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Abstract 

Dietary change has been linked to many aspects of human evolution over the last 
three million years, including tool use, brain size increase, aerobic capacity and 
gut biology. Furthermore, failure to adapt to dietary changes over the last 10,000 
years has been implicated in a number of complex and chronic diseases including 
obesity, type II diabetes, some cancers and coronary heart disease. Such 
‘diseases of modernity’ are more common in agrarian and industrial societies 
than among hunter-gatherers, and it has been argued that this is due to a 
mismatch between modern diets and the ancestral diets to which our metabolism 
should be optimised. 

The aims of this research have grown out of the qualitative studies that 
perpetuate narratives around human and hominin diets, particularly around the 
central theme of dietary mismatch and ‘paleo’-named diets. In this work, I 
investigate nutrient-level differences between modern post-industrial diets, 
modern hunter-gatherer diets, prehistoric (Palaeolithic, Neolithic and Bronze 
Age) diets reconstructed from archaeological data, clinical intervention diets, fad 
diets including The Paleo Dietâ, Keto Diet and Atkins Dietâ, fast food diets and 
milk. Using these data, I develop a hypothesis on the evolution of dietary choice.  

Modern diets are enriched for certain nutrients, for some of which we have strong 
taste avidities (e.g. sodium, sucrose, starch, certain fatty acids). By quantifying 
differences in inferred nutrient profiles between ancestral and modern diets, I 
examine the nutrients enriched in modern diets, the trajectories of nutrient 
composition change through time, what might be driving these changes, and why 
we have evolved taste preferences for some nutrients that in a modern setting 
are considered ‘unhealthy’. I also examine how nutrients correlate in ancestral 
foods and explore if avidities for nutrients enriched in modern diets would lead to 
healthy nutrient profiles in an ancestral setting.
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Impact Statement  

The rationale and justification for the research aims of this PhD thesis have grown 
out of the numerous qualitative studies that perpetuate narratives and/or myths 
around human and hominin diets, particularly around the central theme of dietary 
mismatch, evolutionary mismatch, dietary discordance and ‘paleo’-named diets. 
Diet and dietary change have shaped and continue to shape human evolution, 
contributing to disease vulnerabilities. This thesis examines what we ate in 
prehistory and the modern consequences of our evolutionary past.  

There have been ongoing efforts to provide evolutionary explanations for the 
global rise in obesity, type II diabetes, some cancers, cardiovascular disease and 
other chronic metabolic conditions. It has been suggested that these ‘diseases of 
modernity’ are partly caused by mismatches between modern diets and the 
ancestral diets to which our metabolism should be optimised. However, the 
numerous qualitative studies investigating ‘Palaeolithic’ diets have led to 
enduring narratives and myths regarding human and hominin nutrition, 
contributing to confusion and the circulation of conflicting information in the public 
domain.  

This work affords the first opportunity to compare, to a first order of 
approximation, the composition of ancestral and modern diets at the individual 
macro- and major micro-nutrient level. It achieves this by using archaeological 
data from a Palaeolithic, Neolithic and Bronze Age sites, as well as from modern 
hunter-gatherers and a range of other modern diets, including suggested ‘paleo’, 
popular, clinical and fast food diets. I then examine differences in diets at the 
individual nutrient level and identify general trajectories for nutrient compositional 
change through time.  

Despite considering 27 macro- and major micronutrients, I find that two 
dimensions of variation explain 59% of the differences in nutrient profiles. I also 
find high diversity in hunter-gatherer, but low diversity in modern diets, and 
systematic differences between the two. I also find that the nutrient profiles of fast 
food diets can be seen as modern diets shifted towards the nutrient profile of 
human milk. Finally, I identify correlation structures in the occurrence of nutrients 
in hunter-gatherer foods that provide a basis for understanding why humans may 
have evolved taste preferences that in a modern setting lead to unhealthy diets. 

While there is a growing body of evidence that some populations have adapted 
to some dietary shifts over the last 30,000 years, the focus has remained on 
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genetic adaptation rather than on dietary change, particularly at the nutrient level. 
In this thesis I try to shift this focus, with the aim of putting the study of prehistoric 
diets in relation to health on a more secure, quantitative footing. I provide some 
support for the hypothesis that we have evolved avidities for nutrients that, in a 
Palaeolithic setting, would have ensured a healthy diet, but in a world where we 
control the nutrient compositions of our foods, leads to diet-related morbidity and 
mortality. My research builds an evolutionary foundation for future work aimed at 
understanding why we choose to eat unhealthy foods and what some of the less-
visible consequences of these evolved preferences may be. 
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Chapter 1 Introduction and Literature Review 

1.1 Overview 

Diet and dietary change have shaped human evolution over the past ~three 
million years and have contributed to modern disease vulnerabilities. Taking a 
nutrient-centred approach, this thesis examines what we ate in prehistory to 
contextualise the nutrient compositions of modern diets. Nutrient differences 
between three classes of diet are explored using: (1) modern hunter-gatherers, 
as a proxy for ancestral diets, (2) reconstructed diets from archaeological data 
and (3) modern diets with a similar geographic distribution to modern hunter-
gatherers. Individual nutrient differences and full nutrient profiles are compared 
to provide a new lens with which to see the complex relationships between diet 
and health.  

This chapter presents an overview of archaeological sources used to understand 
dietary change in prehistory, a chronology of major dietary shifts and a range of 
theories on how dietary change has shaped human evolution. In Chapter 2, a 
range of methods for quantifying the nutrient composition of modern diets are 
described in detail. Chapter 3 describes the methods developed for 
reconstructing diets from archaeological and archaeobotanical data. The 
estimated nutrient compositions of various prehistoric and modern diets are 
compared and analysed in Chapter 4. In Chapter 5 I describe the study design 
and results of a pilot project investigating the microbial diversity of milk and 
cheese. Lastly, Chapter 6 discusses the significance of this research and 
considers the wider implications of this thesis.   

1.2 Background 

Diet and dietary change have been linked to many aspects of hominin evolution 
over the last three million years, including tool use, brain size increase, aerobic 
capacity and gut biology (2002, Wood and Strait, 2004, Ye and Gu, 2011). 
Furthermore, failure to adapt to dietary changes over the last 10,000 years has 
been implicated in a number of complex and chronic diseases, including obesity, 
type II diabetes (T2D), some cancers and coronary heart disease (CHD) 
(Swinburn et al., 2011, Turner and Thompson, 2013, Eaton and Konner, 1985). 
Such ‘diseases of modernity’ are more common in agrarian and industrial 
societies than among hunter-gatherers, and it has been argued that this is due to 
a mismatch between modern diets and ancestral diets to which our metabolism 
should be optimised (Luca et al., 2010, Ye and Gu, 2011, Babbitt et al., 2010, 



Chapter 1 Introduction and Literature Review 

 34 

Hancock et al., 2010, Fu and Akey, 2013, Sabeti et al., 2007, Biswas and Akey, 
2006). 

The successes of multiple hominin lineages, including humans, have been 
attributed to our ability to find, process and metabolise a diverse range of 
resources (Ungar and Teaford, 2002, Teaford et al., 2002). Given the importance 
of past diets and dietary change in shaping human evolution and modern disease 
vulnerabilities, a major goal of researchers across many scientific disciplines, 
including archaeology, anthropology, population genetics, medicine and 
evolutionary biology, has been to reconstruct and better understand the nature of 
prehistoric nutrition. While many data types, as summarised in the following 
sections, have contributed to this understanding, considerable uncertainties 
remain concerning what we ate. Furthermore, where diets can be reconstructed, 
systematic analyses of the nutrient compositions of those diets have not been 
performed.  

The overall aim of this thesis is to take a nutrient-centred approach to comparing 
and understanding past and present human diets. In this chapter I will examine 
the different sources of information on past diets, then give a chronological 
account of what we know of past dietary change over the last ~three million years 
(i.e., since the emergence of stone tool use), and finally discuss a range of 
theories on how those transitions influence our evolution and may help to explain 
the increasing incidence of ‘diseases of modernity’. 

1.3 Archaeological sources of information 

1.3.1 Overview 
This section reviews the archaeological data sources from which we know or can 
infer past hominin diets. The level of resolution depends on the temporal 
specification, the data sources and the methods, although some specific 
questions about our feeding strategies in deep history cannot yet be answered 
due to limitations in methods and/or materials to investigate. To assess the extent 
to which modern diets have diverged from those of our ancestors, requires the 
characterisation of diets in our past. This section addresses ‘what we know’ and 
‘how we know it’, acknowledging that there are still many unanswered, and some 
unanswerable questions. 

1.3.2 Fossil remains 
Despite limited hominin specimens and closely-related species surviving from our 
deep evolutionary past, fossils provide the earliest clues to ancestral diets (White 
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et al., 2009, Louchart et al., 2009, Ungar and Teaford, 2002, Teaford and Ungar, 
2000). By examining morphological features in the fossil record – the shape of 
skulls, jaws, limbs and teeth – it is possible to infer aspects of diet such as 
preferred broad food groups based on skeletal adaptations to local ecologies, 
providing some of the earliest information on ancestral diets (Suwa et al., 2009). 

1.3.3 Animal and plant remains 
Ancestral diets and foods consumed in prehistory can be inferred from animal 
and plant remains. Taphonomy is the study of how organisms are preserved in 
the archaeological record. Taphonomic biases, differences in the rates of 
degradation between classes of remains, are well-known (Gilbert and Mielke, 
1985, Carbone and Keel, 1985). In animal remains, saprophytic organisms first 
break down body salts and sugars before decomposing protein, fats and 
glycogen. Damp and/or hot climates often accelerate taphonomic decay, 
whereas cold and/or dry climates often preserve organic remains better with 
microorganisms breaking down organic matter much more slowly. Hair, hooves 
and horn generally are more robust to breakdown, although even these will decay 
in damp and/or hot climates (Lyman and Lyman, 1994). Antler, bone, teeth and 
shell, being mineralised structural components, are last to decay and feature 
heavily in the archaeological record (Binford, 2014). 

Plant decay follows the same four-step breakdown process order, beginning with 
soluble salts and carbohydrates followed by water-insoluble starches and sugars. 
Next cell walls, including cellulose decay, and robust structural substances such 
as cutin, lignin and suberin are lost (Carbone and Keel, 1985). In general, 
inorganic / mineralised remains last the longest and while plants leave 
mineralised microfossils (e.g., phytoliths), animal macrofossils are far more 
abundant than those of plants in the archaeological record (Carbone and Keel, 
1985). This is not to say there are no Palaeolithic sites with good 
archaeobotanical preservation. Ohalo II is an example of a Palaeolithic site with 
excellent plant preservation, due to its anaerobic conditions. However, this is the 
exception rather than the rule. Plant components such as pollen and phytoliths 
often survive when other plant remains have degraded beyond identification 
(Piperno, 2006, Madella and Lancelotti, 2012). Pollen and phytoliths can help 
identify plant species and species abundance whereas wax studies together with 
pollen data provide insights into climate change, ecologies and biomass 
estimations (Bakels, 2020). Raw site data used to reconstruct plausible 
prehistoric diets will often be biased, overestimating the faunal contribution while 
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underestimating botanical resources, but there are methods that can go some 
way to correct these known biases (Kidwell, 2013, Saleh et al., 2020).  

1.3.4 Material culture and artefacts 
Material culture, an assemblage of human-made artefacts including natural 
and/or altered objects, can inform on dietary preferences. Tools provide evidence 
of hunting, scavenging and food processing techniques (Ambrose, 2001, 
Harmand et al., 2015). Rock hammers used to break open bones to access 
marrow indicate meat (hunted and scavenged) in the diet, as do smaller scrapers 
and flints used in defleshing hides and removing meat from bones (Assaf et al., 
2020). Spears and spear throwers, given their size and location, inform on 
intended prey (Van Kolfschoten et al., 2015). Fishing harpoons, hooks, nets and 
boats point to marine and aquatic resources in the diet, although nets can also 
be used to capture birds (Stiner and Munro, 2011). Stone grinding and pounding 
tools used for hard seed processing help to confirm when grains entered the diet 
and how these may have been prepared (Fullagar et al., 2008, Dunne et al., 2016, 
Piperno et al., 2004). Other artefacts such as pottery, ceramics, storage vessels 
and storage pits can reveal which foods were processed, preserved and stored 
(Kuijt and Finlayson, 2009, Liu et al., 2018, Bogaard et al., 2009), whereas 
archaeological middens (rubbish heaps) provide insights into diet based on what 
was discarded (Needham and Spence, 1997, Waselkov, 1987). Charcoal 
provides indirect evidence of cooking and food processing (Théry-Parisot et al., 
2010) whereas hearths and ovens provide direct evidence of cooking (Scott and 
Damblon, 2010, Shahack-Gross et al., 2014, Wrangham, 2017). 

1.3.5 Stable isotopes and molecular residues 
Diet can also be investigated by analysing stable isotopes recovered from teeth 
and bone collagen (Price et al., 1985, Nehlich, 2015). Carbon, nitrogen and 
sulphur stable isotope ratios can be used to explore dietary preference such as 
amounts of animal protein, levels of aquatic foods and inclusion of C4 plants in 
the diet.  Stable carbon isotopes from foods consumed during growth are 
incorporated into bones and teeth, with tooth enamel showing less post-
depositional degradation than bone (Lee-Thorp and van der Merwe, 1991, Lee–
Thorp, 2002). Carbon isotope studies are grounded in photosynthesis and CO2 
fixation pathways (Ehleringer and Monson, 1993). In tropical savannas, the C3 
photosynthetic pathway is dominant in trees and shrubs while the C4 pathway is 
strongly associated with grasses and sedges. A third pathway, crassulacean acid 
metabolism, occurs in cacti and succulents as a strategy to reduce water loss. 
Due to biochemical and anatomical differences in plants, there is bias against 
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fixing 13C during photosynthesis among C3 plants. The resulting 13C/12C ratio will 
be lower in C3 plants and higher in C4 plants. This carbon isotope ratio value 
serves as an environmental indicator, and the distinct carbon isotope signatures 
of plants are then preserved in the tissues of animals feeding on them. While the 
13C/12C ratio values vary in time and space, by mapping this variability, it is 
possible to estimate the relative proportions of C3 and C4 plants in past diets.  

Further studies have revealed δ13C values can vary within bodies of water. In 
Lake Baikal, Siberia, fish species feeding in shallow waters were shown to have 
lower δ13C values than the deeper, open water species, and variation of ~15% -
25%, if unaccounted for, can lead to data misinterpretation (Katzenberg and 
Weber, 1999, Katzenberg et al., 2009). Nearby riverine fish species showed little 
variation in δ13C values because the mixing of carbon sources produced greater 
uniformity (Katzenberg and Weber, 1999, Katzenberg et al., 2009). Stable carbon 
isotopes can also inform on terrestrial versus marine foods in the human diet due 
to differences in ratio values (Tauber, 1981, Chisholm et al., 1983, Ambrose and 
Norr, 1993). 

Stable nitrogen isotopes 15N and 14N are differentially enriched along sequential 
food chains, and so can provide dietary information in relation to trophic level 
(Kelly, 2000). The most widely used biological molecule used for stable nitrogen 
isotope studies is collagen, although it is possible to look at different values for 
individual amino acids (Kendall et al., 2017). Typically, δ15N values are highest 
in marine carnivores, such as seals, followed by marine animals consuming 
invertebrates and plants (including most fish), then terrestrial carnivores, then 
terrestrial herbivores, and finally terrestrial plants (Katzenberg and Weber, 1999, 
Katzenberg, 1989). When used in conjunction with stable carbon isotopes, δ15N 
values can be used to differentiate between marine and terrestrial food sources, 
particularly when there are multiple food sources enriched in 13C such as C4 
plants and marine foods (Katzenberg, 2011).  

From consuming plant and animal proteins, humans incorporate sulphur stable 
isotopes into bone collagen (Nehlich, 2015). Methionine is the only sulphur-
containing essential amino acid found in bone collagen. As it can only be acquired 
through food sources, averaged stable isotope values for δ34S reflect human 
intakes of plant and animal proteins which can inform both on the amount of 
proteins consumed and, in turn, environmental δ34S values (Tanz and Schmidt, 
2010). Higher δ34S values can indicate higher reliance on marine resources in 
the diet as sulphate levels vary between marine, freshwater and terrestrial 
sources and also regionally (Peterson et al., 1985). By combining sulphur with 
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nitrogen isotope data, it is possible to differentiate diets incorporating marine and 
freshwater foods where this level of refinement cannot be detected using carbon 
isotopes alone (Nehlich et al., 2010, Richards et al., 2003a).  

Hydrogen stable isotope investigations of 2/1H inform on diet and mammalian 
trophic levels (Birchall et al., 2005). Whereas δ15N values varied between 4-5% 
in terrestrial carnivores and herbivores, and negligible differences in aquatic 
carnivores and piscivores versus aquatic herbivores and omnivores, δD 
(hydrogen) values in carnivores and piscivores differed by ~90% in aquatic and 
terrestrial systems (Birchall et al., 2005). This is useful in informing on diet 
because while δ15N values can be affected by environment and trophic levels, 
δD values inform on trophic level and are largely unaffected by environment 
(Birchall et al., 2005).  

In relation to this thesis, Calcium stable isotopes δ44/42Ca can inform on 
proportions of dietary intake of Calcium, reflecting the varying amounts of dairy 
intake and have the potential to inform on dietary change through time (Tacail et 
al., 2021). Given the longer preservation of bone, δ44/42Ca investigations at 
archaeological sites with human remains may provide a proxy for past dairy 
consumption because milk and dairy foods have a lower Calcium isotope ratio 
compared with other sources of dietary Calcium (Tacail et al., 2021, Chu et al., 
2006). 

Other stable isotope analyses of zinc, oxygen and strontium are used in 
paleodietary, mobility and migration investigations (Bourgon et al., 2020). Local 
food webs and individuals have value ranges for a number of stable isotopes. 
When the local value ranges are known, values outside these ranges indicate 
extra-locality (mobility and/or migration) in terms of origin of the individual and/or 
food source (Richards et al., 2003c). Strontium isotope values (87Sr and 86Sr) in 
plants and animals vary regionally. When humans consume these resources, 
ingested strontium is incorporated into tooth enamel, providing insights into the 
geographical range of an individual and the ranges of foods consumed (Bentley, 
2006, Sillen and Kavanagh, 1982, Eriksen et al., 1985, Richards et al., 2003a). 
While strontium stable isotopes are informative on human and prey mobility, they 
are only indirectly useful in dietary reconstruction to understand migration 
patterns and answer questions relating to prey and predation webs.  

Molecular residues provide further methods to determine past diet by identifying 
proteins, fats, carbohydrates and starches embedded in tools, grinding stones, 
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pottery and other artefacts (Evershed et al., 1992, Venditti et al., 2019, Nadel et 
al., 2012).  

1.3.6 Dental data  
Similar to bone remains, teeth can be used to provide information on ancestral 
diets.  Typically, tooth morphology, microwear, calculus and dental carries are 
used as information sources. Tooth morphology such as thickened enamel, 
shearing crest length and occlusal slope (the approach angle of opposing teeth) 
can be adaptations for specific food types and ecologies. The features of molars, 
incisors and front teeth can indicate their function, which is correlated to foods 
types to which they are adapted (Xia et al., 2015, Ungar and Williamson, 2000, 
Ungar, 1998).  

Tooth microwear, the microscopic marks etched or gouged into teeth as a result 
of chewing foods, can be interpreted to indicate the types of foods consumed in 
the days and weeks before death. Harder foods such as nuts leave distinct 
identifiable marks that differ to those resulting from chewing softer plants (Ungar 
and Sponheimer, 2011) (see Figure 1.1), thus providing a snapshot of chewing 
activities. Occlusal pits are typically seen as a result diets including hard, brittle 
foods such as bones and nuts, whereas surface striations are associated with the 
shearing of tougher foods such as meat or leaves (Ungar, 2010). These patterns 
in microwear can provide direct evidence of dietary components and variation, 
albeit with temporal limitations. 

 
Figure 1.1 Microwear of early hominins illustrating the differences between hard foods 
such as seeds causing complex pitting and tougher foods such as leaves and meat 
causing parallel striations on the tooth enamel surfaces (Ungar and Sponheimer, 2011). 
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Dental calculus, or calcified plaque, traps and preserves fragments of foods 
consumed during an individual’s’ lifetime. Dental calculus provides an information 
source to infer diet by considering the macroscopic level (where and how much 
calculus has formed), microscopic level (identifying trapped particles and debris) 
and biomolecular level (bacterial genetic material and exogenous molecules) 
(Radini et al., 2016, Hardy et al., 2017, Bleasdale et al., 2021). Calculus 
investigations provide direct evidence of what foods were consumed as well as 
capturing variations in oral microbiomes through time, which can indicate dietary 
pattern and preferences (Adler et al., 2013). 

The bacteria Streptococcus mutans is the primary cause of human dental caries 
(Hillson, 2008, Gibbons, 2012, Lanfranco and Eggers, 2010). These 
microorganisms feed on fermentable carbohydrates often associated with grains 
and cereals. As a marker of oral health, caries can provide evidence of dietary 
change by analysing their temporal and spatial distribution. 

1.3.7 Microfossils and coprolites 
Microfossils are fossils or fragments that are so small they can only be detected 
with a microscope. Fossilised or permineralised faecal remains, known as 
coprolites, provide a snapshot of past human gut microbiota, with insights into 
diet and microbial diversity (Appelt et al., 2016, Callen and Cameron, 1960). 
Human and microbial ancient DNA have been recovered from coprolites and can 
help resolve questions of dietary breadth and human gut health in the past 
(Gilbert et al., 2008). Similarly, investigations of parasite relationships can also 
reveal new insights into dietary change. 

1.3.8 Modern hunter-gatherers 
Studying modern hunter-gatherers provides insights into foraging ecologies and 
lifeways (Kelly, 2013). They are not living fossils or representative of how we lived 
in the past, but these groups exploit local food resources often in the absence of 
domesticated plants and animals (Milton, 1993, Milton, 2000). The lands they 
inhabit today are often poor and marginalised, lands not highly valued by the 
governments who grant them some protection. However, these groups afford 
anthropologists, ethnographers and other researchers, insights into local and 
regional food exploitation, seasonality in diets and an understanding of ecological 
constraints faced by foragers (Ströhle and Hahn, 2011, Winterhalder, 2001, 
Burger and Fristoe, 2018).  
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1.3.9 Palaeo-ecological modelling  
By considering the conditions and ecologies in which hunter-gatherers flourish, 
we can infer something of the conditions they may have experienced in the past 
(Hawkes et al., 1997, Kelly, 2013, Burger and Fristoe, 2018). Our understanding 
of modern hunter-gatherers helps to inform parameters when modelling human 
interactions with paleoclimates and paleoenvironments, particularly in relation to 
demographic change through time. For example, modern day carrying capacities 
inform the likely expected population sizes, densities and dispersions in various 
regions (Eriksson et al., 2012). Agent-based evolutionary models probe the 
necessary preconditions, key parameters and the effects of interactions between 
variables to gain insights into dietary shifts (Gallagher et al., 2019, Kohler and 
Gumerman, 2000) while simulated paleoclimate and paleoenvironment models 
offer alternatives to estimations based on ice core, pollen, wax and other climate 
reconstructions (Joussaume and Taylor, 1995). 

1.3.10 Genetic data 
Ancient DNA (aDNA) data from hominin fossils can be used to infer many aspects 
of the human past that other data sources are uninformative on. Such data can 
shed light on our demographic history, our ancestors and our adaptations to new 
and changing ecologies through time. Patterns in aDNA also reveal early 
admixture or interbreeding events between early modern humans, Denisovans 
and Neanderthals to better understand our complex past. This allows geneticists 
to discern patterns of relatedness between populations with temporal resolution 
not afforded by other investigations. Due to the fragile nature of aDNA and 
limitations of current methods to reconstruct genomes from short aDNA 
fragments, whole genome recovery in individuals from more than ~50,000 years 
ago (ya) is not currently possible (Prüfer et al., 2014, Gakuhari et al., 2020, Fu 
and Akey, 2013, Fu et al., 2014). To overcome this limitation in recovering nuclear 
DNA, recent advances in palaeoproteomics have been mobilised to infer genetic 
sequences from proteins (Welker et al., 2020). Proteins from fossils up to 2 million 
years old have been analysed, where the aDNA has degraded but the proteins 
in tooth enamel survive. Protein sequences extracted from an ~800,000-year-old 
tooth from H. antecessor to provide some phylogenetic information on this ‘sister 
species’ relationship to modern humans and other hominins (Welker et al., 2020).  

1.3.11 Missing data and the ‘unknowns’ 
As in all research, it is important to recognise the known, the unknown and the 
unknowable. Where systematic biases have been identified, processes can be 
put in place to compensate. It is also critical to question what is known, as new 
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methods and new perspectives may overturn previous models and theories. A 
good example of this is the Osteological Paradox (Wood et al., 1992). Wood and 
colleagues questioned the interpretation of bone lesions as evidence of disease, 
instead suggesting it demonstrated immunological strength as individuals 
survived the episode (Wood et al., 1992). The ‘unknown unknowns’, the things 
we don't know we don't know, impede knowledge and empirical research. While 
the multidisciplinary approach to reconstructing our dietary history continues to 
elucidate and refine our evolutionary past, we must also assume that there are 
gaps in our understanding and our lines of questioning, and hope that our 
continued questioning will identify the unknown unknowns.  

1.4 Chronology of human dietary change over the last 3.3 million years 

1.4.1 Background 
Drawing on a range of sources, numerous investigations have inferred dietary 
shifts in prehistory. A chronology of broader trends as well as specific changes 
linked to tool use, cooking, range expansion and cognitive behaviours are 
presented here (see Figure 1.2). 

 
Figure 1.2 Major dietary shifts in human evolution based on (Walker and Thomas, 2019). 
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1.4.2 Earliest hominin diets 
Since the divergence of hominins and chimpanzees from a shared common 
ancestor some ~7 to 5 million years ago (mya) (Kumar et al., 2005), it has been 
assumed that diets also diverged in response to changing ecologies. With sparse 
hominin fossils to infer dietary adaptations, the largely herbivorous diets of 
bonobos and chimpanzees – our closest evolutionary relatives – indicate our 
ancestors ate a fibrous and mostly plant-based diet (Luca et al., 2010). 
Ardipithecus ramidus, an early hominin ancestor from ~4.4 mya, most likely fed 
on predominantly plants (White et al., 2009, Louchart et al., 2009), although it 
has been suggested stable isotope investigations, dental morphology and 
mastication biomechanics analyses are indicative of a more varied diet including 
plant and some animal resources (Suwa et al., 2009, Luca et al., 2010). With the 
emergence of Australopithecus genus ~4 mya, new foods were incorporated into 
diets as groups transitioned into more open, savannah-like environments. Their 
large teeth with thickened enamel suggest they adapted to consume tougher and 
more challenging foods, including seeds and underground storage organs 
(USOs) (Teaford and Ungar, 2000). The microwear patterns of early hominins 
suggest that the diets were broad and generalised, and not specifically adapted 
to extremely tough or hard foods (Ungar et al., 2012).  

1.4.3 Lower Palaeolithic (~3.3 million to 300,000 ya) 
The Palaeolithic or Old Stone Age is a long period in human prehistory, and its 
start is defined by the development and use of stone tools. The successive 
innovations in stone tools in the Lower Palaeolithic (~3.3 million to 300,000 years 
ago) and in particular from Mode 1 (also known as the Oldowan, from ~2.6 million 
years ago) onwards, probably led to the incorporation of more animal products in 
the diet. Numerous dietary shifts occurred during this long and varied phase 
associated with tool use and innovation, ecological changes and the advent of 
cooking (Harmand et al., 2015).  

Lomekwian (pre-Mode 1) 
The earliest evidence of hominin stone tool use comes from Lomekwi 3, the 
archaeological site in northern Kenya dating to ~3.3 mya (Harmand et al., 2015) 
(see Figure 1.3). The use of early hammers and cutting instruments to process 
animal carcasses (butchering, extracting marrow and defleshing activities) would 
have increased the amount of protein and fats in diets (Aiello and Wheeler, 1995). 
This represents a notable shift from mainly herbivorous and fibrous diets to ones 
incorporating scavenged or hunted meats. The increased calorific density in early 
diets coincided with higher energy requirements of a larger brain.  
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Figure 1.3 Lomekwi 3 tools: (a) In situ core (LOM3-2011-I16-3, 1.85 kg) and refitting 
surface flake (LOM3-2011 surf NW7, 650 g) with the core and the flake displaying 
dispersed percussion marks and (b) In situ unifacial core (LOM3-2012-H18-1, 3.45 kg) 
(Harmand et al., 2015). 

Oldowan (Mode 1) 
Further advances in stone tool use are seen ~2.6 – 1.7 mya, associated with the 
Oldowan tradition across Africa, South Asia, the Middle East and Europe 
(Harmand et al., 2015). It has been argued that the adoption of stone tool use, 
particularly from Mode 1 onwards, led to an increase in the meat component of 
hominin diets (Aiello and Wheeler, 1995). These dietary changes are associated 
with a range of species including Australopithecus garhi, Homo habilis, Homo 
ergaster and possibly early Homo erectus. Although stone tool-use most likely 
pre-dates the major increases in cranial capacity of ancestral hominins, there are 
existential nutrient implications of omnivory. Supplementing predominantly 
foraged diets of large seeds, corms and bulbs with meat would have increased 
levels of protein, iron, zinc, certain vitamins and certain long chain fatty acids, all 
of which could have influenced reproductive capacity. While typically the modern 
human brain ranges in size from 1300-1500 cm3, hominin brains of our early 
ancestors some ~2 mya were approximately three times smaller at 450 cm3 (Falk 
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et al., 2000), with energy requirements increasing with brain size increase over 
time.  

Acheulian (Mode 2) 
From ~1.6 mya, bifacial stone handaxes and large cutting tools characterise the 
Acheulean tradition associated with Homo erectus and Homo heidelbergensis 
(Wood, 2011). With a cutting edge 4x longer than Oldowan tools, Acheulian tools 
would have been more efficient in meat processing, cutting and scraping. 
Acheulian tool use most likely originated in Africa, spreading to Asia and the 
Middle East ~1.5 mya to 800,000 ya and reaching Europe ~500,00 ya (Goren-
Inbar et al., 2000, Scott and Gibert, 2009). The tradition endured to ~160,000 ya 
in Europe and Western Asia in Neanderthals. The identification of smaller cutting 
tools in addition to large cleavers and axes at Acheulean sites lends support for 
more advanced butchery practices and possibly more complex cognitive 
behaviours (Venditti et al., 2019). 

Late Lower Palaeolithic tools 
While meat processing has been inferred from the shape and ergonomics of 
Acheulian tools, direct evidence of cut marks on butchered elephant bones were 
identified (Venditti et al., 2019). Scanning electron microscope (SEM) images and 
residue analyses of tools have confirmed the presence of animal tissues on the 
cutting faces of tools from 500,000 – 300,000 ya using and residue analysis 
(Venditti et al., 2019) (see Figure 1.4).  

 
Figure 1.4 Clustered and compressed animal residues macroscopically identified on the 
small flakes appearing white and white-yellow greasy patches as well as yellow-brownish 
greasy matter with light-refractive fibres (Venditti et al., 2019). 

Cooking 
The controlled use of fire and cooking during the Lower Palaeolithic had a major 
impact on hominin diets. Cooking induces physical and chemical changes in 
foods including reducing the pathogen load, particularly important in scavenged 
meats; decreasing the chewing time required to consume foods by tenderising 
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them (Carmody and Wrangham, 2009, Wollstonecroft, 2011, Wollstonecroft et 
al., 2012, Wrangham and Carmody, 2010, Wrangham and Conklin-Brittain, 2003) 
and increasing the digestibility of nutrients such as some proteins and starches. 
From evidence of charcoal in archaeological sites, cooking may have started as 
early as 1.8 mya (Boback et al., 2007, Carmody and Wrangham, 2009, 
Wrangham and Carmody, 2010, Wrangham and Conklin-Brittain, 2003, 
Wrangham et al., 1999), but the earliest evidence of continued controlled use of 
fire is from ~400,000 ya at Qesem Cave in Israel, with the discovery of a hearth 
(Shahack-Gross et al., 2014). Direct evidence of cooking from ~170,000 ya was 
identified from Border Cave, South Africa. Charred Hypoxis angustifolia rhizomes 
were excavated from layers of ash, suggesting humans were cooking edible 
geophytes including rhizomes, tubers, bulbs and corms (Wadley et al., 2020). 

The effects of cooking on plant starches may be particularly important for human 
evolution (Hardy et al., 2015, Inchley et al., 2016). This is because starch 
granules – which are abundant in many plant tissues, especially USOs – are 
crystalline in structure and often only poorly digested by α-amylases (Butterworth 
et al., 2011). However, cooking gelatinizes starches and disrupts cell walls, 
potentially increasing the nutritional value of starch-rich foods several-fold (Singh 
et al., 2013). The continued reliance on plant starches, together with the 
controlled use of fire and increased salivary amylase gene copy number coincide 
with expansions in hominin brain size over the last million years (Hardy et al., 
2015). USOs including roots, rhizomes and tubers provided accessible and 
reliable starches to early hominins (Laden and Wrangham, 2005). Starch 
contributes up to 80% of their dry weight. When dried, USOs become a portable 
and important fall-back food (Laden and Wrangham, 2005). While it is possible 
that meat was a preferred food with a high cost of procurement, USOs would 
have offered a more reliable food source with lower procurement costs (Carmody 
et al., 2011) perhaps being a ‘fall-back food’ (Laden and Wrangham, 2005, 
Wrangham et al., 2009).  

In addition to its effects on plant starches, cooking will also tenderise meats and 
make some animal proteins more digestible (Wrangham and Conklin-Brittain, 
2003, Wrangham et al., 1999), possibly reducing chewing times and tooth wear, 
as well as reducing pathogen loads in scavenged foods (Carmody and 
Wrangham, 2009). It may also have benefits in breaking down some plant toxins 
(Wrangham, 2009, Wrangham and Conklin-Brittain, 2003). 
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Migrations out of Africa 
Multiple expansion of hominins out of Africa in the last at least 1.8 to 2.1 mya 
have been hypothesised. In terms of diet, these range expansions are significant 
as humans and/or ancestral hominins diverged out of Africa at least once and 
more likely many times, each time encountering new ecologies and novel foods. 
This likely led to local adaptation, as it has over the last 10,000 years. The overall 
significance is that dietary shifts and adaptations resulting from migration events 
have been ongoing for at least one million years (Luca et al., 2010).  

1.4.4 Mode III, Middle Palaeolithic (~300,000 to 50,000 ya) 
The Middle Palaeolithic spanned from ~300,000 to 50,000 ya in Africa, Asia and 
Europe. In Europe it is mostly associated with the Mousterian techno-complex 
which is primarily linked with the Neanderthals, lasting from 160,000 to 40,000 
ya. The oldest Homo Sapiens remains date to ~ 300,00 ya from Jebel Irhoud, 
Morocco, ~259,000 ya from Florisbad in South Africa and ~196,000 ya from Omo-
Kibish in Ethiopia (Nitecki and Nitecki, 2013, Hammond et al., 2017, Mounier and 
Lahr, 2019). In this phase, diets were foraged with evidence of aquatic resources 
and preservation techniques of smoking and drying meat and fish. Tool 
innovations of barbed fishing points were used from ~90,000 ya (Yellen et al., 
1995, d'Errico et al., 2012) to hunt larger fish such as catfish. Shellfish also 
featured in diets of AMH and Neanderthals (Lee-Thorp and Sponheimer, 2006). 
While there is evidence of cut marks on human bones recovered from 
Neanderthal sites, it is unclear if humans were a food resource or part of ritualistic 
or symbolic behaviour (White, 2006, White, 2001).  

Shaped stone balls served as percussion tools to extract marrow and grease from 
animal bones, confirming continued exploitation of animal foods in diets from 
420,000 – 200,000 ya at Qesem Cave, Israel (Assaf et al., 2020). These bones 
were recovered with an extensive faunal assemblage including deer, aurochs, 
equines, suidae, tortoises and avian bones with many bones having cut marks 
and evidence of burning (Assaf et al., 2020). Similarly, wooden spears were 
found with a large assemblage of horse (Equus mosbachensis) remains from 
~325,000 – 300,000 ya in Schöningen, Germany (Van Kolfschoten et al., 
2015). The disarticulated horse bones bore cut marks consistent with 
skinning, butchering and marrow extraction, interpreted as having been 
actively hunted and butchered on site (Voormolen, 2008). 

1.4.5 Upper Palaeolithic (~50,000 to 12,000 ya) 
The Upper Palaeolithic or Late Stone Age spans from ~50,000 ya until the start 
of the Holocene glacial retreat. During this period, populations of Homo Sapiens 
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expand and Neanderthal populations decline to extinction in Eurasia (Gilpin et 
al., 2016, Gallego-Torres et al., 2007). For modern humans the period is generally 
thought to be associated with an increase in dietary breadth the expanded into 
unfamiliar regions, encountering new and changing ecologies with novel food 
resources, some requiring new knowledge of what is safe to eat, and innovative 
food processing technologies. New technologies including blade and spear 
technologies, fish hooks, nets, bone tools and scrapers further expanded hominin 
dietary breadth, in addition to range expansion (Stiner, 2001, Flannery et al., 
1969). 

Evidence of plant resources in the diet and plant processing from ~30,000 ya in 
Italy, Russia and Czech Republic comes from identified from starch grains 
embedded in grinding tools. This may also indicate early flour-making by hunter-
gatherers (Revedin et al., 2010) (see Figure 1.5). There is also early evidence of 
systematic use of wild grains and grasses in Upper Palaeolithic diets at Ohalo II, 
Israel, from ~23,000 ya (Weiss et al., 2004a). Approximately 8-10,000 years 
before the transition to farming, grains were collected and stored for human 
consumption (Weiss et al., 2004a). Starch grain extraction and identification from 
an Ohalo II grinding stone indicates Hordeum spp. (barley) the earliest evidence 
of Avena spp. (oat) in the human diet (Nadel et al., 2012) (see Figure 3.5 for 
starches recovered from a Palaeolithic grinding stone).  

   
Figure 1.5 (A) Bilancino II grindstone and pestle grinder with evidence of wear traces. 
(B) Kostenki 16-Uglyanka, pestle and wear traces (C) Pavlov VI pestle grinder and wear 
traces (Revedin et al., 2010). 

Further evidence of plant processing in north African hunter-gatherers from 
~10,200 – 8,400 ya suggests mobile foraging groups from Takarkori and Uan 
Afuda in the Libyan Sahara routinely exploited sedges, cereals and aquatic plants 
for consumption before domestication based on investigations of δ13C values 
potsherds (Dunne et al., 2016). These geographically and temporally diverse 
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archaeological findings provide evidence of long-term use of plant resources in 
the human diet before the advent of farming.  

Comparative occlusal molar microwear patterns of Neanderthals and modern 
humans in western Eurasia from ~60-25,000 ya may also suggest differences in 
diet. Patterns of Neanderthal microwear indicate exploitation of a wide range of 
foods from local ecologies whereas human tooth-wear patterns during this period 
show greater uniformity. This may be attributable to humans’ greater reliance on 
processed foods, suggesting that during periods of ecological challenge modern 
humans may have been more successful than Neanderthals in obtaining their 
preferred foods (El Zaatari et al., 2016). Stable isotope analyses of sulphur in 
modern humans and Neanderthals of Goyet and Spy in Belgium supports the 
hypothesis that while dietary differences may have been small, there is evidence 
that modern humans	 travelled farther with stronger trans-regional networks 
(Wißing et al., 2019). This greater use of the landscape and possible greater 
social interactions and trade between modern humans may have contributed to 
the population replacement of Neanderthals by modern humans (Wißing et al., 
2019). 

Neanderthal dental calculus samples confirm that they ate a varied diet including 
meat, grasses and roots. Phytoliths and starch grains embedded in the 
mineralized plaques have been identified from date palms, grass seeds and 
legumes with some signatures of cooking (Henry et al., 2014). More recent work 
on Neanderthal calculus from the northern Balkans and the Mediterranean 
(western, central and eastern) was interpreted as indicating widespread plant 
exploitation across this geographic range, in contrast to the widespread view that 
Neanderthals were predominantly meat eaters (Power et al., 2018, Power, 2019). 
Whether the recovery of compounds associated with yarrow and camomile in 
tooth calculus from the El Sidrón Neanderthals is evidence of these individuals 
self-medicating (Hardy et al., 2012, Weyrich et al., 2017) or as a result of eating 
the stomach contents of deer feeding on these plants (Buck et al., 2016), dental 
calculus provides direct archaeobotanical data that is often missing in the 
archaeological record due to data degradation and preservation bias.   

1.4.6 Mesolithic (15,000 to 5,000 ya in Europe) 
The Mesolithic (15,000 to 5,000 ya in Europe; 20,000 to 8,000 ya, SW Asia) is 
the final period of food foraging before the advent of farming in Europe and 
Western Asia and is generally associated with increased dietary breadth or ‘broad 
spectrum’ diet as populations exploited a greater range of plants, animals and 
particularly aquatic resources (Flannery et al., 1969). With smaller and more 
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sophisticated lithic tools, there may have been an increased reliance on smaller 
prey (Churchill, 1993). The rise of permanent settlements, many near shorelines 
or inland water sources, increased marine and aquatic foods in diets. While 
pottery is not commonly associated with this period, early Jomon pottery in Japan 
may be the oldest known pottery globally (Craig et al., 2013, Yoshida et al., 2013). 

1.4.7 Neolithic (from ~12,000 ya) 
The Neolithic transition, which began ~12,000 ya in southwestern Asia, is 
associated with adoption of farming practices and the domestication of animals 
and plants. This shift from food-seeking to food-producing led to widespread 
changes in diet, lifestyle, demography, technology and material culture, and is 
associated with sedentary and proto-urban living (Bocquet-Appel and Bar-Yosef, 
2008, Fuller, 2007, Zeder, 2008). There are several centres of early plant and 
animal domestication, each associated with early farming communities. Most but 
not all of these early centres show a strong reliance on cultivated grains and 
cereals, with a presumed concomitant reduction in diet breadth (Richards, 2002, 
Stiner and Munro, 2002). It has been suggested that the more regular supply of 
carbohydrate in the diet may have increased fertility, contributing to increased 
population growth rates and higher carrying capacities (Bocquet-Appel, 2011, 
Gignoux et al., 2011).  

In addition to more regular carbohydrates in the diet from domesticated cereals 
and grains and access to meat from domesticated animals, diets incorporated 
‘secondary’ animal products of milk, cheeses and other fermented dairy products 
soon after the domestication of goats, sheep and cattle in the Fertile Crescent. 
Drinking animal milk was a fundamental dietary shift in the Neolithic to which 
humans adapted both culturally and biologically (Swallow, 2003b, Tishkoff et al., 
2007, Gerbault et al., 2011, Liebert et al., 2017, Ségurel and Bon, 2017). From 
~9,000 ya in Anatolia and the Levant, dairy products entered human diets as 
evidenced by milk lipids embedded in pot sherds (pottery fragments) (Evershed 
et al., 2008, Salque et al., 2013). By ~7,500 ya peoples in northern Europe were 
also storing milk in clay pots, deriving nutritional benefit from animals without 
having to slaughter them (Bogucki, 1984, Salque et al., 2013).  

Dental calculus investigations of North African individuals from ~8,000 – 5,500 ya 
confirmed milk peptides were present providing the earliest direct evidence of 
milk drinking in Sudan (Bleasdale et al., 2021). The identification of bovine b-
lactoglobulin molecules embedded in the dental calculus of individuals from 
western Eurasia ~5,000 years ago provides the earliest direct evidence of milk 
and dairy foods forming part of the human diet in Northern Southwest Asia 



Chapter 1 Introduction and Literature Review 

 51 

(Russia) and Central Europe (Hungary) (Warinner et al., 2014, Hendy et al., 
2018).  

The transition to farming has been hypothesised to have coincided with a change 
in oral microbiome that created cariogenic (promoting tooth decay) conditions 
(Lanfranco and Eggers, 2012). As hunter-gatherer groups transitioned to food 
production, health markers, including oral health declined (Frayer, 1980, 
Macintosh et al., 2016, Stiner, 2001). This has traditionally been attributed to 
dietary change (Lanfranco and Eggers, 2012). However, there is evidence of 
widespread dental caries occurring ~15,000-12,600 ya in Moroccan individuals, 
several thousand years before the transition to agriculture (Humphrey et al., 
2014), so dental caries are not perfectly correlated with farming. In addition, 
recent agent-based simulations provide an alternative explanation for this 
farming-associated decline in health (Pinhasi and Stock, 2011, Macintosh et al., 
2016, Macintosh et al., 2014, Stock and Macintosh, 2016), whereby the smaller 
oscillations in food supply and lower mobility associated with farming generate 
morbidity / mortality trade-offs as a result of more individuals surviving close to 
starvation levels of food income (Gallagher et al., 2019).  

1.4.8 Metal Ages: Chalcolithic, Bronze and Iron Ages 
The Neolithic ends with the adoption of metalworking technologies, with timings 
varying by region. Agricultural innovations in ploughing, processing and 
harvesting tools, blades and stirrups resulted in land-use intensification (gains in 
efficiencies) and extensification (more land under cultivation) (Minkevičius et al., 
2019). The Chalcolithic or Copper Age began ~6,000 ya in the north of the Fertile 
Crescent and later in outlying regions. It was followed by the Bronze Age ~5,000 
ya in Greece and China, and then the Iron Age when iron and steel tool 
production became widespread and surpassed the quality of bronze 
predecessors from ~3,000 ya. Metal tool innovation led to subtle changes in diet 
of these agro-pastoral and pastoral subsistence economies as the exploitation of 
domesticated plants and animals became more systematic, with a greater 
reliance on dairy foods in many regions (Miller et al., 2014). There is evidence of 
foraged and hunted food resources such as berries and wild boar to supplement 
cultivated grains, cereals and meats from domestic animals, with a greater 
reliance on fished resources in coastal communities and settlements proximate 
to inland lakes and rivers (Hollund et al., 2010). While there is marked spatial and 
temporal variation, the broad trend of consuming a variety of wild and 
domesticated plants and animals as well as fished resources characterised these 
pastoral subsistence strategies (Hanks et al., 2018). 
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1.4.9 Industrialised farming  
In the 19th century, use of steam-powered and combustion engines increased 
farming productivity and intensification, but did not avert famines. Although the 
advent of farming may have made civilisation possible, it remained vulnerable to 
localised collapse. In the 20th century, agriculture experienced greater changes 
in one hundred years than it had in the preceding 13,000 years (Johns Hopkins, 
2021). From 1900 – 2000, the global human population increased from ~1.6 
billion to ~7 billion (FAO, 2013, Smil, 1999b, Smil, 1999a). During this same 
period, hunger and famine were overtaken as a major cause of death in 
developed economies by obesity. This transition was facilitated by several 
innovations including specialisation (i.e., intensification and selective breeding) 
(Borlaug et al., 1953, Borlaug, 1953, Borlaug and Dowswell, 2000, Borlaug, 
2000), mechanisation, farm consolidation, market concentration and use of 
chemical fertilisers. Modern fertilisers, based on the work of Carl Bosch and Fritz 
Haber, use the Haber-Bosch process to capture airborne nitrogen (N2) and 
converting it to ammonia (NH3). It is estimated that 1-2% of the world’s energy 
supply is dedicated to this process, and nearly 50% of nitrogen fixed in human 
tissue originates from the Haber-Bosch nitrogen capture process (Smil, 1999a, 
Smil, 2011).  

Further gains in agricultural productivity in the 1950’s and 1960’s were the start 
of ‘The Green Revolution’ or Third Agricultural Revolution (Pingali, 2012, Gaud, 
1968). The introduction of high-yield crops, particularly dwarf wheat and rice 
(Borlaug, 1953, Borlaug, 2000) and new irrigation technology were seen as a 
package of practices that again increased food production on an unprecedented 
scale. Norman Borlaug, known as the ‘Father of the Green Revolution’ is said to 
have saved over a billion lives by averting starvation through a series of 
innovations including hybridised seeds, man-made fertilisers, herbicides and 
pesticides.  

1.4.10 Post-industrial food processing and refining 
We are currently living in the era of tertiary food processing. This is post-industrial 
commercial food production of convenience foods including heat-and-serve, 
ready-to-eat meals made with food additives, preservatives and fillers as 
ingredients. Vitamin C, for example, is degraded with heat processing while fiber 
is removed in industrial flour refinement. Some additives bind the ingredients 
while added sugars, glutamate and sodium enhance flavours. Trans fats, 
produced by the hydrogenation of vegetable oil, have useful physical and food 
preservation properties, but also raise the concentration of low-density 
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lipoproteins circulating in the blood, reducing coronary vascular health. These 
‘convenience’ foods are characterised as nutrient depleted due to processing 
techniques while being energy-dense, making it easier to over-consume calories 
in the post-industrial age. 

While diet and dietary change have shaped human evolution, dietary shifts have 
also contributed to our disease vulnerabilities. As our diet continues to change, 
the modern consequences of these shifts cannot be fully understood without 
understanding the trajectories of change on recent and evolutionary timescales. 
Furthermore, given the importance of food to survival, it is important to 
understand the extent to which we have adapted biologically to changes in diet 
on the evolutionary timescale. 

1.5 Genetic adaptations and dietary change 

1.5.1 Background 
Within the chronology of dietary change outlined above, there are numerous 
examples of biological adaptive responses corresponding to many of these key 
events and dietary shifts. Dietary adaptations represent one of the most, if not 
the most, conspicuous classes of adaptation leaving signatures in the human 
genome (Hardy et al., 2015, Kaplan et al., 2000, Ye and Gu, 2011, Mathieson et 
al., 2015, Hancock et al., 2010, Luca et al., 2010, Perry et al., 2015). This includes 
genomic adaptations taking place over hundreds to thousands of generations, 
with advantageous alleles increasing in frequency locally or globally. Below I give 
4 examples of genetic adaptation or change in response to dietary change. 

1.5.2 Lactase (LCT) 
The enzyme lactase-phlorizin hydrolase is encoded by the lactase gene (LCT), 
and is responsible for hydrolysing the disaccharide lactose into its constituent 
monosaccharides, glucose and galactose (for a full discussion of lactose, lactase 
and lactase persistence, see Appendix A and B). LCT expression is 
downregulated in most mammals sometime during or after weaning, resulting in 
lower to negligible levels of the enzyme in the small intestine. Some individuals 
continue to express lactase into adulthood (Ingram et al., 2009a, Itan et al., 2009, 
Itan et al., 2010, Swallow and Hollox, 2000) and this phenotype is known as 
lactase persistence (LP). Currently ~35% of the world’s population continue to 
express lactase into adulthood (Ingram et al., 2009a, Itan et al., 2010, Liebert et 
al., 2017). There are five known LP variants, all located within a 100 base pair 
region approximately 14,000 base pairs upstream from the LCT translation 
initiation site, in the first intron of the adjacent MCM6 gene (Enattah et al., 2008, 
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Ingram et al., 2009b, Ranciaro et al., 2014, Tishkoff et al., 2007). Haplotype 
structures indicate that each variant arose independently as a result of distinct 
mutation events (Coelho et al., 2005, Tishkoff et al., 2007, Liebert et al., 2017, 
Ingram et al., 2007, Ingram et al., 2009b).  

The distribution of LP is highly structured, with the highest levels ~97% in 
northern Europeans, declining to ~50% in southern Europe and falling to <1% in 
parts of Asia and among indigenous Australians and Americans, as well as in 
non-pastoralist African populations (see Figure 1.6). Each variant has a unique 
geographic distribution, but all are associated with a history of dairying within the 
populations they are common (see Figure 1.7). While there is some variation in 
allelic origin date estimates, these dates are bracketed by the timings of animal 
domestication and archaeological evidence for regular access to milk and dairy 
products (Enattah et al., 2008, Gerbault et al., 2011, Itan et al., 2010, Ranciaro 
et al., 2014, Tishkoff et al., 2007, Swallow, 2003a).  

 
Figure 1.6 Interpolated map of the distribution of lactase persistence phenotype (LP). 
Areas in red, orange and yellow show the highest concentration of LP, correlating with 
dairying practices as early as the Neolithic and into more recent history, whereas areas 
in green and blue show regions where the majority of people do not digest lactose in 
adulthood (Itan et al., 2010). 
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Figure 1.7 Interpolated contour maps showing the frequency distribution for the five LP-
associated alleles (Liebert et al., 2017). 

Lactase persistence is the strongest and best-evidenced example of genetic and 
cultural adaptation in response to dietary change (Gerbault et al., 2011, Ingram 
et al., 2009a, Itan et al., 2009, Nielsen et al., 2007, Tishkoff et al., 2007). The 
estimated 2.45 billion people globally able to digest lactose today arose from the 
introduction of agro-pastoral and pastoral lifestyles within the past 12,000 years. 
These fundamental changes to subsistence have profoundly altered our culture 
and biology in response to positive selective pressures in our ‘recent’ past and 
have driven allelic frequencies to the levels observed today (Liebert et al., 2017, 
Montalva et al., 2019).    

1.5.3 Salivary amylase (AMY1) 
The salivary (AMY1) and pancreatic (AMY2) genes are located on the p-arm of 
chromosome 1 in humans. While each chromosome usually has 2 expressed 
copies of the AMY2 gene, there are exceptions and the number of copies of the 
AMY1 gene is highly variable (Carpenter et al., 2015). It has been argued that 
copy number variation (CNV) and increased copies of AMY1 is the result of 
positive selection for increased amylase activity following a shift to starch-rich 
diets in the Holocene (Perry et al., 2007), and that there are systematic 
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differences in mean AMY1 copy number in different populations according to their 
levels of ancestral starch consumption (see Figure 1.8). However, this hypothesis 
has been criticised on statistical and data quality grounds (Carpenter et al., 2015). 
It has also been hypothesised that AMY1 CNV and copy number increase was 
driven by the widespread use of cooking some 800,000 years ago (Hardy et al., 
2015). This ‘cooking’ hypothesis is based on the observation that cooked 
starches are easily digested by amylase whereas uncooked starch is mostly 
crystalline and undigestible. It is postulated that cooking dramatically increased 
the amount of digestible starch in the diet, thus rendering the quantity of amylase 
produced by humans a rate-limiting factor in starch digestion and providing a 
selection pressure favouring increased AMY1 gene copy number. This, in turn, 
was also hypothesised to have led to the increases in glucose absorption 
necessary to sustain an increasingly large brain (Hardy et al., 2015). It was noted 
that ancient DNA data indicate that both Neanderthal and Denisovan individuals 
had only one AMY1 copy on each chromosome, the presumed ancestral state 
(Prüfer et al., 2014), whereas a Mesolithic European individual from Loschbour 
in present-day Luxembourg was estimated to have carried 13 copies of AMY1 
and a Neolithic farmer from Stuttgart was estimated to have 16 copies, and 
individuals from the 1000 Genome Project on average were estimated to carry 
10 copies of AMY1 (Inchley et al., 2016). These data indicate no major increase 
in AMY1 copy number after the development of farming in the Holocene. 

 
Figure 1.8 Distributions of (A) AMY1 and (B) AMY2A copy number variation by 
Continental groups (Inchley et al., 2016). 
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The coevolution of cooking and increased AMY1 gene product (and possibly 
AMY2) would have increased the energy-yielding potential of USOs, contributing 
higher levels of pre-formed dietary glucose (Hardy et al., 2015). This was 
originally hypothesised to have occurred around 800,000 years ago. However, 
Inchley and colleagues (2016) estimated that all AMY1 gene lineages coalesce 
around 450,000 years ago, consistent with this being the period when selection 
on AMY1 CNV began. This timeframe is more consistent with the widespread use 
of cooking and also with evidence for accelerated increase in brain size in the 
human lineage (Dunbar, 2017). Thus, it is likely that cooked plant starches as 
well as meat contributed to the evolution of human brain size increases.   

1.5.4 Fatty acid desaturase cluster genes (FADS) 
Arctic populations successfully eat a high-fat and higher-protein diet, with 
reduced access to dietary carbohydrates. In the Greenlandic Inuit population, 
with a diet high in omega-3 and lower in omega-6 polyunsaturated fatty acids 
(PUFAs), there are signatures of adaptation, sometimes referred to ‘the Arctic 
exception’, within the fatty acid desaturase (FADS) gene family. Variation in 
FADS genes including FADS1, FADS2 and FADS3, probably occurred in 
response to the PUFA-rich diets (Fumagalli et al., 2015). Variation in these genes 
also has a strong effect on human height, possibly acting through the regulation 
of growth hormones (Quabbe et al., 1972). FADS genes encode enzymes 
synthesising long-chain PUFAs, which are involved in brain function and immune 
response (Raphael and Sordillo, 2013). In contrast to Greenlandic Inuit, some 
south Asian populations, who have a high reliance on plant-based foods, with 
reduced dietary long chain PUFAs, show compensatory increased activity in 
FADS2 enzymes (Kothapalli et al., 2016). Given the regional variation seen in 
these genes, it is possible that FADS genes have been under increased selective 
pressure in Europe since the advent of agriculture. Populations associated with 
aquatic and animal-based diets have FADS adaptations that decrease long chain 
PUFA synthesis whereas agriculturists have adaptive alleles associated with 
enhanced long chain PUFA synthesis in PUFA-reduced diets (Li et al., 2017). 

1.5.5 Clathrin (CHC22) 
Recent studies of the CHC22 clathrin gene variants suggest that human dietary 
change has exerted selective pressure acting through glucose transporters and 
insulin response (Fumagalli et al., 2019). Clathrins are proteins that make up 
intra-cellular transport vesicles, which are involved in many aspects of molecular 
trafficking in the cell. The variant M1316-CHC22 is the inferred ancestral allotype 
of Clathrin 22, and is only somewhat effective in holding the glucose transporter 
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GLUT4 in muscle and fat cells. This is associated with increased circulating blood 
glucose, and had been speculated to have contributed to encephalisation. A more 
recent variant, CHC22-V1316, more effectively traffics GLUT4 in muscle and fat 
cells, and is associated with reduced circulating blood-glucose levels. It has been 
argued that this derived variant spread as an adaptation to carbohydrate-rich 
agrarian diets (Fumagalli et al., 2019). Increased dietary carbohydrate associated 
with cooking and raised levels of salivary amylase over the past ~450,000 may 
have also favoured early selective pressure to control blood glucose levels via 
clathrin variants in an environment providing more abundant carbohydrate. 
CHC22-V1316 is more frequently associated with farming populations and diets 
high in dietary carbohydrate, and in modern populations is suggestive of reduced 
T2D risk due to better blood sugar level control (Fumagalli et al., 2019).  

1.5.6 Trehalase (TREH)  
Trehalose is a naturally occurring disaccharide made of two non-reducing 
glucose molecules. It is produced by plants, fungi, bacteria and invertebrates 
often to combat heat and/or cold stress, dehydration and oxidation. It is also 
known as mycose as it is the principal sugar found in mushrooms (Basidiomycota, 
Agaricomycetes and Ascomycota). Whereas glucose is the blood sugar found in 
mammals, trehalose is the common blood sugar in insects. Trehalose is cleaved 
into its two glucose units by the membrane-bound enzyme trehalase (encoded 
by the gene TREH) in the brush border of the small intestine (Kohlmeier, 2015). 
While TREH in humans is highly conserved, Treh in bats shows much variation 
where adaptive radiation into non-insectivorous feeding niches is associated with 
loss and/or reduced trehalase function in some populations (Jiao et al., 2019). 
Thus it is possible that trehalase conservation in humans may indicate a long-
term reliance on mushroom foraging, but equally it may point to dietary reliance 
on insects (Raubenheimer et al., 2014). One exception is trehalase deficiency, 
which is found at low prevalence in some Greenland Inuit populations (Gudmand-
HøSyer et al., 1988). This can be explained not as a positive adaptation, but 
instead as a result of the relaxation of selective constraint maintaining an active 
trehalase in populations with a long-term dependence on fish and aquatic 
resources rather than on fungi and insects. This follows the broad ‘if you don’t 
use it you lose it’ evolutionary principle.  

1.5.7 Summary of genetic adaptations 
Only five genetic responses to dietary change have been discussed here (LCT, 
AMY1, FADS, CHC22 and TREH), but there are more examples hypothesised in 
the literature (Hardy et al., 2015, Kaplan et al., 2000, Ye and Gu, 2011, Mathieson 
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et al., 2015, Hancock et al., 2010, Luca et al., 2010, Perry et al., 2015). The 
polymorphisms in the NAT2 gene, encoding the drug metabolizing enzyme N-
acetyltransferase 2, interacts with specific toxic compounds generated by 
cooking (Luca et al., 2010). The allelic frequency of a variant of pancreatic lipase–
related protein 2 gene (PLRP2) is more frequent in populations consuming a high 
cereal-based diet. This variant is associated with higher activity in the enzyme 
responsible for hydrolysing galactolipids often found in plants (Hancock et al., 
2010). Positive selection on TAS2R bitter-taste receptor has been detected with 
timings coinciding with technologies associated with detoxification of plant 
secondary metabolites (Luca et al., 2010). Polymorphisms in the leptin receptor 
(LEPR) may be adaptations to changes in diet and lifestyle, or colder climates. 
The hormone leptin is involved in stimulating hunger and energy use, with specific 
variants associated with obesity and T2D disease susceptibility (Clement et al., 
1998). From these examples, to the exclusion of dozens of others, there is an 
established and ever-growing literature of genetic adaptions to dietary change.  

1.6 Theories connecting dietary change and adaptation  

1.6.1 Background 
Dietary change is a key driver of human evolution (Sponheimer et al., 2013, 
Carmody and Wrangham, 2009, Wrangham et al., 1999). Throughout hominin 
evolution, populations have adapted both biologically and culturally to 
environmental change, with diet providing a direct link between individuals and 
their environment (Ungar et al., 2006). Shifts in human diet, with associated 
biological and cultural causes and consequences, are linked to tool use, 
controlled use of fire, range expansion, Upper Palaeolithic technologies, plant 
and animal domestications, ceramic and metal technologies, and more 
innovations in food production, processing and refinement (Luca et al., 2010, 
Walker and Thomas, 2019, Ungar et al., 2006, Ungar and Berger, 2018). The 
enduring signatures of adaptation in our genome and in our cultural artefacts 
have led researchers to posit a number of hypotheses on the complex 
relationships between diet and human evolution. 

1.6.2 Expensive tissue hypothesis and brain size increase 
The widespread use of stone tools has been hypothesised to have increased the 
amount of animal protein and fats in the human diet, while cooking would have 
tenderised foods and increased the metabolic uptake of nutrients. Aiello and 
Wheeler (1995) proposed the Expensive Tissue Hypothesis whereby this higher 
quality and more calorie-dense hominin diet made accessible by stone tools led 
to increased brain size and a concomitant reduction in gut size (Aiello and 
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Wheeler, 1995, Wrangham et al., 1999, Liao et al., 2016). As hominin brain sizes 
increased, so did the amount of energy required to maintain this expensive tissue. 
Brain tissue requires a constant supply of energy. It constitutes around 2 to 2.5% 
of adult human weight but consumes between 20- 25% or our energy budget, 
and can consume up to 60% of our total blood glucose (Aiello and Wheeler, 1995, 
Isler and Van Schaik, 2006, Isler and van Schaik, 2009). Furthermore, whilst most 
other tissues can reduce energy consumption under starvation conditions, the 
brain cannot. A shift to the more calorie meat-based foods that stone tools 
afforded our ancestors access to will have permitted, or to an extent released 
constrains on brain size increase. Calorie-rich meat-based diets also require 
smaller guts, and human gut sizes as a proportion of overall body mass are 
smaller in humans than other primates, which eat primarily herbivorous diets 
(Milton, 2003). Aiello and Wheeler (1995) argued that higher quality hominin diets 
relaxed energy budget constraints of maintaining a larger gut and permitted brain 
size increase. In turn, larger brains may have engendered more complex foraging 
behaviours which enabled hominins to procure even higher quality resources 
(Aiello and Wheeler, 1995). Meat, whether scavenged or hunted, provided an 
energy and nutrient dense food source that permitted a range of biological 
adaptations including larger brains and reduced guts (Aiello and Wheeler, 1995). 

The expensive tissue hypothesis identifies meat as a key resource in dietary 
change that permitted brain size increase. Other dietary sources may have also 
contributed, such as the replacement of lower-quality fibrous plants in early 
hominin diets by USOs and other high-starch plant foods (Wrangham, 2009).  
Carmody, Weintraub and Wrangham (2011) argue that the energy required to 
obtain USOs is lower than hunting meat. Meat may have been a preferred food 
but given its high cost of procurement, USOs may have been a more reliable and 
energy-efficient food source. With cooking (see Section 1.6.3 below) and food 
processing techniques, carbohydrates may have also contributed to higher 
quality diets, which permitted brain size increases. 

1.6.3 Cooking & brain size increase 
Darwin was well aware of the impact of cooking on human evolution, rendering 
stringy or hard foods digestible and detoxifying certain poisonous plants. Darwin 
considered making fire ‘probably the greatest [discovery]… excepting language, 
ever made by man’ (Darwin, 1871). The human adaptive responses to cooking 
include shorter guts, changes to tooth and jaw morphology, and probably larger 
brains (Coon, 1954, Wrangham, 2007).  



Chapter 1 Introduction and Literature Review 

 61 

In terms of human evolution and dietary change, our biology and culture have 
adapted to cooked foods to such an extent that humans have become ‘obligate 
chefs’ (Carmody et al., 2016). Wrangham argues that ‘humans are distinguished 
as much by what we do with our food as by the food sources themselves’ 
(Wrangham, 2007). By tenderising meats and plants, cooking has a major effect 
in reducing the energetic costs of digestion and time required to digest the foods. 
In turn, this increases the total energy that can be absorbed by an individual. It is 
important to note that this applies to both meat and plants. It is hypothesised that 
cooking increased the amount of meat in the human diet and also boosted the 
bioavailability of plant nutrients such as starches.   

Even under ideal conditions, consuming a diet of only raw plant food will cause 
severe energetic problems for humans (Donaldson et al., 2001), suggesting that 
humans have not only adapted culturally and socially to cooking, but also 
biologically. Some foods, such as fruits and vegetables can be consumed raw, 
as part of a diet that also includes cooked resources. Humans are unknown to 
thrive or survive on a diet of only raw foods, suggesting we are ‘physiologically 
committed’ to cooking (Wrangham, 2007).  

As mentioned above (section on cooking), because uncooked starch granules – 
which are abundant in many plant tissues, especially USOs – are crystalline in 
structure, they are usually only poorly digested by α-amylases (Butterworth et al., 
2011). Hardy et al. (2015) hypothesised a gene-culture coevolutionary link 
between the cooking of starch-rich foods, brain size increase and crucially, 
increased salivary amylase gene copy number . They noted that cooking would 
have dramatically increased the quantities of digestible carbohydrate in the diet 
including USOs, possibly leading to amylase levels (produced by the salivary 
glands and the pancreas) becoming a rate-limiting step in glucose absorption. 
Today humans have multiple copies, and are copy number-variable for salivary 
amylase, and to a lesser extent, pancreatic amylase genes, but current data 
indicate that Neanderthals did not. Hardy et al. (2015) further hypothesised that 
cooking and an increase in salivary amylase gene copy number started around 
800,000 years ago, coinciding with accelerated brain size increase in the human 
lineage. However, Inchley et al. (2016) estimated salivary amylase gene copy 
number increase started around 450,000 years ago. However, this data fits better 
with evidence of controlled use of fire and with accelerated brain size increase 
(Dunbar, 2017). 
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1.6.4 Dunbar’s number and brain size increase 
The above hypotheses relate dietary change to brain size increase along the 
human lineage. However, it is important to note that in all cited cases, dietary 
change should not be seen as driving human encephalisation; it is not the brain 
size increase that permits dietary change. Rather, it is dietary change that, in 
most cases, should be seen as permitting brain size increase, by releasing some 
of the energetic constraints on having a large brain. The reasons why having a 
larger brain might be advantageous to our ancestors are likely many, varied, and 
most certainly incompletely understood. Whilst the advantages of having a big 
brain today are obvious to us, evolution has no foresight, and any evolutionary 
explanation of increased cognitive capacity requires advantages that operated in 
the past. 

One of the most widely considered hypotheses on what drives increased brain 
size in the human lineage was first proposed by Robin Dunbar. He developed a 
theory which is now known as ‘the social brain hypothesis’, and associated with 
‘Dunbar’s Number’, a concept that has entered popular culture (Dunbar, 1992). 
Across a range of primate species, he observed a correlation between the mean 
group size, or the number of social relationships an individual typically maintains, 
and neocortex size as a proportion overall brain mass (Dunbar et al., 2014). 
Extrapolation of this correlation to human neocortex size predicts that human 
groups sizes, or at least the number of social relationships we are cognitively 
equipped to track, is around 150. Dunbar then went on to argue that this fits well 
with the size of a wide range of human social units. Dunbar argued that it was the 
social dimension of primate ecologies that drove hominin encephalisation. The 
advantages to living in larger groups are various, but include predator avoidance, 
inter-group conflict, resource buffering and alloparenting (Trivers, 1971, 
Hamilton, 1964, Axelrod and Hamilton, 1981, Dunbar, 1998). The cognitive 
changes associated with increased brain size and sociality in humans has further 
been hypothesised to have led to language acquisition, effectively replacing the 
social bond consolidation role of grooming (Dunbar et al., 2010). Before language 
acquisition, other primates, and presumably early humans, maintained social 
bonds by grooming others in the social group. This bilateral and time-consuming 
activity may have limited social group size. However, language permits the 
maintenance of multiple relationships simultaneously, and has been suggested 
to have accelerated increases in group size. However, it should be noted that 
considerable uncertainty remains about the timing of human language 
acquisition.  
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1.6.5 Broad Spectrum Revolution 
The broad spectrum revolution (BSR) hypothesis was proposed by Kent Flannery 
in 1969. Building on observations made by Lewis Binford (Binford and Binford, 
1968), Flannery suggested that there was substantial dietary diversification 
preceding the Neolithic transition in southwest Asia (Flannery et al., 1969, Stiner, 
2001). Examining zoological and archaeobotanical data, he argued that foraging 
societies raised carrying capacities by adding new plant and animal species to 
diets in environments that were increasingly challenged by climate instability at 
the end of the Pleistocene (Flannery et al., 1969). In optimal habitats, population 
growth exerted demographic pressure, pushing satellite populations into more 
marginal habits. In these sub-optimal lands, foragers exploited a wider range of 
food sources in response to diminishing availability of preferred foods. This 
greater reliance on more fish, birds and waterfowl, small game and invertebrates 
resulted in increased dietary breadth. Furthermore, the exploitation of energy and 
nutrient dense nuts and seeds led to the development of more intense food 
processing technologies (Keeley, 1988). With early milling tools, greater food 
storage facilities (Hillman et al., 1989, Miller, 1992) and cultivation of some 
cereals and other plants foraged, it is hypothesised, this led towards a path to full 
domestication and reliance on farmed crops and animals. 

1.6.6 Diet and Health 
Dietary stress in the Neolithic 
Skeletal data from Neolithic individuals indicate smaller stature, and increased 
bone deformities, tooth deformities and dental caries, when compared with their 
hunter-gatherer predecessors. These health indicators have been interpreted as 
signs of nutritional stress and decreased long-term health due to reduced dietary 
breadth (Richards, 2002, Stiner and Munro, 2002, Macintosh et al., 2016). Breads 
and porridges became significant dietary components (Carretero et al., 2017), 
with bone deformities of the toes, spines and knees of women milling the grasses 
and cereals providing indirect evidence of grain processing (Molleson, 1994). 

The overall stature of humans in the Neolithic decreased globally, as did bone 
mineral density, while the infectious disease burden has been hypothesised to 
have increased (Mummert et al., 2011). However, short stature may not be a 
health indicator but rather something that co-occurs with population growth, 
possibly in relation to reduced birth spacing (Armelagos et al., 1991). Seckler, in 
his ‘small but healthy’ hypothesis, sees short stature as a successful adaptive 
growth strategy (Seckler, 1982, Seckler, 1984), although, with the exception of 
stature, other indicators do seem to support a reduction in health in early farmers. 
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While this is traditionally attributed to poor diet and pathogen load (Barrett et al., 
1998, Jackes et al., 2008, Page et al., 2016, Cohen, 2009, Macintosh et al., 2016, 
Diamond, 1987, Fournié et al., 2017), agent-based simulations predict a that in 
sedentary populations when income becomes predictable (as with farming), it 
also reduces on average, possibly explaining this farming-associated decline in 
health (Will et al., 2017, Pinhasi and Stock, 2011, Macintosh et al., 2016). This is 
due to the smaller oscillations in food supply and the lower mobility associated 
with farming generating morbidity / mortality trade-offs as a result of more 
individuals surviving close to starvation levels (Gallagher et al., 2019). 

Dietary stress and indicators of declining health may have been partially rescued 
by the introduction of domesticated livestock and secondary products (milk, and 
fermented milk foods) as well as poultry and eggs. Domesticated animals 
provided a reliable source of proteins while cereals and grains including wheat, 
barley, rice and, in some regions, maize providing the majority of calories in 
Neolithic diets (Hardy et al., 2009). Cereal-based diets in the Neolithic would have 
insufficient levels of dietary Vitamin D, which is necessary for calcium uptake and 
assimilation into bone, among other functions (see Appendix A, Calcium 
Assimilation Hypothesis discussion). In particular, wheat is high in phytate 
(Reddy et al., 1982), and when consumed phytate sequesters metal ions, 
including calcium and impairs absorption resulting in bone fragility and 
deformities (Cordain, 1999, Schlemmer et al., 2009, Gibson et al., 2018, Kumar 
et al., 2010). However, the addition of milk, eggs, meat (liver, in particular) and 
especially aquatic foods to agrarian diets would have increased Vitamin D levels, 
aiding calcium absorption and therefore mitigating some of the negative health 
consequences of cereal-based diets.  

Notwithstanding the significant nutrient contribution of dairy foods to Neolithic 
diets in some regions, the advent of farming is widely associated with reduced 
nutrient diversity, with starch representing an estimated 50-70% of calorific intake 
(Hardy et al., 2009), with the contribution of fruits, vegetables and other foraged 
foods in the diet estimated as only 20% of the total energy intake (Eaton et al., 
2002). With recent studies highlighting the long-term reliance and importance of 
tubers, roots and USOs in the human diet throughout the Palaeolithic (Dunbar, 
2017, Hardy et al., 2015, Inchley et al., 2016, Carmody et al., 2011, Wrangham, 
2009), it is possible that nutritional stress was caused not by an increased 
reliance on dietary cereals and grains but because these sources of carbohydrate 
were less micronutrient-diverse than previous diets. However, dietary reliance on 
grains and cereals in the Neolithic needs to be understood not as a novel 



Chapter 1 Introduction and Literature Review 

 65 

introduction of these plant foods, but as enhanced consumption of resources 
which were already a significant part of human diets.  

With plant domestication and cultivation, the absolute numbers of plants 
contributing to diets most likely declined, with an assumed corollary that nutrition 
was adversely affected. However, a decline in the absolute numbers of foods 
consumed does not necessarily equate to a decline in nutrition. It is dependent 
upon the distribution and concentration of nutrients in those foods. While the 
overall decline in health indicators in the Neolithic has been supported by 
evidence of dietary stress and loss of dietary breadth measured by the number 
of foods, the nutritional status of those foods has not been considered. 
Furthermore, the relative abundance of domesticated grains and cereals in the 
diet provided regular access to glucose which improved fertility and population 
growth (Hardy et al., 2015). 

Dietary mismatch or myth-match 
The rationale and justification for the research aims of this PhD thesis have grown 
out of the numerous qualitative studies that perpetuate narratives and/or myths 
around human and hominin diets, particularly around the central theme of dietary 
mismatch, evolutionary mismatch, dietary discordance and ‘paleo’-named diets. 
In this context, ‘mismatch’ refers to differences between ancestral diets – to 
which, to a first order of approximation, our metabolism should be optimised – 
and modern diets, with their associated health consequences. To address these 
claims of dietary mismatch, it is necessary to quantify the nutrient compositions 
of ancestral and modern diets. Supporters of the diet mismatch hypothesis argue 
that humans are not well-adapted to eating cereals, grains and other food 
sources which entered the diet during the Neolithic transition (Turner and 
Thompson, 2013, Trevathan, 2018, O'Keefe et al., 2011). The claim is that there 
has been insufficient evolutionary time to evolve metabolic responses to 
effectively harness these foods, resulting in negative health outcomes including 
chronic disease, inflammation, coronary heart disease, hypertension, obesity and 
some cancers. Collectively these have come to be known as ‘diseases of 
modernity’.  

At the same time, it has been argued that the variety of foods consumed has 
fallen, with an increasing dependence on just a few foods. While there are some 
~50,000 edible plants available globally today, only three crops (rice, wheat and 
maize) comprise 60% of the world’s food energy consumption (FAO, 2020). This 
trend began in the Neolithic with the domestication and cultivation of plants. The 
growing reliance on grains in the Neolithic then was accelerated by technological 
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advances in grain processing and farming intensification. In the past several 
hundred years, and certainly since the advent of the Industrial Revolution, many 
human populations have experienced a ‘transition to modernity’ with profound 
impacts on our ecology, epidemiology and demography (Corbett et al., 2018). In 
many industrialised nations, these ecological changes have included improved 
food security and nutrition, decreased pathogen load and increased exposure to 
environmental contaminants in our air and water supplies. Biological responses 
to the changing ecology include developmental, immunological, physiological 
and microbiota adaptations with concomitant effects on life expectancy and shifts 
in demographic age classes.  

Thrifty gene hypothesis 
Relating these concepts in evolutionary biology to human health and disease, 
James Neel proposed the ‘thrifty gene hypothesis’ 1962 (Neel, 1962, Neel, 1999, 
Neel, 1989). Looking for an evolutionary explanation for the surge in cases of 
type 2 diabetes (T2D) in the 20th century, Neel argued that in the Palaeolithic, 
when food sources were unreliable, the rapid insulin response and resultant 
build-up of fat deposits when food is available were advantageous to our 
ancestors as a buffer against starvation when food is scarce. However, in modern 
industrialised societies with over-abundant food supplies, those same metabolic 
predispositions which used to confer a fitness and reproduction advantage are 
now detrimental to our health, increasing the incidence of T2D due to changes in 
environmental pressures. Our thrifty metabolic genes combined with modern 
diets and lifestyles have caused insulin overproduction, insulin resistance and 
higher rates of T2D. 

Thrifty gene v drifty gene 
It was noted by RA Fisher that natural selection and evolution were not 
synonymous, interchangeable terms but had become commonly misused as 
such (Fisher, 1958). Natural selection is one of the mechanisms capable of 
driving evolutionary change. But the driving force of random genetic drift in 
evolution is often overlooked. Proponents of Neel’s Thrifty Gene Hypothesis 
argue that obesity genes conferred higher fitness in our evolutionary past but had 
negative health consequences in modern ecologies. However, it is possible that 
obesity is neither adaptive or maladaptive. Speakman’s Drifty Gene Hypothesis 
argues that the obesity epidemic may stem from non-adaptive genetic changes 
(Speakman, 2008). While early on in hominin evolution, more than 2 million years 
ago, strong selective pressures against obesity would have operated to mitigate 
predation risks. As hominin species adapted behaviourally and physiologically 
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with cooking, tool use and dietary change, constraints on weight gain were lifted 
and genes affecting body weight were free to drift (Speakman, 2013). It is 
possible that both the thrifty and drifty gene hypotheses operated at different 
times and under differing conditions. It is plausible that thrifty genes were under 
positive natural selection deep in our evolutionary past during intermittent 
famines and/or predation on a background of drifted alleles. Since World War II, 
obesity has steadily increased in industrialised, urban societies (WHO, 2017). 
Genes associated with obesity, in an environment of unrestricted food availability, 
may be approaching their drifted upper limits (Speakman, 2013). If so, drift may 
be having a stronger effect than natural selection on obesity which, in turn, 
increases the prevalence of non-communicable diseases in modern societies.  

