib shaft fragments or phalanges to
avoid damaging skeletal elements most often studied by biological anthropologists. Bone was
visually inspected for the preservation of cortical bone, and pieces that were fragmented or

‘crumbly’ were discarded, as well as those that were heavily discolored by soil contaminants.

Tooth enamel preparation
The area selected for sampling, on the buccal or lingual surfaces of third (if available)

or second permanent molars, was brushed clean and the surface lightly abraded before
enamel powder was collected using a hand-held Dremel drill with a diamond-tipped dental
drill bit. Approximately 5-10 mg of enamel was removed above the cementum-enamel
junction and below the occlusal surface. Tooth enamel forms from the occlusal surface
towards the cementum-enamel junction and can preserve time-based dietary signals, so teeth
were sampled up the entire height of the crown to obtain a sample representing the entire
period of crown formation. Care was taken to remove enamel evenly and avoid penetrating

into the underlying dentin.

Approximately 2 mg of enamel powder was treated with sodium hypochlorite
(~1.75% v/v) in 1.5 ml snap-top centrifuge tubes for 45 minutes, with tubes shaken every 15
minutes. These times follow the established method for tooth enamel pre-treatment (Lee-
Thorp et al., 1997). After centrifugation the supernatant was pipetted off and the powder was
rinsed three times in distilled water. Samples were reacted with 0.1M acetic acid for precisely
15 minutes to remove soluble mineral components (Lee-Thorp et al., 1997; Loftus and Sealy,
2012; Stowe and Sealy, 2015). Samples were centrifuged and rinsed in distilled water three
more times before being freeze dried and 2+0.2 mg weighed into 12 ml borosilicate tubes for

mass spectrometry.

Bone apatite preparation
Bone fragments were ground in a liquid nitrogen-cooled SPEX mill and sieved

through 180 and 106 pm mesh. Based on results from pre-treatment test 1 and 2, only powder
size B (179-107 pum) was measured into 1.5 ml centrifuge tubes and treated with sodium
hypochlorite for 3 hours, rinsed three times, and reacted with 0.1M acid for exactly 15
minutes. The same care was taken to ensure exact reaction times as for all other samples.
After three rinses in distilled water, samples were freeze dried and weighed in the same

manner as the tooth enamel.
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Bone collagen preparation
The majority of 8'Ceollagen values presented in this study have been previously

reported (Lee-Thorp et al., 1993; Gilbert, 1995). All analyses (previously published and those
for this study) have been conducted at the Archaeometry Laboratory at the University of
Cape Town. The protocol for collagen extraction in this laboratory (described below) has
remained largely similar since the 1990s. When compared to a recently developed and more
rigorous method, the collagen extracted by the two approaches from reasonably well-
preserved bone showed no significant differences in isotopic composition (Sealy et al., 2014).
The Cape Town laboratory therefore continues to use the older protocol for routine collagen
extraction. Bone fragments for analysis were surface-cleaned with sandpaper to remove
visible contaminants, weighed, and decalcified in 50 ml of 0.2M HCL. HCL was changed
every 48 hours until a collagen pseudomorph remained; in some cases the pseudomorphs
were fragmented or discolored (pseudomorphs of well-preserved collagen should be nearly
transparent; in these cases pseudomorphs were yellowed). The pseudomorphs were rinsed
three times in distilled water and treated with 0.1M NaOH for 24 hours to remove humic
contaminants. Samples were then immersed in distilled water for 7 days, changed every 36-

48 hours, or until the pH returned to neutral.

All samples were frozen in a -4°C freezer before being freeze-dried. Samples were
weighed again and collagen yields calculated. Samples were weighed and analyzed as

described in section 4.3.2.

The majority of collagen isotopic values used in this study are previously published
results from as far back as the 1990s, and in many cases collagen yields were not reported.
Collagen yield alone is not a particularly reliable indicator of collagen quality, and authors
vary in the minimum yield considered sufficient (DeNiro, 1985; Ambrose, 1990; van
Klinken, 1999; Sealy et al., 2014). For collagen extracted for this thesis, quality was assessed
based on %C and %N, as well as C:N ratios.

As noted, archaeological sites in the summer rainfall zone are subject to wet/warm-
cool/dry periods that are not conducive to a high degree of bone preservation. Of the eleven
bone samples that were processed for collagen in this study to supplement published values,

five had elemental C:N ratios above 3.6, exceeding the usually accepted upper limit of 3.4.

In almost all cases high C:N ratios were caused by low %C and/or %N. The accepted

range of %C in this study was 26-47% and 11-17.3% for % N after Ambrose, 1990 and van
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Klinken, 1999. These five samples had %C or %N that fell below these acceptable ranges.
Low %C and %N indicate that a proportion of the collagen has been lost, probably the result
of diagenetic processes in the environment. Humic contaminants can also result in low C:N.
Although all samples were soaked in NaOH to remove humic material, some remained very
discolored and disintegrated in the solution. Filtration was attempted to further remove
contaminants and isolate organic material, but some samples were simply too degraded to

include and those individuals were removed from the study population.

4.3. Mass Spectrometry

Apatites
All apatites were weighed in the same manner and analysed at the University of Cape

Town stable isotope laboratory on the same equipment.

0.2 g of powder were weighed into 12 mL round-bottomed borosilicate glass tubes
capped with screw-top exetainer caps, which had been thoroughly cleaned with phosphoric
acid as described in Loftus and Sealy (2012). All samples were analyzed at the University of
Cape Town stable isotope laboratory using a ThermoFinnigan (Germany) model II gas bench
as described by previous authors (Loftus and Sealy, 2012; Sealy et al., 2014; Stowe and
Sealy, 2015) and ThermoFinnigan delta plus XP isotope ratio mass spectrometer. Three
standards, Cavendish Marble (§'°C = 0.34%o, 8'30 = -8.95%0), NBS 18 (8'°C = -5.01%o,
51%0=-23.03%0) and NBS 19 (8"°C =1.95%o, §'*0=-2.20%o), were included in each run.
813C and §'30 are calculated relative to the Vienna PeeDee Belemnite standard. Precision for
both §'3C and §'®0 was better than 0.2%o, based on repeated analyses of laboratory standards
(Cavendish Marble) (N=30).

Apatite powders are reacted with 100% phosphoric acid and the resultant CO gas is
repeatedly sampled by the gas bench for each sample and the resultant values are averaged
for a final result. Samples for which the precision of repeated readings was less than 0.2%

were rejected and re-analyzed.

Collagen
Approximately 0.5mg of collagen was weighed into tin capsules and combusted to N

and COz in an automated carbon and nitrogen analyzer (Carlo-Erba), coupled to a
continuous-flow isotope ratio mass spectrometer (Delta V Plus (Thermo-Finnigan)). Samples
were analyzed in duplicate and averaged if results were within 0.2%o, if not they were re-

analyzed. The precision (1s) of repeated measurements of homogenous materials (in-house
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laboratory standards) is less than 0.2%o for both §'3C and §'°N. Values of in-house standards
have been determined by measurement relative to international standard materials NBS 21,

IAEA N1 and N2, and standards exchanged with other laboratories (Sealy et al., 2014).

The final sample of 51 archaeological humans discussed in this study represent those
individuals for whom reliable isotopic values were secured for bone apatite, bone collagen
and enamel apatite. The isotopic results of analysis of these individuals is discussed in the

following chapter, along with the results of the two pre-treatment experiments.
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5. Results of Isotopic Analysis

5.1. Pre-treatment Test 1: effect of particle size and pre-treatment time on 8'>Cpone apatite
of well-preserved bone

Pre-treatment test 1 investigated the effect of particle size and pre-treatment times on
8'3Chone apatite, using a well-preserved bovid rib from the site of Oliphantspoort. Preservation
was assessed based on colour and the fact that the bone did not crumble at all when cut into
sections. Cutting revealed thick cortical bone and demineralisation for §'*Ceoliagen resulted in a
high quality collagen pseudomorph that was not fragmented or discoloured. A sample of this
rib was ground and sieved into five different particle size groups: Size A: >180 um, Size B:
179-107 um, Size C: 105-64 pum, Size D: 62-26 pum, Size E: <24 um. Table 5.1 lists §"*Chone
apatite fOT all experimental treatments and particle sizes. The four largest particle size groups
had overlapping, similar mean §'*Chone apatite across all treatments (group A: -0.35+0.30%o,
group B: -0.40+0.16%o, group C: -0.26+0.12%o, group D: -0.254+0.22%o). Group E, the
smallest particles, produced a wider range of 8'*Cpone apatite across the treatments (range of

2.4%o0) and on average was distinct from the other four (mean §'3Chone apatite -1.38£0.91%o).

Table 5-1 Bovid rib 6" Cpone apatiee by particle size and treatment type (pre-treatment test 1).
All values are reported relative to VPDB. Each sample was analysed only once. The overall average 5'3Chone apaiire based on
all 5 particle sizes was -0.56%0.60%o.

CH;COOH NaClO Size A Size B Size C Size D Size E
(mins) (hours) | 8"3C (%o) 813C (%o) 83C (%o) 313C (%o) 313C (%o)
10 mins 2.5 -0.2 -04 -0.2 0.0 -04

3 -04 -0.2 -0.2 0.0 -1.1

3.5 -0.8 -0.4 -0.3 -0.3 2.8
15 mins 2.5 -0.3 -0.6 -0.3 -0.3 -0.5

3 -0.5 -04 -0.5 -0.6 -1.6

35 0.1 -0.5 -0.1 -1.1 -1.8
X + 6 (%0) -0.35+0.30 -0.40+0.16 -0.26+0.12 -0.25+0.22 -1.38+0.91
Range (%o) 0.9 0.4 0.3 0.5 24
8"3Ceollagen -5.9%o0
AI3C collagen-
apatite -5.61£0.3%0 | -5.54+0.14%0 | -5.70£0.12%0 | -5.56+0.41%0 | -4.58+0.91%0
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Each group has few observations (<10) and so statistics should be treated
descriptively. Tests for significance are reported for illustrative purposes, but differences
should be interpreted with caution. In the case of the smallest particle size group, however,
the magnitude of the difference in 8'*Chone apatite Supports the conclusion that particle size has a

distinct impact on the ultimate isotopic value of the sample.

Initial results indicated that particle size has a significant effect on 8'*Cpone apatite Values
across all particle size groups and for all treatments (single factor ANOVA, p=0.002,
a=0.05). However, the overall range of variability across the groups (-0.5%o to 0%o), all of
which were from the same bovid rib, indicates that most particle sizes produce comparable
isotopic results despite different pre-treatment methods. Mean 8'3Chone apatite for the smallest
particle size (Group E) is very different from the others (-0.35+0.26%o compared to -
1.38%o)?!, and is driving the significant result observed in the ANOVA. This particle size
(which is comparable to that achieved by removing tooth enamel with a drill) is substantially
more depleted in *C than any other size, with the most depleted values seen in material with
the longest exposure to NaClO. Despite significant results in the case of group E, §'*C does
not clearly pattern with either NaClO or acid exposure time within or across the other particle
sizes. The overall range in 8'3Chone apatite between the largest and smallest particle sizes is
illustrated in Figure 4.1, which also makes clear the relatively narrow range of values for
sizes A-D. The range of values returned for size E is more than 4 times that of the other size
groups; the mean 8'>Chone apatite Of group E does not fall within the range of sizes A-D at all

(nor does the median value).

When all particle sizes were grouped together, no significant difference was observed
between samples treated in 0.1M acetic acid for 10 minutes or 15 minutes (two-factor
ANOVA with replication, p=0.76, a=0.05) or for different lengths of time in NaCIO (two-
factor ANOVA with replication, p=0.21, a=0.05). Size E showed the highest sensitivity to
pre-treatment, but neither time in acid nor NaClO significantly contributed to variation in
8'3Chone apatite, although the effect of sodium hypochlorite was close to significant (single-
factor ANOVA, p= 0.06, a=0.05). Given the small number of observations (6 for Group E),

it is not possible to determine if this difference is ‘real’ or not. Differences of 30 minutes

21 As the data are not normally distributed (and there is no expectation that isotope values should be normally
distributed), T-tests cannot be used to compare them. In this case, sample size is too small to effectively use
non-parametric tests for difference between groups (the Mann-Whitney U Test or Wilcoxon signed-rank test), so
statistics are used descriptively.
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(each time interval in NaClO), however, are more likely to be detectable in the isotopic value
of the sample than 5 minute differences in acid. This suggests that it is prolonged exposure to
NaClO that has an effect on the isotopic value of the sample. A 5-minute difference in acid

reaction does not appear to have any effect on §'°C.

Figure 5-1 Pre-treatment test 1 results. 5'3Crone apatite varies with particle size. Box plot illustrating the effect of particle size
on 53 Crone apatite across all treatments. The boundaries of the box represent the first and third quartiles and center lines
represent the median. Bars extend to 1.5 x interquartile range from each quartile, and circles (outliers) are defined as
greater or less than 1.5 x IOR.

Groups C and B are the least sensitive to variations in pre-treatment. Variation in §'°C
for group B cannot be attributed to different times in acid (single-factor ANOVA, p=0.31,
a=0.05) or in NaClO (single-factor ANOVA, p= 0.156, a=0.05). This suggests that particles
of this size are small enough for uniform reaction with pre-treatment reagents, but not so
small that they undergo isotopic change (perhaps as a result of structural alteration such as

recrystallisation).

813Ceollagen Of the rib was -5.9%o, and A'*C collagen-apatite does not vary significantly with
either time in acid or sodium hypochlorite for groups A-D (two-factor ANOVA with
replication, acid time, p=0.3, NaClO time, p=0.49, a=0.05). Particle size, however, does
have a significant effect on A'3C coliagen-apatite (Single-factor ANOVA, p=0.002, a=0.05), which
is driven by size E. The mean A3C coliagen-apatite for size E (-4.58+0.91%o) is notably smaller

than the overall mean A"C collagen-apatite for all sizes (-5.40+0.46%o).

The mean §'°C value of particle size B (-0.40+0.16%) was closest to the overall mean
of the bone (-0.56+0.60%0) and the mean value for groups A-D (-0.35+0.26%o0). Group B is

also the largest well-constrained particle size that yielded consistent results. Based on this
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result, all samples of human bone used for §'*Chone apatite measurements were ground and
sieved and particle size B (179-107 um) was selected for pre-treatment and isotope

measurements.

5.2. Pre-treatment Test 2: effect of pre-treatment time on 8'*Cpone apatite Of poorly
preserved bone

Pre-treatment test 2 was intended to examine the effect of varying durations of
treatment in NaClO on poorly preserved bone. Bone from five individuals included in the
study were selected on the basis of poor preservation, as described in section 4.1.2 of the
Methods chapter. The bone was cleaned, ground, and sieved as described, and size B (179-
107 um) powder was treated in NaClO for varying lengths of time, followed by 15 minutes in
0.1M acetic acid, based on the results of pre-treatment test 1. The results of pre-treatment test
2 indicate that between 2.5 and 3.5 hours, NaClO reaction does not result in significantly
different $'3*Chone apatite, €ven for poorly preserved bone. Four out of five samples have a
standard deviation of <0.2%o across the three treatments, and the standard deviation of the

fifth (UCT 4148) is 0.23%o (Table 5.2).

Table 5-2 Pre-treatment test 2 5'3Coone aparire results for pre-treatment test 2. All values are reported relative to VPDB.

Time in

NaClO UCT 3685 UCT 4148 UCT 4915 UCT 4922 UCT 16367
(hours) 813C (%o) 813C (%o0) 313C (%o) 313C (%o) 813C (%o)

2.5 -5.7 -4.2 -6.5 2.7 -5.0
3 -5.6 -3.9 -6.4 2.9 5.2
3.5 -5.9 -4.4 -6.5 -3.1 -4.9
X+0o -5.75+0.18%o0 -4.19+0.23%0 -6.46+0.05%o0 -2.904+0.19%o0 -5.054+0.14%o0

Figure 5.2 further illustrates that varying durations of treatment with NaClO did not
significantly change 8'*Chone apatite for the poorly preserved bone samples. The flatness of each
line indicates little change across the treatment times, and even in cases where the lines curve
slightly there is no systematic pattern of enrichment or depletion due to longer times in
NaClO. The precision of repeated measurements on the mass spectrometer was better than
0.2%o, suggesting the differences across treatment times are simply random analytical
variations. No significant difference was observed across treatment times for each sample (2-

factor ANOVA without replication, p=0.24, a=0.05).