Carnivore connection hypothesis 
Similarly, the Carnivore Connection Hypothesis (CCH) proposed by Jenny Brand-
Miller argues that genes conferring insulin resistance would have been under 
positive selective pressure when human diets were high in meat and animal fats, 
before the domestication of plants and animals. With domestication, and the 
resulting increased reliance on carbohydrates with a high glycaemic load, the 
selective pressures would have relaxed (Brand-Miller et al., 2011). However, 
Cordain et al. argued that hunter-gatherers ate fewer carbohydrates than modern 
humans, where 22-40% of their calories were obtained from carbohydrates, with 
a further 19-35% from protein and 28-58% from fats (Cordain et al., 2000). This 
does not refute the CCH but rather suggests that the CCH does not fully explain 
the evolutionary link between insulin resistance and ancient diets because 
ancestral diets included more carbohydrates than previously understood (see 
also Hardy et al., 2015). 

1.6.7 Stone Agers in the Fastlane and ‘Paleo’ diets 
Evolutionary trap 
As early as the 1940’s, the evolutionary biologist Ernst Mayr described from his 
observations of island speciation an ‘evolutionary trap’ relating to diet and 
behaviours (Mayr, 1947). Organisms with limited genetic diversity subjected to a 
sudden change in environment (and diet) face extinction. Warren Gross and 
Edward Wilson in the 1950’s noted similar evolutionary traps in their work on 
crabs and ants, respectively (Wilson et al., 1958, Gross, 1955).  

Despite some problems with the evidence supporting the diet discordance 
hypothesis, there are several valid points to consider. While it is likely that many 
Palaeolithic hominins ate meat, it is also possible that biases in the 
archaeological record have caused researchers to over-estimate its contribution 
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to diets. Bone, being 80% mineral, preserves with far greater reliability over time 
than plant remains, which break down quickly and can become invisible in the 
archaeobotanical record. This taphonomic mismatch may have caused some 
researchers to misinterpret the absence of archaeobotanical remains as 
evidence of reliance on meat in the diets. In turn, this may have lent greater 
support for dietary mismatch hypotheses than is warranted in light of new data 
and which should now be reconsidered.  

As our Palaeolithic ancestors were likely mostly unaffected by cardiovascular 
disease, most cancers, obesity and chronic disease, it has been suggested that 
our ancestors led a ‘healthier’ lifestyle (Cordain et al., 2005). However, the 
absence of chronic disease does not necessarily mean our ancestors were 
healthier. Using modern hunter-gatherers as a proxy for Palaeolithic lifeways, 
given they forage for food albeit in marginalised habitats, may help assess 
whether our ancestors were healthier. Survival rates for 45 year old hunter-
gatherer individuals (correcting for higher infant mortality rates in hunter-gatherer 
groups) is 14 -24 years (Gurven et al., 2007). This means the upper range of HG 
individuals who survive the first 45 years will die between the ages of 59-69, 
perhaps without experiencing chronic disease, whereas life expectancy for 
children born in England and Wales in 2013 was 81.5 years (ONS, 2013). 
Compared with chimpanzees and modern hunter-gatherers, current-day humans 
in industrialised societies have a longer life expectancy but with a higher chronic 
disease burden (Trumble and Finch, 2019) (see Table 1.1). Overall, if health is 
measured by the absence of chronic disease, then hunter-gatherers are 
‘healthier’, but their life expectancy is reduced compared to industrialised nations. 
 

Table 1.1 Mortality patterns in chimpanzees and humans (adapted fromTrumble 
and Finch, 2019) 

 Chimpanzee, 
wild 

Human, traditional 
(Tsimané) 

Human, 21st 
century (U.S.) 

% Deaths by cause 
  Respiratory 
  Other infections 
  Accidents 
  Homicide + warfare 
  Cardiovascular  

 
15 
22 
3 
15 

No data 

 
22 
28 
5 
11 

Low levels 

 
6 

<1 
5 

<1 
>50 

Life expectancy years  
  At birth 
  Young adult 
  At menopause 

 
13-33 
24-27 

11 

 
30-45 

42 
20 

 
>75 
>50 
35 

Mortality young adult/yr 
  minimum adult mortality 

 
0.03–0.05 

 
<0.02 

 
<0.001 
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The Stone Age Diet 
Since Walter Voegtlin’s publication of The Stone Age Diet in 1975, there has 
much media and research interest in the discordance or mismatch between our 
ancestral and modern diets of industrialised societies (Voegtlin, 1975, Eaton et 
al., 2002). For at least two million years, hominins lived in small bands of hunter-
gatherers eating a localised, seasonal diet. The Neolithic transition introduced a 
number of new cereals, dairy products in some regions, and fermented foods to 
which, it has been argued, we have had insufficient time to adapt. The transition 
to modernity in the past two hundred years, with rapid changes in food production, 
food processing and human ecology, have accelerated changes in diets globally. 
Based on this, the diet discordance hypothesis posits that many of our modern 
diseases (obesity, coronary heart disease, diabetes, cancer) result from or are 
exacerbated by recent changes in diet, within the past 10,000 years, that have 
outstripped the ability of our genome to adapt (Cordain et al., 2005). The pace of 
change in diet has been rapid; too rapid for our metabolic genes to have evolved 
in sync with these changes.  

Palaeolithic nutrition: Evolutionary theory applied to human nutrition 
Taking an evolutionary approach to better understand prevalent modern disease, 
Eaton and Konner published their work on the benefits of Palaeolithic nutrition 
(Eaton and Konner, 1985). Comparing skeletal evidence from Upper Palaeolithic 
(UP) and Neolithic human remains, negative consequences have been inferred. 
UP Homo sapiens on average stood six inches taller than their Neolithic 
counterparts and showed no signs of suboptimal nutrition visible in more recent 
ancestors (Larsen, 1981). Using a nutritional analysis of modern hunter-gatherer 
diets to approximate the Palaeolithic diet, Eaton and Konner aimed to ‘provide a 
rational basis for estimating what human beings are genetically ‘programmed’ to 
eat, digest and metabolize’ (Eaton and Konner, 1985). They estimated that the 
UP diet contained more meat (20-80%), more vegetables, roots and fruit but few 
or no grains and cereals, more polyunsaturated and less saturated fats, less 
sodium and more potassium and fibre (see Table 1.2).  

The researchers acknowledged that Palaeolithic diets would have shown much 
regional variation and inferred what they described as averaged values, to take 
into account the diversity. They concluded that these ‘averaged values’ should 
serve as a model of human nutrition to combat modern diseases being caused 
by a dietary mismatch. However, they did not provide any quantification of the 
various nutrients that make up ancestral and modern diets, electing instead to 
describe differences in various shades of ‘more’ or ‘less’. 
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Table 1.2 Qualitative data in support of the diet discordance theory (adapted from 
Konner and Eaton, 2010). 

 
Nutrient 

Ancestral  
(Hunter-Gatherer) 

Diet 

Contemporary 
Industrialised Diet 

Total energy intake More Less 
    Caloric density Very low High 
Dietary bulk  More Less 
Total carbohydrate intake Less More 
     Added sugars/refined 

carbohydrates 
Very little Much more 

     Glycemic load Relatively low High 
     Fruits and vegetables Twice as much Half as much 
Antioxidant capacity Higher  Lower 
Fiber More Less 
     Soluble : insoluble Roughly 1:1 <1 insoluble 
Protein intake More Less 
Total fat intake Roughly equal  
Serum cholesterol-raising fat Less More 
Total polyunsaturated fat More Less 
    omega-6 : omega-3 Roughly equal Far more ω-6 
    Long-chain essential fatty acids More Less 
Cholesterol intake Equal or more Equal or less 
Micronutrient intake More Less 
     Sodium : potassium <1 >1 
Acid base impact Alkaline or acidic Acidic 
Milk products Mother’s milk only High, lifelong 
Cereal grains Minimal Substantial 
Free water intake More Less 

 

Proponents of the diet mismatch or discordance theory also looked to primate 
feeding patterns to estimate the key differences between our ancestral diets and 
modern diets (Milton, 1993). Protein consumption, most likely from plant rather 
than animal sources, has been proposed to have contributed a higher proportion 
to our total energy in the past (Popovich et al., 1997). Total carbohydrate intake 
is hypothesised to be equal to or less than our current intake, with increased 
starch and complex carbohydrate consumption and fewer simple carbohydrates 
from fruit in the diet. Consequently, the daily dietary fibre intake is estimated at 
200 grams per day compared with 20 grams per day in modern diets (Milton, 
1993). In ancestral diets, fermentation of this fibre by bacteria in the intestinal 
tract could have contributed as much as 20-30% of our daily energy requirements 
(Bergman, 1990). With the exception of iodine, which shows great regional 
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variation, ancestral diets would have included more vitamins, minerals and 
potassium and less sodium (Denton et al., 1995).  

All other living primates consume a lower quantity of grains and cereals than 
modern humans (Milton, 1993). With the growing dependence on cereals as a 
food source beginning in the Neolithic, there has been a presumed decrease in 
dietary breadth (Stiner, 2001). Supporters of the dietary discordance hypothesis 
point to an evolutionary timeline spanning millions of years where humans were 
predominantly eating fruits and vegetables, and only recently added cereals, 
which have fewer major micro-nutrients than fruits and roots (Eaton et al., 2002). 
Within this paradigm, supporters argue that humans are not well-adapted to 
eating cereals, grains and other food sources. They claim there has been 
insufficient evolutionary time to evolve metabolic responses to harness these 
foods and, at the same time, the foods themselves introduced a narrowing of 
nutrient diversity by increasing the dependence on just a few staples. These 
views seem inconsistent with the research that USOs have featured in the human 
diet for hundreds of thousands of years, and that small grains, seeds and grasses 
have been in the human diet for at least a hundred thousand years, perhaps much 
longer (Hardy et al., 2016, Butterworth et al., 2016, Piperno et al., 2004, Wadley 
et al., 2020). 

Eaton and colleagues proposed that ancestral diets would have contained a 
greater range of phytochemicals (Eaton et al., 2002). They argued that total fats 
likely contributed less to Palaeolithic diets, particularly saturated and trans fatty 
acids. Plant-derived polyunsaturated fatty acids (PUFAs), such as linoleic acid, 
generally are 18 carbons in chain length or shorter. The longer-chain PUFAs, 
including docosahexaenoic acid (DHA) and arachidonic acid (AA), generally 
come from meats and would have been rarely consumed in ancestral diets (Eaton 
et al., 2002). As Eaton et al. argued, the early hominin diet came to include higher 
quantities of animal fat, rich in long-chain PUFAs, DHA and AA, consumption 
would increase along with docosatetraenoic acid (DTA). These three fatty acids 
comprise 90% of the PUFAs commonly found in the brains of all mammals 
(Sinclair, 1975). The increased intake of fatty acids through higher meat 
consumption, Eaton et al suggested, enabled the hominin brain to expand at a 
rate not observed in other primates (Eaton et al., 2002). 

The Paleo Dietâ  
Popularisation of the diet discordance hypothesis came with publications of a 
number of ‘Paleo diet’ self-help, health and recipe books, promising weight loss 
and improved health to adherents. It was claimed that these aims could be 
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achieved by eating a meat-heavy diet avoiding grains, cereals, alcohol, refined 
sugars and dairy products, which humans were ‘not designed’ to eat (Audette et 
al., 2000, Cordain, 2010, De Vany, 2011, Sisson, 2012). Relying on an 
evolutionary rationale and varying interpretations of what constitutes a 
Palaeolithic diet, authors including Loren Cordain and Ray Audette advocated 
eating a diet consisting of foods available to our Palaeolithic ancestors before the 
domestication of plants and animals, and well before any food refinement had 
begun. One such divergence from ancestral diets is increased sugar 
consumption over time in industrialised economies (see Figure 1.9). By avoiding 
foods unavailable to our ancestors, we would lose weight and be healthier. This 
‘eating like a caveman’ strategy includes eating meats most days ‘as our 
ancestors did’ (Cordain, 2010), based on a narrow interpretation of 
archaeological evidence. 

It has also been suggested that our ancestors led a more active lifestyle, with 
higher energy requirements (Konner and Eaton, 2010). However, in a recent 
study of the Hadza in Tanzania, it was found that, after controlling for body size, 
the average daily energy expenditure between foragers and individuals modern 
urban individuals was not significantly different (Pontzer et al., 2012). The Hadza 
did not have significantly higher energy requirements due to their lifestyle 
compared with industrialised lifestyles but their food was less energy dense. 
Pontzer’s work lends support to diet, rather than basal metabolic rate, 
contributing to the obesity crisis in industrialised societies (Pontzer et al., 2012). 
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Figure 1.9 a) Estimated US sugar consumption per head. Data for 1822 – 1908 extracted 
from US Department of Commerce and Labor reports and 1909 – 2005 from the United 
States Department of Agriculture (USDA) website with data adjusted by 28.8% for post-
production losses (based on 1970-2005 loss average) to obtain an estimated annual per 
capita consumption of added sugars. Data compiled by Stephan Guyenet and Jeremy 
Landen; and b) Estimated UK sugar consumption (data approximated from Cleave, 
1974) based on data from Fairrie & Co. and the Board of Trade Journal. UK data are 
calculated differently, over different temporal range, and not directly comparable to the 
US figures. Therefore, they are shown in separate graphs to illustrate broad trend in 
increasingly sugar intake over time. Note the UK dips in sugar consumption during World 
War I and World War II rationing. 

Antagonistic pleiotropy 
While there is some compelling evidence that ‘diseases of modernity’ are 
associated with the transition to modernity, it remains unclear if ‘modernity’ 
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begins with agrarian lifeways (Neolithic), industrialised society (Industrial 
Revolution) or more recently (post-World War II food production in large 
quantities, as well as processing and fast foods). Since the Industrial Revolution, 
overall exposure to pathogens has declined while airborne and water pollutants 
have increased (Landrigan et al., 2018), although arguably the greatest gains 
have been in nutrition and food security (Fogel, 2004). Within these rapidly 
changing ecologies, the disease burden has shifted; 63% of the world’s deaths 
are now attributable to non-communicable diseases (Naghavi et al., 2017). This 
growing disease burden has been attributed to a perceived dietary mismatch, but 
it may also be the effects of antagonistic pleiotropy (Corbett et al., 2018).  

Antagonistic pleiotropy arises when a gene variant positively affects fitness via a 
trait at a specific age but then negatively affects fitness via an alternative trait (or 
traits) at a different age (Corbett et al., 2018). Considering shifts in mortality, 
lifespan, fertility and disease, Corbett argues that in the transition to modernity 
since the Industrial Revolution, there has been a rising cost of antagonistic 
pleiotropy. While it is estimated alleles at the breast cancer type 1 and 2 
susceptibility proteins (BRCA1 and BRCA2) loci account for 1-5% of female 
breast cancers and 1-13% of ovarian cancer (Risch et al., 2006), these same 
alleles are also associated with higher fertility (Pavard and Metcalf, 2007). With 
changing patterns of disease over the past 200 years, together with falling infant 
mortality and population growth, it is possible that the rise of non-communicable 
diseases such as cardiovascular disease and cancer is the result of antagonistic 
pleiotropy where genes confer fitness benefits in earlier years but have fitness 
costs later as we age and live with a higher chronic disease burden. Rather than 
being mismatches, our genome has numerous examples of genes with 
antagonistic effects on our health, leading to population growth but an increased 
burden of disease in our extended lifespan.   

Is dietary mismatch a valid concept? 
The dietary mismatch hypothesis assumes that ‘our current gene pool is little 
changed from that of Stone Age humans’ (Eaton and Cordain, 1996) and that 
‘genetically, man remains adapted for the foods consumed [in the Palaeolithic]’ 
(Eaton, 2006). These assumptions promote the misperception that Palaeolithic 
hominins were universally adapted to their environment and/or diet. The changing 
ecologies of our hominin ancestors together with multiple migrations, migratory 
returns, and processes of gene flow and introgressions, point towards a dynamic 
past with multiple local adaptations and patterns of variation too complex to be 
seen as homogeneous (Sankararaman et al., 2016, Skov et al., 2020, Templeton, 
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2002, Scerri et al., 2019). Following on from this, there cannot be one Palaeolithic 
diet, but rather a spectrum of prehistoric diets reflecting spatial and temporal 
variation in ecologies across the world over the last 3.3 million years. 

Throughout the Palaeolithic there were cultural innovations, and these were 
undoubtedly associated with genetic adaptations and have influenced variation 
in the human genome. While some universals do hold true, such as the ability of 
nearly all humans to digest proteins, carbohydrates and fats (excepting rare 
variants, local variations and allergies), genomic variation in populations existed 
before the Neolithic transition (Jones et al., 2015, Fu et al., 2016). In the past 
10,000 years, dietary change, new ecologies and gene-culture co-evolution 
processes have accelerated population growth. This population growth allowed 
acceleration of genetic change and adaptive responses in the Neolithic 
(Armelagos and Harper, 2005, Hawks et al., 2007). Not only was there no 
Palaeolithic genomic uniformity, but also there has been ongoing ‘recent’ 
adaption throughout the Neolithic into present-day. Adaptations at the nuclear 
genomic level may be mostly slow and temporally lag behind the changed 
environment due to weak selective pressures. Modern humans today are similar 
but not genetically identical to our Palaeolithic or even our Neolithic ancestors at 
the nuclear genomic level, as recent and ongoing genetic adaptations are driven 
by pathogens as well as changes in diet and subsistence strategies that continue 
to alter our nuclear genome (Mathieson et al., 2015, Allentoft et al., 2015, 
Lazaridis et al., 2016). 

In addition to genetic adaptation, our gut microbiome diversity can undergo 
adaptive shifts in response to changing diets. After antibiotic use, gut microbiota 
diversity is lower and may not return to its original level of diversity for some 
considerable time, if ever (Shaw et al., 2019). Differences in relative abundance 
of various microbes have been observed by comparing the of gut microbiota of 
modern Hadza hunter-gatherers and Italian individuals that correlate with diet 
(see Figure 1.10). Gut bacteria have co-evolved with humans and some have the 
ability to ferment and harness nutritional resources that remain undigested by 
host enzymes. With a more varied diet and foraging lifestyle, the Hadza show 
more species richness and diversity than the Italian controls (Schnorr et al., 
2014). There are also taxonomic differences by sex, with Hadza women having 
higher abundance of bacteria species associated with fibrous plant consumption, 
which may result from consuming these gathered resources while men hunt and 
forage for different foods (Schnorr, 2015). 
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Figure 1.10 Bacterial relative abundance of 27 Hadza and 16 Italian individuals 
determined by 16S rDNA gene investigations of faecal microbiota noting greater species 
abundance in the Hadza (Schnorr et al., 2014). 

1.7 Modern hunter-gatherers 

1.7.1 Modern hunter-gatherer diets as a proxy for ancestral diets 
A significant but not insurmountable problem in quantifying variation in ancestral 
diets is the highly skewed nature of direct evidence for foods consumed. With 
recent advances in bioarchaeological techniques, there is now a growing body of 
evidence from which to infer diets in prehistory. In particular, sites such as Ohalo 
II in Israel, Çatalhöyük in Turkey and Tel Brak in Syria are examples of sites 
offering sufficient archaeological and archaeobotanical remains to directly 
estimate ancestral diet compositions (see Chapter 3 for detailed discussion of 
these sites and diet reconstructions). The Palaeolithic site of Ohalo II was 
occupied year-round, with foraging, hunting and fishing in the surrounding area 
until the site was abandoned ~23,000 years ago as a result of rising lake levels 
(Nadel and Zaidner, 2002, Nadel et al., 2004). The excellent preservation of 
Palaeolithic archaeobotanical remains makes Ohalo II a unique resource with 
which to directly study ancestral diets. However, the scarcity of well-preserved 
sites globally has impeded comparative studies of Palaeolithic diets. Instead, 
ethnographic studies of modern hunter-gatherers and recordings of their diets 
have served as approximations of our ancestral diets. 

For nearly all of our past, humans have subsisted as hunter-gatherers (Lee, 
1968). Modern hunter-gatherers are usually mobile and live in small groups. They 
hunt, fish and forage the land for most if not all of their food, although some 
supplement their subsistence with cultivating crops, raising animals and trading 
with nearby groups. Despite the globalization of modern lifeways, there are still 
areas where these traditional subsistence strategies continue, albeit in 
marginalized lands of diminished value or where soils are too poor to convert to 
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agriculture (Kelly, 2013, Keene, 1981). The current uneven global distribution of 
modern hunter-gatherer groups in marginal habitats does not reflect their wide 
dispersal throughout most regions of the habitable world in the Upper 
Palaeolithic. Furthermore, given their geographic range – from equatorial rain 
forests to Arctic tundra – modern hunter-gatherer diets are highly diverse, as or 
perhaps even more diverse than those of our Palaeolithic ancestors. It could 
therefore be argued that modern hunter-gatherer groups do not represent 
‘humanity stripped of its technological trappings’ or ‘people whom time forgot’ 
(Kelly, 2013 p. xv). Neither are they the ‘simple core’ or ‘inner state’ of modern 
societies, nor are they relics of our Pleistocene past. However, aside from very 
few archaeological sites showing very good preservation of foods consumed, 
they are the best proxy for Palaeolithic diets we have (Eaton and Konner, 1985, 
Cordain et al., 2005, Konner and Eaton, 2010). 

Accepting that modern hunter-gatherer diets can be used as a broad proxy for 
those consumed in the Palaeolithic, appropriate caution needs to be applied 
when analysing diet records. For example, the Inuit are often cited as an example 
of group with a heavy dietary reliance on meat. But this deserves reconsideration. 
It has now been observed that these groups also consume the stomach contents 
of animals including reindeer, seal, hare and birds (Speth, 2010). These 
previously ‘invisible’ carbohydrate sources have been overlooked in many 
recordings of Inuit diets because the ethnographers themselves would not have 
eaten stomach contents. Yet it is now clear that partially digested stomach 
contents, including lichens, grasses and seaweeds contributed to Arctic hunter-
gatherer diets. Furthermore, reserves of glycogen stored in the muscle tissue of 
meats frozen immediately after slaughter also supply additional carbohydrates to 
Inuit diets (Varnam and Sutherland, 1995). 

1.7.2 Human behavioural ecology and foraging models 
While ecology has been defined as ‘the study of the relations between organisms 
and the totality of the physical and biological factors affecting them or influenced 
by them’ (Pianka, 2011), in the context of human evolution this must include 
cultural adaptations and behavioural traits (Kelly, 2013). The field of human 
behavioural ecology (HBE) is the study of human behaviour within an adaptive, 
evolutionary framework. Fundamental to this field is the assumption that the 
environment is made up of resources, each with varying costs and benefits of 
acquisition. Human behaviour will vary according to differences in ecological 
drivers and costs to acquiring these resources. Understanding adaptive human 
behaviours within their environmental and social contexts allows patterns of 
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behaviour to be quantified, predicted and tested. The behaviours and choices of 
organisms in accessing resources are shaped by environmental conditions 
(Cronk, 1991, Krebs and Davies, 2009). Survival is influenced by variation in both 
genetic and cultural heritability (Heinen and Low, 1992). Human enculturation, 
the acquisition of skills and behaviours by learning, has removed many ecological 
and environmental constraints in resource procurement. Hunter-gatherers 
interact with their environments, but they are also bound by cultural and historical 
constraints (Kelly, 2013). Behaviours may not have a purely ‘ecological’ or ‘social’ 
basis (Testart et al., 1988, Ingold, 1987), but they occur within an ecological 
framework.  

1.7.3 Optimal foraging and Liem’s Paradox 
Optimal foraging theory (OFT) is a model within behavioural ecology that predicts 
animal behaviour in food choice based on optimising returns on energy and time. 
In ecologies with excess or abundant resources, foragers will consume their 
favoured foods, resulting in a reduction in diet breadth. As competition for the 
resource increases, the organism will increase its diet breadth, consuming less-
favoured foods. This feeding pattern is hypothesized to lead to narrow, specialist 
consumers when resources are plentiful, and broader, generalist feeding when 
resources are insufficient (Werner and Hall, 1974, Pyke et al., 1977, Dill, 1983, 
Stephens and Krebs, 1986).  

However, some species that have specialised phenotypically with physiological, 
behavioural and/or morphological adaptations, can also be ecological 
generalists. There are numerous examples of animals today whose preferred 
foods are not those they are adapted to exploit. This phenomenon is known as 
Liem’s paradox, as posited by Kael Liem in 1980 based on his work with cichlid 
fish (Liem, 1980, Liem, 1990). Today there are numerous examples of organisms 
that have adapted to exploit specific foods or niches and yet prefer to eat other 
foods (Ungar and Berger, 2018, Ungar et al., 2018). While the teeth and digestive 
tracts of gorillas have adapted to consume diets of tough, fibrous plants, gorillas 
preferred softer and sweeter fleshy fruits when offered a choice in captivity, 
despite their biological and morphological adaptations to exploit different 
resources (Ungar et al., 2018). Just because an animal can eat a resource and 
has adapted to enable this, does not necessarily mean it is their preferred 
resource. Robinson and Sloan (1998) argue the paradox can be resolved by 
drawing on competition theory whereby phenotypic specialists, even those with 
evolved adaptations to allow exploitation of less sought-after resources, are still 
ecological generalists if the foods and resources are easily accessible. It is 
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possible for specialists to co-exist and even outcompete generalists if those 
generalists lack ‘fall back’ resources or an ability to use less favoured prey. The 
paradox remains however that adaptations to exploit specific foods and eating a 
more generalised diet are not mutually exclusive.  

1.7.4 Diet Breadth Model  
In applying OFT to modern hunter-gatherers, the outcomes and food choices are 
often unexpected, with foragers who may favour difficult resources for cultural 
reasons, shun abundant resources in preference to riskier foods, or not adopt 
innovations such as cultivation because the ecological drivers are not strong 
enough. A San hunter-gatherer in southern Africa is recorded to have said to an 
ethnographer: ‘Why should we plant [e.g. cultivate plants], when there are so 
many mongongos [nuts to be gathered]?’ (Lee, 1979). However, within optimal 
foraging models, hunter-gatherers will seek out certain resources while ignoring 
others, based on processing times, costs of procurement and nutritional content, 
factoring constraints such as time spent foraging and time required for childcare 
(Kelly, 2013).  

The diet breadth model (DBM) is an attempt to approximate the foraging 
behaviours of hunter-gatherers ‘based on the assumption that the goal of foraging 
is to maximise the overall energy return rate’ (Kelly, 2013 p. 52). In its simplest 
form, the DBM can be expressed as a food is foraged when the overall rate of 
return (the energy from a resource divided by its handling time) is greater than or 
equal to its foraging rate (the energy expended to obtain the resource divided by 
the energy expended searching, gathering and processing). The formula is 
expressed as  

E / T £  Ei / Hi 

Where  
E = total energy in kcal from foraged resource 
T = total time spent foraging, searching, gathering and processing 
Ei = kcal obtained per unit of resource i 
Hi = handling time per unit of resource i 

 
This means that given a range of potential foods available with varying 
characteristics relating to their energy content, nutrition, ease of access and 
processing times, a hunter-gatherer will make foraging decisions of which foods 
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will be harvested and/or ignored. Based on these criteria, the DBM makes 
predictions on whether a resource will be gathered or ignored, and also on diet 
breadth (or narrowness) based on the overall return on the resource. It has been 
widely used to test hypotheses of foraging and resource choice in modern hunter-
gatherers (Smith et al., 1983, Kelly, 2013, Bird and O’Connell, 2006) and provides 
a basis for understanding why some plentiful resources are overlooked in 
preference to other foods (Kelly, 2013). Abundance alone will not predict its 
contribution to diet. 

There are however occasions when the DBM lacks predictive power because 
humans do not base their subsistence strategies solely on energetic returns. For 
example, men sometimes participate in hunting expeditions for prestige (Dwyer, 
1974, Lee, 1968). Cultural practices may motivate hunting for feathers and furs 
rather than food whereas taboos may prevent certain animals being hunted or 
consumed. Taste preferences may also skew food choices which do not conform 
to DBM predictions (Koster et al., 2010). These examples do not undermine the 
DBM, but suggest there may be limitations to resource choice prediction because 
human diet choices are not made for reasons of subsistence alone.   

1.7.5 Hunter-gatherer mobility 
While there is variation in the extent to which modern hunter-gatherer groups 
move, the act of moving defines and determines them in much the same way 
sedentism is associated with and defines the transition to agricultural lifeways. 
Lee and Devore defined hunter-gatherers as people who ‘move around a lot’ 
(Lee, 1968) both seasonally in search of subsistence resources and daily to 
gather foods. Binford categorised mobility into two groups: foragers who use 
residential mobility to bring consumers near the subsistence foods and collectors 
who move residential camps to key locations and use day foraging to collects 
foods and bring them into camps (Binford, 1980). However, these categories are 
not absolute, with some foragers being almost sedentary and some collectors 
moving often. Kelly developed a more complex definition of mobility 
encompassing the number of residential moves per year, the average and total 
distances moved, land area used per year and the length (in time) of each hunting 
or gathering excursion (Kelly, 2013). Time and energy costs, resource 
abundance, and the energy cost in moving are factors determining when groups 
remain in a site and when they relocate. In addition, issues of food storage, 
enculturation, resource stewardship and risk will also affect decision-making 
regarding mobility.  
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While there are examples of foragers being sedentary, mobility amongst and 
between hunter-gatherer groups globally is a shared and common attribute. 
Gallagher and colleagues (2019) developed an agent-based model of hunter-
gatherer mobility based on resource depletion and regrowth rates. The model 
included a cost to movement, but allowed the underlying mobility of groups to 
evolve. They analysed the correlations between parameters such as resource 
depletion and replenishment rates, mobility costs, and mobility strategy 
conservatism, and outcomes such as mobility strategy (which was free to evolve), 
final population density and mean food procurement levels. Reflecting empirical 
data, this model predicted that decreased mobility evolves under conditions of 
high resource replenishment and low resource depletion, and was associated 
with increased population density. However, counter-intuitively, their model also 
predicted such conditions would also be associated with lower levels of food 
procurement, and as a consequence, poorer health (something that has been 
inferred for early sedentary societies during the transition to farming, see above). 

1.7.6 Modern populations and inverted mobility  
Unlike modern hunter-gatherers, many populations in developed, developing and 
post-industrial economies are comprised of sedentary people consuming mobile 
foods. The foods come to us rather than us seeking foods. Most modern diets 
are not ‘seasonal’ in the sense that global trade and agriculture can provide 
almost all foods year round. Perhaps this inversion of mobility, where people are 
no longer mobile but the foods they consume are, contributes to or exacerbates 
negative health consequences attributed to the mismatch hypothesis. The 
mismatch may be more strongly linked to lifestyle choices where humans are 
sedentary combined with an erosion of seasonality and locality of foods.  

1.8 Conclusions 

Significant differences between Palaeolithic and modern diets have been inferred 
for some time. These differences likely include the quantity of foods consumed, 
the availability of foods, the typical energy content of frequently consumed items, 
the varieties of species, the processing and storing of foods, and most importantly 
in the macro- and major micro- nutrient profiles of these foods. Whilst there are a 
number of examples of human populations having adapted and continuing to 
adapt metabolically (Liebert et al., 2017, Fumagalli et al., 2015, Luca et al., 2010) 
to their diets, given evolutionary timescales, selective pressures and rates of 
genetic adaptation, it is likely that we are to a large extent biologically optimised 
to our pre-Neolithic diets. However, given the spatial and temporal ranges of 
human subsistence ecologies, there never was one single ancestral diet. 
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Therefore, investigations of the extent to which we may be optimised to ancestral 
diets require characterisation and quantification of the diversity and variation 
within the broad temporal and ecological ranges of Palaeolithic diets.  

There are numerous published studies on the nature of Palaeolithic and modern 
hunter-gatherer diets, on the importance of dietary transitions, and on the health 
consequences of mismatches between our modern post-industrial diets and 
those of our hunter-gatherer ancestors. However, there are none that specifically 
quantify macro and major micro-nutrient compositions of either our Palaeolithic 
forbears or modern hunter-gatherers, or indeed compare those nutrient 
compositions to modern post-industrial diets. This is a striking lacuna in research 
on human dietary evolution. In this thesis I attempt to fill this gap. There are 
considerable challenges in doing this (see, in particular, Chapter 3), and it is 
undoubtedly an error-prone process, particularly as a number of assumptions and 
approximations have to be made. However, comparing diets by macro and major 
micro-nutrient compositions allows a number of long-standing questions to be 
addressed, and assertions to be tested, particularly regarding dietary mismatch 
theories. In Chapters 2 and 3 I describe how I have quantified a range of diets of 
interest in terms of macro and major micro-nutrient compositions. In Chapter 4 I 
describe an extensive range of analyses of these data. In Chapter 5 I investigate 
microbial diversity in artisan cheese making. Chapter 6 is a summary of findings 
and future directions.  

1.9 Summary 

This chapter summarises the major archaeological sources used to identify and 
infer what we ate in prehistory, provides a chronology of major dietary shifts and 
considers the central theories connecting diet and human evolution. Modern 
disease vulnerabilities, also referred to as ‘diseases of modernity’, are often 
attributed to a mismatch between our diet which has recently and rapidly changed 
and our genome which evolves more slowly. However, no study has evaluated 
and quantified ancestral diets at the individual nutrient level to assess the validity 
of this claim. There are sound justifications for this gap in research, and filling this 
gap has required the development of novel methods to quantify to a first order of 
approximation nutrient profiles for ancient and modern diets. By providing an 
overview of the background information and situating this body of research within 
current theoretical debates, this literature review elucidates the contribution to 
academic research of this original work. 
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Chapter 2 Methods 

2.1 Overview 

In this chapter, I develop new methods to investigate differences between 
ancestral and modern diets using macro- and major micro-nutrient composition 
comparisons. To undertake this work, I identified published modern hunter-
gatherer (HG) diets as well as a range of modern post-industrial (MPI) diets from 
across the world. Other classes of diets investigated include Clinical, Fad, Milk 
and Fast Food. I identified the U.S. Department of Agriculture, Agricultural 
Research Service Nutrient Database Standard Release 26 and Standard 
Release 28 (see Section 2.3 for full description) as the most comprehensive 
database to provide consistent comparative nutrient information for each food 
source. Using this database, I allocated nutrient codes to each food in each diet. 
These codes were used to pull the nutrient information from the database and 
create a summative nutrient profile for each diet for comparison. This significant 
and time-consuming body of work has resulted in the creation of a curated 
dataset with which it is possible to test multiple hypotheses about differences in 
the nutrient compositions of HG and MPI diets. These diets will be augmented 
with three diet reconstructions based on data from a Palaeolithic, a Neolithic and 
a Bronze Age site, to examine the extent to which HG diets are a good proxy for 
pre-Neolithic diets, and if post-farming prehistoric diets already display a shift in 
nutrient compositions towards MPI diets (see Chapters 3 and 4). 

2.2 Background 

In this thesis I investigate modern dietary variation and infer changes in diet over 
the last ~30,000 years of human evolution. In this chapter, I develop methods to 
characterise the nutrient profiles of various diets and quantify differences 
between them at the individual nutrient level. I apply a quantitative approach to 
compare nutrients in modern post-industrial (MPI) diets, modern hunter-gatherer 
(HG) diets, and Palaeolithic, Neolithic and Bronze Age diets reconstructed from 
archaeological data. I also consider a range of clinical intervention diets, fad diets 
including the Paleo Dietâ, Keto Diet and Atkins Dietâ, milk and fast food diets. 
Using these data, I explore temporal trajectories in nutrient composition change 
and ideas on the evolution of dietary choice.  

In this overall thesis, the following diets are considered (note: this chapter 
documents the construction of nutrient profiles for the first five sets of diets in this 
list): 
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• HG diets, which are often used as a proxy for Palaeolithic diets, for which 
we have little surviving records (for a discussion of why HG diets are used 
as a proxy for ancestral diets, see Chapter 1) 

• MPI diets with a similar geographic range to the HG diets  
• Clinical diets: published diets used in clinical trials. These were examined 

to better understand how distinctive they are at the nutrient level 
• Fad diets that have been claimed to bear some resemblance to 

Palaeolithic diets 
• Fast Food diets were analysed to gain insights into dietary choice and 

better understand temporal diet trajectories at the nutrient level 
• Prehistoric diets were inferred using archaeological data to examine the 

extent to which HG diets provide a good proxy for them, and to explore 
temporal trajectories in nutrient composition change  

The nutrient profiles of each group of diets (MPI, HG, prehistoric reconstructed, 
clinical, fad, milk and fast food) offer opportunities to ask original research 
questions. Such questions include: 

• To what extent are HG diets a good proxy for Palaeolithic diets? 
• Are HG diets more or less diverse than MPI diets, when considered from 

a similar geographic range? 
• What are the major nutrient differences between various diets types? 
• Are there consistent temporal trajectories of nutrient change (Palaeolithic 

-> Neolithic -> Bronze Age -> modern post-industrial -> modern fast food)? 
• Given the importance of exogenous milk consumption in the evolution of 

some post-Neolithic transition societies, and the nutrient complexity of 
milk, how does the nutrient composition of animal milks compare to other 
diets? 

• Which diets are closest to the Dietary Reference Intake (DRI) nutrient 
guidelines? 

2.3 Nutrient Database Identification 

The United States Department of Agriculture, Agricultural Research Service 
(ARS) provides nutrient information for both on-line access and in downloadable 
formats. The United States Department of Agriculture Nutrient Database (USDA 
ND) is the primary provider of food composition data in the United States for 
public sector and private use (USDA_ND_SR28, 2015). Standard Release 26 
(SR26) reports nutrient data on 8,463 food items for up to 150 food components 
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including macronutrients, micronutrients and energy (USDA_ND_SR26, 2013). 
New versions with updated foods and nutrient information are released regularly. 
It should be noted that energy values (in kcals) are useful for downstream 
analyses reported in this thesis (mostly on Chapter 4). While it is recognised that 
energy is not sensu stricto a nutrient, it is referred to as such when discussing 
the construction of nutrient profiles for diets, principally in this chapter and 
Chapter 3 of this thesis. 

2.3.1 Downloading the USDA SR26 
I downloaded Standard Release 26 (SR26) in ASCII (ISO/IEC 8859-1) format. 
ASCII files are delimited as follows: All fields are separated by carets (^) and text 
fields are surrounded by tildes (~). A double caret (^^) or two carets and two tildes 
(~~) appear when a field is null or blank. The ASCII files contained many fields 
and variables that were unnecessary for my analyses.  

With the help of Dr Yoan Diekmann, I used Python scripts to parse the 
downloaded SR26 and create a data file specific to my investigational needs and 
to optimise its performance in RStudio (RStudio, 2020). Hereafter in this thesis, 
analyses performed using this software will be referred to as ‘R’. The parsed file 
is saved as a tab separated value (.tsv) file. It was not possible to convert it to a 
.csv file due to the number of commas within the text entries of the USDA ND 
food descriptions. By saving the file in .tsv format, the file could later be imported 
into R without the carets, tildes and double characters being misread or causing 
R to skip sections of nutrient data due to commas and quotation marks in text 
fields.   

2.3.2 Updating USDA SR26 to SR28 
With the periodic new releases of the Standard Releases available for download, 
I updated my nutrient files to Standard Release 28 (SR28) in May 2016 
(USDA_ND_SR28, 2015). This new release contained data on 8,789 food items 
with updated nutrient values. Using the same Python script, I created an updated 
.tsv of nutrient information for use in my analyses identical structure to my SR26 
data file.  

While the SR28 documentation assured users that no previous food items would 
be dropped while adding more complete nutrient information to existing food 
items and adding additional food items, I found twelve examples in my own work 
where foods items had been deleted and one typographical error in SR28 where 
a digit was missing in one food code, causing a misallocation of nutrient data. 
These errors were reported to the ARS database managers who amended the 
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missing digit in the food code, but they decided not to address the issue of twelve 
missing codes in SR28 (correspondence available on request).  

While a further update of the SR Legacy nutrient information was released in April 
2019, I decided to use the SR28 in all nutrient analyses to avoid potential 
disruption and errors being introduced for only marginal (if any) gains in the 
nutrient data in the 2019 release. However, I accept that there could be gains in 
accuracy if the 2019 update contains more food items allowing for improvements 
in matches between foods in the diets I am analysing and foods mentioned in the 
USDA ND. For the remainder of this document, the term USDA ND encompasses 
work done in SR26 and SR28.  

2.4 Identifying and Compiling Diets  

2.4.1 Modern hunter-gatherer (HG) diets 
To identify data on HG diets, the literature was surveyed using websites and 
search engines including PubMed Central, Google Scholar, ResearchGate, 
BioRxiv and Scopus. I did not undertake any field research or record 
ethnographic data, but instead relied on peer reviewed published research. An 
initial list of HG groups was obtained from Kaplan et al. (2000) and the references 
within the text were used to find suitable data sources (see Figure 2.1). Further 
diets were identified from discussions with supervisors, focussed literature 
searches and discussions with colleagues and peers at conferences, including 
Professors Jennie Brand-Miller, Dorian Fuller, Frank Marlowe, Andrea Migliano, 
Jerome Lewis, Herman Pontzer, Henry Bunn and many others whose informal 
discussions honed my searches. 

For each HG diet, I recorded the weights of foods eaten, numbers of persons in 
the group and number of days observed in order to calculate grams per person 
per day for each recorded food item (see Table 2.1). Because of deficiencies in 
the published records, many well-known HG groups such as the Hadza, Efe 
pygmies, Northwest Coast Native Americans and the Japanese Ainu could not 
be included in this study as the numbers of individuals in the groups or the length 
of the study were not recorded. In addition, there were HG groups from India, 
potentially with sufficient data, but English language versions of the publications 
were not available.  
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Figure 2.1 This figure (appears as Table 2 in Kaplan et al., 2000) provided the initial list 
of hunter-gatherer diets to consider for this thesis. 

For each HG diet, a spreadsheet in Excel was created to record the number of 
persons in the group, type of food, the edible weight of food, food species name 
where possible, any extra notes such as the local name of the food and the 
literature reference for the diet (Excel, 2018). Using the edible weight, number of 
persons and number of days recorded, a grams per person per day estimation 
was made for each food consumed. The duration of recorded diets among HGs 
varied from three days to 365 days. Diets in the literature that were recorded 
seasonally or with gaps such as a series of hunting trips during one calendar year 
were combined into one diet for that year. Where ethnographers recorded the 
diet of a group revisiting over several years, each year was combined to form one 
diet. This is why, for example, there are four Anbarra diets recorded and two each 
of Hiwi, Kung San and Nunamiut diets whereas the Ache, Nukak and Gwi 
recordings were from within one calendar year and therefore combined to form 
one diet for each group. Recording HG diets this way, as opposed to averaging 
across years, permits some assessment of within HG group diet variability over 
time. 

Some diets had been recorded in Imperial measures where others were logged 
in metric. All Imperial units were converted to metric. Fluid ounces were converted 
by weight and volume into appropriate metric equivalents. All amounts were then 
converted into grams per person per day to allow systematic comparisons across 
the diets in the database. 
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Table 2.1 Summary of hunter-gatherer diets analysed (n=20) 

Region Hunter-gatherer 
group 

Number of days 
recorded Reference 

 

African 

n = 4 

Gwi  365 (Silberbauer, 1981)  

Kade San 365 (Lee and DeVore, 1976) 

Kung San 1-2  29 (Lee, 1979) 

North 
American 

n = 3 

Iglulik  10 (Sinclair, 1953) 

Nunamiut 1-2 6 (Binford, 1978) 

 

South 
American 

n = 4 

Ache  67 (Hill et al., 1984) 

Hiwi 1 22 (Hurtado and Hill, 1987) 

Hiwi 2 243 (Hurtado and Hill, 1987) 

Nukak  67 (Politis, 2009) 

 

Oceania and 
Andaman 
Islands 

n = 9 

Anbarra 1-4  27 (Meehan, 1982) 

Bickerton Island  3 (Anderson et al., 2001) 

Fish Creek 11 (Anderson et al., 2001) 

Hemple Bay 4 (Anderson et al., 2001) 

Port Bradshaw 4 (Anderson et al., 2001) 

Andaman Onge 30 (Meehan, 1982) 

 

For each diet, every food entry was then allocated a food code from the USDA 
ND (SR26 and later updated to SR28). For each food entry, an exact match or 
the nearest approximation food code in the USDA ND was allocated. As there 
are indigenous populations living in the US, the USDA ND includes nutrient 
values for several hundred Native American foods. These nutrient profiles for 
indigenous foods allowed accurate allocation of food codes for the North 
American and some other HG diets. Where there was no exact match, two 
strategies were deployed to systematically allocate the nearest match. First, the 
literature was searched for other nutrient profile information such as the Food and 
Agriculture Organization of the United Nations (FAO) and regional nutrient 
databases such as International Network of Food Data Systems (INFOODS) 
(INFOODS, 2021, FAO, 2020). While these databases often held less complete 



Chapter 2 Methods 

 89 

nutrient information, sometimes only providing estimations of macronutrient 
proportions, they often were informative enough to find a near approximation in 
the USDA ND. Second, in cases where no nutrient information was available in 
the literature, a USDA ND code was chosen based on the closest phylogenetic 
relative to the food HG being considered.  

However, Dr Sandra Knapp, a researcher in the Plants Division at the Natural 
History Museum, London, advised that close phylogenetic relatedness does not 
necessarily indicate similarity of nutrient profile for plant resources. The closest 
species will often not provide a close approximation of nutrient compositions for 
foods. Solanaceae, for example, is a diverse plant family that includes tomatoes, 
potatoes, peppers, aubergines, tobacco and nightshades. However, the nutrient 
profiles of these fruits and vegetables show little correlation with each other, 
despite belonging to the same family. In other families, such as Poaceae and 
Fabaceae, there are more positive nutrient correlations. For these reasons, when 
there was not an exact food code match in the USDA ND, the strategy of seeking 
alternative nutrient information from other databases first before investigating 
nearest phylogenetic related species to allocate a food code was used 
systematically throughout this investigation.  

For each region (North America, South America, Africa, Andaman Islands and 
Oceania), a list was generated of regional foods without exact matches in the 
USDA ND with the nearest food code approximations to ensure systematic food 
code allocation by region.  

2.4.2 Modern post-industrial (MPI) diets 
Relevant literature, on-line databases and government websites were searched 
for averaged national diets and annual food consumption reports including each 
food item, rather than providing macro- and major micro-nutrient profiles. The aim 
was to include culturally diverse diets to from around the world in order to 
consider a similar geographic range as that covered by the HG diets in this study. 
Diets from North America, South America, Europe, Africa, Australia and China 
were included (see Table 2.2).  

Each diet was downloaded and saved as an Excel spreadsheet. Google 
Translate was used where necessary to convert non-English language diets into 
English. Where possible, colleagues who were native language speakers 
checked the accuracy of translations (with special thanks to Dr. David Diez, Dr. 
Marcela Randau, Dr Juan Chacon Duque and Arvid Nybrant).  
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In this thesis, Modern post-industrial (MPI) diets are also referred to as ‘Modern 
diets’, as distinct from modern HG diets. MPI diets required fewer approximations 
in allocating USDA ND food codes because the foods are current and often 
globally available. However, a similar systematic strategy was used to find the 
nearest approximation if no exact food code match was found in the USDA ND. 
First, a close appropriate match was searched for. Branded herbal peppermint 
tea would be approximated with a non-branded herbal peppermint tea or branded 
cereals such as Rice Krispies were approximated with a non-branded puffed rice 
breakfast cereal. Any approximation or replacement food code was noted in a 
separate column next to the USDA ND Description field. This protocol was 
followed for the twenty-one MPI diets in this study.  

Most MPI diets were recorded in metric units, although some food items such as 
spices were given as ‘some’, ‘a dash’, ‘a pinch’ or ‘seasoned with’. In these cases 
a metric conversion approximation was used. All amounts were then converted 
into grams per person per day to permit systematic comparisons across all diets 
in the database. 

The American diet exception 
The general approach to reconstructing diet nutrient profiles followed in this 
thesis is to first identify the specific foods and their quantities that go to make up 
a diet, then to sum nutrient quantities across those foods using the USDA ND. 
However, to create the averaged ‘American diet’, a different approach was 
required. This is because the ARS supplies nutrient data on 64 food components 
(nutrients), not the full 150 components available from the USDA ND, without 
providing the foods used, from which the nutrient profile was constructed. 
However, it was possible to download the data files for foods consumed as 
SAS.exe files from the Food and Nutrient Database for Dietary Studies 2013-
2014 (FNDDS, 2013-14). These files were then converted to RDS files (serialized 
data file in R). To estimate an averaged American diet nutrient profile, I first 
located the FNDDS data on foods consumed for the 16,235 participants 
interviewed (Day 1 n= 8661; Day 2 n= 7574). All recorded foods consumed were 
allocated a FNDDS food code. Despite the ARS directing nutritional research in 
the FNDDS and the USDA ND, these linked organisations do not use the same 
food codes. However, a key was available to translate FNDDS codes into USDA 
ND codes.  

The Day 1 and Day 2 SAS.exe data files were converted into RDS files, read into 
R and parsed to retain the necessary three columns for these analyses (unique 
person identifier number, the FNDDS food code and the amount consumed). All 
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occurrences of breastmilk were dropped from the analyses as no quantity was 
provided. The key used to convert FNDDS to USDA ND codes was read in, and 
checked to ensure all FNDDS codes had a USDA ND equivalent. There were 107 
instances where the conversion key did not have a valid USDA ND food code 
entry. In these instances, I assessed the data and identified an exact or closest 
match food entry. FNDDS codes were replaced with USDA ND the codes with 
the USDA food description from the key or from my assessment. Day 1 and Day 
2 files were merged into one file, and all values in the ‘grams consumed’ column 
were divided by the total number of participants (n=16235) to obtain a grams per 
person per day value for each food item in the diet. For efficiency in later 
analyses, the ~420,000 rows were rationalized by summing values by unique 
USDA codes. The file was then outputted as a .csv for analyses in R. Using this 
method, the .csv file contained 2678 unique USDA codes representing the 
averaged American diet as recorded by the FNDDS. 

Table 2.2 Modern post-industrial (MPI) diets included in this study with data 
references (n=22) 

Modern 
Diet Name 

Number of 
participants 

Diet length 
(days) 

Reference / data 

American 16,235 365 https://www.ars.usda.gov/northeast-
area/beltsville-md-bhnrc/beltsville-human-
nutrition-research-center/food-surveys-
research-group/docs/fndds-download-
databases/ 
(FNDDS, 2013-14) 

Australian 21,527 365 Australian Health Survey: Nutrition First 
Results – Foods and Nutrients, 2011–12 — 
Australia. 
https://www.abs.gov.au/ausstats/abs@.nsf/Loo
kup/4363.0.55.001Chapter6502011-13 
(Australian, 2014) 

Brazilian NA 365 http://www.ibge.gov.br/english/estatistica/popul
acao/condicaodevida/pof/2008_2009_analise_
consumo/defaulttab_pdf_alimentos.shtm 
(Brazilian Diet, 2008-9) 

British ~6,000 365 Defra publication: Quantities of household 
purchases of food and drink in the UK. 
National Statistics. 
familyfood@defra.gsi.gov.uk. Published 
11/12/14. Data source: Living Costs and Food 
Survey 2013 
(British Diet, 2014) 
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Dutch 3,819 1095 Dutch National Food Consumption Survey 
2007-2010 Diet of children and adults aged 7 
to 69 years www.rivm.nl/vcp/ 
(Dutch Diet, 2007-10) 

Finnish NA 

Based on 
food sales 

365 Elintarvikkeiden kulutus henkeä kohti vuonna 
2012 
http://stat.luke.fi/en/balance%20sheet%20for%
20food%20commodities 
(Finnish Diet, 2012) 

French 4,079 365 French Food Safety Agency AFSSA. Dietary 
Survey Unit of Afssa conducted the second 
individual and national food consumption 
survey (INCA 2) between late 2005 and April 
2007. 
https://www.anses.fr/fr/content/synth%C3%A8
se-du-rapport-de-l%E2%80%99%C3%A9tude-
individuelle-nationale-des-consommations-
alimentaires-2-inca 
(French Diet, 2005-7) 

Hong Kong 5,008 365 Hong Kong Food Population-based 
Consumption Survey 2010; Dept of 
Biochemistry (Science), Chinese University of 
Hong Kong. Queensway. Hong Kong. 
https://www.cfs.gov.hk/english/programme/pro
gramme_firm/files/FCS_final_report.pdf 
(Hong Kong, 2010) 

Icelandic 1,312 365 National dietary survey of the Icelandic 
nutrition council 2010-2011. Directorate of 
Health, Icelandic Food and Veterinary 
Authority and Unit for Nutrition Research, 
University of Iceland, 2011. 
https://www.landlaeknir.is/servlet/file/store93/it
em14901/Hva%C3%B0%20bor%C3%B0a%20
%C3%8Dslendingar_april%202012.pdf 
(Icelandic Diet, 2011) 

Irish 1,500 365 IUNA (Irish Universities Nutrition Alliance). 
2011. "National Adult Nutrition Survey 
summary report March 2011".  https://irp-
cdn.multiscreensite.com/46a7ad27/files/upload
ed/The%20National%20Adult%20Nutrition%20
Survey%20Summary%20Report%20March%2
02011.pdf 
(Irish Diet, 2011) 

Norwegian 1,787 365 En landsomfattende kostholdsundersøkelse 
blant menn og kvinner i Norge i alderen 18-70 
år 2010-11. Rapport 06/2000. 



Chapter 2 Methods 

 93 

Helsedirektoratet. Oslo 2012 
https://www.helsedirektoratet.no/rapporter/nork
ost-3-en-landsomfattende-
kostholdsundersokelse-blant-menn-og-kvinner-
i-norge-i-alderen-18-70-ar-2010-
11/Norkost%203%20en%20landsomfattende%
20kostholdsundersokelse%20blant%20menn%
20og%20kvinner%20i%20Norge%20i%20alder
en-18-70%20%C3%A5r%202010-
11.pdf/_/attachment/inline/b7bafaab-6059-
4450-8d76-
c3ed9f3eaf3f:be251cd1153cf1ae8e4c46eeddd
c13b36da3d11d/Norkost%203%20en%20land
somfattende%20kostholdsundersokelse%20bl
ant%20menn%20og%20kvinner%20i%20Norg
e%20i%20alderen-18-
70%20%C3%A5r%202010-11.pdf 
(Norwegian Diet, 2012) 

Nunavik 83 21 days Women of Kangiqsujuaq, Nunavik, May-June 
2002. Two day diet recall 123 participants over 
3 weeks.  http://epub.sub.uni-
hamburg.de/epub/volltexte/2009/1058/pdf/kan
grep04_e.pdf 
(Nunavik Diet, 2004) 

South 
African 

NA 

Averaged 
from 1983-

2005 

365 Report on South African food consumption 
studies undertaken amongst different 
population groups (1983-2000): Average 
intakes of foods most commonly consumed. 
https://www.researchgate.net/publication/4119
3459_National_food_consumption_survey_-
_fortification_baselin_NFCS-FB-I  
(South African Diet, 2005) 

Swedish 1,797 365 Livsmedelsverket (Swedish National Food 
Agency), 2012. "Riksmaten 2010-2011" 
Uppsala: Livsmedelsverket. 
https://www.livsmedelsverket.se/globalassets/p
ublikationsdatabas/rapporter/2011/riksmaten_2
010_20111.pdf?AspxAutoDetectCookieSuppor
t=1 
(Swedish Diet, 2012) 

British 
(2011) 

~6,000 365 https://webarchive.nationalarchives.gov.uk/201
30103031008/http://www.defra.gov.uk/statistic
s/foodfarm/food/familyfood/ 
(British Diet, 2012) 



Chapter 2 Methods 

 94 

British 
(1974) 

NA 

Aim to 
interview 

1500 
households 
per annum 

365 https://webarchive.nationalarchives.gov.uk/201
30103031008/http://www.defra.gov.uk/statistic
s/foodfarm/food/familyfood/ 
https://webarchive.nationalarchives.gov.uk/201
30103024837/http://www.defra.gov.uk/statistic
s/foodfarm/food/familyfood/nationalfoodsurvey/ 
(British Diet, 1975) 

British 
(1965) 

NA 365 http://webarchive.nationalarchives.gov.uk/2013
0103014432/http://www.defra.gov.uk/statistics/
foodfarm/food/familyfood/nationalfoodsurvey/ 
(British Diet, 2003) 

British 
(1955) 

NA 365 http://webarchive.nationalarchives.gov.uk/2013
0103014432/http://www.defra.gov.uk/statistics/
foodfarm/food/familyfood/nationalfoodsurvey/ 
(British Diet, 2003) 

British 
(1953) 

NA 365 http://webarchive.nationalarchives.gov.uk/2013
0103014432/http://www.defra.gov.uk/statistics/
foodfarm/food/familyfood/nationalfoodsurvey/ 
(British Diet, 2003) 

British 
(1950) 

NA 365 http://webarchive.nationalarchives.gov.uk/2013
0103014432/http://www.defra.gov.uk/statistics/
foodfarm/food/familyfood/nationalfoodsurvey/ 
(British Diet, 2003) 

British 
(1945) 

NA 365 http://webarchive.nationalarchives.gov.uk/2013
0103014432/http://www.defra.gov.uk/statistics/
foodfarm/food/familyfood/nationalfoodsurvey/ 
(British Diet, 2003) 

British 
(1942) 

NA 365 http://webarchive.nationalarchives.gov.uk/2013
0103014432/http://www.defra.gov.uk/statistics/
foodfarm/food/familyfood/nationalfoodsurvey/ 
(British Diet, 2003) 

 

2.4.3 Reconstructed diets 
Three diets were reconstructed from archaeological data from a Palaeolithic, 
Neolithic and Bronze Age site (Ohalo II, Çatalhöyük and Tell Brak) (see Table 
2.3). As full diet reconstructions from site data had not been previously attempted, 
I developed a new method presented in detail in Chapter 3. It was possible to 
estimate the nutrient profiles of reconstructed diets from the foods based on 
excavated faunal (avian aquatic and terrestrial) and floral remains, but it was not 
possible estimate the amount in grams per person per day as there was not a 
reliable way to estimate the numbers individuals in the group or an exact number 
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of years of site occupation. Instead, an estimate of the total amount of wet weight 
per food item in the diet was recorded, USDA foods codes were allocated and a 
nutrient profile for the assemblage was estimated. 

Table 2.3 Reconstructed prehistoric diets included in this study (n=3) 
Site Location Period Age 
Ohalo II Israel Palaeolithic ~23,000 ya 

Çatalhöyük (East mound) Turkey Early Neolithic ~9000 7500 ya 

Tell Brak Syria Bronze Age ~6200 – 3600 ya 

 

2.4.4 Clinical diets 
The literature was searched using terms including ‘Mediterranean’, ‘Nordic’ and 
‘Paleo’. The aim was to find clinical trials published in peer reviewed journals that 
investigated the health effects of specific diet. Peer-reviewed studies by 
Lindeberg et al. (2007), Jönsson (Jönsson et al., 2009), Frassetto (Frassetto et 
al., 2009) and Mithril (Mithril et al., 2013) have investigated the health effects of 
eating a diet based on Palaeolithic, Mediterranean and Nordic foods. Mithril et al. 
compared macro- and major micro-nutrient differences between The New Nordic 
Diet, the Nordic Nutrition Recommendations (NNR) and the average Danish diet. 
The diet investigations of Bligh et al. (2015) were also included (see Table 2.4). 
These were experimental diets developed by researchers at Unilever in an 
attempt to replicate inferred features of Palaeolithic diets. Special thanks are due 
to Dr Frankie Bligh and her Unilever colleagues for their generosity in explaining 
clinical diet design, diet experimentation and providing early access to data 
before publication.   

For each clinical diet, an Excel spreadsheet was created recording the foods 
eaten in grams per person per day, and USDA ND codes allocated to each food 
item in the diets. Because these diets are modern, the allocation of USDA ND 
codes was straightforward and few or no approximations were needed to 
complete the coding of the data. The foods and amounts were published in the 
clinical trials, and no estimations or conversions were necessary. 
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Table 2.4 Clinical diets included in this study (n=6) 
Clinical trial Length of 

study 
Number of 

participants 
Reference 

Bligh Pal1 1 meal 17 (Bligh et al., 2015) 
Bligh Pal2 1 meal 19 (Bligh et al., 2015) 
Lindeberg Paleo 12 weeks 14 (Jönsson et al., 2009) 
Lindeberg Mediterranean 12 weeks 15 (Lindeberg et al., 2007) 
Frassetto Paleo 10 days 9 (Frassetto et al., 2009) 
Mithril Nordic NA NA (Mithril et al., 2013) 

 

2.4.5 Fad diets 
A literature search was performed with diet terms including ‘Paleo’, ‘Palaeo’ and 
‘Stone age’, ‘caveman’ and ‘fad’. Google Analytics was also consulted to discover 
popular diet search terms such as ‘Atkins’, ‘Keto’, ‘vegetarian’ and ‘vegan’. The 
aim was to find popular and fad diets with sufficient compositional detail for 
nutrient analysis (See Table 2.5). As most diets in this category were published 
as menus (daily, weekly or monthly), these menus were used to construct the diet 
in a grams per person per day format for each food item. 

The Paleo Dietâ website and book provide no amounts or serving sizes for the 
recommended recipes (Cordain, 2020). However, the book recommends that 
adults should eat approximately 2200 calories per day and this was used as a 
daily guideline in constructing the diet. The diet consists of three levels of recipes, 
each of 2 weeks’ duration:  

• Level I was designed to ease participants into the diet and adjust to the 
loss of familiar foods such as many cereals and grains. According to the 
author this level conferred no health benefits. 

• Level II was designed for increased health and weight loss. 
• Level III was designed for the ‘seasoned Paleo dieter’.  

 

Level I recipes were excluded while Level II and III recipes were used to 
reconstruct ‘The Paleo Dietâ’ for analysis in this thesis. Recipes were converted 
from Imperial into metric measures and kept in files according to each day of the 
prescribed diet, in order to scale the total amount on food consumed each day to 
2200 calories. Some precision may have been lost in this scaling as no author 
recommendations were made regarding amounts to consume. These ‘per day’ 
files were used to compile a master list of all ingredients consumed over four 
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weeks (two weeks of Level II and two weeks of Level III). Each food item was 
allocated the appropriate USDA ND code, with most food components having a 
direct USDA ND food code equivalent. However, approximations and equivalent 
foods codes were sought for some of the herbs and spices in the recipes. The 
inclusion of foods in the USDA ND are informed by availability in major US 
supermarkets and frequently consumed foods recorded in food surveys. 

The Paleo Dietâ is a registered trademark and protected under UK Trade Marks 
Act. In analyses, all registered trademarks are acknowledged using the ‘â’ 
symbol where possible. However, the symbol is not compatible with RStudio. 
Registered trademarked diets are noted with a ‘TM’ in analyses and graphs 
wherever the correct â cannot be used to denote a protected status of the diet 
name.  

In the Stone Age Sage diet was a 21-day diet freely available from a link on the 
Paleo Dietâ website (Stone Age Sage, 2013). This diet is no longer available as 
in 2014 the website became a paid subscription-only service for members, and 
in 2015 the Stone Age Sage diet was removed entirely. The diet was given as a 
three-week recipe calendar with three meals per day plus snacks. Using the 
recipe and serving size information (recipes supplied for four persons) the 
amount in the recipe was scaled to one serving, converted from Imperial to metric 
measures, and then all amounts from each meal and snack added to comprise 
one complete list of all food items from the meals and snacks. Each food item in 
this complete list was then allocated the appropriate USDA ND code. Again, 
because this diet is modern and designed primarily in the United States, the 
allocation of USDA ND codes required few approximations or finding a nearest 
equivalent food code.   

The Atkins Diet was constructed from information published on The Atkins 
Nutritional Approachâ website using the Atkins 100ä  plan for sustained weight 
maintenance (Atkins Diet, 2019). The Atkins 20â and Atkins 40â diets for weight 
loss were excluded from these analyses. A 14-day Atkins 100â Net Carb meal-
plan was used to estimate The Atkins Diet, and required a few approximations 
and substitutions of food codes in the USDA ND.   

The Ketogenic Diet was constructed using The Atkins Nutritional Approachä 7-
day Keto Diet Plan (Keto, 2019). Meal recipes listing ingredients and quantities 
were used to construct a seven-day diet.   
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An average vegetarian diet was constructed from recipes published on the Mayo 
Clinic website and The Mayo Clinic Diet (Hensrud, 2018). A fourteen-day diet was 
constructed using recipes chosen at random from the website (Vegetarian Diet, 
2020). 

Table 2.5 Fad diets analysed in this study (n=5) 

Diet Length Constructed 
From 

Reference 

The Paleo Dietâ 4 weeks menus https://thepaleodiet.com/ 
(Cordain, 2010, Cordain, 2020) 

The Stone Age Sage 3 weeks menus (Stone Age Sage, 2013) 

The Atkins Dietâ 14 day menus Atkins Nutritionals. 2019. The 
Atkins 20, 40 & 100 Low-Carb Diet 
Plans 
https://www.atkins.com/pages/meal
-plans 
(Atkins Diet, 2019) 

Ketogenic 7 day menus https://www.atkins.com/how-it-
works/library/articles/7-day-keto-
meal-plan 
(Keto, 2019) 

Vegetarian 14 days menus Mayo Foundation for Medical 
Education and Research (MFMER)  
https://www.mayoclinic.org/healthy-
lifestyle/recipes/meatless-
recipes/rcs-20077207  
(Vegetarian Diet, 2020) 

 

2.4.6 Milk 
The USDA ND provides nutrient data on a variety of animal milks, including cow, 
human, goat, sheep and buffalo, which I used in the following analyses. Milk 
substitutes such as soy, almond and coconut drinks were excluded from analyses 
as these are not milks but vegetable-based fluids. However, the differences in 
nutrient profiles of three plant milk substitutes and five animal milks are provided 
in Chapter 4.  

2.4.7 Fast food diets 
The USDA ND contains nutrient information on many food items available from 
branded fast food chains including McDonald's, KFC, Pizza Hut, Subway, 
Domino’s, Burger King, Wendy's, Taco Bell, Little Caesar's and Popeyes. To 
include a representative group of fast food diets in the analyses, I ranked the 
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restaurants with nutrient information in the USDA ND by global sales data as 
determined by the US Securities and Exchange Commission (US SEC) tax 
reporting form 10-K and other financial reports. I decided to include the diets of 
the five best-selling fast food chains. The top five restaurants ranked by global 
sales revenue reported to the US Internal Revenue Service in 2017 were 
McDonald's, Subway, Domino’s, KFC and Taco Bell. Many restaurants are 
franchisee-owned outlets and franchisee sales are not reflected in the figures 
given here (see Table 2.6). Fast food companies do not publish diets based on 
their menus nor do they release sales data for individual food items on their 
menus. In order to avoid personal biases based on my choices, I created a diet 
for each fast food chain by identifying the top ten best-selling food items.  

Table 2.6 Fast Food restaurants ranked by global sales revenues based on US 
SEC Form 10-K 

Fast Food 
Chain 

Global Revenue 2017 
USD in Millions 

McDonald’s $22,820.00 
Subway $16,762.00 
Domino's $12,252.10 
KFC $3,110.00 
Taco Bell $1,880.00 
Wendy's $1,223.40 
Burger King $1,219.20 
Pizza Hut $893.00 
Little Caesars $356.50 
Popeye $202.30 

 

2.5 Preparing diet data for analyses 

2.5.1 Creating diet files 
For each diet, an Excel file was created and converted into a Comma Separated 
Value (.csv) file for data import in to R. The .csv file was parsed to five columns 
to include the diet name, each food item name, the quantity consumed in grams 
per person per day, the USDA ND food code and USDA food Description. Each 
csv file was then cleaned to remove any keystrokes or symbols incompatible with 
running analyses in R.  
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2.5.2 Development of R code for nutrient work 
Tabulating nutrient profiles for each diet was done by developing a script in R. 
The script reads in each diet file. Within each diet file, each food item is sorted by 
USDA ND (SR28) food code. The script then retrieves up to 149 nutrient values 
for each food code from the USDA ND held as a .tsv file. This results in a table 
with diets in rows and nutrient quantities (per person per day) in columns. The 
pipeline took several months to develop, test and debug. I am grateful to the 
generous help I received from Dr Pascale Gerbault in generating and testing the 
R script. 

2.5.3 Nutrient pipeline in Pseudocode 
Below is an outline of the above data processing pipeline in pseudocode to 
provide an informal, high-level description of the function and logic of my script 
tabulating the nutrient profiles in R. Notes appear in italics and code actions in 
Monaco typeface (the default font in R).  

This R script generates a Diet Table of all diets with tabulated 
summed nutrient values for each nutrient and outputs the data as 
a csv file.  
Ensure the following files are in the working directory folder: 
 1.Each diet file to be analysed in .csv format 

2.The downloaded USDA ND file in .tsv format (USDA.tsv) 
3.The units file with each nutrient and its unit (gram, 
milligram, microgram) as reported in the USDA ND in .txt 
format to perform nutrient unit standardisation into grams 

1. Read in the USDA.tsv file 
2. Remove Energy in KJ Leaving Energy in kcal only. There are 2 

entries for energy and the following analyses are carried 
out in kcals 

3. Print out a list of all diet files to check all desired files 
have been read in correctly 

4. Check all USDA ND food codes used in diet files are also in 
the USDA.tsv file 

5. Create an empty Nutrient Table to be populated with nutrient 
information on all diets, with diets in rows and nutrients 
in columns 

6. For each diet, create an empty table 
a. Loop through each food code, scaled by the amount 

consumed, summing nutrient values through each 
iteration taking into account all nutrient values in 
the USDA are reported for 100g of food 
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b. Place the summed total diet nutrient values in the 
Nutrient Table 

c. Move onto the next diet and repeat these tabulation 
steps until all diets have been tabulated in the 
Nutrient Table 

7. Standardise nutrient units in the Nutrient Table to grams 
using the units.txt file 

a. The USDA reports nutrients in a variety of units 
including g, mg, mcg, IUD, IUA, kj and kcal 

b. Use this formula to convert grams to grams [*1] 
c. Use this formula to convert milligrams to grams 

[*0.001] 
d. Use this formula to convert micrograms to grams 

[*0.000001] 
e. Use this formula to convert IUD to grams [*0.025*10^(-

6)] only for Vitamin D IUD 
f. Use this formula to convert IUA to grams [*0.3*10^(-

6)] only for Vitamin A IUA 
8. Output the fully populated Nutrient Table for all diets in 

rows and with standardised units in grams for 148 nutrients 
and energy in kcal as a .csv file for further analyses 

End script 
 

2.6 Identifying nutrients of interest 

Having tabulated information on up to 149 food nutrients, the next step was to 
limit the number of nutrients assessed in my analyses. I needed to choose 
nutrients of interest while excluding overlapping nutrients (using Vitamin D2+D3 
and not Vitamin D2 and Vitamin D3 as well as the combine measure), partial 
nutrients (such as Vitamin E Added which was already accounted for within 
Vitamin E) and nutrients measured in superseded units such as Vitamin A 
recorded in International Units (IU) where retinol activity equivalents (RAE) is now 
the preferred unit. I compiled a list of 39 nutrients for my analyses which, if they 
each had full nutrient data, would be used in my investigations (see Table 2.7). 
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Table 2.7 The 39 nutrients of interest to investigate 
Protein  Vitamin A, RAE 
Total lipid (fat)  Vitamin B-6  
Carbohydrate, by difference  Vitamin B-12 
Calcium, Ca Pantothenic acid 
Choline, total  Thiamin  
Copper, Cu Riboflavin  
Fluoride, F Niacin  
Iron, Fe Vitamin C, total ascorbic acid 
Magnesium, Mg Vitamin D (D2 + D3) 
Manganese, Mn Vitamin E (alpha-tocopherol) 
Phosphorus, P  Vitamin K (phylloquinone) 
Potassium, K  Alcohol, ethyl  
Selenium, Se Caffeine  
Sodium, Na Theobromine  
Zinc, Zn Starch  
Betaine Phytosterols  
Folate, total Cholesterol 
Sugars, total Fiber, total dietary 
Ash Energy (kcal) 
Water  

 

2.7 Missing Data in the USDA ND 

2.7.1 Discovery and evaluation of missing data 
The USDA ND (SR 28) has 8,789 unique food entries, each with a nutrient profile 
for up to 149 macro- and major micro-nutrient values. However, not all foods in 
the USDA ND are analysed to the same level of nutrient coverage. For example, 
some food entries do not include fatty acid or amino acid information whereas 
other entries provide values for all 149 nutrients. The scale of the problem was 
not immediately obvious because each food code provides the number of 
reported nutrients but does not show which nutrients were omitted.  

The R script pipeline to tabulate nutrient values by diet only reported an overall 
nutrient not available (NA) value if all food codes in a diet report no value. If one 
or more food codes reported a value, that sum was reported as the overall 
nutrient value, effectively ignoring the number of NAs for each nutrient. This 
posed a significant problem for downstream analyses since missing nutrient 
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information is treated as nutrient absence; in essence, absence of evidence was 
being treated as evidence of absence.  

2.7.2 Quantifying the extent of NAs 
The first step to deal with the above problem was to quantify the extent and 
distribution of NAs for all food codes across the 149 nutrients (see Figure 2.2). 
This revealed that only four nutrients (Protein, Lipids, Carbohydrate by difference 
and Energy) had values reported for all 8979 food codes. Over one-third of the 
nutrient entries were missing for the majority of food codes.  

Some nutrients were reported in several different ways. For example, Vitamin D 
could be reported as D2 only, D3 only, and/or D2+D3, each with a unique nutrient 
code. Other nutrients were reported in different units, such as in Vitamin A 
recorded in IU, and RAE, as well as in its constituent parts including Retinol, 
Carotene beta and Carotene alpha, again each with a unique nutrient code. In 
addition to considering the extent of NAs per food code, it was also necessary to 
consider whether the nutrient was complete or a partial component of a nutrient.   

 
Figure 2.2 The distribution of NA counts for the 149 nutrients recorded in the UDSA 
across the 8789 food codes showing the skew of many nutrients missing data (Plotly, 
2015).  
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2.8 Missing data in food codes used in diet analyses 

2.8.1 Quantify NAs in food entries allocated in my diet analyses 
The next step was to assess the extent to which NAs appeared in the food codes 
used only in my diet analyses (my USDA codes) compared with the overall 
distribution of NAs in the USDA ND across these 39 nutrients (see Figures 2.3 
and 2.4). When I chose the USDA codes for each diet, I had done so without 
being aware that the USDA ND held varying amounts of nutrient data per food 
code. My USDA codes were initially assigned because they were an exact match 
or close approximation for the food in the diet. In total, I used 3086 unique food 
codes in my initial analyses, which is approximately one-third of the codes 
available in the USDA ND. I then compared my USDA codes with the overall 
pattern of NAs in the USDA ND. Whereas an average of 2094 NAs were recorded 
in these 39 nutrients across all 8789 food codes (shown in blue below), only 388 
NAs on average appeared in the codes used on my analyses (shown in orange).  

 
Figure 2.3 Distribution of NAs in the whole USDA ND (in blue) versus the NAs in the food 
codes used in my analyses (in orange) before NA optimisation (Plotly, 2015). 
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Figure 2.4 Zoomed in distribution of NAs in foods codes used in my analyses (Plotly, 
2015). 

It was fortuitous that the number of NAs in my USDA codes were lower than the 
overall average of the USDA ND – fortuitous in that these were assigned before 
the extent of NAs was quantified. However, although this problem was smaller 
than the overall NA problem in the USDA ND, both in absolute values per nutrient 
and as a proportion as NAs per nutrient, ultimately my dataset could not have 
any missing data.  

2.8.2 Systematic Elimination of NAs in my analyses 
On closer inspection of the distribution of NAs across the nutrients generated 
from my diets, some patterns emerged that would help formulate a systematic 
approach to eliminating the NAs within the food codes used in my diet analyses. 
Within my target list of 39 nutrients, NAs were heavily concentrated in a few 
nutrients: Phytosterols, Fluoride, Starch, Betaine, Pantothenic Acid and 
Manganese. Furthermore, patterns also emerged when visualising the 
distribution of NAs in my 3086 USDA codes (see Figure 2.5) 
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Figure 2.5. Bar chart of NAs in the 3086 USDA ND food codes used in my analyses 
showing the uneven distribution of NAs. A few food codes have high numbers of NAs 
while the majority of foods codes have fewer than 6 NAs. This file is also available as an 
interactive in html format (Plotly, 2015). 

The systematic approach used to reduce NAs is summarised below. 

1. Quantify the NA problem by Nutrient (39 nutrients of interest) 
2. Drop Nutrients where NAs are highly-prevalent (top 4 nutrients: 

Phytosterols, Fluoride, Starch, Betaine) 
3. Re-quantify NA problem by USDA ND food code (3086 unique food 

codes used in my diet analyses) 
4. Reassign USDA ND food code equivalents with fewer NAs (top ~300 

USDA ND food codes in my analyses) 
5. Re-quantify the remaining NAs and drop further Nutrients (2 further 

nutrients dropped: Pantothenic Acid and Manganese) 
6. To remove all remaining NAs, calculate nutrient averages across 

similar foods 
7. Create a new file, USDANoNA.tsv, replacing NAs with nutrient 

averages 
8. Re-run diet nutrient analyses with full nutrient data in this file 

2.8.3 Quantifying the problem 
Overall, in the proposed 39 nutrients of interest, there were ~76,000 NAs in the 
USDA ND and ~14,000 NAs my codes. 
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2.8.4 Dropping nutrients 
The top four nutrients with the highest NA totals were immediately dropped from 
my analyses, removing ~10,000 NAs:  

Nutrient NA Count % NA in Nutrient 
Phytosterols  2788   87%  
Fluoride 2679   87% 
Starch  2510   81% 
Betaine 2175   70%  

2.8.5 Reassigning USDA ND food codes with fewer NAs 
For the remaining ~4,000 NAs (covering the remaining 35 nutrients), a 
spreadsheet was recreated for the food codes with NAs in my diets, ranked from 
highest to lowest occurrences of NAs. If more than one alternative code was 
available, the code and its NA count were noted. Choices and compromises were 
made such as reassigning ‘Duck, scoter’ to ‘Duck, domesticated’. While the 
‘Duck, wild’ was a better approximation, this entry had 11 NAs whereas the 
domesticated duck only had three. Domesticated duck has higher lipid content 
than wild duck (~39g versus ~15g), the other nutrient vales were broadly similar. 
The decision was taken to systematically replace wild with domesticated varieties 
when there were fewer NAs in the domesticated entry (see Figure 2.6 for USDA 
code reassignment work). All diets were then searched by USDA food code and 
replaced.  

The top ~300 USDA food codes ranked for NAs were reassigned replacement 
food codes. Based on distribution of NAs in the food codes, a cut-off threshold of 
6 NAs was used (see Figure 2.5). USDA food codes with NA totals ranging from 
32 – 7 per food code were replaced. This work entailed substituting over 300 
USDA food codes appearing a total of 725 times across the 52 diets with 
equivalent foods with complete nutrient information. When this work was 
undertaken, there were 52 diets in the study to which more were added later. Any 
diets added at later dates, such as the Dutch diet, Atkinsâ, Keto, Vegetarian and 
Fast Food diets, were also checked for NAs and optimised to reduce them. All 
changes were recorded in a master list of all USDA food code replacements. After 
the manual reassignment of ~300 food codes, each diet .csv file was updated 
with the substituted codes. 

However, to complete this NA removal work for the remaining USDA ND food 
codes with NA sums ranging from 6 to 1 was impractical with no way to automate 
the decision-making process. Manual NA removal would necessitate reassigning 
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more than 2,000 codes with small gains in NA reduction. A further strategy was 
required to create a full nutrient dataset free of NAs.  

 
Figure 2.6 Excerpt from data files in Excel showing total NA count for individual USDA 
food codes before optimisation (Column C) and NA count in replacement codes (Column 
F). 

2.8.6 Removing four further nutrients 
Having reduced the target number of nutrients considered to 35 and reassigning 
USDA food codes with fewer NAs, some ~1,200 NAs persisted in the data. By 
dropping Pantothenic Acid (19% NAs) and Manganese (18% NAs), the NA count 
in my USDA codes was reduced to 186 for 33 nutrients. Water was also excluded, 
not due to NAs but because it was not systematically measured in the USDA ND. 
Ash was dropped because it is the residue leftover after burning and was not of 
interest. These nutrient removals resulted in 31 remaining nutrients of interest 
(including energy in kcal).  

2.8.7 Removing All Remaining NAs 
To remove the remaining 186 NAs, which appear across sixteen nutrients, 
approximate values for those nutrient amounts were created from averaging 
values in similar entries in the USDA ND for each nutrient NA. Average estimates 
were made for each nutrient by searching the USDA for closely related foods in 
the database with reported values for these nutrients. For example, for each of 
the 47 NAs for Choline, nutrient averages were created using 2 – 43 entries in 
the USDA ND. While an NA was reported for Choline in ‘reduced fat chocolate 
milk’, there were six other entries for ‘chocolate milk’ reporting Choline values 



Chapter 2 Methods 

 109 

from which an average value was calculated. Similarly, no Choline value was 
reported for ‘raw roasting chicken, light meat only’, but 41 Choline values were 
found for ‘raw and cooked roasting chicken from breast and light meats’ from 
which an average was calculated. In Table 2.8, the full list of sixteen nutrients 
requiring average estimates to eliminate NAs is reported as well as the list of 
fourteen nutrients which required no NA removal.  

Table 2.8 The 31 nutrients with full nutrient data after NA removal 
Nutrients requiring NA removal using 

average values 
Number of NAs for which 

averages were created 
Choline 47 
Vitamin D (D2 + D3) 41 
Vitamin K 20 
Vitamin E 16 
Sugars total  14 
Caffeine 11 
Theobromine 11 
Alcohol 8 
Selenium  6 
Folate total 4 
Vitamin A RAE 2 
Fiber total dietary 2 
Vitamin B12 1 
Magnesium 1 
Vitamin C   1 
Riboflavin 1 
Nutrients with full nutrient data  
(No NA removal required) 

 

Protein 0 
Total lipid fat  0 
Carbohydrate by difference 0 
Calcium 0 
Iron Fe 0 
Phosphorus P  0 
Potassium K  0 
Sodium Na  0 
Zinc Zn  0 
Copper Cu  0 
Thiamin 0 
Niacin 0 
Vitamin B 6  0 
Cholesterol 0 
Energy 0 
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2.8.8 Creating the reference USDA file with no NAs 
The 186 average nutrient values estimated in section 2.8.7 were used to create 
an updated lookup nutrient data file, USDANoNA.tsv. This was an updated copy 
of USDA.tsv, substituting the average nutrient values from equivalent food 
sources for the remaining 186 NAs. Diet analyses performed using this updated 
lookup nutrient data file have no NAs for any of these 31 target nutrients in the 
~3000 USDA food codes used in my diet analyses. A master copy of the 
unaltered USDA.tsv was kept for other analyses for which NAs would be 
tolerated.  

2.8.9 Special Considerations for NAs in Fast Food Diets 
Five Fast Food diets were added after NA removal had been completed. In the 
diets constructed for McDonald's, Subway, Domino’s, KFC and Taco Bell, there 
were a total of 41 unique USDA food codes that had not been previously 
evaluated for NAs. The intention of these analyses was to look at the nutrients 
specifically in foods from these restaurant chains, so to use substitution, for 
example using ‘Wendy’s hamburger’ with full nutrient values to represent a 
‘McDonald’s hamburger’ with missing values, would render the nutrient analyses 
of the McDonald’s diet unrepresentative. Figure 2.7 illustrates the extent and 
distribution of NAs in the fast food diets considered here.  

 
Figure 2.7 Distribution of NA counts in the Fast Food diets. Given the concentration of 
NAs, a different strategy to analyse these diets is required (Plotly, 2015). 
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In the 41 USDA ND food codes used in Fast Food diet analyses, Alcohol, Caffeine 
and Theobromine lacked data for all. There were an appreciable number of NAs 
for Vitamin D, Choline, Vitamin K and Folate, and too few or no similar foods from 
the same fast food outlet with nutrient values reported in the USDA ND to make 
an average estimate of the nutrient value. However, in the remaining 14 nutrients, 
there were sufficient data from equivalent food sources to make average nutrient 
estimations and update these values in the USDANoNA.tsv. Without making 
these equivalent food source nutrient averages, the Fast Food diet comparisons 
would have been limited to only nine nutrients: Protein, Lipids, Carbohydrate, 
Calcium, Iron, Sodium, Thiamin, Riboflavin and Niacin, whereas the other diets 
had full nutrient information for 30 nutrients. In the Fast Food diets, it was decided 
that four nutrients would be ‘silenced’ in future analyses (see Chapter for 4 on the 
use of a Procrustes partial projection method), and average nutrient values based 
on equivalent food sources were estimated for 14 nutrients. This permitted some 
downstream analyses of Fast Food diets considering 23 nutrients (dropping 
Alcohol, Caffeine and Theobromine and, for these Fast Food diets only, Vitamin 
D, Choline, Vitamin K and Folate would not be considered; see Table 2.9).  

2.8.10 Summary of NA removal work 
After close examination of the USDA ND, it was possible to devise strategies to 
eliminate NAs from most of the foods / diets considered, but not completely from 
the fast foods. This was an unanticipated problem which had to be resolved 
before I could proceed to data analysis. In total, 2888 unique USDA ND food 
codes (after NA purging) were used in my analyses, as described mainly in 
Chapter 4. The full dataset totals 68 diets (MPI n=22, HG n=20, Reconstructed 
n=3, Clinical n=6, Fad n=5, Milk n=8 and Fast Food diets n=5) with full nutrient 
data for 31 nutrients for all but the Fast Food diets, which included full data for 23 
nutrients (see Table 2.9).  
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Table 2.9 Summary of NA removal from data 
Nutrient Number of 

NAs 
Strategy to Eliminate NAs 

Alcohol   41  
Dropped from all analyses Caffeine 41 

Theobromine  41 
Vitamin D 39  

Excluded from Fast Food diets 
analyses  

Choline 39 
Vitamin K 25 
Folate  18 
Vitamin A 19  

 
 
 
 
Averaged values created from 
similar foods  

Vitamin E 12 
Selenium 8 
Vitamin C 7 
Vitamin B6 7 
Vitamin B12 6 
Cholesterol 4 
Fibre 3 
Total Sugars 2 
Magnesium 2 
Phosphorus  2 
Potassium 2 
Zinc 2 
Copper 2 
Protein 0  

 
 
 
No action required 

Total lipid fat 0 
Carbohydrate by difference 0 
Calcium 0 
Iron 0 
Sodium 0 
Vitamin B1 Thiamin 0 
Vitamin B2 Riboflavin 0 
Vitamin B3 Niacin 0 
Energy (kcal) 0 
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2.9 Discussion 

The creation of this unique dataset, while arduous and frustrating at times, 
remains a work in progress and can be updated over time. I have created an 
innovative dataset together with the tools to investigate differences within and 
between diets at the individual nutrient level. To my knowledge, this has not been 
done before and I have overcome both anticipated and unanticipated problems. 
In future work, newer versions of the USDA ND may provide more complete 
nutrient information, reducing the amount of hand-curation required, particularly 
that related to dealing with NAs. There were several key and/or interesting 
nutrients which lacked sufficient data to be used in my analyses, such as 
phytosterols, pantothenic acid, betaine, manganese and fluoride. Some foods 
contained full nutrient data down to the amino acid or fatty acid level, but there 
was insufficient data across foods to use this information. This offers an 
opportunity for additional studies when this data is available in the USDA ND. 
Regional and ethnic foods databases offered help when no equivalent could be 
found in the USDA ND as the scope of this database is limited to North American 
foods, although that does include native and foraged foods.  

As new ethnographic studies recording the diets of different HG groups are 
published, including these in the dataset would increase the geographic diversity 
of HG diets and reflect a broader range of ecologies included. Due to my own 
language biases, I concentrated on diets published in English. Foreign language 
diets were included where a native speaker was working with me. The HG diets 
from India, China and Japan were omitted due to my language constraints, 
offering a considerable opportunity for future collaborators with language skills to 
augment these data.  

2.10 Summary  

By allocating nutrient codes from the USDA ND to individual foods in diets, 
nutrient profiles were constructed for each diet. The USDA ND required curation 
to identify and find alternatives for missing data, resulting in a large dataset which 
can be extended in future to include new diets and nutrients. Using this dataset, 
it is possible to test multiple hypotheses about differences in the nutrient 
compositions of modern HG and post-industrial diets at the individual nutrient 
level. To set these data in a prehistoric context, and to better examine dietary 
change through time at the nutrient level, I also inferred the nutrient profiles of 
past diets using archaeological data where sufficient material was present to 
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make this possible. This reconstruction of prehistoric diets is explained in the next 
chapter. 
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Chapter 3 Reconstructed Diets: Ohalo II, Çatalhöyük and Tell 
Brak  

3.1 Overview 

In this chapter I describe the development of original methods to infer diets using 
archaeobotanical and faunal site data from a Palaeolithic, a Neolithic and a 
Bronze Age site. While missing data continues to pose a challenge to this 
approach and other diet investigations, this work affords the opportunity to 
consider, to a first order of approximation, ancestral diets at the individual nutrient 
level. I achieve this by using data from the archaeological sites of Ohalo II, 
Çatalhöyük, and Tell Brak, to inform what on was consumed in different food 
categories (animal or plant), and using spatial-temporal climate estimations, to 
estimate how much of each category was consumed, and the uncertainty of that 
estimate. To my knowledge this is the first prehistoric whole-diet reconstruction 
grounded in human behavioural ecology using the faunal, plant and fish 
assemblages from one site, bringing together archaeobotanical and 
archaeological data in a new framework. It provides a method for a nutrient-
centred understanding of how human diets have changed through time, providing 
an essential base line from which to assess how different modern diets compare 
with ancestral diets. 

3.2 Background 

There have been many attempts to estimate the makeup of prehistoric diets in 
the literature (Bocherens et al., 2001, Hardy et al., 2016, Dobrovolskaya, 2005, 
Craig et al., 2010, Schoeninger, 2010, Morin et al., 2016, Makarewicz and Sealy, 
2015, Ungar, 2012). Many of these studies have made use of new technologies 
including stable isotope data (Fernandes et al., 2014, Schoeninger, 2010, 
Froehle et al., 2012), bone collagen (Lee-Thorp et al., 1989, Ambrose and 
Krigbaum, 2003) and other proteomic studies (Hendy et al., 2018), potsherd 
residue analyses (Solazzo et al., 2008, Evershed et al., 1992, Salque et al., 2013, 
Dunne et al., 2012), charcoal records (Kunikita et al., 2017), pollen and phytolith 
studies (Oeggl et al., 2007, Schwarcz and Schoeninger, 2012, Dunseth et al., 
2019, Reinhard et al., 2006), coprolite analyses (McDonough, 2019, Beck et al., 
2019, Phillips and McGrew, 2014), dental microwear patterns (Xia et al., 2015) 
and dental calculus analyses (Warinner et al., 2014). Estimates of diet 
compositions are mostly qualitative, providing evidence of the presence or 
absence of certain foods or food groups in the diets (Fraser et al., 2013, Hardy 
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et al., 2017, Hardy et al., 2012, Froehle et al., 2012, García-Collado et al., 2019, 
Fontanals‐Coll et al., 2017). However, due to perceived limitations of the data 
and assumptions that there were insufficient archaeobotanical data from which 
to reconstruct diets, there has been no systematic attempt to quantify a 
Palaeolithic diet by estimating the proportion of foods consumed based on 
archaeological and archaeobotanical records.  

One research aim described in this thesis is to better understand human dietary 
change at the broad evolutionary scale, and at the nutrient level. While to some 
extent modern hunter-gatherer diets might be appropriate proxies for Palaeolithic 
diets, any study of dietary change at this temporal scale should ideally include 
prehistoric diets. Unfortunately, while faunal remains indicating meat 
consumption often preserve well, archaeobotanical remains usually preserve 
poorly (Colledge and Conolly, 2014, Valamoti et al., 2019). Furthermore, there 
are challenges in estimating the overall proportion of animal foods to plant foods 
consumed for a particular archaeological site (Stewart and Stahl, 1977, O'Connell 
et al., 1988a, O'Connell et al., 1988b). This may in part explain why the methods 
and analyses presented in this thesis have not been attempted previously. 
Therefore, my first task was to identify archaeological sites with sufficient 
preservation of the remains of plant foods consumed to permit some estimation 
of the overall dietary components and their proportions.  

From an extensive literature search, and consultation with archaeologist 
colleagues (in particular, my second supervisor, Professor Dorian Fuller), I 
identified three well-preserved sites for further study (see Figure 3.1 and Table 
3.1): 

• Ohalo II: An Upper Palaeolithic ~23,000 ya site located on the southern 
shore of Lake Kinneret (Sea of Galilee) in Israel where the Jordan River 
flows southward from the lake towards the Dead Sea (Belitzky, 2002). With 
evidence of dwellings, food storage huts, grinding stones and fishing nets, 
Ohalo II was occupied year-round and abandoned ~23,000 ya when the 
site flooded (Nadel, 2002). 

• Çatalhöyük (East Mound): An early Neolithic site ~9,000-7,500 ya where 
a large proto-urban settlement thrived on a mound above the flood plains 
of the Çarşamba River in Southwest Turkey. It takes its name from its 
location (çatal meaning fork and höyük meaning mound in Turkish). This 
UNESCO site has been described as ‘the most significant human 
settlement documenting early settled agricultural life’ (Belmonte, 2019), 
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providing evidence of early farming practices and livestock rearing 
(Cessford and Carter, 2005) in Anatolia. The preservation of extensive 
archaeobotanical remains is attributed to the region’s hot, dry climate.  

• Tell Brak: A Bronze Age settlement from ~6,200-3,600 ya at a strategic 
intersection of trade routes forming a hub for sophisticated exchange 
networks trading metal goods, pottery, grains, wool and textiles (Oates, 
2005). Sheep and goats were reared for wool and meat, but cattle were 
not intensively relied upon for meat or milk (Jaques et al., 2003). The site 
was abandoned ~3,200 years ago and left largely undisturbed, providing 
excellent preservation of archaeobotanical remains together with 
extensive faunal remains.  

Table 3.1 Summary table of archaeological sites for diet reconstruction  
Site Present-day  

Location 
Period Age 

Ohalo II Israel Upper Palaeolithic ~23,000 ya 
Çatalhöyük (East Mound) Turkey Early Neolithic ~9000  – 7500 ya 
Tell Brak Syria Bronze Age ~6200 – 3600 ya 

 

 
Figure 3.1 Map of Palaeolithic and Early Neolithic sites (adapted from Boyd, 2018) by 
adding Tell Brak and green underscoring noting sites discussed in this chapter. 
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3.3 Ohalo II 

3.3.1 Introduction 
The Ohalo II site belongs to a period known as the Upper Palaeolithic (UP). The 
transition to the UP – often referred to as the origins of modern human behaviour 
–   occurred around 45,000 ya outside Africa, although many of its features were 
present in Africa around 70,000 ya, and possibly earlier (Stringer, 2002, 
Henshilwood et al., 2003, Foley and Lahr, 2003, Bar-Yosef Mayer, 2002, 
Ambrose, 1998). This transition saw a substantial increase in technological and 
cultural complexity, including the first consistent presence of abstract and realistic 
art, and body decoration; systematically produced microlithic stone tools; bone, 
antler, and ivory artefacts; grinding and pounding stone tools used in food 
processing; improved hunting and trapping technologies; increased long-
distance transfer of raw materials; and musical instruments (Powell et al., 2009, 
d'Errico et al., 2003, McBrearty and Brooks, 2000, Stringer, 2002, Ambrose, 
1998, Sullivan et al., 2017). This transition is mostly associated with Homo 
sapiens, although it has been argued that Neanderthals also show some of these 
signs of behavioural modernity and may have been on the own trajectory towards 
fully modern human behaviour (Zilhão, 2007, Zilhao, 2012, Turk et al., 2018, 
Appenzeller, 2013, Langley et al., 2008, Roberts and Stewart, 2018). While 
subsistence during this period remained firmly based on hunting and gathering, 
new hunting and food processing technologies are likely to have influenced 
dietary composition. Typically, diets appear to have been comprised of wild 
grains, fruits, seeds and roots as well as hunted meats and aquatic resources, 
although quantitative studies of the relative proportions of these components has 
been little studied (Teaford and Ungar, 2000, Ungar et al., 2006, Crittenden and 
Schnorr, 2017).  

My challenge was to find an archaeological site with sufficient plant and animal 
records from which to begin the reconstruction work. Biases in the archaeological 
record are commonplace, but many of these constraints can be overcome by 
having an understanding these biases, and employing multidisciplinary 
approaches to address them (Wobst, 1978). It has long been acknowledged by 
archaeologists that there are biases in archaeological data due to the different 
taphonomic processes affecting plant and animal remains (Gilbert and Mielke, 
1985). Plants typically undergo a four-step decay process where first soluble salts 
and sugars are lost; second the insoluble starches and some other 
polysaccharides are broken down into soluble sugars; third the cellulose within 
cell walls break down; and fourth structural substances including cutin, lignin and 
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suberin – which are the most robust compounds – begin to break down (Carbone 
and Keel, 1985). Saprophytic organisms will also break down animal remains in 
a similar order where body salts and sugars will decompose before protein, fats 
and glycogen. Hair, hoofs and horn are more resistant to decay in many 
environments, except in very damp and/or very hot climates, where a proliferation 
of microorganisms accelerates taphonomic loss. Lastly the nitrogenous structural 
components of antler, bone, teeth and shell will break down. However, due to the 
relative abundance of robust primary constituents in animals, particularly the 
mineralised components of bones and teeth, animal remains are overrepresented 
in the archaeological record (Carbone and Keel, 1985). As a result, estimates of 
prehistoric diet components will be biased towards faunal contributions and 
against botanical remains. 

Figure 3.2. Photograph of Ohalo II site during the 1999 excavations (Nadel, 2002). 
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Figure 3.3a Ohalo II location map and 3.3b central area of excavations (Yaroshevich et 
al., 2013). 

Figure 3.4 Artist’s reconstruction of Ohalo II Hut 1 (Nadel, 2002).  

b a 
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The archaeological site of Ohalo II, discovered in 1989 and excavated from 1989-
1991, and then again from 1998-2001, offers a unique snapshot of UP faunal and 
floral contributions to human diet (Nadel, 2002, Nadel and Werker, 1999, Weiss 
et al., 2008, Nadel et al., 2012) (see Figures 3.2 - 3.4). Due to its near-complete 
preservation of archaeobotanical data, it has not incurred the usual levels of 
taphonomic loss observed in most other Palaeolithic sites (Nadel, 2002). Ohalo 
II lies on the southwestern shore of Lake Kinneret (Sea of Galilee), the largest 
freshwater lake in Israel. The site is ~9km south of Tiberias in present-day Israel 
(coordinates 32.74ºN and 35.53ºE). The site was discovered by Zahi Lazar in the 
autumn of 1989 (Nadel, 2002). Due to local drought conditions, the lake levels 
had fallen 3-4 metres, exposing the UP site. Under normal conditions, the site is 
underwater and inaccessible (Nadel, 2002, Nadel, 2004).  

With little or no oxygen in the lakebed layers of silt and clay to hasten taphonomic 
processes, the floral and faunal assemblage is one of the best-preserved UP 
sites in the world, offering a unique resource to investigate a Palaeolithic diet. To 
date, Ohalo II has offered the most complete plant, animal, aquatic and avian 
assemblages from the UP (Nadel et al., 2004, Nadel, 2002, Nadel, 2004). The 
high quality of preservation is also attributed to the abandonment of the site prior 
to submersion, with suggestions of an accidental or purposeful burning, followed 
by a total coverage of the encampment by layers of water, silt and clay as lake 
levels rose (Nadel, 2002). The silt and clay sealed the abandoned site, which 
then lay undisturbed for 23 millennia.  

Excavations were carried out by members of the Israel Antiquities Authority, the 
Stekelis Museum of Prehistory in Haifa, and the Zinman Institute of Archaeology 
at the University of Haifa. Researchers at the site have found evidence of brush 
huts, hearths and a grave as well as stone tools, fishing weights, food remains 
and a grindstone (Nadel, 2002, Piperno et al., 2004) (see Figures 3.4 and 3.5). 
Through a series of 14C determinations performed on the charred plant remains, 
the Ohalo II site has been dated to 19,500 14C years before present (yr BP), 
equivalent to 23,500 – 22,500 ya (Nadel et al., 1995). Pollen data from this same 
period shows a sharp decrease in the dominant tree Quercus, down to a 20% 
average value, with a concomitant increase in grass and herb pollen (Kislev and 
Simchoni, 2016). An end of occupation dating to around 23,500 – 22,500 ya, 
together with pollen evidence of an ecological shift at the same time, are 
consistent with climate change being involved in site abandonment.  
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3.3.2 Plants 
The archaeobotanical record for Ohalo II includes more than 90,000 plant 
remains (Piperno et al., 2004, Weiss et al., 2004b), belonging to approximately 
150 different taxa (Nadel et al., 2012). Of particular interest is the identification of 
a grinding stone. Through analyses of trace starches found on the grindstone, 
together with the distribution of seeds recovered near it, researchers have 
suggested that the inhabitants of Ohalo II were among the earliest known 
processors of wild grasses (Nadel et al., 2012). Further starch analyses have 
confirmed the stone had been used for routinely grinding a variety of wild cereals 
including wheat (T. turgidum spp. dicoccoides), barley (Hordeum spontaneum) 
and oats (Avena sterilis) (Nadel et al., 2012) (see Figure 3.5). Furthermore, the 
arrangement of burnt stones excavated near the grinding stones suggest these 
may have functioned as a hearth or oven. Although no baked cereal products 
have been recovered from Ohalo II, evidence of starch grains embedded in the 
grinding stone together with carbonised grains excavated in the hearth-like 
structure suggest that doughs or early porridges may have been prepared from 
wild grains (Piperno et al., 2004). 

 
Figure 3.5a The grinding stone from Brush Hut 1, floor II with left and right arrows 
indicating first starch analyses in 2004, and bottom arrow showing area of further 
analyses in 2011 (Nadel et al., 2012). Figure 3.5b Distribution of cereal seeds around 
the Brush Hut 1and floor II grinding stone (Weiss et al., 2008). 

A major limitation of the Ohalo II plant and animal assemblage data is 
accessibility: the data are not yet comprehensively published in one source. A 
thorough literature search and personal correspondence with Professor Dani 
Nadel, the lead excavator of the site, have made it possible to compile a near-

b a 
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complete quantitative record for the whole assemblage.  Special thanks are due 
to Prof Nadel for his generosity with his time and resources, and arranging a 
meeting near the site to discuss his work. 

The archaeobotanical data comprising over 16,000 grains can be found in papers 
published by Ehud Weiss (Weiss et al., 2004b) and M.E. Kislev (Kislev et al., 
1992). Weiss argues that these grains, representing 15% of the total plant 
remains, were deliberately collected for consumption (Weiss et al., 2004a). The 
small-grained grasses were fully ripe and not contaminated with large-grained 
wild cereals that mature later in the season. This further suggests that these small 
grains were a food source, rather than being accidentally scattered at the site 
from other uses such as bedding or construction. Weiss et al. (2004a) provide 
evidence that the inhabitants were using both small- and large-grained grasses 
as a food source due to the quantities and locations of the grains recovered. 

The charred grains include wild barley, wild emmer wheat, alkali grass (salt grass 
from the family Poaceae), brome and creeping foxtail (Weiss et al., 2004a) (see 
Figure 3.6 and Table 3.2). One notable absence is the lack of legumes such as 
lentils, peas and vetches recovered from the site. Due to the high levels of 
preservation of other plant remains, it has been argued that the absence of 
legumes cannot be attributed to taphonomic loss (Weiss et al., 2004a). It is 
possible that with the wide availability of animal protein sources the inhabitants 
of Ohalo II may have relied on fish, terrestrial mammals and birds for protein 
without needing to gather pulses (Weiss et al., 2004a). 

 
Figure 3.6a Charred wild barley from Ohalo II (Kislev et al., 2002) and Figure 3.6b 
Seablite (top), Brome (left) and Salt tree (right) (Kislev et al., 2002). 

a b 
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3.3.3 Faunal Evidence 
More than 7,000 bones were recovered and identified from Ohalo II, with the 
variety of species consistent with the grassland and park forest habitats (see 
Tables 3.3-3.6 and Figures 3.7-3.8). Mountain gazelle comprised almost two-
thirds of the faunal remains with gazelle limbs present on all brush hut floors and 
most hearths. The presence of large quantities of long bone splinters suggests 
the marrow was extracted for eating, and the distribution of femurs throughout 
the encampment further suggests the meat was processed in several locations 
(Rabinovich, 2002). However, very few bones showed evidence of cut marks or 
butchering which perhaps could be explained by primary butchering taking place 
at a different location with just filleting and marrow extraction being carried out in 
camp. Some of the gazelle were age and sex classed to ascertain the hunting 
strategy and seasonal occupation patterns. The varied age class (fawns up to 
one year, yearlings and older individuals) without over-representation of males 
suggests the site was occupied year round (Rabinovich, 2002). The implication 
for diet reconstruction is that while seasonal variation will exist in most diets, it 
will be reasonable to assume the remains represent an annual rather than a 
seasonal diet. 

 
Figure 3.7a Lower mandible of a fallow deer from Hut 12 and 3.7b lower mandible of a 
fox (Rabinovich, 2002). 

In addition to the large mammal assemblage, there were also a significant 
number of micromammals (under 3kg live weight) found in the excavations. In 
total the Number of Identified Specimens (NISP) identified was 454, comprising 
five taxa (Nadel, 2003) (see Table 3.4 and Figure 3.12). These include the 
common vole, gerbil, European hedgehog, black rat, house mouse and 152 
rodent parts unidentified to species level. The distribution and composition of the 
assemblage suggests that the rodents were not part of the human diet, but more 
likely may have been prey for birds and other predators. This predator hypothesis 
is supported by the finding of a heavily digested radius of a marbled polecat 
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(Vormela peregusna) near the hedgehog remains at Locus 19 (Nadel, 2003). 
Furthermore, none of the hedgehog mandible bones show any evidence of cut 
marks or butchering (Nadel, 2003). Considering the field vole assemblage within 
the taphonomic model proposed by Andrews (Andrews, 1990), the mandibles 
with ascending rami missing and/or inferior broken borders, together with the 
loose molars and the absence of maxillae, suggests the micro mammals were 
trampled and not consumed or scavenged. For these reasons the micromammal 
data have been included for general interest but excluded from any calculations 
of contribution to the human diet. 

3.3.4 Avifaunal Evidence 
With a total of 462 bird specimens identified to species level, the assemblage 
offers a comprehensive record of the avian contribution to the diet (see Table 3.5 
and Figure 3.8). The identified bones were reported as a minimum number of 
skeletal elements (MNE). Where only one bone was identified, this effectively 
represents a minimum number of individuals (MNI) count. Many common species 
such as grebes, ducks, geese, coots and buzzards are represented in the data, 
with grebes accounting for over one-third of the assemblage (Simmons and 
Nadel, 1998). Grebes can be snared in their nests or captured by underwater 
nets. The ecology of the region, together with the numbers of grebe skeletons 
found, as well as evidence of fishing net technology, suggest their underwater 
capture was likely (Simmons and Nadel, 1998). Few of the skeletal remains show 
evidence of damage from scavengers, and most of the bones show evidence of 
burning and/or were recovered from hearths and coated in ash. While cut marks 
are not abundant, they were found on larger species including swans (Simmons 
and Nadel, 1998). The question of seasonality can be resolved by examining the 
plant, fish faunal and avifaunal records together. While the botanical remains 
might suggest a seasonal occupation of August-November and April-May given 
the species of seeds and grains found, the large fish assemblage supports a year-
round occupation. The avifaunal evidence lends further support to year-round 
occupation as birds from all seasons are represented in the assemblage. These 
combined assemblages lend support to Ohalo II being a permanent settlement 
and the diet reconstruction based on these data will represent not a partial or 
seasonal view but will offer insights to the nutrient diversity of a full, all-seasons 
Palaeolithic diet. 
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Figure 3.8 Avian bones from Ohalo II. From left: Greylag goose, Grey heron, Buzzard, 
Goldeneye and Raven (Simmons, 2002). 

3.3.5 Fish and Aquatic Resources 
In addition to the archaeobotanical assemblage, the well-preserved fish, faunal, 
and avian assemblages offer a unique insight into the Ohalo II diet. Fish remains 
represent the most frequently recovered animal type, with nearly 10,000 fish 
remains identified from Brush Hut 1 as Cyprinidae (carp and minnows) and 
Cichlidae (cichlids) (Zohar, 2002) (see Table 3.6). In addition to the fish bones, 
researchers also found six double-notched pebbles in situ and a further 41 
pebbles on the surface (Nadel and Zaidner, 2002). These pebbles are 
understood to be sinkers and/or weights for fishing nets used to catch fish of 15-
25cm, consistent with the average size of Cyprinidae and Cichlidae (see Figure 
3.9a). Furthermore, the presence of burnt string recovered from the floor of Brush 
Hut 1 with the pebbles could plausibly have come from fishing nets, but the 
fragments were too small to confirm this use (Zaidner, 2002) (see Figure 3.9).  
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Figure 3.9a Double notched pebbles from Brush Hut 1 (Zaidner, 2002) and Figure 3.9b 
illustrating the likely use of fishing weights and also fish traps made from woven plant 
fibres (Zaidner, 2002).  

Lastly, as the site is in a lakebed, it was critical to ascertain whether the 
concentration of fish remains were from human consumption and activity or 
natural accumulation. As only 18% of the fish bones were unfragmented, the 
fragmentation is understood as due to human activity. Evidence of burning was 
identified in only 2.5% of the bones, but this may have been an under-
representation as the dark-brown bones were difficult to confidently classify as 
burnt or uncharred. Most of the skeletal elements were found but the lack of 
scales recovered with them indicates the fish may have been gutted and scaled 
elsewhere before being brought to Hut 1. The body of this evidence indicates the 
fish were being consumed, and not present at the site due to natural lake 
sedimentary processes (Zohar, 2002). 

Other resources such as molluscs are recorded without NISP values. Although 
17 species of freshwater molluscs including 15 gastropods and 2 bivalves were 
found, it is unclear whether these were part of the Ohalo II diet or burrowing 
contaminants that have invaded the site after submersion. Amongst the finds, 

b 

a 



Chapter 3 Reconstructed Prehistoric Diets 

 128 

Unio and Corbicula species are edible. However, only a few fragments of Unio 
valves have been found, while the Corbicula shells are more likely to be recent 
intruders (Nadel et al., 2004). As the majority of mollusc shells were fresh water 
species from Lake Kinneret, they are presumed to result from natural deposition 
and possibly not consumed as part of the human diet. However, more than 150 
marine mollusc shell beads were found, with 136 specimens of Dentalium sp. 
(Bar-Yosef Mayer, 2002). Archaeologists have interpreted the presence of 
Dentalium sp. beads as evidence of long-distance trade between Ohalo II 
inhabitants and distant hunter-gatherer groups of the northern Red Sea area, 
suggesting patterns of exchange rather than a direct contribution to the Ohalo II 
diet (Bar-Yosef Mayer, 2002). 

3.4 The Ohalo II Assemblages  

3.4.1 Plant Assemblage 

Table 3.2. Edible and non-consumed plants from Ohalo II (Kislev et al., 1992, 
Weiss et al., 2004b) 

Type of plant Species Common name Seed 
Quantity 

Edible grains 
& grasses 

Aegilops spp 
(peregrina/geniculata) 

Goat grasses 122 

Alopecurus 
utriculatus/arundinaceus 

Bladder/creeping foxtail 1814 

Avena barbata Slender wild oat 4 
Avena sterilis Winter wild oat 8 
Bromus 
pseudobrachystachys/tigridis 

Brome 10995 

Catabrosa aquatica Wetland grass 66 
Hordeum bulbosum Barley species 22 
Hordeum glaucum Smooth barley 932 
Hordeum marinum/hystrix Seaside/Mediterranean 

barley 
574 

Hordeum spontaneum Wild barley 2503 
Puccinella cf. convoluta Alkali grass 1853 
Piptatherum Holiciform (syn 
oryzopsis holiciformis) 

Millet grass 819 

Tritcum dicoccoides Wild emmer wheat 102 
Unidentified grasses NA 106 

Edible wild 
fruits 

Amygdalus communis Wild almond 2 
Atriplex rosea/leucoclada White branched 

orache/saltbush  
1228 

Atriplex rosea/leucoclada Orache/saltbush 1 
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Crataegus Hawthorn berry 12 
Nitraria schoberi Nitre bush 165 
Olea europaea var sylvestris Wild olive 1 
Pistacia atlantica Wild pistachio 2 
Pyrus syriaca Wild pear 1 
Quercus sp Mount Tabor acorns 43 
Rubus sanguineus/canescens Bramble 175 
Vitis viniferassp.sylvestris Wild grape 2 
Ziziphus spina-christi Christ's thorn 2 

Other edible 
plants 

Chenopodiaceae  Goosefoot family 3 
Erodium sp. Storksbills 1 
Lens sp. Legume family 1 
Malva parviflora Mallow 594 
Adonis dentata / microcarpa Mericarp 71 
Scirpus littoralis Bulrush/tule 3 
Silybum marianum Milk thistle/holy thistle  115 
Suaeda sp. Palaestina/ 
fructosa 

Seepweeds/seablites 28373 

Apiaceae  Umbellifers - celery carrot 
parsley family 

253 

Melilotus indicus Sweet clover seed 134 
Vicieae Vetches 1 

Other Wild 
Plants - Not 
consumed 

Arundo / Phragmites Common reed, perennial 
grass 

1 

Chara spp Genus green algae family 
Characeae 

806 

Galium Family Rubiaceae bedstraw 5 
Hippocrepis sp Ornamental plant in 

Fabaceae 
1 

Potamogeton sp Freshwater pondweed 11 
Potamogeton pectinatus Sago pondweed 44 
Styrax officinalis Deciduous leaves a source 

of styrax herbal medicine and 
benzoin resin 

2 

Umbelliferae Umbellifers - celery carrot 
parsley family 

1 

Unidentified NA 88 
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Figure 3.10 Pie chart labelled with common plant names and percentage of plant 
assemblage for ease of visual recognition of the main plants dominated by ten species. 
Bar chart labelled with scientific plant names and seed counts of Ohalo II edible plant 
assemblage ranked by the quantity of seeds recovered from two excavations (1989-1991 
and 1998-2001). Two data figures are given to provide an overview visual with common 
names and also seed count numbers with binomial nomenclature for further 
quantification work (Plotly, 2015). 
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3.4.2 Faunal Assemblage 

Table 3.3 Identified faunal remains of Ohalo II (Rabinovich, 2002)  
Species Name Common name NISP 
Gazella gazella mountain gazelle (type of antelope) 2058 
Dama mesopotamia fallow deer 413 
Cervidae deer species (excluding red deer) 14 
Cervus elaphus red deer 11 
Sus scrofa wild pig 19 
Bos primigenius auroch 4 
Capra aegragus wild goat 4 
Lepus capensis hare 76 
Vulpes vulpes red fox 118 
Felis silvestris wild cat 18 
Hyaena hyaena striped hyena 2 
carnivore species carnivore unidentified species 12 
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Figure 3.11 Pie chart labelled with common animal names and percentage of faunal 
assemblage based on NISP counts, with birds shown as one category here. Details of 
avifaunal data are shown separately in Figure 3.13. Bar chart labelled with scientific 
animal names of Ohalo II edible faunal assemblage ranked by NISP counts from two 
excavations (1989-1991 and 1998-2001). Two data figures are given to provide an 
overview visual with faunal common names and also a detailed figure with NISP counts 
and binomial nomenclature for further quantification work (Plotly, 2015). 

Micromammal Assemblage (probably not consumed) 

Table 3.4. Micromammal remains from Ohalo II (Nadel, 2003) 
Species Common Name NISP 
Microtus guentheri common field vole 200 
Meriones tristrami Tristram's jird, gerbil 56 
Rodentia indeterm rodent unidentified  152 
Erinaceus europeauseuropeaus concolor European hedgehog 24 
Rattus rattus black rat 6 
Mus macedonicus house mouse 16 
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Figure 3.12 Pie chart labelled with common micromammal names and percentage of 
micromammal assemblage based on NISP counts. Bar chart labelled with scientific 
micromammal names ranked by NISP counts from two excavations (1989-1991 and 
1998-2001). Two data figures are given to provide an overview visual with micromammal 
common names and a second figure with NISP counts with binomial nomenclature for 
further quantification work. Bar chart is shown in grey to emphasise this assemblage was 
most likely not consumed by humans. (Plotly, 2015). 
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3.4.3 Avian Assemblage 

Table 3.5. Avifaunal assemblage (Simmons and Nadel, 1998) 
Family Species Common name MNE 
Podicipidae Podiceps auritus Horned grebe 1 

Podiceps cristatus Great crested grebe 114 
Podiceps grisegena Red-necked grebe 29 
Podiceps nigricollis Black-necked grebe 13 
Tachybaptus ruficollis Little grebe 3 

Phalocrocoracidae Phalocrocorax aristotelis European shag 1 
Phalocrocorax pygmaeus Pygmy cormorant 1 

Ardeidae Ardea cinerea Grey heron 3 
Ardea purpurea Purple heron 1 
Ardeola ralloides Squacco heron 1 
Egretta garzetta Little egret 4 

Threskiornithidae  Platalea leucorodia Eurasian spoonbill 2 
Plegadis falcinellus Glossy ibis 1 

Anatidae Cygnus bewickii Tundra swan 6 
Cygnus cygnus Whooper swan 5 
Anser albifrons Greater white-fronted 

goose 1 
Anser anser Greylag goose 16 
Anser fabalis Bean goose 19 
Tadorna tadorna Common shelduck 4 

Shelduck subfamily Alpochen aegyptiacus Egyptian goose 3 
Surface feeding 
dabbling duck 

Anas acuta Northern pintail 4 
Anas capensis Cape teal 1 
Anas clypetea Northern shoveler 3 
Anas crecca Eurasian teal 1 
Anas penelope Eurasian widgeon 1 
Anas platyrhynchos Mallard 11 
Anas querquedula Garganey 11 
Anas strepera Gadwall 1 

Deep diving ducks Aythya fuligula Tufted duck 3 
Aythya marila Greater scaup 1 

Diving duck Netta rufina Red-crested pochard 1 
Seaduck family Mergus merganser Common merganser 1 

Mergus serrator Red-breasted 
merganser 2 

Melanitta fusca Velvet scoter 1 
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Bucephala clangula Common goldeneye 1 
Phasianidae Alectoris chukar Chukar partridge 7 

Ammoperdix heyi Sand partridge 2 
Coturnix coturnix Common quail 34 

Rallidae Fulica atra Eurasian coot 19 
Porphyrio porphyrio Purple swamp-hen 1 

Otitidae 
  

Tetrax tetrax Little bustard 13 
Otis tarda Great bustard 1 

Recurvirostridae Himantopus himantopus Black-winger stilt 1 
Recurvirostra avosetta Pied avocet 1 

Charadriidae Vanellus vanellus Northern lapwing 1 
Scolopacidae Numenius phaeopus Whimbrel 1 

Numenius arquata Eurasian curlew 4 
Arenaria interpres Ruddy turnstone 1 

Laridae Larus minutus Little gull 1 
Larus sabini Sabrine's gull 1 
Larus argentatus European herring gull 7 

Strigidae Bubo bubo Eurasian eagle-owl 5 
Corvidae 
  

Corvus corone Carrion crow 2 
Corvus monedula Western jackdaw 3 
Corvus frugilegus Rook 3 

Accipitridae 
  

Haliaeetus albica White-tailed sea eagle 4 
Circus aeruginosis Western marsh-harrier 4 
Circus cyaneus Hen harrier 11 
Accipter nisus Eurasian sparrowhawk 13 
Accipter gentilis Northern goshawk 14 
Melierax metabates Dark chanting goshawk 1 
Buteo rufins Long-legged buzzard 5 
Buteo buteo Common buzzard 18 
Aquila rapax Tawny eagle 2 

Falconidae 
  

Falco tinnunculus Common kestrel 4 
Falco columbarius Merlin 3 
Falco biarmicus Lanner falcon 2 
Falco cherrug Saker falcon 2 
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Figure 3.13 Pie chart labelled with common bird names and percentage of overall 
avifaunal assemblage based on Minimum Number of Element (MNE) counts. Bar chart 
labelled with scientific bird names ranked by MNE counts from two excavations (1989-
1991 and 1998-2001). Two data figures are given to provide an overview visual with 
avian common names and also MNE counts with binomial nomenclature for further 
quantification work (Plotly, 2015).  

3.4.4 Aquatic Assemblage (excluding aquatic birds) 

Table 3.6 Aquatic assemblage (Zohar, 2004) 
Family Species identified Common name NISP 
Cyprinidae Barbus sp. Carp/minnow  178 

B. canis Carp/minnow  35 
B. longiceps Carp/minnow  87 
C. damascina Carp/minnow  306 
Barbus/Capoeta Carp/minnow  1126 
A. terraesanctae Carp/minnow  3038 
Unidentfied Cyprinidae Carp/minnow 9048  

TOTAL 13818 
Cichlidae Tilapia sp. Cichlid 9 

Tilapia aurea Cichlid 2 
T. zilli Cichlid 9 
S. galilaeus Cichlid 3 
Tristamella sp. Cichlid 43 
Unidentified Cichlidae Cichlid 3189  

TOTAL 3255 
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Figure 3.14 Pie chart labelled with the two fish families, carp and cichlids, in the Ohalo II 
diet with percentage of fish assemblage by NISP count and bar chart labelled with 
common names and NISP counts from fish remains recovered from two excavations 
(1989-1991 and 1998-2001) (Plotly, 2015). 
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Figure 3.15 Detailed bar chart with binomial nomenclature for further quantification work 
is also provided, noting the uneven distribution of fish families and species. Three figures 
are given to provide an overview visual of data with common names and scientific names 
(Plotly, 2015). 

3.5 Quantifying the Ohalo II Diet 

3.5.1 Background 
The data from Tables 3.2, 3.3, 3.5 and 3.6 were used to infer the Ohalo II diet. 
For each assemblage (floral, faunal including avifaunal and aquatic), a 
spreadsheet was created to record each food, species name when identified, 
common name, the number of specimens found and how the specimen was 
recorded (NISP, MNE, MNI and seed or seed-part). Fields were created to record 
the edible weight of each food, calorific content in kcal and any literature 
reference for that food. Unlike the HG and MPI diets, it was not possible to 
estimate the amount of food consumed in grams per person per day as there is 
no accurate record of the numbers of individuals who had lived in the settlement 
at the time or the duration of the occupation, other than good evidence of it not 
being a seasonal encampment.  
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It is important to acknowledge that seeds and grains found at Ohalo II were not 
consumed, although they are presumed to have been intended for consumption. 
They survived in the archaeobotanical record because they were not eaten. The 
floral assemblage represents a quantification of what was not yet consumed. 
However, as seed counts are quantifiable and there is no method to estimate how 
much was eaten based on what remained, the seed counts are assumed to 
represent the quantities of gathered seed foods in the Ohalo II diet.  

In contrast, the faunal, aquatic and avian assemblages are a quantification of 
remains that survived after being consumed. The species were identified by the 
bones or teeth remaining after being consumed. It is assumed that each element 
survived with equal probability, so that dividing the total number of elements by 
the total number of bones in the species derives the estimated number of animals 
consumed. In reality, some bones or elements are too small or fragile to survive 
with equal probability to large bones and teeth, but this assumption of equal 
survivability allows the estimation, to a first order of approximation, of the 
numbers of animals consumed.  

3.5.2 Allocating USDA ND food codes 
Similar to the methods used in HG and MPI diets, each food entry in the Ohalo II 
diet was allocated an equivalent food code from the USDA ND using an exact 
match or the nearest approximation food code approach. The USDA ND includes 
nutrient values for modern grains, durum wheat for example and also ‘older’ 
grains such as spelt and millet. These nutrient profiles facilitated reasonably 
accurate allocation of food codes for many of the Ohalo II grains. Where there 
was no exact match, the same protocol deployed with all other diets was used, 
choosing the nearest approximation in the USDA ND based on known nutrient 
profiles (from sources other than the USDA ND) or choosing the closest 
phylogenetically related species. Any substitutions of modern foods in the USDA 
ND to approximate the Ohalo foods have been noted in the spreadsheet.  

3.5.3 Quantifying by edible mass  
Two methods to quantify the diet were completed and assessed. The first was 
based on kcal and the second based on edible wet mass. Both methods yielded 
similar results, but the edible mass method was used to quantify the Ohalo II diet 
in the diet comparison analyses described in Chapter 4. Both methods will be 
shown for completeness, focussing on the edible mass method first.  

Using the edible mass method, an estimation in grams was made for each food 
in the diet. For the floral assemblage, seed wet weights were used based on 
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modern seed weight equivalents from a variety of seed banks and seed 
providers. While ‘seed mass’ is the correct measurement terminology, seed mass 
in the literature is recorded as ‘seed weight’. Any use of seed weight here actually 
means seed mass. The size of the Ohalo II grains was not reported in the 
literature. As there is currently no way to assess size differences between modern 
and Ohalo II grains, a one-to-one parity was assumed. Although Palaeolithic 
seeds were usually smaller and lighter than their modern, domesticated seed 
equivalents, there was no systematic way to set a standard adjustment for ancient 
grain weights. The bias using modern grains is systematic, probably 
overestimating the overall weight of the floral assemblage. However, (1) it is 
reasonable to assume that to a first order of approximation, modern seeds are 
larger than their prehistoric equivalents to a similar extent across different 
species, (2) the overall proportion of gathered foods in the inferred Ohalo II diet 
is estimated using climate data, rather than by the overall proportion of estimated 
wet mass (see sections 3.5.4 to 3.5.6 below), and (3) all diet nutrient quantities 
are normalised by kcal before performing any visualisation or statistical analyses.  

For each grain species, this formula was used: 

Total numbers of grains recorded x average wet mass of one grain (in grams) 

Similarly, for the faunal assemblage, where animal bones were reported as 
minimum numbers of elements (MNE), edible weights for modern domesticated 
species were used for animals and birds. Again, this probably overestimates the 
raw weights, but for the same reasons as given above, I endeavour to correct this 
bias by using climate data, rather than by the overall proportion of estimated wet 
mass to estimate the proportion of hunted foods, and normalise all diets by kcal 
prior to visualisation or statistical analyses.  

For each faunal and avifaunal species, this formula was used: 

(MNE Animal / Number of bones in animal) x edible mass of animal (in grams) 

For aquatic species recorded as NISP, this formula was used: 

(NISP Fish / 99) x edible mass of a fish (in grams) 

There was no consensus on the number of bones in carp and cichlids due to the 
difficulty in classifying the skeletal structure as bone, bony-structure or cartilage. 
Based on an extensive but largely unenlightening literature search, an average 
of 99 bones per fish was applied. However, according to Dr Julia Day at UCL 
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there can be up to 93 bones in the head alone of cichlids. Oliver Crimmen, Fish 
Preservation Curator at the Natural History Museum, London, confirmed a total 
fish bone average may not exist in the literature and while my working estimation 
of 99 bones may be an underestimation, it was not considered unreasonable by 
Drs Day or Crimmen.  

3.5.4 Estimating proportions of hunted and gathered foods 
The estimates of wet mass of different foods at the Ohalo II fall into 2 broad 
taphonomic categories: Hunted and gathered. When considering the ‘hunted’ 
category, it is possible that different species, of groupings (fish, birds and 
mammals) are lost at different taphonomic rates. However, it would be 
challenging to make any predictions about these rates. For this reason, I make 
the first order of approximation assumption that such rates are broadly similar. 
However, it would be impossible to justify such an assumption when comparing 
hunted and gathered foods, for at least the following reasons: (1) hunted remains 
represent foods consumed whereas gathered remains represent foods collected 
but not consumed, (2) bones preserve relatively-well compared to any plant 
macro-fossil components. In order to infer an overall diet, it was therefore 
necessary to identify an independent source of information on the relative 
contributions of hunted and gathered foods, and quantify and accommodate any 
uncertainty in this estimate. To achieve this, I turned to work on human 
behavioural ecology (HBE).  

Understanding adaptive human behaviours within their environmental and social 
contexts allows patterns of behaviour to be quantified, predicted and tested. 
Fundamental to this study is understanding that the environment is made up of 
resources, each with varying costs and benefits of acquisition. To demonstrate 
the utility of HBE, Robert Kelly studied a large number of modern hunter-gatherer 
groups globally (n=126) and argued that climate correlates to the availability of 
food resources exploited by various human groups. Diet is systematically related 
to its local environment (Kelly, 2013). In order to understand and compare these 
different environments, the term ‘effective temperature’ (ET) was developed over 
fifty years ago by H. Bailey (Bailey, 1960). More recently, Lewis Binford applied 
ET to anthropological data (Binford, 1978, Binford, 1980). ET provides a 
simultaneous measure of the intensity and distribution of solar radiation. In The 
Lifeways of Hunter-Gatherers, Kelly (2013) further adapted this behavioural 
ecological framework into a formula to quantify the contribution of the 
environment and ecological resources and specifically to explore the relationship 
between ET and the proportion of hunted to gathered foods.  
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The ET formula is derived from the mean temperatures of warmest and coldest 
months in one calendar year: 

 

ET = (18W – 10C ) 
         (W – C ) + 8 

 

where W = warmest month mean temperature and C = coldest month mean 
temperature in a calendar year. 

Data for estimating ET for Ohalo II was obtained with Dr Mirna Kovacevic with 
permission from the British Atmospheric Data Centre (BADC) to access the 
Quaternary QUEST (Quantifying and Understanding the Earth System) dataset 
(QUEST, 2013). This dataset contains marine isotope data from 150,000 years 
ago to present. Using data files ALL-5G-MON-5216 (precipitation) and ALL-5G-
MON-3236 (temperature) for the Ohalo II geographic coordinates 32.74 N x 
35.53E, data were retrieved for 23,000 cal BP (Lenton, 2008). This dataset was 
used in conjunction with the FAMOUS (FAst Met. Office and UK Universities 
Simulator) climate model to obtain an estimate of the effective temperature 
(Jones et al., 2005). 

The data resolution (latitude x longitude) in QUEST is 5.00° x 7.50°. In order to 
estimate the warmest and coldest months, it was necessary to interpolate the 
data using a grid of 180 rows and 360 columns to find values for 32.74 N x 35.53E 
as the resolution of the data was too low to include this specific grid reference. 
The interpolation script was written in R and the QUEST data for precipitation and 
temperature was retrieved using a Python pipeline. 

Table 3.7. QUEST data for Ohalo II at 23,000 cal BP 

LAT LONG 
TEMP 

23kya (C) 
(max) 

TEMP 
23kya (C) 

(min) 

PRECIP 
23kya 

(mm) (max) 

PRECIP 
23kya  

(mm) (min) 

ARID 23kya 
raw TEMP 
and PREC 

data 

ARID 23kya  
interpolated 
TEMP and 
PREC data 

32.74N 35.53E 24.61 11.97 142.99 7.22 32.84 32.32 

 

Based on the QUEST data (see Table 3.7), the Ohalo II value for the warmest 
month at 23,000ya was estimated as 24.61°C (shown highlighted in darker blue). 
The Ohalo II value for the coldest month was estimated as 11.97°C (shown 
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highlighted in lighter blue). Additional information of precipitation and aridity is 
included in the table for general information relating to biomass and net primary 
productivity estimations for alternative analyses. The QUEST values are then 
used in the ET formula for Ohalo II at 23,000 calibrated years before present (cal 
BP): 

Bailey’s ET Formula  ET = (18W – 10C ) 
                        (W – C ) + 8 

QUEST Ohalo II data ET Ohalo II = ( 18 *(24.61) – 10*(11.97) )     
         ( 24.61 – 11.97 ) + 8 

Ohalo II ET   ET Ohalo II = 15.7°C 

3.5.5 ET estimate uncertainty 
Some uncertainty of the Ohalo II ET estimate of 15.7°C is attributable to the 
QUEST data climate estimations. Additional uncertainty is introduced by the 
interpolation of these data to approximate Ohalo II’s geographic coordinates. The 
Ohalo II ET of 15.7°C is a ‘best approximation’ and should have a 95% confidence 
interval (CI) but without access to the uncertainty of the QUEST data, it is not 
possible to accurately estimate a CI here.  

It should also be noted that the climate today of this region in Israel is hotter and 
drier than 23,000ya. This is supported by studies of plant pollen data by Tsukada 
and comparison with climate data from the Survey of Israel and Hebrew 
University 1995 (Kislev and Simchoni, 2016, Tsukada, 1966). Pollen data from 
grasses and trees suggest that there was more precipitation and smaller 
temperature differentials between the warmest and coldest months compared 
with the region today, in agreement with the Ohalo II ET 23,000ya being lower 
than its modern-day equivalent.  

Despite the uncertainty, estimating the effective temperature for Ohalo II is useful 
as a diet inference tool if it can be demonstrated that there is correlation between 
the climate in which people live (as represented by ET) and the proportion of 
hunted gathered and fished resources in their diet. To explore this relationship, 
Kelly investigated the food acquisition strategies for 126 hunter-gatherer groups  
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Table 3.8 Hunter-gatherer data used to explore correlation between effective 
temperature (ET) and percentage of gathered resources in diets. Data from 
Robert Kelly, The Lifeways of Hunter-Gatherers (2013, Table 3-1, pp 41-43). 

Hunter-Gatherer Group 
(n = 126) 

Effective 
Temperature 

(°C) 
Hunting  

(%) 
Gathering 

(%) 
Fishing  

(%) 

Polar Inuit 8.5 40 10 50 
Baffinland Inuit 9.3 5 0 95 
Tagiugmiut (Tareumiut) 8.7 30 0 70 
Yukaghir 8.9 50 10 40 
Ona (Selk'nam) 9 70 10 20 
Angmagsalik 9 20 0 80 
Sivokakhmeit  9 15 5 80 
Copper Inuit  9.1 40 0 60 
Iglulingmiut  9.5 50 0 50 
Nunamiut 9.8 87 3 10 
Y´amana (Yahgan)  9.9 20 10 70 
Caribou Inuit  10 50 10 40 
Naskapi (Innu)  10 70 10 20 
Alacaluf 10 20 10 70 
N. Tlingit  10 30 10 60 
Chipewyan 10.3 60 0 40 
Tutchone  10.3 45 10 45 
Kaska  10.4 40 10 50 
Gilyak 10.4 30 20 50 
Tanaina (Dena’ina)  10.4 40 10 50 
Bella Coola (Nuxalk)  10.5 20 20 60 
Bella Bella  10.5 30 20 50 
Chugach Inuit  10.5 20 0 80 
Kutchin (Gwich’in)  10.5 40 10 50 
Slavey (Dené thá)  10.6 50 10 40 
Ojibwa 10.7 40 30 30 
Mistassini Cree  10.8 50 20 30 
Ingalik (Deg Hit’an) 10.8 40 10 50 
Nunivak  10.9 30 10 60 
Tanana  10.9 70 10 20 
S. Tlingit  10.9 30 10 60 
Tsimshian  11.1 20 20 60 
Haida  11.1 20 20 60 
Chilcotin 11.2 30 20 50 
Tahltan 11.2 50 10 40 
Carrier (Dakelne)  11.2 40 20 40 
Makah 11.3 20 20 60 
Sarsi  11.3 80 20 0 
Blackfoot (Siksika)  11.4 80 20 0 
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Quinault 11.5 30 20 50 
Plains Cree  11.5 60 20 20 
Aleut  11.6 10 30 60 
Montagnais 11.6 60 20 20 
Kwakwak’awakw (Fort 
Rupert) 

11.6 20 30 50 

Ute (Uintah)  11.7 35 40 25 
Saulteaux  11.7 35 20 45 
Assiniboin 11.7 70 20 10 
Uncompahgre 11.8 50 35 15 
Ainu  12 20 30 50 
Wind River Shoshone  12 50 30 20 
Flathead 12.1 40 30 30 
Klamath 12.2 20 30 50 
Washo 12.3 30 40 30 
Puyallup-Nisqually  12.3 20 30 50 
Twana  12.3 30 10 60 
Wadadika (Ruby Valley)  12.4 30 50 20 
Shuswap  12.4 30 30 40 
Agaiduka (Lemhi)  12.5 30 30 40 
Nuuchahnulth (Nootka)  12.6 20 20 60 
Alsea  12.7 20 10 70 
Coast Yuki  12.7 20 40 40 
Sanpoil 12.7 20 30 50 
Micmac 12.7 50 10 40 
Sinkyone  12.8 30 40 30 
Timpanogots (Utah L.)  12.9 30 40 30 
Tubatulabal 12.9 30 50 20 
Gosiute 12.9 40 50 10 
Kidütökadö (N. Paiute)  12.9 20 50 30 
Crow (Apsáalooke)  13 80 20 0 
Yurok 13.3 10 40 50 
Nez Perce  13.3 30 30 40 
Tolowa 13.3 20 40 40 
Kuyuidökadö  
(Pyramid Lake Paiute) 

13.3 20 50 30 

Achumawi 13.3 40 30 30 
Tenino 13.3 20 30 50 
Cheyenne 13.3 80 20 0 
Umatilla 13.3 30 30 40 
Modoc 13.3 30 50 20 
W. Mono  13.4 40 50 10 
Maidu 13.5 30 50 20 
Atsugewi  13.5 30 40 30 
Kaibab (S. Paiute)  14 30 70 0 
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Shasta 14 30 40 30 
Kiowa-Apache  14.3 80 20 0 
Comanche 14.4 90 10 0 
Botocudo (Kaingang)  14.4 40 50 10 
Kiowa 14.6 90 10 0 
Wintu 14.6 30 30 40 
Diegueno (Tipai-Ipai)  14.6 40 50 10 
Kade G/wi  14.8 20 80 0 
Sierra Miwok  14.8 30 60 10 
Panamint 15 40 60 0 
Cahuilla 15 40 60 0 
Kawaiisu 15 30 50 20 
Luise˜no  15.1 20 60 20 
Walapai 15.1 40 60 0 
Moapa  15.2 40 60 0 
Borjeno (Baja, 
California)  

15.8 18 57 25 

Dieri 15.9 30 70 0 
Aranda  15.9 40 60 0 
S.E. Yavapai  16 40 60 0 
N.E. Yavapai  16 40 60 0 
Aweikoma 16.5 60 40 0 
Karankawa 16.6 30 40 30 
Hadza  17.7 35 65 0 
Kariera 18 50 30 20 
Seri  18.3 25 25 50 
Walpiri (Walbiri)  18.4 30 70 0 
Ju/’hoansi (Dobe)  18.8 20 80 0 
G/wi  19.3 15 85 0 
Groote Eylandt  19.5 10 30 60 
Wikmunkan 19.6 40 40 20 
Siriono 20.6 25 70 5 
Chenchu 20.8 10 85 5 
Aeta 21.2 60 35 5 
Anbarra 21.6 13 22 65 
Nukak 21.7 11 76 13 
Tiwi  22.6 30 50 20 
Vedda 23 35 45 20 
Gidjingali 23 30 50 20 
Murngin  23.5 30 50 20 
Semang 23.7 35 50 15 
Mbuti 23.7 60 30 10 
Onge (Andamanese)  24.4 20 40 40 
Pumé  24.5 10 60 15 
Penan 24.9 30 70 0 
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(Kelly, 2013) (see Figure 3.15; Table 3.8 for data). It should be noted this is not 
an unbiased sample of HG groups; non-tropical groups (ET range 8-15°C) were 
overrepresented and 77% were located in North America. 

Generally, in tropical and temperate deserts, many HG groups such as the Kung 
San and Kade San rely primarily on plant foods in their diets. As these groups 
are well-studied in the ethnographic record, this has led to general assumptions 
that HG groups in tropical and temperate ecologies rely heavily on plant food in 
their diets, but this pattern is not consistently observed in HG groups outside sub-
Saharan Africa. The related assumption is that HG groups replace plant foods 
with hunted resources in higher latitudes. To probe this assumption, Lee found 
that, leaving aside Arctic HG groups, an increasing reliance on hunted resources 
does not increase with latitude as expected (Lee, 1968). Although reliance on 
plant food decreases as distance from the equator increases (Keeley, 1988, 
Keeley, 1995, Keeley, 1992) due to fewer plant resources that grow in colder 
climates, this does not necessarily mean that hunted resources replace gathered 
foods because fished resources in some ecologies will be favoured over hunted 
resources. 

The estimated proportions of Gathering, Hunting and Fishing resources in HG 
diets as reported by Kelly in Table 3.8 were not obtained using one method. The 
underlying data were drawn from Murdock’s Ethnographic Atlas (1967) and 
employed a variety of measurements. Inconsistencies in what constitutes a 
gathered resource means that for some groups it is recording plant-based foods 
and in other groups it may include shellfish and small mammals in addition to 
plant resources. The inconsistencies are compounded by relative proportion of 
each assemblage are sometimes estimated by edible mass, sometimes by the 
calorific contribution and at other times by the impression of the ethnographer in 
the field. Due to the reliability of being able to convert archaeological and 
archaeobotanical data into an edible mass with exact or closely matched 
equivalents in the USDA ND, edible mass was used consistently to quantify the 
proportional contribution of Gathered, Hunted and Fished resources in the Ohalo 
II diet as well as the two other reconstructed diets of Çatalhöyük and Tell Brak. 
While it is possible to quantify the assemblages by their calorific contribution, it 
adds uncertainty as it is not known how many calories were consumed daily by 
the inhabitants of Ohalo II. Using edible mass provides a direct method to quantify 
the data. This means that for the Gathered resources, the wet mass of seeds was 
used to estimate the total mass of the Gathered assemblage and likewise the 
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edible wet mass of Hunted foods was estimated. This is in line with the USDA 
ND using the mass of foods for which it provides nutrient data.    

While ET predicts reasonably-well the proportion of gathered resources in a diet, 
predicting fishing and hunting is more challenging. Reduced terrestrial biomass 
in lower temperatures will result in a greater reliance on hunted and aquatic 
resources, but to understand how groups choose between hunted and/or fished 
resources in temperate climates will depend on other factors including proximity 
to water, local ecologies, cultural practices, food taboos and available 
technologies. As a lakeside and riverine site, Ohalo II is likely to be an outlier in 
any prediction of the relative proportions of Hunted versus Fished foods based 
on ET alone. For this reason, I elected to use estimated ET only to infer the 
proportion of Gathered foods. For the relative proportions of Hunted versus 
Fished foods, I combined these categories and used the raw estimates of wet 
mass based on the site assemblages, treating both equally. For completeness I 
also investigated the correlation of ET with Hunted and Fished resources. These 
results are shown in Appendix C.  

When Kelly’s data on proportion of Gathering resources in HG diets are plotted 
against ET (see Figure 3.16) a clear relationship emerges where higher ETs are 
associated with higher proportions of gathered resources in the diet. However, a 
linear relationship is inappropriate since the gathered proportion must be 
constrained to between 0 and 100% for all possible temperatures. Therefore, in 
collaboration with my colleague Adrian Timpson, I fitted a sigmoidal curve using 
logistic regression to these data. The best-fitted generalised linear model (GLM) 
was a logistic regression curve. With the Ohalo II ET of 15.7°C, this GLM predicts 
a point estimate of 38% for Gathered foods in the Ohalo II diet. Hunted and 
Fished resources are predicted to have contributed the remaining 62% of the diet.  
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Figure 3.16 Scatterplot of Kelly’s data (2013) exploring correlation of Effective 
Temperature and Gathered resources in HG groups. Here the data are fitted with a 
generalised linear model (GLM), the sigmoidal curve through the data. The intersection 
of the GLM with Ohalo II ET predicts Gathered resources form 38% (95% CI: 11% - 75%) 
of the Ohalo II diet ~23,000 ya (see Table 3.11 for data). 

 
Figure 3.17 The sigmoidal curve predicts 38% (95% CI: 11% - 75%) Gathered resources 
in the Ohalo II diet when ET = 15.7°C (data from Kelly, 2013). 
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While I do not have access to the confidence interval (CI) of the ET estimate 
using climate data, it is possible to construct a 95% CI on the estimated 
percentage of gathered resources in the Ohalo II diet based on the Kelly data. By 
extracting the residuals around the logistic regression, I generated upper and 
lower confidence intervals around the sigmoidal curve (see Figure 3.17). Values 
were specified to explore the 95% CI (shown in lightest grey) and also the 75% 
(medium grey) and 50% (dark grey). The width of the 95% CI intersecting an ET 
of ET = 15.7°C spans 11% - 75% of food being Gathered. This wide confidence 
interval reflects the dispersion of the data but can be accommodated in some 
downstream analyses (see Chapter 4).  

Logistic regression is an appropriate model for binary and proportional data used 
in this analysis of ET and proportion of Gathered resources. However, where the 
sigmoidal curve transects the Ohalo II ET value at 15.7°C, the curve appears 
near-linear. I investigated an r2 value for the curve as if were a linear model. This 
is not a valid test, but it was performed to get a proxy estimate of how well the 
line (representing a sigmoidal curve) predicts Gathered resources. With r2 = 0.43, 
there is positive correlation but the dispersion of the data reduces its predictive 
power. Interestingly, even if I do assume a linear relationship, the intersect for an 
ET value of 15.7°C also predicts that Gathered food comprises 38% of the diet.  

To better illustrate the sigmoidal nature of the logistic regression model fit, I 
generated a plot with an extended range of ET (Figure 3.18b). While this ET 
range includes values that are too extreme to support human populations, it does 
demonstrate that the curve is sigmoidal despite it appearing almost linear in 
narrower ET ranges of values (Figure 3.18a). 

 
Figure 3.18a Comparison of logistic regression shown ET values ranging from 8 to 25°C 
and Figure 3.17b with ET ranging from -10 to 40°C illustrating the effect of ET range on 
the perception of the sigmoidal curve (data from Kelly, 2013) 
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3.5.6 Applying the edible mass method to the Ohalo II assemblages 
The sigmoidal regression model (see Figures 3.16 and 3.17) predicts a point 
estimate of Gathered resources contributing 38% of the overall Ohalo II diet. By 
combining Hunted and Fished into one category (see above) and using their 
estimated edible masses to quantify their relative contributions, it is possible to 
quantify the amount of hunted and fished foods. See Appendix D for an 
alternative estimation method based on kcal rather than edible mass.  

For the Gathered assemblage of grains, cereals, seeds and fruits, the total edible 
mass was estimated using modern equivalents from a variety of databases. For 
seeds and grasses in the diet, the seed mass was used in calculations, scaled 
by the number of specimens. For fruits, the mass of each fruit (not the seed 
weight) was used to represent what was consumed, scaled by their count. 
Summing all the Gathered entries, the Total Gathered Mass was 35,870.3g. For 
each entry, this formula was applied to scale each entry to 38%: 

Total Edible Mass per food (g) * (38/35870.3)  =  ET Predicted (g) 38% 

Table 3.9 Gathered assemblage excerpt (total gathered mass = 35,870.3g) 

Common Name NISP 

Average 
mass per 
seed or 
fruit (g) 

Total 
Edible 

Mass(g) 

ET 
Predicted 
(g) 38% 

USDA Description 

Goat grasses 122 0.04677 5.70594 0.00588565 Spelt, uncooked 
Bladder/Creeping 
foxtail 

1814 0.006826 12.382364 0.01277235 Millet, raw 

Winter wild oat 8 0.03233 0.25864 0.00026679 Oats 
Brome 10995 0.00203 22.31985 0.02302281 Millet, raw 
Wild barley 2503 0.04194 104.97582 0.10828204 Barley, hulled 
Alkali grass 1853 0.0002 0.3706 0.00038227 Millet, raw 
Saltbush 1228 1.4 1719.2 1.77334624 Amaranth leaves, raw 
Nitre bush 165 3.2 528 0.54462937 Loganberries 
Wild olive 1 3.8 3.8 0.00391968 Olives, ripe, mixed 

sizes 
Wild pistachio 2 0.6 1.2  Pistachio nuts, raw 
Wild pear 1 148 148 0.15266126 Pears, raw 
Mount tabor 
acorns 

43 1.4 60.2 0.062096 Acorns, raw 

Bramble 175 1.6 280 0.28881861 Raspberries, wild 
 



Chapter 3 Reconstructed Prehistoric Diets  

 153 

Table 3.10 Fished assemblage (total Fish+Hunt mass = 410407.3g) 

Common 
Name 

NISP 
Average 
bones 

per fish 

Edible 
Mass 

(g) 

Total 
Edible 

(g) 

ET 
Predicted 
(g) 62% 

USDA 
Description 

Carp/minnow  13818 99 500 69787.9 10.71 Carp, raw 
Cichlid 3255 99 1105.5 36347.5 5.58 Tilapia, raw  

 

Table 3.11 Hunted assemblage excerpt (total Fish+Hunt mass = 410407.3g) 

Common 
Name 

NISP 
Average 
bones 
per 
animal 

Edible 
Mass per 
animal(g) 

Animal 
part 

Total 
Edible 
(g) per 

part 

ET 
Predicted 
(g) 62% 

USDA 
Description 

Mountain 
gazelle  

2058 327 24000 Meat 
93.74% 

141832.1 21.77 Antelope 
meat, roasted 

Liver 
2.21% 

3338.1 0.51 Lamb liver, 
cooked 

Spleen 
0.16% 

241.7 0.04 Lamb spleen, 
cooked 

Heart  
0.44% 

664.6 0.10 Lamb heart, 
cooked 

Lungs 
1.11% 

1676.6 0.26 Lamb lungs, 
cooked 

Kidney 
0.18% 

271.9 0.04 Lamb 
kidneys, 
cooked 

Subcut 
fat 2% 

3020.9 0.46 Fat, mutton 
tallow 

Hare 76 222 2310 ~ 790.8 0.12 Wild rabbit, 
raw 

 

Similarly, for the Fished and Hunted assemblages, the combined Total Hunted + 
Fished mass was calculated as 410,407.3g and used to scale the relative 
contributions of fished and hunted resources in the diet to 62%. With large 
animals such as gazelles, deer and pigs, the Edible Mass per animal was broken 
down into the relative contributions of meat, liver, spleen, heart, lungs, kidney and 
subcutaneous fat to more accurately characterise the nutrient profiles. In the 
example of gazelles, the organ meats were approximated with lamb as no values 
for antelope were provided. With smaller animals such as hares, the USDA ND 
does not provide nutrient values for edible organs. For these entries, the single 
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meat value was used. The following formula was used to scale these 
assemblages to 62%: 

Total Edible Mass Hunt + Fish (g) * (62/410407.3)  =  ET Predicted (g) 62% 

Using these formulas, it was possible to estimate the contribution of each food in 
the Ohalo II diet scaled by its assemblage mass. This method provides a 
quantitative estimate of the amount of each food consumed based on the 
archaeological data to allow a Palaeolithic diet to be compared with other diets.  

See Appendix D for an alternative method based on Kcal rather than edible mass 
to estimate the relative contributions of gathered, hunted and fished resources in 
the Ohalo II diet. 

3.6 Missing Foods 

Ohalo II offers unique insights into the diet breadth of an HG group living on the 
shore of Lake Kinneret some 23,000ya, with the most complete archaeobotanical 
assemblage from this period. Yet despite this excellent preservation of plants, it 
must be acknowledged that there are ‘missing foods’ from the Ohalo II diet. The 
seminal work of Gordon Hillman on this topic in his investigations of Wadi 
Kubbaniya (Hillman et al., 1989) is directly applicable to the Ohalo II data with 
many parallels.  

First, preservation of archaeobotanical remains by charring will necessarily be 
incomplete. Foods that were consumed raw or boiled would have escaped 
charring, not coming into direct contact with fire that would have preserved them. 
Furthermore, many charred ancient foods that survive are often not identifiable 
(Hillman et al., 1989). If the Ohalo II inhabitants were eating leaves, flowers, 
bulbs, corms, rhizomes or tubers, their charred residues would be unlikely to 
survive in a recognisable form. These soft vegetables may have featured in the 
Ohalo II diet but remain archaeologically invisible. Brick and fortified structures 
typical in younger sites but absent from Ohalo II often preserve and compress 
the soil into protective layers. Although the lake waters and anaerobic layers of 
lakebed clay preserved the Ohalo II vegetation better than any other known 
Palaeolithic site, it must be assumed that some resources are invisible despite 
the high level of preservation. 

A second consideration is the diversity and size of the Ohalo II assemblage. 
Although much larger than any other known UP sites, it should not be assumed 
to be complete. The application of ecological models may help infer or ‘discover’ 
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some of the missing foods. Pollen-based climate reconstructions have indicated 
the palaeo-climate of the site was wetter and more temperate than Israel’s current 
climate and therefore could have supported a wider range of species. Situated at 
the mouth of the Jordan River, the lands near the encampment would have been 
in the flood plains, possibly supporting a greater variety and amount of resources 
than have so far been identified in the diet, including many swamp-based roots. 
Other information sources, such as coprolites, proteomics and dental calculus 
from the Ohalo II human remains may be successful in identifying some of the 
missing foods in the diet. Given the grasses, it is likely that honey contributed to 
the diet but has not left sufficient evidence to quantify this food source. However, 
a key feature of this research is the attempt to quantify dietary components. While 
the above methods may facilitate the identification of otherwise ‘missing’ foods, 
without a means of quantification they would not help to build a more complete 
picture of the Ohalo II diet. 

Combining ecological models of what could have grown at the time with 
ethnographic models of preferred foods and foraging strategies in modern HG 
groups may also lend support to rethinking the proportion in which the staple 
foods were consumed and which foods were more heavily exploited. While using 
a climate model to predict the proportion of Gathered, Fished and Hunted 
resources in the diet, it may be possible to further refine these predictions using 
ecological models to ‘find’ missing foods and further inform the amounts 
consumed with ethnographic models.  

3.7 Ohalo II Conclusion 

The Ohalo II diet inferred here is a first order of approximation reconstruction (see 
Table 3.12 and Figure 3.19). This will always be the case when taphonomic 
processes are at play. Nonetheless, I have attempted to account for some 
taphonomic biases by integrating paleoclimate and behavioural ecology data. 
This has resulted in a reconstructed diet nutrient profile that can be compared 
with similar profiles from modern diets that do not suffer these taphonomic biases. 
By comparing ancient and modern diet nutrient profiles (see Chapter 4), we can 
understand nutrient-level dietary change through time. Given hunter-gatherers 
consume foraged, seasonal foods, and generally do not consume processed and 
refined foods, it has been assumed their diets are a reasonable proxy for ancient 
diets. Here I have developed methods required to address this from a nutrient-
centred approach. I can examine the extent to which the inferred Ohalo II diet is 
typical of hunter-gatherer diet and assess at the nutrient level whether using 
hunter-gatherer diets as a proxy for ancestral diets is a good approximation. 



Chapter 3 Reconstructed Prehistoric Diets 

 156 

Table 3.12 Summary of Ohalo II quantification 
  

Gathered 
 

Hunted 
 

 
Fished 

Hunted 
+ 

Fished 

 
TOTAL 

 
MNE or NISP 

count 

 
50,997 

 
3,199 

 
17,073 

 

 
20,272 

 
71,269 

 
 

Edible Mass  
(g) 

 
35,870 

 

 
304,272 

 
106,136 

 
410,407 

 
446,277 

 
 

Predicted 
contribution  
ET = 15.7°C 

 

38% 

   

62% 

 

100% 

 

 

   
Figure 3.19 Summary of Ohalo II edible assemblages by numbers of specimens (Plotly, 
2015). 

Using climate data and models to predict ET for Ohalo II at 23,000 ya, and 
exploiting correlations within Kelly’s HG data table, it has been possible to infer a 
Palaeolithic diet from archaeological and archaeobotanical records and quantify 
aspects of its nutrient diversity at the individual nutrient level using the USDA ND. 
A future challenge is to identify other UP sites with sufficiently detailed 
archaeobotanical data to allow similar diet reconstructions. Due to taphonomic 
bias, it is the missing plant data that poses the greatest challenge. In future work, 
it may be possible to supplement or substitute studies with pollen and phytolith 
data, proteomics or other information sources. In this way, the archaeobotanical 
record may be estimated, and the current limitations of partial or missing data 
plant assemblages overcome. 

  

Ohalo II Plant Assemblage Ohalo II Faunal Assemblage Ohalo II Aquatic Assemblage 
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3.8 Çatalhöyük 

3.8.1 Introduction 
The methods developed for the Ohalo II Palaeolithic diet reconstruction were 
adapted and applied to a Neolithic site, Çatalhöyük. However, key differences 
between food-seeking Palaeolithic and food-producing Neolithic diets need to be 
considered – not least regarding terminology. Early agrarian and/or farming 
societies almost certainly supplemented cultivated foods with wild and foraged 
resources, but the categories of ‘Gathered’ and ‘Hunted + Fished’ resources used 
in the Ohalo II diet are not meaningful when applied to Neolithic assemblages of 
domesticated grains and animals. In the Neolithic and Bronze Age diets 
considered here, ‘Gathered’ is replaced by ‘Plant’, representing all plant-based 
resources in the diet, while ‘Hunted + Fished’ is replaced by ‘Animal’ to 
encompass all animal-based foods, including eggs, dairy and aquatic resources. 

3.8.2 Background 
One of the best-studied and extensively investigated Neolithic sites in the world 
is Çatalhöyük in present-day Turkey. This Neolithic and Chalcolithic proto-
settlement occupied two distinct areas: East Mound from ~9000 – 7500ya and 
West Mound from ~8200 – 7000ya (Cessford and Carter, 2005). For the purposes 
of this study, my diet reconstruction is based on archaeological data from only 
the East Mound excavations. The use of the name ‘Çatalhöyük’ in this report 
refers to the East Mound (see Figure 3.20). The site was first excavated between 
1961-65 by Alan Hall, David French and James Mellart, with further excavations 
resuming in 1993 under Ian Hodder’s direction (see Figures 3.22-3.24) 
(Catalhoyuk, 2021). As annual site reports are published each year, this dietary 
reconstruction was based on cumulative data up until 2017. 
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Figure 3.20 GIS map of Çatalhöyük (adapted from Bogaard et al., 2017) showing East 
and West Mound excavation sites, with East Mound discussed in this chapter highlighted 
in blue.  

 
Figure 3.21 An artist’s impression of the settlement with adjacent grazing fields 
(SciNews, 2014, image credit: Dan Lewandowski) 
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With warming temperatures in the early Holocene and increasing precipitation in 
the Çatalhöyük region, the climate was sufficient to support early farming 
initiatives supplemented with wild plants and animals in the surrounding river 
floodplains (Hodder, 2007, Asouti and Hather, 2001). Early domesticated crops 
featured in the diet, as did domesticated goats and sheep along with wild birds, 
boar, aurochs and deer. The occupants of the densely populated East Mound 
lived in mud-brick houses accessed through rooftops with walkways and 
thoroughfares at roof level with livestock kept nearby (see Figure 3.21). The 
Neolithic transition is associated with profound diet and lifestyle changes that first 
occurred in southwestern Asia ~12,000 ya (Bocquet-Appel and Bar-Yosef, 2008, 
Fuller, 2007, Zeder, 2008) (see Appendix A for full discussion). A reduction of 
dietary breadth in the Neolithic has been widely assumed, with increased dietary 
reliance on cereals and grains, decreased reliance on foraged foods, and 
markers of declining health including reduced stature, bone deformities and 
chronic illnesses (Frayer, 1980, Macintosh et al., 2016).  
 