These data indicate that §'*Cbone apatite Of particles between 179-107 um is not
significantly altered by a one-hour range of reaction times in NaClO, even for poorly-

preserved bones. This particle size group returns robust 3'°C values even when the bone is in

57



poor condition. Based on these results, pre-treatment for 3 hours in NaClO and 15 minutes in

acetic acid was used for all human bone samples for which §'*Chone apatite is reported below.

3 — O . —e—UCT 3685
£ 4 /.\ —e—UCT 4148
g c UCT 4915

(S . — "\‘ UCT 16367
e

- —e— UCT 4922

-8

2 2,5 3 3,5 4

NaClO treatment time (hours)

Figure 5-2 Pre-Treatment Test 2: 5"3Chone apasire 0ver time for poorly preserved human bone apatite.
63 Chone apaiire for group B (179-107um) size bone across NaClO treatment times. All samples were reacted with
0.1M acetic acid for 15 minutes after reaction with NaCIlO as per the method described.

5.3. Human Isotopic Results

The §'°C and "N values from bone collagen and §'*C from bone apatite and tooth
enamel for all individuals included in the study are listed in Table 5.3. As discussed in section
4.2.3 of the methods chapter, collagen was assessed based on %C and %N because many
previously published collagen values did not report C:N ratios. Collagen quality indicators
for all collagen samples analysed in this study fell within the ranges for well-preserved
collagen (%C: 26-47% and %N: 11-17.3% after Ambrose, 1990 and van Klinken, 1999).
Collagen C:N ratios for those samples that reported them, and §'%0 for tooth enamel and

bone apatite can be found in Appendix A.

Three individuals included in the study were hunter-gatherers, because they pre-date
the beginning of the Iron Age in the coastal region where they were buried: UCT 5398, 5431,
and 10853 (Ribot et al., 2010). All four isotopic values for these individuals cluster and are
substantially different from those of the Iron Age agriculturalists (Table 5.4) (for 8'*Cpone
apatite -3.82+-2.49%o compared to -10.06£0.29%o; 8" Ctooth enamel -2.88+2.48%0 compared to -
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9.32+1.45%0; 83 Ceollagen -8.65+2.16%0 compared to -13.83+0.25%o; 8'*Neollagen 10.05£1.9%o0
compared to 12.53+0.93%o)*.

A fourth individual, UCT 3686, has been attributed to the 10" century AD and was
found at the site of Heilbron, in the Highveld grassland. There is no evidence of Iron Age
farmer settlement in the Highveld before the second millennium (Maggs, 1976), so this
individual was also a hunter gatherer, despite being classed as an agriculturalist by Lee-Thorp
et al. (1993). This was likely due to the isotopic similarity between UCT 3686 and the Iron
Age agriculturalists from that area, which can be seen in Figure 5-3. This similarity is due to
the dominance of C4 grass in the Highveld: a hunter gatherer consuming plants and animals
from this area would be expected to have similar isotopic values to those of early

agriculturalists there.

Table 5-3 513Cc0[lagen, 515Mfollagen, 513Cbone apatite, 513Crooth enumel_fOl” Sampled mdlwdualsfrom southern Africa.

Tooth enamel and bone apatite were prepared and isotope values measured for this study. Most 5'3Ccoltagen and 5'>Neoitagen
were first reported in: *Lee-Thorp et al., 1993; ** Gilbert 1995, ***Ribot et al., 2010. Collagen values for individuals not
marked with asterisks were analysed by the author for this study unless otherwise indicated. Skeletons that have been
directly dated are indicated. Otherwise, all chronological indicators are the same as in Table 3-1and reproduced here for
convenience. $The provenience of these skeletons beyond their general location (Pilgrim’s Rest) has been lost, and it is
probable they were salvaged or sent to Revil Mason in the early 20" century. It is likely that they are Late Iron Age
individuals but no other details can be found. 1 Located in the archaeological collection of the Ditsong Museum in Pretoria,
South Africa. | Located in the Raymond Dart Collection at the School of Anatomical Sciences, University of the
Witswatersrand, Johannesburg, South Africa. t Located in the anatomical collection of the Department of Human Biology,
University of Cape Town, Cape Town, South Africa. #Located in the archaeological collections of the KwaZulu-Natal
Museum in Pietermaritzburg, South Africa. #Located in the collection of the University of South Africa (UNISA).

Museum Date Pre- or post-

Accession |UCT (Century) |maize Tooth

Code? Code |Site 2 introduction [TA  |Collagen Enamel |sampled|Bone
613C 613C
(%0)  |8"5N (%o) |53C (%o) (%o)

NAS 307 |3682 |Skutwater* 12 Pre LIA [-12.6 [14.1 42 M3 32

NAS 28" |3683  |Skutwater* 12 Pre LIA [-10.7 [144 5.4 M3 72

NAS 297 |3684  |Skutwater* 12 Pre LIA |-10.6 |[11.6 6.2 M3 4.7

NAS 277 |3685  |Skutwater* 12 Pre LIA [-11.3 |13.1 3.8 M3 5.6

A 233} 36862 |Heilbron* 10 Pre EIA [-11.0 [106 4.4 M2 |-84

UCT 326! Lindley

3690  |[(Makwareng)®® [17t0o 19  |Post LIA |-7.04 [11.3 -0.3 M3 3.9

22 For comparison of nonparametric data in sizes of unequal groups, the Mann-Whitney U Test would be
appropriate. However, with only 3 data points in the hunter gatherer group, the test would be unable to detect
differences at a meaningful level of significance and so they are compared descriptively here.

2 Due to the closure and consolidation of collection, as well as the re-naming of museums, museum accession

codes may be inconsistent within the same collection or institution. The current host institution is indicated for
each individual.

24 Dates are given at century intervals in Gilbert 1995, so individuals published elsewhere have been converted
to maintain consistency. As precise chronologies are not required, broad ranges are given here to associate
individuals with either ‘pre maize’ or ‘post maize’ agricultural practices.

2 Pta-5218 (1000+60yrs BP), Morris 1992

26 Collagen values taken from the UCT Archaecometry Lab Register, entered by Julia Lee-Thorp
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UCT 3271 Lindley

3691  |(Makwareng)* [17to 19 |Post LIA [-72 [104 03 M3 |28
A 410% New

3696%” |Smitsdorp* 16 Post LIA |-84 |99 -1.5 M2 3.3
A 18361 Wellington

3704  |Estates* 16t019  |Post LIA [-62 [105 0.9 M3 |18
A 1837¢ Wellington

3705  |Estates* 161019  [Post LIA |-7.1  [122 -14 M2 |15
A2798%  |3708 |Rustenburg |18 Post LIA |-74  [9.07 0.5 M2 |34
A
2853/28548 Oliphantspoort
t 3710 |* 19 Post LIA [-6.7 (9.3 2.9 M3 |27
A 2855|3711  |Oliphantspoort |18 Post LIA |67 |79 -0.1 M3 2.5
A2856*  |3712  |Oliphantspoort |15 Post®® LIA |-7.7 [8.9 0.5 M2 3.2
KCM 86/1* |4148  |Nanda*™** 6t07 Pre EIA [-99 (9.2 4.9 M3 [-39
A 4221/WA
25¢ 4152  |Oliphantspoort |19 Post LIA [-89 [9.1 -0.7 M3 -4.4
A 220/WA
15 4171  |Nylsvlei* 16 Post LIA [-7.9 [103 -13 M2 |33
A 2230% Wellington

4309 |Estates 161019  [Post LIA |78 [112 -1.6 M2 |28
A 2231% Wellington

4310  |Estates 161019 |Post LIA [-6.6 [115 0.5 M3 |01
PMB Venus/Estcourt
91/451 449730 |k 19 Post LIA? |-7.0  [11.0 -1.2 M3 2.7
A121% 4913 |Vetchkop** |18 Post LIA [-65 [9.6 0.9 M3 23
A 2941 Kaybars

4914  |Cave** 19 Post LIA |98 [8.8 -3.0 M3 |55
A 295% Kaybars

4915  |Cave** 19 Post LIA |-11.0 [8.0 43 M3 |-64
A 300% Robinsons

4916  |Shelter** 19 Post LIA [-11.6 |75 49 M3 |42
A 302¢ Robinsons

4917  |Shelter** 19 Post LIA |97 6.6 3.6 M3 [-62
A 414% Ellerton

4919  |Mine3!** 14 Pre LIA [-9.6 |78 -5.1 M3 5.3
A 416% Ellerton

4920  |Mine** 14 Pre LIA |-74 |79 3.6 M3 |32
A 1838¢ Wellington

4921  |Estates** 161019  |Post LIA [-6.6 [8.4 2.6 M2 |12
A 2122% Boshoff's

492232 |Farm** 16 Post LIA [-60 |92 -1.5 M3 2.9

27 Pta-5224 (380+30yrs BP), Morris 1992

28 In some cases, the same individual has acquired multiple accession numbers, in these cases all numbers are
given for reconciliation and reference purposes.

29 The stratigraphy of Oliphantspoort is highly complex and not well documented. The 15% century AD date for
this individual is based on a dated ash heap which may not be securely associated with the burial; this represents
one of the earliest dates for a burial at Oliphantspoort, all the rest of whom are considered by archaeologists to
have consumed maize (Mason, 1986, Simon Hall pers. comm.). Considered with their isotopic similarity to the
other individuals at the site, this individual was considered a ‘post-maize’ consumer in further analysis.

30 Pta-5776 (140=40yrs BP), Ribot et al., 2010

31 Pta-4973 (600=-50yrs BP), Morris 1992

32 Pta-4985 (400+45yrs BP), Morris 1992
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A 22321 Wellington

4923  |Estates** 16t0 19  [Post LIA [-6.1 |11.7 -1.9 M2 0.5
A 22331 Wellington

49243  |Estates** 16 Post LIA [-69 [9.5 -1.2 M3 0.5
A2234% Wellington

4925  |Estates** 16t0 19  [Post LIA [-72  |10.8 -1.0 M3 0.7
A 2235% Wellington

4926°* |Estates** 19 Post LIA [-75 |10.7 -1.6 M3 -3.9
A 2237* Wellington

4928  |Estates** 16t0 19  [Post LIA [-6.7 |122 3.7 M3 -1.4
WA 16} 4932  |Ficus** 16 Post LIA |-7.1 10.2 -1.7 M3 2.4
A 7230/WA
131-78B2% 4948  |Rooikrans** |17 Post LIA [-95 |82 -1.5 M3 3.6
A
4227/WA13
1-78B3f 4949  |Rooikrans** |17 Post LIA |95 (89 3.7 M2 3.3
UNISA 1* |5387 |Diamant 6t07 Pre EIA |84 9.1 -0.9 M3 3.0
K7 86/1-
B2* 5392 |Nanda*** 6to7 Pre EIA |93 9.1 23 M2 7.2
A 609* Tinley

5395%  |Manor*** 15 Pre LIA |-74 |60 2.5 M3 -4.0
A2120%  [5396% |Ballito Bay*** |12 Pre LIA |99 [82 2.0 M3 5.2
NM 2009/8*|5398%7 |Ballito Bay*** {>2000 BP |Pre HG |-13.6 |[13.3 9.2 M3 -10.2
DBN
4381/NM
2009/6 5428% |Fynnlands*** |12 Pre EIA [-129 (9.9 13 M3 6.5
UCT 154! Ilovo

5431%° |Beach*** >2000 BP |Pre HG [-13.8 |11.5 79 M3 9.7
A 635% Richards

108534 [Bay*** >2000 BP |Pre HG [-14.1 |12.8 -10.8 M3 -10.2
UCT 430" |16364 [Nagome 17 Post LIA |-83 [8.6 -6.1 M3 [-4.0
PMB
2000/11* {16365 |Mhlopeni*** |6 Pre EIA [-6.6 [10.0 2.0 M3 4.0
98/14* 16367 |Magogo 6to7 Pre EIA [-74 |80 5.0 M2 52
A 2754 Wellington

16565 |Estates 16t0 19  |Post LIA (9.6 |12.8 2.7 M3 2.7
A 1078%  |17511 [|Pilgrim's Rest |'LIA Post LIA [-6.8 [10.3 6.2 M2 |20
A1079%  |17512 |Pilgrim's Rest |'LIA Post LIA [-639 [9.46 -1.4 M2 |16

33 Pta-4981 (400+40yrs BP), Morris 1992

3 Pta-4982 (160+50yrs BP), Morris 1992

35 Pta-6126 (530 +45yrs BP), Ribot et al., 2010
36 Pta-6108 (940 +20yrs BP), Ribot et al., 2010
37 Pta-5803 (2940 +50yrs BP), Ribot et al., 2010
38 Pta-5789 (780+50yrs BP), Ribot et al., 2010
3 Pta-6968 (1980=50yrs BP), Ribot et al., 2010

40 OxA-V-2064-55 (2532+26yrs BP), Ribot et al., 2010




Table 5-4 Summary isotope values for all individuals. Average isotope values for all four isotopes across hunter-gatherer
(HG)*, Early Iron Age (EIA) and Late Iron Age (LIA) groups.

HG (X = 6) (%o) EIA (X% 06) (%) | LIA (X£0) (%) | All (X% 6) (%0)
N=4 N=6 N=41 N=51
33 Chone apatite | -9.64 £ 0.87 -4.96 £ 1.63 3.18+1.76 -3.90 £2.45
8" Cuooth cnamet | -8.10 £2.72 -3.73+£2.38 2.39+1.86 -2.99+2.50
813 Ceollagen -13.13+£1.43 9.10+2.22 -8.17+1.74 -8.67 +2.20
8" Neollagen 12.05+1.23 9.22 +0.70 9.97 +1.92 10.01 + 1.87

The three hunter gatherers from the coast cluster tightly together, and are depleted in
13C, due to the marine component in their diets, which is evidenced in Figure 5-3. Living in
the Highveld grassland, far from marine resources and in a solidly C4 region, the isotope
values for the Heilbron hunter gatherer cluster more closely with Iron Age farmers. This
accounts for the wide range in isotopic values across the hunter gatherers: 8'3Chone apatite ranges
from -10.2 to -8.4%o, 8'>Ciooth enamel from -10.8 to -4.4%o, 6> Ceoliagen from -14.1 to -11%o, and
8" Neollagen from 10.6 to 13.3%o.

There is a pattern of enrichment in '*C across all tissues from the Early Iron Age to
the Late Iron Age, although Early Iron Age farmers are spread evenly throughout the extent
of values encompassed by those of the Late Iron Age. For EIA farmers, mean &'*Coone apatite =-
4.96 % 1.63%o, 3" Cooth enamel =-3.73 £ 2.38%o0, 8'*Coliagen =-9.10 £ 2.22%o, and mean
815 Neollagen =9.22 £ 0.70%o. Compared to these farmers, the Heilbron hunter gatherer reflects
the ecology of the Highveld where this specific individual lived to a much greater extent than
the subsistence strategy of hunting and gathering: mean §'>Cpone apatite =-8.4%0, 8"*Cooth cnamel

:-4.4%0, 813Cco]]agen :-1 1%0, and mean 815Ncollagen :1 0.6%0.

Late Iron Age farmers encompass the range of values seen in the Early Iron Age, but
extend further into more positive values for all four tissues. Mean 8'*Cpone apatite =-3.18 £
1.76%o, 8" Ciooth enamel =-2.39 £ 1.86%o0, 8'*Ceollagen =-8.17 £ 1.74%o, and mean 8" Neoliagen =9.97
£ 1.92%o.