 
Figures 3.22a-b Photos of excavations of the South and North Areas (Tung and Haddow, 
2014). 

a 

b 
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3.9 Quantifying the Çatalhöyük diet 

3.9.1 Archaeobotanical Assemblage 
Like Ohalo II, the Çatalhöyük plant assemblage has not yet been 
comprehensively published in one source. For the purposes of this study, the 
plant remains have been estimated from data published by Amy Bogaard (2017) 
and Andrew Fairbairn (2005) and confirmed by the annual archive reports (Tung 
and Haddow, 2014, Haddow et al., 2015). Barley (Hordeum vulgare) and wheat 
(Triticum aestiivum) grains have been identified throughout the North and South 
areas on all levels (temporal stratigraphic levels), indicating its use as a staple 
food (Fairbairn et al., 2005, Fairbairn et al., 2002, Filipovic, 2012). Further cereal 
grains and pulses have been identified in ‘bread-like’ and ‘porridge-like’ structures 
suggesting early grain processing and cooking practises in the East Mound 
(Carretero et al., 2017). The use of club-rush tubers (Bolbosschoemus glaucus 

3.23 

3.24 Figure 3.23 Wild bull horns decorating 
pillars on Building 77 (Hodder et al., 
2008). 

Figure 3.24 Pairs of emmer grains in 
stored spikelets from burned Building 
79 (South O). Photos credit: Jason 
Quinlan (Bogaard et al., 2017). 
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and Bolbosschoemus maritimus) in the diet remains speculative, and so these 
were excluded from diet analyses. Traces of these tubers have been identified in 
animal dung, indicating they may have been used as animal fodder (Filipovic, 
2012). Although a few charred fragments of these tubers have been identified, 
they are absent from the food storage areas, suggesting that either they were 
consumed fresh or not consumed by the human inhabitants (Fairbairn et al., 
2005, Bogaard et al., 2017).  

Conversely, the high number of the oil-rich wild mustard seeds (Descurainia 
Sophia) found in storage bins has been interpreted as purposeful storage 
intended for consumption and included in diet analyses. Making up 98% of the 
wild plant taxa, wild mustard (Brassicaceae family) are today thought of as a 
weed, although they are thought by some to have medicinal properties and can 
yield oil if pressed. Other wild plants in the diet include pistachio nuts (Pistacia 
terebinthus) and figs (Ficus sp). New species associated with the Neolithic such 
as lentils (Lens culinaris) were found in large quantities, together with peas 
(Pisum sativum) and a small number of chickpeas (Cicer arietinum).  

Using the same seed weight-based estimations as performed for the Ohalo II diet 
reconstruction (i.e. the mass of equivalent seeds using a variety of modern seed 
weight sources), the total mass of the consumed Plant assemblage is ~41,537g. 

3.9.2 Faunal Assemblage 
Domesticated sheep and goat (Ovis/Capra) remains dominate the faunal 
assemblage, followed by a high number of aurochs (Bos primigenius) bones. 
Despite early research hypothesising that Çatalhöyük was a cattle domestication 
site (Perkins, 1969), the sex ratios and age of slaughter profiles suggest the cattle 
in this period were wild and hunted rather than herded (Russell, 2012, Stevanovic 
and Tringham, 2012). With no detected decrease in body mass over time 
associated with domesticated cattle, the remains from the East Mound have been 
classed as wild cattle, although fully domesticated cattle have been excavated in 
the later West Mound. This suggests that the East Mound was an early Neolithic 
or possibly proto-Neolithic site whereas the West Mound was fully Neolithic with 
domesticated plants and animals (Hodder et al., 2008). 

Domesticated dogs were a particular feature in Çatalhöyük with nearly 1,400 
canine bones excavated and over 1050 of these positively identified as 
domesticated (Russell and Martin, 2005). These animals were not quantified as 
part of the edible assemblage as there is strong evidence that the inhabitants did 
not consume their pets (Russell and Martin, 1995, Russell and Martin, 2005, 



Chapter 3 Reconstructed Prehistoric Diets 

 162 

Russell, 2012, Russell et al., 2009). Twenty hedgehog bones were excluded from 
analyses as these were most likely part of a burnt offering, and 118 wildcat bones 
were similarly excluded as only the head and/or lower limbs were found, 
suggesting they were used for pelts and not eaten (Russell and Martin, 2005). 
However, the disarticulation of the foxes, martens, badgers, weasels and leopard 
suggest human consumption and the over-representation of the meaty upper limb 
bones for hare also suggest these were eaten (Russell et al., 2009, Russell and 
Martin, 2005).  

3.9.3  ‘The Trouble with Goats and Sheep’ 
The title of this section refers not to Joanna Cannon’s best-selling novel, 
published in 2015, but to an ongoing problem in zooarchaeological investigations. 
In the Çatalhöyük assemblage, goats and sheep are most often recorded as 
Ovis/Capra although a minority of bones were species identified as Ovis or 
Capra. Bones recorded as NISP counts from Russell (2005, Russell, 2012, 
Russell et al., 2013) were summed to quantify the goat assemblage. Where NISP 
counts were recorded for a combined Ovis/Capra category, half were 
characterised as sheep and half goat for nutrient analyses. To convert NISP 
counts to a minimum number of individuals (MNE), the accepted method is to 
divide by the average number of bones per animal. This posed unforeseen and, 
to an extent, unsolved problems. First, there is often no way to identify 
archaeological Caprini (from Family Bovidae; Subfamily Caprinae; Tribe Caprini) 
remains to species level because of similarities between early domesticated 
sheep and goats. Second, and a more the critical problem, there is no published 
consensus on the average number of bones in either sheep or goat skeletons. 
Having consulted the Royal Veterinary College, the UCL Grant Museum, Louise 
Martin and Yvonne Edwards in the Institute of Archaeology and finally David 
Orton, York Zooarchaeology, I was no closer to solving the problem. Orton in 
personal correspondence (available upon request) agreed the problem remains 
unresolved and that my suggestion of using the highest number of published 
skeletal bone counts of 215 for sheep and 189 for goats was both conservative 
and reasonable. MNE estimations proceeded using these counts, recognising 
that this may have underestimated the animal assemblage edible mass.  

3.9.4 Avian Assemblage  
Similar to Ohalo II, the inhabitants of Çatalhöyük’s East Mound exploited a variety 
of wild birds. The disarticulation of bird skeletons is suggestive of birds being 
consumed by humans, which were therefore included in diet estimations. Of the 
1653 avian bones catalogued, 80% were from water birds (Mulville, 2014). Due 
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to taphonomic processes, some of the delicate bones have been obscured or lost 
from the record, although the prevalence of wing bones could indicate birds were 
used for their feathers rather than as a food (Mulville, 2014). However, many 
bones were heavily processed, with fragmented phalanges, possibly for marrow 
extraction (Russell and Martin, 2005). The avian assemblage was recorded as 
NISP counts but as the majority of bird species were identified by a single bone, 
the NISP counts were treated as MNE for quantification.   

3.9.5 Aquatic Assemblage 
Located on the Konya Plain with the Çarşamba River flowing between the two 
mounds, Çatalhöyük was well-placed for access to aquatic resources, including 
minnow, carp, loach and bivalves (Van Neer et al., 2013, Mayer et al., 2010). 
Despite the proximity to a river, there is little evidence to suggest aquatic 
resources were heavily exploited at Çatalhöyük (Van Neer et al., 2013). While 
scoop baskets could have been used to systematically extract fish in shallow 
waters, neither baskets nor fishing equipment has been identified (Van Neer et 
al., 2013). It is possible that taphonomic bias has obscured delicate fish bones 
and fibres eroded beyond the point of identification the assemblages. It is also 
possible that there were sufficient food resources from cereals and domesticated 
animals that fished resources were not often needed, and instead were used as 
fallback foods.  

3.9.6 Eggshell Assemblage 
The eggshell remains recovered from Çatalhöyük are currently the largest known 
archaeologically recorded eggshell assemblage in the world (Sidell and Scudder, 
2005, Best et al., 2015). Mass spectrometry analyses of the shells have identified 
they are predominantly from duck and goose, and more importantly the eggs 
were unhatched, indicating they were part of the diet rather than used to produce 
hatchlings (Best et al., 2015). Despite the size of the assemblage, a major 
limitation in diet reconstruction is that the fragments have not been quantified by 
mass, count or size, with some fragments varying in size from 4mm to less than 
1mm. Recovered mainly through floatation, the eggshell assemblage exceeds 
the amount of avian bone (Sidell and Scudder, 2005) but no measurement 
(whether referring to mass or count) for this statement was given.  

To quantify eggs in the Çatalhöyük diet, their proportional contribution needed to 
be estimated, based on an unquantified eggshell assemblage without counts, 
mass or measurements for guidance. After consultation with Dorian Fuller, the 
contribution of egg in the Çatalhöyük diet has been conservatively estimated as 
1% of the Total Animal Assemblage mass. An estimate of 1,791,296g was 
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allocated for the egg contribution, shared equally between duck and goose egg. 
This estimate is based on the Total Animal Assemblage mass of 179,129,556g 
(milk mass excluded). The Total Animal foods mass including egg and milk (see 
3.9.7 for details) contributions, totals 181,102,080g.  

An alternative estimation was attempted based on a partial quantification of 
30,000 eggshell fragments identified in Best et al. (2015). Using this 
approximation of 30,000 eggshell fragments with an average fragment size of 
1.5mm (with fragment sizes varying from 4mm to <1mm), and an average 
eggshell surface area of 740mm2 (Narushin, 2005), this yielded an estimate of 
just 60 eggs in the Çatalhöyük, each with an average mass of 45g, totalling 
2,700g of egg. Given the reported size of the eggshell assemblage, this method 
was deemed to underestimate eggs, and this attempt is only shown for 
completeness. As stated above, for downstream analyses, egg in the Çatalhöyük 
diet was estimated as 1,791,296g which is 1% of the Animal assemblage mass.   

3.9.7 Milk Estimation    
The trouble with goats and sheep appeared again when estimating milk in the 
Çatalhöyük diet as part of the Animal assemblage. At Çatalhöyük, dairy foods 
from goats and sheep (but not cattle) featured in the East Mound diet, but there 
is insufficient evidence for a reliance on dairy foods. Shotgun proteomic 
investigations of West Mound potsherds have been claimed to indicate Caprinae 
milk proteins in sherds dating to ~7800ya (Hendy et al., 2018). Furthermore, milk 
protein signatures have been identified in a number of other Anatolian 
Chalcolithic sites, together with increased pottery production that would have 
facilitated milk processing (Sauter et al., 2003, Evershed et al., 2008). 

Age-of-death profiles based on faunal bone fusion data are suggestive of sheep 
and goats primarily being reared for meat (Russell and Martin, 2005). With over 
50% of the animals surviving to 3.5 years, it does not suggest an intensive use 
of milk. Instead it was argued that the slaughter of mainly juvenile and young 
adult males and the maintenance of females for breeding optimises meat yield. 
With the main source of animal protein confirmed by stable isotope analyses of 
human remains as Caprinae (Pearson et al., 2007, Richards et al., 2003b), the 
herd mortality profiles have been argued to indicate a reliance on Caprinae meat 
but only a minor reliance on dairy foods (Evershed et al., 2008). For these 
reasons, a method of milk estimation in the Çatalhöyük diet needs to be sensitive 
to the absence of firm evidence of heavy exploitation yet account for its 
contribution to the diet. 
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Based on Mourad’s study of milk yields in unimproved Egyptian goats (Mourad, 
1992), each animal produces an estimated 3333kg of milk in an eight-year 
lifespan. It is important to use ‘unimproved’ herd data as these animals are not 
bred for increased milk yields. However, to use a lifetime milk estimate in this 
reconstruction would likely overestimate milk in the diet. Similar in concept to 
plants where one grain is counted but not the lifetime contribution of the plant, 
milk was estimated as a one-day contribution to the Animal assemblage. Cow 
milk was not considered as bovids in Çatalhöyük were not domesticated. 
Converting Caprinae NISP data to MNE, there were an estimated 306 animals 
(sheep and goat combined) in the assemblage. In this mixed herd strategy, the 
sex ratio was assumed 50% male, and as milk exploitation was not intense, a 
further 25% of the herd was presumed ‘not milked’. Of the 306 animals, an 
estimated 25% would be producing milk, each contributing 2.3 litres daily based 
on Mourad’s work. A herd or flock of ~76 animals would produce approximately 
181,228g of milk per day or about 176 litres. Where bones at Çatalhöyük have 
been identified to species level, the proportion was 80/20 sheep to goat. This 
proportion was applied to the total milk production with sheep contributing 
144,983g and goats 36,245g. When understood in context within the total Animal 
assemblage, milk represents approximately 0.001% of the total assemblage 
mass. 

Using the same methods and animal mass estimations as performed for the 
Ohalo II diet reconstruction, the estimated total mass of the consumed 
Çatalhöyük Animal foods (including eggs, milk, birds and fish) based on 
assemblage material was 181,102,080g (cf. the estimated total mass of Plant 
foods based on Assemblage material was 41,537g).  

3.10 Effective Temperature of Çatalhöyük 

As with the inferred Ohalo II diet, because of the very different taphonomic 
processes affecting plant and animal remains, and because animal remains 
mostly represent foods eaten, whereas plant remains are foods not eaten, it is 
necessary to find a way to estimate the relative contributions of plant and animal 
foods. We addressed this problem with the Ohalo II diet reconstruction by using 
ethnographic data on the relationship between ET and proportion of ‘Gathered’ 
foods. However, equivalent ethnographic data on the relationship between ET 
and proportion of plant foods consumed by agricultural populations was not 
available. I therefore elected to apply the hunter-gatherer data (Kelly, 2013) 
based ET predictor to estimate the proportions or animal and plant foods 
consumed at Çatalhöyük. While this is not ideal, it should be noted that, as with 
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the Ohalo II diet reconstruction, I was able to generate a range of plausible 
Çatalhöyük diet nutrient profiles based on a wide range of plausible values of this 
ratio, as drawn from the 95% confidence interval of the ET predictor. This also 
applied to the inferred Tell Brak diet (see below) and is highly relevant for the 
analyses presented in Chapter 4. 

A new freeware tool, PaleoView (Version 1.1) (Fordham et al., 2017), was used 
to estimate ET for Çatalhöyük for the East Mound occupation 9,000 – 7,500 ya. 
With higher temporal and spatial resolution for estimating past temperatures, 
PaleoView offers a good alternative to the QUEST climate method used for 
estimating the Ohalo II ET. The ease of download with drop down menus to 
interact with the database in PaleoView makes this a valuable research tool. 
However, because it only spans the past 21,000 years it was not possible to use 
this resource for the Ohalo II work. An updated version (1.5.1) is currently 
available, but these analyses were performed using Version 1.1. 

Based on daily simulation outputs from the Community Climate System Model 
Version 3 (CCSM3), PaleoView modelled climate reconstructions were output in 
decade intervals for each month between 9,000 – 7,500 ya using the geographic 
coordinates for Çatalhöyük of 37.67°N and 32.82°E. These were then averaged 
by month to obtain the warmest and coldest month for ET estimation (see Table 
3.13). January and August highlighted in blue were the coldest and warmest 
months, respectively.  

Table 3.13 PaleoView (v 1.1) output of monthly average temperatures (°C) 

 
Month 

Average 
Temperature (°C) 

9000 – 7500BP 
January 0.97 
February 1.01 
March 2.87 
April 6.69 
May 12.36 
June 19.47 
July 24.46 
August 24.60 
September 16.92 
October 10.28 
November 5.67 
December 2.57 
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Calculating the ET Estimate: 

Bailey’s ET formula  ET = (18W – 10C ) 
                                 (W – C ) + 8 
 

PaleoView Çatalhöyük ET Çatalhöyük = ( 18 *(24.60) – 10*(0.97) ) 
data           ( 24.60 – 0.97 ) + 8 

Çatalhöyük ET  ET Çatalhöyük = 13.69°C 

3.11 Using ET to estimate the relative contributions of assemblages 

Applying the same method as in the Ohalo II diet, the sigmoidal curve predicts 
the relative contribution of Plant resources point estimate of 31% (95% CI: 9% - 
68%) (see Figure 3.25). By extension, Animal foods contribute a point estimate 
of 69% (95% CI: 32% - 91%) to the diet. Note the 95% CI around the sigmoidal 
curve is not symmetric, reflecting the dispersion of the data.  

Figure 3.25 A generalised linear model predicts the proportion of Plant resources of 31% 
(95% CI: 9% - 68%) in the diet Çatalhöyük (data from Kelly, 2013).  
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3.11.1 Tables of Assemblages – The Full Çatalhöyük Diet Estimation 
In Tables 3.14 – 3.17, the methods for estimating the Çatalhöyük diet are shown 
by assemblage using the 31% point estimate of plant resources in the diet and 
69% animal resources (estimations from the ET method). 

Table 3.14 Plant resources in the Çatalhöyük diet 

Species Name Common 
Name 

Seed 
count 

Wet mass 
(g) 

Total 
Consumed 

(g) 
31% USDA 

Description 
Triticum 
timopheevi Zhuk 

Glume 
wheat, new 
type 

145366 0.02704 3930.70 2.936 Wheat hard 
red spring 

Triticum 
aestivum 

Free-
threshing 
wheat 

17400 0.02704 470.50 0.351 Wheat hard 
red spring 

Hordeum vulgare Barley 21359 0.04194 895.08 0.669 Barley 
hulled 

Triticum 
boeoticum 

Wild Einkorn 
glume base 

86 0.02704 2.33 0.002 Wheat flour 
wholegrain 

Triticum 
monococcum 

Einkorn 
glume base 

1846 0.0139 25.66 0.019 Wheat flour 
wholegrain 

Triticum 
dicoccon 

Emmer 
glume base 

27115 0.0377 1022.24 0.763 Wheat flour 
wholegrain 

Triticum 
timopheevi Zhuk 

New Type' 
wheat glume 
base 

103491 0.02704 2798.40 2.088 Wheat flour 
wholegrain 

Triticum Free-
threshing 
wheat rachis 

4643 0.02704 125.55 0.094 Wheat flour 
wholegrain 

Hordeum vulgare Barley rachis 1612 0.04194 67.61 0.050 Barley 
hulled 

Hordeum vulgare Naked Six-
row rachis 

205 0.04194 8.60 0.006 Barley 
hulled 

Hordeum vulgare Naked Two-
row rachis 

770 0.04194 32.29 0.024 Barley 
hulled 

Lens culinaris Lentil 67436 0.012 809.23 0.604 Lentils raw 

Pisum sativum Pea 6337 0.195 1235.72 0.922 Peas green 
raw 

Vicia ervilia Bitter vetch 1017 0.4 406.80 0.304 Broadbeans 
raw 

Cicer arietinum Chickpea 163 0.3065 49.96 0.037 Chickpeas 
raw 

Lathyrus sativus Grass pea 93 0.4 37.20 0.028 Peas 
podded 
boiled 

Prunus 
dulcis/amygdalus 

Almond 717 2.58 1849.86 1.381 Nuts 
almonds 

Prunus sp Almond/plum 261 35 9135.00 6.782 Plums raw 
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Pistacia vera Pistachio 419 0.6 251.40 0.188 Nuts 
pistachio 
raw 

Celtis 
occidentalis 

Hackberry 3830 0.195 746.85 0.557 Mulberries 
raw 

Quercus sp Acorn 161 4.567 735.29 0.549 Nuts acorns 
raw 

Ficus carica Fig  410 40 16400.00 12.240 Figs raw 
Descurainia 
sophia 

Small-
seeded 
mustard 

12741688 1529.00256 500.40 0.373 Flaxseed oil 

 

Table 3.15 Animal resources in the Çatalhöyük diet 

Species 
Name 

Common 
Name 

NISP 
Average 
mass of 
animal 

(g) 

Average 
bones 

per 
animal 

Edible 
pro-

portion 

Total 
Consumed 

(g) 
69% 
(g) 

USDA 
Description 

Bos 
primigenius 

undomesticated 
cow / aurochs 

21026 2420000 207 0.65 159777285.02 60.87524 Beef, grass-
fed raw 

Equus sp Includes 
horses, asses, 
zebras 

1009 625000 205 0.7 2153353.66 0.82043 Horse, 
roasted 

Large 
equid 

Probably Equus 
ferus 

215 625000 205 0.7 458841.46 0.17482 Horse, 
roasted 

Equus 
ferus 

Horse 21 625000 205 0.7 44817.07 0.01708 Horse, 
roasted 

Small-
medium 
equid 

Pony/horse 988 325000 205 0.7 1096439.02 0.41774 Horse, 
roasted 

Equus 
hydruntinus  

European wild 
ass 

87 325000 205 0.7 96548.78 0.03679 Horse, 
roasted 

Equus 
hemionus 

Asiastic wild 
ass 

36 325000 205 0.7 39951.22 0.01522 Horse, 
roasted 

Large 
cervid 

Deer 1527 200000 327 0.7 653761.47 0.24908 Deer, 
roasted 

Cervus 
elaphus 

Red deer 280 200000 327 0.7 119877.68 0.04567 Deer, 
roasted 

Dama 
dama 

Fallow deer 22 63000 327 0.7 2966.97 0.00113 Deer, 
roasted 

Capreolus 
capreolus 

Roe deer 20 22500 327 0.7 963.30 0.00037 Deer, 
roasted 

Small 
cervid 

Deer 4 22500 327 0.7 192.66 0.00007 Deer, 
roasted 

Ursus 
arctos 

Brown bear 20 157500 210 0.57 8550.00 0.00326 Bear, 
cooked 

Sus scrofa Boar 2213 675000 216 0.57 3941906.25 1.50187 Wild boar, 
roasted 

Ovis/Capra Sheep/goat 28644 87500 215 0.53 6178444.19 2.35391 Lamb, 
ground, raw 

Ovis/Capra Sheep/goat 28644 32000 189 0.45 2182400.00 0.83150 Goat, 
roasted 

Ovis Sheep 6685 87500 215 0.53 1441938.95 0.54938 Lamb, 
ground, raw 

Capra  Goat 1727 32000 189 0.45 131580.95 0.05013 Goat, 
roasted 

Small 
carnivore 

Mustelid size 170 7491.5 244 0.4 2087.80 0.00080 Raccoon, 
roasted 

Vulpes 
vulpes 

Fox 531 5496 320 0.65 5927.95 0.00226 Raccoon, 
roasted 

Mustelid Martens, 
polecats 

50 7491.5 200 0.4 749.15 0.00029 Raccoon, 
roasted 
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Meles 
meles 

Badgers 107 6766.67 200 0.4 1448.07 0.00055 Raccoon, 
roasted 

Mustela 
nivalis 

Common 
weasel 

1 548.33 200 0.4 1.10 0.00004 Raccoon, 
roasted 

Panthera 
pardus 

Leopard 1 28250 244 0.4 46.31 0.00002 Raccoon, 
roasted 

Lepus 
europaeus 

Hare 161 3500 210 0.4 1073.33 0.00041 Wild rabbit, 
cooked 

Ovis/Capra 
milk 

Sheep milk NA NA NA 80% 
milk 
from 
76.5 

animals 

144983 0.05524 Milk, sheep 

Ovis/Capra 
milk 

Goat milk NA NA NA 20% 
milk 
from 
76.5 

animals 

36245 0.01381 Milk, goat 

 

Table 3.16 Aquatic resources in the Çatalhöyük diet 

Species Name Common 
Name 

NISP 

Average 
mass 
per 

animal 
(g) 

Number 
of bones 

per 
animal 

Total 
consumed 

(g) 

69% 
(g) 

USDA 
Description 

Pseudophoxinus 
spp. 

Carp/ 
minnow 

3496 500 99 17656.57 0.007 Carp, raw 

Capoeta spp Carp/ 
minnow 

6808 500 99 34383.84 0.013 Carp, raw 

Leuciscinae 
indet 

Carp/ 
minnow 

1849 500 99 9338.38 0.004 Carp, raw 

Cyprindae indet Carp/ 
minnow 

43261 500 99 218489.90 0.083 Carp, raw 

Cobitoidea spp Loach 6300 4500 100 283500.00 0.108 Carp, raw 
Unio Bivalve 1193 15 1 17895.00 0.007 Mollusks, 

mixed 
species, raw 

 

Table 3.17 Avian resources in the Çatalhöyük diet 

Species Name Common 
Name 

NISP 
Edible Mass 
per animal 

(g) 

Total 
Edible 

(g) 
69% 
(g) 

USDA 
Description 

Podiceps Grebe 2 630 1260 0.0005 Wild duck 
meat and 
skin 

Podiceps 
cristatus 

Great 
Crested 
grebe 

1 630 630 0.0002 Wild duck 
meat and 
skin 

Podiceps 
nigricolis 

Black 
necked 
grebe 

1 630 630 0.0002 Wild duck 
meat and 
skin 



Chapter 3 Reconstructed Prehistoric Diets  

 171 

Phallacrocorax 
carbo 

Cormorant 1 630 630 0.0002 Wild duck 
meat and 
skin 

Phalacrocorax 
pygmaeus 

Pygmy 
cormorant 

1 630 630 0.0002 Wild duck 
meat and 
skin 

Phallacrocorax 
family 

Wader 1 630 630 0.0002 Wild duck 
meat and 
skin 

Egretta garzetta Little egret 3 2100 6300 0.0024 Goose meat 
and skin 

Ardea cinera Grey heron 4 2100 8400 0.0032 Goose meat 
and skin 

Ardea purprea Purple heron 1 2100 2100 0.0008 Goose meat 
and skin 

Ciconia ciconia White stork 1 2100 2100 0.0008 Goose meat 
and skin 

Platalea 
leucorodia 

Spoonbill 2 1600 3200 0.0012 Goose meat 
and skin 

Anatidae family Large goose 10 1600 16000 0.0061 Goose meat 
and skin 

Anatidae family Small goose 11 1600 17600 0.0067 Goose meat 
and skin 

Anser albifrons White-
fronted 
goose 

5 1600 8000 0.0031 Goose meat 
and skin 

Branta ruficollis Red-
breasted 
goose 

3 1600 4800 0.0018 Goose meat 
and skin 

Anatidae family Duck 5 630 3150 0.0012 Wild duck 
meat and 
skin 

Anas sp Dabbling 
duck 

4 630 2520 0.0010 Wild duck 
meat and 
skin 

Anas penelope Eurasian 
wigeon 

1 630 630 0.0002 Wild duck 
meat and 
skin 

Anas crecca Teal 3 630 1890 0.0007 Wild duck 
meat and 
skin 

Anas 
platyrhynchos 

Mallard 1 630 630 0.0002 Wild duck 
meat and 
skin 

Aythya sp Diving duck 2 630 1260 0.0005 Wild duck 
meat and 
skin 

Aythya ferina Pochard 2 630 1260 0.0005 Wild duck 
meat and 
skin 
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Aythya fuligula Tufted duck 7 630 4410 0.0017 Wild duck 
meat and 
skin 

Haliaeetus 
albicilla 

White-tailed 
eagle 

1 630 630 0.0002 Horned owl 
flesh 

Gyps fulvus Griffon 
vulture 

1 1600 1600 0.0006 Horned owl 
flesh 

Circus sp Harrier 2 630 1260 0.0005 Horned owl 
flesh 

Circus 
macrourus 

Pallid harrier 1 630 630 0.0002 Horned owl 
flesh 

Circus pygargus Montagu's 
harrier 

1 630 630 0.0002 Horned owl 
flesh 

Accipiter gentilis Goshawk 1 630 630 0.0002 Horned owl 
flesh 

Aquila sp Small eagle 2 630 1260 0.0005 Horned owl 
flesh 

Aquila sp Eagle 2 630 1260 0.0005 Horned owl 
flesh 

Aquila heliaca Imperial 
eagle 

1 630 630 0.0002 Horned owl 
flesh 

Aquila 
chrysaetos 

Golden 
eagle 

1 630 630 0.0002 Horned owl 
flesh 

Perdix perdix Partridge 2 150 300 0.0001 Pheasant 
cooked 

Porzana parva Little crake 1 150 150 0.0001 Pheasant 
cooked 

Gallinula 
chloropus 

Common 
moorhen 

1 150 150 0.0001 Whitewinge
d duck meat 

Fulica atra Coot 5 150 750 0.0003 Whitewinge
d duck meat 

Grus grus Common 
crane 

3 400 1200 0.0005 Whitewinge
d duck meat 

Otis tarda Great 
bustard 

10 400 4000 0.0015 Ostrich 
ground 
cooked 

Larus Shorebird 2 400 800 0.0003 Whitewinge
d duck meat 

Larus minitus Little gull 1 400 400 0.0002 Whitewinge
d duck meat 

Larus cf 
cachinnans 

Yellow-
legged gull 

2 400 800 0.0003 Whitewinge
d duck meat 

Columba sp Dove 1 400 400 0.0002 Pheasant 
cooked 

Asio flammeus Short-eared 
owl 

2 400 800 0.0003 Horned owl 
flesh 

Passeriformes Small 
passerine 

1 400 400 0.0002 Horned owl 
flesh 

Passeriformes Medium 
passerine 

2 400 800 0.0003 Horned owl 
flesh 
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Corvus 
frugilegus 

Rook 5 150 750 0.0003 Horned owl 
flesh 

Corvus corone Hooded 
crow 

3 150 450 0.0002 Horned owl 
flesh 

Corvus corax Raven 1 150 150 0.0001 Horned owl 
flesh 

Unidentified 
birds 

Duck 77 630 48510 0.0185 Wild duck 
meat and 
skin 

Unidentified 
birds  

Goose 77 630 48510 0.0185 Goose meat 
and skin 

Anatidae family Duck 
eggshell 

0.5% of 
1791219556g 

 895648 0.3412
4 

Duck egg 
raw 

Anatidae family Goose 
eggshell 

0.5% of 
1791219556g 

 895648 0.3412
4 

Goose egg 
raw 

 

3.12 Çatalhöyük conclusion 

As excavations are ongoing at Çatalhöyük, this diet reconstruction, based on 
methods developed for the Ohalo II diet reconstruction, represents a snapshot of 
the whole diet using estimated amounts of each food resource identified from 
archaeological remains. This may change over time as additional data are 
excavated or identified through other methods, including lipid analyses, 
proteomics and stable isotope investigations. As a proof of concept, it has been 
possible to adapt a method developed for a Palaeolithic diet reconstruction to a 
Neolithic site to infer an agrarian diet in prehistory.  
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3.13 Tell Brak 

3.13.1 Introduction 
The Bronze Age widely is associated with the use and trade of bronze, an alloy 
of copper and tin. Diets during this period may have broadened in comparison 
with Neolithic diets as a result of innovations in cooking technologies and 
implements, grain processing, food storage, crop and livestock domestication 
events, crop intensification and the addition of new foods and livestock introduced 
through expanding exchange networks (Kristiansen and Larsson, 2005, Harding 
and Harding, 2000). The Bronze Age site of Tell Brak was first excavated in the 
1930’s under the direction of Sir Max Mallowan, perhaps better known as the 
husband of Agatha Christie, with excavations resuming from 1976-2006 under 
the direction of David and Joan Oates (Oates, 1982). This early Bronze Age 
settlement is one of the largest sites in Northern Mesopotamia - an area 
encompassing northern Iraq and parts of the Khabur plain in north-east Syria 
(Oates, 2005, Sołtysiak, 2009). A tell, or settlement mound, existed in this location 
from ~8,000ya (Oates, 2005). Situated at a strategic intersection of major 
southern trade routes from the Tigris Valley, northern Anatolian routes and 
western networks connecting Euphrates and Mediterranean trade, Tell Brak 
seems to have been a trade hub within a sophisticated exchange network of wool, 
textiles, ores, metal goods, pottery and grains (Oates, 2005, Green, 1999, Hald 
and Charles, 2008) (see Figure 3.26).  

More importantly, unlike many Bronze Age sites which have experienced 
continual occupation into present day, the southern part of Tell Brak was 
abandoned after the Late Bronze Age, with no modern settlement built over this 
site, providing unparalleled access by archaeologists and excellent recovery of 
both faunal and floral remains (Oates, 2005). Due to the availability and breadth 
of data, Tell Brak has been selected to reconstruct a Bronze Age diet. Here I 
employ the excavation reports (Matthews and Black, 2003) of the Early to Late 
Bronze Age occupation of Tell Brak (~6,200 – 3,600ya) to quantify this Bronze 
Age diet. 
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Figure 3.26a Tell Brak excavation plan. Plan courtesy G. Emberling, T. Skuldbøl & T. 
Larsen, modified with arrow indicating Area TC as a black square on the map shown in 
aerial view in Figure 3.26b which is an aerial kite photograph of Area TC. Photo by Evan 
Malone with permission of Geoff Emberling (Oates and McMahon, 2013). 

3.14 Quantifying the Tell Brak diet 

Using the diet reconstruction methods developed for Ohalo II and Çatalhöyük, 
the Tell Brak diet reconstruction was quantified based on data published in 
Matthews and Black (2003). Although further analyses have been carried out on 
archaeobotanical remains (see Styring et al., 2017), the numbers of recorded 
plant remains have not changed. Since 2011, all new excavations have been 
suspended due to the political situation in Syria.  

Additional faunal data have been published by McMahon, Sołtysiak and Weber  
(2011), but these were excavations of Tell Majnuna, an area 450m north of the 
centre of Tell Brak and just visible (but unmarked) in the northwest corner of 
Figure 3.26a. Dating to ~5900ya, Tell Majnuna has yielded findings 
conservatively estimated as 25 cattle and 100 sheep and goats buried in a mass 
grave with 54 human individuals (McMahon et al., 2011). As only one-third of the 
site has been excavated, it is possible that the final numbers will be nearer 75 
cattle and 300 sheep and goats buried on top of several hundred human 
skeletons. However, the equal sex ratios of slaughtered cattle and caprines have 
been interpreted as an indicator of non-intensive dairying (McMahon et al., 2011). 
While the Tell Majnuna data provide evidence of domesticated livestock use by 
the inhabitants of Tell Brak and environs, these data have not been included in 
the faunal analyses for dietary reconstruction as the animals were not located in 
central Tell Brak, and no analyses have been made regarding identifying floral 
remains. However, it lends support to domesticated livestock being part of the 
diet for Tell Brak inhabitants.  

a b 
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3.14.1 Archaeobotanical assemblage 
With numerous grain storage facilities, baking ovens and roasting pits, Tell Brak 
supported a large urban population with cultivated domesticated crops, including 
wheats, barleys, ryes and flaxseed (Hald and Charles, 2008). Some seeds were 
excluded from the analyses where it was unlikely these were part of the diet. Over 
3,000 weeds were excluded as were 46 seeds of Chrozophora tinctoria (dyer’s 
croton), a known blue-purple colourant. Some 1,300 Galium spp. seeds were 
excluded as these most likely were used for bedstraw (Hald and Charles, 2008). 

Recently, it has been argued that crop ‘extensification’ rather than intensification 
allowed for increased productivity that permitted population growth (Styring et al., 
2017). This means that more hectares were converted to cultivation rather than 
making each hectare more productive. While there is evidence of dietary stress 
in the form of tooth enamel hypoplasia, considerable tooth wear and cranial 
porosities, these are similar in scale to what is observed in Neolithic sites 
(Sołtysiak and Bialon, 2013). It has been suggested that greater dietary stress 
may have been experienced later as Bronze Age settlements transitioned into 
the Iron Age, with increasing incidence of dental caries and bone deformities in 
this later period (Sołtysiak and Bialon, 2013). 

3.14.2 Animal Assemblage (Faunal, avian and aquatic assemblages) 
Domesticated sheep and goat bones were the most numerous faunal remains, 
followed by those of domesticated pigs and cattle (Jaques et al., 2003). The larger 
animals may have been butchered some distance from the site, and the bones 
are often fragmented and burnt, which may be the result of rendering to release 
fats (Oates, 2005, Johnson et al., 2018). However, gazelle bones were recovered 
in higher numbers than equids and cattle, suggesting some reliance on wild 
foods. The variety of the wild fowl in the avian assemblage also supports this 
inference (Jaques et al., 2003). Unlike Çatalhöyük, there was an absence of 
eggshell in the excavations at Tell Brak, and therefore no estimation of egg in the 
diet has been attempted.  

Age-at-death profiles for caprines indicate an increasing importance of their 
secondary products (mainly wool), and the decreasing sheep remains found in 
more recent levels may suggest an over-grazing of the landscape. This may have 
encouraged a return to goat husbandry which is less demanding on grazing 
pastures (Jaques et al., 2003). Aquatic resources were likely to have 
supplemented the diet. Given the species of fish in the assemblage, the use of 
fishing nets, baskets and hooks would have been required, although there is no 
direct evidence of these technologies (Jaques et al., 2003). With limited faunal 
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evidence, it is important not to over-interpret the data, but it is still possible to infer 
likely contributions of vertebrates to the Tell Brak diet.  

3.14.3 Milk 
The amount of milk in the Tell Brak diet was estimated using the same methods 
and assumptions as Çatalhöyük and based on Tell Brak NISP counts of 69 cow 
bones, 301 goat bones and 512 sheep bones. These bones counts were divided 
by the average number of bones per animal to provide the animal fraction or 
number of animals in the herd. Milk yields per animal per day were obtained from 
Mourad for unimproved herds and flocks (Mourad, 1992) (see Section 3.9.7 for 
details). A per-day goat milk yield estimation was assumed the same for sheep 
and doubled for cattle. The Tell Brak milk estimation is the animal fraction 
multiplied by the milk yield. This number is then reduced by 75% : 50% to account 
for the assumed sex ratio of 50/50 and a further 25% reduction for non-intensive 
milk-use in line with the approach used for the Çatalhöyük diet reconstruction. A 
one-day total milk yield estimate was made for cows, goats and sheep as there 
is good evidence that all three species were domesticated, and likely to have 
been exploited for secondary products, including milk, at Tell Brak.  

Table 3.18 Milk estimation for Tell Brak 

Species 
Name 

NISP 
count 

Animal 
Fraction 

(NISP/Bones 
per animal) 

Milk yield 
per animal 
per day (g) 

Milk estimation (g) 
(milk yield*animal 

fraction) 

Tell Brak milk 
consumed (g) 
(75% of Milk 
estimation) 

Cow 69 0.33658537 4738 1594.74 398.69 
Goat 301 1.40000000 2369 3316.60 829.15 
Sheep 512 2.38139535 2369 5641.53 1410.38 

 

3.15 Effective Temperature of Tell Brak 

Using the geographic coordinates for Tell Brak of 36.67°N and 41.05°E, 
PaleoView (Version 1.1) (Fordham et al., 2017), was used to determine the 
warmest and coldest months for Tell Brak during its occupation 6,200 – 3,600 ya 
in 10 year estimates which were then averaged to obtain the warmest and coldest 
month for ET estimation (see Table 3.19). December and August highlighted in 
blue were the coldest and warmest months, respectively. 
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Table 3.19 PaleoView (v 1.1) output of monthly average temperatures (°C) 

 
Month 

Average 
Temperature (°C) 

6200 – 3600BP 
January 6.80 
February 8.66 
March 11.56 
April 17.19 
May 22.29 
June 26.77 
July 33.01 
August 33.90 
September 29.31 
October 20.37 
November 13.83 
December 6.79 

 

3.15.1 Calculating the ET Estimate 
 

Bailey’s ET Formula  ET = (18W – 10C ) 
                        (W – C ) + 8 

PaloeView Tell Brak  ET Tell Brak = ( 18 *(33.90) – 10*(6.79) ) 
data             ( 33.90 – 6.79 ) + 8 

Tell Brak ET    ET Tell Brak = 15.45°C 

 

3.15.2 Relative contributions of assemblages 
Applying the same method as was used for the Ohalo II and Çatalhöyük diets, 
the sigmoidal curve predicts the point estimate relative contribution of Plant 
resources to the Tell Brak diet of 37% (95% CI: 11% - 74%) (see Figure 3.27). 
By extension, Animal foods contributed 63% of the diet (95% CI: 26% - 89%). 
The mass of milk was included in the total mass of Animal resources being a 
product of animal origin although not bone or tissue. On considering whether milk 
should be quantified as part of the Animal or Plant assemblage (‘Hunted’ or 
‘Gathered’ in a Palaeolithic diet), by mass water is the major component in milk, 
contributing some 80-88% of the mass (Rasheed et al., 2016). While water can 
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contribute up to 10-25% of wet weight seed mass (Bradford et al., 2016) and 
seeds from Tell Brak would have been subjected to local atmospheric humidity 
fluctuations, the moisture content of seeds and milk are not on a comparable 
scale. Furthermore, milk is an animal product. For these reasons milk was 
included in the total mass of Animal resources for downstream analyses.  

 

 
Figure 3.27 A generalised linear model predicts the proportion of Plant resources in the 
Tell Brak diet of 37% (95% CI: 11% - 74%) (data from Kelly 2013).  

3.16 Tables of Assemblages – The Full Tell Brak Diet Estimation 

In Tables 3.20 – 3.24, the methods for estimating the Tell Brak diet are shown by 
assemblage using the 37% estimation of plant resources in the diet and 63% 
animal resources (estimations from the ET method). 
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Table 3.20 Plant resources in the Tell Brak diet 

Species Name Common Name NISP 
count 

Total Mass 
Consumed 

(g) 
37%  
(g) 

USDA 
Description 

Hordeum sativum Hulled barley 49961 2095.3643 11.93464 Barley hulled 

Triticum boeoticum Einkorn wheat 25 0.6760 0.00385 Wheat flour 
wholegrain 

Triticum monococum Einkorn glume base 862 11.9818 0.06825 Wheat flour 
wholegrain 

Triticum dicocum Emmer glume base 1136 30.7174 0.17496 Wheat flour 
wholegrain 

Triticum 
monococum/dicocum 

Einkorn/Emmer 14065 380.3176 2.16619 Wheat flour 
wholegrain 

Triticum spp. Free threshing 
wheat 

1252 33.8541 0.19282 Wheat flour 
wholegrain 

Triticum sp. speltoid 
type  

Wheat 1291 34.9086 0.19883 Wheat flour 
wholegrain 

Secale/Triticum  Barley 47 1.9712 0.01123 Barley hulled 

Avena sp. Oat 2 0.0380 0.00022 Oats 

Culm nodes Grass 4222 2.5332 0.01443 Millet raw 
Vicia ervilia Bitter vetch 225 90.0000 0.51262 Broadbeans 

fava beans raw 
Vicia sativa Common vetch 6 2.4000 0.01367 Broadbeans 

fava beans raw 
Lathyrus sativa Grass pea 25 10.0000 0.05696 Broadbeans 

fava beans raw 
Vicia/Lathyrus spp. Vetch 218 87.2000 0.49667 Broadbeans 

fava beans raw 
Lens sp. Lentil 733 8.7960 0.05010 Lentils raw 

Pisum sp. Pea 129 14.0476 0.08001 Peas green 
raw 

Aegilops spp. Goatgrass 7146 334.2184 1.90362 Spelt uncooked 

Bromus spp. Cheat grass  529 0.3174 0.00181 Millet raw 

Echinaria type Grass 36 0.0216 0.00012 Millet raw 

Eremopyrum sp. 
Poacea family 

Grass 1384 58.0450 0.33061 Barley hulled 

Hordeum cf. 
spontaneum 

Wild barley 1701 71.3399 0.40633 Barley hulled 

Lolium spp. Ryegrass 2549 106.9051 0.60890 Rye grain 

Phalaris spp. Reed grass 295 0.1770 0.00101 Millet raw 
Setaria/Panicum spp. Bristle grass 60 0.0360 0.00021 Millet raw 

Stipa spp. Feather grass 6 0.0036 0.00002 Millet raw 

Gramineae and indet. Grass 31728 19.0368 0.10843 Millet raw 

Pistacia 
terebinthus/lentiscus 

Pistachio 14 8.4000 0.04784 Nuts pistachio 
nuts raw 

Arnebia decumbens Herb 850 1.3600 0.00775 Parsley fresh 

Buglossoides sp. Herb 10 0.0160 0.00009 Parsley fresh 
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Heliotropium sp. Heliotropium 833 0.9163 0.00522 Amaranth grain 
uncooked 

Boraginaceae Flower 17 0.0187 0.00011 Amaranth 
leaves raw 

Capparis sp. Caperbush 273 11.4387 0.06515 Capers canned 

Arenaria sp. Sandwort 116 0.0895 0.00051 Spices celery 
seed 

Gypsophila spp. Babys breath 177 0.1366 0.00078 Spices celery 
seed 

Silene sp. Campion 292 0.2253 0.00128 Spices celery 
seed 

Vaccaria pyrimidata Cowherb 338 0.2608 0.00149 Spices celery 
seed 

Caryophyllaceae  Pink 
family/carnation 

396 0.3056 0.00174 Spices celery 
seed 

Atriplex sp. Saltbush 8 0.0062 0.00004 Spices celery 
seed 

Beta sp. Amaranthaceae 1 0.0008 0.00001 Spices celery 
seed 

Chenopodium sp. Goosefoot 95 0.2565 0.00146 Quinoa 
uncooked 

Suaeda sp. Seepweed 6 0.0274 0.00016 Seeds lotus 
seeds raw 

Artemisia sp. Seleng wormwood 1045 0.1672 0.00095 Spices celery 
seed 

Carthamus sp. Safflower 71 2.4992 0.01423 Oil safflower 

Centaurea sp. Knapweed 206 0.7004 0.00399 Lambsquarters 
raw 

Cichorium Chicory 4 0.0048 0.00003 Chicory greens 
raw 

Compositae Asteraceae 1 0.0038 0.00002 Seeds 
sunflower seed 
kernels 

Eruca sp. Rocket 55 0.0660 0.00038 Lettuce green 
leaf raw 

Euclidium cf. syriacum Mustard 5 0.0030 0.00002 Spices mustard 
seed ground 

Lepidium sp. Peppergrass 62 0.3472 0.00198 Mustard 
greens raw 

Cruciferae Brassicaceae 478 2.6768 0.01525 Mustard 
greens raw 

Scirpus martimus Clubrush 1085 6.0760 0.03461 Mustard 
greens raw 

Cyperaceae Sedge grass 908 5.0848 0.02896 Mustard 
greens raw 

Carex spp. Sedge 1024 5.7344 0.03266 Mustard 
greens raw 

Euphorbiaceae/Labiata
e indet. 

Spurge 3 0.0061 0.00003 Spearmint 
fresh 
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Fumaria sp. Fumewort 104 0.5824 0.00332 Mustard 
greens raw 

Linum sp. Flax/Linseed 224 0.3311 0.00189 Seeds flaxseed 

Ajuga/Teucrium spp. Germander 370 0.4810 0.00274 Tea herb 
chamomile 

Ziziphora sp. Lamiaceae 283 0.2943 0.00168 Tea herb 
chamomile 

Labiatae indet. Mint or deadnettle 
family 

2 0.0040 0.00002 Spearmint 
fresh 

Astragalus spp. Milk vetch 472 188.8000 1.07535 Broadbeans 
fava beans raw 

Coronilla sp. Scorpion vetch 2502 1000.8000 5.70029 Broadbeans 
fava beans raw 

Medicago spp. Burclover 302 1.3681 0.00779 Broadbeans 
fava beans raw 

Prosopis sp. Mesquite 272 14.1440 0.08056 Mulberries raw 

Small legumes Peas 16822 1831.8485 10.43372 Peas green 
raw 

Ornithogalum Star of Bethlehem 152 0.3642 0.00207 Tea herb 
chamomile 

Muscari/Bellevalia 
types 

Muscari 56 0.2518 0.00143 Lotus root 
cooked 

Malva spp Mallow 1563 13.4418 0.07656 Okra raw 

Ficus sp. Moraceae 51 0.6630 0.00378 Mulberries raw 

Glaucium sp. Horned poppy 32 0.0089 0.00005 Spices, poppy 
seed 

Papaver sp. Poppy 1673 0.4628 0.00264 Spices, poppy 
seed 

Plantago sp. Fleawort 25 0.0483 0.00028 Dandelion 
greens raw 

Apium sp. Celery 1 0.0002 0.00001 Spices celery 
seed 

Bupleurum sp. Apiaceae family 5 0.0103 0.00006 Parsley fresh 
Torilis sp. Hedge parsley 37 0.0592 0.00034 Parsley fresh 

Umbelliferae indet. Apiaceae family 85 0.1360 0.00077 Parsley fresh 

Valerianella cf. dentata Narrow fruited 
cornsalad 

30 0.0264 0.00015 Lambsquarters 
raw 

Vitis vinifera Grape 8 0.2302 0.00131 Grapes red or 
green 
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Table 3.21 Animal resources in the Tell Brak diet 

Species Name Common Name NISP 
count 

Total Mass 
Consumed 

(g) 
63% 
(g) 

USDA 
Description 

Lepus capensis Cape hare 1 6.306 0.00025 Rabbit wild cooked 

Mellivora 
capensis 

Honey badger 1 13.533 0.00053 Raccoon meat 
cooked 

Vulpes vulpes Fox 6 66.983 0.00263 Raccoon meat 
cooked 

Panthera leo Lion 1 46.311 0.00182 Bear meat cooked 
Equidae Horse/wild 

ass/donkey 
96 705879.834 27.76191 Deer meat cooked 

Sus f. domestic Pig 230 12138.889 0.47742 Wild boar meat 
cooked 

Cervidae Deer 3 218.349 0.00859 Deer meat cooked 
Cervus elaphus Red deer 2 145.566 0.00573 Deer cooked 

Bos sp. Cattle 69 721975.610 28.39495 Grass fed bee raw 

Gazella sp. Gazelle 142 7295.413 0.28693 Antelope meat 
cooked 

Caprine/Gazelle 
sp. 

Sheep/goat/gazelle 21 2152.015 0.08464 Antelope meat 
cooked 

Ovis f. domestic Sheep 512 110440.909 4.34359 Lamb ground raw 

Caprine Goat 301 20198.100 0.79438 Goat meat cooked 

Bos sp. Cow milk 69 398.6854 0.01568 Milk, cow 
Caprine Sheep milk 301 1410.3814 0.05547 Milk, sheep 

Caprine Goat milk 512 829.1500 0.03261 Milk, goat 

 

Table 3.22 Avian resources in the Tell Brak diet 

Species Name Common Name NISP 
count 

Total Mass 
Consumed 

(g) 
63% 
(g) 

USDA Description 

Branta leucopsis Barnacle goose 1 2100 0.08259 Goose meat and skin 
roasted 

Anthropoides 
virgo 

Demoiselle 
crane 

1 2100 0.08259 Duck scoter 
whitewinged meat 

Pterocles sp. Sand grouse 10 4000 0.15732 Pheasant cooked 

Columbidae Pigeon/dove 
family 

1 400 0.01573 Pheasant cooked 

Columba livia Rock dove 6 2400 0.09439 Pheasant cooked 
Corvus corax Raven 1 150 0.00590 Owl horned flesh raw 

 

Table 3.23 Aquatic resources in the Tell Brak diet 
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Species Name Common Name NISP 
count 

Total Mass 
Consumed 

(g) 
63%  
(g) 

USDA Description 

Acanthobrama 
marmid 

Carp 3 15.152 0.0006 Carp, raw 

Aspius vorax Carp 2 10.101 0.0004 Carp, raw 

Barbus esocinus Carp 3 15.152 0.0006 Carp, raw 

Barbus luteus Carp 1 5.051 0.0002 Carp, raw 
Barbus sp. Carp 45 227.273 0.0090 Carp, raw 

Cyprinidae indet. Carp 511 2580.808 0.1017 Carp, raw 

Silurus triostegus Catfish 84 424.242 0.0167 Catfish raw 

Mystus pelusius Catfish Bagridae 3 15.152 0.0006 Catfish raw 
Testudo sp. Tortoise 1 1925 0.07571 Turtle green raw 

Liza abu Mullet 226 2180.101 0.0859 Striped mullet raw 

Mastacembelus 
mastacembelus 

Spiny eel 4 86.400 0.0034 Eel mixed species 
raw 

 

3.17 Tell Brak conclusion 

While future excavations may reveal additional data, altering the quantities 
currently representing the Tell Brak diet here, this work provides a ‘first look’ 
investigation by adapting diet reconstruction methods to quantify the components 
of a Bronze Age diet. Taphonomic biases and systematic biases including 
geographical and geo-political skews of excavation sites globally no doubt will 
continue to pose challenges to researchers. Further work to refine methods to 
more accurately estimate milk in a diet would improve the work. 

3.18 Chapter conclusion 

These methods developed to estimate ET using Bailey’s formula, Kelly’s HG data 
and climate data from QUEST and PaleoView to provide a point estimate with 
the 95%CI have far-reaching implications for further diet reconstruction work 
beyond the scope of this thesis. Plotting the three reconstructed diets together 
provides a visual reference of how different values of ET affect the point estimates 
of Gathered or Plant resources in the diet with the varying widths of the CIs (see 
Figure 3.28). 
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Figure 3.28 Comparison of predicted Gathered or Plant resources in the diets with point 
estimates of Ohalo II (38%), Çatalhöyük (31%) and Tell Brak (37%) with the 95% CI in 
lightest grey (data from Kelly, 2013).  

This thesis has developed original methods to infer the food and nutrient 
compositions of three ancestral diets from archaeological data. Missing data and 
how to account for it still poses a serious challenge to this and other dietary 
reconstructions. However, this work affords a novel view of dietary change by 
quantifying macronutrients and major micronutrients in ancestral diets. By looking 
at the whole diet at the nutrient level, this work provides new insights not possible 
by looking at isotopic data, proteomics, dental calculus or other investigations 
using a single line of enquiry. This method is not without its limitations, but it 
brings together archaeobotanical, archaeological, ethnographic, paleoclimate 
and nutritional data in a new framework to provide an understanding at the 
individual nutrient level to what extent human diets have changed through time, 
providing an essential base line from which to assess how different modern diets 
are in comparison with ancestral diets.  
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3.19 Summary 

This chapter has developed original methods for diet reconstruction using 
archaeobotanical and faunal site data from Ohalo II, Çatalhöyük and Tell Brak. 
While identifying other Palaeolithic sites with sufficient archaeobotanical 
preservation to use this method may limit its future use, the method is relevant to 
a wide variety of sites in prehistory or indeed any sites with sufficient 
archaeobotanical and archaeological preservation. It acknowledges the problem 
of missing data while offering methods to estimate the relative contribution of 
faunal and plant assemblages. This work affords the first opportunity to compare, 
to a first order of approximation, the composition of ancestral diets at the 
individual nutrient level. As far as I am aware, this work is the first whole-diet 
reconstruction attempt grounded in human behavioural ecology using the faunal, 
plant and fish assemblages from each site. With these data, I have the power to 
examine if modern hunter-gatherer diets are a good proxy for Palaeolithic diets. 
Bringing together archaeobotanical and archaeological data in a new framework, 
it provides a novel method for a nutrient-centred investigation of how human diets 
have changed through time. 
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Chapter 4 Analysis of inferred ancestral and modern diets 

4.1 Overview 

In this chapter, I perform a systematic investigation of the inferred macro- and 
major micronutrient profiles within and between modern hunter-gatherer (HG) 
diets, modern post-industrialised (MPI) diets, various milks, fast food diets, some 
fad diets modelled on speculations about Palaeolithic diets, some popular diets 
with claimed health benefits, some diets with claimed health benefits that have 
been studied in a clinical setting, the Dietary Reference Intake (DRI) (see Chapter 
2 for details of these diets), and prehistoric diets reconstructed from 
archaeological data (see Chapter 3 and Figure 4.1 for a map of diets in this 
study). Despite considering 27 macro- and major micronutrients, by employing 
Principal Components Analysis (PCA) I find that two dimensions of variation 
explain 59% of the differences in nutrient compositions, and 69% of the variation 
is explained in three dimensions, implying a high degree of correlation in nutrient 
concentrations across diets. I find high diversity in HG diets, but low diversity in 
geographically widespread MPI diets, and systematic differences between the 
two over these 27 macro- and micronutrients. By examining nutrient profiles of 
Ohalo II, Çatalhöyük, and Tell Brak, and considering the nutrient profile of some 
fast food diets and various milks, I identify a general trend in the evolution of 
human diets. I also consider how ‘paleo’ are fad diets and whether diets used in 
clinical trials resemble more closely the nutrient profiles of HG or MPI diets. 
Finally, I identify correlation structures in the occurrence of nutrients in HG foods 
that provide a basis for understanding why humans may have evolved taste 
preferences that, in a modern setting, can lead to ‘unhealthy’ diets. 

4.2 Background 

Numerous published studies have used modern hunter-gatherer (HG) diets as 
proxies for Palaeolithic diets to assert general differences from modern post-
industrial (MPI) diets, and claim various health consequences of modern Western 
diets – particularly in relation to the ‘diseases of modernity’ (Eaton and Konner, 
1985, Konner and Eaton, 2010, Eaton and Cordain, 1996, Eaton et al., 1988, 
Cordain et al., 2012). This is the first known attempt to quantify the differences 
between HG and MPI diets. I also compare nutrient profiles of diets reconstructed 
from archaeological data (Reconstructed diets). Using the methods developed in 
this thesis (see Chapters 2 and 3), it is possible to estimate profiles for 27 macro- 
and major micronutrients using modern databases such as the U.S. Department 
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of Agriculture, Agricultural Research Service Nutrient Database Standard 
Release 28 (USDA ND) (USDA_ND_SR28, 2015). One limitation I cannot easily 
overcome is natural and artificial selection which have acted on plants and 
animals, altering nutrient profiles of food resources through time. The USDA ND 
characterises nutrient values of current foods, which may not accurately 
characterise nutrient values for foods found in ancestral diets. However, to a first 
order of approximation, these methods will estimate nutrient differences between 
ancestral and modern diets, and provide a first step and original insights into 
understanding dietary differences and change through time. 

 

 

Figure 4.1 Schematic map of diets and categories included in this study (Hunter 
Gatherer, Reconstructed, Fad, Milk, Clinical, and Modern) with approximate 
geographic range. Fad diets include popular diets such as The Paleo Diet®, 
Atkins®, Ketogenic and Vegetarian diets.  

 

4.3 Visualising Nutrient Differences 

4.3.1 Introduction 
The figures and data presented in this chapter represent original research and 
the first known attempt to quantify differences between a wide range of diets at 
the individual nutrient level (see Table 4.1 for summary of all diets in this chapter). 
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Table 4.1 Summary table of diets visualised and explored in this chapter 
Category of 

diets 
Abbreviation in 

text 
Colour code 

in figures 
Diets in category 

(references see Ch 2,3) 

Modern 
hunter-gatherers 

HG  Gwi  
Kade San 
Kung San 1 
Kung San 2  
Iglulik  
Nunamiut 1 
Nunamiut 2 
Ache  
Hiwi 1 
Hiwi 2 
Nukak  
Anbarra 1  
Anbarra 2 
Anbarra 3 
Anbarra 4  
Bickerton Island  
Fish Creek 
Hemple Bay 
Port Bradshaw 
Andaman Onge 

Modern  
post-industrial  

MPI  American 
Australian 
Brazilian 
British (2013) 
Dutch 
Finnish 
French 
Hong Kong 
Icelandic 
Irish 
Norwegian 
Nunavik 
South African 
Swedish 
British (2011) 
British (1974) 
British (1965) 
British (1955) 
British (1953) 
British (1950) 
British (1945) 
British (1942) 
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Archaeological 
reconstructions 

Reconstructed  Ohalo II 
Çatalhöyük 
Tell Brak 

Milks and milk 
substitutes 

Milks  Buffalo  
Cow 
Goat 
Human 
Sheep 
Almond milk substitute 
Coconut milk substitute  
Soy milk substitute 

Fad Fad  The Paleo Diet® 
The Stone Age Sage 
The Atkins Diet® 
Ketogenic 
Vegetarian 

Fast foods Fast Food  McDonald’s 
Subway 
Domino's 
KFC 
Taco Bell 

Dietary Reference 
Intake 

DRI  Dietary Reference Intake 

Clinical Clinical  Paleo1_B (Bligh et al., 2015) 
Paleo2_B (Bligh et al., 2015) 
Paleo_F (Frassetto et al., 2009) 
Paleo_L (Jönsson et al., 2009) 
Mediterranean (Lindeberg et al., 
2007) 
Nordic (Mithril et al., 2013) 

 
4.3.2 Variation in diets 
Diets analysed in this thesis are based on data collected over limited in durations. 
It would be very challenging to record a ‘full’ lifetime diet, and no such data 
currently exists. There were differences in how diets were recorded in all classes 
of diets with diet lengths ranging from one meal to three years (see Figure 4.2). 
The Modern American diet is not included in Figures 4.2 and 4.3 due to 
differences in how the average American diet was compiled by the U.S. 
Department of Agriculture, Agricultural Research Service (ARS) 
(USDA_ND_SR28, 2015) and Food and Nutrient Database for Dietary Studies 
(FNDDS) (FNDDS, 2013-14) (see Chapter 2, Section 2.4.2 and ‘The American 
diet exception’ for a full description of how this average diet was recorded). 
However, the Modern American diet is included in all further diet and nutrient 
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analyses involving Modern diets, as there is no reason to assume it is less 
representative than other MPI diets analysed here.  

There are also differences in the numbers of unique foods recorded in the diets 
ranging from four in an HG diet to 411 in the Modern Australian diet (see Figure 
4.3). It maybe that lower numbers of foods in a diet will correlate with decreased 
macro- and micro-nutrient diversity. However, it is also possible that diets with 
very few foods could be as or more nutrient diverse than diets with many different 
foods if comprised by foods that lack nutrient diversity. 

 
Figure 4.2 Column chart of the differences in diet lengths varying from one meal to one 
year. *Dutch diet was recorded over three years to estimate a 365-day average diet while 
other MPI diets estimate a 365-day diet from large-scale surveys (see Chapter 2 for full 
explanation of diet recording methods).  
 

 
Figure 4.3 Column chart providing a visual representation of the numbers of unique foods 
in each of the diets considered. 
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4.4 Visualizing comparisons of diet nutrient profiles  

4.4.1 Introduction 
Principal component analysis (PCA) (Lever et al., 2017) was performed in 
RStudio (RStudio, 2020) to investigate the nutrient differences within and 
between diets using 27 macro- and micronutrients (see Table 4.2). Although full 
nutrient data are also available for Caffeine, Theobromine and Alcohol, these 
were excluded from analyses as they have little or no nutritional properties. It is 
also worth noting that these three nutrients vary in amounts in MPI diets, but are 
absent in HG diets. The lack of variation in one category of diets (HG diets) skews 
analyses of variance.  

Table 4.2 Macro- and micronutrients used in Principal Component Analyses 
Nutrients with full nutrient information  

(* denotes nutrients excluded from analyses) 
Protein Sodium Na 
Total lipid fat  Zinc Zn 
Carbohydrate by difference Vitamin A RAE 
Sugars total Vitamin B1 Thiamin 
Fiber total dietary Vitamin B2 Riboflavin 
Folate total Vitamin B3 Niacin 
Cholesterol Vitamin B6 
Choline Vitamin B12 
Calcium Ca Vitamin C total ascorbic acid 
Copper Cu Vitamin D (D2 + D3) 
Iron Fe Vitamin E alpha tocopherol 
Magnesium Mg Vitamin K phylloquinone 
Phosphorus P *Caffeine (excluded) 
Potassium K  *Theobromine (excluded) 
Selenium Se *Alcohol (excluded) 

 

4.4.2 PCAs of HG and MPI diets 
All diets were normalised to 2200 kcal to allow direct comparisons to investigate 
the different proportions of nutrients in diets at the individual nutrient level. After 
normalisation, for example, the nutrient proportions of a diet recorded totalling 
500 kcal per day can be directly compared with a diet of 3000 kcal and 6800 kcal. 
I am not concerned how much food is being consumed in a diet, but rather what 
proportion of nutrients are contained in each diet. While it is possible that some 
HG diets on average would contain less than 2200 kcal per day, given the 
marginalised lands occupied by modern hunter-gatherers resulting in poorer food 
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yields, it is equally possible given the density of calories in industrially produced 
foods that some MPI diets on average would contain considerably more than 
2200 kcal per day. This work does not address these questions or estimate the 
total calories consumed in a diet, but instead compares nutrient variation between 
diets and classes of diets. Normalising by 2200 kcal or 1 kcal does not affect the 
plot as the proportional variation between nutrients remains the same. However, 
as 2200 kcal represents an ‘average’ diet, it has been employed in this study as 
the normalisation constant.  

Variation between HG diets can result from the different field methods used by 
ethnographers to estimate the amounts of food coming into the camps, with 
unobserved foods ‘missing’ from diets. Many HG diets were recorded as a 
snapshot of seasonal dietary intake acknowledging that the amounts do not 
always sum to a diet that could support life (i.e., below the basic metabolic needs 
threshold). In modern diet studies, there are known inaccuracies in self-reported 
diets and sex biases with women underreporting calories consumed (Briefel et 
al., 1997, Poppitt et al., 1998), but balancing sex ratios in diet recall recordings 
and increasing participant numbers to ~5,000 in the case of the American diet 
helps to overcome many of the known inaccuracies in quantifying diets. By 
normalising all diets to 2200 kcals, diets can be directly investigated and 
compared on a per calorie basis.  

When considering all HG and MPI diets, more than half (59%) of the variation 
can be explained in two dimensions using 27 nutrient components. This is due to 
deep correlation structures within the data, meaning that some nutrients are 
strongly correlated (positively and negatively) across foods and diets (also see 
sections 4.7, 4.9 and 4.10). To investigate relationships among diets in nutrient 
profiles, a series of PCA plots are presented in this section. Given the high 
dimensionality of the data (i.e., 27 nutrients considered), it is remarkable that the 
first 3 components explain so much of the variation (PC1 explains 44% of the 
variation, PC2 explaining 15% and PC3 a further 10%; see Figures 4.4-4.7). 

Overall there is greater variation in the range of nutrient profiles of HG diets 
compared with MPI diets and in line with expectations (see Figures 4.4-4.6.) In 
Figure 4.4, the HG diets – represented in green in the PCA – make up a diffuse 
cloud of diets differing from MPI diets plotted in blue. Intuitively, this broad pattern 
should be expected as hunter-gatherer groups today occupy a relatively-wide 
range of habitats and ecologies, eating a broad range of locally foraged and 
seasonal foods leading to higher nutrient diversity both within and between diets,  
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Figure 4.4 a) PC1 and PC2 and b) PC1 and PC3 for modern hunter-gatherer (HG) and 
modern post-industrial (MPI) diets considering 27 macro- and micronutrients. 
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whereas modern post-industrial diets are mostly based on a narrower range of 
staples that dominate the global food industry. 

Also plotted are the HG Average diet, shown in a darker green cross, and the 
MPI Average diet, in a turquoise cross, to demonstrate the distance between the 
diets. These Averages are projected into the plot so that their nutrient profiles do 
not contribute to or change the observed patterns created by the HG and MPI 
diets (projection is a way of analysing data using PCA, which conforms to, but 
does not alter the projected space). Note that in all subsequent PCA plots 
averaged diets will be plotted as crosses. The average diets do not plot near each 
other when considering the first three dimensions (representing 69% of the 
overall variation in nutrient profiles) and no HG diets plot within the cluster of MPI 
diets. 

The nutritional drivers for PC1:PC2 and PC1:PC3 are shown in Figure 4.5. These 
give an impression of how each nutrient contributes to the patterns observed in 
the PCAs trained on these diets. It is notable that – as anticipated – sodium, 
carbohydrate and total sugars fall near the main axis separating the average HG 
diet from the average MPI diet. The drivers shown in Figures 4.5 apply to all PCA 
plots trained on HG and MPI diets (i.e., PCA plots up to 4.17, but excluding 
Figures 4.8, 4.9 and 4.14).  

In Figure 4.4, the looser cloud of HG diets can be understood by considering the 
nutrient drivers and how these relate to each HG diet (Figure 4.5). For example, 
the Iglulik diet published by Sinclair (1953) in the 1950’s is a re-reporting of Rink’s 
data from 1855 (Sinclair, 1953, citing Rink, 1855). As such, there are likely to be 
biases and variation in the way the diets were recorded. Some nutrients may 
have been systematically under-reported in some HG diets where ethnographers 
have not, for example, included the stomach contents of animals consumed, as 
discussed in Chapter 2 (Buck and Stringer, 2014, Andersen, 2005). Reindeer and 
caribou feed on lichens and mosses, and while these partially digested stomach 
contents may be unpalatable to many ethnographers from industrialised 
countries, they provide good sources of carbohydrate and Vitamin C in diets 
otherwise considered to be high-fat and high-protein diets. Similarly, the stomach 
contents of sea mammals feeding on seaweeds and kelps provide additional 
carbohydrates, protein and lipids in diets. This early Iglulik diet considered here 
did not include stomach contents. Their diet of mostly marine mammals, high in 
lipids and protein, plots high in the PCA space, driven in this direction by lipids. 
Other diets such as Nunamiut 1 & 2, Fish Creek, and the Anbarra diets are also 
high in marine resources, and hence plot near each other, being driven by 
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Protein, Selenium, Iron, Cholesterol, Vitamin B12, Choline, Phosphorous and 
Zinc. Port Bradshaw and Hemple Bay diets plot slightly below driven by Vitamin 
B6, Thiamin and Potassium which are high in certain fish and shellfish resources 
in these diets.   

The Gwi, a well-studied bush tribe of the Kalahari in Botswana, eat mostly roots 
and foraged foods in the summer months where plant resources comprise 75-
100% of the diet. This summer diet partly explains the high Vitamin C and Fibre 
driving the Gwi diet down into the lower righthand quadrant. The Nukak, living in 
rainforest habitats in the Colombian Amazon, eat a mixture of hunted and 
gathered resources with a reliance on palm fruits, palm products and mulberries. 
These foods are high in carbohydrate and sugars which drives this diet to the 
right, towards the Modern cluster of diets.  

What was less expected was the tight clustering of all MPI diets, despite their 
wide geographic range, which is similar to that for the HG diets. As there is some 
temporal variation in HG diets with the inclusion of historical diets ranging from 
the 1850’s to near present-day, I attempted to find temporal variation in MPI diets. 
A range of British diets from 1942 - 2013 were included in the analyses, and these 
cluster tightly in PC1 and PC2 as well as PC1 and PC3 with the other modern 
post-industrial diets. I had expected to see more variation in these time series 
diets, since World War Two (WWII) rationing and dietary restrictions continued 
up until 1954, but I can find no evidence of this in the PCAs (see Figures 4.6.and 
4.7), showing the plot region for modern post-industrial diets expanded.  
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Figure 4.5 a) Nutrient drivers for PC1 and PC2 and b) PC1 and PC3 for hunter-gatherer 
(HG) and modern post-industrial (MPI) diets. 
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Figure 4.6 a) PC1 and PC2 and b) PC1 and PC3 zoomed in on MPI diets. 
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Figure 4.7 a) PC1 and PC2 and b) PC1 and PC3 further zoomed in on MPI diets. 
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Zoomed plots of PC1 and PC2 and also PC1 and PC3 were produced (see 
Figures 4.6 and 4.7) to understand subtle differences within MPI diets. Above the 
MPI Average shown in an open turquoise circle are British diets from 1945, 1950, 
1955, 1965, 1974, Dutch, Finnish and Icelandic diets. Below the Average are 
Sweden, Australian, Norwegian, Hong Kong, South African, Brazil and Irish diets. 
Plotting centrally around the Average are the Britain 1953, 2011, 2013, American 
and French diets.  

Table 4.3 shows the ranked nutrient contributions to the first three principal 
components. These are the data behind the nutrient drivers. It is interesting that 
the macronutrients do not dominate the top of the nutrient rankings and in PC1 
the first 13 nutrients are only each contributing between 4-5% per nutrient.  

Table 4.3 Ranked nutrient contributions to the first three principal components 
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4.4.3 Data normalisation 
All HG and MPI diets were normalised by Energy to 2200 kilocalories (kcal), so 
as to compare diets at the proportion of each individual nutrient level. To test the 
effect of this normalisation on the clustering of HG and MPI diets, I also plotted 
comparison PCAs with data not normalised by Energy (see Figures 4.8 and 4.9). 
The resulting plots show some of the same patterns as the normalised data with 
a looser cloud of HG diets compared with the tightly clustering of MPI diets. 
However, it is important to note that without normalisation the clusters are 
affected by the non-standardised amounts of food in the diets. Outliers such as 
the Ache, Gwi and Iglulik diets will be driven by a combination of nutrient 
differences exacerbated by differences in the amounts of food affecting nutrient 
proportions. 

 

 
Figure 4.8 a) PC1 and PC2 and b) PC1 and PC3 with data not normalised by Energy 
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Figure 4.9 a) PC1 and PC2 and b) PC1 and PC3 nutrient drivers with data not normalised 
by Energy 
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overall patterns in the PCA (for example, the contributions of different nutrients 
to the different PCs, as shown in Table 4.3, do not change when additional diets 
are projected in). The Ohalo II diet, a Palaeolithic diet reconstruction from 
archaeological site data from ~23,000 years ago (ya) plots within the cloud of HG 
diets very close to the HG Average diet. The inhabitants of Ohalo II were 
Palaeolithic hunter-gatherers who occupied this lakeside settlement year-round. 
This dietary reconstruction plotting centrally within the HG diets and very close to 
the HG Average diet is encouraging, as it increases confidence in the heuristics 
I chose to infer this diet and lends support to the idea that modern hunter-gatherer 
diets are good proxies for ancestral or Palaeolithic diets at the nutrient level. This 
is, to my knowledge, the first empirical evidence in support of this supposition. 

What is perhaps more surprising is that the inferred Neolithic and Bronze Age 
diets, Çatalhöyük and Tell Brak, respectively, also plot within the HG cloud, close 
to the average of the HG diets, and only marginally in the direction of the MPI 
diets. The Çatalhöyük (in modern-day Turkey) diet includes milk, dairy foods and 
eggs, albeit in low quantities, with the largest eggshell assemblage of any 
Neolithic settlement, together with archaeological evidence of domesticated 
animals, grains and cereals in the diet. The Tell Brak diet similarly included 
domesticated grains and animals, albeit with less evidence of reliance on dairy 
foods. 

Furthermore, Tell Brak (in modern-day Syria), being closer temporally to MPI 
diets and with a greater reliance on domesticated animals in the diet, could have 
been expected to plot closer to MPI diets than Çatalhöyük. Yet it also plots firmly 
within the HG region in the PCA, albeit closer to MPI diets than Ohalo II. This 
may in part be attributable to the reduced milk and dairy exploitation in the Tell 
Brak diet at a time when archaeological data indicate increasing reliance on milk 
and dairy foods was growing in Northern and Central Europe (Evershed et al., 
2008, Salque et al., 2013). Although the high selection coefficient estimates of 
around 0.06 on lactase persistence during the Bronze Age is inferred for regions 
to the north and west of Tell Brak (Burger et al., 2020), the nutrient profile of the 
Tell Brak diet shares greater nutrient similarity to HG diets.  
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Figure 4.10 a) PC1 and PC2 and b) PC1 and PC3 trained on HG and MPI diets, with 
Reconstructed diets projected into the plot 
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4.4.5 Uncertainty in reconstructed diets  
In Chapter 3, I explain that a major source of uncertainty in inferring the 
prehistoric diets was estimating the relative proportions of hunted versus 
gathered (for Ohalo II) or animal versus plant (for Çatalhöyük and Tell Brak) 
foods. I used ethnographic data for hunter-gatherer populations (Kelly, 2013) and 
effective temperature (ET) (Bailey, 1960, Binford, 1980) estimates to approximate 
these proportions. Importantly, I also used generalised linear model fitting to 
estimate the 95% confidence intervals on these relative proportions for the 3 
prehistoric sites (see Table 4.4). These 95% confidence intervals can be used to 
predict a range of prehistoric diet nutrient profiles, which can then be projected 
into the PCA plots, to reflect hunted versus gathered or animal versus plant 
proportions uncertainty (see Figure 4.11). 

The first thing to note from the construction of 95% confidence intervals (CIs) on 
the 3 reconstructed diets is that when plant resources are low as an overall 
percentage of the diets, as in the lower limits of the CIs, the lines’ endpoints point 
towards HG diets high in meat and aquatic resources (i.e., Arctic diets of 
Nunamuit and Iglulik and Oceanian diets of Anbarra and Fish Creek). 
Unsurprisingly, the opposite end of the line representing diets comprised of more 
plant resources are closer to the Gwi whose diet is mainly plant resources.  

Table 4.4 Summary of predicted Gathered or Plant Resources with 95% CI 

Archaeological 
Site 

Period ET Predicted Gathered or 
Plant Resources (%) 

95% CI  
(%) 

Ohalo II Palaeolithic 38 11-75 
Çatalhöyük Early Neolithic 31 9-68 
Tell Brak Bronze Age 37 11-74 
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Figure 4.11 a) PC1 and PC2 and b) PC1 and PC3 with projected lines of uncertainty 
(diet point estimate with the corresponding 95%CI) for Ohalo II, Çatalhöyük and Tell Brak   
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A notable feature of Figure 4.11a is that the hunted vs gathered / animal vs plant 
axis illustrated by the 95% confidence intervals on the reconstructed diets runs 
near-perpendicular to the ancestral vs modern axis. One interpretation of this is 
that, contrary to widely held and published views among proponents of the health 
benefits of ‘Palaeolithic diets’ (Konner and Eaton, 2010, Eaton and Konner, 1985, 
Eaton et al., 2002, Eaton, 2006, Cordain et al., 2000, Cordain et al., 2012), ‘being 
paleo’ is not about how much meat or plant-based foods are in the diet; that the 
‘eating like a caveman’ narrative of our ancestors hunting and eating meat is not 
borne out by these analyses.  

4.4.6 Fast Food Diets 
I identified five fast food chains to include in my diet analyses by considering 
global sales as determined by US tax reporting schedules. While this approach 
is systematic and transparent, it generates a significant systematic bias. Most fast 
food outlets are not company-owned but franchisee-owned. Information reporting 
the number of franchises per corporation was not readily available, so instead I 
used tax data for companies reporting the highest sales figures, but not 
necessarily the highest number of restaurants. This means these fast food diets 
investigated in this work may not be the largest companies globally in terms of 
numbers of restaurants, either company-owned or franchisee operated, but 
based on highest reported revenues, which excludes franchisee revenues. 

Another limitation is that companies do not report sales figures of individual menu 
items, nor were any of the companies willing to divulge this sales information. I 
wrote to each fast food company requesting this information for my research, and 
only received one response. McDonald’s confirmed that this information was 
outside the public domain and could not be shared. Without having access to 
information identifying the top-selling items or diets, I compiled fast foods diets 
using internet searches for best-selling items. However, this information was not 
reported by the companies themselves. While systematic internet searches were 
carried out, the ‘top’ items were identified from reviews and blogs providing 
information which is not company-approved or verified. The items identified for 
each diet are not a true ‘menu’ in the sense that I did not attempt to compile 
breakfast, lunch and dinner meals, nor did I construct an average meal. The top 
ten selling menu items were considered a ‘diet’ for each of the top five largest 
fast food chains: McDonald’s, Subway, Domino’s, KFC and Taco Bell, with the 
nutrient information conveniently present in, and extracted from the USDA ND. 
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Figure 4.12 a) PC1 and PC2 and b) PC1 and PC3 trained on HG and MPI diets, with 
Reconstructed and Fast Food diets projected into the plot. Fast Food diets used a partial 
Procrustes projection method without Choline, Vitamin K, Vitamin D and Folate 
contributing to the projection of these five diets.  
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While full nutrient data for the 27 nutrients of interest are available for all foods in 
all other diets analysed in this thesis, in the Fast Food diets, four nutrients had 
incomplete data: Choline, Vitamin K, Vitamin D and Folate. Rather than omit 
these nutrients from the overall analyses (i.e., those involving all other diets), I 
performed a partial Procrustes projection for the Fast Food diets to accommodate 
missing data for these nutrients. In this partial projection, the Fast Food diets are 
projected into the PCA using the 23 nutrients, but the contribution of Choline, 
Vitamin K, Vitamin D and Folate are omitted from the Fast Food diet projections. 
This ordinary Procrustes analysis (OPA) method compares the shape of each 
Fast Food diet to the single reference shape (HG and Modern diets) and 
translates, uniformly scales and rotates each point within this coordinate system 
for 23 nutrients (and 4 nutrients missing) into the PCA space. This OPA method 
was first applied in a study mapping human population genetic data where some 
data was missing from some samples, and these points similarly were projected 
into the PCAs (Wang et al., 2010). 