613Ccollagen and 815Nc011agen
813 Ceollagen Values are more positive among Late Iron Age agriculturalists (-6 to -

12.6%o) than the coastal hunter gatherers (-13.6 to -14.1%o), and EIA farmers (-6.6 to -
12.9%0) cover the same range of values as those of the LIA. The larger sample size for LIA

farmers is likely responsible for some of the wider range. UCT 3696 from Heilbron (with

4! This includes both coastal hunter gatherers and the individual from Heilbron, UCT 3685
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813 Ceollagen Of -11%o) falls within the EIA/LIA range, towards the more depleted end of the
813C range (Figure 5-3). There is a wide spread of '’ Noliagen across all three groups (from 6.0
to 14.4%o), with the coastal hunter gatherers on the high end (11.5 to 13.3%o0), along with
some LIA farmers who group in the north of the study area (geographical patterning is
discussed further below). The Heilbron hunter gatherer (with §'°N of 10.6%o) is also more
enriched in '°N than most farmers. Early Iron Age farmer '°Ncoliagen clusters the most
closely, with Late Iron Age farmers falling above and below them. There is no significant
difference in collagen-derived isotope values (8> Ccollagen, 8'°Neollagen) between EIA and LIA

populations (single-factor ANOVA, 8" Ceoliagen p= 0.12, 8" Ncoltagen p=0.50; a=0.05).
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Figure 5-3 0" Ceottagen and 8" Neottagen for all archaeological humans

813 Chone apatite values range from -10.2 to 0.5%o, with the coastal hunter gatherers being
the most negative (-9.7 to -10.2%o) and LIA farmers the most positive (up to 0.5%o) (Figure
5-4). UCT 3686 (8" Cbone apatite 0f -8.4%o) falls at the negative end of the range. Farmers from
the EIA span much of the range of those from the LIA, but no EIA farmers have §'*Choone apatite
greater than -2%o. Bone apatite is significantly enriched in '*C from the Early to the Late Iron

Age (Slngle'factor ANOVA, 813Cbone apatitep: 0 00, 0!:0 05)
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All three groups show consistent and similar offsets between §'*Chone apatite and
813 Ceollagen, as evidenced by the R? of the best-fit regression line through all points (R?>=0.67).

Mean A13Ccollagen-bone apatite42743 fOI' all lnlelduaIS IS 4.77:t1 .42%0.

R2=0.67
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Figure 5-4 6" Chone apatite and 6" Ceollagen for all archaeological humans

Slsctooth enamel
The trends in 8'*Chooth enamel across the different groups are largely the same as those

for 8'3Chone apatite, With a greater overall range of values for all three groups (Figure 5-5). EIA
farmers again span most of the range of LIA farmers (overall range for the Iron Age is -7.3 to
0.8%o), but EIA 8" Ciooth enamel does not exceed 0%o. The coastal hunter gatherers are the most
depleted in 1*C (-7.9 to -10.8%o), while UCT 3686 from Heilbron has 8'3Ctooth enamel of -4.4%o,

towards the lower end of the Iron Age farmer range. This is substantially different from the

4 Throughout this study, offsets between two tissues are listed in the order they were calculated; i.e. A*Ccollagen-bone apatite Was
calculated by subtracting 8'3Cbone apatite from 8'*Ceollagen, A'*Cenamel-bone apatite Was calculated by subtracting bone apatite from
enamel, etc. The absolute value of all offsets are reported in the text for ease of comparison and conceptualization, although
of course most isotopic values are negative.
43 Isotopic spacing is reported here as A, the numerical difference between two delta values. Strictly speaking, the correct
expression of difference between two delta values is &, isotopic enrichment (Sponheimer and Cerling, 2014). The enrichment
(&) between 8'3Ceollagen and 8> Chone apatite, for example, is calculated as:
1000 + 613C collagen
[(1000 + 613C bone apatite
Sponheimer and Cerling (2014) point out that € is more accurate than A when the values compared differ by larger amounts
(e.g. 10%o). The largest isotopic spacing in this data base is found in UCT 3682, with A'3Ccoltagen-cnamel Of -8.44%0 and
ABCeollagen-apatite Of 9.41%o. € Ceollagen-enamel for UCT 3682 is -8.47%o and &'3Ceollagen-apatite 1S 9.44%o. These slight differences
are much smaller than the natural range of variation in human isotopic values, and so A will be used throughout this study.

)—1]*1000
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813 Chone apatite value for this individual (-8.4%o) and separates it from the rest of the hunter
gatherers. 8'3Ciooth enamel Values for the coastal hunter gatherers also span a much wider range
of compared with 8'3Chone apatite (-9.7 to -10.2%o) but this cannot be statistically assessed with

only 3 individuals*.

8'3Clooth enamel for LIA farmers (-6.2 to 0.9%o) is significantly more positive than for the
EIA (-7.3 to -0.9%o) (Single factor ANOVA, p=0.00, a=0.05). Mean A*Ccoliagen-enamei for all
individuals is 5.67+1.66%o, which is significantly larger than that of A'*Ccollagen-bone apatite
(Mann-Whitney U test, p=0.0). R? of the best-fit line in Figure 5-5 is 0.57. All three coastal
hunter gatherers fall below the line and have a smaller collagen-enamel offset than the

farmers and UCT 3686 (4.15+1.3%o compared to 5.7+1.7%o and 6.5%o).
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Figure 5-5 6"3 Ctooth enamet and 53 Ceottagen for all archaeological humans

A ! 3Cenamel—bone apatite
Mean A Cenamel-bone apatite for all individuals is +1.74+1.19%.. No difference in enamel-

bone apatite spacing was observed between the hunter gatherers, the EIA, or the LIA

agriculturalists (single-factor ANOVA, p=0.49).

When regression lines are plotted for each group, slopes close to one indicate the
smallest A*Cenamel-bone apatite. The slope of the regression line for LIA farmers is 0.47, for EIA

farmers it is 0.65, and for hunter gatherers it is 4. Thus A'3Cenamel-bone apatite is larger for coastal

44 Since there are only 3 coastal hunter gatherers, this group is too small to test qualitatively using a test such as
the Mann-Whitney U test.
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hunter-gatherers than for agriculturalists, but this effect is actually due to the very small

number of individuals in this group and is likely spurious.

Very low R? values (0.20 for both EIA and LIA regression lines) indicate that the
offset between enamel and bone apatite is not consistent from person to person, and this does
not pattern between EIA and LIA datasets. The high degree of scatter on both sides of each
line illustrate the degree of inter-individual variability in the offset. The R? value is higher for
hunter gatherers (R?=0.66), but this is confounded by the very small number of observations.

Overall R? for all individuals is 0.49.
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Figure 5-6 6" Chone apatite and 6" Ciooth enamel for all archaeological humans

An important consideration is that the sample sizes for each group in the study differ
considerably. LIA farmers form the largest group by far (N=41), while there are only 6 EIA
farmers and 4 hunter gatherers. This reflects the large number of known and excavated LIA
sites, as well as the theorised population increase between the LIA and the EIA. It also means
that the trends identified in the smaller groups (hunter gatherers and EIA farmers) are less
robust than those for LIA farmers, and differences between them may be exaggerated by the
difference in sample size. Especially in cases where no significant difference has been found
between them through traditional ANOVA or Mann-Whitney tests, it is possible that failure
to reject the null hypothesis is simply due to a lack of evidence, rather than true equivalence

between the groups. Thus, appropriate caution should be exercised when interpreting low-
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magnitude differences or similarities, and very large ones (such as the gap between hunter

gatherer and agriculturalist 8'*Ceollagen) are more likely robust.

13 13
A Ccollagen—bone apatite and A Ccollagen—enamel
The I‘ange ln ValueS fOI‘ A13Ccoﬂagen-bone apatite and A13Ccollagen-enamel further lllustl‘ate the

differences between 8'3Crooth cnamel and 8'>Chone apatite. There is no clear pattern among hunter
gatherers, or farmers, and EIA farmers are scattered throughout the entirety of the LIA farmer
range. AP Ceollagen-bone apatite for hunter gatherers does not exceed 4%o, which is midway through
the overall range of the farmers. High offsets between mineral (bone apatite, tooth enamel),
which records a whole diet signal, and collagen (which largely records protein), suggest a diet
with limited protein components, which are isotopically distinct from the rest of the diet. In
low protein diets, few of the isotopes from the protein are available for incorporation into the
mineral tissue, but if the protein is isotopically similar to the rest of the diet than these offsets
will be less pronounced. This will also be the case if plant material is a significant source of
protein. The issue of interpreting collagen-biomineral offsets will be explored in more detail

in the following chapter.

ABCooltagen-bone apatite for all individuals is 4.77+1.42%o, and A Ceollagen-enamel 1S
5.67+1.66%o (Figure 5-7). There is no significant difference between the offsets for EIA
farmers and hunter gatherers (Mann Whitney U-test, p=0.08). Given the high degree of
overlap between all three groups, any difference observed between them is likely due to the
larger sample size of the LIA farmers. Overall R? is 0.05, suggesting that there is virtually no
correlation at all between the two offsets, and is even lower than expected given that the

correlation between 8'>Chone apatite and 8'>Ciooth enamel Was 0.2.

One individual, UCT 3682, had anomalously large A*Coliagen-apatite (9.4%o0) and
ABCeollagen-enamel (8.4%0) compared to the LIA and all other groups. These large offsets are
driven by relatively negative 8'*Ceoliagen (-12.6%0) compared to the LIA average of -
8.17+1.74%o. This suggests more C3 protein sources, such as browsing fauna, combined with

C4 non-protein dietary components, in a diet that was relatively low in protein.

UCT 17511, from Pilgrim’s Rest, has a A*Coliagen-enamei 0f 0.5%o, by far the lowest in
the data. This individual has §'3Ccoliagen comparable to other Iron Age farmers (-6.7%o) but
more negative 8'*Ciooth enamel compared to other farmers (-6.2%o). The 8'*Ciooth enamel Value is

comparable to that of the coastal hunter gatherers. Such a close resemblance between
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collagen and tooth enamel can suggest a resemblance between protein and non-protein food
sources. However, since whole diet-collagen spacing is smaller than whole diet-biomineral, it
could also suggest a diet with protein that is more enriched in '*C compared to the rest of the
diet (making 8'*Ccollagen more positive relative to 8'*Cwhote diet and thus closer to 8> Ciooth enamet)-
UCT 17512, a contemporaneous individual from Pilgrim’s Rest, has 8'*Ciooth enamel Of -1.4%o
and a comparable 8> Ccollagen (-6.4%o). There is no available archaeological evidence on this
site to assess distinctions between UCT 17511 and 17512 (such as social status), and it is also

possible that diagenesis has affected the bone and influenced the isotopic signal.
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Figure 5-7 A3 Ceottagen-apatite and A" Ceoltagen-enamet for all archaeological humans

The most notable difference between EIA and LIA farmers, an overall shift to more
positive 8'°Chone apatite in the LIA, is significant (Mann-Whitney U test, p=0.03), although
again the differences in sample size (N=6 and N=41) must be taken into consideration. The
range of variation amongst individuals causes a great deal of overlap between the two groups.
The significant difference between A'*Ccollagen-bone apatite and A'*Ceollagen-cnamel Observed in the
LIA does not exist in the EIA (Mann Whitney U-test, p=0.23). The small size of the EIA
group compromises the significance of differences between it and the LIA, and it is likely
that the difference in 8'*Chone apatite iS an artefact of this discrepancy. Accordingly, these two
groups will be combined as ‘IA farmers’ for subsequent analyses, capturing a larger sample

size overall.
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Geographic Patterns
813Ceollagen does not pattern strongly across biomes, with both savanna and grassland

individuals falling across the full range of values (see Table 3-1 for the biomes of each site).
In both biomes, enriched '*C occurs in individuals with enriched >N, but there are no other

geographical patterns in 8'°Neoliagen (Figure 5-8).

The two individuals from Robinson’s Shelter and the two from Kaybar’s Cave form a
separate cluster of grassland points in the lower-left of Figure 5-8. These individuals have
slightly lower 8"*Ccollagen and 8" Noliagen (-9.7 to -11.6%o and 6.6 to 8.8%o respectively) than
the rest of the grassland farmers (grassland average 8'*Ceollagen is -8.22+1.9%o; average
813 Neollagen is 9.18+1.5%o). The difference is significant for both 8'3Ceoliagen and 8'*Neoliagen
(Mann Whitney U-test, p<0). These two sites are in the most wet regions of the grassland
included in this study (Map 3-2); while 8'*Ncoliagen is likely demonstrating some
environmental effects, increased moisture in this region would have impacted productivity
and vegetation in the area and driven a dietary shift. Depleted in 1*C, these individuals would

have consumed more C; resources which were not available in more arid regions.

The coastal hunter gatherers are on the most depleted end of the §'3Ccoltagen range, and
have fairly high §'°Noliagen as previously discussed. Although on the Indian Ocean coast, the
vegetation in this region is largely savanna, so these individuals are indicated in Figures 5-8
through 5-11 as ‘coastal savanna hunter gatherers.” They fall closest to a group of five Iron
Age farmers from the savanna: all four skeletons in this study that come from Skutwater and
one from Wellington Estates. These have the highest ' Ncoliagen values (11.6 to 14.4%o), and
the four from Skutwater have more depleted §'*Ceoltagen (-10.6 to -12.6%o), than the rest of the
Iron Age individuals. This suggests a more mixed C3/C4 diet overall than the farmers from

the other biomes, but environmental factors have a significant influence on &'’ Ncoliagen.

The individuals from Skutwater are largely separated from the rest of the dataset due
to high 8'*Neollagen (mean= 13.3+1.3%o, compared to the overall savanna mean of
10.27+1.8%0). The northernmost site in this study, Skutwater is also the most arid today (201-
400 mm/year), and aridity effects may be driving N enrichment. Isotopic reconstruction of
the climate in the region based on archaeological fauna reflect a similar rainfall range,
between 350mm and 450mm/year during the period of the occupation of Skutwater (12
century AD) (Smith et al., 2007)*. Overall, there is a wide range of 8' Ncollagen Values, and the

45 This rainfall interval is as reported in Smith et al. 2007, and falls largely within the 363-707mm/year interval
given in figure 2.
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roles of aridity and consumption of animal protein cannot be disentangled without further
data, including isotopic values from contemporaneous faunal remains and plants and animals

from more arid regions.

Individual UCT 16565 from Wellington Estates, with 8'*Coliagen 0f -6.4%o0 and
8" Neollagen 0f 11.7%o, is more depleted in '*C than the rest of the contemporaneous
individuals from that site, but has comparable 8'°Noliagen, Suggesting a more mixed diet
overall and no difference in animal consumption. Wellington Estates, which is close to
Nylsvlei and Boshoff’s Farm, experiences comparable mean annual rainfall and temperature,
suggesting dietary differences are more impactful than environment on the difference

between UCT 16565 and other individuals from the region.

The individual from Fynnlands is very depleted in *C (8"3Ccoltagen -12.9%o0, 8'*Chone
apatite - 7.3%0, 8> Crooth enamel -6.5%0) compared to the other savanna individuals but has
comparable §'*Neoliagen (9.9%0). Compared to the other coastal farmers, whose 8'*Neoliagen
values span a wide range, Fynnlands is the upper limit of >N enrichment, but it is quite
depleted in *C. The proximity of the Fynnlands individual to the coastal hunter gatherers
suggests a very mixed diet, and the potential influence of marine resources cannot be ruled

out

Farmers from Nanda and Ballito Bay—also sites in the on the coastal savanna—are
clustered in both §'*Ccoltagen (9.3 t0 -9.9%o0) and 8'°Neoliagen (8.2 to 9.2%o), although Nanda is
40 km inland while Ballito Bay is on the coast. They fall within the range of grassland and
savanna values, although on the lower end of the §'*Noliagen range, suggesting less animal
protein in their diets. The individual from Tinley Manor, also from the coast, close to Ballito
Bay, is depleted in '°N relative to the others from the coast. The low 8" Ncoliagen value from
Tinley Manor was attributed to the heavily glued state of the bones by Ribot et al., who
conducted the original collagen analysis (2010).
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Figure 5-8 6"3 Ceollagen and 5"’ Neollagen, by geographical distribution

Grassland and savanna farmers are intermingled in Figure 5-9, which compares
813 Chone apatite t0 8'*Cooliagen. Depleted values for the coastal hunter gatherers group in the
lower-left corner, and the grassland hunter gatherer from Heilbron is also more depleted in
both tissues than most agriculturalists. The coastal farmers are scattered throughout the
middle of the data and do not group as closely as in Figure 5-8, suggesting that they differ
most from the other farmers in '°N, probably due to consumption of marine resources. The
uppermost range of 8'*Chone apatite, from -2%o to 2%, is occupied only by individuals from the

savanna.

In Figure 5-9, the individuals from Skutwater and UCT 16565 from Wellington
Estates are largely intermingled with the rest of the savanna and grassland farmers, indicating
that it is really their nitrogen values that differentiate them. They are, however, on the lower
end of the 3"3Chone apatite range, in the direction of the hunter gatherers. Fynnlands is again the
most negative non-hunter gatherer in §'*Ceollagen and one of the most negative for §'*Cpone
apatite, falling close to UCT 5392 from Nanda. This result further emphasizes the presence of
Cs elements in the diet of the Fynnlands individual, as both the whole diet signal from bone

apatite and the protein-based signal from collagen are depleted in °C.
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UCT 5392 from Nanda and UCT 3683 from Skutwater have nearly identical, very
negative 8'>Chone apatite (-7.2%o0 and -7.2%o respectively), indicating a mixed whole diet. This
similarity, compared to their very divergent 8'°Ncoliagen values (9.1%o and 14.4%o
respectively), highlights the role of aridity in the >N enrichment of the Skutwater individuals.
If the disparity had been due to a high protein diet at Skutwater and a low one at Nanda, more
of that protein would be expected to reflect in the whole diet signal, and the Skutwater
8'3Chone apatite Signal would not be so similar to that of Nanda. While this is most clear in the
case of these two individuals, and there is a wide range of &'*Crone apatite at Skutwater (-3.2 to -

7.2%o0), aridity would have effected everyone living at the site.
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Figure 5-9 6"3Chone apatite and 6'3 Ceollagen by geographical distribution

All geographical regions are less tightly grouped in 8'*Ciooth enamel (single-factor
ANOVA, for 8" Chrone apatite p<0.0, for 8'>Ciooth enamel p=0.2) for all farmers and the savanna
hunter gatherer (Figure 5-10). Coastal hunter gatherers remain significantly distinct in
813Clooth enamel (single-factor ANOVA, p=0.0). Grassland and savanna agriculturalists are
intermixed throughout the entire range of 8'*Ciooth cnamet, with grassland individuals more
scattered overall and falling at the most enriched and depleted ends of the data, and fewer

individuals in the middle when compared to savanna. Again, the individuals from Skutwater
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have relatively depleted tooth enamel compared to the other farmers, but fall amongst
individuals from the grassland. UCT 16565 from Wellington Estates is not distinguished
from other savanna farmers on either axis. The individual from Fynnlands is again the most
depleted agriculturalist, and the spread in §'3Cooth enamel Within the coastal hunter gatherer
group makes them very close to Fynnlands. The grassland hunter gatherer from Heilbron lies
within the range of values for farmers, although at the negative end of the range. The fact that
labelled individuals from Figure 5-9 fall in very different regions of Figure 5-10 indicates the

dlStlnCthD betweel’l 6 ! 3Cbone apatite and 8 ! 3Ctooth enamel.

While high 8'*Noliagen at Skutwater is likely driven by aridity, their depleted
813 Ceollagen compared to 8'3Chone apatite and 8'>Crooth enamel indicates a diet with distinct protein
and non-protein elements. Collagen depleted in '*C suggests protein sources that are more
mixed than the rest of the diet, likely browsing animals such as goats or wild fauna. As Lee-
Thorp et al. (1993) pointed out, there was a relatively large quantity of faunal remains from
wild game found at the site. The large separation between the whole diet and protein signals
suggest a relatively low-protein diet, as the C3 influence of the protein is not apparent in the

isotopic value of the bone or enamel.

The shift to Cs dietary resources amongst the individuals from Kaybar’s Cave and
Robinson’s Shelter (and the clustering of the data points) is also apparent in Figure 5-9, and
less so in Figure 5-10, suggesting that the C; component of the diet was enough to influence
the whole diet. These four individuals have significantly more negative 8'*Chone apatite (Mann
Whitney U-test, p=.02) than the rest of the grassland farmers, but not significantly more
negative 8'3Ciooth enamel (Mann Whitney U-test, p=0.47). This example underlines the
difference in metabolism and fractionation for bone apatite and tooth enamel, and the

inappropriateness of treating them interchangeably as ‘biominerals.’
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Figure 5-10 53 Ciooth enamet and 83 Ceottagen by geographical distribution

Based on Figures 5-8 through 5-10, it is clear that while there is geographic patterning
in the data (namely between the coast and the savanna/grasslands), and regions of interest do
emerge (such as arid Skutwater), there is no distinct and clear separation between the farmers

of different biomes, especially not for carbon.

Figure 5-11, which is a recreation of Figure 5-7 but distinguishes between biomes,
reinforces the similarity of carbon isotope values for all individuals across biomes.
ABCeollagen-apatite and A Coollagen-cnamel are fully intermingled for all three biomes, and even
hunter gatherers are not distinct from farmers. Individuals, such as UCT 3682 from
Skutwater, and UCT 17511 from Pilgrim’s Rest, have distinguishing A'3Ccoliagen-apatite and
ABCollagen-enamel, but these effects are not seen in other individuals from these sites and are
likely due to dietary differences or preservational issues, as discussed in section 2.6.1. The
majority of the grassland farmers have lower A Ccoliagen-apatite than those from the savanna, but
this is not the case for all of them, and this could also be due to the disproportionate number
of savanna farmers represented in the data, especially considering the difference is not
significant (Mann Whitney U-test, p=0.3). The wide range of A'>Ccollagen-apatite and A'>Ceollagen-

enamel found throughout this data, which do not pattern by biome or with time (EIA versus
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LIA) suggest that there are other, more fundamental causes of variation in &'>Ciooth enamel and

813 Chone apatite that are discussed in Chapter 6.
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Figure 5-11 A" Ceoltagen-apatite and A3 Ceollagen-ename by geographical distribution

Based on the dominance of C4 grasses in the grassland biome, it was expected that
farmers there would fall on the most enriched end of the '*C range for all tissues; however,
this is not the case. Although they do fall towards the upper end of the range for enamel, bone
apatite, and collagen, they are intermixed with savanna individuals in all three cases, and
savanna farmers have higher §'°C for bone apatite and collagen. Notably, a group of farmers
from the grassland also fall at the most depleted end of the *C range for all three tissues,
which would not be expected if they consumed significantly more Cs resources. There are
more savanna farmers (N=31) than grassland farmers (N=11) and the difference in sample
size should also be taken into consideration when comparing the two groups; this and their
overlap suggests that any differences in isotopic value between them are not significant

enough to merit separation in subsequent analysis and discussion.

The preliminary results of this study indicate that there are distinct patterns of isotopic
differences across tissues between hunter gatherers and Iron Age agriculturalists, but that
these do not clearly distinguish between farmers of the Early and Late Iron Ages. As

expected, agriculturalists trend towards more C4 dominated diets as the Iron Age progresses.
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There are no clear geographical patterns by biome; distinct data points draw attention to the
presence of coastal marine resources or the effects of aridity on collagen isotope values,
rather than large-scale geographical trends between the grassland and savanna. Throughout
these data, sample size effects are pronounced, and groups have been combined (such as the
EIA/LIA and grassland/savanna) for more robust, if more general, analysis and conclusions.
There are a number of individuals that clearly illustrate the distinct dietary signals reflected in
different bodily tissues, and the consumption of isotopically distinct dietary components. The
implications of these distinctions for Iron Age diets, especially the role of maize, are explored
through a number of multivariate reconstruction techniques in the following chapter. Chapter
6 also explores the variability in $'3Ciooth enamel and 8'*Chone apatite, and the implications of the
results of the pre-treatment experiments and this dataset for isotopic analysis of mineralized

tissues worldwide.

6. Discussion and Conclusion

6.1. Isotopic analysis of mineral tissues: bone apatite and tooth enamel

The role and effect of pre-treatment
Previous studies of pre-treatment for apatite samples have established the effects of

prolonged exposure to reagents on the measured isotopic value, primarily focusing on
treatment time in acid (Koch et al., 1997; Lee-Thorp et al., 1997; Garvie-Lok et al., 2004;
Smith, 2005; Webb et al., 2014). While some researchers have adopted pre-treatment
methods for bone apatite more similar to those for enamel, this is not a common practice, and
even in these cases the particle sizes of the bone powder was not accounted for (Smith, 2005;

Pestle et al., 2014; Santana-Sagredo et al., 2015).

In the course of this experiment, bone apatite was ground in a SPEX mill and
separated into five groups based on particle size. Even brief grinding in the SPEX mill (<1.5

minutes overall) was sufficient to produce bone powder in all five size groups. Since the
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majority of authors simply state that bone was “mechanically cleaned and ground,” it is likely
that previously studied bone powders contained a mixture of different sizes. In some cases,
prolonged grinding times (such as 3 minutes per sample in Garvie-Lok et al. 2004) would
have produced bone powders that were close to or as fine as size E (<25 um) in this study.
This is significant as it was the smallest particles that displayed the most dramatically shifted

isotopic values over the course of pre-treatment.

Although not statistically significant, treatment with NaClO had a larger impact on
813 Chone apatite Of the size E bone powder group than acid time. NaClO is intended to remove
organic material (including collagen) in the sample. 8'3Ceoltagen is depleted relative to 8'*Chone
apatite, and if collagen or other organic material had not been completely removed by the
NaClO, the §"*Cpone apatite could be effected if any of the organic material produced CO> when
reacted with phosphoric acid. While §'3*Cbone apatite for size E is much lower than the average
for the rib (-1.38+0.91%o compared to -0.56+0.6%o), there is little or no correlation between
time in NaClO and 8"*Chone apatite (R?=0.12), with some depleted values observed with
increasing time in NaClO, but no consistent pattern. This suggests that the NaClO is
exchanging isotopes with the sample or reorganizing the mineral in some isotopically
relevant way. This is consistent with the findings of Pestle et al. (2014), who also reported
that variation in organic removal method caused more of the variation in 8'*Chone apatite

observed between laboratories than variation in the acid treatment step.

Further exploration of this phenomenon is not possible within this thesis, but would
be valuable. Historically, the focus in pre-treatment has been on the effects of acid exposure

time and not on the prior step to remove organic materials, which now seems to be of interest.

The possibility of isotopic alteration by the NaClO is also raised by the results from
particle size A (>180 pm), which showed the second largest shifts in 8'*Cbone apatite value
(>0.5%o0) over the course of the treatments. Although neither time in acid nor NaClO was
statistically significant, reaction time with sodium hypochlorite was, as for particle size group
E, very close to significance (single factor ANOVA, p=0.06, a=0.05). In the case of size
group A, it is not likely to be recrystallisation in NaClO that causes this shift: with large
particles, problems of incomplete homogenization and inconsistent exposure to the reagents
are of more concern. Large particles can shield others, either during the reaction (although
samples were shaken vigorously every 15 minutes to re-suspend the particulates) or during

acid digestion on the gas bench.
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Webb et al. (2014) found that pre-treatment (72 hours in NaClO, 4 hours in acetic
acid) had no consistent effect on bone apatite §'°C values (from -1.7%o to +0.5%o), which
may be explained if particle size is taken into account: bone powder was established to be
“<180 um” but separated no further. Repeated measurements of this powder would have
included grains of different sizes, including very fine ones that affect the analysis through
susceptibility to pre-treatment recrystallisation. Treatment times were also significantly
longer than those tested here and would have been likely to cause isotopic changes, although
the lack of consistency emphasizes that the direction and type of effect remains to be
understood. Care should be taken to sieve bone powder and choose a particle size that is both
consistent and homogenous, and also robust enough to withstand pre-treatment. This is
primarily of concern for studies that did not sieve bone powder, and may have included very
fine particles in the analysis along with larger ones, resulting in a ‘composite’ isotopic value
that is influenced by more altered fine particles. There is currently no consistent particle size
used across laboratories, and so this effect may vary widely from study to study (Pestle et al.,

2014).

These results also draw attention to the effects of sodium hypochlorite and the
leaching process to remove organics on the final isotopic value of the sample. Where
previous focus has been on the acid step, researchers have already begun shortening the
originally long exposure times, and this study confirms that the discrepancy between 10 and
15 minutes is not enough to produce meaningful shifts (Sponheimer, 1999; Smith, 2005;
Santana-Sagredo et al., 2015). The effects of NaClO exposure on more poorly preserved bone
were considered in pre-treatment test 2. Encouragingly, the five poorly preserved human

bone samples showed minimal change to 8'*Cpone apatite across three exposure times in NaClO.

Evaluating 8" Chone apatite: diagenesis and metabolism
The use of bone apatite for isotopic analysis has been questioned for decades,

dominated by concerns about diagenesis. These results illustrate that carefully controlling the
conditions of pre-treatment, especially through sieving and use of a consistent particle size,
can yield replicable isotopic measurements. Although mitigating some of the concerns over
the effects of pre-treatment itself on bone apatite isotopic value, these data are not enough to
fully illustrate that pre-treatment has successfully removed diagenetic material and restored
the bone to its unaltered isotopic value. This can only be further investigated by comparing

13 13 13
0" ”Chone apatite tO 0" Crooth enamel and & Ccollagen.
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Shin and Hedges (2012) proposed that §'3Ciooth enamel can be used to confirm the
validity of 8'*Chbone apatite, as enamel is more resistant to diagenesis. They compared enamel and
bone apatite from archaeological cattle, and reported a difference between the two tissues
ranging from 0.62-2.44%.. The enamel-bone apatite spacing is thought to be between 0-2%o
based on animal studies (Cerling et al., 1997a; Passey et al., 2005), and in human studies of
adults (France and Owsley, 2012; Loftus and Sealy, 2012; Santana-Sagredo et al., 2015) and
juveniles (Webb et al., 2014) it ranges from +0.6+1.5%o to +4.3£1.2%o. In this study,

AP Cenamel-bone apatite Was +1.7421.19%o. The growing body of work comparing the two mineral
tissues, and the concordance between their results, suggests that there is a systematic range of
offset between 8'>Chone apatite and 8" Crooth enamel, and that comparison can mitigate concerns

around diagenesis of bone apatite.

However, taking into account the reported standard deviations, the range of A'*Cenamel-
bone apatite 1S 1arge. Combining the full range of published offsets, A'*Cenamel-bone apatite could
range between -0.9%o to +5.5%o, and even disregarding the juveniles reported by Webb et al.
(2014), could be as high as +4.1%.. The variability of the offset between enamel and bone is
further emphasized by the variation in correlation coefficients reported in different studies:
R? as low as 0.3 (Webb et al., 2014) and as high as 0.74 (France and Owsley, 2012) have
been reported (Table 6-1).

These studies include humans from many regions (from North and South America to
southern Africa) and time periods (ranging from 8000 BCE to the 19" century AD), so
variation is expected. The two highest correlations, 0.74 and 0.62 (France and Owsley, 2012
and Santana-Sagredo et al., 2015, respectively) occur among the most recent samples. Both
were selected for their good preservation, and the individuals analysed by Santana-Sagredo et
al. (2015) were interred in an extremely arid region where very little diagenesis is expected.
However, Webb et al. (2014) also report that their samples were well preserved, and each

sample was analysed via FTIR prior to pre-treatment to further establish their quality.

In reference to the low (0.37) R? value of 8"*Ciooth cnamel VS 8'*Chone apatite in their study,
Loftus and Sealy (2012) cite the lack of systematic evaluation of bone preservation at the
time of bone apatite analysis (their 8'3Cbone apatite data is drawn from Lee-Thorp et al., 1989
and Sealy, 1997) and suggest that there may be a residual diagenetic signal. Compared to the
results of Webb et al. (2014), however, and those of this study, it appears that §'>Ciooth enamel

and 8" Cpone apatite are simply less well correlated than had previously been surmised. Although
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it cannot be guaranteed that all diagenetic material was removed from the bone apatite in this
study, the consistent results of the pre-treatment experiments and additional step of sieving
strengthen the argument that the correlation (or lack thereof) between bone and tooth enamel

1s real.

The standard deviation of 8'*Chone apatite in this study is 2.45%o, and that of 8'*Ciootn
enamel 1S 2.50%0. Considering the range of locations and times from which the studied
individuals derive, if diagenesis were affecting 8'*Cpone apatite t0 a greater extent than §'*Ciootn
enamel, the bone apatite values would not be expected to group so tightly and in the same way.
Combined with extensive efforts to remove diagenetic material, and eliminate the effects of

pre-treatment, it seems clear that §'*Cpone apatite is recording real isotopic evidence of diet.