Fast food diets plot in a cloud near to but distinct from MPI diets (Figure 4.12). 
The two diet groups are mainly separated in PC2, which mainly differentiates 
diets based on Vitamin C, potassium, total fats and dietary fiber (Figure 4.5 and 
Table 4.3). These differences are unsurprising but nonetheless reinforce widely 
held views about the nutritional deficiencies of fast foods. Before considering fast 
food diets further, I decided to plot in various milks. 

4.4.7 Milks  
Various milks, shown in yellow in Figure 4.13, were included in my analyses as 
whole diets because for very young infants they are exactly that. They plot near 
but not within the cluster of MPI diets on the standard PCAs trained on the HG 
and MPI diets. In addition to human breast milk, I have included cow, goat, sheep 
and buffalo milks, as these are commonly consumed globally. Other milks, such 
as mare, camel, yak and reindeer, are also consumed, but there was insufficient 
nutrient data in the USDA ND to meaningfully plot these. It is notable that all the 
milks included plots near one another, reflecting similarity in nutrient makeup. 
Intriguingly, human milk is the outlier in this ‘cloud’ and plots somewhat closer to 
MPI diets.  
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Figure 4.13 a) PC1 and PC2 and b) PC1 and PC3 trained on HG and MPI diets, with 
Milks, Fast Foods and Reconstructed diets projected into the plot. Plant-based ‘milks’ 
are shown in open triangles (r) and excluded from the Milks Average.  
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The human milk for which nutrient data was extracted from the USDA ND is 
described as ‘mature human milk’. However, the nutrient composition of 
mammalian milks, including humans, changes through time, particularly in the 
first few weeks following birth. In humans, the nutrient profile changes throughout 
lactation and is responsive to changes in environment and diet, with reported 
ethnic variation (Andreas et al., 2015) and maternal age affecting protein levels 
in the milk (Prentice, 1996). The protein content in mature human milk decreases 
while carbohydrate levels increase as the infant gut adapts to metabolise higher 
concentrations of lactose. It is possible that in Figure 4.13, human milk is plotting 
nearer the MPI diets because of this decrease in protein and increased 
carbohydrate levels, compared to other milks.  

Plant-based ‘milks’  
A recent food trend is the growing popularity of plant based white fluids which are 
erroneously called ‘milks’. Milk derived from animal sources is a nutrient-rich, 
nutrient-diverse and energy dense fluid produced in the mammary glands. It has 
evolved to provide nutritional support to neonates and young offspring. It is 
perhaps the only food that we consume that specifically evolved to be nutritious. 
Plant-based white fluids marketed as ‘milk’, such as soy ‘milk’, oat ‘milk’ and 
almond ‘milk’ are seen by some as a replacement for animal milk, principally cow 
milk in the UK market. While these plant-based white fluids may serve as 
replacements in food roles traditionally filled by mammalian milks – such as in 
beverages and accompanying breakfast cereals – they are not nutritionally 
equivalent. To assess the level of nutritional differences, I have plotted with open 
triangles in yellow three plant-based white fluids: Soy, Almond and Coconut 
‘milks’. Coconut ‘milk’ plots near the animal milks in PCs 1 and 2 – possibly 
because it has a high fat content – but not in PC3 (see Figure 4.13b). However, 
all fatty acid-based lipids are treated as one nutrient type in these analyses, 
whereas in Coconut ‘milk’ they are more typically medium chain saturated fatty 
acids, while 97-98% of the lipids in cow’s milk are long-chain triacylglycerols 
(Jensen and Clark, 1988). Soy and Almond ‘milks’ plot some distance away from 
the mammalian milk and MPI diet ‘clouds’ for PCs 1, 2 and 3. 

To investigate white fluid nutrient complexity further, a series of pie charts 
comparing the macronutrients of milk together with these plant-based fluids were 
generated (see Figure 4.14). The four animal milks are broadly similar in 
macronutrient distribution (protein, carbohydrate-by-difference and lipids). 
Mature human milk, as discussed, is lower in protein and higher in carbohydrate, 
and this single value in the USDA ND for mature milk does not capture the 
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variations in macronutrient distributions throughout lactation and with 
environmental effects. The lipid profile of human milk is similar to the other animal 
milks. Comparing the of dry mass of animal milks with plant ‘milks’, each plant 
fluid macronutrient distribution differs from the animal milks, with Soy having the 
same amount of carbohydrate as Human milk (56%) and higher protein (29%) 
and lower fats (15%) whereas Coconut ‘milk’ is dominated by fats (79%) and 
Almond ‘milk’ dominated by carbohydrate (82%). Variation in nutrient profiles at 
the macro- and micronutrient levels is driving these plant-based alternatives to 
plot in spaces away from the animal milks. This work highlights that plant-based 
fluids such as Soy ‘milk’, Almond ‘milk’ and Coconut ‘milk’ do provide 
macronutrients and hydration, but they lack the micronutrient complexity and 
balance of animal milks, and should not be considered like-for-like substitutes.  

 

 
Figure 4.14 Pie charts of macronutrient differences between animal milks (cow, goat, 
buffalo, sheep and human) and plant-based ‘milks’ derived from soy, coconut and 
almond.  
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compositions for modern hunter-gatherers, which partly reflects the diverse range 
of ecologies they occupy, there appears to be a general temporal trend of nutrient 
change along an axis represented by PC1. This represents a general reduction 
in protein and a range of micronutrients including Choline, Cholesterol, various B 
complex vitamins and some minerals such as phosphorus, and an increase in 
sugars and other carbohydrates, sodium, and vitamin K.  

It is notable that the Fast Food diets as a group plot near and overlap the various 
milks in PCs 1 and 3, and only slightly separate in PC2 (see Figure 4.13). This is 
both intriguing and somewhat ironic. Fast Food diets are widely perceived as 
‘unhealthy’ whereas milk, with its ‘Got Milk?’ and ‘Milk is good for everybody’ 
advertising campaigns (Kardashian, 2014), is considered by many as a ‘healthy’ 
food. Yet, at the nutrient level, these very differently valued diets are similar. It 
begs the question, do we have a preference for fast foods because of their 
nutrient similarity to our first food, milk? Perhaps the familiarity of our first food is 
mimicked in the nutrient profiles of fast foods, and fast food diets would be more 
aptly called a ‘baby diet.’ Is our current trajectory of dietary evolution, with a 
predilection for fast foods, actually a regression? While the first fast food 
restaurants opened their doors only a hundred years ago in the US, and 
McDonald’s – which is now synonymous with fast food – opened its doors in the 
1950’s, fast food is now ubiquitous in industrialised nations. In some small and 
developing countries, the opening of fast food chains is seen as a mark of 
economic progress and development. Based on these PCA plots, our preference 
for fast foods could be described as a reversion to a baby diet or even a ‘Peter 
Pan Effect’: a failure to grow up in terms of our food and taste preferences; a 
clinging to childhood preferences (at least in terms of nutrient profiles); a 
biological determination of food preference in infancy that does not go away 
during adolescence and adulthood.  

This analysis should also be considered from an alternative, perhaps more 
challenging, angle. With similar nutrient profiles to milk, should fast foods still be 
considered ‘junk food’? The 2004 film/documentary Super Size Me emphasised 
the negative health consequences recorded by Morgan Spurlock consuming a 
diet of only McDonald’s foods for a month, although the filmmaker by his own 
admission calls the work an ‘unscientific experiment’ (Spurlock, 2004). Given the 
nutrient similarities between fast foods and milk, there may be a legitimate 
argument to be made in defence of fast foods, albeit only at the nutrient level, 
and noting that the main issue with fast food consumption may be quantity.  
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It is also interesting that the Çatalhöyük diet, with archaeological evidence of 
greater reliance on milk and dairy foods than the later Tell Brak diet, plots nearer 
the MPI diets than Tell Brak. At the nutrient level, this can be explained in the 
PCAs by fats and calcium pulling diets into the upper right quadrant and diets 
with dairy resources will skew in this direction whereas protein pulls diets to the 
left. While milk is both high in protein and fats, the calcium together with fats 
drives MPI diets, and in particular Fast Foods and Milk, to plot in this upper right-
hand space.  

This work adds nuance to our understanding of milk and dairy foods within the 
wider context of dietary change. On an evolutionary timeline, the addition of milk 
to human diets has had consequences in terms of population growth and 
demographics, health, culture, biology and immunity. Adding milk and dairy foods 
into the diets shifts HG diets towards MPI diets, and Reconstructed diets provide 
evidence of this transition.  

Despite some broad discernible trends, the analyses I have presented only allow 
us to study the relationships between different diets. To explore the relationship 
between diet and health, and well as claims that some diets are ‘Palaeolithic’, I 
explored a range of clinical and fad diets, as well as nutrient dietary 
recommended intake guidelines, using the PCA approach above. 

4.4.9 Clinical and Fad diets  
The Fad diets considered in this thesis are plotted in red in the PCAs (see Figure 
4.15). They include The Paleo Dietâ (Cordain, 2010), Stone Age Sage diet 
(Stone Age Sage, 2013), Atkinsâ (Atkins Diet, 2019), Keto Diet (Keto, 2019), and 
Vegetarian diet as devised by The Mayo Clinic (Vegetarian Diet, 2020). It should 
be noted that while I have also plotted a ‘Fad average’ diet, this is not as 
meaningful as the average diets for the categories previously discussed. The 
Paleo Dietâ and Stone Age Sage diet are supposed to mimic pre-agricultural 
diets by excluding dairy, tubers, most grains, and avoiding alcohol and 
caffeinated drinks. The Paleo Dietâ and Stone Age Sage diets plot near to one 
another in PCs 1, 2 and 3, and near the reconstructed Tell Brak diet in PC2 and 
to a lesser extent PC1. The Tell Brak diet includes some dairy but not fermented 
drinks, similar to the fad ‘paleo’ diets. Notably, overall the Paleo Dietâ and Stone 
Age Sage diets plot intermediate between the average HG diet and the average 
Modern post-industrial diet for all 3 PCs, and perhaps could be relabelled ‘Bronze 
Age diets’. The Atkinsâ, Atkins Ketogenic, and Vegetarian diets plot near or 
within the MPI diets ‘cloud’, with the Vegetarian diet, presumably being driven  
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Figure 4.15 a) PC1 and PC2 and b) PC1 and PC3 trained on HG and MPI diets, with 
Fad and Clinical diets projected into the plot with Reconstructed, Milks and Fast Food 
diets. Clinical diets Paleo1_B and Paleo2_B are one-meal paleo diets (Bligh et al., 2015), 
Paleo-L and Mediterranean are 12-week studies (Lindeberg et al., 2007), Paleo_F is a 
10-day diet (Frassetto et al., 2009) and Nordic (Mithril et al., 2013) is a prototype ‘Nordic’ 
diet from Denmark.  
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below the MPI diet ‘cloud’ by the amount of Carbohydrates, Folate and Fibre in a 
diet of plant-based foods, is a similar way to the plant-based ends of the 95% CIs 
on the 3 prehistoric reconstructed diets. 

Since Voegtlin’s publication of The Stone Age Diet in 1975 (Voegtlin, 1975), and 
Eaton and Konner’s paper published in The New England Journal of Medicine a 
decade later (Eaton and Konner, 1985), a multi-million dollar ‘paleo diet’ industry 
has grown up. It now includes Paleo diets, Paleo vitamins, Paleo exercise, Paleo 
sleeping and even Paleo toileting, all claiming to recommend regimes and 
practices based on what humans are ‘genetically programmed’ to do. The Paleo 
Dietâ, written by Loren Cordain, has now sold in excess of 250,000 copies 
worldwide and also has a companion cookbook, website and various bloggers 
advocating how to ‘eat Paleo’ in the modern world (Cordain, 2010). An estimated 
1-3 million Americans follow The Paleo Diet (Hamilton Stapell as quoted in 
Barclay, 2013). With fewer than an estimated 1% of Americans following The 
Paleo Dietâ it could be considered a niche rather than a mainstream diet. But 
with many famous and vocal adherents, and bloggers, the disproportionate press 
coverage of the diet may make its influence feel larger than its market share. 

Despite the scant and often contradictory scientific evidence cited in support of 
‘eating like a caveman’, improved health outcomes have been reported in both 
the popular press and scientific journals (Tarantino et al., 2015, Zopf et al., 2018, 
Pitt, 2016, Masharani et al., 2015, Obih et al., 2016). This thesis is not an attempt 
to support or debunk these ‘paleo’ diets, but to quantify the macro- and major 
micronutrient differences which may be contributing to health outcomes, and to 
assess the extent to which these ‘Paleo’ diets represent or misrepresent our 
ancestral diets nutritionally. 

With recent academic research highlighting the long dietary reliance on 
carbohydrates (Hardy et al., 2015), and evidence of processed grains and 
grasses in the human diet during the Upper Palaeolithic before farming (Nadel et 
al., 2012), the high-animal protein, low-carbohydrate diet with limited or no 
cereals  prescribed by the Paleo Dietâ to mimic a Palaeolithic diet may represent 
commercialisation of a perception (or misperception) of pre-agrarian diets. The 
nutrient profiles of these Fad paleo diets do not cluster with the modern HG diets, 
or the reconstructed Palaeolithic diet presented here, nor do they overlap with 
Modern diets. However, adherents to these fad ‘paleo’ diets often do lose weight. 
With worldwide obesity having risen threefold since 1975 (WHO, 2017), the 
global obesity crisis poses a large and increasing challenge to population health, 
and perhaps these ‘paleo diets’ are beneficial, but not for the reasons stated. 
Whether weight loss occurs because adherents to the Paleo Dietâ are ‘eating 
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like our ancestors’, or simply eating just another low carbohydrate weight loss 
diet remains an open question. But given that weight loss was unlikely to have 
been a desired outcome for our Palaeolithic ancestors, I suspect the latter 
provides a better explanation for Paleo Dietâ -associated weight loss.  

The marketing materials claim that diet adherents will be ‘eating the foods we are 
designed to eat’. Perhaps ‘eating foods we are evolved to eat’ is more 
semantically accurate in intention, but this claim is not necessarily grounded in 
empirical biology. Given the known genetic adaptations to shifts in diet, including 
lactase persistence (Gerbault et al., 2011, Ingram et al., 2009a, Itan et al., 2009), 
AMY1 and possibly AMY2 copy number variation (Perry et al., 2007, Inchley et 
al., 2016, Samuelson et al., 1996, Lazaridis et al., 2014) and adaptations in 
FADS2 and clathrin genes (Fumagalli et al., 2015, Fumagalli et al., 2019), 
humans have clearly adapted metabolically to changes in diet on multiple 
occasions, and sometimes very rapidly (see Appendix A). In some populations, 
we have adapted to eating dairy, cereals and high-fat diets.  

In addition to the ‘paleo’ Fad diets, there are low-carbohydrate diets for weight 
loss such as the Atkinsâ and Ketogenic diets. Cardiologist Robert Atkins began 
researching the benefits of a carbohydrate-restricted diets in the early 1960’s and 
published his first book, Dr. Atkins’ Diet Revolution, a decade later (Atkins, 1972). 
Selling more than 45 million copies, this diet has become a mainstream 
‘nutritional approach’ to reducing weight and healthy eating, limiting carbohydrate 
to under 30g per day (Astrup et al., 2004). It appears on the NHS website as one 
of the recommended programmes for weight loss (NHS, 2018). However, with an 
increased risk of heart disease with the amount of saturated fats and high levels 
of salt permitted, this diet is not without its disadvantages. 

The first Ketogenic diet predates Atkins by fifty years. In 1921, endocrinologist 
Rollin Wooyatt identified that the liver produced ketone bodies (acetone, β-
hydroxybutyrate and acetoacetate) in response to starvation which included 
being starved of carbohydrate while consuming fats (Sprague, 1960). Russell 
Wilder of the Mayo Clinic found this dietary restriction, which he called ‘the 
ketogenic diet’, was effective in treating epilepsy (Wilder and Winter, 1922, Miller, 
2018). While the high-fat, low-carbohydrate approach continued to be used as a 
dietary intervention for children who were non-responsive to anti-convulsant 
drugs, it was also noted that ketosis was effective in weight loss. This is because 
in the absence of readily available carbohydrate and sugar, the body switches to 
fat metabolism for its energy needs, and possibly due to reduced appetite 
experienced when eating a high-fat and high-protein diets (Astrup et al., 2004). 
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The Ketogenic diet analysed here is published on the Atkins website as a 7-day 
diet plan. With longevity and known efficacy in weight loss, the Ketogenic diet 
recently has come back into public awareness. It was the most Googled diet 
search term in 2018 (GoogleTrends, 2019) and hence included in Fad diet 
analyses in this work. Although effective for weight loss and reducing type 2 
diabetes risk, the Ketogenic diet can adversely affect renal function and cause 
hypertension (Ko et al., 2020). 

The final fad diet analysed was the Vegetarian regime published by the Mayo 
Clinic. In a strict sense, this Vegetarian diet is not a ‘fad’ diet but it is part of a 
popularised trend to reduce meat consumption. For these reasons, it analysed 
with fad diets. An estimated 5-7% of the British population are vegetarian (NDNS, 
2013) with an increasing trend as individuals choose meat-free diets for personal 
health, planetary health, religious and animal welfare reasons. While vegetarian 
diets can have health benefits such as reducing BMI, lowering LDL cholesterol 
levels and reducing blood pressure and diabetes risk (Cramer et al., 2017), 
vegetarian diets are low in Vitamin B12, and dietary supplements are 
recommended (Phillips, 2005). Vitamin B12 deficiency is linked to increased risk 
for CVD, stroke and some cancers (Phillips, 2005, Hankey and Eikelboom, 1999), 
so vegetarian diets, although perceived as ‘healthy’ are not without health risks. 
Considering vegetarian diets in an evolutionary perspective, it should be noted 
that while some hunter-gatherer groups today consume predominantly 
vegetarian food resources, our Palaeolithic ancestors would rarely have had the 
resource availability and food choice to follow a strictly vegetarian diet.  

This thesis only considers a single vegetarian diet. Analysing a vegan diet in 
addition to a vegetarian diet would have been preferred. After searching the 
literature, I could not identify a reliable, research-based vegan diet, and so that 
analysis was not completed. Like the Paleo Dietâ adherents, veganism is often 
covered in the press, and the Vegan Society estimates there are currently more 
than 600,000 vegans in the UK, which is ~1% of the population (Jones, 2020). 
Yet this small sector of the population is vocal and has been successful in raising 
public awareness and press coverage that is disproportionate to the numbers of 
vegans in the UK. 

It is often claimed that fast food outlets ‘push’ their products on customers, 
although they must be, to an extent, responding to the ‘pull’ of dietary preference. 
That pull may be driven by a range of factors, including economics (fast foods 
are usually low in price), an evolved desire for calorie-rich foods as in the thrifty 
gene hypothesis (Neel, 1962), effective marketing, convenience, and socially 
ingrained dietary habits (McNay, 1999, Bourdieu, 1979, Bourdieu, 1990). If the 
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nutritional ‘Peter Pan Effect’ proposed above predisposes us to like foods similar 
in macronutrient composition to milk, this may provide some explanation of why 
fast foods share common nutritional properties despite originating in different 
cultural contexts.  

With the rising global levels of obesity and type 2 diabetes (T2D) putting 
increasing demands on health care services and resources, there have also been 
an increasing number of clinical investigations to assess the health effects of fad 
and popular diets. Diets in the popular press have variously claimed to promote 
weight loss, lower cholesterol levels, reduce blood pressure, improve insulin 
response, reverse the health indicators for T2D and lower risk factors for 
cardiovascular disease (CVD). However, not all health consequences associated 
with fad and popular diets are positive, and academic and independent research 
groups have run clinical trials to assess health claims of these diets. Some high-
fat diets such as the AtkinsÒ and Ketogenic diets are effective in weight loss but 
also have been associated with atherosclerosis, low mood, fatigue, hunger, bad 
breath and insomnia (Ruskin and Masino, 2012, McClernon et al., 2007, Paoli, 
2014).  

Clinical diets analysed in this thesis are diets that have been used in clinical trials 
and/or independent peer reviewed investigations of popular and fad diets. The 
six Clinical diets in my analyses were chosen for their availability and range to 
include Paleo-mimicking, Mediterranean and Nordic diets. Since choosing these 
diets for analysis, a number of new studies have been published offering a wider 
scope for further investigations beyond this thesis.  

Lindeberg and colleagues investigated individuals diagnosed with ischaemic 
heart disease and/or glucose intolerance and type 2 diabetes (Lindeberg et al., 
2007, see also Jönsson et al., 2009). Following a Mediterranean diet of whole 
grains, low-fat dairy foods, vegetables (including potatoes and legumes), fruits, 
fatty fish, oils and fats can lead to individuals experiencing improvements in 
health indicators. However, following a Palaeolithic diet of lean meats, fish, 
shellfish, vegetables and restricted potatoes, grains, dairy, salt and sugar in line 
with assumptions about foods available before the advent of farming, glucose 
tolerance improved more than in those following the Mediterranean diet. 

Similarly, Frassetto et al. (2009) found that a ‘Paleo’ diet improved blood 
pressure, glucose tolerance, insulin sensitivity and lipid profiles while decreasing 
insulin secretion in sedentary individuals following a pre-agrarian diet without 
weight loss. The diet included fruits, honey, lean meats and nuts and no dairy 
foods.  



Chapter 4 Data Analysis 

 220 

The nutritional values for the Nordic diet were assessed in comparison to the 
Danish Food-based Dietary Guidelines (DFDG) (Mithril et al., 2013). The Nordic 
diet included regionally sourced foods such as vegetables (roots, legumes, 
cabbage, potatoes), fruits (especially berries), wild mushrooms, whole grains, 
nuts, free-range meat and poultry, game, fish, shellfish and seaweed. The study 
concluded it was possible to create and adapt regionally specific diets that 
address cultural and dietary requirements and health promotion.  

Other diets such as the two Paleo meals recorded by Bligh et al. (2015) were 
specifically designed to investigate whether carbohydrate metabolism in ‘Paleo’ 
diets was the mechanism through which improved glucose tolerance and 
glycaemic control were mediated. These meals were not meant to approximate 
a Palaeolithic meal in our past but were specifically designed to investigate 
ordinary and readily available modern ingredients to assess the extent to which 
limiting the intake of carbohydrate might positively affect glucose tolerance.   

Looking at Figure 4.15, it is not surprising the two Paleo meals from Bligh et al.  
(2015), labelled Paleo1_B and Paleo2_B, plot some distance from the central 
cluster of Modern diets given these are single meals. As such, the nutrient 
richness and diversity ought to differ from diets of multiple days and/or weeks of 
meals. In PC1 and PC3 (see Figure 4.15b), these two diets are some distance 
from the other Clinical diets. In both figures, the Mediterranean and Nordic diets 
plot centrally with Modern diets and the two other Paleo diets (Frassetto and 
Lindeberg) slightly less central as expected given the permitted carbohydrates in 
these diets. These Clinical diets plot as a diffuse cloud near Modern diets, but in 
the slight differences at the macro- and micronutrient levels point to some health 
benefits as evidenced in these studies and others. This is not to say these are 
without negative health consequences, but in specific circumstances, dietary 
restrictions can improve health outcomes most likely due to differences in the 
nutrient profiles between Modern and Clinical diets.  

4.4.10 Dietary Reference Intake (DRI)  
The Dietary Reference Intake (DRI) is the current North American iteration of 
nutrient guidelines first published in 1997 by the Institute of Medicine of the U.S. 
National Academies (DRI, 1997). Where male and female nutrient intake values 
differ, a mean was taken for sex-average analyses. The DRI is a collaborative 
effort between the U.S. and Canadian governments (MacFarlane et al., 2019). 
The DRI replaced the Recommended Dietary Allowances (RDAs) originally 
issued in 1941 by the U.S. Food and Nutrition Board to set standardised nutrient 
requirements (Harper, 2003). The DRI is distinct from the Reference Daily Intakes 
(RDIs) and Daily Values (%DVs) which are nutritional assessments used in the 
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standardised labelling of foods and dietary supplements to identify the amount of 
nutrients in foods without dietary intake guidelines. In Europe, the European Food 
Safety Authority (EFSA) issues nutritional intake information as Dietary 
Reference Values with most nutrient values the same or similar to DRI values 
(Buonanno, 2006, Merten et al., 2011). Similarly, Australia and New Zealand use 
Nutrient Reference Values, with Recommended Dietary Intake.  

There is no published DRI for cholesterol. Instead, an accepted intake value of 
270mg per day was estimated for these analyses based on levels of cholesterol 
in dietary guidelines (US Dept of Health, 2015). While cholesterol is an integral 
component in cell membranes and is involved in bile acid and steroid hormone 
synthesis, it is synthesised in sufficient quantities for structural and metabolic 
needs. Therefore, there is no minimum intake requirement for dietary cholesterol. 
Given its distribution in regularly-consumed foods, cholesterol is considered 
unavoidable in ordinary diets but also positively correlated with low density 
lipoprotein cholesterol and increased risks of coronary heart disease (CHD). For 
these reasons, there is no ‘safe’ upper limit but an intake of 270mg per day is the 
estimated cholesterol value in an average healthy diet (Institute of Medicine, 
2005).  

The DRI and its predecessor the RDA, have provided health care professionals 
an effective tool for eliminating ‘diseases of deficiencies’ (Yetley et al., 2017). 
These are identifiable diseases caused by nutritional deficiencies in one or more 
nutrients. In post-industrial economies there are more health risks posed by 
obesity and over-consumption than under-consumption, with obesity 
predisposing populations to a variety of chronic diseases. The DRI has come 
under various criticisms for its guidelines on specific nutrients such as Vitamin D 
(Aloia, 2011) and Calcium (Meacham et al., 2008) and general criticisms for not 
providing safe upper limits of consumption (Yetley et al., 2017) despite many 
nutrients having biological toxicity thresholds, and also not including a DRI value 
for polyphenols (Williamson and Holst, 2008, Holst and Williamson, 2008) which 
affect levels of cholesterol absorption.  
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Figure 4.16 a) PC1 and PC2 and b) PC1 and PC3 projecting in the DRI plotting near the 
MPI diet ‘cloud’. The DRI symbol is the inverted triangle (s). 
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In the space of PCs1, 2 and 3 (see Figure 4.16), the DRI plots in the tight cluster 
of MPI diets. This may be because DRI values are the biological minimum values 
required to avoid dietary insufficiencies without a maximum upper limit. These 
PCA plots lend some support to the growing discontent with the DRI from 
nutritionists and the public sector, for reflecting modern habits rather than 
prescribing 'what is good for us'. It may also be the case that the minimum nutrient 
values to avoid diseases of deficiency do not avoid over-consumption and the 
negative health consequences of over-eating.  

4.5 Macronutrient compositions 

To investigate macronutrient compositions across different groups of diets, a 
series of pie charts were generated (Figure 4.17). While the proportion of 
carbohydrates in Fast Food diets and Human milk are similar, there are 
differences in Lipids and Protein; for macronutrients, the Atkins® diet is more 
similar to Fast Food diets than Milk. Mammals can detect five distinct taste 
qualities: sweet, sour, bitter, salty and umami (Chandrashekar et al., 2010, 
Breslin, 2013). The umami (savoury) flavour is perceived by taste receptors 
responding to glutamic acid and nucleotides, particularly inosinate and guanylate, 
in foods. It is largely but not exclusively associated with foods high in protein such 
as meats, fish, gravies and broths, but also mushrooms, tomatoes, cheeses, 
yeast extracts and soy sauce. In addition to protein, humans can also detect lipids 
in the mouth. Polymorphisms in the CD36 gene can affect preferences for higher-
fat foods (Martin et al., 2011b, Martin et al., 2011a, Pepino et al., 2012). Salivary 
amylase (AMY1) hydrolyses starches in foods such as rice and potatoes into 
glucose which can also be detected in the mouth. Although humans cannot sense 
all carbohydrates in the mouth (the milk sugar lactose is one of the least-sweet 
sugars and is only hydrolysed into sweeter glucose and galactose in the gut, so 
is only weakly sensed in the mouth) whereas salivary amylase breaks down 
amylopectin and amylose in starchy foods into glucose during chewing, and the 
resulting glucose is detectable (Mandel et al., 2010). Given that all three 
macronutrients are detectable in the human mouth, and milk is the first food to 
which humans are exposed, it is likely that foods with a similar macronutrient 
profile to milk would be preferred over foods with differing macronutrient 
proportions. When the other 23 nutrients are factored in, the combined nutrient 
similarities cause Fast Food diets and Milk to plot together, near but not in the 
cluster of MPI diets.  
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Figure 4.17 Pie charts of macronutrient distributions in diets and diet averages (all diets 
normalised to 2200 kcal). 

The other significant observation is that even in low-carbohydrate diets such as 
the Ketogenic diet, carbohydrates are reduced but not absent. Carbohydrate 
plays an important role in all diets. Reducing carbohydrate intake can lead to 
weight loss because it reduces supply of the body’s most accessible and 
preferred form of energy, glucose. When carbohydrate intake is insufficient to 
meet the body’s energetic requirements, the body instead metabolises fat to meet 
its energy needs. This metabolic state is called ketosis. The aim of Ketogenic 
diets is to reduce carbohydrate intake to such a level to induce ketosis and rapid 
weight loss through fat-burning. From Figure 4.17, the Ketogenic diet is very low 
in carbohydrate (17%), and the HG Average (31%) and Paleo Diet® (33%) are 
also low which helps to explain why many hunter-gatherers are lean and followers 
of the Paleo Diet® lose weight.  

53%

31%

16%

HG Average

19%

62% 19%

Modern Average

26%

50%

24%

Fast Food Average

8%

56% 36%

Human Milk

38%33%

29%

PaleoTM

27%
48%

25%

AtkinsTM

38%
17%

45%

Ketogenic

24%

61% 15%

Vegetarian

28%

43%

29%

Cow

Macronutrient
Carbohydrate

Lipids

Protein



Chapter 4 Data Analysis  

 225 

4.6 Nutrient distributions in MPI and HG diets  

4.6.1 Violin plots  
A series of violin plots were generated to visualise the distribution for each of the 
27 nutrients in the groups of diets (HG and MPI) with each diet represented as a 
data point. The outline shape of the violin indicates kernel density values and 
helps to identify multimodal distributions (more than one peak) and also shows 
the relative amplitudes of those peaks. Each nutrient mean is shown by a 
coloured line (HG in green and MPI in blue). The dietary data are the 20 HG and 
22 MPI diets normalised to 2200 kcal, as in the PCA analyses. Nutrient quantities 
were then rescaled to the Dietary Reference Intake (DRI) to facilitate comparison 
across nutrients. Violin plots were generated in RStudio (RStudio, 2020) and 
ggplot (Wickham et al., 2016).  

In this thesis, the DRI (as opposed to other dietary guidelines) is used in the 
following analyses because it is endorsed and used by the US Agricultural 
Research Service (ARS) for investigating the Average American diet. The ARS 
issues national dietary guidelines based on the DRI and it is regularly reviewed 
and updated. 

HG diets analysed with the USDA ND use 87 unique food codes. By comparison, 
MPI diets in these analyses use 2742 unique food codes, over 30x greater range 
in the numbers of foods in the diets. Yet, at the nutrient level, the opposite pattern 
is observed. Despite the greater diet breadth of MPI diets in terms of numbers of 
foods, there is a reduced nutrient variation. The overall pattern of nutrient diversity 
in HG diets may reflect the greater range of ecologies of foraged foods. 
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Figure 4.18 The violin plots normalised to the Dietary Reference Intake (DRI), ordered 
by the difference between Modern (MPI) diet nutrient means and HG nutrient means. 
Modern means for Sodium, Vitamin K, Total Sugars, Carbohydrate, Folate, Calcium and 
Lipids are higher than HG means indicated in red. Nutrients in black are where Modern 
means are lower than HG means. Cholesterol is indicated in blue because there is no 
approved DRI but an average recommended amount was estimated for this analysis.  

Figure 4.18 shows the variation in HG diets scaled to the DRI and ranked by 
difference in nutrient mean between MPI and HG diets. There is more variation 
in nutrient composition across the HG diets compared with MPI diets (See also 
Figure 4.19). Reduced variation is seen in some HG nutrients. The low variation 
in Sodium can be intuitively understood as HG diets of foraged, fresh foods which 
are naturally low in salts including Sodium. While there is some variation in 
Vitamin D, it should be noted that low latitude HG groups will rely more on 
photosynthesis of Vitamin D from 7-dehydrocholesterol in the skin, rather than 
diet. HG diet nutrient means are above the DRI for 17 nutrients, and below the 
DRI for Lipids, Vitamin E, Fiber, Sodium, Total Sugars, Folate, Calcium, 
Carbohydrate, Vitamin D and Vitamin K. In diets high in animal proteins, the co-
occurring vitamins and minerals will also be raised, as seen in the HG diets with 
high values for Selenium, Riboflavin, Iron and Zinc. As many HG groups also 
heavily exploit plant resources, it seems counterintuitive that diet values for Fiber, 
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Folate, Vitamin C and Carbohydrate are low. Based on ethnographic observation, 
many HG diets are rich in plant resources, but at the nutrient level this reliance 
on plant foods is not observed by looking at the nutrients commonly found in 
plants. 

Figure 4.19 Violin plot of nutrients in HG diets, normalised to the DRI where 17 nutrient 
means are above the DRI and 10 nutrient means labelled in red are below this threshold. 
Cholesterol is labelled in blue as this is a proxy value as no DRI value is available. 

Given the tight clustering of MPI diets in the PCAs (see Figures 4.4 to 4.7), the 
reduced variation across most nutrients in MPI diets observed in Figure 4.21 is 
unsurprising. Vitamin B12 in MPI diets is high in amount and variation. This 
vitamin is naturally occurring in meat, fish, poultry, eggs and dairy foods and 
generally absent in plant foods. However, breakfast cereals are often fortified with 
Vitamin B12 and this may add to the variability of this nutrient in MPI diets. Eight 
nutrient means fall below the DRI, with Vitamin D the lowest. These eight nutrient 
means falling below the DRI are in order: Folate, Potassium, Calcium, 
Magnesium, Choline, Fiber, Vitamin E and Vitamin D. It is notable that this list 
includes nutrients for which concerns about deficiency in some people are 
commonly raised.  
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Figure 4.20 Violin plot of nutrients in MPI diets, normalised to the DRI where 19 nutrient 
means are above the DRI, Cholesterol highlighted in blue as it has no DRI value, and 8 
nutrient means labelled in red are below the DRI threshold (note the y axis limits differ 
to Figure 4.19). 

In the side-by-side violin plot (Figure 4.18) only seven MPI diet nutrient means 
are higher than HG means (in descending order: Sodium, Vitamin K, Total 
Sugars, Carbohydrate, Folate, Calcium and Lipids). These nutrients are said to 
be ‘enriched’ in MPI diets, the highest being Sodium. With prepared and 
packaged foods known to be high in Sodium (added during processing, for 
flavouring and as a preservative), it is not surprising the greatest nutrient 
difference is observed in Sodium. As Carbohydrate and Total Sugars are 
measuring some overlapping components, the lack of variation on MPI diets in 
these nutrients is also expected. 

For the remaining twenty nutrients, the HG nutrient means are higher than MPI 
nutrient means. As all diets are normalised to 2200 kcal, this suggests that HG 
diets are more nutrient diverse than MPI diets on a per calorie basis. However, 
as HG groups live in marginalised lands and may be consuming less than 2200 
kcal per day, it cannot be concluded that modern hunter-gatherers consume a 
more nutrient diverse diet based on this analysis.  
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The second largest difference between HG and MPI diet means occurs in Protein. 
While there is greater variation in the amount of Protein in HG diets, HG diets are 
higher in Protein, with little variation in Protein in MPI diets. Many of the other 
nutrients which are higher in HG diets are positively correlated with Protein. 
Foods which are high in Protein are often also high in Potassium, Choline, Zinc, 
Vitamin B6, Riboflavin, Phosphorus, Niacin, Iron, Cholesterol, Selenium and 
Copper. Considering all three macronutrients, HG diets are lower in 
Carbohydrate and Lipids, higher in Protein, and with greater variation in all three 
compared to MPI diets. 

The absolute sum of nutrient means normalised to the DRI in HG diets is 70.2, 
whereas for MPI diets the absolute sum is 34.7 (see Figures 4.19 and 4.20). On 
a per-nutrient basis, HG diets are nearly twice the distance from the Dietary 
Reference Intake as MPI diets. Individual nutrients in HG diets not only show 
more variation within nutrients but also as a group HG diets are more distant from 
the DRI, although it should be noted that this is generally in the direction of excess 
nutrients. Nutrients in MPI diets are more centred around the DRI and display 
fewer outliers and a smaller range of variation within each nutrient.  

To compare the MPI and HG diets for their calorie and DRI-normalised nutrient 
levels, two-sample Kolmogorov-Smirnov tests (K-S) on each nutrient pair from 
HG and MPI diets were performed (see Table 4.5). The nonparametric K-S test 
evaluates the null hypothesis that two samples come from the same distribution, 
while making no assumptions about the distribution of the data (Goodman, 1954, 
Conover, 1965). Conversely, the parametric t-test for example assumes values 
are normally distributed. While t-tests have more power to reject the equality of 
two means, K-S tests are performed here because it cannot be assumed that 
nutrient values are normally distributed. The K-S test statistic is the largest 
distance between the empirical cumulative distribution functions (ECDF) of two 
samples, for which Kolmogorov derived the null distribution under the hypothesis 
that the samples are drawn from the same distribution. The test makes minimal 
assumptions about, and is sensitive to, differences in both location and shape of 
the distributions involved. The p-value is the probability of seeing a test statistic 
as high or higher than the one observed under the null hypothesis that the two 
samples were drawn from the same distribution.  
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Table 4.5 Two-Sample Kolmogorov-Smirnov Test Results for Nutrients with non-
significant results noted in red and a significant result close to the 0.05 threshold 
is noted in pink 

Nutrient Pair 
(HG, Modern) 

D test statistic p value p value < 0.05 

Protein 0.9 3.352e-09 ü 
Lipids 0.56818 0.001268 ü 
Carbohydrate 0.8 4.357e-07 ü 
Total Sugars 0.75455 3.11e-06 ü 
Fiber 0.45455 0.01679 ü 
Folate 0.60455 0.0004488 ü 
Calcium 0.70909 1.722e-05 ü 
Cholesterol 0.8 4.357e-07 ü 
Choline 0.85909 2.324e-08 ü 
Copper 0.9 3.352e-09 ü 
Iron 0.8 4.357e-07 ü 
Magnesium 0.65909 9.291e-05 ü 
Phosphorus 0.9 3.352e-09 ü 
Potassium 0.95455 8.175e-11 ü 
Selenium 0.65909 9.291e-05 ü 
Sodium 0.90909 9.77e-10 ü 
Zinc 0.8 4.357e-07 ü 
Vitamin A 0.5 0.005885 ü 
Thiamin (Vitamin B1) 0.4 0.04893 ü 
Riboflavin (Vitamin B2) 0.48182 0.009342 ü 
Niacin (Vitamin B3) 0.75 3.311e-06 ü 
Vitamin B6 0.8 4.357e-07 ü 
Vitamin B12 0.85 4.469e-08 ü 
Vitamin C 0.31818 0.1838 No 
Vitamin E 0.36364 0.09246 No 
Vitamin D 0.45455 0.01679 ü 
Vitamin K 0.80909 2.95e-07 ü 

 

From the results reported in Table 4.5, only Vitamin C and Vitamin E shown in 
red have p values higher than 0.05, although the p value = 0.04893 for Thiamin 
(Vitamin B1) shown in pink is near the 95% confidence threshold. However, for 
all other nutrients, the nutrient values for MPI and HG diets can be said to have 
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been drawn from different distributions. This is relevant to observations of and 
interpretations made from the violin plots (Figures 4.18-4.20). 

4.7 Comparison of hunter-gatherer foods by nutrient profile using PCA 

4.7.1 Introduction 
In the same way as I visualised the relationships of diets on the basis of nutrient 
similarity (using PCA: Figures 4.4 – 4.17), it is also possible to investigate the 
relationships of different foods in terms of nutrient composition. Such a 
visualisation is only relevant for primary foods as the secondary foods that are 
common in MPI diets will contain artificial nutrient correlations. Here I limit this 
analysis to 87 primary foods that formed part of the HG diets. Whereas in the diet 
analyses I normalised to 2200 kcal and investigated across 27 nutrients (i.e. 
excluding ‘Energy’, because it had no variance), these ‘ancestral foods’ 
investigations included ‘Energy’ as an additional nutrient as its variance differed 
across the foods normalised to 100g of each food. I therefore consider 28 nutrient 
quantities for 100g of each food type (see Figures 4.26 - 4.27).   

The first three PCs in the PCA analysis explain 56% of variation (Figures 4.21 - 
4.23). Eight broad categories of foods were created and colour-coded to aid 
visual identification of clusters. These categories are: 1) Plants and roots; 2) Nuts 
and seeds; 3) Fruit and vegetables; 4) Meat; 5) Grains; 6) Fish and invertebrates; 
7) Dairy and eggs; and 8) Honey and sugar. It is interesting, and encouraging, to 
note that, with the exceptions of a few outliers (e.g. whitefish), the eight categories 
form distinct clusters. Chestnut here is Eleocharis dulcis or water chestnut, and 
not a European chestnut Quercoideae Castanea or horse chestnut (genus 
Aesculus). It is categorised as ‘fruit and vegetables’ in these analyses although it 
could equally have been classed with ‘Plants and roots’ as the water chestnut is 
an aquatic tuber exploited for its corms as well as its stems and leafy parts. 
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Figure 4.21 a) PC1 and PC2 and b) PC1 and PC 3 of HG foods driven by 28 nutrients, 
grouped by categories of foods.  
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Figure 4.22 Zoomed views of a) PC1 and PC2 and b) PC1 and PC3 showing detail of 
plant-based foods 
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Figure 4.23 Nutrient drivers for a) PC1 and PC2 and b) PC1 and PC3 of HG foods. 
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In the preceding PCA plots (Figures 4.21-4.23), it is worth noting that food classes 
(coloured in the plots for identification) cluster by group according to nutrient 
composition similarity, although outliers including Whitefish, Offal and a loose 
grouping of Nuts and Seeds (Soybeans, Almonds, Pine nuts, Peanuts and 
Nutmeg) which are enriched for certain nutrients are driven out towards the edge 
of the plot. A few nutrients, notably Selenium, Choline and Vitamin B12 are driving 
Whitefish and Offal away from the other foods while Fibre, Energy, Lipids and 
Magnesium are driving Nuts and Seeds to plot away from the other plant foods.  

The distributions of nutrients in HG foods are heavily skewed for two main 
reasons. First, there are substantial differences in the scales on which nutrients 
occur. Macronutrients, Fiber and Total sugars are reported in grams while the 
majority of minerals and some vitamins are recorded in milligrams (mg). 
Selenium, Folate, Vitamin B12, Vitamin A, Vitamin D and Vitamin K are reported 
in micrograms (µg).  Secondly, the quantities of any given nutrient can vary 
across food by several orders of magnitude, and there is an excess of zeroes 
across foods. Most foods contain a complex mixture of nutrients, and not all 
nutrients occur in all foods. This is particularly the case for micronutrients (see 
Figure 4.24). These highly-skewed distributions of nutrients across foods can 
affect analysis (such as principal component analysis), and distort data 
visualisation. 
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Figure 4.24 Before data normalisation, individual nutrient histograms of nutrients in HG 
foods where the X axis is the concentration of nutrient in grams per 100 grams of food 
in the HG foods matrix, and the Y axis is the counts of each concentration bin across 
different foods. 
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To reduce the distorting effects of having highly skewed distributions of nutrient 
concentrations across foods, nutrients were normalised using the empirical 
cumulative distribution function (ECDF) (see Figure 4.25). This work was done 
with guidance from Adrian Timpson, to whom I am grateful for his advice and 
expertise. The ECDF is the probability distribution using the observed data (i.e., 
from sampling this sample and in this analysis sampling the spread of 
concentration data for each nutrient) using a sigmoidal curve that rescales the 
data between 0 – 1. Normalising nutrient data using the ECDF rescales the data 
so that the zeroes and strong outliers and/or extreme values do not have a 
disproportionate effect on downstream analyses. While the zeroes and outliers 
are still in the data, by flattening the data, the observable patterns inherent in the 
data emerge and the bias caused by a small number of values representing a 
large proportion of variance reduces. The large differences between some 
values, that is the actual distance between data points, is less important than the 
rank. The absolute values are less important than the relationships or relative 
positions of data points. The ECDF preserves the relative positions between data 
points. 

Using the ECDF to rescale the nutrient concentration data, and so mitigate the 
effects of zeroes and high concentration of particular nutrients in a few foods 
generating strong outliers, I generated additional PCA plots of HG foods. In this 
analysis there are no longer any outliers, but clustering of foods by class is 
preserved, and even improved. This is evident when comparing the PCAs without 
and with ECDF normalization (Figures 4.21 and 4.26). After ECDF normalisation 
the first three PCs explain 67% of the overall variation in nutrients across HG 
foods.  
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Figure 4.25 After normalisation using the ECDF, histograms of nutrients in HG foods 
where the X axis is the ECDF-normalised concentration of nutrient in grams per 100 
grams of food in the HG foods matrix, and the Y axis is the counts of each concentration 
bin across different foods.   
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Figure 4.26 After data normalisation with ECDF, a) PC1 and PC2 and b) PC1 and PC3 
visualising 28 nutrients in HG foods  
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Figure 4.27 After data normalisation with ECDF, nutrient drivers for a) PC1 and PC2 and 
b) PC1 and PC3 for HG foods  
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4.7.2 Nutrient correlations in classes of foods 
The structure of the PCA plots of HG foods by their nutrients (Figures 4.26 and 
4.27) is driven by correlations in the occurrence of nutrients in different foods. 
This raises an intriguing possibility. It is well-known that humans mostly share 
strong avidities for certain nutrients, such as sweet sugars (Beauchamp and 
Moran, 1982), sodium (Beauchamp et al., 1982, Yasumatsu et al., 2020, Bertino 
et al., 1986), glutamate, inosinate and other nucleotide-related molecules 
(Lindemann et al., 2002, Nakamura, 2011, Kurihara, 2009, Ikeda, 2002, 
Yamaguchi and Ninomiya, 2000, Yamaguchi, 1967), fats (Cartoni et al., 2010, 
Reshef and Barkai, 2015) and some aromatic plant secondary metabolites such 
as vanillin (Haller et al., 1999, Burri et al., 1989, Anand et al., 2019). Because the 
occurrence of these – and other compounds for which we have taste avidities – 
may be positively correlated with the occurrence of nutrients that are necessary 
for a healthy diet, it is possible that the evolution of our taste preferences has 
been shaped by those correlation structures across the foods that we have been 
exposed to in the past. Put another way, is it possible that the nutrients we have 
strong preferences for act as proxies for the nutrients we require? As an example, 
humans have no clear avidity for ascorbic acid, yet they and other primates 
clearly have requirements for this vitamin. But as ascorbic acid frequently co-
occurs with sweet sugars, then an avidity for sweet foods in an ancestral setting 
will ensure adequate vitamin C. 

To investigate these correlations in more detail, and consider them in the context 
of food classes, I first calculated the distribution of correlation coefficients 
between all possible pairs of nutrients within each food class. This work was done 
with the advice and guidance of Adrian Timpson. As with the PCAs in Figures 
4.21 and 4.26, the food classes considered were 1) Plants and roots; 2) Nuts and 
seeds; 3) Fruit and Vegetables; 4) Meat; 5) Grains; and 6) Fish & invertebrates, 
excluding egg, milk, honey and sugar as these food classes contained too few 
foods in each class. The histogram of correlation between nutrient pairs within 
food classes shows a strong positive skew compared with nutrient pairs randomly 
selected from the data generating a bell-shaped distribution of correlation values 
(see Figure 4.28). The correlation coefficient mean from observed nutrient pairs 
is 0.2280001 (SD = 0.4123103) compared to the mean from randomised nutrient 
pairs 0.0007037374 (SD = 0.3209645) (see Figure 4.29). The interpretation of 
this result is that there are significantly greater correlations in nutrient 
concentrations than expected by chance within the classes of foods.   
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Figure 4.28 a) The observed distribution of correlation coefficients between pairs of 
nutrients within each food class (excluding Dairy & Egg, Honey & Sugar with fewer than 
five foods in each of these classes); and b) distribution of p-values from the observed 
distribution of correlation coefficients above.  
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Figure 4.29 Comparison of the means and standard deviation from nutrient pairs in 
classes of foods (observed, noted in red) and randomised nutrient pairs. 

4.7.3 PCAs of nutrients in HG foods 
By transposing the nutrients in HG foods data matrix, it is possible to visualise 
specific patterns of co-occurrence of nutrients in foods. This shifts the analysis 
from a diet- or food-centred to a nutrient-centred approach, and permits further 
exploration of the idea that we have evolved taste avidities for certain nutrients 
because they co-occur in an ancestral setting with nutrients that are required for 
good health. If 2 nutrients plot close together, then they are more likely to co-
occur (see Figures 4.30-4.32). The skewed distribution of nutrients, and the 
excess of zeroes, in HG foods provides justification for again employing the 
ECDF to rescale the data. In these analyses, the data are 100g of each HG food, 
normalised using the ECDF, with energy (measured in kcal) included. PC1 and 
PC2 explain 93% of variation with PC3 explaining an additional 2%. This is 
surprisingly high and indicates that the plot of PCs 1 and 2 is highly informative. 
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correlation than negative. The nutrients form broad clusters, to an extent 
according to their classifications, particularly the Vitamin and Minerals. It is  
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Figure 4.30 After data normalisation by ECDF a) PC1 and PC2 and b) PC1 and PC3 
with investigating the variance in nutrients driven by HG foods  
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Figure 4.31 After data normalisation by ECDF a) PC1 and PC2 and b) PC1 and PC3 of 
HG foods driving nutrients  
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interesting that Fiber plots near Carbohydrate and Total Sugars, and less 
surprising that Energy plots near Protein and Lipids, as these two macronutrients 
are most commonly found in energy-dense foods. Vitamin C plots some distance 
from the other Vitamins, towards Carbohydrate, Total Sugars and Fiber, which 
can be explained by Vitamin C often occurring in citrus fruits and green leafy 
vegetables which are high in Carbohydrates, Total Sugars and Fiber. The outlier 
of dietary Cholesterol in HG foods is unlikely to have negative health 
consequences for modern hunter-gatherers, despite its low concentration in HG 
foods, because it can be biosynthesised to meet metabolic needs. The foods 
drivers are shown in Figure 4.31. 

To explore the effect of the ECDF on these plots, I generated PCAs of HG foods 
without data normalisation (see Figure 4.32; see also Appendix E for alternative 
normalisation strategies). A looser clustering of nutrients, particularly the 
Vitamins and Minerals, can be seen, and a lower proportion of the overall 
variation is explained (PCs 1 + 2 + 3 = 50%). The ‘raw’ or not normalised data do 
broadly cluster by nutrient class, although there are more outliers. Some outliers 
are likely generated by some ‘odd’ foods which have very high values for 
particular nutrients.  

Employing the nutrient pipeline I designed to infer nutrient profiles for each diet, 
I generated a nutrient profile matrix for the 87 HG foods, standardised to 100g of 
each food and similarly generated a nutrient profile for the 2742 MPI foods from 
MPI diets. The resulting nutrient matrices were used to explore correlations in 
nutrient content among HG and MPI foods. Hierarchical agglomerative cluster 
analysis was used to explore nutrient correlation in in RStudio (RStudio, 2020) 
with heatmaply (Galili et al., 2018). Correlations between nutrients occurring in 
HG and MPI foods are presented in Figures 4.33-4.34. Dendrograms join the 
nutrients hierarchically with respect to correlations across foods. 

To investigate whether some of the patterns of nutrient correlation in MPI foods 
were being obscured by the inclusion of compound foods in the diet, MPI foods 
were subdivided into two further categories: MPI Primary and MPI Secondary 
foods (see Figure 4.34). MPI Primary foods are those that have only a single 
ingredient (such as a banana, potato or chicken) whereas MPI Secondary foods 
have more than one ingredient (for example banana bread, potato waffles or 
chicken lasagne). The correlation matrix for MPI Primary foods should be more 
similar to HG foods because modern hunter-gatherer foods are almost 
exclusively comprised of a single ingredient. The only known exception is where 
hunter-gatherers trade for complex food resources (pasta and bread).  
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Figure 4.32 Before data normalisation by ECDF a) PC1 and PC2 and b) PC1 and PC3 
showing looser clustering of the nutrients in HG foods by nutrient class 
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From the HG and MPI heatmaps, it appears that there are stronger positive and 
negative correlation in HG nutrients compared with MPI foods (see Figure 4.33 
and related text below). The HG dendrogram branch structure and heatmap 
shows four large blocks of positive correlation around Sodium, Protein, Fats and 
Sugars. Starting in the bottom left (see Figure 4.33a) the first two nutrient 
correlation blocks are around Sodium and Protein. These can be broadly 
characterised as nutrients that are typically high in animal products (meats, 
poultry and dairy). While it may not be intuitive for humans to have a taste 
preference for sodium, an alkaline metal, in liking foods containing sodium the 
correlated nutrients of Vitamin A, D, B12, Cholesterol, Choline (more in dairy), 
Selenium co-occur in many foods. Vitamin A is obtained from liver and fatty fish 
but also in cheese and other dairy foods. Similarly, having an avidity for Protein, 
including glutamate and inosinate, correlates with dietary Phosphorus, Iron, Zinc, 
Niacin and Vitamin B6. These nutrients often co-occur in meat and poultry, as do 
Copper and Riboflavin.  

A further correlation block can be seen around Lipids with Energy, Magnesium, 
Folate and Vitamin E. Fatty foods from plant and animal sources are high in 
Energy, and in having a taste drive for fatty foods, we also obtain other required 
minerals and vitamins for which we have no direct mechanism for selection or 
detection. Interestingly, there is also a correlation block around Sugars and 
Carbohydrate which includes Fiber and Vitamin C. Many plant-based foods such 
as citrus and leafy green vegetables are high in Carbohydrate and also Fiber and 
Vitamin C. Although we cannot detect Vitamin C in foods and do not have a 
known avidity for Fiber, we obtain these necessary nutrients in having a dietary 
preference for Sugars. There is also high negative correlation shown in blue in 
the top left and bottom right quadrants. Nutrients including Vitamin C, Total 
Sugars, Carbohydrate, Fiber, Vitamin K and Magnesium, typically found in plant 
resources, are negatively correlated with nutrients associated with animal 
products.  

In MPI foods, there appears to be a collapse of these strong blocks of nutrient 
correlations compared to HG foods. Overall there is less negative correlation 
between nutrients and the positive correlations are somewhat weaker. The 
nutrient correlation plots of Primary and Secondary MPI foods (see Figure 4.34) 
also indicate weak positive correlation in both Primary and Secondary foods, and 
more negative correlation in Primary foods. Looking specifically at the weak 
correlations in nutrients in Secondary Modern foods, this breakdown of nutrient 
correlation may help to explain the loss or reduction of key nutrients in MPI diets.  
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Figure 4.33 Nutrient correlation dendrograms in a) HG foods used in diet analyses with 
stronger correlation observed in HG nutrients and b) Modern (MPI) foods 
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Figure 4.34 Nutrient correlation dendrograms in a) Primary Modern foods used in diet 
analyses with stronger nutrient correlation than in b) Secondary Modern foods 
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The likely main reason why correlations (both positive and negative) are weaker 
for the MPI foods than the HG diet foods is that MPI diet foods often contain many 
ingredients, which to an extent will homogenise nutrient compositions among 
foods, and so reduce correlation structures. This effect can be seen in Figure 
4.34, where MPI primary and secondary foods are separated. However, it is 
interesting to note that even when I separate out only the primary MPI foods, the 
correlation structure is still less than it is for HG diet foods. 

Further investigation of these nutrient correlations in HG foods indicate a 
positively skewed distribution (see Figure 4.35. The correlation matrix mean is 
0.21 (range -0.44 – 1.00). To test if the correlation matrix mean is significantly 
different from zero, I performed a two-tailed t-test (t = 18.452; degrees of freedom 
= 783; p-value < 2.2e-16; 95% CI matrix mean: 0.1877040 - 0.2323968). 

 

 

 
Figure 4.35 Histogram of nutrient correlation in a) HG foods matrix showing an excess 
of positive correlation and in b) MPI foods matrix (labelled as Modern foods) with weaker 
positive and negative correlation than in HG foods 

A histogram of nutrient correlation in MPI foods matrix shows a weaker positively 
skewed correlation distribution compared with HG distribution (see Figure 4.35b). 
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The overall matrix mean for the MPI nutrients is 0.17 (range -0.23 to 1.00) 
whereas the HG matrix mean is higher at 0.21 (range -0.44 to1.00). However, the 
MPI matrix mean is also significantly different from zero, and positively skewed, 
albeit less so than for the HG foods (two-tailed t-test: t = 22.409; degrees of 
freedom = 960; p-value < 2.2e-16; 95% CI for mean: 0.1506713 to 0.1795934).  

To illustrate some of these correlations among nutrients across HG foods, and to 
visually tease out how different food types shape these correlations, I generated 
a series of scatterplots (see Figures 4.21-4.23 and 4.26 for associated PCAs). 
For these plots, nutrient data were normalised by using 100g per food and 
applying the ECDF. This transformation makes the plots more intuitive as the 
distribution of nutrients in HG foods is highly skewed and with an excess of 
zeroes, as all HG foods do not contain all nutrients. The same food categories 
and colour coding were used for the eight categories of HG foods as in the PCAs 
(Figure 4.26) and scatterplots (Figure 4.36) for visual identification of nutrient 
correlation within and between categories. Figures for all 378 pairwise nutrient 
correlations between the macro- and micronutrients used in this study can be 
found in Appendix F. Excerpts from Appendix F are provided here to highlight 
broad patterns within the nutrient data, and highlight some interesting examples 
of these correlations. The following section refers to Figure 4.36. 
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Figure 4.36 Series of pairwise nutrient correlations in HG foods grouped by categories 
of food types. See Appendix F for pairwise scatterplots of all nutrient pairs in HG foods 
grouped by food types.  

Many across-food-class nutrient correlations, particularly between macro- and 
micronutrients, are common sense and intuitive. For instance, most plant foods 
are low in protein and lipids (apart from nuts and seeds) while meat and dairy 
foods are high in protein and fats as seen in the Protein:Lipid plot. A similar 
pattern is observed in Protein:Energy with some plant foods being high in Energy 
but low protein while all meat and dairy foods are high protein and high in Energy. 
The Protein:Carbohydrate and Protein:Sugars plots are also in-line with 
expectations and broadly similar to each other as meat and dairy foods generally 
are low in carbohydrate (sugars) while high in protein with plant foods showing 
more variation in the amounts of carbohydrates and sugars. 

The Protein:Iron, Protein:Phosphorus and Protein:Zinc plots reveal similar 
gradients of plant and animal foods increasing in iron and phosphorus as protein 
increases, with the exception of some fish, which are relatively low in Iron. The 
negative Protein:Fiber correlation is expected, with animal-derived foods being 
high protein and low in fiber, and vice versa in plants. Protein:Sodium in HG foods 
is also interesting; meat, fish and some dairy foods are naturally high in sodium 
while many but not all plant foods are low in sodium, perhaps suggesting that in 
an ancestral setting an avidity for high sodium-containing foods would have 
ensured a good supply of other nutrients, but that avidity has possibly let to the 
production of unhealthy high-sodium foods in MPI diets.  

Thiamin (Vitamin B1) is naturally occurring in a variety of foods including meats, 
fish, grains and legumes. Thiamin is required for glucose, lipid and some amino 

0.2 0.4 0.6 0.8 1.0

0.
2

0.
4

0.
6

0.
8

1.
0

Iron..Fe

Vi
ta

m
in

.C
..t

ot
al

.a
sc

or
bi

c.
ac

id
Nutrient Pairs in Hunter Gatherer Foods

Plants, roots
Nuts, seeds
Fruit, veg
Grain

Meat
Fish, invertebrates
Dairy, egg
Honey, sugar

0.2 0.4 0.6 0.8 1.0

0.
2

0.
4

0.
6

0.
8

1.
0

Fiber..total.dietary

Iro
n.

.F
e

Nutrient Pairs in Hunter Gatherer Foods
Plants, roots
Nuts, seeds
Fruit, veg
Grain

Meat
Fish, invertebrates
Dairy, egg
Honey, sugar



Chapter 4 Data Analysis 

 258 

acid metabolism and cannot be obtained by biosynthesis. Modern grain 
processing removes Thiamin and, as a result, foods are often fortified with 
thiamine after processing. While Vitamin E, Vitamin B6 and Thiamin show similar 
patterns of correlation within groups of foods, overall there are higher levels of 
Thiamin in both plant and animal foods than Vitamin E Vitamin B6.  

4.8 Investigation of Nutrient Clustering 

4.8.1 Introduction 
Considering the collective diet and nutrient work in this chapter, many patterns 
have emerged and can be further probed. From the initial diet PCAs (Figures 4.4-
4.17), there are systematic nutrient differences both within and between diets that 
drive clustering of diet classes. Looking at nutrient correlations dendrograms, 
both positive and negative correlations are driving these patterns (Figures 4.33 
and 4.34), and the nutrient relationships broadly cluster by types of foods when 
investigating HG foods (Figure 4.26) and also by nutrient class (Figure 4.30). This 
work broadly suggests that there are deep correlation structures among nutrients 
within foods, with more positive than negative correlation and stronger correlation 
in HG foods compared with MPI foods.  

These correlation structures raise the possibility that we have evolved avidities 
for nutrients that co-occur with nutrients we need for a healthy diet. To an extent 
this might explain why modern post-industrial diets are often enriched for 
nutrients that, in excess, have become detrimental to health (e.g. sodium, sweet 
sugars, some fats). To explore this hypothesis further, I performed a number of 
analyses investigating nutrient clustering by co-occurrence. While these 
investigations do not constitute a formal statistical test of the above hypothesis 
(see Chapter 6 for possible approaches to doing this), they do provide a basis for 
sharpening intuition about this hypothesis. One approach to doing this is K-
means clustering, a method of systematically clustering in this case nutrients into 
groups that strongly co-occur among themselves. 

4.8.2 K-Means clustering 
Nutrient data from HG foods was partitioned into nutrient clusters using k-means, 
the most commonly used unsupervised clustering algorithm (Hartigan and Wong, 
1979). K-means minimises within-cluster variances using the sum of squared 
Euclidean distances, based on each item and its distance from a cluster centre, 
and assigns an item to a cluster of comparable spatial extent. It is said to be 
‘unsupervised’ although the number of clusters (k) are set by the user, with no 
other information required from the user (e.g. shape or features of the data). The 
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algorithm assigns data points to a cluster based on proximity to the nearest 
centre. The algorithm then iteratively assigns each instance to a cluster according 
to the distance from the nearest cluster mean.  

Several key features of k-means that make it computationally efficient can also 
have disadvantages:  

1. Euclidean distance is used as a metric and variance determines the extent 
of the cluster size. 

2. The number of clusters (k) is an input parameter and, as a consequence, 
choosing an inappropriate number (k) can yield nonsensical results. 
Results require further diagnostic checks and interpretation to find the 
optimum number of clusters, and choice of k can be criticised as being 
driven by subjective preferences for outcomes.  

3. Convergence to a local minimum can produce results which are 
counterintuitive and/or wrong if distances within the data obscure the 
natural groups. Clusters of unequal size or distance may result in 
assignments to ‘incorrect’ clusters. This means that k-means does not 
work well on all datasets. 

4. As a cluster model based on separable spherical clusters where the mean 
converges towards the centre of each cluster, k-means works well for 
clusters of similar size but can produce anomalies when the cluster 
centres are unevenly spaced. 

5. It is sensitive to outliers and results (cluster assignment) will be affected if 
outliers are included or excluded  

Consistent with most other analyses in this thesis involving covariation in nutrient 
concentrations across HG foods, values were normalised using the ECDF, scaled 
with center = F. The default setting of center = T allows negative data values 
whereas center = F transforms only to positive values which are necessary for 
the ECDF normalisation. As nutrient cluster allocation begins with randomly 
chosen centroids for k (specified by user) clusters, clustering solutions can 
change depending on the starting point and are sensitive to the initial centroid 
selection. Since k-means cluster analysis starts with k randomly chosen 
centroids, a different solution can be obtained each time the function is called. 
The function nstart = 25 was specified whereby 25 different initial configurations 
are attempted and the best one for the k-means algorithm is reported. Numbers 
of clusters from 2-9 were specified. Within the k-means function, R outputs for 
each value of k the ‘withinss’ (within-cluster sum of the squares), ‘tot.withinss’ 
(total within-cluster sum of the squares i.e., the summed ‘withinss’) and ‘size’ (the 
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number of data points in each cluster). K-means visualisations were generated 
in RStudio (Version 1.3.1073) having loaded the ‘tidyverse’ and ‘cluster’ 
dependency libraries. 

Because the k-means analysis considers nutrient concentrations across 87 HG 
foods, the clustering is performed in 87 dimensions. This is then subjected to 
dimensional reduction by PCA. This PCA is analogous to the one performed 
above (i.e., based on the same data; see Figure 4.30). However, in the k-means 
analysis the PCs are selected to represent the greatest amount of variation with 
respect to the clustering, not the input data. Thus, while in Figure 4.30, 93% of 
the overall variation is explained by the first 2 PCs, in the k-means PCA plots 
(Figure 4.37) the first 2 PCs only explain 65% of the overall variation in nutrient 
concentrations across HG foods. Figure 4.37 shows a sequence of k-means 
PCAs of nutrients coloured by cluster number for k=2 to k=9. For k=2 to k=5, 
clusters are visually intuitive when only the first 2 PCs are plotted. While k=6 to 
k=9 also form clusters, those clusters only exist in higher dimensional space. It is 
encouraging that the four broad-scale correlation blocks seen in Figure 4.33 are 
somewhat recovered in the k=4 clusters. 
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Figure 4.37 Series of PCAs of nutrients in HG foods coloured by k-means clusters 
ranging from 2 to 9 clusters. 

Evaluation of optimal k in K-means analysis 
Having generated eight visualisations of k-means where values for k ranged from 
2:9, I employed three methods of evaluations to find the optimal k-value in the 
data (see Table 4.6 and Figure 4.38).  

Elbow method  
In the elbow method, the optimal number of clusters appears at the bend / elbow 
in a plot of total within cluster sum of squares of normalised Euclidian distance 
from the centroid versus k (see Figure 4.38a). This inflexion point denotes the 
optimal number of clusters, after which the slope of the inertia decreases in a 
linear fashion. In Figure 4.38a, the point of inflexion is not obvious, and a case 
could be made for optimal clusters of 3, 4, 5, or 6 with 5 clusters the preferred 
choice given the slope of the line flattening from 6 clusters onwards.  



Chapter 4 Data Analysis 

 262 

Table 4.6 K-means sum-of-squares results for evaluation of optimal number of 
clusters  

Specified k WithinSS Total.withinSS Elements in clusters 
(n) 

k=2 52.5, 55.5 108 10, 18 
k=3 29.6, 35.8, 17.8 83.2 8, 15, 5 
k=4 17.8, 22.5, 20, 10.7 71 6, 12, 6, 4 
k=5 13.74, 3.02, 11.72 

22.46, 10.73 
61.7 5, 2, 5, 12, 4 

k=6 14.87, 3.96, 3.02, 7.34, 
10.73, 13.74 

53.7 9, 3, 2, 5, 4, 5 

k=7 3.96, 14.87, 3.02, 7.76, 
5.49, 5.04, 7.34 

47.5 3, 9, 2, 4, 3, 2, 5 

k=8 5.49, 7.76, 3.02, 7.34, 
14.87, 0, 0, 3.96 

42.4 3, 4, 2, 5, 9, 1, 1, 3 

k=9 5.49, 7.34, 10.23, 0, 
7.76, 3.02, 0, 3.96, 0 

37.8 3, 5, 8, 1, 4, 2, 1, 3, 1 

 

Silhouette method 
This method measures the quality of a clustering determining how well each 
object lies within its cluster. The average silhouette method computes for each 
value of k (here ranging from 2:9) the average silhouette of observations. A high 
average silhouette width computed over a range of values for k 2 indicates a good 
clustering. In this analysis (see Figure 4.38b) 2 clusters are optimal, followed by 
3 clusters and 4 and 7 joint-equal. 

Gap method 
In the gap method, the gap statistic compares the total intra-cluster variation for 
different values of k with values expected if the data distribution had no apparent 
clusters (a null reference distribution) (Tibshirani, Walther and Hastie, 2001). The 
results in Figure 4.38c show this method selects 6 clusters as optimal. 
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Figure 4.38 Methods evaluating clusters in k-means using the a) Elbow method; b) 
Silhouette method and c) Gap method results.  

Evaluating the optimal number of clusters with three differing methods did not 
produce a consensus. As the elbow method is the most transparent of the three, 
the optimal k-value accepted is 5, albeit with some uncertainty in ‘calling’ the 
elbow at 5 when k=3 and k=6 are also defensible from this plot. From Table 4.6 
and Figure 4.38, it is seen that the numbers in each nutrient cluster for k=5 are 
not equal (12,5,5,4,2). The largest nutrient cluster of 12 nutrients contains most 
of the B vitamins, followed by a cluster of five nutrients commonly occurring in 
meat (Selenium, Sodium, Lipids, Cholesterol and Vitamin B12). A further cluster 
of five contains Folate, Copper, Calcium, Vitamin E and Vitamin K and these 
nutrients are often obtained from nuts, seeds and leafy green vegetables. The 
cluster of four is perhaps more intuitive with Carbohydrate, Total sugars, Vitamin 
C and Fiber, nutrients which often co-occur in citrus fruits and plants-based foods. 
Similarly, the grouping of Vitamin A and D often co-occur in liver, oily fish, eggs 
although Vitamin A without Vitamin D is also found in leafy green vegetables. 
While the clusters appear visually intuitive, there is not a clear consensus based 
on the quantitative analysis of clusters but 5 or 6 are defensible given Figure 4.38. 
The results in Table 4.6 lend support for 6 clusters with a more even spread of 
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elements within each cluster, but the optimal clustering does not reproduce the 
broad clusters seen in the HG nutrient heatmaps.  

4.8.3 Tree-cluster dendrogram 
I also used hierarchical clustering as an alternative to k-means to identify co-
occurring clusters of nutrients in HG foods. The user chooses the numbers of 
clusters, with the output as a nutrient-cluster dendrogram. A series of 
dendrograms for clusters ranging from k=2-9 were generated using the hclust 
command in RStudio (RStudio, 2020) (see Figure 4.39). The height on the vertical 
y axis represents the dissimilarity or distance between clusters (I this case the 
inverse of the correlation). In this agglomerative hierarchical clustering approach, 
each nutrient begins in a separate cluster. Also known as AGNES (Agglomerative 
Nesting), agglomerative clustering starts at the bottom of the data and builds 
upwards. In a step-wise fashion, the two most similar (by distance) are joined into 
a single new cluster. Each joining of two clusters is represented by the splitting 
of the vertical line (or ‘leg’) into two vertical lines. The evaluation of the 
dendrograms did not indicate a clear ‘best’ number of clusters. The results for 5 
or 6 clusters were slightly better than 3 and 4 clusters, with more even leg lengths, 
but without a conclusive number of clusters using several evaluation methods.  

As with the k-means analysis, Vitamin C, Fiber, Carbohydrate and Sugars formed 
one cluster. These dendrograms show similar clusters to the k-means analysis 
and the relationships visualised in the heatmaps (Figure 4.33), although there are 
differences. 
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Figure 4.39 Tree cluster dendrograms of nutrient clusters coloured by cluster assignment 
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4.8.4 Mclust Method 
Model-based clustering with mclust (Version 5.4.6) in RStudio (RStudio, 2020) 
was used to estimate the optimum number of clusters of co-occurring nutrients 
across HG foods. In mclust, the data distribution is assumed to have come from 
a mixture of two or more clusters (Fraley et al., 2012, Fraley and Raftery, 2002). 
Each data point is assigned to all the clusters with different weights or 
probabilities in ‘soft assignment’.  Cluster assignment is based on the maximum 
likelihood to fit models of belonging to each cluster using Gaussian mixture 
models with Expectation Maximization (EM) for a range of k components with 
different covariance matrix parameterizations. Model selection is informed by the 
Bayesian Information Criterion (BIC) where larger BIC scores indicate the model 
of best fit. This soft assignment has advantages when certain data points do not 
strongly belong to a cluster. Whereas in k-means, points are forced into a cluster, 
in mclust it is possible to investigate the likelihood of each observation belonging 
to a cluster to understand how many close ties are in the data.   

Table 4.7 Nutrient cluster assignments in mclust 
Cluster 1 Cluster 2 Cluster 3 
Protein Lipid Carbohydrate 
Energy Sodium Sugars total 
Calcium Selenium  Fiber 
Potassium Vitamin A Vitamin C 
Magnesium Vitamin B12 Vitamin K 
Phosphorus Vitamin D  
Iron   Vitamin E   
Zinc Cholesterol  
Copper   
Thiamin                
Riboflavin   
Niacin   
Vitamin B6          
Folate   
Choline   

 

Data for mclust analyses were normalised using the ECDF (see Figure 4.40). 
Mclust determined 3 clusters were optimal with model ‘VII’ (Distribution: 
spherical; Volume: varying; Shape: equal) where the log-likelihood = 655.7893, 
n=28, df= 266, BIC=425.2121 (see Figure 4.40a). Model VII had the highest BIC 
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score and Table 4.7 shows the nutrients in each cluster assigned by this method. 
Model EII also selected 3 clusters with a BIC score of 373.1329, and the third 
highest score was model EII with 4 clusters and a BIC score of 289.5960. As for 
the clustering (see Figure 4.40b), the classifications are not uniform in shape, 
distorted to accommodate outliers even after data normalisation and the 
uncertainty (see Figure 4.40c) could only be calculated for Cluster 1 as Cluster 2 
and 3 had too few components for evaluation. 

 

 
 

 
Figure 4.40 Mclust model evaluation of 3 clusters: a) BIC values; b) Classification; and 
c) Uncertainty on data normalised by ECDF 

Data was also investigated with different normalisations and transformations to 
ascertain if results were skewed (or obtained) due to data normalisation. I used 
mclust on the raw (not normalised) data, on PC1-3 and PC1-5 of the data to 
reduce ‘noise’, normalisations by nutrient means and scaling the data between 
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0-1. The results were the same as the clustering presented here with data 
normalised by the ECDF. For consistency, as the ECDF was used for other data 
analyses, these results are presented here. See Appendix G for visualisations of 
mclust analysis with Energy excluded, which produced different nutrient clusters.  

Clustering conclusions 
The model-based clustering using mclust was a useful investigation to explore 
clusters in the data identified by soft assignment. However, due to the shape, 
distribution and covariance of the data, mclust was not more effective than k-
means in identifying cluster numbers and assigning nutrients to those clusters. 
Despite k-means requiring the user to specify the numbers of clusters, in these 
analyses it is a more robust and transparent method of cluster assignment than 
mclust.  

4.8.5 Alternative clustering methods 
Other clustering alternatives such as Partitioning Around Medoids (PAM) and 
Density Based Spatial Clustering and Application with Noise (DBScan) were 
considered. PAM, being less sensitive to outliers by minimising the sum of 
pairwise dissimilarities, is a robust alternative to k-means which relies on the sum 
of squared Euclidean distances. As a partitional k-medoid algorithm, PAM 
attempts to minimise the distance from data points to each cluster centre 
(medoid) which can be specified but the search may not find the optimum 
solution. DBScan does not require the user to specify the number of clusters or 
require the clusters to be similar in shape, but it will fail to identify clusters if there 
are no density drops between clusters and is also sensitive to the radius and 
minimum numbers of points. The user must specify both the radius and the 
minimum number of points as input parameters.  

While these alternatives to k-means were considered, k-means was selected as 
most appropriate clustering algorithm given the shape and distribution of data. 
The effects of outliers in my data were mitigated using the ECDF data 
normalisation. Although k-means requires the user to specify the number of 
clusters, with only 27-28 components to be considered for clustering, cluster 
numbers from 2-9 could easily be investigated and evaluated. Cluster centres for 
each cluster is the average between points in a cluster and offers a clear and 
robust method for determining clusters and cluster assignment.  
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4.9 Discussion  

4.9.1 Conclusions for diet investigations  
Greater variation is seen in the range of nutrient profiles in HG diets, probably 
because modern hunter-gatherers occupy a wider range of habitats and 
ecologies, which in turn leads to a higher diversity in nutrient profiles within and 
between diets. Despite selecting MPI diets from a broadly similar geographic 
range as the HG diets, the diversity of nutrient compositions is lower, and hence 
the diets cluster more tightly.  However, it should be noted that the HG diets were 
mostly based on less data, collected over fewer days and fewer individuals, than 
the MPI diets. Thus, some of the variation seen in nutrient compositions across 
HG diets may be due to higher sampling errors.  

Comparing the nutrient compositions of diets (see Figure 4.41 and also sections 
4.4.2 - 4.4.10 for all diet PCAs), I am able, with reasonable precision, to 
differentiate HG and MPI diets. Importantly, 59% of variation can be explained by 
the first two dimensions in PCA space, with the third dimension explaining a 
further 10% of variation. This is due to deep correlation structures in nutrient 
compositions across diets (see Figures 4.33 - 4.34). The HG cloud of diets is 
more diffuse, more spread out in PCA space, whereas the MPI diets cluster tightly 
together. This is also reflected in Figures 4.18 to 4.20, which show that for many 
nutrients, HG diets vary more in their concentrations. By plotting the drivers of 
the PCs (see Figure 4.5), I can identify some nutrients that push diets towards 
the MPI cloud. In particular these are sugars, carbohydrate, sodium and Vitamin 
K. Interestingly, these nutrients vary in occurrence somewhat independently 
within HG foods. 
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Figure 4.41 a) PC1 and PC2 and b) PC1 and PC3 summary figures of all HG and MPI 
diets with diet averages, Reconstructed, Fast Food, Milks, Fad, Clinical diets and the 
DRI projected into the plot.  
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There is no major, discernible trend of diets through time when considering British 
diets from 1942-2013. Despite differences in food availability through time and 
the effects of rationing, these diets all plot firmly in the MPI cloud. It is possible 
that in using one modern nutrient database, the USDA ND, these uniform values 
may have obscured nutrient changes through time but currently there is no 
alternative time-sensitive nutrient database to correct any such potential bias.  

The Palaeolithic Ohalo II diet falls centrally within the looser cloud of HG diets, 
and of the three reconstructed diets, it falls farthest from the MPI cloud. This lends 
support to the idea that modern hunter-gatherer diets reflect a wide range of 
ecologies. The axis between the Average HG and Average MPI diet is not 
explained by increasing the proportion of plant or animal foods. Indeed, the plant 
versus animal axis of variation, as constructed from the confidence interval in 
hunted versus gathered foods for the Ohalo II diet (see Chapter 3, section 3.5.5, 
Figure 3.17 and diet PCA plots from Figure 4.11 onwards), runs almost 
perpendicular to the axis between the Average HG and Average MPI diets. While 
lending some justification for the widespread view that modern hunter-gatherer 
diets are a good proxy for ancestral Palaeolithic diets, it does not support the view 
that ancestral diets would have been higher in meat-based foods.  