The relatively consistent spacing but widely varying correlation between the two
tissues, across geographical regions and levels of preservation, suggests that while there is a
definite relationship between them, there are as yet unknown metabolic factors that affect the
isotopic values of tooth enamel and bone apatite. Significant differences (Mann Whitney U-
Test, p<0.0) between A'>Ceoltagen-bone apatite (4.77%1.42%o0) and A'3Ceoltagen-enamet (5.67£1.66%o0)
in this study emphasize the distinct isotopic signature of each tissue. Furthermore, these two

offsets—which are both based on the same §'*Ccoliagen—are not correlated at all (R*=0.05).

Because both minerals form from bicarbonates and carbonates in the blood, the
possibility of differential fractionation due to metabolic or formation factors has not been
thoroughly explored. The fact that enamel apatite is hydroxylated while bone apatite is not
does indicate that they undergo distinct formation processes (Pasteris et al., 2004). Webb et
al. (2014) propose that additional fractionation occurs during tooth enamel formation: to
counteract an acidic formation environment, ameloblasts release bicarbonate ions during
tooth development. With greater diffusion and buffering capacity in the liquid formation
environment, bone does not release ions during formation and thus may not undergo
additional fractionation after it forms in equilibrium with blood bicarbonate. In two studies of
pigs fed on controlled diets, Howland et al. (2005) reported A'3Cobone apatite-diet Of 8.7 to 12.1%o,
while Passey et al. (2005) reported A'*Cenamel-diet f 13.1%o, and attributed the difference to
preferential digestion of isotopically distinct dietary components. This seems unlikely to have
occurred, however (Warinner and Tuross, 2009), and differential formation processes could

explain the bone-enamel offset.
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This mechanism would be largely valid across taxa, which synthesize biomineral in
comparable ways, and is consistent with enamel-bone apatite spacings largely in agreement
with those of humans (e.g. 0-2%o in various large animals (Cerling et al., 1997a; Passey et al.,
2005), 2.3%o in swine (Warinner and Tuross, 2009)). Comparisons across taxa may not be
appropriate, however: Clementz et al. (2007) found both positive and negative A'*Crooth-bone
for various marine mammals. Shin and Hedges (2012) report an offset for archaeological
cattle that is near the 0-2%o range (0.66-2.44%o), but in the opposite direction of the human
studies: bone apatite is enriched relative to tooth enamel in their study. There is clearly a case
for increased investigation of the formation processes of biomineral in various taxa, and their

isotopic ramifications.

The mean A'*Cenamel-bone apatite from Loftus and Sealy falls within the range of values
reported in other studies but is the lowest. That dataset is the only one in Table 6-1 in which
people’s diets contained a significant proportion of protein enriched in '*C (marine foods)
and carbohydrates depleted in '*C (terrestrial C3 plants). This, and the distinctive A'*Cenamel-
bone apatite, SUZgest there may be an element of dietary routing occurring that contributes to the

separation between 8'3Chone apatite and 8'>Crooth enamel.

Table 6-1 Enamel-bone apatite spacing in humans for all published studies. R’ values indicate the degree of correlation
between the two tissues.

Study ABCenamel-bone | R Age of samples Region

apatite value*®
Loftus and From 8120 BCE to | Southern Africa (S and
Sealy, 2012 +0.6£1.5%0 0.37 1390 AD W Cape coasts)
France and North America (E
Owsley, 2012 +1.7+2.5%o 0.74 | 18" and 19™ century coast)?’
Santana-
Sagredo et al.,
2015 +1.8+2.3%0 0.62 900-1300 AD | South America (Chile)
Webb et al., 100 BCE to 1650 South America
2014 +4.3+1.2%0* 0.30 AD (Belize)

46 R?is reported as the correlation coefficient of a linear regression of 8'3Chone apatite 0N 8'*Crooth enamel, using all
published data points. Regressions were performed by the author.

47 One group of individuals was excavated in New Mexico, but the authors note that this was merely their place
of death and that they all hailed from the east coast.

48 This is the only study to examine co-forming bone and enamel from human juveniles. As enamel forms early
in life and records dietary signals from that time, while bone records more recent diet, it would be expected that
adults would show a larger enamel-apatite spacing. Webb et al. explain the large enamel-bone offset as the
result of ionic buffering in the maturation environment of tooth enamel during formation. However, this does
not explain the fact that adults show a smaller, rather than larger, offset when compared to the juveniles.
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This study Southern Africa (N
+1.74£1.19%0 |  0.49% 600-1800 AD interior, NE coast)

This study, which comprises the largest (N=51) comparison to date between human
813 Ctooth enamel and 8" Chone apatite, adds to the growing body of evidence that human tooth
enamel is enriched in *C compared to bone apatite from the same body. Although the
direction of the offset in humans is consistent across the literature, the magnitude is
variable—in many cases, overlapping enough to suggest a species-wide pattern, and in others
not. While the effect of diagenesis cannot be entirely ruled out, the range of precautions taken
here and by other authors means that the results should not be attributed to preservational
issues alone. It seems that §'°Ciooth enamel and 8'*Chone apatite are not directly correlated in
humans, and additional work to study the formation process and environment is needed to

understand the pathways by which dietary isotopes are incorporated into biominerals.

Pre-treatment variation and a note on inter-study comparison
A final aspect to consider when comparing biomineral isotope values across studies

is, of course, the pre-treatment protocol applied in each study. No other studies report the
particle size of the bone apatite, and it seems likely that small particles introduced a degree of
imprecision into the isotope values (which may contribute to relatively wide standard
deviations overall). Bone apatite for individuals analysed in Loftus and Sealy (2012) was
prepared using NaClO overnight, and 1.0M acid for several days (Lee-Thorp et al., 1989;
Sealy, 1997), and those in France and Owsley (2012) were treated almost as vigorously
(NaClO overnight and 1.0M acetic acid for 4 hours). This difference in pre-treatment and the
likely effect on the measured isotopic value of the samples makes it impossible to definitively
attribute the lower A'*Cenamel-bone apatite reported in Loftus and Sealy (2012) to dietary routing
and the distinct diet of the studied population, but the unique diet also complicates
straightforward interpretation of the effect of such long pre-treatment times. France and
Owsley’s A*Cenamel-bone apatite falls in the middle of those reported in Table 6-1. It is interesting
to note that their samples also have the highest correlation between enamel and bone apatite.
It is not clear how or if re-crystallisation due to exposure to NaClO would have increased

813 Chone apatite, causing it to approach §'3Ciooth enamel, but it is a possibility. Except for sieving,
Santana-Sagredo et al. (2015) followed a nearly identical pre-treatment protocol to that

followed in this study, and reported the next highest R? value.

4 When the three coastal hunter gatherers are not included in the regression, R? drops to 0.24.
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It is not yet clear the extent to which small particles, mixed in with larger ones and
subject to the same pre-treatment protocol, can alter the overall isotopic results; nor is it clear
what shift in '*C would be expected due to recrystallization in NaClO. Pestle et al. report that
56% of the variation in 8'*Cpone apatite between 21 different laboratories, all analysing the same
bone, was due to variation in pre-treatment methodologies. What is clear is that both are
likely common occurrences in many studies, and care should be exercised when comparing

and interpreting datasets that have been derived using different pre-treatment techniques.

6.2. Dietary Reconstruction of Southern African farmers

The isotope results presented in chapter 5 largely align with the expected dietary trends
for farmers from the Iron Age of Southern Africa. More positive 8'*Crooth cnamel and 8'*Cbone
apatite SUggest that overall diet was based largely on C4 foods, and 8'*Ceollagen also indicates Ca
protein sources, either plants or animals that consumed them. The wide range of values
indicates that the dietary mix varied widely across the region, and the lack of distinction
between the EIA and LIA farmers illustrates the heterogeneity of Iron Age diets (Lee-Thorp
et al., 1993).

Reconstruction by offset: fractionation factors
Chapter 2 discussed the wide range of fractionation factors that have been used to

reconstruct the isotopic value of diet from that of body tissues, and the need to use factors
that are as context, diet, and taxon-specific as possible. No previous studies of humans in the
summer rainfall zone of South Africa has established such factors, and no study of human
populations elsewhere has not relied on previously published values from other datasets.
Ribot et al. (2010) relied on qualitative assessment of diets, loosely based on theoretical end-
points, to reconstruct the diet of coastal Iron Age farmers, as did Lee-Thorp et al. (1993)
when analyzing the collagen of many of the farmers included in this study. Using the full
range of postulated human fractionation factors should produce a range that brackets the
‘true’ values of the original diet; compounded with the wide range of factors for each tissue,
it is apparent that a great many dietary interpretations are possible. Table 6-2 illustrates the
wide range of values that result when such factors are applied to the mean, maximum and

minimum values of the study dataset for each tissue.

Table 6-2 Possible 5'3Cunote diet values based on fractionation factors for all three tissues. Ranges were calculated by adding
the standard deviation to the mean and subtracting the smallest fractionation factor (vielding the upper bound); and
subtracting the standard deviation from the mean and subtracting the largest fractionation factor (vielding the lower bound).
As this study includes a variety of rainfall regimes and some very arid areas, nitrogen fractionation factors should be even

83



more specific to the environment at the time of the individual’s life. Such factors are even more limited and so the dietary

information yielded by such reconstruction requires significant additional evidence to provide much insight into diet.

Factor Iron Age 3B Cuhole diet | Iron Age | 8" Cuynote diet | Iron 8" Cuhole diet
Mean value min min Age max
value max
value
A13Cccllagen-whole -8.622.2%o0 -16.8 to -
diet” +3.7 to 6% (513Cmuaggn) 10.1%o -14.1%o -20.1%o -6%o0 -9.7%o
Alscbone apatite- -3.8+2.5%o0
whole diet51 (513Cbone -18.3 to -
+9.4 to +12%o apatite) 10.7%o -10.2%o -22.2%o 0.5%o -8.9%o
A13Cenamel-whole -2.942.5%0
diet? (53 Crooth -15.4to -
+10%eo enamel) 10.4%o -10.8%o -20.8%o 0.7%o -9.3%o

The reconstructed 8'*Cuwhole diet based on §'3Ceoliagen and 8'>Chone apatite are remarkably
close, although the reconstruction based on bone apatite encompasses a wider range of
values. 3" Cuyhole diet reconstructed using 8'*Ciooth enamel based on non-ruminant animals
(Schoeninger, 2014) also overlaps with the other two tissues and is close to the $'*Cbone apatite
reconstruction when considered from minimum to maximum value. 8'3*Cywhole diet reconstructed
from §'3Ceollagen alone could range from -20.1 to -9.7%o¢>>, which spans the C3 -C4 range of
plant values. This interpretation would include a wide range of C3 and at least ‘mixed’ protein
sources. The interpretation based on 8"*Cpone apaiite alone would be similar, but even wider:
from -22.2%o to -8.9%o, providing even less specific information (and virtually no help in

distinguishing between the protein and energy sources of the diet).

Reconstructed §'3Cywhole diet based on tooth enamel is comparable to that of a diet based
on 8'Chone apatite. A reconstruction using the generally accepted fractionation factor of +14%o,
based on ungulates and ruminants (Passey et al., 2005), would be substantially more depleted
than the other two, suggesting a hypothetical diet that is even further from reality: it would
range from -24.8%o to -13.1%o, squarely within the C; range of plants. This discrepancy

50 Based on ranges given in: Bocherens and Drucker, 2003; Froehle et al., 2010.

51 Based on ranges given in: Ambrose and Norr, 1993; Jim et al., 2004; Kellner and Schoeninger, 2007;
Warinner and Tuross, 2009.

52 ABBCenamel-whole diet has been reported for a wide range of ruminants and ungulates to be +14%o. (Kohn and
Cerling, 2002; Hedges, 2003; Passey et al., 2005). Few primates produce methane to assist in digestion the way
that ruminants do (humans do not), and studies of non-methane producing animals have suggested that the
enamel-diet offset should be closer to 10%e. (Kellner and Schoeninger, 2007; Warinner and Tuross, 2009;
Schoeninger, 2014; Sponheimer and Cerling, 2014).

>3 Based on the minimum and maximum values from the dataset; based on the average it would still fall largely
in the Csrange, from -16.8 to -10.1%o. The same is true for bone apatite (-18.3 to -10.7%o) and tooth enamel (-
15.4 to -10.4%o).
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demonstrates that the diet to enamel fractionation factor is smaller for primates (including
humans), and again emphasizes the importance using of taxa and even species specific factors

(Schoeninger, 2014; Sponheimer and Cerling, 2014).

This exercise in using a wide range of reported fractionation factors reveals the
importance of applying factors that are as relevant (taxonomically, geographically, and
metabolically) and contextually based as possible. In this case, reconstructions based on
factors contained such large uncertainties that the results were not useful, and in some
instances were simply wrong. Simple comparisons between raw isotopic values (such as
Figures 5-3 and 5-4) were for the large part more informative than these reconstructions, and
studies that base dietary interpretations solely off individual fractionation factors, which may

not be wholly applicable, should be approached with caution.

The Kellner and Schoeninger simple carbon isotope model
When plotted onto the bivariate carbon isotope model (based on §'*Chone apatite VS

8'3Ceollagen) proposed by Kellner and Schoeninger (2007) (see section 2.3.2, Figure 2-1),
farmers and hunter gatherers fall between 50-100% Cs energy (from midway to the most
enriched ends of the lines on the Y, or 8'*Cpone apatite, axis) (Figure 6-1). This is consistent with
a mix of wild (C3) and cultivated and wild (C4) plant foods, and for which there is
archaeological evidence of utilization, including legumes and cucurbits (C3) and sorghum and

various types of millet (Cs).

No individuals in this study, farmer or hunter gatherer, fall on the C3 protein line. The
vast majority fall solidly on the C4 protein line and a few (including the coastal hunter
gatherers) overlap with the marine protein line. There are virtually none that fall in the
‘mixed protein’ middle space between the lines, where Kellner and Schoeninger predicted
individuals consuming protein of both types would fall. Although C4 protein consumption is
expected for the Iron Age, the near total absence of any Cs protein based on this

reconstruction is notable.

Even with the spread of domesticated animals, especially cattle (which strongly prefer
to graze rather than browse), wild animals would have remained an important fallback food
and were consumed throughout the Iron Age (Maggs, 1976; Plug and Voigt, 1985; Van
Ewyk, 1987). While some wild fauna such as alcelaphines and hippotragines consume almost
exclusively Cq4 grass, there are many others that are mixed feeders or browsers and would be

expected to record some Cs signal (e.g. cephalophines and tragelaphines) (Sponheimer et al.,
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2003). Small stock, especially goats, were also regularly consumed throughout the Iron Age
in the savanna, grassland, and the coast (Mason, 1981; Maggs and Ward, 1984; Voigt, 1984;
Voigt and Plug, 1984; Maggs and Whitelaw, 1991), and would also have contributed a more
mixed C3/Cy signal to the diet of those who consumed them. Goats are mixed feeders, and
especially if competing with grazing cattle for grass, will consume browse (Gordon and
Prins, 2007). Isotopically, then, they should be more depleted in *C than cattle and other
dedicated grazers. Due to their osteological similarity, goats and sheep are often grouped
together as ‘ovicaprines’ in faunal analyses, and so the evidence for goat consumption
specifically is not definitive. However, it does seem likely that goats were consumed and
would be expected to contribute to human isotopic values. African sheep are also more
flexible feeders than cattle, and would have contributed a more depleted '*C signal to

individuals who consumed them as well.

The apparently highly C4-based protein component of the diets of farmers could also
be due in part to plant protein. Sorghum and millet, the staple grain crops of southern African
farmers, contain relatively high levels of protein (12% and 16% respectively, compared with
8-10%o in maize), and contain all essential amino acids (in both cases, lysine is the limiting
amino acid but still present) (Board on Science and Technology for International
Development, 1996; Rooney et al., 2004). Consumption of large quantities of such crops
would make a solidly C4 contribution to §'*Ceoliagen, alongside that of the animals consumed.
If consumed in sufficient amounts, sorghum and millet contain enough protein to provide
amino acids for incorporation into mineral tissues as well as synthesis into collagen. When
combined with animal protein, diets would contain well above the 12% protein content
threshold documented by Jim et al. (2006) to cause 8'*Ceoliagen to shift towards §'*Chiomineral
(reflecting whole diet). The isotopic spacing between these crops and a mixed C3/C4 animal
protein would be large enough to shift the overall value of §'*Ccoliagen in the direction of C4
foods, recalling the 50% shift that was caused by the addition of just 5% isotopically different
protein in mice (Ambrose and Norr, 1993). These results are consistent with the findings of
Froehle et al. (2010), that 83 Ceollagen is affected by both §'3Cprotein and 8'*Cuhole diet, and the
closer those two values are, the more closely 8'°Ceoliagen tracks 8'3Cuwnole diet (and thus, 8'>Chone
apatite). For monoisotopic diets, A'*Ceollagen-diet Was around +4%o, while mixed diets ranged
from -1%o to +10%o depending on how far apart 8'*Cprotein and 8'*Cywhole dgiet Were (Froehle et

al., 2010).

86



The LIA farmers, who were the first to move into the grassland, are the most solidly
on the C4 protein line. This could be due to increased reliance on Cs-grazing cattle and wild
fauna in the C4-dominated grassland, which would be expected to result in more positive
813Ceollagen. Paired with heavier reliance on C4 crops, this explains the thick clustering around
the upper end of the C4 line, suggesting that Iron Age farmers’ diets were more monoisotopic

than implied by archaeological evidence.

It is interesting that they are not more distinguished from farmers in the EIA, who
would have encountered more C3 resources living in the savanna. However, many of the Cs3
plant foods that would have been consumed (cucurbits, leafy vegetables, etc) are not very
high in protein and would not be expected to influence 8'*Ceollagen, €specially when Cs4 foods
are contributing so much protein to the diet. The fact that these C3 foods do not reflect in
813 Chone apatite would be due to the influence of protein too, as there would be more than

enough protein in the diet to contribute isotopes to biomineral.

A handful of individuals do fall either on the marine protein line or just past it, but
only two of them are from areas near marine resources (the individual from Fynnlands,
indicated in Figure 6-1, and one from Nanda, directly on the marine protein line). The others,
from Skutwater (indicated), Rooikrans (on the line) and Wellington Estates (UCT 16565, the
individual with unusually high §'*Ncoliagen), have the most mixed protein diets of the dataset,
although they are still not in the ‘mixed’ zone proper. Van Ewyk (1987) has suggested that
Skutwater may have been a satellite town for K2, and that the residents would have hunted
more wild game to compensate for the lack of cattle, paid as tribute to high status individuals
at K2. Lee-Thorp et al. (1993) notes a there was a high proportion of wild game found at the
site. At Rooikrans, the faunal assemblage included a large number of wild bovids, indicating
that hunting was a more important source of animal protein than herding (Plug, 1984). Large
numbers of klipspringer (Oreotragus oreotragus) and southern reedbuck (Redunca
arundinum) were present; klipspringer are browsers and thus C3 consumers, while reedbuck
are grazers and are more enriched in '*C (Sponheimer et al., 2003; Codron et al., 2005a).
While the location of the two Rooikrans data points on the Kellner and Schoeninger lines is
slightly to the left of the C4 protein line, they do not fall where expected for a diet in which
protein from a C; browsing species was very important. The coastal hunter gatherers cluster

on the marine protein line as expected.
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Figure 6-1 Bivariate carbon plot after Kellner and Schoeninger 2007, grouping Iron Age farmers and hunter gatherers
along Cs and C4 protein lines. Farmers fall between 50-100% C4 energy as predicted, but farmers and hunter gatherers are
more tightly clustered around the C4 protein line than expected.

The Froehle et al. multivariate carbon and nitrogen isotope model
The multivariate model proposed by Froehle et al. (2012) incorporates 8'*Ncoliagen as

well as §'3Ceollagen and 8'*Chone apatite. It is intended to build on the bivariate model described
above to provide additional information about protein consumption, especially discriminating
between marine and C4 protein sources, and to provide greater differentiation between
isotopically mixed but distinct energy sources. The two discriminant functions—which were
derived from cluster analysis based on all the archaeological human data included in Kellner
and Schoeninger (2007)—each include all three isotopic values. Function one is primarily
driven by 8" Cbone apatite and 8'*Ceoliagen, and so is designated the ‘carbon’ function, and
function two is designated the ‘nitrogen’ function as it is primarily affected by 8" Ncoliagen. The
fact that each function comprises all three values highlights the complex relationships
between dietary sources, especially when attempting to distinguish between protein sources

that affect 6 13 Ccollagen and ! SNcoHagen.

When converted to DFA scores and plotted, the Iron Age farmers fall closest to
dietary cluster 2, but extend much further along the X-axis (the ‘carbon’ function) than the
data of Froehle et al. (2012) (Figure 6-2). This is expected, as cluster 2 describes a diet that is
70% C4 energy and >50% Cs protein. In the Iron Age, F1 values exceed the values of the
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original model (7.63 compared to 5.29), with more enriched carbon isotopes and suggest a
diet even more heavily Cs than cluster 2 (the most heavily C4 diet in the original model).
Interpreting the functions is not straightforward, however: cluster 3 (50% C4 energy and
marine protein) actually has a higher F1 score than cluster 2, and also fully overlaps the Iron
Age data in terms of F1 scores. The ‘carbon’ function cannot fully distinguish between the
two protein sources, and a difference of 20% C4 energy may not be readily apparent on this

axis.

The ‘nitrogen’ function provides further differentiation, as cluster 3 falls much higher
up the Y-axis than cluster 2 and no Iron Age individuals are near it—suggesting that it is
primarily carbon, rather than nitrogen driving the resemblance to cluster 3. As in Figure 6-1,
it appears that Iron Age farmers consumed more isotopically mixed energy sources than
traditional reconstructions such as Figure 5-4 and 5-3 suggest, although the function
obfuscates a clear interpretation of what increasing or decreasing scores mean in terms of real
diet (since less C4 intake is indicated for values both more positive and more negative than

the centroid of cluster 2).

The individuals with the highest F2 scores also have the highest 8'>Noliagen, from
Skutwater. On the ‘nitrogen’ axis they fall alongside the coastal hunter gatherers, midway
between >50% Cj4 protein and marine protein. In terms of the ‘carbon’ axis, the coastal hunter
gatherers are nearest to cluster 5 (30% Cs energy, >65% Cs protein). This placement is
consistent with Figures 6-1 and 5-3, and a diet based on wild plant foods and a mixture of

wild and marine animal resources.

If dietary plant protein made a substantial contribution to the high C4 protein effect
seen in Figure 6-1, it would contribute to the high F1 scores of the Iron Age farmers.
Function one is driven in part by 8'*Ccoliagen, which would have been enriched by the high
protein content of C4 crops, even as 8'*Neoltagen stayed relatively low. Clusters 2 and 3 were
based on similar 8" Ceoltagen (-11.3%o0 and -10.5%o respectively), compared to the study average
of -8.65+2.2%o; even if the amount of protein in the diets are similar (and the amount of
marine protein is not specified in Froehle et al.), the protein consumed by Iron Age farmers
was more enriched in '3C than that consumed by the other study populations. The apatite
content of function one would also reflect the carbohydrates of such crops. This example
illustrates how the use of multivariate models like this one should be combined with more

traditional approaches to the interpretation of isotopic data. These models provide useful
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comparisons between populations and elicit patterns by expanding the overall dataset, but the

absolute values are still needed for dietary information in the context of a specific study

population.
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Figure 6-2 Plot of discriminant function analysis scores after Froehle et al. (2012). The black symbols indicate the centroids
of the five dietary clusters identified by Froehle et al.; they are described by energy source (C3:Cq) and percent protein.
Cluster 1: 100:0, 100% Cs protein; Cluster 2: 30:70, >50% C4protein; Cluster 3: 50:50, marine protein, Cluster 4: 70:30,
>65% Csprotein; Cluster 5: 30:70, 65% Cs protein. Clusters 2 and 5 have the highest proportion of C4energy, and so are
most similar to the diet of Iron Age farmers (plotted in blue).

Expanding the multivariate model

Adding the Iron Age farmers to the global dataset used by Froehle et al. (2012) to
create the multivariate model dramatically reduces the parsimony of the dietary clusters they
identified. The methodology for determining cluster membership was identical to that of
Froehle et al. (2012): two methods of hierarchical clustering (the unweighted pair-group
method using the average (UPGMA) and Ward’s method) were compared to K-means cluster
analysis for each given number of clusters (1-6). Froehle et al were contacted to compare the
computational syntax used in each case to ensure as close a match as possible in cluster

methodologies.

An important note to begin with: the clusters produced during cluster analysis are
assigned ‘names’ (usually numbers) in the order they are derived by the algorithm. Thus,

cluster 1 using one method is not the same as cluster 1 using a different method. When
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comparing individual membership across methods, then, it is necessary to determine which
clusters correspond to which other ones. Clusters are defined by their centroids, which are
simply the mean value for each variable (in this case, 8'*Cpone apatite, 8'>Ceollagen, ©'°Neollagen) Of
the individuals in the cluster. As membership changes from method to method, so too does
the centroid. Clusters are assumed to be representing the same space (in this case, the same
diet) if their centroids are highly comparable. Then the membership of individuals can be
compared. For the purposes of this study, a difference of <3%o0 was considered comparable, as

there is no clear dietary difference at that scale.

While Froehle et al. (2012) reported very high agreement between the methods for 4
and 5 clusters (between 96-97% agreement in each case), this was not the case when the Iron
Age data was included. When sorted into 5 clusters, the UPGMA and Ward’s methods
classified 66% of cases into the same cluster, and K-means clustering classified 75% of cases
and 82% of cases in the same cluster, respectively. When sorted into 6 clusters (a scenario
rejected by Froehle et al. 2012 due to lower agreement), the methods produce mixed results:
89% of cases are classified in the same cluster by the UPGMA and K-means methods, and
58% using Ward’s method compared to K-means. The two hierarchical methods overlap in
58% of cases (Table 6-3). When 6 clusters were specified, UPGMA and K-means produced

six comparable clusters.

Table 6-3 Cluster analysis for identifying dietary groups, based on Froehle et al. (2012). The number of cases for
which both methods agreed is given along with the percentage. N=209 individuals.

5 clusters K-means UPGMA

k-means

UPGMA 75% (157)

Ward’s 82% (172) 66% (139)
6 clusters K-means UPGMA

k-means

UPGMA 89% (188)

Ward’s 58% (121) 58%o (121)

The reduction in the consistency between clustering methods is driven by the
heterogeneity of the Iron Age data. Their overlap with a number of defined clusters is evident
in Figure 6-2, and the result suggests that a new model based on this data, along with the
North and South American data, would not identify such clear dietary groupings. Some of the

difference between these results and those of Froehle et al. (2012) are expected due to
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computational changes such as slight changes to the software over the last four years. Cluster
analysis is also not inference-based, and the clusters can be interpreted in slightly different
ways. To test for the relative magnitude of such discrepancies, the previously published data
were re-analysed to recreate Froehle et al.’s result; when this was done, one individual was
placed in a different cluster. This suggests that any discrepancy due to computational

differences is very low.

The magnitude of this result is surprising, as visually the Iron Age data appears to
simply form the sixth dietary cluster that is possible to interpret (C4 energy and C4 protein
sources), and suggests that reconstructed ‘diets’ result in more heterogeneous isotope values
than previously thought. The relatively high parsimony between the UPGMA and K-means
methods when six clusters are specified does at least suggest an additional ‘C4/C4’ diet. The
discrepancy between this result and that of Ward’s method compared with K-means (and
between the two hierarchical methods) suggests that [ron Age farmer diets included a wide
range of foods, which result in isotopic compositions that fall generally into the category of
‘enriched’ or ‘C4’ but are in fact quite different from each other. This is especially true for
8" Neollagen, Which is included in this model and which varies widely in the Iron Age data. It is
not possible to disentangle the effect of aridity in some cases compared to other factors that
could influence 8'*Ncoliagen With the data available, and Froehle et al.’s model does not

interpret the dietary implications of 8'°Noliagen at all, although it is included in the clusters.

Evaluating models: what goes in must come out
Dietary reconstruction from stable isotopes is an important tool for archaeologists and

others interested in understanding the behavior and ecology of past humans. Modelling
techniques present new and promising approaches that can bring greater nuance to existing
datasets, as well as tease apart confounding associations such as the marine/Cs4 protein
similarity. They also eliminate the need for fractionation factors, which are taxon-, tissue-,
and metabolism-specific and so pose significant challenges when working with
archaeological data. Beyond the additional wealth of information that multi-tissue isotopic
data presents, collecting such data to expand and utilize such models should become standard

practice for isotope studies moving forward.

An important caveat when using any model is that the outputs and valid
interpretations depend on the inputs originally used to create the model. The Kellner and
Schoeninger lines are derived from the published literature on animal feeding experiments,

and are based on results in rats, mice, and swine. As discussed (section 2.4), extrapolating
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animal results and physiology to humans should be done judiciously; animal studies also tend
to be based on small sample sizes (the entire dataset on which the Kellner and Schoeninger
model is based is N=21). Although fed a variety of diets, these animals do not capture the full
range of variety in protein and energy source and proportion found in human diets,
particularly since the metabolisms of rats and mice are not good analogues for those of
humans. Although based on humans, the Froehle et al. model is derived from populations in
North America (Ontario, Greater Cahokia, San Nicolas Island) and South America (Tierra del
Fuego), and the authors acknowledge that they lack a dietary cluster that is overwhelmingly
C4>*. As in the case of the bivariate model, individuals eating diets outside the original input
diets fall ‘off the graph’ and suggest that such models offer fewer insights for such

populations.

These factors do not undermine the value of the model, but valid results are limited to
those cases which were covered in the data used to build it. Only two of the 21 diets included
in the base data had C4 protein sources and C4 energy sources, and both were monoisotopic
diets> that would not accurately reflect the predominantly C4 but mixed diets of southern
African farmers. None of the archaeological human populations with which Kellner and
Schoeninger test their model have diets similar to those studied here: five ate C3 protein
sources only, two C3 with some freshwater fish, and three depended on marine animal
protein. Those populations were selected specifically because there was strong archaeological
evidence for a monoisotopic protein source, and the authors explicitly acknowledge that no
population had been published with both collagen and apatite data that consumed Cs protein.
The excellent fit between those data and the model derived from the animal experiments
illustrates the importance of using models to interpret data within the range of the model’s

inputs.

This is also the case for the clusters in Froehle et al. (2012), where the inclusion of a
much more diverse dataset (the Iron Age farmers) resulted in a significant reduction in the
parsimony of the clusters. If the Iron Age farmers had eaten as homogenous a diet as the
other populations included in the model data, they likely would have simply formed a sixth
dietary cluster. Instead, it appears that this model is less robust for data from more

heterogeneous populations. Each cluster identified by Froehle et al. (2012) has a smaller

>4 For another example of a model based on both experimental animal and human isotope values, see Pestle et
al., 2015.
3 Diet d4h from Jim et al., 2004 and diet 8 from Tieszen and Fagre, 1993
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range of values for 8'*Cpone apatite than that observed in the Iron Age data (ranging from 2.5-
7.7%o, compared to 10.7%o among the Iron Age dataset). Although the §'°Neoliagen and
813Ceollagen ranges overlap with those of the Iron Age farmers, the average range within a
cluster is substantially smaller: 6.3 and 6.8%o, compared to 8.4 and 8.1%o. This greater
variance explains at least part of the failure of the Iron Age agriculturalists to form a sixth

cluster.

When compared to the populations that formed the basis of the Froehle et al. (2012)
model, the Iron Age farmers have highly variable §'°Ncoliagen and 8'*Chone apatite in particular.
Although comparable to two populations (Southern Ontario and American Bottom), the range
of 83 Cpone apatite is much higher in the Iron Age data than the other four populations, and
815 Neollagen is more variable than all but the Tierra del Fuego population (Table 6-4). This
suggests that these two variables may be driving the lack of cohesive clustering. These two
isotope-tissue systems are less well understood than that of 8'*Ceollagen, and models such as
this one may be strongly affected by their complexity. Given the wide range of effects from
environment, metabolism, and other factors that affect 3'3*Chone apatite and 8'°Neollagen, it is not
surprising that a model built on a limited amount of geographically localized data would not

be robust to a diverse dataset from a very different environmental system.

Table 6-4 Ranges (in %o) for 6'>C and 5'°N in bone collagen, and 5'3C in bone apatite, from Froehle et al. (2012) and this
study. Range = maximum isotope value-minimum value; all data from Froehle et al. (2012) except southern African farmers.