The Neolithic Çatalhöyük and Bronze Age Tell Brak diets also fall within the HG 
cloud, and not within the cluster of MPI diets, despite these diets including 
domesticated cereals, grains, animals and dairy foods. The advent of farming is 
associated with a greater reliance on grains and cereals, and some suggestion 
of reduction in diet breadth. While the absolute numbers of foods consumed may 
have reduced in the Neolithic and Bronze Age, with populations reliant on a 
narrower range of staple foods, a reduction in dietary variation at the nutrient 
level, as evidenced by the tight clustering of MPI diets, may be a more recent 
phenomenon. This ‘homogenisation’ of nutrient compositions across MPI diets is 
likely attributable to centuries of increased reliance on a limited number of 
staples, selective breeding, industrial-scale food production, and farming 
intensification. 

There are several sources of uncertainty in building nutrient profiles for the 
prehistoric diets considered here. These include (1) potential poor matching of 
foods consumed by those prehistoric peoples with foods included in the USDA 
ND, (2) assumptions made about the relationship between amount of a food 
consumed and amount of archaeologically visible remains of that food recovered, 
(3) substantial differences in the taphonomy and archaeological representation 
of plant versus animal foods. Among these sources of error, I consider the third 
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to be the most problematic. To address this, I used behavioural ecology and 
paleoclimate data to estimate not just the ratio of hunted to gathered foods (or 
plant to animal in the cases of Çatalhöyük and Tell Brak), but also the 95% 
confidence interval of that point estimate. Predictions of Ohalo II, Çatalhöyük and 
Tell Brak nutrient profiles based on these point estimates and confidence 
intervals were plotted within the PCA space. Interestingly and reassuringly, these 
plots suggest a temporal trajectory moving from Palaeolithic towards post-
Neolithic and through to MPI diets, although it is notable that the inferred 
Çatalhöyük diet is closer to the MPI diets that is the inferred Bronze Age diet.  Tell 
Brak, with evidence of heavy reliance on meat but not dairy resources, plots near 
some of the Fad diets considered here that are designed with restriction of dairy 
intake in mind. This is consistent with milk playing a role in defining MPI diets at 
the nutrient level milk. Although Tell Brak is closer temporally to MPI diets than 
Çatalhöyük, the minor reliance on dairy foods in Tell Brak may be an important 
factor driving it into HG diet cloud. Conversely, Çatalhöyük with greater reliance 
on dairy foods is driven towards the MPI space. With the addition of milk and 
dairy foods to the diets of Çatalhöyük and Tell Brak, these Neolithic and Bronze 
Age diets could be seen as being on their way to becoming ‘modern’.  

Examining Fast Foods, in the PC 1 and PC2 space these diets pull into the upper 
right quadrant, above the MPI cloud in the direction of higher fats. Various animal 
milks, including human, plot near but not in the MPI diet cloud, and variations in 
macro- and micronutrient differences between milks are visible in the PCAs. Fast 
food diets plotting outside the MPI cloud but near Milks is suggestive of 
similarities across 27 nutrients between Fast Food and Milks. Because of their 
highly processed nature, could be argued that fast foods are shaped by our innate 
preferences to a greater extent than other foods we consume, although 
convenience and costs are also important factors to consider. If this is the case, 
then those preferences themselves seem to be to an extent shaped around the 
nutrient composition milk; the only food we consume that specifically evolved to 
be nutritious. This hypothesised ‘Peter Pan Effect’ may to an extent explain the 
nutrient compositions of fast foods; In terms of nutrient profile, there may be a 
biological determination of food preference established by milk in infancy that 
endures into adulthood and is mimicked by fast foods.  

The Fad ‘Paleo’ diets (The Paleo Diet® and Stone Age Sage), noted with single 
quotation marks, refer to diets invented to mimic what we ate in the past, as 
opposed to the Palaeolithic Ohalo II diet reconstructed from archaeological data 
and Clinical Palaeolithic diets which attempt to mimic some features of 
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hypothesised Palaeolithic diets. Clinical Palaeolithic diets do not plot not firmly 
within the HG cloud, but I do find some support for them being more ‘paleo’ (i.e., 
closer to the Ohalo II diet trajectory and HG cloud) than MPI diets. While they are 
not as ‘paleo’ as the reconstructed Ohalo II diet or HG Average diet, they fall near 
the periphery of HG diets on the plot of PCs 1 and 2, and interestingly near the 
range of Clinical. This may be due to the exclusions of heavily processed foods, 
dairy foods, cereals, alcohol and caffeine. The Atkins®, Ketogenic and 
Vegetarian diets plot with the MPI diets, sharing similar nutrient profiles, and 
including some processed, and fortified foods. 

Clinical diets, which limit the intake of carbohydrate and/or calories, can have 
beneficial effects in improving specific health outcomes for some diseases. For 
adolescents, dietary management of epilepsy and Type 1 diabetes, using low-
carbohydrate or ketogenic diets, can be effective, in addition to or instead of 
medication. However, in healthy young individuals, dietary restrictions have been 
known to have adverse effects including low blood sugar, lethargy and impaired 
growth. The purpose of this thesis is not to recommend or critique dietary 
management strategies, but rather to examine the nutrient compositions of 
various MPI, clinical and fad diets in the context modern HG and reconstructed 
prehistoric diets. The Clinical diets were included in analyses because they were 
designed or tested in a clinical setting to improve health outcomes. The area in 
the PCA space where the Fad Paleo and Clinical diets plot might be considered 
a ‘healthy’ space where diets broadly are lower in fats and higher in dietary fiber. 
In relation to this ‘healthy space’ concept, we might expect the DRI to plot within 
it, given these nutrient guidelines set dietary limits to avoid nutrient deficiencies. 
The DRI plots near (almost beyond) the periphery of the MPI ‘cloud’. While these 
guidelines may help avoid diseases of deficiencies, there may be some 
suggestion that providing minimum values without an upper limit may reflect and 
possibly even contribute to the growing problem of over-consumption (Simpson 
and Raubenheimer, 2005, Gosby et al., 2014).   

The macronutrient pie charts (see Figure 4.17) may further contribute to this 
concept of a ‘healthy space’ where diets are higher in protein, and lower in 
carbohydrate, such as the HG Average. However, the pie charts, like many diet 
studies, by only capturing macronutrients, may be too simplistic. The anomaly of 
Milk showing the opposite macronutrient distribution to the HG Average, may 
illustrate that a macronutrient analysis of milk, a food that has evolved to be 
nutritious, misses out its ‘healthy space’ by not considering the diverse 
micronutrients.   
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Visualising the different distributions of data in violin plots, comparing the 
nutrients in HG and MPI diets, addresses several fundamental questions about 
nutrient differences (see Figures 4.18-4.20). There is higher nutrient variation in 
HG diets than in MPI diets, and quantifying diets provides insights into the effects 
of globalisation on nutrient variation.  

One conspicuous finding from the violin plot analysis is that of the 5 nutrients 
widely associated with reduced health (Carbohydrate, Sugars, Sodium, Lipids 
and Cholesterol), the first 4 belong to the set of only 7 nutrients that are, on 
average, higher in MPI diets than in modern HG diets. The only ‘unhealthy’ 
nutrient that occurs on average at higher levels in HG diets is Cholesterol. This 
is interesting in part because dietary Cholesterol is a minor contributor to 
circulating blood cholesterol, the major share being biosynthesised. Modern 
hunter-gatherers are not less healthy as a result of higher levels of dietary 
Cholesterol.  These analyses also illustrate that MPI diets are nutrient deficient 
in relation to the DRI guidelines for several nutrients. Despite nutrient fortification 
in many modern foods, when compared to DRI guidelines, MPI diets are low in 
Folate, Potassium, Calcium, Magnesium, Choline, Fiber, Vitamin E and Vitamin 
D, with many of these nutrients associated with negative health consequences 
and dysfunction. 

Both HG and MPI diets are deficient in Vitamin D using the DRI as a guide. As 
many illnesses of immune dysfunction and bone health are associated with 
Vitamin D deficiency, the lack of Vitamin D in MPI diets is intriguing. However, it 
should be noted that most people in the world obtain most of their vitamin D not 
from dietary sources but from the photoconversion of from 7-dehydrocholesterol 
into cholecalciferol in the skin, and further conversion to calcidiol and calitriol (the 
active form of Vitamin D) in the liver and kidneys (Jablonski and Chaplin, 2018, 
Passeron et al., 2019, Chaplin and Jablonski, 2009). As modern lifestyles 
become increasingly urban and high sun protection factor (SPF) skin care creams 
that screen out UVA and UVB rays have become almost ubiquitous, it is possible 
that not only are many modern populations deficient in Vitamin D through dietary 
intake, but also from reduced exposure to natural light and Vitamin D 
photosynthesis. Certainly these data suggest that MPI diets are concerningly 
deficient in Vitamin D. This may not be a problem in lower latitude regions, but 
may have negative health consequences in higher latitude regions or in 
populations that practice extensive skin covering. As a species, humans have 
evolved mostly in environments with UV light exposure. Perhaps as a species we 
have evolved to not expect high amounts of dietary Vitamin D.  
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4.9.2 Nutrient covariation across HG foods 
I plotted PCAs of HG foods, considering the nutrient concentrations in those 
foods. Broadly, these foods group by food type, as expected. The above analyses 
applied to diet type also provide meaningful results applied to foods. Foods 
cluster by category due to shared nutrient composition and variation (see Figures 
4.26-4.27).  

By transposing the matrix of nutrients in HG foods, I plotted a PCA which clusters 
nutrients according to the extent to which they co-occur or co-vary in 
concentration across HG foods (see Figures 4.30). This plot lends support to the 
idea of eating a varied diet. No one food alone, with perhaps the exception of 
milk, provides a full complement of macro- and micronutrients required for basic 
metabolic function, growth and health. Considering the distribution of nutrients in 
HG foods in these PCAs, a diet incorporating a wide variety of plants and animal 
foods ensures our complex nutrient demands are met. The British Heart 
Foundation has criticised the slogan of ‘eating the rainbow’ because an intake of 
foods based on the diversity of colours, while providing phytochemicals, may not 
necessarily provide an adequate balance of nutrients. However, there may still 
be merit in ‘eating the rainbow’. In eating a variety of plants and animal foods, we 
have a better chance of consuming the full breadth of nutrients required for 
health. A narrow diet risks missing key nutrients which are found only in a few 
sources. A broad diet increases the probability of consuming a healthy range of 
nutrients, which are unequally distributed in foods.  

From Figures 4.30 and 4.31, and in particular from the high proportion of overall 
variation in nutrient compositions across different HG foods explained by the first 
2 PCs, it is evident that there are deep correlation structures among nutrients 
across HG foods. Furthermore, a large proportion of the variation in nutrient 
compositions across MPI and HG diets is explained by the first 3 PCs (see 
Figures 4.4 and 4.5). This must mean there are also deep correlation structures 
in the nutrients occurring in foods, and in different diets. For example, diets and/or 
foods that are high in protein are also typically high in iron. Much of this correlation 
structure will be due to correlations in the nutrients across different foods. These 
correlations are visualised in the heatmaps of HG and MPI foods (see Figures 
4.33-4.34). Groups of nutrients are highly correlated, and higher correlations are 
observed in simple HG foods compared with MPI foods; this pattern holds when 
MPI foods are divided into Primary and Secondary foods.  

As mentioned above, these deep correlation structures in the nutrients occurring 
in foods led me to hypothesise that the nutrients we have strong preferences for 
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act as proxies for the nutrients we require (i.e. proxy nutrients)? If this broad 
hypothesis is true it makes the following predictions: (1) Those proxy nutrients 
will be enriched in MPI diets (because we are able to process foods so that they 
have higher concentrations of the nutrients we prefer), and (2) Clusters of 
nutrients that co-occur across HG foods will each include at least one proxy 
nutrient. This led me to explore correlation structures of nutrients across HG 
foods in greater detail using a range of clustering approaches. Different clustering 
approaches inferred different numbers of co-occurring nutrient clusters, but at the 
broadest scale the 3 described in Table 4.7 regularly feature. It is notable that 
these 3 clusters are well represented by the 7 nutrients that are enriched in MPI 
diets when compared to modern HG diets (Sodium, Vitamin K, Total Sugars, 
Carbohydrate, Folate, Calcium and Lipids), and in particular by protein (which 
itself has its proxy nutrients glutamic acid in taste synergy with nucleotides such 
as inosinate and guanylate) for Cluster 1, Fat and Sodium for Cluster 2, and 
sweet sugars for Cluster 3. If we consider instead the nutrient correlation 
heatmaps (see Figure 4.33), there are four large blocks of HG nutrient 
correlations around Sodium, Protein, Fats and Sugars. We know humans can 
detect these four nutrients which are also strongly correlated with a range of co-
occurring nutrients. It is also interesting to note that for some pairs of nutrients, 
such as Protein:Iron, Protein:Phosphorus and Protein:Zinc, correlations exist not 
only across food classes but also within food classes. In an ancestral setting, 
seeking foods that are high in protein would bring with it a range of correlated 
nutrients required for health. This would also be achieved by seeking foods high 
in glutamic acid, particularly in combination with inosinate and guanylate (note 
that the USDA ND lacked sufficient nutrient data to look directly specific amino 
acids or these nucleotides, although they are known to occur in protein-rich 
foods). 

In a modern setting, the nutrient avidities for Sodium, Protein, Fats and Sugars 
persist, but seeking these nutrients no longer ensures a full complement of 
nutrients required for health, because the nutrient correlations have eroded with 
modern food production technologies, and we have specifically increased those 
proxy nutrient concentrations in MPI foods, and so diets. From the violin plots, 
Sodium, Vitamin K, Total Sugars, Carbohydrate, Folate, Calcium and Lipids are 
enriched in MPI diets. Of these, humans can detect Sodium, Sugars, Protein and 
Fats with Protein being perceived by taste receptors for glutamic acid in synergy 
with inosinate and guanylate. This controlling of the nutrient profiles of modern 
processed foods may thus have had unintended negative health consequences 
by 2 mechanisms: (1) By increasing the amount of fat and sugars / carbohydrates 
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in our diet we have increased the total calories consumed, and (2) by enriching 
for nutrients we have taste preferences for, we have inadvertently reduced or in 
some cases removed nutrients that we require for health. 

It should be possible to test this proxy nutrient hypothesis further with the data I 
have collated but using computational methods beyond the scope of this thesis. 
For example, one could build an agent-based model whereby agents are 
presented with a range of foods – each with its own nutrient profile – and each 
agent has avidities for a small number of specific nutrients. By allowing the agents 
to ‘forage’ according to their nutrient avidities, one could test which nutrient avidity 
constellations provided the best nutrient returns in terms of a balanced diet. 
These could then be compared to the nutrient avidities humans are known to 
have to test if our taste preferences provide good nutrient returns in an ancestral 
setting. 

The analyses presented here are restricted to the nutrient data contained in the 
USDA ND. Some foods had very detailed data for up to 149 nutrients, but most 
have data for far fewer nutrients. This left me with an optimization problem: Whilst 
more nutrients would have meant more detailed analyses, my main task was to 
have a sufficiently long list of foods that I could identify items matching those 
occurring in modern HG, and especially prehistoric diets. Other food components 
– not strictly ‘nutrients’ – are also important in dietary choice. In particular, plant 
and fungal secondary metabolites such as polyphenolic compounds can 
influence taste (e.g. bitter taste, aromatic flavours), and these compounds are 
typically enriched in herbs and spices. Such compounds can also have both 
negative (i.e., toxic) and positive (e.g., antioxidant) health properties. Performing 
the analyses described in this Chapter on such compounds would be useful, and 
databases with information on their occurrence in foods are available (Phenol 
Database, 2015). However, those databases are restricted to a relatively small 
number of foods, and there are very many such compounds. 

4.10 Summary 

Taking a nutrient-centered approach, I investigated differences between inferred 
macro- and major micronutrient profiles within and between modern hunter-
gatherer (HG) diets, modern post-industrialised (MPI) diets compared with a 
range of other diets. The HG diets form a diffuse cloud in PCA space, driven by 
variation in 27 macro- and major micronutrients. The diversity of nutrient 
compositions in MPI diets is lower, and the diets cluster more tightly. This work 
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lends some support for the widespread use of modern hunter-gatherer diets as a 
proxy for ancestral Palaeolithic diets, but it does not support the view that 
ancestral diets would have been higher in animal-based foods. Considering the 
nutrients in HG and MPI foods, it is possible to explore nutrient correlations in 
foods. These correlation structures in foods point towards a basis for 
understanding evolved taste preferences, offering insights into why humans may 
have retained nutrient avidities which in a modern setting can lead to ‘unhealthy’ 
diets.
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Chapter 5 Microbial Diversity in Milk and Cheese 

5.1 Overview 

In this chapter, I explore the microbial diversity of raw milk, starter culture and 
cheese from one artisan cheesemaker to understand how traditional 
cheesemaking practises may contribute to human health. Using 16S rRNA 
metagenomic investigations to classify the microbiota, this study extends 
research in understanding cultural and genetic adaptations to changes in diet, 
using sequence data to investigate the interplay of microbes in cheese making 
today and infer the health consequences of traditional dairy fermentation 
methods. I find that the majority of microbial diversity in the cheesemaking 
process is in the raw milk, but the addition of starter culture reduces microbial 
diversity as dominant species outcompete many of the less abundant (including 
pathogenic) strains. In this sense, the addition of starter culture acts as a 
microbial pasteurisation, reducing microbial diversity and possibly overwhelming 
pathogens so that the resulting cheese is not rich in microbial diversity but is also 
relatively free of pathogens. I also find that milk originating from animals raised 
outdoors, compared with animals reared inside in barns, has higher microbial 
diversity, but this species richness is reduced after the addition of starter culture. 
This work acts as a pilot study for further investigations of microbial diversity in 
traditional dairying practices in the UK.  

5.2 Background 

While the microbes involved in modern industrial cheese making are well 
understood, the microbial contribution of raw milk and artisan starter cultures 
within the cheese making process remains largely unexplored. To date, no 
studies have identified the microbes in the raw milk and compared these to those 
in the mature cheese using sequence data. Funded by two consecutive UCL 
Grand Challenges Small Grants to identify bacterial and fungal diversity, this work 
was undertaken from January 2019 to July 2020. Due to Covid-19 interruptions, 
the fungal work remains ‘in progress’ awaiting lab re-openings and access to the 
iSeq100 machines, but the bacterial work is complete and reported here. 

I would like to extend thanks to both collaborators for their generous donation of 
their time, effort, sample collection and transportation without which this work 
could not proceed. Working with an artisan cheese maker, Martin Gott of St 
James Cheese in Cumbria and with support from Bronwen Percival of Neal’s 
Yard Diary, I worked with Dr Ronan Doyle of London School of Hygiene and 



Chapter 5 Microbial Diversity 

 280 

Tropical Medicine and Dr Michael Baron of University College London (UCL) to 
identify the microbial diversity in raw milk, starter culture and mature cheese from 
indoor and outdoor reared sheep. I would also like to acknowledge, Joanne 
Santini, UCL Professor of Microbiology for her mentorship, advice on study 
design and data analysis.  

As the market for artisan cheese in the UK continues to grow, so does the interest 
in the indigenous microbes that influence and determine the characteristics of 
mature cheeses. Starter culture for artisan cheese is made from the previous 
day’s milk, left to sour naturally from microbes originating from the environment 
including the milking equipment, milking parlour, airborne and the animal’s teat 
apex, rather than relying on commercially available preparations (Coorevits et al., 
2008, Angulo et al., 2009, Vacheyrou et al., 2011). This study has determined the 
microbial diversity of the raw milk, starter culture and mature cheese to provide 
insights into the microbial diversity in the artisan cheese making process. 

While ancestral populations in history and prehistory may not have understood 
the role or even the presence of microbes in fermenting milk into cheese, modern 
investigative techniques can reveal the diversity of microbiota involved in the 
cheese-making processes and in the cheeses themselves. Using a metagenomic 
Next Generation Sequencing (NGS) approach with the 16S rRNA gene to classify 
the microbiota and microbial diversity, this study provided an opportunity to fill a 
significant knowledge gap. It also extends research in understanding cultural and 
genetic adaptations to changes in diet, using and interpreting sequence data to 
investigate the interplay of microbes in cheese making today.  

Using a genomic approach to identify microbial diversity has some advantages 
over culture-based identification (CBI). CBI aims to capture the dominant live 
microorganisms in mature cheese using taxonomic and/or phylogenetic methods 
(Stiles and Holzapfel, 1997, Corroler et al., 1998). However, it has been observed 
that not all microbial communities in the milk and/or cheese will thrive in the 
culturing process, resulting in inaccuracies in capturing the extent of microbial 
diversity using CBI (Jessup et al., 2004). NGS captures the full microbial diversity 
but does not distinguish between living and dead microbes. While labelling 
reproducing microbes can reveal a snapshot of living microbial diversity, in this 
study I did not label living microbes due to limitations of time and expense. The 
diversity shown in this chapter identifies and quantifies microbial diversity without 
distinguishing living or non-living status.  
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This work is a pilot study for further work, probing the role of fermented dairy 
foods influencing the gut microbiome and human immunity, particularly if specific 
gut bacteria associated with increased immunity are present in the mature 
cheese and recolonise in the human gut. Whether these microbes in artisan 
cheeses are ‘live’ and can successfully recolonise in the human gut require 
further investigation and clinical trials (Milani et al., 2019). The social impact of 
this research is potentially far-reaching. By understanding how traditional dairy 
practises and production may actively promote better human health through 
identifying the microbial communities in the cheeses we consume today, this 
work uses modern technologies to better understand the health consequences of 
traditional methods. This also raises the possibility of small-scale producers 
providing wide-ranging but as yet unquantified health benefits. This highlights the 
importance of using NGS and modern techniques to better understand the impact 
of food production practices on our health today, with far-reaching implications 
into prehistory.  

Using genetic techniques to identify the microbial communities in a traditionally-
made cheese, it may be possible to assess the current role of these microbes in 
maintaining gut microbiota and predict the value to future generations facing food 
security and immunity issues. Looking backwards, we may be able to infer the 
contribution of fermented dairy products to human health in pre-history and 
uncover ways to move forwards with better health by understanding the 
mechanisms underpinning gut health. In a ‘back to the future’ strategy, 
investigating traditional cheese making methods may serve to demonstrate the 
value of preserving and promoting traditional methods while also improving 
health human health in the future.  

5.3 History of milk and dairying 

Over the past 300 million years, milk has evolved to be an energy-dense and 
nutrient-dense matrix of carbohydrates, lipids, proteins and a variety of 
micronutrients delivering nutritional support to neonates and providing a rich 
environment in which many microorganisms thrive. Humans are one of the few 
species to consume exogenous milk and dairy products, and this change in diet 
in some populations has profoundly altered our culture and our biology today (see 
Appendix A for summary of milk evolution). For milk to feature consistently in 
adult human diets, humans needed safe and regular access to animals producing 
milk, and this required animal domestication. Sheep and goats were 
domesticated  ~11,000 – 10,500 ya (Makarewicz and Tuross, 2012, Zeder and 
Hesse, 2000, Zeder, 2008, Zeder, 2015) with cattle domestication following some 
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500 years later (Vigne et al., 2011). Soon after, milk lipids embedded in potsherds 
from Anatolia have been found, providing evidence of dairy processing (Evershed 
et al., 2008).   

Considering the timeline of human history, milk occupies two key positions as our 
first food consumed by all neonates and as a relatively ‘recent’ addition to adult 
diets some 10,000 years ago (ya) during the Neolithic. The addition of milk and 
dairy products to human diets in the Neolithic presented a significant metabolic 
challenge to which humans have adapted both culturally by processing milk into 
dairy products and genetically by continuing to express lactase into adulthood 
(Liebert et al., 2017, Leonardi et al., 2012, Gerbault et al., 2009, Gerbault et al., 
2011). From the Neolithic onwards, fermented dairy products have routinely 
featured in the diets of many human populations globally (Fisberg and Machado, 
2015). 

Culturally, humans have adapted to milk consumption by fermenting milk into 
cheeses, soured milks, yoghurts, butters and kefir. Dairy processing maintains 
the nutrient-dense and nutrient-balanced matrix of milk in a form that is portable, 
preserved and significantly lactose-reduced. In this sense, cheese may be 
considered our earliest ‘takeaway meal’ transforming liquid into an energy-dense, 
preserved solid or semi-solid food. Humans also adapted genetically to dairy food 
consumption (see Appendix A for a full discussion of the genetic adaptations). 
The continued expression of lactase into adulthood is a trait known as lactase 
persistence (LP) and ~35% of the world’s population today are LP. LP arose in 
the Neolithic, when population densities and infectious diseases were rising, and 
fermented dairy products in the diet may have positively contributed to overall 
health by maintaining a healthy gut microbiome. 

While the ability to hydrolyse lactose provides up to 30% more calories through 
glucose absorption, it also produces galactose, most of which is actively 
transported to the liver. However, the presence of galactose and galacto-
oligosaccharides in the gut may promote and maintain healthy gut bacteria, 
exerting additional positive selective pressure favouring LP (Coelho et al., 2005, 
Walker and Thomas, 2019). Furthermore, the recent work on the ‘dairy matrix 
effect’ noting the protective effect of dairy lipids and proteins on live cultures 
transiting through the stomach to successfully re-colonise in the gut suggests that 
consuming dairy products harbouring desirable microbes may alter the human 
gut microbiota (Milani et al., 2019, Thorning et al., 2017). 
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5.4 Industrial versus Artisan Cheese 

For health and safety reasons, commercially sold cheeses are routinely tested to 
ensure they are not harbouring pathogenic bacteria. The microbes involved in 
industrial cheese-making are well-understood, studied and controlled, and these 
cheeses are most often produced from pasteurised milks. Up to 40 different 
genera have been identified in cheese produced from pasteurised milks using 
high-throughput sequencing (Quigley et al., 2013b). Collaborating with a small, 
traditional cheese maker in Cumbria, we have identified the bacteria present in 
milk, starter culture and cheese samples to better understand the relationship 
between the microbes in the milk, the starter culture (a cultured, naturally soured 
milk made from a previous milking) and the mature cheese and any differences 
arising from animals being reared indoors (winter ewes) and outdoors (ewes let 
out to pasture) (see Figure 5.1). 

Figure 5.1 Poster presented at the UCL Microbiology Symposium, April 2019 with Martin 
Gott (far left of poster) making traditional St James ewes milk cheese at Holker Farm. 

5.5 Methods 

5.5.1 Evaluation of Commercial Extraction Kits 
Based on the work of Quigley et al. (2012b) comparing seven bacterial DNA 
extraction methods from milk and cheese, the Qiagen DNeasyâ PowerFoodâ 
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Microbial kit was best suited to this study, extracting DNA from raw milk and raw 
milk cheese of sufficient quality to serve as a template for subsequent PCR 
amplifications.  

5.5.2 Sample Collection and Preparation  
A total of 6 classes of samples (raw milk and cheese from indoor-reared sheep; 
raw milk and cheese from outdoor-reared sheep and starter culture both 
incubated and unincubated) were provided by Martin Gott of Holker Farm and 
transported from Cumbria to UCL by Neal’s Yard Dairy (NYD).  

Raw milk was supplied frozen, transported in a cool box on dry ice. At UCL, it 
was then thawed, aliquoted into sterile falcon tubes each containing 10 ml, 
immediately refrozen and stored at -20°C. Raw milk from indoor reared sheep 
was collected on 19th February, 2019. Raw milk from outdoor reared sheep was 
collected on 1st May, 2019. DNA extractions were performed on 11th June, 2019 
(see Table 5.1). 

Table 5.1 Samples in study 
Sample Sample Date DNA Extractions 

(total number) 
Starter Culture (un-incubated) June 2018 4 
Starter Culture (incubated) June 2018 4 
Raw milk (indoor) 19.02.2019 4 
Mature Cheese (from 19.02.19 milk) 07.03.2019 4 
Raw milk (outdoor) 01.05.2019 4 
Mature Cheese (from 01.05.2019 milk) 16.05.2019 4 
Positive Controls  NA 2 

 

Starter culture was supplied frozen and transported in a cool box on dry ice. This 
starter culture was made in summer 2018 (probably June, according to farm 
records) by hand-milking a mid-lactation ewe, incubated at 29°C for 18 hours, 
and has been replicated for use in making the cheese investigated in this study 
and all commercially sold cheeses from St James Cheese.  

Incubated starter culture was made following St James Cheese protocols of 
incubating at 29°C for 12-18 hours until the pH fell to 4.7. 

Cheese made from the indoor and outdoor milks were classified as ‘young mature 
cheese’ by NYD. Core (interior) cheese samples were taken on 7th March, 2019 
and 16th May, 2019 respectively, and stored at -20°C freezer. 
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5.5.3 DNA Extraction Methods 
A total of 4 DNA extractions were made from each sample following the 
manufacturer’s protocols in the Qiagen PowerFoodâ kit (see Table 5.1). Bacterial 
DNA isolation was performed using a pellet obtained from samples: 1ml of milk, 
1ml of starter culture or 0.1g cheese.  

Milk or starter culture (1ml) were pelleted directly in the PowerFoodâ beads tube 
by centrifugation at 18k x g, 4°C for 30 min. The fat-cap (lipid layer that collected 
at the top of the bead tube after spinning) was removed with a sterile buccal swab 
(Isohelix) and any supernatant poured off. Initial analysis revealed that very little 
to no DNA was present in the supernatant (data not shown). For cheese, 0.1g 
was directly weighted into the bead tubes. The dense pellet was resuspended in 
MBL buffer solution.  

Each spin column was washed 10 times with 500µl of 0.5% bleach solution to 
remove any nucleic acid contamination and then rinsed in nucleic acid free water 
to remove the bleach solution. 

5.5.4 DNA Quantification Measurement 
DNA (deoxyribonucleic acid) purity was assessed on the basis of absorbance at 
260–280 nm using the NanoDrop 1000 (Thermo Fisher Scientific Inc). An A260 ⁄ 
280 ratio of 1.8–2.0 is indicative of high purity (Pirondini et al., 2010). 

5.5.5 DNA Extraction and Yield Optimisation 
Milk is considered a relatively pathogen-free fluid. To optimise microbial DNA 
extraction, I tested using a high-speed centrifuge to improve the DNA yield by 
dividing 10ml milk into two samples and spinning at 18,000g for 30 minutes at 
4°C in a Beckman Coulter JA 25.50 centrifuge. The trial was successful in 
producing a pellet, but this method did not work well downstream with the 
PowerFoodâ kit. The kit is optimised to lower microbial DNA loads and the 
concentrated pellet from the high-speed centrifuge overwhelmed the kit with 
DNA. Another unanticipated problem was the resulting thick layer of dairy fats 
that accumulated at the upper end of the spin tube which had to be removed (in 
sterile conditions) to reach the pellet. While it posed a significant problem, once 
removed this layer was humorously referred to as ‘NASA-grade butter’. 

I also investigated the supernatant from the high-speed spin tubes and NASA-
grade butter, but reassuringly found the nanodrop DNA concentration to be less 
than 3.2 ng/ml meaning I was not discarding much DNA given the samples 
contained between 61.4 – 120.4 ng/ml. 
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Eluting samples twice had a negligible effect on DNA yields, increasing yields in 
a trial milk sample from 61.4 to 76.3 ng/ml and 116.9 to 120.4 ng/ml as I decided 
in the interest of time and efficiency to elute samples once in the final extractions 
used for analyses.  

After this investigation, DNA extractions from milk were conducted using 1ml 
samples according to the PowerFoodâ instructions and using the ‘Alternative 
Lysis’ instructions heating the milk to 70°C for 10 minutes at Step 4 before 
proceeding with the extraction. The heat step increases cell lysis without causing 
DNA shearing which proved useful in milk extractions.  

I tried three different extraction methods with cheese and found that 0.1g of 
cheese placed directly in the bead tube with MBL solution optimised DNA 
extraction yielding 60 ng/ml. Using higher quantities of cheese (0.27g - 0.29g) 
seemed to prevent the beads from mechanical lysis with nanodrop yields 
between 15.6-28.0 ng/ml.  

A step-wise drop-down PCR amplification protocol was used to remove/reduce 
of products in the wells starting at 55°C running 35 and 40 cycles.  

To remove potential DNA contaminants in the spin columns, I followed the advice 
of Paul Wilmes (Heintz-Buschart et al., 2018). Each spin column was washed 
with 500µl of 0.5% bleach, washed with DNA-free water, spun 30 seconds and 
repeated for a total of 10 washes. 

5.5.6 PCR Amplification of bacterial community 16S rRNA gene 
16S rRNA hypervariable region 4 was amplified using 5nmol each of 515F and 
806R primers, as designed by the Earth Microbiome Project (Earth Microbiome 
Project, 2021) and Accuzyme polymerase mix in a 25µl reaction volume. The 
thermocycler protocol was as follows: 94°C for 1min; n cycles of [94°C for 30sec, 
55°C for 90sec, 72°C for 60sec], 72°C for 5min, 12°C hold. In order to limit the 
amount of bubble or daisy-chained products through overamplification, the 
number of polymerase chain reaction (PCR) cycles (n) was optimised for each 
sample type. 

The DNA extracts were used as a template for PCR amplification of 16S rRNA 
tags (V4 region; 239 nt long) using universal 16S primers predicted to bind to 
94.6% of all 16S genes, that is, the forward and reverse primers from the Earth 
Microbiome Project (Gilbert et al., 2014). 
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5.5.7 Positive Controls 
Two positive controls were included with samples. These were two different mock 
communities of bacteria (see Figure 5.2). These control samples were then 
removed before performing the microbial diversity analyses of the milk, starter 
culture and cheese. No negative (blank) samples were included in the run.  

5.5.8 Sequencing 
After 16S rRNA amplification, samples were separated by barcode for 
sequencing using an Illumina MiSeq cartridge and run at Great Ormond Street 
Hospital (GOSH) by Dr Ronan Doyle. Protocols for sample preparation and 16S 
sequencing followed guidelines established in previous work (Doyle et al., 2018).  

5.5.9 Sequence analysis and interpretation 
Data were analysed using phyloseq (Version 1.32.0) (McMurdie and Holmes, 
2013) in RStudio (RStudio, 2020). 

Operational taxonomic unit (OTU) assignment was informed using DAIRYdb 
(Meola et al., 2019).  DAIRYdb is a manually curated reference database for 
specific use in 16S rRNA gene sequences from dairy products. The close 
phylogenetic relationship of microbes associated with dairy foods has often 
prevented accurate identification to species level and highlights the importance 
of accurate phylogenetic resolution. This curated database offered the highest 
taxonomic resolution available to accurately identify OTUs to species level in 
dairy-related microbes when this work was undertaken.   

OTUs are used to categorise bacteria based on sequence similarity and create a 
cluster of organisms based on sequence similarity to a known gene marker. In 
16S rRNA investigations, known marker gene sequences are used to cluster 
OTUs of similar sequence variants so that each OTU is a species proxy at varying 
taxonomic levels. Each cluster represents a taxonomic unit of a bacteria (typically 
genus or species) defined by a 97% identity threshold at the genus level while 
species separation uses a higher threshold of 98% or 99% sequence identity. 
Data is output as an OTU table containing the number of observed sequences 
for each OTU in each sample. Columns usually represent samples and rows 
represent OTUs.  

Three files were loaded into phyloseq: the OTU table, sample data and taxonomy 
table. These were combined into a phyloseq object for data inspection.  
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5.5.10 Research questions 
To what extent does the microbial diversity in raw milk and starter culture 
influence and predict the microbes in mature cheese? How does incubation 
change the microbial communities in indigenous (non-commercial) starter 
culture? What is the effect of indoor versus outdoor rearing on the complexity and 
concentration of microbes in raw milk? If the microbes in raw milk and indigenous 
starter culture are present in mature cheese, is it possible to ‘engineer’ cheese to 
contain specific and/or desired bacterial species associated with increased gut 
health and/or diversity? 

5.5.11 Study design 
Frozen raw milk (Indoor milk from 19.02.2019; Outdoor from 01.05.2019) and 
starter culture were delivered to UCL in cooler chests on dry ice. Young mature 
cheese made from these milk samples was supplied approximately four weeks 
later with cheese samples frozen until needed for sequencing (see Table 5.1). 
Bacterial diversity was quantified for the six classes of samples: milk from indoor- 
and outdoor-reared sheep; cheese made from these milk samples, non-
incubated starter culture and unincubated starter culture. DNA was isolated using 
Qiagen PowerFoodâ kit. Amplification of 16S rRNA hypervariable region 4 was 
performed with 515f and 806r primers (Earth Microbiome Project, 2021). 
Sequencing was performed using Illumina MiSeq (Nanokit). 

5.6 Results 

5.6.1 All samples 
Eighteen samples were visualised in plots generated in phyloseq (see Figures 
5.2-5.4). OTUs in the two different control samples resembled the original 
(known) mock communities, confirming identification by OTU sequence similarity 
was successful. The control samples were then dropped from the dataset before 
proceeding with further analyses.  
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Figure 5.2 Bar chart of OTU phylum abundance per sample including control samples 
labelled ‘Mock_Even’ and ‘Mock_LGC’ before data filtering. 

 
Figure 5.3 Bar chart of OTU class abundance per sample before data filtering. 

 
Figure 5.4 Bar chart of OTU class abundance in the two control samples showing distinct 
and expected differences in bacterial communities compared with dairy samples. 
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Figure 5.5 Rarefaction curve showing sequencing depths of samples. 

5.6.2 Data filtering 
The rarefaction curve shows the sequencing depth in the samples is sufficient to 
capture the whole population present as the curve of the graph is levelling off 
(see Figure 5.5). 

After removing the control samples, but before filtering, the data contain 26 phyla, 
60 classes, 500 genera and 732 unique species. This high level of specificity was 
enabled by the quality of the curated DAIRYdb (Meola et al., 2019). The data 
were examined for abundance in each OTU, and the vast majority of OTUs were 
near empty (see Figure 5.6), most likely due to sequencing errors and misreads. 
The total reads in dataset was n=874,163 (see Table 5.2).  

Table 5.2 Number of reads per sample before data filtering 

Minimum 
1st 

Quartile Median Mean 
3rd 

Quartile Maximum 
Total 

Reads 

29,152 41,526 47,520 48,565 55,897 67,619 874,163 
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Figure 5.6 Abundance in each OTU before (left) and after (right) data filtering 

Next, OTUs with the same species name were combined, reducing the number 
of OTUs from 2,369 to 910. Lastly, OTUs not present more than 200 reads in at 
least 3 samples were dropped from the dataset to reduce noise in the data being 
caused by misreads. The rank curve plot before and after filtering (see Figure 
5.6) shows OTUs representative of all samples and that nearly all the abundance 
of bacteria come from two phyla: Firmicutes and Proteobacteria. This is most 
likely attributable to simple bacterial communities in dairy samples, with lower 
complexity than, for example, expected diversity in the human gut. Also, these 
communities in dairy samples are not permanent bacterial ecosystems but 
artificially seeded and transient in the cheese making process.  

These data filtering steps removed ~97% of OTUs, representing only 5.05% of 
reads. This is because the majority of OTUs were near-empty slots occupied by 
sequencing errors. After removing these, all samples had more than 20,000 
reads. Further filtering removed failed taxonomy assignment reads. These 
appear as ‘NA’ in the dataset and occur when error prone sequences do match 
anything in the database. This filtering removed 35,380 NAs without taxa 
assignment (see Table 5.3). Figure 5.7 shows the abundance of reads per 
sample with more OTUs in the milk samples and several OTUs present in 
abundance across all samples with a dominance of Firmicutes and 
Proteobacteria. After filtering, the data contain 6 phyla, 11 classes, 17 orders, 32 
families, 44 genera and 57 unique species (see Table 5.4).  
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Table 5.3 Number of reads per sample after data filtering 
  

Minimum 
1st 

Quartile 
 

Median 
 

Mean 
3rd 

Quartile 
 

Maximum 
Total 

Reads 

After OTU 
removal 21,654 36,170 47,350 46,112 55,843 67,601 830,017 

After NA 
removal 

17,159 32,499 46,722 44,146 55,513 67,513 794,637 

 

 

 
Figure 5.7 Heatmap (top) of OTU reads in each sample and second heatmap (bottom) 
with OTUs renamed by Phylum, filtered by top 200 abundant taxa in top 5 phyla  
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Table 5.4 List of unique taxa in filtered data 
Phyla Order Genus Species 

Firmicutes  
Proteobactera  
Bacteroidetes  
Euryarchaeoa   
Actinobactera 

Spirochaetes 
 
Verrucomicrobia 

 

Lactobacillales 

Oceanospirillales 

Enterobacteriales 

Bacteroidales 

Clostridiales 

Pasteurellales 

Erysipelotrichales 
 
Methanomicrobiales 
 
Corynebacteriales 

Bacillales 
 
Pseudomonadales 

Actinomycetales 
 
Selenomona-dales 

Neisseriales 

Spirochaetales 

Alteromonadales 
 
Verrucomicrobiales 

 

Lactococcus 

Halomonas 

Shigella 

Paraprevotella 
 
Lachnospiraceae  
 AC2044 group 
 
Eubacterium  
coprostanoligenes group 

Alloprevotella 

Bacteroides 
 
Clostridiales  
 Vadin BB60 group 

Catenisphaera 

Anaerobacterium 

Enterococcus 
 
Christensenellaceae  
R-7 group 
 
Ruminococcaceae  

Methanocorpusculum 

Streptococcus 

Corynebacterium 

Prevotella 

Gemella 

Alloiococcus 

Psychrobacter 

Glutamicibacter 

Paludibacter 

Staphylococcus 

Leuconostoc 

Phascolarctobacterium 

Sporobacter 

Jeotgalicoccus 

Phocaeicola 

Pseudomonas 

Acinetobacter 

Treponema 

Atopostipes 
 
Rikenellaceae  
 RC9 gut group 

Rothia 

Lactococcus lactis 

Shigella flexneri 

Paraprevotella Species 

Lachnospiraceae AC2044 group Sp 

 Eubacterium coprostanoligenes 

Alloprevotella rava 

Bacteroides plebeius 

Clostridiales vadinBB60 group Sp 

Catenisphaera adipataccumulans 

Anaerobacterium chartisolvens 

Enterococcus gallinarum 

Christensenellaceae R-7 group Sp 

Ruminococcaceae  

Methanocorpusculum bavaricum 

Streptococcus anginosus 

Prevotella buccae 

Gemella palaticanis 

Corynebacterium tuberculostearicum 

Streptococcus salivarius 

Prevotella buccalis 

Alloiococcus Sp 

Psychrobacter celer 

Paludibacter propionicigenes 

Staphylococcus hominis 

Leuconostoc mesenteroides 

Phascolarctobacterium succinatutens 

Bacteroides pyogenes 

Staphylococcus vitulinus 

Prevotella stercorea 

Sporobacter termitidis 

Corynebacterium pilbarense 

Jeotgalicoccus psychrophilus 

Phocaeicola Species 

Pseudomonas Species 

Acinetobacter gandensis 

Acinetobacter lwoffii 

Streptococcus suis 

Corynebacterium maris 

Streptococcus pneumoniae 

Treponema bryantii 

Atopostipes suicloacalis 
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Oscillibacter 

Facklamia 

Marinospirillum 

Alistipes 

Akkermansia 

Ruminiclostridium 

Lactobacillus 

Lachnospiraceae 

Intestinibacter 
 

Bacteroides coprocola 

Corynebacterium glutamicum 

Rikenellaceae RC9 gut group Sp 

Rothia dentocariosa ATCC 17931 

Psychrobacter pulmonis 

Oscillibacter valericigenes 

Facklamia tabacinasalis 

Paraprevotella clara 

Marinospirillum minutulum 

Alistipes shahii 

Treponema brennaborense 

Akkermansia muciniphila 

Ruminiclostridium leptum 

Lactobacillus paracasei 

Lachnospiraceae Sp 

Intestinibacter bartlettii 
 

 

5.6.3 Relative abundance 
These data are visualised in the relative abundance (by phyla, genera and 
species) in Figures 5.8 - 5.10 illustrating the higher bacterial diversity in milk 
compared with starter culture and cheese, and a higher microbial diversity in milk 
from sheep reared outdoors compared with indoors (in winter before they are put 
to pasture).  

 
Figure 5.8 Phyla relative abundance in samples 
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Figure 5.9 Genus relative abundance in samples 
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Figure 5.10 Species relative abundance in samples. 
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5.6.4 Visualising the composition of the top three phyla 
As Firmicutes and Proteobacteria are the phyla contributing the majority of 
bacterial abundance, these plots were generated to visualise the diversity 
grouped by sample type (see Figures 5.11 - 5.13). In Firmicutes, the majority of 
abundance is comprised of lactobacillus in cheese and starter cultures with 
Streptococcus present in raw milk with higher abundance in indoor milk. 
Proteobacteria show a similar pattern with the majority of abundance in indoor 
milk with outdoor milk also showing bacterial abundance. 
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Figure 5.11 Firmicutes genus 
abundance by sample type  
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Figure 5.12 Firmicutes species abundance showing the dominance of Lactococcus lactis 
in cheese and starter culture with Staphylococcus hominis dominant in Indoor milk. 

 
Figure 5.13 Proteobacteria genus abundance by sample type. 
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Bacteroidetes were also visualised to better understand the bacterial abundance 
in milk, with outdoor milk showing higher species diversity than indoor milk (see 
Figure 5.14).  

 
Figure 5.14 Bacteroidetes species abundance by sample type. 
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synthesising two key components of diversity, but less useful in comparing 
communities that differ widely in richness.  

Lastly the Simpson’s Index of Diversity (a dominance index) gives more weight 
to a dominant species, measuring diversity by taking into account the number of 
species present and the relative abundance of each species. It measures the 
probability that two randomly selected individuals from a sample will belong to 
the same species (or some category other than species). Using the Simpson’s 
measure, a community where one or two species dominate in terms of relative 
abundancy is deemed less diverse than a community in which several different 
species have a similar abundance. Diversity increases as species richness and 
evenness increase. Simpson's Index of Diversity is a measure of diversity which 
takes into account both richness and evenness by representing the probability 
that two individuals randomly selected from a sample will belong to different 
species. 

While the results of these four key alpha diversity indices reported here are similar 
in pattern, highlighting the higher diversity and richness in outdoor milk followed 
by indoor milk, the Simpson’s Index of Diversity in the most informative being 
sensitive to common species and revealing more diversity in cheese made from 
outdoor milk taking into account the number of species present. With values 
approaching 1 for Outdoor milk, and a grouped average of 0.69 for Indoor milk 
(see Figures 5.15 and 5.16; see also Figure 5.10 for a comparative view of 
species relative abundance), this measure is taking into account the species 
richness (how many species are in the sample) and evenness (how close the 
counts are for each species). Also worth noting are the richness and evenness of 
bacteria in Outdoor cheese compared with Indoor cheese and Starter cultures 
both incubated and non-incubated. Indoor cheese and the starter cultures plot 
together near zero. 
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Figure 5.16 Grouped Average Simpson’s Index of Diversity highlighting the greater 
richness and diversity in Outdoor and Indoor milk while also being sensitive to richness 
in Outdoor cheese.  
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5.6.6 Beta diversity analyses 
Ordination was used to probe the data for patterns in multidimensional space with 
species abundance data. Similar species and samples will plot near each other 
while dissimilar species and samples plot away from each other on a gradient. 
Principal coordinate analysis (PCoA) is also known as metric multidimensional 
scaling as it attempts to represent the distances between samples in a low-
dimensional, Euclidean space. PCoA was performed using Bray–Curtis 
dissimilarity to quantify the compositional dissimilarity between two different sites, 
based on counts at each site. Bray-Curtis dissimilarity is recommended for 
investigating abundance data.  

PCoA analysis was performed on the top 100 most abundant OTUs, removing 
OTUs that do not appear more than 5 times in more than 20% of the samples, 
keeping the top five most abundant phyla. This filtering leaves 294 OTUs in the 
dataset for the PCoA. The plot was ordinated using non-metric multidimensional 
scaling (NMDS) and Bray–Curtis dissimilarity (see Figure 5.17). This plot 
illustrates in multidimensional space species abundance and similarity in starter 
cultures and cheeses while showing the dissimilarity of milk, with further 
dissimilarity between indoor and outdoor milk. 

 
Figure 5.17 PCoA plot 
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incubation) (see Table 5.5). This method is described as ‘a geometric partitioning 
of multivariate variation in the space of a chosen dissimilarity measure according 
to a given ANOVA design, with p‐values obtained using appropriate distribution‐
free permutation techniques’ (Anderson, 2014). It is considered semiparametric 
because it performs classical partitioning (as in analysis of variance ANOVA) 
while retaining the rank-based nonparametric multivariate methods (such as 
analysis of similarities ANOSIM). The PERMANOVA tests the null hypothesis that 
there is no significant difference in bacterial diversity between the sample types 
and any observed differences would be similar to expected diversity under 
random allocation of OTUs to sample types (Anderson and Walsh, 2013). The 
PERMANOVA test results on this data are: F= 83.019, R2 =0.9719 and p< 0.002. 
Based on these results, there is significant bacterial diversity between the sample 
types with little diversity between Starter cultures, Indoor and Outdoor cheese. 

Table 5.5 PERMANOVA results where ** denotes significance to above 0.001 level 
 Df SumsofSqs MeanSqs F R2 p value < 
Sample type 5 4.0907 0.81813 83.019 0.9719   0.002 ** 
Residuals 12 0.1183 0.00985           0.0281            
Total 17 4.2089                1.0000            

5.6.7 Non-metric multi-dimensional scaling (NMDS) 
NMDS condenses multidimensional data into a 2D visualisation to see similarities 
in bacterial communities (see Figures 5.18 and 5.19). Points that are close to 
each other in the ordination space share similarity in microbial communities. In 
non-metric plots, data are not required to be normally distributed. Skewed 
distributions with long tails are accommodated using a rank-based metric, using 
ranks to calculate distances instead of actual distances in Euclidean analyses. 
NMDS is an iterative algorithm repeating a series of calculations and reports the 
optimal solution. Each time an NMDS plot is produced, the algorithm may find a 
different solution resulting in slight differences in plots produced from identical 
data.   

NMDS uses a distance matrix as an input. While there are many different distance 
measures to choose from, I specified Bray-Curtis to analyse these relative 
abundance data. Bray-Curtis takes into account species abundance as well as 
presence/absence, whereas other measures such as Jaccard only take into 
account presence/absence. 
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Data pre-processing for NMDS 
Data pre-processing was necessary to filter low-occurrence OTUs to reduce 
noise in the NMDS plots and reveal multi-dimensional relationships. First, OTUs 
that did not appear more than 5 times in more than 20% of the samples were 
removed. This reduced the number of OTUs from 2369 to 64. In larger datasets 
the threshold is often more than 5 times in more than 50% of samples, but that 
would have reduced this dataset to just 13 OTUs, too few for reliable analysis. 
Hence relaxed parameters were applied. Second, the data were transformed to 
an even sampling depth again to reduce noise in the data due to differences 
within and between sampling depth. Third, the five most abundant phyla were 
kept for analysis, dropping Euryarchaeota and Verrucomicrobia each with one 
data point.  

 
Figure 5.18 NMDS Bray-Curtis plot of the top five phyla (stress: 9.367265e-05) 
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Figure 5.19 NMDS Bray-Curtis (stress: 9.367265e-05; warning: nearly zero, may have 
insufficient data) presented in five separate plots to avoid over-plotting 

Figure 5.18 shows the NMDS plot of the top five phyla generated using the filtered 
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representation but stress values approaching zero can result from outliers in the 
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5.6.8 Network representations and interactions 
Using the top 100 abundant OTUs, the network function in phyloseq plots network 
representations of microbiomes based on taxa-wise distances using the default 
setting of Jaccard similarity and manually set to a distance of 0.3. This is a way 
of visualising communities of bacteria occurring in similar profiles of samples (see 
Figure 5.20). The interactions between Firmicutes and Proteobacteria (the two 
most common taxa) are clearly visible, but also the interactions with the les 
common Bacteroidetes. Outgroups of interactions of Actinobacteria with 
Firmicutes, Bacteroidetes with Firmicutes, and Actinobacteria with 
Proteobacteria can also be seen.  

A similar network representation specifying the Bray-Curtis method with distance 
0.15   rather than the phyloseq default setting of the Jaccard method yields a 
similar result (see Figure 5.21). The Jaccard method, an unweighted taxonomic 
metric, does not consider abundance or phylogeny but instead considers shared 
features. It is highly sensitive to small samples sizes and gives equal weight to 
rare and abundant organisms. The Bray-Curtis, as a weighted metric, considers 
abundance and is useful in seeing differences in community structure. 

These data of microbial diversity in milk, starter culture and cheese are dominated 
principally by two abundant taxa: Firmicutes and Proteobacteria. While there are 
rare bacteria to which the Jaccard method is sensitive, the volume of shared 
features (taxa) is seen in the networks determined using the Jaccard method and 
this volume of shared features is seen in Bray-Curtis networks due to the 
dominance of a few taxa in the composition. Because the microbial structure and 
composition of the samples are similar, the Jaccard and Bray-Curtis network plots 
are also similar. 
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Figure 5.20 Network representation (phylum level) calculated using the default Jaccard 
method with a specified distance 0.3 

 
Figure 5.21 Network representation (phylum level) with Bray-Curtis method and specified 
distance of 0.15 yielding similar results to Jaccard distance 0.3 
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5.7 Discussion 

5.7.1 General Introduction 
The microbes involved in industrial cheese-making are well-understood and 
studied, particularly in cheeses made from pasteurised milks, but the microbial 
contribution of raw milk and natural starter cultures in the artisanal cheese making 
process is not yet well-known. With continued interest in artisan cheese and a 
growing number of producers, the indigenous microbes and their interaction 
networks involved are staring to be understood. This work has characterised the 
raw milk, starter culture and cheese microbiota, filling a significant knowledge gap 
and directing future research into identifying the raw milk and starter culture 
microbes and how they may influence the microbes in mature cheese. 

In terms of global milk production, sheep’s milk only represents about 1.3% of the 
global market (Quigley et al., 2013b, Quigley et al., 2013a) with cow’s milk being 
dominant in the market. With ~100 million milking sheep worldwide of which 
~30,000 are in the UK (Binns, 2020). Europe is the largest producer of sheep’s 
milk with cheese being the primary consumer product. Sheep’s milk, typically 6-
8% fat and 5-7% protein, has higher total solids than cow’s milk. These nutrient 
profiles contribute to the success of specialty sheep’s milk cheeses such as Feta, 
Manchego, Romano, Roquefort and Oscypek (Alegría et al., 2012). While the 
sheep’s milk market is small in the UK, it is hoped that methods and investigations 
in this study will be repeated in future studies to characterise microbial diversity 
in cow and goat milk investigations.  

The microbial diversity is known to be more variable in raw milks (Montel et al., 
2014) with higher microbial diversity in the warmer months (Li et al., 2018). This 
study has investigated the microbial diversity of the raw milk from indoor- and 
outdoor-reared ewes, the resulting cheeses and starter culture before and after 
incubation. I have identified bacteria to species level in six groups of samples to 
ask if the microbes in the mature cheese are representative of the microbial 
diversity found in the milk and starter culture.  

In earlier studies, up to 40 different genera have been identified in cheese using 
high-throughput sequencing (Quigley et al., 2013b, Quigley et al., 2012a, Quigley 
et al., 2013a) and more than 400 species of lactic acid bacteria (LAB), Gram-
positive families (e.g., Lactobacillus, Lactococcus, Bacillus, Clostridium, 
Staphylococcus, Micrococcus, Streptococcus, Microbacterium and 
Corynebacterium), Gram-negative families (e.g., Pseudomonas, Flavobacterium, 
Acinetobacter, Aeromonas, and various Enterobacteriaceae), moulds and yeasts 
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have been identified in raw milk samples (Montel et al., 2014). The advantage of 
identifying bacteria by sequencing is that species present in small quantities and 
species that may not flourish in culture studies can be detected. However, as 
noted in the Introduction, this method identifies species by DNA sequence and 
does not distinguish live bacteria from remnants of dead or non-viable strains. 
Detecting a pathogenic or undesired strain in the samples does not necessarily 
mean the sample is unfit for human consumption without doing further checks to 
confirm whether the microbe is viable and replicating.  

5.7.2 Milk and Cheese General Discussion 
This study analysed samples from one producer using sheep’s milk. Ewe milk is 
higher in fat content than cow’s milk although cow’s milk products dominate the 
commercial market today. The higher fat content influences microbial diversity, 
but no attempt has been made in this work to investigate this directly. Sheep’s 
milk is expected to have higher loads of lactic acid bacteria, coliforms and moulds 
together with increased levels of Streptococci (Tilocca et al., 2020). Salmonella, 
E. coli and Clostidium associated with human illnesses and spoilage are rarely 
found in raw sheep’s milk (Tilocca et al., 2020). However, from an evolutionary 
perspective, goats and sheep would have dominated early Neolithic cheese 
production in the Fertile Crescent, the Mediterranean and Europe with cattle 
gradually becoming the preferred milk supplier in the late Neolithic and into the 
Bronze Age. 

The microbial diversity in raw milk does not directly translate into diversity in 
cheese. The high level of microbial diversity in the raw milk (samples from 
19.02.2019 and 01.05.2019) is not replicated in the young mature cheeses made 
from these milks. It is unsurprising that pathogenic microbes were not detected 
in the mature cheese as it would be unsafe to sell products likely to cause illness. 
While commercial cheeses rely on heat treatment (pasteurisation) to stop harmful 
microbes replicating from the milk, raw milk cheeses rely on the starter culture to 
overwhelm unwanted microbes. 

5.7.3 Indoor milk and cheese 
In order of abundance, indoor milk is dominated by Firmicutes, Proteobacteria, 
Actinobacteria and Bacteroidetes (see Figure 5.8). The indoor milk samples also 
showed a high relative abundance of Staphylococcus hominis. This would not 
have originated from the sheep but more likely from farm workers handling the 
bedding on which the sheep would sleep. The gram-positive commensal is 
harmless to human and animal skin but produces thioalcohol compounds 
associated with body odours. Although the animals were hand-milked to obtain 
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the starter culture, Staphylococcus hominis was not detected in these samples. 
Overall, the microbial diversity in milk from indoor-reared sheep is lower than 
outdoor-reared sheep, mirrored by this same pattern in the resulting cheese.  

5.7.4 Outdoor milk and cheese 
Outdoor milk is dominated by Firmicutes, Bacteroidetes, Proteobacteria and 
Actinobacteria (see Figure 5.8). In the cheese making process, it is common 
practice to reduce the amount of starter culture added to the raw milk. 
Cheesemakers justify this practice saying it is either due to higher microbial 
diversity in the milk originating from the skin and teats of the ewes outdoors 
and/or the warmer temperatures which allow microbial communities to flourish. 
The results here support higher microbial diversity in the milk, but outdoor 
temperatures were not recorded. It could be that these two factors working in 
concert reduce the need for starter culture concentration.  

Shigella flexneri, a harmful or undesired strain, was identified in the outdoor milk 
and detected in the cheese made from this milk, but it was almost certainly not 
living in the cheese but the DNA remnants of previous colonies that were in the 
raw milk. The DNA extraction methods most likely identified non-living bacteria 
from sequence remnants in the milk. The introduction of desired bacteria in the 
starter culture would have out-competed the Shigella flexneri, a Gram-negative 
bacteria that can cause diarrhoea in humans, making the cheese safe for human 
consumption. Interestingly, there was a known listeria outbreak at Holbrook farm 
in May 2019 that was eventually traced to an infected carrier ewe, but no Listeria 
monocytogenes was identified in the milk and cheese samples is this study.  

5.7.5 Starter culture 
Natural starter culture is a cultured soured milk made from the previous day’s 
milking that is incubated and then added to the fresh milk. This technique relies 
on airborne and indigenous microbes colonising in the milk, causing the milk to 
sour naturally whereas commercially available starter cultures are more tightly 
controlled with a narrow range of specific microbes. 

The relative abundances of bacteria in milk (both indoor and outdoor) are 
overwhelmed by the addition of starter culture. The natural starter culture 
investigated in this work is dominated by Firmicutes with incubation having little 
to no effect on species richness. The species richness plots (see Figure 5.15) 
confirm these findings with the alpha diversity indicators highlighting the highest 
levels of diversity in the Outdoor Milk, followed by Indoor Milk and then Outdoor 
Cheese. These results indicate the starter culture overwhelms and out-competes 
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most if not all ‘undesired’ microbes in the raw milk. Acting like a microbial 
pasteurisation process, the incubated starter culture overwhelms microbes 
associated with human illness and makes the resulting cheese safe to consume. 
However, it is interesting that the Outdoor Cheese retains some of the alpha 
diversity seen in the raw milk from which it originated. Again, it is important to 
highlight there was no attempt made to determine if these microbes were alive 
and replicating, or if the residual microbial DNA in the milk simply survived intact 
into the cheese for sequence identification. 

The phylum-level network representations using both the Jaccard and Bray-
Curtis methods (see Figures 5.20 and 5.21) provide a visualisation of interactions 
between Bacteroidetes with Firmicutes and Proteobacteria as anticipated. There 
are also some interactions with Actinobacteria and an interaction with 
Verrucomicrobia. This points towards the complex and dynamic interaction 
networks that operate in the milk with the addition of starter culture. Gatti and 
colleagues noted that starter lactic acid bacteria (SLAB) interacted with other 
lactic acid bacteria in the raw milk to produce differing qualities in cheese 
(Pogačić et al., 2013, Santarelli et al., 2013, Lazzi et al., 2016, Gatti et al., 2014). 

Cheesemaking is a dynamic process whereby a complex network of 
microorganisms interact with the nutrient-rich milk. The colonising bacteria (lactic 
acid-producing bacteria) metabolise components in the milk (mostly proteins and 
carbohydrates). The resulting secondary metabolites in turn provide further 
substrate which influence the final product: cheese (Tilocca et al., 2020).  

5.7.6 Considering PCR bias 
PCR bias could possibly affect the results. This study did not use direct amplicon 
sequencing and amplification bias can indeed be an issue. Primers randomly 
anneal to a limited number of DNA molecules from a large pool of target DNAs. 
Whatever is amplified first has a higher chance of being amplified in the next 
round. We tried to mitigate this by carrying out each amplification in three 
separate samples and pooling them later in line with the Earth Microbiome Project 
protocols. This effectively scales up the reactions, introducing more randomness 
and reduces the chance of bias. 

There is also the inherent bias of the primers themselves. Some might anneal 
better to the sequences of certain microbes. Currently there are no ‘universal’ 
primers for unknown sequences. However, 515F and 806R were chosen for their 
broad-spectrum ability to amplify prokaryotes (archaea and bacteria) as paired-
end 16S community sequencing targeting the V4 region of 16S SSU rRNA 
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(Walters et al., 2016, Caporaso et al., 2011, Caporaso et al., 2012, Apprill et al., 
2015). As new archaea and bacteria are still being discovered today causing 
researchers to rethink the ‘tree of life’ (Hug et al., 2016), a universal primer cannot 
exist in this continued discovery phase. However, primers can be designed with 
reduced and/or known biases to improve results as have been used in this study. 

5.7.7 Sequencing depth 
A read depth (also known as sequencing depth) of 20k is considered sufficient to 
detect low-abundance genera (Lemos et al., 2012). With a mean read depth of 
44.1k per sample after data filtering, the depth of sequencing in this study was 
more than twice the desired threshold depth for reliable identification and 
discrimination (see Table 5.3 and Figure 5.7). The higher number of reads 
supports the reliable identification of expected diversity of the milk samples while 
a lower number of reads would have been sufficient to identify specifies diversity 
in the starter culture and cheese. However, as investigations of the microbial 
diversity of artisan starter and cheese have not been published, the 44.1k read 
depth is sufficiently high to conclude the findings here are robust and not prone 
to error due to insufficient sequencing depth. 

The plateau in the rarefaction curve for the milk samples after the ~20k read 
depth (Figure 5.5) indicates the sequencing depth of 44.1k is more than adequate 
for genus and species level identification particularly in the milk samples with 
increased species richness. 

5.8 Limitations and future work 

While the interior of the cheese was investigated in this work, funding was not 
sufficient to include investigations of the cheese rind and Covid-19 interruptions 
prevented the planned investigations of fungal diversity. The rind is considered 
an ecosystem in itself with interactions taking place within bacterial and fungal 
communities and between bacteria and fungi (Wolfe et al., 2014). Furthermore, 
the rind is responsive to and dependent on human intervention (Cheeseman et 
al., 2014) and the rind microbes often co-occur in the source environments such 
as barns, milking parlours, pasture grasses (Wolfe et al., 2014). This means that 
the milk origin, season and ripening rooms can affect the microbial diversity within 
the cheeses and these in turn will most likely affect the taste and textural 
properties of the mature cheese. This presents a significant opportunity for future 
work. 
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Further work can also test the extent to which dairy consumption today may have 
a positive health effect acting via the gut microbiota as live microbes transit live 
through the digestive tract to recolonise in the human gut. It may be that between 
animal domestication (~11,000 years ago)(Zeder, 2008, Zeder, 2015), potsherd 
evidence of cheesemaking (9,000 years ago) (Salque et al., 2013, Evershed et 
al., 2008) and the absence of reliable aDNA evidence of human genetic 
adaptation in the form of lactase persistence until the Bronze Age (~4,000 years 
ago) (Mathieson et al., 2015, Lazaridis et al., 2016) can be explained by the 
health benefit to the gut health, boosted nutrition and increased immunity before 
later genetic adaptations in response to dairy consumption.  

There is the possibility that consuming raw fresh milk and fermented dairy foods 
in the Neolithic and in pre-history may have contributed to human health and 
demographic change, providing not just additional calories and nutrition but also 
boosting immune response through maintaining bifidobacteria and other species 
associated with increased immunity. Future work and clinical trials with labelled 
microbes tracking live microbes transiting through the human digestive tract 
would shed light on the effect of dairy foods on human gut health. A time-series 
study to evaluate how quickly colonies grow and dominate would offer valuable 
insights into the growth of colony size and scale through time. 

Raw milk consumption and products (such as cheese) made from raw milk are 
currently prohibited in Scotland. Since 1983, mandatory pasteurisation of cow’s 
milk and extended to all milks (goats, sheep and any other milked animal) in 2006 
(Food Standards Scotland) was instigated to mitigate the perceived high-risk to 
public health of Salmonella, Campylobacter, Shiga toxin-producing Escherichia 
coli (STEC) and Listeria monocytogenes infections. The most recent scientific 
review in 2015 conducted by the European Food Safety Authority’s (EFSA) Panel 
on Biological Hazards upheld the ban on raw milk consumption in Scotland. In 
line with Marie-Christine’s work on the role of starter culture in introducing 
bacterial colonies that outcompete undesirable bacteria in the milk and making 
the cheese safe for human consumption (Montel et al., 2014), my work has 
similarly found that the reduced microbial diversity in the starter culture 
overwhelms and outcompetes the harmful microbes in the raw milk. Potentially 
this work provides evidence of how the starter culture makes the milk and 
resulting cheese safe to consume and could influence the laws in Scotland to 
change.  

Currently the artisan cheese industry, like many manufacturing sectors, is facing 
uncertainty with the government-imposed market restrictions during the Covid-19 
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lockdowns and widespread economic disruption. Many small producers with 
limited access to buyers and the reduced restaurant and hospitality sector, the 
major market for artisan cheeses, are facing closure. This may result in the loss 
of small businesses but also impede the ability to study microbial diversity in 
cheeses that are made with indigenous microbes. St James Cheese, the 
producer in this study, has experienced the opposite. During Covid-19, it has 
expanded production by taking over a flock of 300 milk-producing goats from a 
near-by producer that closed its production. St James is now making a new goats 
cheese (Holbrook) while pivoting to make a hard, aged sheep’s cheese 
(Crookwheel) with a longer shelf-life than soft cheeses and more robust to market 
fluctuations and uncertainty. In this work, I have made a first attempt to quantify 
and identify microbial species riches and diversity in one artisan cheese producer 
using NGS investigations to provide a new lens to investigate artisanal 
cheesemaking techniques. 

5.9 Summary 

The higher microbial diversity of raw milk, both indoor and outdoor, is lowered 
and made more uniform by the addition of starter culture, so that the resulting 
cheese is lower in overall microbial diversity. In the cheese making process, the 
starter culture introduces microbes to outcompete harmful microbes in the milk, 
making the cheese safe to consume while promoting the growth of microbial 
colonies associated with palatable flavours.  

This work does not provide strong evidence for a linear relationship of the 
microbial diversity in the raw milk being mirrored in the resulting cheese. In this 
sense, the diversity in milk lacks predictive power to understand and predict the 
microbes in the cheese. Some artisan cheese makers believe that pasteurisation 
can alter the flavour, texture and aromas of cheese through removing indigenous 
microbes and reducing microbial diversity. It has also been argued that 
pasteurisation affects the sensory qualities of cheese through the denaturing of 
proteins rather than reducing microbial diversity. This work has not resolved this 
question, nor did it set out to address this. 

Ultimately, this work may encourage further studies to investigate artisan cheese 
making in order to afford new insights into the role of indigenous microbes in 
artisan cheese production. New studies potentially may allow inferences of 
microbes involved in cheese making in the past, and may inform future cheese 
making using traditional methods. Milani et al (2019) noted that live 
microorganisms in Parmesan cheese are present in cheese, and Bifidobacterium 
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mongoliense strains can successfully recolonise the human gut after consuming 
cheese containing this live microbe suggesting that perhaps other ‘desired’ 
microbes could possibly be added to cheeses to improve gut health and increase 
gut flora diversity. 
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Chapter 6 General Discussion and Future Directions 

6.1 General discussion 

There is a clear absence of and need for quantitative studies on nutrient 
compositions of ancestral and modern diets, both to scrutinise narratives 
perpetuated in the media and by parts of the dieting industry, and to better 
understand dietary change over evolutionary timescales. In this study, I have 
inferred prehistoric and modern diets to explore the modern consequences of 
past dietary change. I have performed a systematic investigation of the macro- 
and major micronutrients within and between modern hunter-gatherer diets and 
modern post-industrial diets, comparing these with estimated nutrient 
compositions of diets reconstructed from archaeological data, milks, suggested 
‘paleo’ and popular, fast food and clinical diets to assess differences at the 
individual nutrient level. To undertake this work, new methods were developed to 
estimate nutrient compositions across a range of diets.  

Like all measurements, estimates of nutrient concentrations in foods, and more 
so in whole diets, is an error-prone process. Sources of uncertainty include: (1) 
the estimation of diet compositions in terms of foods and quantities consumed; 
(2) matching of foods consumed in those diets with foods included in the USDA 
ND, (3) for reconstructed prehistoric diets, assumptions made about how 
quantitatively representative archaeologically visible remains of foods are, 
particularly with respect to taphonomy of plant versus animal foods. Among these 
sources of error, I consider the third to be the most problematic. I used 
behavioural ecology and paleoclimate data to estimate not just the ratio of hunted 
to gathered foods (or plant to animal in the cases of Çatalhöyük and Tell Brak), 
but also the 95% confidence interval of that point estimate. Predictions of Ohalo 
II, Çatalhöyük and Tell Brak nutrient profiles based on these point estimates and 
confidence intervals were plotted within the PCA space, to reflect this particular 
source of uncertainty. 

Of the 3 reconstructed archaeological diets considered here, the complete Ohalo 
II assemblage is not yet publicly available, and none are available in a single 
source publication. This poses a significant opportunity to collate and publish 
these data in one comprehensive source to further our understanding of 
prehistoric diets. To compare a Neolithic and Bronze Age diet with a Palaeolithic 
diet, the Ohalo II diet quantification method was adapted to allow nutrient 
composition comparisons between temporally and ecologically diverse diets. As 
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proof of concept, it is possible to adapt a Palaeolithic diet reconstruction method 
to offer insights into a Neolithic diet beyond those available from the analysis of 
dental calculus, bone collagen, isotope and proteomic data. Each of these 
methods contributes new insights, but it is also important to develop new methods 
to attempt whole-diet reconstruction using archaeological and archaeobotanical 
data from each site. 

I have addressed a number of questions relating to quantifying nutrient 
compositional differences between ancestral and modern diets. There are 
systematic differences between prehistoric and modern HG diets (often 
considered a proxy for Palaeolithic diets) compared to modern post-industrial 
diets. In prehistoric and HG diets, nutrient compositions are more varied, causing 
these diets to form a loose cloud in PCA space (see Figure 4.42 and also sections 
4.4.2-4.4.10 for all diet PCAs). In MPI diets, variation in nutrient composition is 
lower, and hence these diets cluster more tightly despite a broad range of 
geographic and set of cultural contexts. In particular, nutrients that drive the 
systematic differences between HG and MPI diets in these multivariate 
visualisations include sugars, carbohydrate, sodium and Vitamin K, and these 
nutrients vary in occurrence somewhat independently within HG foods. 

The fad ‘paleo’ diets in PCA space plot in the HG cloud. From a nutrient 
perspective they may not be wholly Palaeolithic, but they are not too far off the 
mark. These diets may confer other health benefits in helping adherents to the 
diets reduce carbohydrate intake and lose weight. The archaeological basis for 
these diets may be difficult to defend, but these diets appear ‘somewhat  
Palaeolithic’ in nutrient composition. 

The prehistoric diets of Ohalo II, Çatalhöyük and Tell Brak are firmly in the HG 
cloud, but considering the CIs of these diets, based on proportions of hunted 
versus gathered / animal versus plant foods, there is a suggestion of a temporal 
trajectory moving towards MPI diets. If we, likely controversially, think of fast 
foods as representative of the direction human diets are going in the future, then 
a broader temporal trajectory arc becomes apparent in the space of the first 2 
PCs. This arc moves from the Palaeolithic Ohalo II diet, lodged firmly in the ‘cloud’ 
of modern HG diets, through the Neolithic and Bronze Age diets of Çatalhöyük 
and Tell Brak, through the narrower ‘clouds’ of MPI diets and fast food diets, and 
towards the nutrient composition of human milk. This raises the intriguing 
possibility of a ‘Peter Pan Effect’ in human dietary preferences; that as we are 
able to more-and-more control the nutrient compositions of our diets, so we are 
creating diets that resemble our first food. This may be driven by embedded 
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avidities informed by our earliest experiences with food that carry on into 
adulthood. Intriguingly, unlike almost all other primary (i.e., unprocessed) foods, 
milk is high in both carbohydrates and lipids, as well as many other nutrients. If 
this ‘Peter Pan Effect’ is real, it remains an open question as to if it is driven by 
innate nutrient combination avidities, or by a learnt psychological disposition 
because milk is our first food. 

Another way of understanding these trajectories is by protein consumption. The 
protein leverage hypothesis (PLH), as proposed by Stephen Simpson and David 
Raubenheimer (2003), argues that strong regulation of protein is the primary 
driver of calorie intake. Humans prioritise foods containing protein over other 
dietary components such as fats and carbohydrates. According to their model, 
we will continue to eat until our protein needs are met, regardless of energy 
content of those foods. In a modern setting this results in the over-consumption 
of foodstuffs when diets are low in protein (Simpson et al., 2003). The implication 
is that diets deficient in protein will drive the consumption of fats and/or 
carbohydrates in an unconscious attempt to obtain essential amino acids. Until 
recently, more attention has focussed on lipid and carbohydrate consumption to 
explore nutritional reasons underlying the global obesity crisis. Intriguingly, 
behaviours consistent with the PLH have been observed not only in humans but 
also in insects, birds, fish and rats (Simpson and Raubenheimer, 1993, Simpson 
and Raubenheimer, 2000b, Simpson and Raubenheimer, 2000a, Simpson and 
Raubenheimer, 1999, Simpson and Raubenheimer, 1997, Raubenheimer and 
Simpson, 1997, Raubenheimer and Simpson, 1993, Raubenheimer and 
Simpson, 1999). The analyses reported in Chapter 4 are consistent with the PLH 
in that I infer that Palaeolithic and modern HG diets are higher in protein than MPI 
diets, suggesting that the nutrient compositions of MPI diets would drive 
overconsumption. However, humans do have some capacity to detect and 
regulate their consumption of other macronutrients (Gibson et al., 1995, Booth 
and Thibault, 2000, Hill et al., 1998, de Castro, 2000, de Castro, 1998). 
Furthermore, the PLH begs the question, why have humans not selected diets 
that are higher in protein? 

The classical approach to understanding links between diet and disease have 
taken a ‘one variable at a time’ (OVAT) approach (Box et al., 1978). Nutritional 
guidelines such as the Dietary Reference Intake (DRI) and other recommended 
intakes, were developed based on experimental animal studies and human 
association studies, particularly in relation to levels below which diagnosable 
nutrient deficiencies occur, and the avoidance of diseases of deficiency. They 
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have used this OVAT framework to derive individual estimates of minimum intake 
values. However, the most serious criticism of OVAT analyses is that in focussing 
on single components, they fail to appreciate the multidimensional nature of 
nutrition (Ruohonen and Kettunen, 2004, Simpson et al., 2015). OVAT analyses 
fail to account for the interactions of nutrients. Considering the strong nutrient 
correlations observed in HG foods, and the weaker correlations in MPI foods, 
there appears to be a link between the protein leverage hypothesis and the 
nutrient avidity hypothesis (for NAH details see Chapter 4). If we have evolved 
taste avidities for certain nutrients that represent other co-occurring nutrients, as 
posited by the NAH, these avidities may be contributing to modern food choices, 
but in a context where because we are able to process and refine foods to change 
nutrient compositions, nutrient correlations have weakened and/or broken down.  

Using multivariate analyses, my work provides some support for the PLH and 
adds further dimensions. Under the PLH, humans have protein intake 
requirements that can cause energy overconsumption if they go unmet (e.g., by 
consuming protein-poor foods). Under the NAH, the nutrient correlations present 
in HG foods are weaker in MPI foods which could drive overconsumption of foods 
through protein deficits. In a modern setting we have retained evolved avidities 
for protein, mediated through our taste preference for L-glutamate in synergy with 
inosinate and guanylate and other nucleotides, but now consume diets that are 
rich in these protein-proxy nutrients, but not so rich in protein itself. This is 
because many modern foods have flavour enhancers added, including L-
glutamate, inosinate, guanylate, and other nucleotides. As such, from an 
evolutionary perspective, we are still seeking protein, but not getting as much as 
we have evolved to expect. Thus, the erosion of nutrient correlations in MPI foods 
may be exacerbating the effects of the PLH and further driving overconsumption, 
and so obesity and other metabolic diseases of modernity. In the context of ultra-
processed foods in modern post-industrialised societies, it is possible that protein 
leverage drives overconsumption of energy from the intake of foods depleted of 
protein (Martinez-Cordero et al., 2012). This helps to explain why obesity is 
ubiquitous in developed economies and why low-fat or low-carbohydrate diets 
have been largely ineffective in counteracting the obesity crisis. 

Reconsidering Figure 4.14, the PLH may help to explain infant feeding patterns 
and satiety drivers. As mature human milk is 8% protein, versus cow, sheep and 
goat milks which range from 28-33% protein, the lower-protein human milk may 
encourage infants to feed more to obtain the required nutrients, especially overall 
calories. Reconsidering the macronutrient distributions in diets in Figure 4.17, the 
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high-protein HG diets (as well as many micronutrients) may be preventing 
overconsumption in modern hunter-gatherers, rather than a scarcity of foods or 
poor lands supporting foods of diminished nutritional value.  

Research in dietary restriction in relation to healthy ageing is also making 
contributions to our understanding of protein consumption in relations to overall 
diet composition (Zanco et al., 2021). Dietary restriction (DR) or calorie restriction 
is a moderate reduction in food intake. DR can promote healthy ageing and 
extend lifespans across a broad range of organisms from yeast to primates 
(Chapman and Partridge, 1996, Colman et al., 2009, Lin et al., 2002, McCay et 
al., 1935), including humans (Campisi et al., 2019). Recent DR studies 
investigating specific dietary components, and more specifically protein, argue 
that protein consumption is the underlying molecular mechanism that can extend 
lifespans (López-Otín et al., 2013, Simpson et al., 2017). High reproductive rates 
and shorter lifespans are associated with high-protein/low carbohydrate diets, 
whereas lower reproductive rates and extended lifespans are associated with low 
protein/high carbohydrate diets (Simpson et al., 2017, Piper et al., 2011). 
However, using Drosophila melanogaster, Zanco et al propose that protein intake 
acts indirectly by affecting cholesterol levels which in turn affects reproduction 
and lifespan (Zanco et al., 2021). When flies were fed a high-protein diet and 
supplemented with cholesterol, reproduction rates were high and lifespans 
normal. This work adds nuance to the key role of protein consumption, with 
availability of other key nutrients – in this case cholesterol – also playing a part in 
health and longevity. While dietary restriction of protein affects reproduction and 
lifespan, the abundance of other dietary components may play an equal or 
greater role than the proportion of proteins or carbohydrates in diets (Zanco et 
al., 2021). 