Illinois San Tierra | Southern
American | Cahokia River | Nicholas | Southern del | African
Bottom Mound | Valley Island Ontario Fuego | farmers
Range,
3" Ceoltagen (%o0) 16.2 4.5 10 8.3 12.1 12 8.1
Range, 3"*Cpone
apatite (%00) 11.7 8.4 4.9 5.9 11.5 8 10.7
Range,
8" Neoltagen (%o0) 7.8 4 2.3 5.9 5.2 8.2 8.4

Southern African farmers, with diets outside the range of the model, and more

enriched isotope values than any individuals in the base populations, could be assigned

artificially monoisotopic protein sources in the linear reconstruction. The lack of very

enriched isotope values in the original dataset shifts the model lines to the left, causing the

Iron Age farmers to seem more C4 dependent than was likely the case based on

archaeological evidence. Even accounting for the low protein content of Cs resources, it is
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surprising that the data fall largely off the model lines entirely. The fact that most of the data
fall above the C4 and marine protein lines, and 8'*Cpone apatite in the southern African farmers is
much more positive compared with the populations in Kellner and Schoeninger (2007) and
Froehle et al. (2012), is a further illustration of how this model is most useful when applied to
similar datasets. This effect is also apparent in the multivariate model, where most of the Iron
Age data lie far to the right, suggesting a ‘sixth cluster,” or a diet that was not included in the
original model. Interpreting this ‘sixth cluster’ would be especially challenging without
external confirmation of dietary elements, since the original five were defined in ‘real diet’
terms by comparing them to bivariate lines of the same animal studies on which Kellner and

Schoeninger’s model is based (Froehle et al., 2010).

Interpreting data that lie outside the range of a model should be avoided when possible,
and the usefulness of models is limited in new contexts. However, this is not surprising given
the enormity of natural variation amongst human diets and between humans themselves;

perhaps instead it is encouraging how successful these models can be in many cases.

6.3. Isotopic evidence for dietary change

The Iron Age: Three possible diets for a heterogeneous people
The overarching pattern in the isotopic data indicates that agriculturalist diet varied

widely across southern Africa, but became increasingly enriched in '*C as the Iron Age
proceeded. This enrichment is observable in §'3C values of all three tissues, but does not
follow the simple upward trajectory expected with the cultivation of cereal crops sorghum
and millet, and then maize. In Figure 6-3A, ' Cbone apatite and 8'*Ceoliagen follow very similar
trajectories through time: slight depletion in the later EIA and early LIA, followed by
enrichment in *C from the 12 to 16" centuries AD, and then depletion again until the end of
the dataset in the 19" century, ending near 6™ century §'3C values®®. Reflecting the relative
scarcity of EIA skeletal remains, there are no data between the 6™ and 12" centuries AD,
which certainly affects the shape of the graph, specifically whether there really is a depletion
in 1*C during that interval. 8'*Chone apatite is not significantly different in the 6™ and 12
centuries (Mann Whitney U-test, p=0.33), although 8'*Ccollagen is (Mann Whitney U-test,
p<0). This reflects the strong influence of C4 plant foods throughout the Iron Age, but

56 Generalized centuries are not the most precise time intervals; however, limiting the data to only individuals
with direct radiocarbon dates would have reduced the sample size substantially.
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indicates more Cs protein in the EIA, possibly in the form of wild animals (in the savanna

wild animals are more predominantly C3).

There is considerable scatter around both sides of this curve, and the described
trajectory is a visual guide, rather than a statistically significant trend. Considered separately,
8'3Chone apatite and 8'>Ceollagen are not correlated with time: R? is 0.1 for 8'*Cpone apatite and 0.08
for 8'3Ceollagen. This is in contrast to Gilbert (1995), who plotted §'*Ceollagen against time and
reported an R? value of 0.72. However, Gilbert’s data began in the 9" century AD, and
without comparable data from earlier in the EIA, the trend could appear much more

significant.

Such a low correlation suggests that diet was and remained extremely isotopically
variable throughout the Iron Age, and that changes to the diet, such as the introduction of
maize, which probably had a substantial impact on the economy and society at the time, did
not cause significant isotopic shifts that were recorded in individual tissues. The move into
the grassland areas of the Highveld at the beginning of the LIA, probably the most significant
socio-economic and ecological change expected to be recorded in the isotopic data, can be
seen in the trend towards more enriched collagen and apatite from the 10™ century AD
onward. The role of this process, and that of the introduction of maize, in interpreting these

data for dietary reconstruction is explored further in section 6.3.1.

When comparing the 12" century to the 19, §'3Ccoliagen and 8'*Ciooth enamel are (or are
close to) significantly different (Mann Whitney U-test, p=0.03, 0.06 respectively), but
813 Chone apatite is not (p=0.23) (Figure 6-3B). The 19'" century was a period of great
socioeconomic upheaval and change across southern Africa, with the arrival of European
colonists, a period of war and disruption amongst farmers known as the mfecane, and the
changing of many ways of life, and a shift and increase in variation for all tissues is not
surprising. There is also an increase in variation in 8'*Ncoliagen in this period. It is not clear
what dietary shift would be reflected in 3'*Ctooth enamel but n0t 8'*Cbone apatite; this is another

instance of the differences that effect the isotopic value of the two biominerals.
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Figure 6-3 Carbon isotope trends throughout time for Iron Age agriculturalists. Circles represent dated
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Figure 6-4 Nitrogen isotope trends throughout time for Iron Age agriculturalists. Circles represent dated individuals that
could be attributed to a specific century either through radiocarbon dating or secure site context.

As people moved from a diet of C4 energy and mixed protein sources (even including
marine protein) to one dominated by both C4 energy and protein, relative increases and
decreases in 8'°C values are less interesting than the concordance between bone apatite and
collagen. There is no question that these values reflect the presence of C4 resources as a
major component of diet over time, but the synchronous changes to both '*Chone apatitc and
813Ceollagen indicate that protein and non-protein sources were isotopically similar, which

suggest several dietary possibilities which are explored in turn below.

The first possibility is that animals (wild and domesticated) grazing on C4 grasses
were a significant source of protein, abundant enough to contribute carbon atoms to carbonate
and bicarbonate in blood plasma and cause 8'*Chone apatite t0 resemble 3> Ceoliagen. In regions
where there is no possibility of marine protein consumption, and rainfall is relatively limited
(e.g. the Highveld), §'°N in humans should reflect their animal protein intake by being 3-6%o
more enriched than their food source (Hedges and Reynard, 2007; O’Connell et al., 2012). In
Figure 6-4, although there is a spike in '°N enrichment in the 12 century AD, there is not a
clear trend of enrichment over time, and there is no correlation between time and §'°N
(R?=0.05). The later centuries of the Iron Age are more variable in §'°N, with some of the
highest and lowest 5'°N values (6.6%o to 11%o). Given these values, the food consumed
would fall between 0.6%o0 and 9%, which includes the full range of southern African C4

plants (from +1 to +6%o) (Heaton, 1987; Swap and Aranibar, 2004; Codron et al., 2005a).
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This suggests that §'°N is increasing slightly over time, but there is little animal protein in the

diet even at the high end of the range.

This is consistent with Gilbert (1995) who reported a reduction in animal
consumption over time, but cautioned that the appearance of a reduction was largely due to
high §'°N in very arid areas. The high §'°N values in the 12" century AD are from the
Skutwater individuals, and are probably due to aridity in the region. In general, given the
unresolved questions around interpreting 8'°N, this trend should be interpreted with caution
(Heaton, 1987, Sealy et al., 1987; Murphy and Bowman, 2006; Hedges and Reynard, 2007).
Given this, it is not likely that an increase in animal consumption is the source of the

Slmllal‘lty between 8 ! 3(:bone apatite and 8 ! 3Cco]]agen,

The second possibility is that C4 cereal crops, which contain many (although not all)
essential amino acids, formed the primary component of Iron Age diet, as reflected in 8'*Chone
apatite. The lowest 8'°N values indicate minimal animal protein, although not all of them are
particularly low. Both plant and animal proteins contribute amino acids to the synthesis of
proteins such as collagen, and with the current data it is not possible to distinguish which
specific dietary component is reflected in collagen. Sorghum and millet, having relatively
high protein content, could contribute amino acids directly to collagen that would cause
813 Ceoliagen to resemble 8" Chone apatite. Given Figure 6-4, this is likely in many cases with very
low 3"°N. Typically, the resemblance of 8'*Ceoltagen t0 3'*Cbone apatite would also be interpreted
as evidence for a very low protein diet; in this case, the primary plant foods are adequate
sources of protein, but since protein (or amino acids for synthesis) and non-protein
components are all coming from the same Cs4 plant, it is not possible to comment on protein
quantity in the diet. This hypothesis is consistent with the §'°N range discussed above, as

plant protein would not raise '°N the way animal protein would.

The third possibility is a combination of the first two. A diet with elements of both
plant and animal protein, both coming from Cs dominated sources, would be isotopically
indistinguishable from the current '*C data. When both protein and mineral tissues reflect
isotopically similar resources, the additional dietary information they can provide is more
limited than in cases where the sources differ. Combining multiple tissues and isotopes,

however, can be the next step to disentangling two isotopically similar resources.

The discriminant function analysis scores calculated by Froehle et al. (2012) represent

composite scores of 8" Neolagen, 8> Chone apatites a1d 8'*Ceollagen, and 98.8% of their variance was
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accounted for by two functions, the ‘carbon’ (F1) and ‘nitrogen’ (F2) functions. Figures 6-5A
and B illustrate that the F1 and F2 scores follow largely the same curves as in Figures 6-3 and
6-4. The exception, however, is that for function 2, dependent mainly on §'°Neoliagen, the post
14 century scores are largely flat: there is an increase in variability as time goes on, but the
scores largely remain below -2 (Figure 6-5B). The individuals from Skutwater have the
highest F2 scores (Figure 6-5B, indicated) but do not affect the overall flatness of the trend;
in fact, removing them would reduce the variation in the data significantly. The dietary
clusters with the most negative F2 scores are cluster 5 (30:70 C3:C4 energy, >65% Cs protein)
and cluster 2 (30:70 C3:Cs energy, >50% Cj protein) (Froehle et al., 2012). These clusters
represent the two diets in Froehle et al. (2012) with the largest C4 component, and the shift to
lower F2 scores is consistent with a diet with high C4 energy. Higher F1 scores also shift in
the direction of cluster 2, and cluster 3 (50:50 energy, marine protein), the two dietary

clusters with the protein sources most isotopically similar to C4 foods.

Although this technique cannot discriminate precisely between plant and animal
protein sources, it provides evidence that both were increasing across the Iron Age. Such a
complex dietary system, where most components are on the ‘Cs side’ of the §'3C spectrum,
will require a new technique or more detailed understanding of the Cs4 isotopic range
completely unravel, if indeed that is ever possible. It is interesting to note that shifts in F2,
associated with nitrogen (which is largely associated with the consumption of animal
protein), are best explained by the energy components of the dietary clusters, and the ‘carbon’
function (F1) is explained by the isotopic type of the protein in the diet. This underscores the
complexity of §!°N, especially in terms of aridity and the effect of rainfall on plant and
animal 8'°N. In general, interpretations of composite values such as these functions, which
include 8!°N, should be made carefully, especially since they are based on samples that do
not reflect the full range of human isotopic variation. These composite scores, do, however
have the advantage of visually encoding all three tissue isotope values and illustrating the
effects of multiple dietary shifts (i.e. protein and non-protein sources changing at the same
time) which may not be apparent from plotting a single tissue’s isotope values. Beginning
after the 14" century, the trend towards more negative F2 scores and positive F1 scores is
consistent with the shift to the grassland and adoption of more productive C4 crops such as

maize, and the social and economic growth and diversity that accompanied it.
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Figure 6-5 Discriminant function analysis scores from Froehle et al. 2012 for data in this study throughout the Iron Age.
DFA scores for each data point (as explained in sections 2.3.2 and 6.2.3) are plotted against century. A) the ‘Carbon’ values
(Function 1); Function one is primarily influenced by 5'3Ceoltagen and 83 Cbone apatire. B) the ‘Nitrogen’ values (Function 2);
function two is primarily influenced by 6'°Neoitagen.

Maize
As discussed in section 3.3.3, direct evidence for maize comes from pollen and maize

cobs from approximately 400 years ago. Prior to that, the size and density of the Bokoni
settlements circa 16™ century have been attributed to the use of more productive crops such
as maize (Maggs, 1976). Archaeological evidence for maize is not likely to be apparent until

its use is quite prevalent.

Because maize is a more productive crop, the trend in '*C enrichment over time could
be attributed to increased consumption as use of sorghum and millet waned. This is apparent
in Figure 6-6B, which illustrates that for some individuals, whole diet (as reflected by

813 Chone apatite) Was especially impacted by the addition of Ca plant foods. However, Figures 6-
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6 A and B also make clear the wide range of agriculturalist diets consumed even after the
putative date for introduction of maize in the region. Furthermore, Late Iron Age settlement
in the grassland region of the Highveld occurred early in the second millennium, well before
the cultivation of maize. Individuals living in this area would have more positive 8> Ceollagen
from consuming both domesticated and wild animals that were primarily eating the abundant
C4 grasses (in this region, mixed protein sources can no longer be as securely attributed to the
consumption of wild fauna), and wild, C3 plants consumed by humans are likely to have
negligible protein content. Even before the introduction of maize, 8'*Ceollagen is expected to

approach 8'*Chone apatite, as in Figure 6-3.

It is difficult to disentangle the move to the grassland from the possible adoption of
maize in the isotopic data. As the grassland provides excellent natural grazing land, it may be
expected that consumption of C4 animal protein in the form of domestic and wild fauna
would increase, enriching 8'*Ceollagen (and possibly 8'*Chone apaite). If maize did become
important, it likely to have led to a rise in 8'*Cbone apatite a5 8'*Cwhole diet Shifted. As discussed,
however, there is no clear pattern of enrichment in §'°N over time, as would be expected with
increased animal consumption, although a small increase may be captured in the rise of F2
scores in the multivariate model. In Figure 6-6A, §'°N actually appears be lower overall in
the post-maize era, although there are individuals from the pre-maize era that fall both above
and throughout the range. This suggests a decrease in animal protein consumption, as lower-
protein maize replaces sorghum and millet. After the introduction of maize, absolute protein
intake probably decreased, but as both the protein (from plants and animals) and energy are
all solidly in the C4 range, it is not possible to determine more about the protein source split

from the data.

The wide range in the post-maize data reflects the larger sample size and wider spread
of Iron Age settlements, as well as possibly variation in the extent of maize adoption between
communities (individuals still eating millet or sorghum would have higher overall protein
intake and even more convergence between their 8> Ceollagen and 8'>Chone apatite) (Figure 6-6B).
Figures 6-7A and B reinforce the hypotheses presented above regarding high reliance on C4
resources (likely maize) pushing the diet of Iron Age farmers out of the range of any diets
previously included in a multivariate model. There is a high degree of overlap between the
pre-and post-maize era data, however, and these models cannot differentiate between maize
and crops like sorghum and millet without additional isotopic information on the crops

themselves. Figure 5-7A also illustrates the more mixed diet of many EIA individuals,
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overlapping with the marine protein line—but there are also EIA individuals far the right of
the C4 line, an area for which Kellner and Schoeninger (2007) have not provided an
interpretation. Gilbert (1995) reported no increase in dental caries, which are caused by high-
sugar dietary components, until the 18" century. She interpreted this as evidence for minimal
or gradual adoption of maize throughout the 16" and 17™ centuries, well into the occupation

of the Highveld.

Although the isotopic evidence does not reveal a specific point for the adoption of
maize or a clear distinction from the C4 environment of the Highveld, the overall trend of *C
enrichment is unmistakable. Complementary archaeological, ethnographical, and historical
evidence indicate that maize was definitely under cultivation between the 15" and 16™

centuries, and the isotopic trends support this claim.