Considering the nutrient violin plots for different diet groups (Figures 4.18 to 
4.20), there are systematic nutrient differences between HG and MPI diets. Many 
nutrients in HG diets vary more in their concentrations than in MPI diets. MPI 
nutrient means are higher than HG means for Sodium, Vitamin K, Total Sugars, 
Carbohydrates, Folate, Calcium and Lipids (note that Vitamin K may be higher in 
MPI diets because some processed foods are fortified for this vitamin). These 
seven nutrients are considered ‘enriched’ in MPI diets, and of these enriched 
nutrients four are associated with negative health outcomes with 
overconsumption: Sodium, Sugars, Carbohydrates, Lipids. It is also noteworthy 
that compared with MPI diets HG diets are enriched in a majority of nutrients 
including Fiber, Vitamins A, C, D, E, B6, B12, Iron and Protein. Using the Dietary 
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Reference Intake (DRI) as the baseline, HG nutrient means fall below the DRI for 
Lipids, Vitamin E, Fiber, Sodium, Folate, Calcium, Carbohydrates, Vitamin D and 
Vitamin K. In MPI diets, nutrients below the DRI threshold are Folate, Potassium, 
Calcium, Magnesium, Choline, Fiber, Vitamin E and most strikingly, Vitamin D. It 
should also be noted that the DRI has come under criticism for not providing 
upper limits of nutrient consumption and no longer serving its original purpose of 
avoiding nutrient deficits. Given where the DRI plots in PCA space in the MPI 
cloud, it may be that it is less ‘healthy’ than it ought to be. 

The systematic diet differences visualised in the PCA figures between 4.4 and 
4.16 are caused by deep correlation structures in nutrient compositions across 
diets. These correlation structures are driven by even deeper correlation 
structures of nutrients in individual foods as seen in the nutrient correlation 
heatmaps (see Figures 4.33-4.34). Furthermore, these correlation structures of 
nutrients in individual foods are stronger for HG foods than for foods that went to 
make up the MPI diets. In addition, food types (for example, food types like grains, 
meats, fish, etc) cluster according to their nutrient compositions. One would 
expect an evolving system to respond to the non-random distribution of nutrients 
to optimise itself to those correlation structures, and these correlation structures 
are more evident in the foods we are likely to have encountered and experienced 
in our evolutionary past. These observations raise the possibility that in our 
evolutionary past, humans could have evolved avidities for certain nutrients that 
exploit these deeply embedded nutrient correlations in foods in such a way that 
seeking one particular nutrient will guarantee consumption of other essential 
nutrients for which we have no avidity. I have called this the nutrient avidity 
hypothesis (NAH – see Chapter 4 and above in relation to the PLH). One obvious 
example of a proxy nutrient is L-glutamate, which is a proxy for protein as well as 
possibly other nutrients including iron, B vitamins, etc. Another example is sweet 
sugars, which in HG foods tend to co-occur with Vitamin C. In a modern setting 
the correlation structures of nutrients in foods that underpin our evolved taste 
avidities have, to an extent, broken down because we are able to control the 
nutrient compositions of our foods, and so increase the concentrations of exactly 
those proxy nutrients. 

To further explore the NAH, the matrix of nutrients in HG foods was transposed 
and PCA performed (Figures 4.30 to 4.32, as well as Figure 4.37). Discrete 
nutrients clusters were revealed, with 60% of variation explained by 2 PCs. This 
means that the distribution of nutrients is highly correlated and more than half of 
those correlations can be explained by 2 dimensions of variation. A prediction of 
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the NAH is that each cluster of co-occurring nutrients would include at least one 
proxy nutrient that is found at higher concentrations in MPI diets. To informally 
explore this prediction, a number of clustering analyses were performed to 
investigate if the nutrients enriched in MPI diets (Sodium, Sugars, Protein and 
Fats) are evenly dispersed in nutrient clusters. Consistent with the NAH, the 
nutrients enriched in MPI diets are broadly dispersed across clusters using k-
means, nutrient dendrograms and mclust to partition the data. In these analyses, 
Protein, Sugars, Sodium and Lipids fall into three clusters, with Sodium and Lipids 
in one cluster. The nutrients enriched in MPI diets plus nutrients we know must 
be enriched but here lack sufficient data to investigate, such as L-glutamate, 
inosinate and guanylate and lycopene, point towards the existence of evolved 
nutrient avidities. The agreement of a number of different clustering analyses at 
a broad level provides some support for this proxy nutrient avidity hypothesis. 

This work is the first known attempt to explain evolved taste preferences in the 
context of modern food choices, and the nutrient profile differences between 
ancestral and modern diets. Given the obesity crisis facing most developed 
nations, it would be beneficial for health professionals to understand the role 
evolutionary processes may have played in shaping our collective seemingly 
uncontrollable desire to eat unhealthy foods. If these evolved preferences can be 
understood, they may offer up new treatment paths or disease avoidance 
strategies to improve health outcomes. In addition, the NAH may provide a 
framework for understanding other negative consequences of being able to 
control the nutrient compositions of our foods, such as the possibility of reduction 
or loss of compounds in our diets that is associated with reduced but sub-clinical 
health. 

The work presented here has identified systematic differences between on the 
one hand inferred Palaeolithic and modern HG diets, and on the other MPI and 
fast food diets, and goes some way to addressing whether ‘diseases of 
modernity’ are primarily caused by a dietary mismatch between modern foods 
and a collective lagging of our biology; unable to keep pace with the rate of dietary 
change. The NAH provides a mechanism for why we might choose to make and 
consume mismatched foods and diets, and why some nutrients which in excess 
are considered unhealthy are indeed increased in MPI diets. This then begs the 
question, are humans still adapting? The reasonable answer is yes, we continue 
to respond to our environment with cultural and biological adaptations. These 
responses are often too slow to be detected on the timescale of a few human 
generations, but we still have adaptive responses. Vitamin D is a likely major 
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player in the mismatch due to its role in health and immune response. However, 
it is notable that levels of Vitamin D are not only below DRI in all MPI diets, but 
also in most modern HG diets. It is possible that in many populations dietary 
Vitamin D in foods is a less important source than photosynthesis from 7-
dehydrocholesterol in the skin. To this extent, adaptation in mid to high latitude 
regions has clearly occurred in the form of reduced skin pigmentation (Jablonski 
and Chaplin, 2018, Chaplin and Jablonski, 2009). Other examples include lactase 
persistence, FADS, AMY1 and possibly clathrin. 

There are likely to be other factors involved in the increased incidence of 
metabolic ‘diseases of modernity’ such as the inversion of mobility. In urban 
settings, lifestyles are largely sedentary, but our foods are mobile, routinely 
imported globally, with reduced physical activity levels and lifeways also 
contributing to a mismatch with ancestral lifeways. We often use different cuisines 
as an emblematic marker of cultural diversity, but despite diverse cultural 
contexts for modern diets, I show here that culture is not making a substantive 
contribution to nutrient differences observed in MPI diets. In PCA space, diets 
ranging across the globe remain tightly clustered. Perhaps MPI food culture is 
not as diverse as we often consider it to be. One problem with many foods 
consumed in modern post-industrialised economies is in the energy density of 
food production, it easier to overeat. In traditional hunter-gatherer groups, food 
sharing is routinely practised. People eat less in a group setting where food is 
limited and gluttony is harmful to group survival. The rise of the nuclear family 
and single-family dwellings has changed how we eat. In cultures devoid of group 
eating and food sharing, gluttony becomes a mechanism of self-harm. 

The value of commercialised diets should be reconsidered amidst a global 
obesity crisis. Is The Paleo Dietâ really ‘paleo’? From the evidence considered 
in this thesis, the answer is although The Paleo Dietâ may be effective for weight 
loss, and is closer to Palaeolithic and modern HG diets than MPI diets, it is not 
really Palaeolithic. In industrialised economies, where food is no longer foraged, 
and calorie-dense but not necessarily nutritionally-dense foods are readily 
available, a similar concept applies. Eating a varied diet, even including 
processed foods, gives a better chance of consuming the distribution of nutrients 
required for good health. However, with the risk and propensity to over-eat, diets 
for weight loss which restrict both the numbers of calories consumed and the 
types of macronutrients consumed, such as the Atkins® diet, may be effective in 
the short-term for weight loss. With weaker nutrient correlations in MPI foods 
compared with HG foods, perhaps in part because of nutrient fortification, it is 



Chapter 6 General Discussion  

 325 

possible that with millennia of artificial selection, centuries of advances in food 
production technologies, and decades of food processing, it is becoming 
increasingly difficult to eat a healthy diet, even when we are eating the rainbow. 

6.2 Future directions 

Beyond this PhD, the work initiated here should be expanded to include a wider 
range of nutrients. I was limited by the depth of data in the USDA ND, but these 
values will be updated and added to with each Standard Release. The hope is 
that instead of considering nutrient correlations over ~30 nutrients, in time we 
could look at more nutrients, including individual amino and fatty acids, as well 
as other dietary components. Plant secondary metabolites, given recent research 
on polyphenols, would most likely yield interesting results, particularly as herbs 
and spices are particularly rich in these compounds.  

Figures 4.3, 4.10, 4.11 and 4.16 might be interpreted as indicating that a loss of 
nutrient diversity may have happened not during the Neolithic and Bronze Age 
but at a later stage. While the range and absolute numbers of foods consumed 
in the Neolithic and Bronze Age declined, I have not formally tested if there is 
evidence of a decline in dietary breadth measured at the nutrient level. This could 
be done using diversity indices such as the Simpson’s Diversity Index (Simpson, 
1949, Magurran, 1988) or Shannon Index (Spellerberg and Fedor, 2003, 
Shannon, 1948). These statistical tools are designed to measure diversity in 
species richness, evenness and dominance of distributions, and could be applied 
to nutrient data. Had I tested my data with a nutrient diversity metric, I would have 
been able to look at whether the numbers of food items are correlated with higher 
or lower nutrient diversity. 

It has been hypothesised that dietary breadth fell in the Neolithic based on health 
indicators from bones, teeth and markers of infectious disease. However, more 
regular access to carbohydrates in the form of domesticated grains and cereals, 
and protein from domesticated meat and dairy resources, would have increased 
fertility and decreased the birth interval between children, albeit with a reduced 
number of resources in the diet. Demographic rise in the Neolithic may have 
caused more regular periods of dietary stress through crop failures and/or 
insufficient resources for the community. It is also possible that the reduction in 
nutrient breadth occurred later, into the Middle Ages or even the Industrial era. 
Given the level of milk and dairy food exploitation in Çatalhöyük, this early 
Neolithic diet would be expected to plot near or within the Modern diet cloud. 
Although it is approaching Modern diets in PCA space, drifting towards them and 
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away from the HG average, it remains within the HG cloud, suggesting that the 
transition to agriculture may not have been associated with dietary breadth 
reduction often claimed (Diamond, 2013). 

In future it will be important to expand this work to include diets that are not 
available in English to redress some of the ethnographic and geographic biases. 
It will also be important to further diversify and augment nutrient databases for 
indigenous foods. Some limited databases of indigenous foods do exist, and I 
used work done by Jenny Brand-Miller’s lab on nutrient compositions of 
indigenous Australasian foods to identify better matches in the USDA ND. The 
USDA ND itself is a good resource because of the number of North American 
hunter-gatherer foods, but there are HGs worldwide for which nutrient 
compositions would be a valuable tool for investigations. 

Future work could be further expanded temporally, examining the change in 
nutrient compositions through time of diets by looking at Greek, Roman, and more 
modern diets using resources such as cookbooks and household accounts from 
the Middle Ages, Tudor and Elizabethan eras and into the Industrial Revolution. 
More recent resources such as menus from The Foundling Museum may help 
resolve the nutrient effects of industrial food production and dietary mismatch. 

This work has not addressed whether populations in modern post-industrialised 
world are simply eating too much. Diets were normalised to 2200 kcal, in order to 
make predictions on a per-nutrient basis. However, it would also be interesting to 
look directly at diets and ask if there are calorie differences that are affecting 
health. This may help to identify the tipping point beyond which too much of a 
good thing (nutrient diversity) becomes a bad thing (too much energy and/or 
overconsumption). 

My publications on the evolution of lactose digestion and lactose sensitivities (see 
Appendix A and B; Walker and Thomas, 2019, Szilagyi et al., 2019) stimulated 
further investigations in relation to dairy foods and the role of microbes in nutrition. 
I led a pilot project examining the microbial diversity in raw milk and cheese, 
funded by UCL Grand Challenges Small Grants. My work on raw milk and cheese 
found that the reduced microbial diversity in the starter culture overwhelms and 
outcompetes the harmful microbes in the raw milk. Potentially this work provides 
evidence of how the starter culture makes the milk and resulting cheese ‘safe’ by 
overwhelming bacterial colonies that are harmful to human health. This research 
project also sought to examine a hypothesis regarding the role of dairy foods in 
supplying microbial diversity and also increasing galacto-oligosaccharides that 
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support gut bacteria associated with immunity (see Appendix A for full discussion 
of the galactose gut microbiome health hypothesis). In addition to this work, 
findings from a recent study using Calcium stable isotopes (d44/42Ca) support the 
increase of dairy intake in Western Europe from the late Neolithic (Tacail et al., 
2021). 

It may be possible to reframe the narrative of dietary stress in the Neolithic by 
asking to what extent is the decline in health indicators in the Neolithic partially 
rescued by the addition of milk and dairy foods? An hypothesised additional 
benefit of dairy foods is the role of exogenous milks in facilitating earlier weaning. 
It is possible that weaning with exogenous milks, which are marginally higher in 
iron content than human milk, increased the survival rate of infants in the Neolithic 
without the maternal cost of lactation. In some populations, this would have 
reduced the birth interval, increased fertility and decreased infant mortality, all 
leading to accelerated population growth. The evidence of baby weaning spoons 
(Stefanović et al., 2019), baby feeding bowls (Dunne et al., 2019) and porridge 
prepared in Çatalhöyük (Carretero et al., 2017) suggests that exogenous milks 
featured in Neolithic diets as part of a weaning strategy. While cereals contributed 
regular access to carbohydrates in the Neolithic, the addition of milks in some 
populations will have added a complement of other nutrients.  

There is the possibility that consuming raw fresh milk and fermented dairy foods 
in the in prehistory may have contributed to human health and demographic 
change, providing not just additional calories and nutrition but also boosting 
immune response through maintaining bifidobacteria and other species 
associated with increased immunity. Future work and clinical trials with labelled 
microbes tracking live microbes transiting through the human digestive tract 
would shed light on the effect of dairy foods on human gut health. A time-series 
study to evaluate how quickly colonies grow and dominate would offer valuable 
insights into the growth of colony size and scale through time. 

Studies have shown that galacto-oligosaccharides added to formula milk act as 
a prebiotic in new-borns by stimulating the growth of bifidobacteria and increasing 
the intestinal metabolic activity of the microbiome (Knol et al., 2005). This lends 
support to the role of galactose as a prebiotic. With increasing population density 
in the Neolithic and concomitant rise in infectious disease, the ability to cleave 
lactose into adulthood may have not only provided additional calories, but also 
played a life-long prebiotic role in maintaining a healthy gut microbiome. This 
hypothesis requires further examination. It is possible that in focussing on nuclear 
genome adaptations, I have missed an opportunity to understand adaptations in 
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the microbiome that have also contributed to immunity and demographic changes 
through time. It is also possible that the consumption of milk and dairy foods may 
still play a role in immunity today. 

However, if there are benefits and/or costs associated with lactase persistence 
in the current landscape (perhaps immunity-related via galactose metabolism or 
toxin stress related via phlorizin digestion), then there may be selective pressures 
still at work which have not yet been quantified. The positive selective pressure 
that drove LP-associated allelic frequencies up to those observed today are 
unlikely to still be acting, but that does not mean that selective pressures are 
entirely absent. In understanding the historical pressures which have acted on 
and shaped the human genome, we may come to better understand the possible 
maladaptations to the modern diet, currently implicated in the ‘diseases of 
civilisation’ including diabetes, obesity, cardiovascular diseases and some 
cancers. 

In light of ongoing adaptation today, albeit with weaker selective pressures, new 
and more sensitive methods to detect selection and variable directions through 
time may play a larger role in understanding dietary change. However, the 
importance of quantifying data to address the questions, not inventing narratives 
and perpetuating myths, remains paramount. 
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Appendix A  The Evolution of Lactose Digestion 

A.1 Overview 

Appendix A in its entirety was published in Lactose: Evolutionary Role, Health 
Effects, and Applications edited by Marcel Paques and Cordula Lindner by 
Elsevier/Academic Press in 2019. 
 
Appendix A investigates the evolution of milk and milk digestion. Within this 
evolutionary framework, the dual role of milk in immunity and nutrition is more 
clearly understood. In pre-mammalian, egg-laying species, early ‘milks’ provided 
hydration and supported the developing immune system and later adapted to 
include a nutritional role. This chapter reviews the archaeological evidence of 
dairying and milk consumption in the Neolithic and the human genetic responses 
to this fundamental shift in diet, culture and biology. This work informs and refines 
the hypothesis that lactose and lactase persistence has had a positive effect on 
human health and demographic change starting in the Neolithic by providing 
additional calories nutrients in diets and may have increased immunity acting 
through alterations in the gut microbiota. The assumed negative health 
consequences of sedentism, rising population densities in proto-urban 
settlements, and higher incidences of infectious and chronic disease may have 
been partially rescued and/or ameliorated by the addition of milk and dairy foods 
in the human diet.  

A.2 The Evolution of Lactose Digestion 

Catherine Walker and Mark G. Thomas in Paques, M. and Lindner, C. (eds), 
2019, Lactose: Evolutionary Role, Health Effects, and Applications, 
Elsevier/Academic Press. 

A.2.1 Abstract 

On the evolutionary time scale milk and milk products are relatively recent 
additions to adult human diets that have had profound impacts on our culture, 
biology, genetics and behaviour. All mammals produce milk to feed their 
offspring, with lactose as the principal carbohydrate. Humans, however, are one 
of the few species to incorporate milk and dairy products from other animals into 
their diet. This change in diet was followed by the genetic adaptation of lactase 
persistence in some human populations. Lactase persistence – the continued 
expression of the gut enzyme lactase into adulthood – is the most strongly 
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selected single-gene trait to have evolved in Europeans and some African groups 
over the last 10,000 years, and is the strongest and most often cited example of 
recent natural selection, gene-culture co-evolution and convergent evolution in 
humans. This chapter examines the deep evolutionary origins of lactose as the 
principal carbohydrate in milk, the archaeological evidence for milk and dairy 
product production and consumption by adult humans, and the genetics and 
evolutionary history of lactase persistence. Lastly it explores some possible 
factors that shaped the uneven global distribution of lactase persistence today.  

A.2.2 Key words: Milk, dairying, diet, lactase persistence, lactose, natural 
selection, gene-culture co-evolution, convergent evolution, adaptation, Neolithic, 
Palaeolithic. 

A.3 Introduction 

Milk is a nutrient- and energy-dense food that provides a well-balanced matrix of 
macro- and micro-nutrients. Its consumption by neonates is a trait shared across 
all extant mammals, and for the majority, it is the primary food source at birth, 
decreasing during and after the weaning period. However, regular milk 
consumption in adulthood is, as far as we know, a trait unique to humans. The 
main sugar in mammalian milk is the disaccharide lactose, and the presence of 
this nutritional component in mammalian milk has a deep evolutionary history, 
and is a key factor in adult human milk consumption over the last 10,000 years 
(See Chapters 2, 3 and 4 in Lactose: Evolutionary Role, Health Effects, and 
Applications for more specific discussions of lactose and lactose digestion). 

One obvious reason why only humans consume milk as adults is that we are able 
to utilize domestic animals for its production, but another key factor influencing 
adult milk consumption is lactose digestion. Lactose is digested to its component 
monosaccharides – glucose and galactose – by the membrane-bound gut 
enzyme lactase. In most mammals, including most humans, lactase production 
is down-regulated to lower levels sometime during or after the weaning period is 
over. Without lactase, lactose will pass undigested into the colon where it can 
cause adverse effects such as cramps, bloating and diarrhoea. However, about 
one third of the adult humans in the world continue to produce sufficient quantities 
of lactase to permit lactose digestion; a trait known as lactase persistence (LP). 
The evolution of adult milk drinking and LP is the strongest, best-evidenced and 
most widely cited example of both cultural and genetic adaptation to dietary 
change (Gerbault et al., 2011; Ingram et al., 2009a; Itan et al., 2009; Nielsenet 
al., 2007; Tishkoff et al., 2007).  
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In this chapter we will explore the evolutionary history of lactose in milk, and the 
cultural and biological adaptations that have led to milk being a major food source 
for adult humans today. 

A.4 Evolutionary origins of milk and lactose 

Milk production has defined the biological class Mammalia since 1758. Carolus 
Linnaeus devised a system of classification in his tenth edition of Systema Natura 
which divided the animal kingdom into six classes, the smallest in terms of 
numbers of species being mammals (Linnaeus, 1758). While other classes such 
as reptiles, birds, fish and amphibians have higher species numbers, mammals 
include species with the largest average body mass of all known aquatic-dwelling 
species – in the blue whale – and also of living land-based species, in the African 
elephant. Although mammals share other unique characteristics such as having 
a four-chambered heart, three ear bones and having body hair, Linnaeus chose 
the ability to produce milk as the defining feature. In this sense, producing, 
ingesting and digesting milk is a trait shared by all mammals.  

Lactose is a disaccharide made up of the monosaccharides glucose and 
galactose, which are joined by a b 1-4 glycosidic bond. It is present in varying 
concentrations in the milk of virtually all mammals (Oftedal, 1995). It is widely 
known as ‘milk sugar’ as it is only found in milk and its only known natural source 
is the mammary glands of mammals (Urashima, Fukuda, & Messer, 2012), where 
it is synthesized in either free or bound forms. Although there have been historical 
reports of lactose synthesis in forsythia pollen (Curtis & Jones, 1959; Kuhn & 
Low, 1949) and in Sapotacea fruit (Reithel & Venkataraman, 1956), more recent 
gas chromatography investigations by Toba, Nagashima and Adachi (1991) 
found no evidence of this. While the evolutionary origins of lactose and milk itself 
remain contested, there is a growing body of literature on its earliest functions 
and the selective pressures that contributed to its changing composition through 
time (Lefèvre, Sharp, & Nicholas, 2010; Oftedal, 2011). 

Based on the significant similarities and also key differences observed in 
mammalian milk compositions, milk secretion most likely evolved in ancestral 
therapsids before the appearance of the first mammals some 166-220 million 
years ago (ya) (Bininda-Emonds et al., 2007; Lefèvre et al., 2010; Madsen, 2009; 
Oftedal, 2011; Urashima et al., 2012). Within mammals, there are three 
infraclasses: eutherian (placental), metatherian (marsupials), collectively known 
as theria (bearing live young), and prototherian (monotremes). Although 
eutherian mammals are widely known as placentals, there is evidence in the fossil 
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record of earlier non-placental eutherians. All living eutherians give birth to live 
young and are nourished during gestation by a placenta. Placental mammals are 
the most numerous subclass, with over 4,000 species. Metatherians (marsupials) 
are made up of over 300 species found predominantly on the Australasian and 
American continents. Marsupials gestate offspring briefly in the presence of a 
placenta before the young transfer to a pouch with nipples, to provide continued 
nourishment. The metatherian and eutherian lineages probably diverged from 
one another some 135-140 million ya, while prototherians, split earlier from theria, 
probably 166-220 million ya (Bininda-Emonds et al., 2007; Killian et al., 2001; 
Madsen, 2009)(See Figure A.1). Prototherians, or monotremes, are the smallest 
infraclass of mammals. These egg-laying mammals include just five extant 
species: the platypus and four species of echidnas. Monotremes have a less 
advanced system of lactation than the theria (Lefèvre et al., 2010); they do not 
have nipples, but instead the young suckle from areas with specialized hairs near 
the mammary glands. 

 
Figure A.1 Mammalian evolution adapted from Lefèvre et al. (2010) noting reproduction 
strategy and principal milk carbohydrate in the three infraclasses. 

Investigations of the nutrient composition of milk in these three infraclasses 
(prototherian, metatherian and eutherian) have provided insights into their 
evolutionary relationships and the evolution of lactose as the dominant sugar in 
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eutherian milk. While eutherians, marsupials and monotremes all produce milk in 
mammary glands to feed their young, the carbohydrate and other nutrient 
contents vary both between and within infraclasses. With the exception of a few 
marine mammals, particularly pinnipedia (e.g. seals, sea lions) (Oftedal, Boness, 
& Tedman, 1987), lactose is present in almost all mammalian milks (Oftedal, 
2002a). In most eutherians, lactose is the main milk carbohydrate, although 
smaller quantities of oligosaccharides can also be present. Exceptions to this are 
a few species of Canoidea, including bears, mink, coati, giant panda and some 
pinnipedia, where oligosaccharides are higher in concentration than lactose. This 
is also the case in some marsupials and monotremes, with some lactose present 
(Messer & Kerry, 1973; Oftedal, 2002a; Urashima, 2007; Urashima et al., 2012). 
This broad pattern of higher lactose concentrations in eutheria is consistent with 
the hypothesis that oligosaccharides were the earlier principal milk carbohydrates 
in species ancestral to eutheria, with lactose becoming the dominant 
carbohydrate later in most eutherians, in response to changing selective 
pressures and preferred biochemical pathways to provide accessible glucose to 
offspring (Oftedal, 2002a) (See Table A.1). 

Table A.1 Lactose concentrations (lactose values expressed as a percentage of 
total milk components) for a variety of mammals. 

Order 
(Family) 

Common 
Name 

Species Lactose* 
% 

Reference 

Monotremata 
(Tachyglossidae) 

Short- 
beaked 
echidna 

Tachyglossus 
aculeatus 

2.3a Griffiths et al., 
1984 

Monotremata 
(Ornithorhynchidae) 

Platypus Ornithorhynchus 
anatimus 

3.7b Griffiths et al., 
1984 

Diprotodontia 
(Macropodidae) 

Eastern grey 
kangaroo 

Macropus 
giganteus 

0.2 Messer & 
Mossop, 1977 

Chiroptera 
(Vespertilionidae) 

Cave bat Myotis velifer 4.4c Kunz et al.,1995 

Primate 
(Lemuridae) 

Brown lemur Eulemur fulvus 8.5 c Tilden & Oftedal, 
1997 

Primate 
(Cercopithecidae) 

Rhesus 
macaque 

Macaca mulatta 7.9 c Lönnerdal et al., 
1984 

Primate 
(Hominidae) 

Human Homo sapiens 7.0 d Jenness, 1974 

Carnivora 
(Canidae) 

Domestic 
dog 

Canis familiaris 3.8 Oftedal, 1984 

Carnivora 
(Ursidae) 

Brown bear Ursus arctus 2.2 Jenness, 
Erickson, & 
Craighead, 1972 
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Carnivora (Phocidae) Hooded seal Cystophora 
cristata 

1.0 Oftedal, Boness, 
& Bowen, 1988 

Carnivora (Phocidae) Grey seal Halischoerus 
grypus 

- Iverson et al., 
1993 

Carnivora (Phocidae) Harp seal Phoca 
groenlandica 

0.8 Oftedal, 1995 

Artiodactyla 
(Delphinidae) 

Bottlenose 
dolphin 

Tursiops truncatus 1.1 Jenness, 1974 

Perissodactyla 
(Equidae) 

Ass Equus asinus 5.9 Oftedal & 
Jenness, 1988 

Perissodactyla 
(Equidae) 

Przewalski 
horse 

Equus przewalskii 6.7 Oftedal & 
Jenness, 1988 

Proboscidea 
(Elephantidae) 

Asian 
elephant 

Elephas maximus 4.7 Jenness, 1974 

Artiodactyla 
(Cervidae) 

Reindeer Rangifer tarandus 3.4 (Luick et al., 
1974 

Artiodactyla 
(Camelidae) 

Bactrian 
camel 

Camelus 
bactrianus 

4.5 Konuspayeva, 
Faye, & 
Loiseau, 2009 

Artiodactyla 
Bovidae 

Cow Bos taurus 4.8 Jenness, 1974 

Artiodactyla 
(Suidae) 

Pig Sus scrofa 5.5 Jenness, 1974 

Artiodactyla 
(Bovidae) 

Dall sheep Ovis dalli 5.3 Cook et al., 1970 

Artiodactyla 
(Bovidae) 

Rocky 
mountain 
goat 

Oreamnos 
americanus 

4.5 Carl & Robbins, 
1988 

Artiodactyla 
(Bovidae) 

Water buffalo Bubalus bubalis 4.8 Jenness, 1974 

*Lactose values that also include other sugars are noted. 
aTotal sugars, principally the oligosaccharide sialyllactose with the monosaccharide hexose; 
bTotal sugars, mainly the oligosaccharide difucosyllactose and hexose; 
cTotal sugars, mostly lactose with a small oligosaccharide component; 
dLactose concentration in human milk is 70 grams per litre (g/l) with oligosaccharides 12.9 
g/l.  

The presence of lactose, albeit in varying concentrations, in all three mammalian 
infraclasses provides evidence that lactose in milk most likely evolved before their 
common ancestor, rather than arising independently on at least two separate 
occasions. It has been hypothesized that milk secretion may have its origins in 
the reproductive strategies of synapsids (sometimes described as mammal-like 
reptiles), a branch which diverged from sauropsids about 325 million ya and are 
the direct ancestors of mammals (Oftedal, 2002a; Oftedal, 2002b) (See Figure 
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A.1). During the Triassic period some 250 – 210 million ya milk secretion and 
lactation may have evolved in within cynodonts (therapsids), a class ancestral to 
mammals (Oftedal, 2002a). About 200 million ya, in the Late Triassic period, milk 
secretion and lactation may also have been established in mammaliaformes with 
oligosaccharides as the predominant carbohydrate in these early milks (See 
below for the biochemical explanation of why oligosaccharides predate lactose 
as the dominant milk sugar.  

Oftedal (2002a) hypothesized that the mammary gland evolved from apocrine-
like glands, which are typically found near hair follicles. These glands would have 
secreted fluids absorbed by the porous parchment shells of egg-laying synapsids. 
Oftedal (2002b) further argued that these secretions would have prevented 
dehydration and protected against microbial infection in the eggs, gradually 
becoming more nutrient dense over time, alongside a decrease in egg size 
(Oftedal, 2002a; Oftedal, 2002b). Milk oligosaccharides have anti-microbial 
properties in addition to contributing as an energy source in these ancestral 
species (Messer & Urashima, 2002).  

Biochemical investigations by Vorbach et al. (2006) further support the view that 
early milk secretions played an antimicrobial and/or anti-inflammatory role, with 
nutrition being a minor or later adaptation. Noting that xanthine oxioreductase 
and lysozyme are antimicrobial enzymes that are also involved in milk 
carbohydrate synthesis, Vorbach et al. (2006) argued that milk first evolved in 
therapsids as part of the innate immune system. The α-lactalbumin molecule, 
which is found in whey protein, catalyses lactose synthesis in addition to its role 
in the immune system. Based on Vorbach et al.’s (2006) observation of 40% 
identity of the amino acid sequence of lysozyme and α-lactalbumin, they 
hypothesized that a lysozyme gene duplication event generated the precursor 
from which the α-lactalbumin gene was derived. Blackburn, Hayssen and Murphy 
(1989) noted that the biochemical similarities between lysozyme and α-
lactalbumin had been identified in the 1960’s but only recently has the 
evolutionary impact of these findings been highlighted (Blackburn et al., 1989). 
As α-lactalbumin is found only in mammals, but lysozyme is found more widely 
in animals, it is likely that α-lactalbumin was derived from lysozyme (Messer & 
Urashima, 2002).  

Lactose synthase is an enzyme complex of the milk protein α-lactalbumin and 
β4galactosyltransferase. Lactose synthase catalyses the transgalactosylation of 
UDP-Gal (donor) and glucose (acceptor) to synthesize the disaccharide (See 
Figure A.2). Like lactose (Gal(β 1-4)Glc) itself, α-lactalbumin is only found in the 
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mammary glands and milk, and becomes the rate-limiting factor in lactose 
biosynthesis, whereas β4galactosyltransferase is found in many other tissues. 
When no α-lactalbumin is present, β4galactosyltransferase synthesizes N-
acetyllactosamine (Gal(β 1-4)GlcNAc) by transferring galactose UDP-Gal to non-
reducing N-acetylglucosamine (GlcNAc) residues in glycoconjugates, where N-
acetylglucosamine, a monosaccharide glucose derivative, is a component in 
glycoprotein synthesis. However, in the presence of α-lactalbumin 
β4galactosyltransferase changes its preferred acceptor to glucose and thereby 
synthesizes lactose. This preferred biochemical pathway helps to explain why 
lactose synthesis only occurs in mammals.  

  
Figure A.2 Lactose synthesis (adapted from Blackburn, Hayssen and Murphy, 1989) 

N-acetyllactosamine, as the precursor of milk oligosaccharides, can provide 
unique insights into the evolutionary history of mammals and the complexities of 
milk itself. As mentioned before, lactose and milk oligosaccharides probably 
evolved as components of the protolacteal secretions in the early mammary 
glands of ancestral therapsids. This may have occurred perhaps some 200 
million ya as part of the developing innate immune system. These protolacteal 
fluids would likely have principally contained proteins and lipids, with 
carbohydrates as a later adaptation. Within the primitive mammary glands of 
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ancestral species, many of the glycosyltransferases seen today in extant 
mammals were also probably present, as these enzymes are required for basic 
cell metabolism and maintenance. When α-lactalbumin, derived from lysozyme, 
initially appeared in the primitive mammalian glands, lactose would have been 
synthesized at low levels, and in turn the glycosyltransferases would have 
catalyzed the conversion of lactose into milk oligosaccharides by adding 
monosaccharides onto lactose. The hypothesized early role of oligosaccharides 
in milk was to provide offspring with antimicrobial defenses and immunity, and 
oligosaccharides feature in the milk of almost all mammals, but are in higher 
concentrations in monotremes, marsupials and a few exceptions among 
eutherians (e.g. Canoids).  

As the concentration of α-lactalbumin within mammary glands increased over 
time, this would allow for a higher concentration of oligosaccharides in milk. In 
monotreme and marsupial milks, these oligosaccharides evolved a dual function 
of providing both immunological and nutritional benefits. Today, monotreme milk 
oligosaccharides contains fucose bound to a base of lacto-N-neotetraose or 
lacto-N-neohexaose varying from 0.2 – 0.9%, far in excess of glycoprotein 
requirements, suggesting that fucose provides an energy source for suckling 
monotremes. While intestinal lactase is absent in neonate monotremes, it is 
hypothesized that the oligosaccharides are transported by pinocytosis or 
endocytosis into the lysosomes and supranuclear vacuoles of enterocytes by 
lysosomal glycosidases including β-galactosidase, α-fucosidase and 
neuraminidase (Urashima et al., 2001). Similarly, metatherian oligosaccharides 
vary in concentration from 1-13% during the longer periods of lactation, with 
bound lactose at the reducing ends of those oligosaccharides (mainly galactosyl 
saccharides and derivatives). Energy is provided to suckling neonates via 
lysosomal acid β-galactosidase hydrolysing milk oligosaccharides into 
monosaccharides which are absorbed in the small intestine (Urashima et al., 
2001).  

Most eutherian milks, by contrast, are dominated by lactose, with 
oligosaccharides present in lower concentrations. The faster synthesis of lactose 
probably led to its increased concentration in early eutherian milks whilst also 
providing a more accessible energy source, but oligosaccharides were retained, 
possibly for their role in protecting neonates from pathogens (Andersson et al., 
1986; Cravioto et al., 1991; Meurant, 1995; Newburg, 2000; Urashima et al., 
2001), and as possible prebiotics (i.e. substances that encourage the growth of 
beneficial microorganisms. Whereas in monotremes and marsupials, the 
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dominant milk oligosaccharides served a dual role, in eutherians, these milk 
carbohydrates diverged and specialized in their roles, with oligosaccharides 
providing microbial protection and possibly contributing nutrients required for 
postnatal brain growth and development (Carlson, 1985; Kunz et al., 2000) with 
lactose principally supplying energy in the form of glucose, and galactose 
possibly being involved in postnatal cognitive development (Coelho, Berry, & 
Rubio-Gozalbo, 2015; Newburg & Neubauer, 1995). Unlike monotremes and 
marsupials, eutherians have not evolved a system of pinocytosis or endocytosis 
where oligosaccharides can be transported into the lysosomes and supranuclear 
vacuoles of enterocytes for hydrolysis.  

One further hypothesized selective advantage of lactose over milk 
oligosaccharides may be the dual roles of its component monosaccharides: 
glucose and galactose. Lactose is cleaved by the enzyme lactase-phlorizin 
hydrolase, a β-galactosidase, into glucose and galactose in the brush border of 
the small intestine. Both glucose and galactose are then actively transported 
across the epithelial cell membrane by the sodium-glucose linked co-transporter 
SGLT1, and across the proximal nephron tubule by SGLT2. The uni-transporters 
GLUT1 and GLUT2 then transport glucose across plasma membranes in the 
intestine and kidneys. Renal glucose is reabsorbed into the blood and carried to 
the liver. In the liver, excess glucose is converted to glycogen and galactose can 
be converted into glucose via the Leloir pathway. However, as well as galacto-
oligosaccharides, some galactose also passes into the colon where it may act as 
a prebiotic, contributing to the growth and maintenance of a healthy gut 
microbiome, including bacteria such as bifidobacteria and lactobacilli which in 
turn confer a benefit to the host (Cederlund et al., 2013; Coelho et al., 2015; 
Gibson et al., 2017; Macfarlane & Cummings, 1999).  

While the extent to which galactose maintains healthy gut microbiota requires 
further investigations, it is possible that evolutionary adaptation has favoured 
lactose two-fold: Lactose is preferred over oligosaccharides in eutherians for 
providing energy to neonates while oligosaccharides are maintained for their 
antimicrobial and neurodevelopmental roles, and from lactose digestion itself, in 
which glucose supplies the dominant energy source while galactose may both 
provide energy (via the Leloir pathway) and be involved in maintaining a 
favourable gut flora (Coelho et al., 2015). This may provide some explanation for 
the observed differences in lactose and oligosaccharide concentrations between 
eutherians, marsupials and monotremes. Marsupials and monotremes may be 
transporting oligosaccharides across membranes through pinocytosis and/or 
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endocytosis to initiate hydrolysis, hence the higher concentrations of 
oligosaccharides in these infraclasses. It also may explain the maintenance of 
oligosaccharides in eutherian milks, despite the majority of energy being derived 
from lactose and the inability of eutherians to hydrolyse these complex 
carbohydrates, as these oligosaccharides play a role in supporting the developing 
microbiome through fermentation in the lower gut.  

A.5 Dietary shifts in human prehistory 

When considering lactose from an evolutionary perspective, most studies are 
concerned not with its deep prehistory, reaching back some 300 million years, 
during which time lactation and lactose production evolved in mammals and 
mammalian ancestors, but rather focus on recent developments in human dietary 
prehistory, when milk became an integral part of the subsistence strategy for 
some human populations.  The regular consumption of milk and/or dairy products 
in adulthood began some 9-10,000 ya; after the domestication of milkable 
animals in a period known as the Neolithic, when humans began a sedentary way 
of life, and started producing food rather than hunting and gathering it. The 
addition of milk and dairy products to the human diet had major consequences 
for culture, genetics, health, reproduction and survival rates.   

Before considering this Neolithic shift in human diets, which included the 
introduction of dairying and exogenous milk consumption, it is helpful to see these 
changes within the wider context of the major dietary shifts in human prehistory 
(See Figure A.3).  
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Figure A.3 Dietary shifts in human evolution and the likely effects on nutrition 

A.5.1 Lower Palaeolithic 

The Lower Palaeolithic spans from ~3.3 million to 300,000 ya, and is 
characterized by successive stone tool industries among our hominin ancestors 
and their close relatives: pre-Mode 1, or Lomekwian (dating to ~3.3 million ya), 
Mode 1, or Oldowan (starting ~2.6 million ya), and Mode 2, or Acheulean (starting 
~1.7 million ya). Prior to 2 million ya, the cranial capacity of our hominin ancestors 
was approximately 450 cm3 (Falk et al., 2000), and only started increasing 
systematically in the Homo lineage after this; modern human brains range from 
1,300-1,500 cm3. Thus, the development of stone tools seems to have preceded 
brain size increase. It has been argued that the use of stone tools, particularly 
from Mode 1 tools onwards, led to critical changes in diet that permitted the 
evolution of increased brain size (Aiello & Wheeler, 1995). In particular, a shift 
from a diet rich in hard herbivorous foods to one rich in meat (probably scavenged 
rather than directly hunted in the early stages of stone tool use) would have 
provided the calories necessary to maintain an energetically expensive organ like 
a large brain. The addition of meat would also have provided a rich source of iron, 
protein, zinc, vitamins, and possibly other key nutrients such as long chain fatty 
acids, supplementing foraged diets of bulbs, corms and large seeds, with 
possible implications for reproductive capacity.  
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Another major innovation during the Lower Palaeolithic was the controlled use of 
fire and cooking. Cooking leads to a wide range of chemical and physical changes 
in food, but three factors have been argued to be particularly advantageous to 
our ancestors: (1) a reduction in the pathogen load of the ingested foods, 
particularly scavenged meats, (2) the tenderizing of meats leading to a decrease 
in required chewing time (Carmody & Wrangham, 2009; Wollstonecroft, 2011; 
Wollstonecroft et al., 2012; Wrangham & Carmody, 2010; Wrangham & Conklin-
Brittain, 2003), and (3) an increase in the digestibility of plant starches by a-
amylases (Hardy et al., 2015). However, dates for the widespread use of cooking 
range from 1.8 million ya, from evidence of charcoal in archaeological sites 
(Boback et al., 2007; Carmody & Wrangham, 2009; Wrangham & Carmody, 
2010; Wrangham & Conklin-Brittain, 2003; Wrangham et al., 1999) to 400,000 
ya, with the earliest direct evidence of a hearth, excavated at Qesem Cave in 
Israel (Shahack-Gross et al., 2014).  

Starches are polysaccharides made up of the linear glucose polymer amylose 
and the branched glucose polymer amylopectin, in various proportions. In their 
raw state most starches are highly crystalline and only poorly accessible to a-
amylases. However, cooking in the presence of water gelatinizes the helical 
amylose, leading to a disordered mix of amylose and amylopectin, which 
increases accessibility by a-amylases, resulting in increased starch hydrolysis 
and a dramatic increase in glucose yields from digestion (Butterworth, Warren, & 
Ellis, 2011; Cooke & Gidley, 1992; Xie et al., 2014). Interestingly, humans, unlike 
other hominids – including Neanderthals, chimpanzees and gorillas – have 
multiple copies and are copy number-variable for the salivary and, to a lesser 
extent, pancreatic amylase genes (Carpenter et al., 2015). Furthermore, salivary 
amylase gene copy number positively correlates with salivary amylase production 
in the mouth, and oral starch digestion rates (Mandel et al., 2010). This led Hardy 
et al. (2015) to propose that cooking, an increase in the consumption of starch-
rich plants, and the evolution of amylase gene copy number variation, led to a 
gene-culture co-evolutionary scenario that provided the additional free glucose 
necessary to permit further increase in human brain size over the last 800,000 
years. However, while an evolutionary relationship between starch-rich food 
consumption, cooking, salivary amylase gene copy number increase, and 
increased in human brain size, remains highly plausible, a recent study estimated 
a more recent date for the origins of salivary amylase gene copy number 
variation; around 450,000 ya (Inchley et al., 2016). This more recent date is 
certainly more consistent with secure archaeological evidence of cooking, and 
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also corresponds well with recent estimates of the timing of accelerated brain size 
increase in the human lineage (Dunbar, 2017). 

A.5.2 Middle Palaeolithic 

The Middle Palaeolithic, a period from ~300,000 – 50,000 ya, is noted for the 
emergence of anatomically modern human (AMH) about 300,000 ya (Bradshaw, 
1997; Hublin et al., 2017), as well as the emergence of Neanderthal material 
culture in western Eurasia. The fossil record of these early AMH provides 
evidence of phenotypic diversity similar to the range of diversity seen in modern 
humans today (Bradshaw, 1997). With the continued range expansion out of 
Africa during this period, particularly during the interglacial period ~100,000 ya 
(Watson, 2009), new foods would have been incorporated into to diets as small 
bands of hunter-gatherers exploited local food resources in new ecologies. 

A.5.3 Upper Palaeolithic 

The Upper Palaeolithic, often termed the Late Stone Age in an African context, 
from 50,000 to 15,000 ya, was characterized by further range expansion together 
with new hunting and food processing technologies. This period is associated 
with increasing dietary breadth, as novel food sources were encountered in newly 
colonized regions, with the use of new materials, including bone, antler, shell, 
ivory, the development of new hunting technologies including microliths, fine 
bone needles, harpoons, spears and projectiles, and the appearance of food 
pounding and other processing tools (Ambrose, 2001; Powell, Shennan, & 
Thomas, 2009). A shift to smaller and lower ranking prey is also noted in the 
archaeological record (Stiner et al., 1999). Fishing nets and fine spears are also 
associated with this period, and along with stable isotope data from human 
bones, provide evidence of increased aquatic foods in the human diet (Richards 
& Hedges, 1999).  

A.5.4 Neolithic 

The Neolithic transition first occurs around 12,000 ya in southwestern Asia and 
is associated with a rapid change in diet and lifestyle as humans transitioned from 
living in small and mobile hunter gatherer bands to living in sedentary 
communities. During this transition, human ecology fundamentally changed; from 
being food-seeking to food-producing (Bocquet-Appel & Bar-Yosef, 2008; Fuller, 
2007; Zeder, 2008). The Neolithic is associated with an increased reliance on 
cereals and other grains, with a concomitant reduction in diet breadth but an 
increase in and more regular supply of carbohydrate. This has been proposed to 
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have led to increased fertility whereby, with the introduction of farming, the total 
fertility increased by two births per female; attributable to a reduction of birth 
interval with more energy in the diet from high-calorie foods – quickening the 
return of the maternal postpartum energy balance. In addition, sedentary 
lifestyles may have added an energy gain from mothers not carrying infants while 
foraging, which was required in pre-agrarian hunter-gatherer societies (Bocquet-
Appel, 2011). However, the Neolithic transition is also associated with a decrease 
in long-term health (Frayer, 1980; Macintosh, Pinhasi, & Stock, 2016; Stiner, 
2001). It has been estimated that foraged foods, fruits and vegetables made up 
only 20% of the total calorific intake during the Neolithic, with grains and cereals 
providing the majority of calories (Eaton, Eaton III, & Cordain, 2002). As a result, 
the presumed decreased intake of vitamins, minerals and micro-nutrients has 
been proposed to have led to a decline in health, as inferred from as stature and 
bone deformities, and increased susceptibility to pathogens (Armelagos & 
Cohen, 1984; Molleson, 1994; Mummert et al., 2011). However, this increased 
reliance on cereals and other grains in the Neolithic needs to be understood in a 
wider context. Starch-rich roots, tubers and underground storage organs may 
have contributed to the human diet to a greater extent over the last 400,000 years 
than previously thought (Dunbar, 2017; Hardy et al., 2015; Inchley et al., 2016). 
Thus the reduced health status of Early Neolithic farmers may be a result not of 
an increase in dietary carbohydrate but because the particular carbohydrate 
sources were less diverse and micronutrient-balanced. 

A.6 Domestication of plants and animals leading to dairying  

Neolithization is a complex process of cultural, economic and technological 
change which encompassed fundamental shifts in subsistence. These changes 
included an increasingly sedentary way of life, adherence to some form of 
property rights (Gallagher, Shennan, & Thomas, 2015), the domestication of 
plants and animals, the introduction of pottery, specialization of labour, inequality, 
growth of proto-urban societies and population growth (Bocquet-Appel, 2011; 
Diamond, 2002; Leonardi et al., 2012; MacHugh, Larson, & Orlando, 2017; 
Richards, 2002). Domestication is the process of adaptive breeding of plants or 
animals for human use. The process of plant and animal domestication began 
approximately 12,000 ya in southwestern Asia and also arose later, but 
presumably independently in parts of China and Mesoamerica (Asouti & Fuller, 
2013; Diamond, 2002; Fuller, Willcox, & Allaby, 2011; Zeder, 2015). Animal 
domestication led to the introduction of lactose into adult human diets. Milk and 
dairy products, principally from domesticated goats, sheep and cattle, may have 
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been important as supplements to the energy-dense but micronutrient-limited 
grain-based diets during the Neolithic (Leonardi et al., 2012; O'Brien & Bentley, 
2015).  

A.6.1 Plant domestication 

Early cultivation, leading to the domestication of ancient wheats, barleys, lentils 
and oats, has been inferred for at least ten sites from the southern and northern 
Levant as early as ~12,000 ya (Bar-Yosef & Meadow, 1995; Colledge, 2001; 
Edwards, Meadows, Sayej, & Westaway, 2004; Fuller et al., 2011; Weiss, Kislev, 
& Hartmann, 2006). Further work in this region suggests that as many as twenty-
four centres may have contributed to this multi-regional process of harnessing 
and selecting plants for human consumption (Purugganan & Fuller, 2009). This 
points to multiple origins of plant cultivation and domestication in southwestern 
Asia, and is consistent with the high genetic differentiation found among humans 
in the region from Early Neolithic ancient DNA data (Broushaki et al., 2016; 
Hofmanová et al., 2016; Lazaridis et al., 2016). A similar pattern is observed in 
China and Southeast Asia, with a diffuse process of cultivation of rice (japonica) 
from ~ 8,000 ya, and also Chinese millet in northern sites and eastern inner 
Mongolia at about the same time or earlier than rice (Bettinger, Barton, & Morgan, 
2010; Fuller et al., 2010). Other regions of plant domestication include Ethiopia, 
West Africa, Sahel (the area between the Sahara and the Sudan Savannah), the 
eastern United States, Mesoamerica, the Andes/Amazonia and Papua New 
Guinea (Diamond, 2002). As early farmers selected wild plants for desirable traits 
(larger, non-shattering seeds to maximize harvesting yields, timing of ripening), 
the investment of time and labor required to manage those plants increased. With 
management it became possible to rely on cultivated and ultimately domesticated 
cereals and crops.   

A.6.2 Animal domestication 

Evidence of early plant domestication in southwestern Asia extends back to 
~12,000 ya; animal domestication occurred at a similar time or shortly after (Bar-
Yosef & Meadow, 1995; MacHugh et al., 2017), although some wild herd 
management may have occurred earlier, particularly of goats. The only known 
exception to this is domesticated dog (Canis lupus familiaris), which was probably 
domesticated from grey wolves (Canis lupus) before the earliest crops (Larson et 
al., 2012). With the domestication of several key animals, principally goats, 
sheep, pigs and cattle, human subsistence changed fundamentally (Makarewicz 
& Tuross, 2012). It has been argued that early domestic animals were initially 
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exploited for meat, hide and bone. These ‘primary products’ were resources that 
could be obtained only after slaughter. However, domesticated animals could 
also be exploited for their ‘secondary products’ while the animal was living, such 
as milk, wool and traction. Andrew Sherratt’s work on the ‘Secondary Products 
Revolution’ posited that utilization of these resources occurred later in the 
Neolithic, and that animals were originally domesticated for their primary products 
(Sherratt, 1981). However, there is a growing body of evidence to support a 
revision of Sherratt’s theory. While domesticated animals in the early Neolithic 
were exploited for their primary products, the widespread use of their secondary 
products – particularly milk – followed immediately or very soon after (Evershed 
et al., 2008; Makarewicz & Tuross, 2012; Vigne & Helmer, 2007).  

The domesticates providing milk in the early Neolithic are goats, sheep and cattle. 
Goat (Capra hircus) domestication began approximately 11,000 ya across a large 
region between the Taurus and Zagros Mountains (Makarewicz & Tuross, 2012; 
Zeder, 2008; Zeder & Hesse, 2000). Sheep (Ovis aries) were domesticated at 
about the same time as goats, overlapping in some of the Taurus Mountain range 
with goats (Zeder, 2008). The earliest evidence of cattle (Bos taurus) 
domestication has been found on Cyprus from approximately 10,500 years 
before present (Vigne et al., 2011) and in southwestern Asia within a few hundred 
years of this date (Bollongino et al., 2012; MacHugh et al., 2017). Pig (Sus scrofa) 
domestication began in a similar region approximately 10,500 ya (Helmer et al., 
2005). Within a thousand years, these early domesticates had spread out of their 
original domestication centres into nearby regions of the southwestern Asia. By 
8,400 ya, these domesticated animals had reached the Aegean and Balkan 
regions, transported by early farmers expanding into new territories (Hofmanová 
et al., 2016; Leonardi et al., 2012)(See Figure A.4).  

Over the next few thousand years domestic livestock spread into Central and 
Northern Europe alongside farming communities, reaching Britain by ~6,000 ya 
(Evershed et al., 2008; Richards, Schulting, & Hedges, 2003). Other land routes 
radiating out of the Fertile Crescent carried domesticated goats, sheep cattle and 
pigs through Iran into India and northwest into Russia. Within four thousand 
years, these milkable livestock were thriving throughout many parts of Eurasia.  
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Figure A.4 Approximate regions and dates of domestic livestock dispersal in calibrated 
years before present. Copyright (2008) National Academy of Sciences. (Zeder, M. A., 
2008). 

Other domesticated animals such as zebu cattle (Bos indicus), water buffalo and 
horses also provided milk. Genetic and archaeological data indicate an 
independent domestication of zebu cattle in the Indus Valley of northwest India 
approximately 8,000 ya. Zebu cattle from India also spread into east Africa, and 
today African cattle are a mixture of both Bos Taurus and Bos indicus, to varying 
degrees. The domesticated water buffalo is classed into two major categories, 
based broadly on phenotype and geographic distribution. The river water buffalo 
(Bubalus arnee bubalis) was domesticated approximately 5,000 ya (Kumar et al., 
2007) in India and the swamp water buffalo (Bubalus arnee carabanesis) a 
thousand years later in China (Yang et al., 2008) in an independent domestication 
event. Although some interbreeding between the river and swamp water buffalo 
has caused researchers to question the timing, mitochondrial genetic analyses 
currently support that these are two related sub-species (Kumar et al., 2007). 
Horses (Equus ferus caballus) may also have had several independent 
domestications, one of which occurred in the Eurasian steppe of northern 
Kazakhstan approximately 5,500 ya (Gaunitz et al., 2018; Outram et al., 2009). 
Other domesticates include llamas (Lama glama) and alpacas (Vicugna pacos). 
These camelids were domesticated approximately 6,000 ya in the Peruvian 
Andes (Kadwell et al., 2001). However, there is little or no evidence of the native 
pre-Columbian peoples exploiting camelids for milk until the Spaniards 
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introduced cows, sheep, goats and dairying practices to the indigenous 
populations in sixteenth century (Gade, 1999).   

A.7 Archaeological evidence of dairying and milk consumption 

The earliest evidence of dairying comes from Anatolia and the Levant and dates 
to approximately 9,000 ya in the form of milk lipids identified in pottery fragments 
(Evershed et al., 2008; Salque et al., 2013). At the time it is highly unlikely that 
LP was present at appreciable frequencies, if at all, so the consumption of fresh 
milk by adults may have been unfavourable. However, milk fermentation to 
produce yoghurt, butter fat and through further processing, cheese, leads to 
products with dramatically reduced lactose content, but that retain many of the 
nutrients of milk. In addition, fermentation, and in particular cheese making, would 
have increased the longevity and portability of milk products (Burger et al., 2007; 
Itan et al., 2009) as well as adding key nutrients to a diet that had decreased in 
breadth, as measured by the number of foods in the diet and the diversity of 
micro-nutrients in those food sources (Eaton et al., 2002; Stiner, 2001).  

A.7.1 Milk lipids recovered from fragments of pottery 

Within 1,500 years of the first goat, sheep and cattle domestications in the Fertile 
Crescent, there is direct evidence of dairy processing in pottery fragments from 
Anatolia, the Levant and Southeastern Europe (Evershed et al., 2008; Salque et 
al., 2013). As pottery surfaces are irregular and to some extent porous, organic 
residues such as fats and proteins can become embedded in the uneven interior 
surfaces. Using gas chromatography to separate out different fatty acids (mainly 
C16:0 and C18:0), and coupled mass spectrometry to examine stable carbon 
isotope ratios (principally 13C and 12C), it is possible to determine whether the 
lipid residues are ruminant adipose, non-ruminant adipose or ruminant dairy in 
origin. These differences are mainly due to different fatty acid compositions of 
various fat sources and differential fractionation of stable carbon isotopes in the 
metabolic processes leading to fatty acid synthesis. Over 2,200 potsherds were 
examined to show that milk fats were the dominant residues (Evershed et al., 
2008). These analyses strongly indicate that Early Neolithic peoples in Anatolia, 
the Levant and Southeastern Europe were deriving nutritional benefit from 
livestock through dairying without having to slaughter the animals (Bogucki, 1984; 
Salque et al., 2013).  

Early evidence of dairying was not confined to Anatolia, the Levant and 
Southeastern Europe. Farming and milkable animals reached Northern Europe 
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by around 7,500 ya, and similar methods to those described above have provided 
evidence of milk processing and cheese making in these populations. 
Interestingly, Early Neolithic ceramics from two sites in the Kuyavia region of 
Poland that were pierced with small holes – which have been interpreted as 
cheese strainers or sieves used to separate the semi-solid milk curds from the 
liquid whey – also yielded clear evidence of milk fats (Salque et al., 2013). 
Carcass fats were not identified on the majority of these sieves, indicating 
specialization of ceramics for specific dairy processing (See Figure A.5). 

 
Figure A.5 An example of a ceramic pot with perforations, possibly used in milk 
processing (Photo credit Walker, C. – from author’s own collection, Lluc Sanctuary 
Museum, Mallorca, 2017). 

Further archaeological investigations of early European Neolithic sites in present-
day Romania and Hungary dating from 7,900 – 7,500 ya provide evidence of the 
spread of agro-pastoralism northward into Europe, with dairying practices 
confirmed by milk lipids in potsherds (Craig et al., 2005). Ceramic fragments from 
two sites in the Danube riverine basin contained ruminant dairy fats. 
Investigations of the faunal remains from these sites revealed that domesticated 
sheep and goats dominated, with domestic cattle also present. Also of note was 
the presence of wild ungulates, suggesting that these early agro-pastoral cultures 
exploited domesticated animals for secondary products such as milk, wool and 
traction but also relied to some extent on wild animals for supplementary meat 
consumption (Craig et al., 2005).   
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From potsherd lipid analyses, it is possible to infer the timing of dairying and 
estimate when dairy products featured in the human diet. Archaeological 
investigations of beakers, rather than fragments of larger vessels, have provided 
evidence that these cups contained fresh milk (Heron et al., 2015). The Rzucewo 
Culture, which inhabited the site of Nida in Lithuania from approximately 5,200 – 
4,400 ya, produced Corded Ware beakers. Dairy residues have been found in 
some of these and beakers, implying that fresh, rather than processed, milk was 
being consumed by this culture more than 5,000 ya.    

Analyses of 437 pottery fragments from six Neolithic sites across southern 
England identified ruminant dairy fats in 26% of the sherds, as well as carcass 
fats, but also that size of the pot correlated with its use (Copley et al., 2005b; 
Copley et al., 2003; Copley et al., 2005a). Smaller pots, with a mean diameter of 
172mm, were associated with dairy processing whereas the larger pots, with a 
mean diameter of 207mm, were more likely to contain carcass fats. Experimental 
investigations of the different degradation profiles of milk fats versus butter fats 
were conducted by burying milk and butter infused pottery sherds. Over time, the 
triacylglycerol (TAG) profile in the milk sherds were degraded by soil 
microorganisms and leaching, leaving only trace fatty acids, possibly accelerated 
by the presence of proteins and carbohydrates in addition to fats. By comparison, 
the butter impregnated sherds, with an absence of protein and carbohydrates to 
encourage the proliferation of soil microbes, retained a higher proportion of 
TAGs. These findings helped researchers to conclude that the smaller pots, many 
with TAG residues, were most likely used in producing butter, not storing milk 
(Copley et al., 2005b) and provide evidence of milk processing in the British Isles 
very soon after the arrival of farming some 6,100 ya.  

In Ireland, further archaeological evidence of milk processing and butter-making 
has been found in peat bogs, in the form of buried caches of butter. Known as 
‘bog butter’, stores of this ancient milk product have been found in various 
locations, probably preserved as a consequence of the cool anaerobic conditions. 
It is unclear if the butter was buried for preservation, to improve the taste, or as 
part of a religious offering. The oldest ‘bog butter’ sample, from Tullamore, County 
Offaly, has recently been radiocarbon dated to 3,000 ya. Gas chromatography 
combustion isotope ratio mass spectrometry investigations (GC-C-IRMS) of 
similarly aged Scottish samples confirmed the presence of dairy fats (Berstan et 
al., 2004). Investigations of Irish Iron Age samples ranging from 2,400 – 1,950 ya 
buried in wooden casks revealed a content (94-100%) of predominantly milk fats, 
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with little adipose fats detected (Cronin et al., 2007). Thus most of the ‘bog butter’ 
finds are indeed dairy in origin, not stores of tallow and/or carcass fats.  

Evidence of dairying and dairy processing in the archaeological record is not 
confined to Europe. Excavations of mummies at Xiaohe, a Bronze Age cemetery 
in Xinjiang, China, provide the first direct evidence of kefir cheese making in 
Eastern Eurasia, and by extension the presence of cattle and caprine culture 
(Yang et al., 2014). Taklamakan mummies dating to ~3,800 ya were buried with 
necklaces decorated with triangular organic foods. Proteomic analyses indicate 
that these were cheeses made predominantly from bovine milk, with a few 
containing mixed milk proteins from cattle, sheep and goats. Furthermore, 
evidence of the presence of Lactobacillus sp. and various Saccharomycetaceae 
sp, but not of rennet, suggests the production of virtually lactose-free kefir cheese 
that did not require the slaughter of animals to obtain rennet for processing. Kefir 
cheese production uses a yeast and bacterial culture to curdle the ruminant milk 
into solids, whereas rennet cheeses ferment milk using stomach acid obtained 
from a slaughtered animal. In addition, consuming the liquid whey by-product 
would have provided a protein-rich drink with a potentially prebiotic effect 
maintaining a healthy and adaptive gut microbiome for these Taklamakan semi-
pastoralists (Yang et al., 2014). Lactoferrin and β-lactoglobulin in the whey 
protein have anti-microbial properties and possibly help regulate immune system 
function while α-lactalbumin, in binding to opioid receptors, may contribute to 
cardiovascular health (Beermann & Hartung, 2013). Producing kefir cheese, 
provided a portable and preserved food source with the added benefit of the liquid 
whey by-product containing additional nutrients and energy.  Whey consumption 
in the Neolithic with its possible prebiotic effects may have conferred additional 
health benefits to these early semi-pastoralists.  

In contrast to Neolithic Europe and Eurasia, where sedentism and plant and 
animal domesticates preceded widespread adoption of dairying, pastoralism 
emerged in Africa before domestic plants were prevalent (Dunne et al., 2012; 
Marshall & Hildebrand, 2002). While currently much of Saharan Africa is 
inhospitable for grazing and herding, during the African Humid Period starting 
10,000 ya, these lands would have been temperate, fertile and supportive of 
African pastoralists managing herds of domesticated animals (Ortiz et al., 2000). 
Archaeological evidence for cattle, sheep and goats dating to 8,000 ya in the 
Saharan savannas suggests that herds were being managed in this environment, 
and rock art depictions of cattle with full udders, and numerous drawings of cattle 
together with humans from Saharan sites such as Wadi Teshuinat II record 
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scenes of African pastoralism. While rock art is difficult to date accurately, 
potsherds from this same rock shelter have been examined for evidence of dairy 
lipids. These analyses found that more than 50% of the potsherds from the Middle 
Pastoral Period (from approximately 7,200 ya) contained dairy lipids (Dunne et 
al., 2012). Of particular interest is the absence of dairy lipids in the Early Pastoral 
Period (from approximately 8,300 ya). This may indicate a rapid intensification of 
milking and ‘secondary products’ use as the pastoral economy matured within 
one millennium. These potsherd analyses confirm that dairying and milk 
processing was widely practiced in Saharan Africa from ~7,000 ya, and that dairy 
products played a substantial role in the diet of these northern African 
pastoralists.  

A.8 Herd mortality profiles 

In addition to radiochemical identification of milk lipids in potsherds, it is also 
possible to infer the targets of herd management strategies (e.g. meat or dairy 
production) from the faunal remains from larger encampments and settlements 
(Helmer, Gourichon, & Vila, 2007; Vigne & Helmer, 2007). Using teeth eruption 
and wear patterns it is possible to estimate the age at death of each animal, and 
by constructing graphs based on age-at-death profiles, patterns emerge that are 
consistent with herd management principally to obtain meat, or dairy, or mixed 
productivity. In herds managed to provide meat, typically calves are slaughtered 
at an older age when they are fully or near-fully grown, to optimize meat yield. In 
a dairying herd, different culling strategies are practiced whereby a high 
proportion of calves are culled soon after birth – particularly male calves – to 
increase the milk yield available for human consumption. Vigne and Helmer 
(2007) examined 36 early Neolithic sites ranging from the Levant to the northwest 
Mediterranean. They reported that 30 of the 36 kill-off profiles were consistent 
with a mixed strategy for meat and milk exploitation for sheep and goats. 
Shillourokambos in southern Cyprus provides the earliest evidence of nascent 
milk exploitation; from ~10,500-10,000 ya, within a mixed meat/milk profile. 
Similarly, kill-off profiles from Çafer Hoyuk in Turkey dating to ~10,000 ya indicate 
early milk use, with Tell Halula in Syria exploiting sheep predominantly for milk. 
Milk from cattle also contributed to the diet in the early Neolithic, but because 
early domesticated cattle only lactated in the presence of a calf, kill-off profiles 
providing clear signals of milk herd management are more difficult to discern. 
However, Vigne and Helmer concluded that six of ten cattle kill-off profiles from 
early Neolithic sites provided evidence of mixed herd management. Examining 
cattle kill-off profiles from Tell Aswad in Syria, lower proportions of calves appear 
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to have been culled soon after birth in the early Neolithic, but these proportions 
increased over time, suggesting greater reliance on milk. Overall, herd mortality 
profiles, in conjunction with other archaeological evidence, provide insights not 
only into the timing of early dairying but also into regional differences of milk 
exploitation from goats, sheep and cattle.  

A.9 Direct archaeological evidence of milk consumption - dental calculus 

Dental calculus is a mineralized form of tooth plaque that has the potential to 
preserve organic molecules – including proteins and DNA – in archaeological 
remains. β-lactoglobulin is abundant in ruminant milk, but is not biosynthesized 
by humans in the oral cavity. Using tandem mass spectrometry on trypsin 
digested proteins, the presence of the whey protein β-lactoglobulin was identified 
in a range of western Eurasian dental calculus samples dating from the Bronze 
Age (~5,000 ya) onwards (Warinner et al., 2014). Thus, while lipid analysis of 
potsherds confirmed that milk was being processed over a wide geographic 
region, the presence of β-lactoglobulin in dental calculus provides direct evidence 
that milk and dairy products were being consumed. Species-specific β-
lactoglobulin identification is also possible in some circumstances, due to amino 
acid residue variation between sheep, goats, cattle and other milkable animals. 
One sample from Hungary was shown to contain milk proteins from cattle, sheep 
and goats whereas a sample from Russia contained only cattle proteins. 
However, while β-lactoglobulin peptides was not detected in some dental 
calculus samples, it should be noted that some dairy processing, including 
making cheeses and butter, removes the majority of β-lactoglobulin, whereas it 
remains high in soured milks, kefir, ricotta and whey (Warinner et al., 2014).  

A.10 Summary of archaeological data 

Archaeological data provides strong and consistent evidence that in western 
Eurasia, dairying began soon after animal domestication, and milk featured in the 
Neolithic diet from at least 9,000 ya. Potsherd lipid analysis indicates that milk 
was being processed into butter, cheese, yoghurts and soured milks as well as 
being consumed fresh, as seen in the Lithuanian Nida beakers. What remains 
unclear is why so many distinct cultures, spanning a range of geographic and 
climatic regions, began consuming milk products, and possibly fresh milk. 
Although they possessed the technology to ferment milk, not only preserving 
excess dairy product but also rendering it transportable, storable and more 
digestible by removing the majority of lactose, there is evidence that some of 
these cultures may have consumed fresh milk. Mapping the geographic and 
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temporal adoptions of dairying reveals a highly structured pattern of dairy 
consumption over a diverse landscape. What also remains unclear, given 
humans had already adapted culturally to consuming dairy by fermenting and/or 
processing the milk which reduced lactose to negligible levels, why did humans 
evolve LP as an adaptation to drinking fresh milk? 

A.11 Lactase persistence 

In infants, dietary lactose is digested in the brush border of the small intestine by 
the membrane-bound enzyme lactase-phlorizin hydrolase; the full name of the 
enzyme is often shortened to lactase. The two primary activities of lactase are 
the hydrolysis of lactose via b-galactosidase activity (Arribas et al., 2000; 
Swallow, 2003) and the hydrolysis of plant glucosides via b-glucosidase activity 
(Day et al., 2000; Jäger & Saaby, 2011). The enzyme lactase-phlorizin hydrolase 
is encoded by the lactase gene (LCT) located in humans on chromosome 2, 
position 21.3 (Harvey et al., 1993).  

In most mammals, LCT expression is down regulated sometime after weaning, 
leading to lower levels of lactase in the small intestine. In the absence of lactase, 
lactose will enter the colon where bacteria ferment it to produce short chain fatty 
acids (acetate, butyrate and propionate) as well as gasses (hydrogen, carbon 
dioxide and methane), potentially leading to flatulence and cramping. In addition, 
colonic lactose can have an osmotic effect resulting in reduced fluid absorption, 
and diarrhoea (Ingram et al., 2009a). These phenomena are described in more 
detail in Chapters 2 and 3. 

While LCT down regulation after weaning is seen in nearly all mammals and most 
humans, it is not the case for all humans. The phenotype of down-regulated LCT 
expression is known as lactase non-persistence (LNP) which is the ancestral 
state and the norm in most humans. However, some humans continue to express 
lactase at higher levels after weaning and into adulthood (Ingram et al., 2009a; 
Itan et al., 2010). LP (lactase persistence) is the best-known, and in many 
populations the strongest example of recent natural selection, convergent 
evolution and gene-culture co-evolution in humans. Within the past ~10,000 
years, not only has our culture adapted to the availability of milk from domestic 
animals, but also our biology has adapted to these changes.  

Currently about 35% of the world’s adult population is lactase persistent (Ingram 
et al., 2009a; Itan et al., 2010; Liebert et al., 2017). However, its distribution is 
highly structured, both globally, and in some cases, locally (See Figure A.6). 
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Around 90 to 97% of northern Europeans are lactase persistent, falling to 
between 44 and 84% in central Europe and 11 to 64% in southern and 
southeastern Europe (Ingram et al., 2009b; Itan et al., 2010). Relatively high 
frequencies of LP are observed in some northwestern Indian subcontinent 
populations while lower frequencies are found in southern and eastern India 
(Gallego Romero et al., 2011); Swallow & Hollox (2000). LP is relatively rare in 
east and Southeast Asian populations, as well as in indigenous Australasian, 
Oceanian and American populations. However, as the current American 
population is made up largely of immigrants over the past 500 years, the 
distribution of LP there is determined by the ancestry of the incoming population. 
Approximately 75% of Americans of northern European ancestry are LP whereas 
those of Mexican descent are 27% LP, Afrocaribbean ancestry under 20% LP 
and Native Americans about 1% LP (Swallow & Hollox, 2000). The LP distribution 
in New World countries will reflect the LP status of the immigrants who comprise 
the current population. 

 
Figure A.6 Interpolated map of the distribution of lactase persistence phenotype showing 
the distribution of lactose digesters. Areas in red and orange show the highest 
concentration of LP, correlating with dairying practice whereas areas in green and blue 
show regions where the majority of people do not digest lactose in adulthood (Itan et al., 
2010); Updated maps available from:  
https://www.ucl.ac.uk/mace-lab/resources/glad/LP_maps  

In Africa and the Middle East the distribution of LP is somewhat more 
complicated. While broad-level geographic patterns do exist with LP being found 
throughout eastern and northern Africa, and Arabia, it is often the case that large 
differences are observed between neighbouring populations. In these 
populations, ethnicity and subsistence strategy better explain the distribution of 
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LP than geography (Holden & Mace, 1997; Mulcare et al., 2004; Tishkoff et al., 
2007). In particular, high frequencies of LP, sometimes similar to those of 
northern Europeans, are observed within African and the Middle Eastern dairying 
or pastoralist populations, while lower frequencies are found in non-dairy 
agriculturalist and hunter-gatherer populations (Holden & Mace, 1997). For 
example, approximately 70% of the Bedouin (nomadic pastoralists) of Jordan are 
LP, whereas less than 20% of their neighbouring non-pastoralist Arab groups are. 
Similarly, over 70% of herders in the Sinai Desert are LP but only ~15% of nearby 
urban Egyptians are (Swallow, 2003). This high degree of structuring of LP at 
local levels is most likely due to a combination of differences in subsistence, 
differing population origins and limited gene flow between populations due to 
linguistic and other cultural barriers.  

A.11.1 Molecular basis of lactase persistence 

LP is an autosomal dominant genetic trait. Despite decades of research, there 
are still unanswered questions regarding its molecular basis and regulation.  
There are multiple genetic causes of lactase persistence with at least five alleles 
conferring LP, including: -13910*T, -13915*G, -13907*G, -14009*G, -14010*C 
(genome positions relative to the start codon of LCT)(See Figure A.7). These 
alleles are located within a one hundred base pair region, not in LCT itself but 
some 1,400bp upstream; within intron 13 of the adjacent gene MCM6 (mini-
chromosome maintenance 6) (Enattah et al., 2008; Ingram et al., 2009a; 
Ranciaro et al., 2014; Tishkoff et al., 2007). One further associated allele 
identified in intron 9 of MCM6 at position -22018*G is in strong linkage 
disequilibrium with -13910*T; the major European LP-associated allele. This 
single nucleotide polymorphism (SNP) is associated with LP and either is 
causative or perhaps enhances the expression of lactase, but has no effect on 
LP without -13910*T (Ranciaro et al., 2014). It is not uncommon in the human 
genome to find alterations near a gene, usually upstream, affecting transcription. 
These changes in the DNA sequence can affect whether a gene is transcribed 
and also the rate of transcription (synthesizing more or less of the associated 
mRNA). In the case of lactase, the five LP alleles are located in a regulatory 
region near the LCT promoter. Each allele causes lactase to continue to be 
expressed into adulthood, whereas the ancestral state is the down-regulation of 
this gene sometime after weaning. 
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Figure A.7 Schematic drawing of LCT and MCM6 genes with five known LP alleles  

While all five known causative LP variants are found in agropastoralist or 
pastoralist populations – like LP itself – their geographic distributions are highly 
structured.  The major Eurasian allele is -13910*T (Enattah et al., 2008; Gerbault 
et al., 2011; Itan et al., 2010; Mulcare et al., 2004; Ranciaro et al., 2014; Swallow, 
2003). Functional studies have confirmed -13910*T enhances lactase expression 
(Labrie et al., 2016; Lewinsky et al., 2005). The mechanism responsible for this 
increased lactase expression with this allele is enhanced rates of transcription of 
LCT. The -13910*T allele has been shown to directly affect LCT promoter activity 
with the octamer-binding protein 1 (Oct-1) transcription factor. Oct-1 binds more 
tightly to -13910*T. This results in higher levels of lactase in the small intestine. 
Oct-1 binds less tightly to the -13910*C allele, resulting in reduced rates of 
transcription and reduced lactase levels in the small intestine (Lewinsky et al., 
2005).  

More recent work has indicated that lactase expression can also be influenced 
by age-related differences in methylation patterns. Methylation can change the 
expression of a gene without changing the DNA sequence itself. It is a process 
by which a methyl group (CH3) covalently bonds, often to a cytosine base in the 
DNA, and slows or prevents transcription. This modification, particularly in 
promoter regions, can inhibit the transcription of a gene. The ancestral -13910*C 
allele accumulates more methylation over time and this correlates with 
suppressed transcription of LCT, whereas -13910*T remains largely 
unmethylated, and continued lactase expression is promoted. It has been 
hypothesized that epigenetic modification may contribute to the observed age-  
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Table A.2 Variation across human populations in the estimated age when lactase 
is down-regulated in LNP individuals* (See notes below table).  

Population Lactase Down-regulation 
Age 

Reference 

Chinese 1 - 5 years Sahi, 1994 
 7-8 years Yang et al., 2000 
Hong Kong Chinese 3-10 years Chang et al., 1987 
Japanese 1 - 5 years Sahi, 1994 
Taiwanese 2-6 years Chang et al., 1987 
 Thai By 5 years Wang et al., 1998 
 Under 12 months - 3 years Keusch et al., 1969  
Bangladesh 7 to 18 months - 3 years Brown et al., 1979 
African Between 1-8 years Northrop-Clewes, Lunn, & Downes, 

1997; Rasinperä et al., 2004 
Nigerian Yoruban Under 12 months - 4 years Kretchmer et al., 1971 
East African 
Baganda 

Some down-regulation 
observed from 1 week to 5 
months 

Cook, 1967 

Somalian 5-10 years Rasinperä et al., 2004 
Ugandan After 3 years Cook & Kajubi, 1966 
Sardinian 3-9 years Schirru et al., 2007 
Greek 
 

5-12 years 
 

Ladas, Katsiyiannaki-Latoufi, & 
Raptis, 1991  

Finnish 8-12 years Rasinperä et al., 2004 
Finnish & Estonian 8-12 years Sahi, 1994 
Israeli Jewish From 6.5 years Gilat et al., 1974 
Native American 1-5 years or later Bose & Welsh, 1973; Caskey et al., 

1977; Johnson et al., 1977 
American Black 
ancestry 

1-4 years Bayless et al., 1975 

 3-9 years Pribila, Hertzler, Martin, Weaver, & 
Savaiano, 2000 

 6-11 years Huang & Bayless, 1967 
American Mexican 
ancestry 

1-4 years Bayless et al., 1975 

American European 
ancestry 

5 years or later 
 

Bayless et al., 1975 

Mexican Under 4 – 13 years Rosado et al., 1994 
Notes: Some of the observed variation in timing may be attributable to different methods used to 
determine down-regulation. For example, studies use different methods to establish Lactase 
Persistence status and some studies did not test for infection which can affect lactose digestion. 
Future work systematically confirming these age estimates of down-regulation would contribute 
significantly to our understanding of these variations. 
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related reduced lactase expression levels (Labrie et al., 2016; Swallow & 
Troelsen, 2016). Epigenetic modifications, such as methylation, are heritable 
changes in gene expression, can occur in response to the environment including 
age, lifestyle, diet and environmental toxins. 