103



615Ncollagen (%o)
0
o
° ®
%e

16

14 ° L

-16 -14 -12 -10 -8 -6
813C (%)

collagen

13 0,
d Cbone apatite (Am)

-8
[ ]
-12

-16 -14 -12 -10 -8 -6
613Cco|lagen (%)

@ Post Maize
@ Pre Maize
@ HG

@ Post Maize

@ Pre Maize

@® HG

Figure 6-6 Isotopic data for Iron Age individuals before and after the introduction of maize. Circles represent all dated
individuals based on radiocarbon dates or secure site attribution, and for these figures, individuals dated in the 16" century

AD or later are considered ‘post maize.’ Individual date attributions can be found in Table 5-4. A) 6"Cecolt

before and after the introduction of maize in southern Africa. B) 6'Ceoitagen and 6">Chone apatite.

and 6" Neol

104



1
-1
-3
............. C3 protein line
- -5
X C4 protein line
g -7
< A Marine protein line
g 9 ® Post-Maize
O
o -11 ® Pre-Maize
w0
-13 ® HG
-15
-17
-19
-24 -22 -20 -18 -16 -14 -12 -10 -8 -6 -4
613Ccollagen (%o)
B
8
6
. @ Cluster 1
o 4 A
‘é” = Cluster 2
=
E O. i A Cluster 3
N [ J
0 |
.S ® :. o o B Cluster 4
© [ J [ J
5, L I ."0
2 o ° ‘.’..0. ~'.. @ Cluster 5
4 [} e ° ®e [ X ]
-6
-10 -5 0 5

Function 1 ('Carbon’)

Figure 6-7 Multivariate models of Iron Age data indicating the adoption of maize. A) Bivariate model after Kellner and
Schoeninger 2007, B) multivariate model after Froehle et al. 2012

6.4. Collagen-mineral offsets

The Wlde Variety Of A13Cc0]]agen-bone apatite and A13Cc0]]agen-enamel amOIlg the II‘OI] Age fal‘meI‘S
has already been discussed, but the isotopic composition of diets in this region makes it

difficult to use these offsets to resolve the issue of animal or plant protein consumption.
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Large offsets between collagen and mineral tissues indicate a diet with isotopically different
protein and energy sources. Low protein diets result in smaller offsets, as collagen comes to
resemble mineral. However, high protein diets, where the converse occurs, can also result in
small A®Collagen-minerat. This is problematic in the case of Iron Age farmers: before the
introduction of maize, sorghum and millet contributed significant protein (and carbon
isotopes) to bone collagen. In both pre- and post-maize eras at least some animal protein was
also C4, and diet became more monoisotopic over time. Consequently, collagen-mineral
offsets are expected to be small in nearly all cases, and significant socio-economic events
may not be reflected. While not consistently small, the A'*Ccollagen-bone apatite ad A'>Ceollagen-
enamel in the study are very inconsistent and unrelated to time (R?>=0.0 and 0.1 respectively)

(Figure 6-8).
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Figure 6-8 A3 Ceoltagen-bone apatire and A"3 Ceotiagen-enamel 0ver time.

Notably, there is no clear trend between A Ccoliagen-bone apatite and A'>Ceollagen-enamel,
reflecting the range of values and lack of correlation discussed in section 2.1.2. The lack of
agreement between these two offsets further emphasizes the importance of caution when
comparing the two biominerals or isotopic data derived from them, and the need for further

study of their metabolism and fractionation. Variability in A3 Ccollagen-enamei i8 reflective of the
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overall variation in tooth enamel, and also suggests that enamel even from late-forming teeth

like third molars does not convey the same dietary information as bone apatite.

The monoisotopic nature of the Iron Age diet, as well as the protein effects of
sorghum and millet, make it difficult to use A*Ceoliagen-mineral to reveal additional aspects of
diet or resolve outstanding questions. Compared with the individuals from the southwestern
Cape studied in Lee-Thorp et al. (1989), A'3Ccoliagen-bone apatite does not pattern with 8'*Ceoliagen.
Individuals in the southwestern Cape consumed Cs plant foods and relied heavily on marine
resources, mostly high in protein and enriched in '*C. This example illustrates the usefulness
of A Collagen-mineral in cases with isotopically distinct protein sources. The wide range of
offsets in the data presented here support the observed heterogeneity of Iron Age diets, and
illustrate the importance of caution when interpreting one biomineral (tooth enamel) in the

context of another (bone apatite).

6.5. Geographic patterning and the heterogeneity of Iron Age diets

As noted in section 5.3.5, §'*C and §'"°N do not clearly pattern geographically in terms
of the grassland and savanna biomes. However, there is a distinct trend of more negative §'*C
in the south-east of the study region, specifically amongst individuals located along the river
valleys of the Indian Ocean Coast. Even though they are substantially inland, these sites are
(which tend to be EIA sites) are near rivers and other resources that ensure a diversity of food
options, leading to depleted '*C when compared to individuals from the Highveld or more
inland savanna regions. The individuals from Skutwater are comparable in §'°C, in line with
the observation that they consumed a more mixed diet, potentially for social reasons (Van
Ewyk, 1987). Figure 6-9 A-C illustrates this pattern, showing every Iron Age individual in
the study coded by their relative enrichment or depletion compared to the study mean. This
effect is visible for 8'*Ceoliagen, but most pronounced for 8"*Crooth enamet and 8'>Chone apatite
(Figure 5-9 B and C), suggesting that in these regions non-protein energy sources were more
depleted than the protein dietary elements. This would be consistent with individuals living in
a more riverine environment, or the most arid region of the savanna included in the study—in
both cases, additional types of plant foods would have been consumed, possibly to
supplement the diet in a region less conducive to agriculture (like Skutwater). It is interesting
to note that although these two cases probably stem from different dietary conditions (in one

case, a greater abundance of alternate resource, in the other a lack of staple foods), they both
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manifest as isotopically comparable, reinforcing the importance of local context when

making dietary reconstructions.

Figure 6-9 613C for all three tissues for Iron Age farmers
by region. Individuals are indicated by coloured dots
which correspond to their deviation from the mean for all
Iron Age farmers in the study. A: 63Ceojiagen, B: 6*3Cpone

apatite, C: 613Ctooth enamel.
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Figure 6-10 8'°N for Iron Age farmers by region. Individuals are indicated by coloured dots which correspond to their deviation
from the mean for all Iron Age farmers in the study.

813 Collagen is most positive in the central portion of the study region, consistent with
the strongly Cs environment of the Highveld and an increase in agriculture in that region.
This could be consistent with either a substantial portion of dietary protein coming from Cq4

plant foods, or animals with a strong Cs4 signal.

In the case of 8'*Ncoliagen, nearly all individuals in the study are either close to the
mean or slightly depleted in N (Figure 6-10). A notable exception is Skutwater, where as
discussed the individuals are substantially enriched, likely due to the aridity of the region.
The rest of the most enriched individuals come from Wellington Estates, but since this ‘site’
was not excavated, there is no way to establish a cultural or temporal affinity between them.
On the whole this reflects the low overall ' Neoliagen Values of the study group, and the

relative consistency between individuals and sites.

6.6. Conclusion

The Iron Age in southern Africa was a period of socioeconomic change, of

geographical shift in settlement area and of population expansion, together with the
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utilisation of new resources. The consumption of cereal crops such as sorghum and millet is
apparent in the elevated §'>Ceollagen and 8'*Chone apatite Of farmers when compared to the coastal
hunter gatherers, and there is some isotopic evidence for increased reliance on C4 based foods
associated with the spread into the Highveld, and later the adoption of maize. Neither event is
associated with an increase in consumption of animal protein, and the close relationship
between &' Ceollagen and 8> Chone apatite may be due to the high protein content of the crops. The
expansion to the Highveld, where there are C4 grazing wild animals, obscures a possible
increase in animal protein that is isotopically similar to the energy sources. Energy sources
high in protein such as millet and sorghum are challenging to interpret isotopically, and the
strict protein/animal-energy/plant interpretation is not viable here. §'°Ncoliagen does not pattern
clearly by geography or time, and aridity effects pose significant problems when

investigating dietary distinctions across environmental gradients.

There is significant variation in isotope values across the EIA and LIA, and across the
various biomes from which these samples were taken. The lack of clear temporal trends
suggests that even after such significant events, there remained a wide range of economic and
resource utilisation practices across southern Africa, resulting in heterogeneous diets. Despite
this, there is isotopic evidence for increasing utilisation of C4 food resources in the latter half

of the LIA, probably from low-protein energy sources like maize.

Understanding of isotope chemistry, metabolic routing, and analytical methods now
allows for the interpretation of isotope analysis of multiple tissues, which facilitates more
nuanced, detailed dietary reconstructions. Comparing multiple tissue isotopes also illustrates
how much more there is to understand about these complex chemico-physical systems and
the windows into the past that they offer to researchers. Accordingly, more research and
attention should be paid to the preparatory and analytical methods that are used, especially to
mitigate the effect of diagenesis on biominerals. Previously published biomineral isotope
measurements (especially for bone apatite) may be the result of very different pre-treatments,
and so the results may not be comparable. Pre-treatment protocols have a significant impact
on the final isotope value and should be carefully compared in all experiments. In particular,
particle size is relevant to the isotopic analysis and should be controlled. Refining these pre-
treatments and determining better tests for the quality of biomineral analytical results should

be a priority, as the wealth of information available from this tissue is very valuable.
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Tooth enamel and bone apatite are not only mineralogically distinct, they also reflect
different isotopic signals, from different times of life and different metabolic and
fractionation processes. The range of reported correlations and offsets between '3 Crooth enamel
and 8'3Crone apatit emphasizes the need for additional study of the process through which
dietary isotopes are incorporated into these biominerals, and our ability to interpret them in
archaeological contexts. They should be treated separately, and likely reflect meaningfully
different dietary information from which future reconstructions can draw. Just as developing
more robust pre-treatment protocols for bone apatite will facilitate inter-study comparisons
and expand the global human dataset, more fully understanding the dietary realities that affect

these biominerals can reveal whole new lines of evidence into past diets.

Traditional isotopic analysis, including the calculation of collagen-mineral offsets and
comparison of multiple tissue isotopes, can be supplemented and expanded using new
multivariate modeling techniques. These techniques are based on observed patterns across
animal and human populations, and so can overcome many of the challenges of conventional
reconstruction. These include the suitability of fractionation factors, the difficulty of defining
and accounting for complex, dynamic systems such as metabolism and fractionation, and the
problems of applying such factors across species. Model interpretations, which are inherently
comparative, should be combined with analysis of the absolute isotopic values and the

relationships between isotopes from multiple tissues.

Based on existing datasets, however, these models are only valid to the extent of the
original data used to create them, and for the interpretation of similar data. In the case of Iron
Age farmers, the data on which the models were based were quite different: archaeological
individuals from North and South America, with different diets. Iron Age farmers overlapped
with the extreme C4 portions of each model, but extended far beyond them, providing a clear
next step for the improvement of existing models and the development of new ones: larger,
more comprehensive datasets from diverse areas, encompassing all isotopically possible
diets. As agriculturalists with strongly Cs-based diets, these farmers form a new and valuable
data set to add to the global development of these models and can expand their interpretive

power.

Farmers of the southern African Iron Age present an exciting and challenging group
to study isotopically because of their diet (C4-dominant diets are less studied worldwide) and

the monoisotopic nature of their many food resources. By applying multiple isotopic dietary
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reconstruction techniques, this study has provided further insight into the heterogeneity of
Iron Age diet across both time (the EIA and the LIA) and space (the full range of modern-day
South Africa where individuals have been found). It also illustrated both the power and
complications of using these techniques in settings with monoisotopic diets or groups who
have not been widely included in existing models. Future research should focus on comparing
the data collected here form humans to more environmentally specific istotope values for
crops and other likely food sources. Future work will also be needed to better understand the
processes of fractionation and formation that tooth enamel and bone apatite undergo, and the

implications for isotopic work on these valuable mineral tissues.
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Appendix A 3'%0 results from bone apatite and tooth enamel and available C:N ratios

C:N ratios of

Date 8'80bonc apatite bone
UCT Code  |Site (Century) 8'30100th cnamel (%o) |Internal 6 |(%o) Internal 6 |collagen®’
3682 Skutwater 12 -1.31 0.09 -4.08 0.15 3.8
3683 Skutwater 12 312 0.17 -3.19 0.11 3.5
3684 Skutwater 12 -0.77 0.26 -4.75 0.18 3.5
3685 Skutwater 12 -0.12 0.18 241 0.16 3.8
3686 Heilbron 10 -1.10 0.16 -4.33 0.09 34
3690 Lindley (Makwareng) |17 to 19 -1.82 0.16 -4.21 0.20 3.7
3691 Lindley (Makwareng) |17 to 19 -2.74 0.13 -1.81 0.15 39
3696 New Smitsdorp 16 -0.36 0.13 -5.41 0.08 3.8
3704 Wellington Estates 16 to 19 -0.68 0.09 -2.80 0.06 34
3705 Wellington Estates 16 to 19 -0.44 0.08 -1.65 0.15 3.6
3708 Rustenburg 18 -1.36 0.13 -4.13 0.21 34
3710 Oliphantspoort 19 -3.99 0.19 -4.39 0.18 34
3711 Oliphantspoort 18 -2.16 0.18 -3.66 0.15 3.2
3712 Oliphantspoort 15 -1.45 0.04 -3.89 0.20 33

37 For those individuals where C:N ratios are available, see page 58
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4148 Nanda 6to7 -4.06 0.16 -3.28 0.21 4.2
4152 Oliphantspoort 19 -2.89 0.20 -5.73 0.14 3.9
4171 Nylsvlei 16 -0.79 0.13 -2.56 0.18 3.6
4309 Wellington Estates 16 to 19 -1.09 0.09 -3.93 0.20 33
4310 Wellington Estates 16 to 19 -0.51 0.07 -2.79 0.27 34
4497 Venus/Estcourt 19 -0.26 0.13 -2.99 0.17 3.8
4913 Vetchkop 18 1.64 0.08 -1.90 0.19 N/A
4914 Kaybars Cave 19 -3.50 0.14 -4.09 0.19 N/A
4915 Kaybars Cave 19 -1.26 0.10 -3.66 0.05 N/A
4916 Robinsons Shelter 19 2,61 0.14 -1.86 0.17 N/A
4917 Robinsons Shelter 19 -0.87 0.12 -4.04 0.18 N/A
4919 Ellerton Mine 14 -3.61 0.09 -6.71 0.15 N/A
4920 Ellerton Mine 14 -10.99 0.14 -3.31 0.26 N/A
4921 Wellington Estates 16 to 19 -2.83 0.12 -3.23 0.18 N/A
4922 Boshoff's Farm 16 -2.95 0.18 -2.39 0.13 N/A
4923 Wellington Estates 16 to 19 0.54 0.07 -2.15 0.17 N/A
4924 Wellington Estates 16 -1.69 0.08 -2.90 0.15 N/A
4925 Wellington Estates 16to 19 0.82 0.11 -3.73 0.06 N/A
4926 Wellington Estates 19 -0.32 0.10 -2.93 0.21 N/A
4928 Wellington Estates 16to 19 -2.07 0.11 -3.10 0.23 N/A
4932 Ficus 16 -2.81 0.06 -3.74 0.17 N/A
4948 Rooikrans 17 -0.54 0.10 -2.61 0.16 N/A
4949 Rooikrans 17 -1.00 0.13 -2.20 0.15 N/A
5387 Diamant 6to7 -3.92 0.13 -4.03 0.19 N/A
5392 Nanda 6to7 -2.49 0.17 -3.68 0.11 N/A
5395 Tinley Manor 15 -2.06 0.13 -2.98 0.12 34
5396 Ballito Bay 12 -2.38 0.13 -5.11 0.20 32
5398 Ballito Bay >2000 BP  |-2.29 0.08 -4.30 0.13 33
5428 Fynnlands 12 -1.48 0.11 -3.60 0.10 34
5431 Illovo Beach >2000 BP  |-3.79 0.17 -4.26 0.16 34
10853 Richards Bay >2000 BP  |-2.75 0.15 -4.63 0.13 33
16364 Nagome 17 -2.22 0.11 -4.54 0.15 33
16365 Mhlopeni 6 -2.61 0.20 -2.21 0.09 3.1
16367 Magogo 6to7 -1.79 0.20 -2.91 0.13 32
16565 Wellington Estates 16to 19 -0.49 0.09 -5.29 0.19 3.6
17511 Pilgrim's Rest LIA -15.44 0.27 -4.64 0.10 3.2
17512 Pilgrim's Rest LIA -3.65 0.13 -2.55 0.17 3.2
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