There is also variation in the patterns and timings of LCT down-regulation during 
or after weaning. In Finnish and Estonian populations down-regulation of lactase 
appears to occur relatively late (8-12 years old), whereas Chinese and Japanese 
children show evidence of reduced lactase levels as early as one year old, and 
some African infants under a year old may begin down-regulating lactase (See 
Table A.2 for timings of LCT down-regulation). The reduced ability to digest 
lactose correlates with lower levels of lactase mRNA (Rossi et al., 1997; Swallow, 
2003; Wang et al., 1994). However, whether this inter-population reduction in 
mRNA is driven by genetics or in response to environmental stimuli (including 
dietary change with weaning) has not yet been determined (Swallow, 2003). 
Methylation may partially explain lower mRNA levels in humans but it is unlikely 
that lactase levels fall in response to lower lactose intake and it may be that the 
timing simply coincides with weaning for other reasons. 

A.11.2 The distribution of LP alleles 

The -13910*T allele reaches its highest frequencies in British and Scandinavian 
populations (69 to 95%), then declines southwards and eastwards towards the 
Middle East (Ingram et al., 2009a; Itan et al., 2010). It is also the most common 
LP-associated allele amongst northern Indian herders and in southern Asia 
(Gallego Romero et al., 2011) and has also been observed in various northern, 
eastern and central Africa pastoralist populations (Bersaglieri et al., 2004; 
Enattah et al., 2008; Ingram et al., 2007; Ingram et al., 2009a; Jones et al., 2015; 
Jones et al., 2013; Mulcare et al., 2004; Myles et al., 2005; Tishkoff et al., 2007). 
A conserved haplotype background indicates that the -13910*T allele in Africa 
and southern Asia did not arise from an independent mutation event, but rather 
shares a common origin with European carriers, and probably came to those 
regions by migration  

Unlike most of Eurasia, where -13910*T is the main cause of LP, in Africa and 
the Middle East at least four additional alleles are associated with the trait. The -
14010*C allele has been observed in Tanzania, Kenya, and southern Africa 
(Liebert et al., 2017; Ranciaro et al., 2014). Interestingly, this allele is not only 
found in agropastoralist populations belonging to different language families 
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(Afroasiatic, Nilo-Saharan and Niger-Congo) but has also been observed in 
hunter-gatherer populations such as the South African San and Tanzanian 
Sandawe, although notably not in the neighbouring Hadza (Liebert et al., 2017; 
Ranciaro et al., 2014). The -14010*C allele haplotypic background is similar in 
eastern and southern Africa, again indicating a common origin, and it has been 
hypothesized that gene flow from East to South Africa is responsible for the 
appearance of this allele in San hunter-gatherers and Xhosa.  

While the -13915*G allele is often referred to as the Middle Eastern variant, where 
it probably arose and reaches frequencies as high as 72-88%, it is also found in 
east and north Africa (Imtiaz et al., 2007; Ranciaro et al., 2014). This allele has 
not been observed in western and southern African populations (Imtiaz et al., 
2007). Like the other African variants, the -13907*G allele distribution is highly 
structured (Liebert et al., 2017; Ranciaro et al., 2014). It is most common in 
Ethiopia and the horn of Africa, and is particularly associated with Cushitic-
speaking populations in Ethiopia, Sudan and Kenya, but has not been observed 
in Tanzania. The variant is also present in low frequency in Kenyan Nilo-Saharan 
speaking populations (Ranciaro et al., 2014). A recently identified functional 
allele, -14009*G, has been observed in Ethiopian, Somali and Sudanese 
populations (Ingram et al., 2009b; Jones et al., 2013; Liebert et al., 2017). Among 
the Beja herders of northern Sudan, the frequency of this variant is ~23.5%, 
although it is only 1.6% in the central Sudanese Baggara. This allele also appears 
at low frequency (~1.0%) in the Middle East (See Figure A.8). 
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Figure A.8 Interpolated contour maps showing the frequency distribution for the five LP 
associated alleles (Liebert et al., 2017). Updated maps available from 
https://www.ucl.ac.uk/mace-lab/resources/glad/LP_maps 

A.11.3 When did lactase persistence alleles arise? 

By measuring the extended haplotype homozygosity (EHH) of a genomic region 
surrounding an allele it is possible to estimate its age, and when this information 
is combined with present day frequencies, it is possible to test if positive natural 
selection has been acting (Sabeti et al., 2002). Under positive natural selection, 
beneficial traits that increase their carrier’s chances of survival and reproduction 
will increase in frequency in populations over time. The basic principle here is 
that while allele frequencies change through time by genetic drift (random 
changes in frequency from generation to generation), if an allele is relatively 
young but common in a population, such as the -13910*T allele, then it must have 
risen to high frequency quickly. If that rate of increase in frequency is greater than 
that expected under genetic drift alone, then positive natural selection can be 
invoked.  
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EHH patterns associated with the -13910*T allele have revealed conserved 
haplotypes in excess of 1Mb, much longer than haplotypes associated with the -
13910*C allele. Using these data the 13910*T was originally estimated to be 
between 2,188 and 20,650 years old (Bersaglieri et al., 2004). Haplotype-based 
investigations of the other LP-associated alleles yielded similar dates: -13915*G 
has been estimated to have arisen in Saudi Arabia 4,075 ya (2,050 to 6,100 95% 
CI) (Enattah et al., 2008) and age estimates of the -14010*C allele in Tanzanian 
Afro-Asiatic and Kenyan Nilo-Saharan populations are around 7,000 ya (2,000 to 
16,000 95% CI) (Tishkoff et al., 2007). However, it has been noted that the LCT 
gene region may have restricted rates of recombination – which would lead to 
elevated EHH and possibly to underestimates of the age of LP-associated alleles 
(Liebert et al., 2017). Nonetheless, these date estimates broadly bracket those 
for milkable animal domestication.  

Studies of DNA from archaeological bones in Europe indicate that while the 
13910*T variant may have originated before or after the origins of dairying, it did 
not rise to appreciable frequencies until somewhat later. Individuals carrying the 
-13910*T variant have been identified in Scandinavian hunter-gatherers from 
~5,400 to 3,400 ya with a population frequency estimation of 5% (Malmström et 
al., 2010). The variant has also been found in farming populations in northwest 
Spain from ~5,000 to 4,500 ya (Plantinga et al., 2012), although this has not been 
replicated and it has not yet been identified in other European farming 
populations from this period (Burger et al., 2007; Gerbault, 2013; Ségurel & Bon, 
2017; Sverrisdóttir et al., 2014). In recent years there has been a considerable 
increase in the amount of genomic data published from ancient Europeans, and 
while the patterns of -13910*T variant distribution in space and through time are 
not fully elucidated, it appears that it did not reach appreciable frequencies until 
the Bronze or Iron Ages (e.g. Mathieson et al., 2015). These data indicate that 
LP was not common until well-after milk and dairy foods entered the human diet.  

A.11.4 Strength of selection estimates 

The relatively recent and so rapid rise in frequency of LP-associated alleles is 
difficult to explain by genetic drift alone. Indeed, when these inferred rates of 
frequency increase are considered in the context of other variants in the genome, 
or expected rates of genetic drift, it appears that LP has been favoured by strong 
natural selection. The first formal estimates of the strength of selection – based 
on EHH – were 1.4 to 19% for the -13910*T allele in European populations 
(Bersaglieri et al., 2004) and 2.6 to 14.2% for the -14010*G allele in East African 
populations (Tishkoff et al., 2007). Subsequent estimates based on EHH (Enattah 
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et al., 2008), spatially explicit modelling (Gerbault etal., 2009; Itan et al., 2009), 
ancient DNA analyses (Burger et al., 2007; Mathieson et al., 2015; Sverrisdóttir 
et al., 2014), and by combining a range of population genetic statistics (Peter, 
Huerta-Sanchez, & Nielsen, 2012) have all fallen into these ranges, and now 
provide overwhelming evidence that LP is the most strongly selected single gene 
trait to have evolved in European and many Middle Eastern, Southern Asian and 
African populations over the last 10,000 years. By comparison, selection 
estimates on multiple alleles involved in skin, hair and eye pigmentation over a 
similar timescale were lower, with point estimates of between 2-10% (Wilde et 
al., 2014). A conservative LP selection coefficient estimate of 0.05 would mean 
that 5% more individuals carrying the LP variant would survive to reproduction in 
each generation. This 5% would have been compounded over generations, 
leading to the dramatic rises in frequencies observed.  

A.12 Positive selection favouring lactase persistence 

Considering the varied ecologies in which LP has evolved, it is unlikely that one 
single hypothesis explains the strong signatures of natural selection inferred 
across multiple regions. Rather than look for one unifying explanation, perhaps 
what is now required is a new framework for understanding the variation in 
selective pressures attributable to cultural and environmental differences. It may 
be possible to define a common set of hypotheses from which unique 
combinations explain the regional differences in distribution frequencies seen 
today. Searching for one unifying reason may over-simplify the complex 
processes of evolution of at least five separate LP alleles.  

A.12.1 The cultural-historical hypothesis 

The observed global pattern of lactase persistence positively correlates to 
dairying and milk consumption (Holden & Mace, 2009). This co-distribution 
unifies multiple LP-causative alleles with distinct geographical distributions into a 
single, coherent pattern. The cultural-historical hypothesis was proposed by two 
independent researchers in the early 1970’s, Simoons and McCracken, who 
noted that reliance on milk drinking in the diet would likely have created positive 
selective pressures for LP (McCracken, 1971; Simoons, 1969). This hypothesis 
is primarily concerned not with the specific advantages(s) of LP, but with when it 
evolved in relation to the origins of dairying. It posits that dairying came first, and 
the genetic response followed. In opposition to this, the reverse-cause hypothesis 
posits that LP arose first and dairying only followed in populations where LP was 
sufficiently high to confer a benefit (Bayless, Paige, & Ferry, 1971; Nei, 1986; 
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Simoons, 1970). In 2007, Joachim Burger and colleagues (Burger et al., 2007) 
examined DNA from the bones of early farmers in central Europe with clear 
archaeological evidence of dairying, and showed that the European -13910*T 
allele was either absent or present and very low frequencies. Indeed, not only 
were these early farmer populations most likely producing milk, but their 
ancestors for at least 1,500 years had also been doing so (Evershed et al., 2008; 
Salque et al., 2013). Subsequent ancient DNA studies have confirmed that -
13910*T frequencies remained very low until around 4,000 to 5,000 ya in Europe 
(Mathieson et al., 2015). These data overwhelmingly support the cultural-
historical model for the origins of LP In Europe, and similar analyses indicate the 
same scenario in Africa (Salque et al., 2013; Schlebusch et al., 2013) and 
southern Asia (Gallego Romero et al., 2011).  

The cultural-historical hypothesis can account for the distribution of LP in many 
European, African, Southern Asian and the Middle Eastern populations, but is 
difficult to reconcile with the low frequency of LP observed among nomadic 
herders of the Central Asian Steppe. The estimated LP frequency in the Mongols 
(~12%) and Kazakhs (24-30%) is lower than similar dairying populations in Africa. 
LP in these groups is mostly caused by the -13910*T allele. Based on haplotype 
structure surrounding the -13910*T allele, the variant is most likely to come to the 
Central Asian Steppe via gene flow from Europe (Gallego Romero et al., 2011). 
The amount of lactose in camel milk is similar to cow’s milk, so the differences in 
frequencies are unlikely attributable to lactose concentration (Ségurel & Bon, 
2017). However, these nomads differ significantly from Europeans and Africans 
in that they seldom drink fresh milk. They process milk into butter, yoghurts and 
cheeses to preserve it and make it more transportable; in the processing 
removing most of the lactose. In this regard, the cultural-historical hypothesis is 
best applied to groups drinking fresh milk, rather than dairying in general.   

LP individuals could derive up to 30% more calories from fresh milk by lactose 
digestion than by not being able to digest lactose (Brüssow, 2013), with the 
additional advantage of an absence of side effects such as diarrhoea, cramps 
and excessive colonic gasses. This up to 30% energetic benefit is unlikely to 
explain strong natural selection on LP alone, although susceptibility to the side 
effects may have prevented non-LP individuals from accessing the other 
beneficial nutrients in milk, such as fats, protein, vitamins and minerals. Indeed, 
milk is a highly nutrient-dense, nutrient-diverse, and relatively nutrient-balanced 
food, and these factors alone may explain the strong natural selection favouring 



Appendix A The Evolution of Lactose Digestion 

 404 

LP. However, a number of more specific advantages to drinking fresh milk, and 
therefore LP, have been proposed, and these are described below. 

A.12.2 Calcium assimilation hypothesis 

In Europe the distribution of LP is positively correlated with latitude. Noting this 
relationship, Flatz and Rottauwe (1973) proposed the calcium assimilation 
hypothesis, whereby milk provided an important source of calcium and to a lesser 
extent vitamin D in northern Europe. Mesolithic hunter-gatherer diets were high 
in aquatic resources, and so in vitamin D (Richards & Hedges, 1999). However, 
Neolithic cereal-based diets were relatively deficient in vitamin D, which is 
required for calcium absorption. In addition, wheat is high in phytate, which has 
been demonstrated to impair calcium absorption by chelation (Cordain, 1999). 
Vitamin D can be made in the skin by exposure to UVB light, which photoconverts 
7-dehydrocholesterol into cholecalciferol (vitamin D3). However, at higher 
latitudes, incident UVB levels are often too low for adequate vitamin D production 
(Jablonski & Chaplin, 2010), and without an adequate dietary source this can 
lead to rickets and cause pelvic flattening. It has been suggested that the 
resultant narrowing of the birth canal could have increased maternal mortality in 
childbirth (Cordain, Hickey, & Kim, 2012). Milk would have supplemented dietary 
vitamin D and provided calcium in agrarian diets of northern Europe. However, 
high levels of LP are observed in African and Middle Eastern groups, where UVB 
levels are high and so vitamin D biosynthesis sufficient. The calcium assimilation 
hypothesis thus may explain some of the LP distribution seen in northern Europe, 
but is unlikely to be relevant at lower latitudes.  

A.12.3 Climate aridity hypothesis 

The climate aridity hypothesis (Cook, 1978; Cook & Al-Torki, 1975) posits that 
fresh milk provided a source of relatively pathogen-free fluid, which would have 
been particularly advantageous in arid regions or times of drought. Non-LP 
individuals would suffer maldigestion and diarrhoea, exacerbating dehydration, 
with potentially fatal consequences. This hypothesis may explain the LP 
distribution in arid African and Middle Eastern regions, where dairy animals act 
like walking canteens. In Europe, the climate-aridity hypothesis is less relevant 
as severe drought is rare, but milk would still have provided a relatively pathogen-
free fluid, and perhaps a vital bridging food during intermittent crop failures.  

A.12.4 Famine diarrhoea hypothesis 



Appendix A The Evolution of Lactose Digestion 

 405 

In populations that depend on both dairying and agriculture, crop failure can be 
common. Under such circumstances milk or milk products can act as important 
fall-back foods. Dairy products would have had a range of lactose contents and 
it is possible that under famine conditions, the low lactose content products (e.g. 
cheeses) would have been consumed rapidly, leaving the higher lactose content 
foods to be consumed later. High lactose content foods would benefit 
malnourished LP individuals, but consumption by malnourished non-LP 
individuals could be catastrophic as diarrhoea can be fatal under starvation 
conditions. This would lead to episodic but very high selection differentials 
between LP and non-LP individuals (Ingram et al., 2009a; Sverrisdóttir et al., 
2014). 

A.12.5 Malaria resistance hypothesis  

Some have hypothesized that reliance on milk consumption confers protection 
against malarial symptoms by restricting p-aminobenzoic acid (PABA) 
availability; the suppression of malarial symptoms is abrogated when PABA is 
added to milk or PABA-deficient diets of infected animals (Cordain et al., 2012; 
Lokki et al., 2011). The Fulani are nomadic milk-drinking pastoralists found 
throughout West and central Africa. With 68% LP (Swallow, 2003) and lower 
levels of malarial infection than neighbouring non-pastorialist groups such as the 
Dogon (Bereczky et al., 2006), researchers investigated whether LP was 
associated with resistance to malaria. While the Fulani are less parasitized than 
neighbouring groups, the results were not statistically significant (Lokki et al., 
2011). Other studies of LP and malaria in Sardinia, where infection rates are 
moderate, have also concluded that LP does not seem to protect against malarial 
symptoms (Meloni et al., 1998). However, LP and lower rates of malaria correlate 
in West Africa, with no convincing cause yet identified.  

A.12.6 Phlorizin-digestion hypothesis 

The lactase gene (lactase phlorizin hydrolase) cleaves lactose into its component 
monosaccharides and also hydrolyses phlorizin as well as a number of other plant 
glycosides. Phlorizin is a glucoside found in the stems, roots and bark of plants 
in the Rosaceae family. These wide-ranging fruit trees include apple, cherry and 
pear and are found both in northern Europe and Africa where LP levels are high. 
The Hadza of Tanzania have no history of dairying or herding, and yet 47% of 
these hunter-gatherers are lactase persistent based on the results of lactose 
tolerance tests measuring blood glucose levels (Ranciaro et al., 2014). Genetic 
investigations have not found any of the five known LP variants in the Hadza, 
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suggesting the possibility that unknown LP variant(s) may exist in the Hadza or 
microbiome adaptations may ferment lactose to raise blood glucose levels. As 
phlorizin is used in traditional medicine to treat malaria and other infectious 
diseases, it is possible that the LP seen in the Hadza is in response to positive 
selective pressures to metabolize phlorizin, rather than lactose (Németh et al., 
2003; Ranciaro et al., 2014).  

A.12.7 Galactose microbiome health hypothesis 

In the early evolution of milk, oligosaccharides likely played a major role in 
antimicrobial protection, with milk carbohydrates acquiring a nutritional role later 
in the evolution of mammals. However, colostrum – which is very high in milk 
oligosaccharides – has retained some of that early function by providing immunity 
to new-borns (Brand Miller & McVeagh, 1999). Once cleaved, lactose yields 
glucose, which is rapidly absorbed, and galactose. While the majority of 
galactose is also absorbed in the small intestine and transported to the liver for 
conversion to glucose (and storage in the form of glycogen), some passes into 
the colon where it may feed certain colonic bacteria; possibly acting as a 
beneficial prebiotic (Cederlund et al., 2013; Gibson, 1998; Gibson et al., 2017; 
Macfarlane & Cummings, 1999; Wahlqvist, 2015). Recent studies also showed 
that galacto-oligosaccharides added to formula milk acted as a prebiotic in new-
borns by stimulating the growth of bifidobacteria and increased the intestinal 
metabolic activity of the microbiome (Knol et al., 2005) which may lend support 
to the role of galactose as a prebiotic. With increasing population density in the 
Neolithic and the resulting rise in infectious disease, the ability to cleave lactose 
into adulthood may have not only provided additional vital calories, but also 
played a life-long prebiotic role in maintaining a healthy gut microbiome. This 
hypothesis requires further examination. 

A.13 Conclusions 

At the timescale of the evolution of mammals some 150 million years ago, and 
on the more recent timescale of human evolution over the past ~10,000 years, 
lactose has been a key player. This simple and yet highly milk-specific 
disaccharide has had a strong influence on nutrition, immunity, and ultimately 
survival. Lactose digestion continues to capture public interest, yet despite 
considerable scientific research into its nutritional, health and evolutionary roles, 
there is still much to learn.  
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Milk has been, and continues to be, an integral part of mammalian evolution. The 
earliest milk-like secretions arose some 300 million years ago, with lactose 
gradually becoming the dominant carbohydrate in eutherians. Milk then entered 
the adult human diet some 10,000 years ago. Despite its long history, there 
remain many unanswered questions about the evolution of lactose and the 
human cultural and genetic adaptions to its consumption. While there are some 
fundamental, perhaps accidental, biochemical reasons why lactose became the 
preferential disaccharide from which the oligosaccharides in the earliest milks 
were synthesized, we have not fully answered the question of why lactose was 
favoured over other possible disaccharides. Other questions surrounding the 
timing and reasons for lactase down-regulation also merit further research; why 
do mammals down-regulate lactase during or after weaning, when the energetic 
costs of maintaining enzyme production are likely to be low? The extent to which 
environmental factors influence the genetic control of lactase persistence and the 
precise mechanism of this interaction also require further investigation.  

The current pattern of lactase persistence seen globally, with ~2.45 billion 
individuals able to digest lactose into adulthood, may well persist into the future 
in the absence of ongoing selective pressures. If food security challenges dietary 
sufficiency in some populations or geographic regions, it is possible that LP 
frequencies could be driven up in these areas. In the absence of selective 
pressures, it is unlikely that the allelic frequency will change much by drift alone, 
given the size of the world’s population. However, we may observe shifts in LP 
frequency. Because LP is a dominant trait, with the advent of global travel and 
increased mobility, admixture and gene flow could potentially lead to an increase 
in the numbers of LP individuals. This would occur by increasing the number of 
LP heterozygotes. As one allele produces sufficient lactase to hydrolyse lactose, 
it may be that through gene flow areas currently largely LNP may change over 
time.  

However, if there are benefits or costs to being lactase persistent in the current 
landscape (perhaps immunity related via galactose metabolism or toxin stress 
related via phlorizin digestion), then there may be selective pressures at work 
which have not yet been quantified. Selective pressures change over time and 
are seldom, if ever, uni-directional. The positive selective pressure that drove LP-
associated allelic frequencies up to those observed today are unlikely to still be 
acting, but that does not mean there are no selective pressures at work. Selection 
may be different, perhaps weaker, but probably not entirely absent.  
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What is apparent is that genetic diversity confers adaptive flexibility in the face of 
changing environments. Understanding the genetic mechanisms at work and 
their interactions with the environment – within the cell, within the organism, 
between organisms, and with their surroundings – is critical to our understanding 
of LP as a genetic adaptation that has impacted human culture, health and 
demography. In understanding the historical, cultural and biological factors that 
shaped our modern existence, we may better understand our adaptive flexibility 
in face of other, as yet unforeseen, challenges. Milk is the gift that keeps on 
giving. 

References 

Aiello, L. C., & Wheeler, P. (1995). The Expensive-Tissue Hypothesis - the Brain and the 
Digestive-System in Human and Primate Evolution. Current Anthropology, 36(2), 
199-221. doi:Doi 10.1086/204350 

Ambrose, S. H. (2001). Paleolithic technology and human evolution. Science, 291(5509), 
1748-1753.  

Andersson, B., Porras, O., Hanson, L. A., Lagergard, T., & Svanborg-Eden, C. (1986). 
Inhibition of attachment of Streptococcus pneumoniae and Haemophilus 
influenzae by human milk and receptor oligosaccharides. Journal of Infectious 
Dieases, 153(2), 232-237.  

Armelagos, G. J., & Cohen, M. N. (1984). Paleopathology at the Origins of Agriculture. 
Orlando, FL: Academic Press. 

Arribas, J. C., Herrero, A. G., Martin-Lomas, M., Canada, F. J., He, S., & Withers, S. G. 
(2000). Differential mechanism-based labeling and unequivocal activity 
assignment of the two active sites of intestinal lactase/phlorizin hydrolase. 
European Journal of Biochemistry, 267(24), 6996-7005.  

Asouti, E., & Fuller, D. Q. (2013). A Contextual Approach to the Emergence of Agriculture 
in Southwest Asia Reconstructing Early Neolithic Plant-Food Production. Current 
Anthropology, 54(3), 299-345. doi:10.1086/670679 

Bar-Yosef, O., & Meadow, R. H. (1995). The origins of agriculture in the Near East. In T. 
D. Price & A. B. Gerbauer (Eds.), Last Hunters, First Farmers: New perspectives 
on the prehistoric transition to agriculture (pp. 39-94). Sante Fe, NM: School of 
American Research Press. 

Bayless, T. M., Paige, D. M., & Ferry, G. D. (1971). Lactose intolerance and milk drinking 
habits. Gastroenterology, 60(4), 605-608.  



Appendix A The Evolution of Lactose Digestion 

 409 

Bayless, T. M., Rothfeld, B., Massa, C., Wise, L., Paige, D., & Bedine, M. S. (1975). 
Lactose and milk intolerance: clinical implications. New England Journal of 
Medicine, 292(22), 1156-1159. doi:10.1056/NEJM197505292922205 

Beermann, C., & Hartung, J. (2013). Physiological properties of milk ingredients released 
by fermentation. Food and Function, 4(2), 185-199. doi:10.1039/c2fo30153a 

Bereczky, S., Dolo, A., Maiga, B., Hayano, M., Granath, F., Montgomery, S. M., . . . 
Doumbo, O. (2006). Spleen enlargement and genetic diversity of Plasmodium 
falciparum infection in two ethnic groups with different malaria susceptibility in 
Mali, West Africa. Transactions of the Royal Society of Tropical Medicine and 
Hygiene, 100(3), 248-257.  

Bersaglieri, T., Sabeti, P. C., Patterson, N., Vanderploeg, T., Schaffner, S. F., Drake, J. 
A., . . . Hirschhorn, J. N. (2004). Genetic signatures of strong recent positive 
selection at the lactase gene. American Journal of Human Genetics, 74(6), 1111-
1120. doi:Doi 10.1086/421051 

Berstan, R., Dudd, S. N., Copley, M. S., Morgan, E. D., Quye, A., & Evershed, R. P. 
(2004). Characterisation of ‘bog butter’using a combination of molecular and 
isotopic techniques. Analyst, 129(3), 270-275.  

Bettinger, R. L., Barton, L., & Morgan, C. (2010). The origins of food production in north 
China: A different kind of agricultural revolution. Evolutionary Anthropology: 
Issues, News, and Reviews, 19(1), 9-21.  

Bininda-Emonds, O. R., Cardillo, M., Jones, K. E., MacPhee, R. D., Beck, R. M., Grenyer, 
R., . . . Purvis, A. (2007). The delayed rise of present-day mammals. Nature, 
446(7135), 507.  

Blackburn, D. G., Hayssen, V., & Murphy, C. J. (1989). The origins of lactation and the 
evolution of milk: a review with new hypotheses. Mammal Review, 19(1), 1-26.  

Boback, S. M., Cox, C. L., Ott, B. D., Carmody, R., Wrangham, R. W., & Secor, S. M. 
(2007). Cooking and grinding reduces the cost of meat digestion. Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 148(3), 
651-656.  

Bocquet-Appel, J.-P. (2011). When the world’s population took off: the springboard of 
the Neolithic Demographic Transition. Science, 333(6042), 560-561.  

Bocquet-Appel, J.-P., & Bar-Yosef, O. (2008). The Neolithic Demographic Transition and 
its Consequences: Springer Science & Business Media. 

Bogucki, P. I. (1984). Ceramic sieves of the Linear Pottery Culture and their economic 
implications. Oxford Journal of Archaeology, 3(1), 15-30.  

Bollongino, R., Burger, J., Powell, A., Mashkour, M., Vigne, J.-D., & Thomas, M. G. 
(2012). Modern taurine cattle descended from small number of Near-Eastern 
founders. Molecular Biology and Evolution, 29(9), 2101-2104.  

Bose, D., & Welsh, J. (1973). Lactose malabsorption in Oklahoma Indians. The American 
Journal of Clinical Nutrition, 26(12), 1320-1322.  

Bradshaw, J. L. (1997). Human Evolution: A neuropsychological perspective: 
Psychology Press. 



Appendix A The Evolution of Lactose Digestion 

 410 

Brand Miller, J., & McVeagh, P. (1999). Human milk oligosaccharides: 130 reasons to 
breast-feed. British Journal of Nutrition, 82(5), 333-335.  

Broushaki, F., Thomas, M. G., Link, V., López, S., van Dorp, L., Kirsanow, K., . . . Díez-
del-Molino, D. (2016). Early Neolithic genomes from the eastern Fertile Crescent. 
Science, 353(6298), 499-503.  

Brown, K. H., Parry, L., Khatun, M., & Ahmed, G. (1979). Lactose malabsorption in 
Bangladeshi village children: relation with age, history of recent diarrhea, 
nutritional status, and breast feeding. The American Journal of Clinical Nutrition, 
32(9), 1962-1969.  

Brüssow, H. (2013). Nutrition, population growth and disease: a short history of lactose. 
Environmental Microbiology, 15(8), 2154-2161.  

Burger, J., Kirchner, M., Bramanti, B., Haak, W., & Thomas, M. G. (2007). Absence of 
the lactase-persistence-associated allele in early Neolithic Europeans. 
Proceedings of the National Academy of Sciences, 104(10), 3736-3741.  

Butterworth, P. J., Warren, F. J., & Ellis, P. R. (2011). Human α‐amylase and starch 
digestion: An interesting marriage. Starch‐Stärke, 63(7), 395-405.  

Carl, G. R., & Robbins, C. T. (1988). The energetic cost of predator avoidance in 
neonatal ungulates: hiding versus following. Canadian Journal of Zoology, 66(1), 
239-246.  

Carlson, S. E. (1985). N-acetylneuraminic acid concentrations in human milk 
oligosaccharides and glycoproteins during lactation. The American Journal of 
Clinical Nutrition, 41(4), 720-726.  

Carmody, R. N., & Wrangham, R. W. (2009). The energetic significance of cooking. 
Journal of Human Evolution, 57(4), 379-391.  

Carpenter, D., Dhar, S., Mitchell, L. M., Fu, B., Tyson, J., Shwan, N. A., . . . Armour, J. 
A. (2015). Obesity, starch digestion and amylase: association between copy 
number variants at human salivary (AMY1) and pancreatic (AMY2) amylase 
genes. Human Molecular Genetics, 24(12), 3472-3480.  

Caskey, D., Payne-Bose, D., Welsh, J., Gearhart, H., Nance, M., & Morrison, R. (1977). 
Effects of age on lactose malabsorption in Oklahoma Native Americans as 
determined by breath H 2 analysis. Digestive Diseases and Sciences, 22(2), 113-
116.  

Cederlund, A., Kai-Larsen, Y., Printz, G., Yoshio, H., Alvelius, G., Lagercrantz, H., . . . 
Agerberth, B. (2013). Lactose in human breast milk an inducer of innate immunity 
with implications for a role in intestinal homeostasis. PloS One, 8(1), e53876.  

Chang, M.H., Hsu, H.Y., Chen, C.J., Lee, C.H., & Hsu, J.Y. (1987). Lactose 
Malabsorption and Small-intestinal Lactase in Normal Chinese Children. Journal 
of Pediatric Gastroenterology and Nutrition, 6(3), 369-372.  

Coelho, A. I., Berry, G. T., & Rubio-Gozalbo, M. E. (2015). Galactose metabolism and 
health. Current Opinion in Clinical Nutrition & Metabolic Care, 18(4), 422-427.  

Colledge, S. (2001). Plant exploitation on epipalaeolithic and early neolithic sites in the 
Levant (Vol. 986). 



Appendix A The Evolution of Lactose Digestion 

 411 

Cook, G. (1967). Lactase activity in newborn and infant Baganda. British Medical 
Journal, 1(5539), 527.  

Cook, G. (1978). Breath hydrogen concentrations after oral lactose and lactulose in 
tropical malabsorption and adult hypolactasia. Transactions of the Royal Society 
of Tropical Medicine and Hygiene, 72(3), 277-281.  

Cook, G., & Al-Torki, M. (1975). High intestinal lactase concentrations in adult Arabs in 
Saudi Arabia. British Medical Journal, 3(5976), 135-136.  

Cook, G., & Kajubi, S. (1966). Tribal incidence of lactase deficiency in Uganda. Lancet, 
1, 725-730.  

Cook, H., Pearson, A., Simmons, N., & Baker, B. (1970). Dall sheep (Ovis dalli dalli) milk. 
I. Effects of stage of lactation on the composition of the milk. Canadian Journal 
of Zoology, 48(4), 629-633.  

Cooke, D., & Gidley, M. J. (1992). Loss of crystalline and molecular order during starch 
gelatinisation: origin of the enthalpic transition. Carbohydrate Research, 227, 
103-112.  

Copley, M., Berstan, R., Dudd, S., Aillaud, S., Mukherjee, A., Straker, V., . . . Evershed, 
R. (2005b). Processing of milk products in pottery vessels through British 
prehistory. Antiquity, 79(306), 895-908.  

Copley, M., Berstan, R., Dudd, S., Docherty, G., Mukherjee, A., Straker, V., . . . 
Evershed, R. (2003). Direct chemical evidence for widespread dairying in 
prehistoric Britain. Proceedings of the National Academy of Sciences, 100(4), 
1524-1529.  

Copley, M., Berstan, R., Mukherjee, A., Dudd, S., Straker, V., Payne, S., & Evershed, R. 
P. (2005a). Dairying in antiquity. III. Evidence from absorbed lipid residues dating 
to the British Neolithic. Journal of Archaeological Science, 32(4), 523-546.  

Cordain, L. (1999). Cereal grains: Humanity s double-edged sword, Evolutionary 
Aspects of Nutrition and Health (Vol. 84, pp. 19-73): Karger Publishers. 

Cordain, L., Hickey, M. S., & Kim, K. (2012). Malaria and rickets represent selective 
forces for the convergent evolution of adult lactase persistence Biodiversity in 
Agriculture: Domestication, Evolution, and Sustainability: Cambridge University 
Press. 

Craig, O. E., Chapman, J., Heron, C., Willis, L. H., Bartosiewicz, L., Taylor, G., . . . 
Collins, M. (2005). Did the first farmers of central and eastern Europe produce 
dairy foods? Antiquity, 79(306), 882-894.  

Cravioto, A., Tello, A., Villafan, H., Ruiz, J., del Vedovo, S., & Neeser, J.-R. (1991). 
Inhibition of localized adhesion of enteropathogenic Escherichia coli to HEp-2 
cells by immunoglobulin and oligosaccharide fractions of human colostrum and 
breast milk. Journal of Infectious Diseases, 163(6), 1247-1255.  

Cronin, T., Downey, L., Synnott, C., McSweeney, P., Kelly, E., Cahill, M., . . . Stanton, 
C. (2007). Composition of ancient Irish bog butter. International Dairy Journal, 
17(9), 1011-1020.  



Appendix A The Evolution of Lactose Digestion 

 412 

Curtis, E., & Jones, J. (1959). The Synthesis of 4-O-β-d-Galactosyl-d-Glucose (Lactose). 
Canadian Journal of Chemistry, 37(2), 358-360.  

Day, A. J., Cañada, F. J., Dı́az, J. C., Kroon, P. A., Mclauchlan, R., Faulds, C. B., . . . 
Williamson, G. (2000). Dietary flavonoid and isoflavone glycosides are 
hydrolysed by the lactase site of lactase phlorizin hydrolase. FEBS Letters, 
468(2-3), 166-170.  

Diamond, J. (2002). Evolution, consequences and future of plant and animal 
domestication. Nature, 418(6898), 700.  

Dunbar, R. I. M. (2017). Fire and the Biogeography of Palaeohominins (In Press). In J. 
Cole, McNabb, J. and Grove, M. (Ed.), Landscapes of Human Evolution: 
Contributions in honour of John Gowlett Oxford: ArchaeoPress. 

Dunne, J., Evershed, R. P., Salque, M., Cramp, L., Bruni, S., Ryan, K., . . . di Lernia, S. 
(2012). First dairying in green Saharan Africa in the fifth millennium BC. Nature, 
486(7403), 390.  

Eaton, S. B., Eaton III, S. B., & Cordain, L. (2002). Evolution, diet, and health. Human 
Diet: Its origin and evolution, 7-18.  

Edwards, P. C., Meadows, J., Sayej, G., & Westaway, M. (2004). From the PPNA to the 
PPNB: new views from the Southern Levant after excavations at Zahrat adh-
Dhra'2 in Jordan. Paléorient, 21-60.  

Enattah, N. S., Jensen, T. G., Nielsen, M., Lewinski, R., Kuokkanen, M., Rasinpera, H., 
. . . Khalil, I. F. (2008). Independent introduction of two lactase-persistence alleles 
into human populations reflects different history of adaptation to milk culture. The 
American Journal of Human Genetics, 82(1), 57-72.  

Evershed, R. P., Payne, S., Sherratt, A. G., Copley, M. S., Coolidge, J., Urem-Kotsu, D., 
. . . Nieuwenhuyse, O. (2008). Earliest date for milk use in the Near East and 
southeastern Europe linked to cattle herding. Nature, 455(7212), 528.  

Falk, D., Redmond, J. C., Guyer, J., Conroy, C., Recheis, W., Weber, G. W., & Seidler, 
H. (2000). Early hominid brain evolution: a new look at old endocasts. Journal of 
Human Evolution, 38(5), 695-717.  

Flatz, G., & Rotthauwe, H. (1973). Lactose nutrition and natural selection. The Lancet, 
302(7820), 76-77.  

Frayer, D. W. (1980). Sexual dimorphism and cultural evolution in the late Pleistocene 
and Holocene of Europe. Journal of Human Evolution, 9(5), 399-415.  

Fuller, D. Q. (2007). Contrasting patterns in crop domestication and domestication rates: 
recent archaeobotanical insights from the Old World. Annals of Botany, 100(5), 
903-924.  

Fuller, D. Q., Sato, Y.-I., Castillo, C., Qin, L., Weisskopf, A. R., Kingwell-Banham, E. J., 
. . . Van Etten, J. (2010). Consilience of genetics and archaeobotany in the 
entangled history of rice. Archaeological and Anthropological Sciences, 2(2), 
115-131.  



Appendix A The Evolution of Lactose Digestion 

 413 

Fuller, D. Q., Willcox, G., & Allaby, R. G. (2011). Cultivation and domestication had 
multiple origins: arguments against the core area hypothesis for the origins of 
agriculture in the Near East. World Archaeology, 43(4), 628-652.  

Gade, D. (1999). Nature and Culture in the Andes. Madison, WI: University of 
 Wisconsin Press. 
Gallagher, E. M., Shennan, S. J., & Thomas, M. G. (2015). Transition to farming more 

likely for small, conservative groups with property rights, but increased 
productivity is not essential. Proceedings of the National Academy of Sciences, 
112(46), 14218-14223.  

Gallego Romero, I., Basu Mallick, C., Liebert, A., Crivellaro, F., Chaubey, G., Itan, Y., . . 
. Villems, R. (2011). Herders of Indian and European cattle share their 
predominant allele for lactase persistence. Molecular Biology and Evolution, 
29(1), 249-260.  

Gaunitz, C., Fages, A., Hanghøj, K., Albrechtsen, A., Khan, N., Schubert, M., . . . Bignon-
Lau, O. (2018). Ancient genomes revisit the ancestry of domestic and 
Przewalski’s horses. Science, 360(6384), 111-114.  

Gerbault, P. (2013). The onset of lactase persistence in Europe. Human Heredity, 76(3-
4), 154-161.  

Gerbault, P., Liebert, A., Itan, Y., Powell, A., Currat, M., Burger, J., . . . Thomas, M. G. 
(2011). Evolution of lactase persistence: an example of human niche 
construction. Philosophical Transactions of the Royal Society of London B: 
Biological Sciences, 366(1566), 863-877.  

Gerbault, P., Moret, C., Currat, M., & Sanchez-Mazas, A. (2009). Impact of selection and 
demography on the diffusion of lactase persistence. PloS One, 4(7), e6369.  

Gibson, G. R. (1998). Dietary modulation of the human gut microflora using prebiotics. 
The British Journal of Nutrition, 80(4), S209-212.  

Gibson, G. R., Hutkins, R., Sanders, M. E., Prescott, S. L., Reimer, R. A., Salminen, S. 
J., . . . Cani, P. D. (2017). Expert consensus document: The International 
Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement 
on the definition and scope of prebiotics. Nature Reviews Gastroenterology and 
Hepatology, 14(8), 491.  

Gilat, T., Dolizky, F., Gelman-Malachi, E., & Tamir, I. (1974). Lactase in childhood--a 
non-adaptable enzyme. Scandinavian Journal of Gastroenterology, 9(4), 395.  

Griffiths, M., Green, B., Leckie, R. M., Messer, M., & Newgrain, K. (1984). Constituents 
of platypus and echidna milk, with particular reference to the fatty acid 
complement of the triglycerides. Australian Journal of Biological Sciences, 37(6), 
323-330.  

Hardy, K., Brand-Miller, J., Brown, K. D., Thomas, M. G., & Copeland, L. (2015). The 
importance of dietary carbohydrate in human evolution. The Quarterly Review of 
Biology, 90(3), 251-268.  



Appendix A The Evolution of Lactose Digestion 

 414 

Harvey, C., Fox, M., Jeggo, P., Mantei, N., Povey, S., & Swallow, D. (1993). Regional 
localization of the lactase‐phlorizin hydrolase gene, LCT, to chromosome 2q21. 
Annals of Human Genetics, 57(3), 179-185.  

Helmer, D., Gourichon, L., Monchot, H., Peters, J., & Segui, M. S. (2005). Identifying 
early domestic cattle from Pre-Pottery Neolithic sites on the Middle Euphrates 
using sexual dimorphism. In J.D. VIgne, D. Helmer & J. Peters (Eds.), First Steps 
of Animal Domestication. New archaeozoological approach. Oxford: Oxbow 
Books. 

Helmer, D., Gourichon, L., & Vila, E. (2007). The development of the exploitation of 
products from Capra and Ovis (meat, milk and fleece) from the PPNB to the Early 
Bronze in the northern Near East (8700 to 2000 BC cal.). Anthropozoologica, 
42(2), 41-69.  

Heron, C., Craig, O. E., Luquin, A., Steele, V. J., Thompson, A., & Piličiauskas, G. (2015). 
Cooking fish and drinking milk? Patterns in pottery use in the southeastern Baltic, 
3300–2400 cal BC. Journal of Archaeological Science, 63, 33-43.  

Hofmanová, Z., Kreutzer, S., Hellenthal, G., Sell, C., Diekmann, Y., Díez-del-Molino, D., 
. . . Link, V. (2016). Early farmers from across Europe directly descended from 
Neolithic Aegeans. Proceedings of the National Academy of Sciences, 113(25), 
6886-6891.  

Holden, C., & Mace, R. (1997). Phylogenetic Analysis of the Evolution of Lactose 
Digestion in Adults. Human biology, 69(5), 2.  

Holden, C., & Mace, R. (2009). Phylogenetic analysis of the evolution of lactose digestion 
in adults. Human Biology, 81(5/6), 597-619.  

Huang, S.-S., & Bayless, T. M. (1967). Lactose intolerance in healthy children. New 
England Journal of Medicine, 276(23), 1283-1287.  

Hublin, J.-J., Ben-Ncer, A., Bailey, S. E., Freidline, S. E., Neubauer, S., Skinner, M. M., 
. . . Harvati, K. (2017). New fossils from Jebel Irhoud, Morocco and the pan-
African origin of Homo sapiens. Nature, 546(7657), 289.  

Imtiaz, F., Savilahti, E., Sarnesto, A., Trabzuni, D., Al-Kahtani, K., Kagevi, I., . . . Järvelä, 
I. (2007). The T/G− 13915 variant upstream of the lactase gene (LCT) is the 
founder allele of lactase persistence in an urban Saudi population. Journal of 
Medical Genetics, 44(10), e89-e89.  

Inchley, C. E., Larbey, C. D., Shwan, N. A., Pagani, L., Saag, L., Antão, T., . . . Mitt, M. 
(2016). Selective sweep on human amylase genes postdates the split with 
Neanderthals. Scientific Reports, 6, 37198.  

Ingram, C. J., Elamin, M. F., Mulcare, C. A., Weale, M. E., Tarekegn, A., Raga, T. O., . . 
. Bradman, N. (2007). A novel polymorphism associated with lactose tolerance 
in Africa: multiple causes for lactase persistence? Human Genetics, 120(6), 779-
788.  

Ingram, C. J., Mulcare, C. A., Itan, Y., Thomas, M. G., & Swallow, D. M. (2009a). Lactose 
digestion and the evolutionary genetics of lactase persistence. Human Genetics, 
124(6), 579-591.  



Appendix A The Evolution of Lactose Digestion 

 415 

Ingram, C. J., Raga, T. O., Tarekegn, A., Browning, S. L., Elamin, M. F., Bekele, E., . . . 
Swallow, D. M. (2009b). Multiple rare variants as a cause of a common 
phenotype: several different lactase persistence associated alleles in a single 
ethnic group. Journal of Molecular Evolution, 69(6), 579.  

Itan, Y., Jones, B. L., Ingram, C. J., Swallow, D. M., & Thomas, M. G. (2010). A worldwide 
correlation of lactase persistence phenotype and genotypes. BMC Evolutionary 
Biology, 10(1), 36.  

Itan, Y., Powell, A., Beaumont, M. A., Burger, J., & Thomas, M. G. (2009). The origins of 
lactase persistence in Europe. PLoS Computational Biology, 5(8), e1000491.  

Iverson, S. J., Bowen, W. D., Boness, D. J., & Oftedal, O. T. (1993). The effect of 
maternal size and milk energy output on pup growth in grey seals (Halichoerus 
grypus). Physiological Zoology, 66(1), 61-88.  

Jablonski, N. G., & Chaplin, G. (2010). Human skin pigmentation as an adaptation to UV 
radiation. Proceedings of the National Academy of Sciences, 107(Supplement 
2), 8962-8968.  

Jäger, A. K., & Saaby, L. (2011). Flavonoids and the CNS. Molecules, 16(2), 1471-1485.  
Jenness, R. (1974). Biosynthesis and composition of milk. Journal of Investigative 

Dermatology, 63(1), 109-118.  
Jenness, R., Erickson, A. W., & Craighead, J. J. (1972). Some comparative aspects of 

milk from four species of bears. Journal of Mammalogy, 53(1), 34-47.  
Johnson, J., Simoons, F., Hurwitz, R., Grange, A., Mitchell, C., Sinatra, F., . . . Kretchmer, 

N. (1977). Lactose malabsorption among the Pima indians of Arizona. 
Gastroenterology, 73(6), 1299-1304.  

Jones, B. L., Oljira, T., Liebert, A., Zmarz, P., Montalva, N., Tarekeyn, A., . . . Bradman, 
N. (2015). Diversity of lactase persistence in African milk drinkers. Human 
Genetics, 134(8), 917-925.  

Jones, B. L., Raga, T. O., Liebert, A., Zmarz, P., Bekele, E., Danielsen, E. T., . . . 
Swallow, D. M. (2013). Diversity of lactase persistence alleles in Ethiopia: 
signature of a soft selective sweep. The American Journal of Human Genetics, 
93(3), 538-544.  

Kadwell, M., Fernandez, M., Stanley, H. F., Baldi, R., Wheeler, J. C., Rosadio, R., & 
Bruford, M. W. (2001). Genetic analysis reveals the wild ancestors of the llama 
and the alpaca. Proceedings of the Royal Society of London B: Biological 
Sciences, 268(1485), 2575-2584.  

Keusch, G. T., Troncale, F. J., Miller, L. H., Promadhat, V., & Anderson, P. R. (1969). 
Acquired lactose malabsorption in Thai children. Pediatrics, 43(4), 540-545.  

Killian, J. K., Nolan, C. M., Stewart, N., Munday, B. L., Andersen, N. A., Nicol, S., & Jirtle, 
R. L. (2001). Monotreme IGF2 expression and ancestral origin of genomic 
imprinting. Journal of Experimental Zoology Part A: Ecological Genetics and 
Physiology, 291(2), 205-212.  

Knol, J., Scholtens, P., Kafka, C., Steenbakkers, J., Gro, S., Helm, K., . . . Wells, J. 
(2005). Colon microflora in infants fed formula with galacto-and fructo-



Appendix A The Evolution of Lactose Digestion 

 416 

oligosaccharides: more like breast-fed infants. Journal of pediatric 
gastroenterology and nutrition, 40(1), 36-42.  

Konuspayeva, G., Faye, B., & Loiseau, G. (2009). The composition of camel milk: a 
meta-analysis of the literature data. Journal of Food Composition and Analysis, 
22(2), 95-101.  

Kretchmer, N., Hurwitz, R., Ransome-Kuti, O., Dungy, C., & Alakija, W. (1971). Intestinal 
absorption of lactose in Nigerian ethnic groups. The Lancet, 298(7721), 392-395.  

Kuhn, R., & Low, I. (1949). The occurrence of lactose in the plant kingdom. Chemische 
Berichte, 82, 477-481.  

Kumar, S., Nagarajan, M., Sandhu, J., Kumar, N., Behl, V., & Nishanth, G. (2007). 
Mitochondrial DNA analyses of Indian water buffalo support a distinct genetic 
origin of river and swamp buffalo. Animal Genetics, 38(3), 227-232.  

Kunz, C., Rudloff, S., Baier, W., Klein, N., & Strobel, S. (2000). Oligosaccharides in 
human milk: structural, functional, and metabolic aspects. Annual Review of 
Nutrition, 20(1), 699-722.  

Kunz, T., Oftedal, O., Robson, S., Kretzmann, M., & Kirk, C. (1995). Changes in milk 
composition during lactation in three species of insectivorous bats. Journal of 
Comparative Physiology B: Biochemical, Systemic, and Environmental 
Physiology, 164(7), 543-551.  

Labrie, V., Buske, O. J., Oh, E., Jeremian, R., Ptak, C., Gasiūnas, G., . . . Adamonis, K. 
(2016). Lactase nonpersistence is directed by DNA-variation-dependent 
epigenetic aging. Nature Structural & Molecular Biology, 23(6), 566-573.  

Ladas, S. D., Katsiyiannaki-Latoufi, E., & Raptis, S. A. (1991). Lactose maldigestion and 
milk intolerance in healthy Greek schoolchildren. The American Journal of 
Clinical Nutrition, 53(3), 676-680.  

Larson, G., Karlsson, E. K., Perri, A., Webster, M. T., Ho, S. Y., Peters, J., . . . Fredholm, 
M. (2012). Rethinking dog domestication by integrating genetics, archeology, and 
biogeography. Proceedings of the National Academy of Sciences, 109(23), 8878-
8883.  

Lazaridis, I., Nadel, D., Rollefson, G., Merrett, D. C., Rohland, N., Mallick, S., . . . Sirak, 
K. (2016). Genomic insights into the origin of farming in the ancient Near East. 
Nature, 536(7617), 419-424.  

Lefèvre, C. M., Sharp, J. A., & Nicholas, K. R. (2010). Evolution of lactation: ancient 
origin and extreme adaptations of the lactation system. Annual Review of 
Genomics and Human Genetics, 11, 219-238.  

Leonardi, M., Gerbault, P., Thomas, M. G., & Burger, J. (2012). The evolution of lactase 
persistence in Europe. A synthesis of archaeological and genetic evidence. 
International Dairy Journal, 22(2), 88-97.  

Lewinsky, R. H., Jensen, T. G., Møller, J., Stensballe, A., Olsen, J., & Troelsen, J. T. 
(2005). T− 13910 DNA variant associated with lactase persistence interacts with 
Oct-1 and stimulates lactase promoter activity in vitro. Human Molecular 
Genetics, 14(24), 3945-3953.  



Appendix A The Evolution of Lactose Digestion 

 417 

Liebert, A., López, S., Jones, B. L., Montalva, N., Gerbault, P., Lau, W., . . . Swallow, D. 
M. (2017). World-wide distributions of lactase persistence alleles and the 
complex effects of recombination and selection. Human Genetics, 136(11-12), 
1445-1453.  

Linnaeus, C. (1758). Systema Naturae per Regna Tria Naturae [editio decima, reformata 
1 (Regnum animale)]. Salvii, Stockholm, 824. 

Lokki, A. I., Järvelä, I., Israelsson, E., Maiga, B., Troye-Blomberg, M., Dolo, A., . . . 
Holmberg, V. (2011). Lactase persistence genotypes and malaria susceptibility 
in Fulani of Mali. Malaria Journal, 10(1), 9.  

Lönnerdal, B., Keen, C. L., Glazier, C. E., & Anderson, J. (1984). A longitudinal study of 
rhesus monkey (Macaca mulatta) milk composition: trace elements, minerals, 
protein, carbohydrate, and fat. Pediatric Research, 18(9), 911-914.  

Luick, J., White, R., Gau, A., & Jenness, R. (1974). Compositional Changes in the Milk 
Secreted by Grazing Reindeer I. Gross Composition and Ash1. Journal of Dairy 
Science, 57(11), 1325-1333.  

Macfarlane, G. T., & Cummings, J. H. (1999). Probiotics and prebiotics: can regulating 
the activities of intestinal bacteria benefit health? BMJ: British Medical Journal, 
318(7189), 999.  

MacHugh, D. E., Larson, G., & Orlando, L. (2017). Taming the past: ancient DNA and 
the study of animal domestication. Annual Review of Animal Biosciences, 5, 329-
351.  

Macintosh, A. A., Pinhasi, R., & Stock, J. T. (2016). Early Life Conditions and 
Physiological Stress following the Transition to Farming in Central/Southeast 
Europe: Skeletal Growth Impairment and 6000 Years of Gradual Recovery. PloS 
One, 11(2), e0148468.  

Madsen, O. (2009). Mammals (mammalia). The Timetree of life. Oxford Univeristy Press, 
Oxford, 459-461.  

Makarewicz, C., & Tuross, N. (2012). Finding fodder and tracking transhumance: isotopic 
detection of goat domestication processes in the Near East. Current 
Anthropology, 53(4), 495-505.  

Malmström, H., Linderholm, A., Lidén, K., Storå, J., Molnar, P., Holmlund, G., . . . 
Götherström, A. (2010). High frequency of lactose intolerance in a prehistoric 
hunter-gatherer population in northern Europe. BMC Evolutionary Biology, 10(1), 
89.  

Mandel, A. L., des Gachons, C. P., Plank, K. L., Alarcon, S., & Breslin, P. A. (2010). 
Individual differences in AMY1 gene copy number, salivary α-amylase levels, and 
the perception of oral starch. PloS One, 5(10), e13352.  

Marshall, F., & Hildebrand, E. (2002). Cattle before crops: the beginnings of food 
production in Africa. Journal of World Prehistory, 16(2), 99-143.  

Mathieson, I., Lazaridis, I., Rohland, N., Mallick, S., Patterson, N., Roodenberg, S. A., . 
. . Novak, M. (2015). Genome-wide patterns of selection in 230 ancient 
Eurasians. Nature, 528(7583), 499-503.  



Appendix A The Evolution of Lactose Digestion 

 418 

McCracken, R. D. (1971). Lactase deficiency: an example of dietary evolution. Current 
Anthropology, 12(4/5), 479-517.  

Meloni, T., Colombo, C., Ruggiu, G., Dessena, M., & Meloni, G. (1998). Primary lactase 
deficiency and past malarial endemicity in Sardinia. Italian Journal of 
Gastroenterology and Hepatology, 30(5), 490-493.  

Merchant, J., Green, B., Messer, M., & Newgrain, K. (1989). Milk composition in the red-
necked wallaby, Macropus rufogriseus banksianus (Marsupialia). Comparative 
Biochemistry and Physiology Part A: Physiology, 93(2), 483-488.  

Messer, M., and Urashima, T. (2002). Evolution of milk oligosacharides and lactose. 
Trends in Glycoscience and Glycotechnology, 14(77), 153-176.  

Messer, M., & Kerry, K. R. (1973). Milk carbohydrates of the echidna and the platypus. 
Science, 180(4082), 201-203.  

Messer, M., & Mossop, G. (1977). Milk carbohydrates of marsupials I. Partial separation 
and characterization of neutral milk oligosaccharides of the Eastern Grey 
Kangaroo. Australian Journal of Biological Sciences, 30(5), 379-388.  

Meurant, G. (1995). Handbook of Milk Composition: Academic press. 
Molleson, T. (1994). The eloquent bones of Abu Hureyra. Scientific American, 271(2), 

70-75.  
Mulcare, C. A., Weale, M. E., Jones, A. L., Connell, B., Zeitlyn, D., Tarekegn, A., . . . 

Thomas, M. G. (2004). The T allele of a single-nucleotide polymorphism 13.9 kb 
upstream of the lactase gene (LCT)(C− 13.9 kbT) does not predict or cause the 
lactase-persistence phenotype in Africans. The American Journal of Human 
Genetics, 74(6), 1102-1110.  

Mummert, A., Esche, E., Robinson, J., & Armelagos, G. J. (2011). Stature and robusticity 
during the agricultural transition: evidence from the bioarchaeological record. 
Economics & Human Biology, 9(3), 284-301.  

Munks, S. A., Green, B., Newgrain, K., & Messer, M. (1991). Milk-Composition in the 
Common Ringtail Possum, Pseudocheirus-Peregrinus (Petauridae, Marsupialia). 
Australian Journal of Zoology, 39(4), 403-416.  

Myles, S., Bouzekri, N., Haverfield, E., Cherkaoui, M., Dugoujon, J.-M., & Ward, R. 
(2005). Genetic evidence in support of a shared Eurasian-North African dairying 
origin. Human Genetics, 117(1), 34-42.  

Nei, M. (1986). Stochastic errors in DNA evolution and molecular phylogeny. Progress 
in Clinical and Biological Research, 218, 133-147.  

Németh, K., Plumb, G. W., Jean-Guy, B., Juge, N., Jacob, R., Naim, H. Y., . . . Kroon, P. 
A. (2003). Deglycosylation by small intestinal epithelial cell [beta]-glucosidases 
is a critical step in the absorption and metabolism of dietary flavonoid glycosides 
in humans. European Journal of Nutrition, 42(1), 29.  

Newburg, D. S. (2000). Oligosaccharides in human milk and bacterial colonization. 
Journal of Pediatric Gastroenterology and Nutrition, 30, S8-S17.  

Newburg, D. S., & Neubauer, S. H. (1995). Carbohydrates in Milk Handbook of Milk 
Composition (Vol. 349, pp. 273). 



Appendix A The Evolution of Lactose Digestion 

 419 

Nielsen, R., Hellmann, I., Hubisz, M., Bustamante, C., & Clark, A. G. (2007). Recent and 
ongoing selection in the human genome. Nature Reviews. Genetics, 8(11), 857.  

Northrop-Clewes, C., Lunn, P., & Downes, R. (1997). Lactose maldigestion in breast-
feeding Gambian infants. Journal of Pediatric Gastroenterology and Nutrition, 
24(3), 257-263.  

O'Brien, M. J., & Bentley, R. A. (2015). The role of food storage in human niche 
construction: an example from Neolithic Europe. Environmental Archaeology, 
20(4), 364-378.  

Oftedal, O. T. (1984). Lactation in the dog: milk composition and intake by puppies. The 
Journal of Nutrition, 114(5), 803-812.  

Oftedal, O. T. (1995). Comparative analysis of nonhuman milks. In R. G. Jensen (Ed.), 
Handbook of Milk Composition (pp. 749-788). San Diego: Academic Press. 

Oftedal, O. T. (2002a). The mammary gland and its origin during synapsid evolution. 
Journal of Mammary Gland Biology and Neoplasia, 7(3), 225-252.  

Oftedal, O. T. (2002b). The origin of lactation as a water source for parchment-shelled 
eggs. Journal of Mammary Gland Biology and Neoplasia, 7(3), 253-266.  

Oftedal, O. T. (2011). Milk of marine mammals in Fuquay, J. W., Fox, P. F., & 
McSweeney, P. L. (2011). Encyclopedia of Dairy Sciences. Academic Press. 

Oftedal, O. T., Boness, D. J., & Bowen, W. D. (1988). The composition of hooded seal 
(Cystophora cristata) milk: an adaptation for postnatal fattening. Canadian 
Journal of Zoology, 66(2), 318-322.  

Oftedal, O. T., Boness, D. J., & Tedman, R. A. (1987). The behavior, physiology, and 
anatomy of lactation in the pinnipedia Current Mammalogy (pp. 175-245): 
Springer. 

Oftedal, O. T., & Jenness, R. (1988). Interspecies variation in milk composition among 
horses, zebras and asses (Perissodactyla: Equidae). Journal of Dairy Research, 
55(1), 57-66.  

Ortiz, J., Guilderson, T., Adkins, J., Sarnthein, M., Baker, L., & Yarusinsky, M. (2000). 
Abrupt onset and termination of the African Humid Period:: rapid climate 
responses to gradual insolation forcing. Quaternary Science Reviews, 19(1), 
347-361.  

Outram, A. K., Stear, N. A., Bendrey, R., Olsen, S., Kasparov, A., Zaibert, V., . . . 
Evershed, R. P. (2009). The earliest horse harnessing and milking. Science, 
323(5919), 1332-1335.  

Peter, B. M., Huerta-Sanchez, E., & Nielsen, R. (2012). Distinguishing between selective 
sweeps from standing variation and from a de novo mutation. PLoS Genetics, 
8(10), e1003011.  

Plantinga, T. S., Alonso, S., Izagirre, N., Hervella, M., Fregel, R., Van Der Meer, J. W., . 
. . De La Rúa, C. (2012). Low prevalence of lactase persistence in Neolithic 
South-West Europe. European Journal of Human Genetics, 20(7), 778.  

Powell, A., Shennan, S., & Thomas, M. G. (2009). Late Pleistocene demography and the 
appearance of modern human behavior. Science, 324(5932), 1298-1301.  



Appendix A The Evolution of Lactose Digestion 

 420 

Pribila, B. A., Hertzler, S. R., Martin, B. R., Weaver, C. M., & Savaiano, D. A. (2000). 
Improved lactose digestion and intolerance among African-American adolescent 
girls fed a dairy rich-diet. Journal of the Academy of Nutrition and Dietetics, 
100(5), 524-528.  

Purugganan, M. D., & Fuller, D. Q. (2009). The nature of selection during plant 
domestication. Nature, 457(7231), 843.  

Ranciaro, A., Campbell, M. C., Hirbo, J. B., Ko, W.-Y., Froment, A., Anagnostou, P., . . . 
Omar, S. A. (2014). Genetic origins of lactase persistence and the spread of 
pastoralism in Africa. The American Journal of Human Genetics, 94(4), 496-510.  

Rasinperä, H., Savilahti, E., Enattah, N. S., Kuokkanen, M., Tötterman, N., Lindahl, H., . 
. . Kolho, K.-L. (2004). A genetic test which can be used to diagnose adult-type 
hypolactasia in children. Gut, 53(11), 1571-1576.  

Reithel, F., & Venkataraman, R. (1956). Lactose in the Sapotaceae. Science, 123(3207), 
1083-1084.  

Richards, M. P. (2002). A brief review of the archaeological evidence for Palaeolithic and 
Neolithic subsistence. European Journal of Clinical Nutrition, 56(12).  

Richards, M. P., & Hedges, R. E. (1999). Stable isotope evidence for similarities in the 
types of marine foods used by Late Mesolithic humans at sites along the Atlantic 
coast of Europe. Journal of Archaeological Science, 26(6), 717-722.  

Richards, M. P., Schulting, R. J., & Hedges, R. E. (2003). Archaeology: sharp shift in diet 
at onset of Neolithic. Nature, 425(6956), 366-366.  

Rosado, J. L., Gonzalez, C., Valencia, M. E., López, P., Palma, M., López, B., . . . Báez, 
M. d. C. (1994). Lactose maldigestion and milk intolerance: a study in rural and 
urban Mexico using physiological doses of milk. The Journal of Nutrition, 124(7), 
1052-1059.  

Rossi, M., Maiuri, L., Fusco, M. I., Salvati, V. M., Fuccio, A., Auricchio, S., . . . Semenza, 
G. (1997). Lactase persistence versus decline in human adults: multifactorial 
events are involved in down-regulation after weaning. Gastroenterology, 112(5), 
1506-1514.  

Sabeti, P. C., Reich, D. E., Higgins, J. M., & Levine, H. Z. (2002). Detecting recent 
positive selection in the human genome from haplotype structure. Nature, 
419(6909), 832.  

Sahi, T. (1994). Genetics and epidemiology of adult-type hypolactasia. Scandinavian 
Journal of Gastroenterology, 29(sup202), 7-20.  

Salque, M., Bogucki, P. I., Pyzel, J., Sobkowiak-Tabaka, I., Grygiel, R., Szmyt, M., & 
Evershed, R. P. (2013). Earliest evidence for cheese making in the sixth 
millennium BC in northern Europe. Nature, 493(7433), 522-525.  

Schirru, E., Corona, V., Usai-Satta, P., Scarpa, M., Cucca, F., De Virgiliis, S., . . . Jores, 
R.-D. (2007). Decline of lactase activity and c/t-13910 variant in Sardinian 
childhood. Journal of Pediatric Gastroenterology and Nutrition, 45(4), 503-506.  



Appendix A The Evolution of Lactose Digestion 

 421 

Schlebusch, C. M., Sjödin, P., Skoglund, P., & Jakobsson, M. (2013). Stronger signal of 
recent selection for lactase persistence in Maasai than in Europeans. European 
Journal of Human Genetics, 21(5), 550.  

Ségurel, L., & Bon, C. (2017). On the Evolution of Lactase Persistence in Humans. 
Annual Review of Genomics and Human Genetics.  

Shahack-Gross, R., Berna, F., Karkanas, P., Lemorini, C., Gopher, A., & Barkai, R. 
(2014). Evidence for the repeated use of a central hearth at Middle Pleistocene 
(300 ky ago) Qesem Cave, Israel. Journal of Archaeological Science, 44, 12-21.  

Sherratt, A. (1981). Plough and Pastoralism: Aspects of the secondary products 
revolution: Cambrdge University Press. 

Simoons, F. J. (1969). Primary adult lactose intolerance and the milking habit: a problem 
in biological and cultural interrelations. Digestive Diseases and Sciences, 14(12), 
819-836.  

Simoons, F. J. (1970). Primary adult lactose intolerance and the milking habit: a problem 
in biologic and cultural interrelations. The American Journal of Digestive 
Diseases, 15(8), 695-710.  

Stiner, M. C. (2001). Thirty years on the “Broad Spectrum Revolution” and paleolithic 
demography. Proceedings of the National Academy of Sciences, 98(13), 6993-
6996.  

Stiner, M. C., Munro, N. D., Surovell, T. A., Tchernov, E., & Bar-Yosef, O. (1999). 
Paleolithic population growth pulses evidenced by small animal exploitation. 
Science, 283(5399), 190-194.  

Sverrisdóttir, O. Ó., Timpson, A., Toombs, J., Lecoeur, C., Froguel, P., Carretero, J. M., 
. . . Thomas, M. G. (2014). Direct estimates of natural selection in Iberia indicate 
calcium absorption was not the only driver of lactase persistence in Europe. 
Molecular Biology and Evolution, 31(4), 975-983.  

Swallow, D. M. (2003). Genetic influences on carbohydrate digestion. Nutrition Research 
Reviews, 16(1), 37-43.  

Swallow, D. M., & Hollox, E. J. (2000). The genetic polymorphism of intestinal lactase 
activity in adult humans. In C. Scriver, A. Beaudet, W. Sly, & D. Valle (Eds.), 
Metabolic Basis of Inherited Disease (pp. 1651-1663): McGraw-Hill  

Swallow, D. M., & Troelsen, J. T. (2016). Escape from epigenetic silencing of lactase 
expression is triggered by a single-nucleotide change. Nature Structural and 
Molecular Biology, 23(6), 505-508.  

Tilden, C. D., & Oftedal, O. T. (1997). Milk composition reflects pattern of material care 
in prosimian primates. American Journal of Primatology, 41(3), 195-211.  

Tishkoff, S. A., Reed, F. A., Ranciaro, A., Voight, B. F., Babbitt, C. C., Silverman, J. S., 
. . . Osman, M. (2007). Convergent adaptation of human lactase persistence in 
Africa and Europe. Nature Genetics, 39(1), 31.  

Toba, T., Nagashima, S., & Adachi, S. (1991). Is lactose really present in plants? Journal 
of the Science of Food and Agriculture, 54(2), 305-308.  



Appendix A The Evolution of Lactose Digestion 

 422 

Urashima T, A., S. and Messer, M. . (2007). Milk oligosaccharides. In G. B. JP Kamerling, 
YC Lee, A Suzuki, & A. V. N Taniguchi (Eds.), Comprehensive Glycoscience 
(Vol. 4, pp. 695–724). Amsterdam, Netherlands: Elsevier. 

Urashima, T., Fukuda, K., & Messer, M. (2012). Evolution of milk oligosaccharides and 
lactose: a hypothesis. Animal, 6(3), 369-374.  

Urashima, T., Saito, T., Nakamura, T., & Messer, M. (2001). Oligosaccharides of milk 
and colostrum in non-human mammals. Glycoconjugate Journal, 18(5), 357-371.  

Vigne, J.-D., Carrere, I., Briois, F., & Guilaine, J. (2011). The early process of mammal 
domestication in the Near East: New evidence from the Pre-Neolithic and Pre-
Pottery Neolithic in Cyprus. Current Anthropology, 52(S4), S255-S271.  

Vigne, J.-D., & Helmer, D. (2007). Was milk a “secondary product” in the Old World 
Neolithisation process? Its role in the domestication of cattle, sheep and goats. 
Anthropozoologica, 42(2), 9-40.  

Vorbach, C., Capecchi, M. R., & Penninger, J. M. (2006). Evolution of the mammary 
gland from the innate immune system? Bioessays, 28(6), 606-616.  

Wahlqvist, M. L. (2015). Lactose nutrition in lactase nonpersisters. Asia Pacific Journal 
of Clinical Nutrition, 24(S1), s21-s25.  

Wang, Y., Harvey, C., Rousset, M., & Swallow, D. M. (1994). Expression of human 
intestinal mRNA transcripts during development: analysis by a semiquantitative 
RNA polymerase chain reaction method. Pediatric Research, 36(4), 514.  

Wang, Y., Harvey, C. B., Hollox, E. J., Phillips, A. D., Poulter, M., Clay, P., . . . Swallow, 
D. M. (1998). The genetically programmed down-regulation of lactase in children. 
Gastroenterology, 114(6), 1230-1236.  

Warinner, C., Hendy, J., Speller, C., Cappellini, E., Fischer, R., Trachsel, C., . . . Swallow, 
D. M. (2014). Direct evidence of milk consumption from ancient human dental 
calculus. Scientific Reports, 4.  

Watson, A. (2009). The Evolution of International Society: A Comparative Historical 
Analysis Reissue with a new introduction by Barry Buzan and Richard Little: 
Routledge. 

Weiss, E., Kislev, M. E., & Hartmann, A. (2006). Autonomous cultivation before 
domestication. Science, 312(5780), 1608-1610.  

Wilde, S., Timpson, A., Kirsanow, K., Kaiser, E., Kayser, M., Unterländer, M., . . . 
Thomas, M. G. (2014). Direct evidence for positive selection of skin, hair, and 
eye pigmentation in Europeans during the last 5,000 y. Proceedings of the 
National Academy of Sciences, 111(13), 4832-4837.  

Wollstonecroft, M. M. (2011). Investigating the role of food processing in human 
evolution: a niche construction approach. Archaeological and Anthropological 
Sciences, 3(1), 141-150.  

Wollstonecroft, M. M., Ellis, P. R., Hillman, G. C., Fuller, D. Q., & Butterworth, P. J. 
(2012). A calorie is not necessarily a calorie: Technical choice, nutrient 
bioaccessibility, and interspecies differences of edible plants. Proceedings of the 
National Academy of Sciences, 109(17), E991-E991.  



Appendix A The Evolution of Lactose Digestion 

 423 

Wrangham, R., & Carmody, R. (2010). Human adaptation to the control of fire. 
Evolutionary Anthropology: Issues, News, and Reviews, 19(5), 187-199.  

Wrangham, R., & Conklin-Brittain, N. (2003). Cooking as a biological trait. Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 136(1), 
35-46.  

Wrangham, R. W., Jones, J. H., Laden, G., Pilbeam, D., Conklin-Brittain, N., Brace, C. 
L., . . . O'Connell, J. (1999). The raw and the stolen: cooking and the ecology of 
human origins. Current Anthropology, 40(5), 567-594.  

Xie, F., Flanagan, B. M., Li, M., Sangwan, P., Truss, R. W., Halley, P. J., . . . Dean, K. 
M. (2014). Characteristics of starch-based films plasticised by glycerol and by the 
ionic liquid 1-ethyl-3-methylimidazolium acetate: A comparative study. 
Carbohydrate Polymers, 111, 841-848.  

Yang, D. Y., Liu, L., Chen, X., & Speller, C. F. (2008). Wild or domesticated: DNA 
analysis of ancient water buffalo remains from north China. Journal of 
Archaeological Science, 35(10), 2778-2785.  

Yang, Y., He, M., Cui, H., Bian, L., & Wang, Z. (2000). The prevalence of lactase 
deficiency and lactose intolerance in Chinese children of different ages. Chinese 
Medical Journal (Beijing), 113(12), 1129-1132.  

Yang, Y., Shevchenko, A., Knaust, A., Abuduresule, I., Li, W., Hu, X., . . . Shevchenko, 
A. (2014). Proteomics evidence for kefir dairy in Early Bronze Age China. Journal 
of Archaeological Science, 45, 178-186.  

Zeder, M. A. (2008). Domestication and early agriculture in the Mediterranean Basin: 
Origins, diffusion, and impact. Proceedings of the National Academy of Sciences, 
105(33), 11597-11604.  

Zeder, M. A. (2015). Core questions in domestication research. Proceedings of the 
National Academy of Sciences, 112(11), 3191-3198.  

Zeder, M. A., & Hesse, B. (2000). The initial domestication of goats (Capra hircus) in the 
Zagros Mountains 10,000 years ago. Science, 287(5461), 2254-2257.  

 





 

 425 

Appendix B  Lactose Intolerance and Related Food 
Sensitivities 

B.1 Overview 

Appendix B in its entirety was published in Lactose: Evolutionary Role, Health 
Effects, and Applications edited by Marcel Paques and Cordula Lindner by 
Elsevier/Academic Press in 2019.  
 
Appendix B was co-authored with Andrew Szilagyi and Mark G. Thomas. In 
addition to providing sections on the genetic underpinnings of lactose intolerance 
and figures to illustrate the complexities of lactose intolerance and sensitivities.   

B.2 Lactose intolerance and other related food sensitivities 

Andrew Szilagyi, Catherine Walker and Mark G. Thomas in Paques, M. and 
Lindner, C. (eds), 2019, Lactose: Evolutionary Role, Health Effects, and 
Applications, Elsevier/Academic Press. 
 
B.2.1 Abstract 

Milk and dairy food consumption can lead to a range of adverse clinical 
symptoms, the best known of which is lactose intolerance. Lactose intolerance is 
defined as experiencing gastrointestinal symptoms following the ingestion of 
lactose. While lactose intolerance is often caused by a genetically determined 
reduction of lactase production in adulthood, it is important to note that other 
causes exist. In addition, adverse gastrointestinal and other symptoms following 
milk and dairy food consumption may not necessarily be the result of lactose 
intolerance. Despite our deeper understanding of food sensitivities and their 
overlap with irritable bowel syndrome, misattribution of gastrointestinal symptoms 
to lactose ingestion in self- reporting lactose intolerant individuals remains 
common. In this chapter we discuss the complexities of lactose-related and 
lactose-independent adverse gastrointestinal and other symptoms associated 
with milk and dairy food consumption.  

B.2.2 Key words: lactose intolerance, lactose maldigestion, lactase persistence, 
lactase non-persistence, lactose intolerance testing, bacterial overgrowth, 
microbiome, cow’s milk allergy, food sensitivity, milk sensitivity, FODMAP diet, 
gluten-restricted diet, nutrition 
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B.3 Introduction 

Milk and dairy food consumption is often implicated in a range of adverse 
gastrointestinal and other symptoms; something first noted by the Romans 
(Jones, 1969). These symptoms include cramps, bloating, flatulence, and altered 
bowel movements, as well as skin and joint problems, mood alterations and 
headaches. There is widespread belief that milk lactose causes these symptoms. 
However, there are various other nutrient components in milk and dairy foods, as 
well as non-dairy causes, which can induce similar symptoms There is also a 
widely held belief that adverse symptoms caused specifically by the ingestion of 
lactose – termed lactose intolerance (LI) – are congenital. However, a range of 
non-genetic factors can also lead to LI. In this chapter we will describe different 
causes of LI, including the physical and physiological parameters governing 
digestion of lactose. We describe the tests of lactose digestion available. We also 
discuss the confusion relating to the adverse symptoms following dairy 
consumption not caused by lactose.  

In humans lactose is digested into its constituent monosaccharides glucose and 
galactose by the membrane-bound enzyme lactase-phlorizin hydrolase 
(hereafter referred to as lactase), which is expressed in the brush boarder of the 
small intestine (See Chapter 2 for details on lactose digestion). In most humans 
and all other mammals studied to date, lactase production is down regulated 
sometime between the end of the weaning period and adulthood (Gerbault et al., 
2011; Itan et al., 2009). This trait is known as lactase non-persistence (LNP) and 
is considered the ancestral state. However, approximately one third of the world’s 
adult population continues to produce sufficient quantities of lactase to permit 
digestion of lactose. This genetically determined and derived trait is called lactase 
persistence (LP). At least five associated alleles, all within a 100bp region 
approximately 14,000bp upstream of the translation initiation codon of the lactase 
gene (LCT), have been identified and are likely causative of LP (Enattah et al., 
2002; Ingram et al., 2009; Lewinsky et al., 2005; Tishkoff et al., 2007)(See 
Chapter 1 for a detailed discussion of the genetic basis for LP). LP is generally 
considered to be a dominant trait, although reduced lactase expression has been 
observed in heterozygotes (Swallow, 2003; Swallow & Troelsen, 2016; Troelsen, 
2005; Wang et al., 1995).  

Lactose maldigestion (LM) is a failure to hydrolyze lactose into its constituent 
monosaccharides. The major cause of LM is an absence or low levels of lactase 
expression.  In LM individuals, undigested lactose will transit into the ileum and 
colon (lower small bowel and the large bowel), where it is fermented by bacteria, 
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producing by-products such as fatty acids and various gasses, including 
hydrogen and methane. The production of large quantities of gasses can lead to 
bloating and cramps, two characteristic features of LI. In addition, lactose in the 
colon can have an osmotic effect, leading to liquification of the colonic contents, 
and consequently diarrhea, a third characteristic feature of LI. LM was reported 
in 1903 as causing diarrhea in mature dogs following milk consumption 
(Röhmann & Nagano, 1903). Later the role of intestinal lactase in hydrolyzing 
lactose was elucidated in humans (Dahlqvist, 1962; Sahi, 1978).  

A simple causation chain of LCT ancestral gene -> LNP -> LM -> LI, does not 
represent the full complexity of the relationships between these variables. 
Genetically LP individuals can fail to express lactase; adult onset secondary 
hypolactasia – a form of LM – can be caused by diseases in the upper 
gastrointestinal tract. LM people can often consume modest quantities of lactose 
without experiencing LI symptoms, while people who express lactase can still 
experience LM. In addition, symptoms similar to those of LI can follow milk and 
dairy food consumption which are not caused by lactose (See Figure B.1).  

 

Figure B.1 Diagram relating lactose digestion to lactase gene expression, lactase 
enzyme activity and lactose intolerance. The two main outcomes are lactose tolerance 
(LT) and intolerance (LI). LP refers to lactase persistence associated with the five known 
alleles. LNP refers to the lactase non-persistent phenotype. LD is lactase deficiency, not 
producing sufficient lactase to hydrolyze lactose or having a condition that prevents 
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lactose from coming into contact with lactase. LM is lactose maldigestion. Arrows 
indicate the strength and direction of the association.  See Table B.1 for detailed 
definitions. 

Table B.1 Terms related to lactose and its digestion.  
Term Definition 
Lactase Persistence (LP)  A dominant genetic trait usually associated with 

continued high levels of lactase production into 
adulthood. 

Lactase Non-Persistence (LNP) A recessive and ancestral genetic trait 
associated with a decline in intestinal lactase to 
<10u/g of tissue sometime between the end of 
weaning and adulthood. 

Lactase Deficiency (LD) Reduction of intestinal lactase enzyme from any 
cause, either genetic (LNP) or any secondary 
causes like diseases or injury of the proximal 
small bowel mucosa 

Lactose Maldigestion (LM) Inability to digest lactose for any reason, 
primary LNP, but also secondary causes. Most 
common tests for lactase deficiency are actually 
for LM.  

Lactose Intolerance (LI) Adverse symptoms resulting from the ingestion 
of lactose, including flatus, gas, bloating, 
cramps, diarrhea and rarely, vomiting. LI may 
occur without LM 

Self Reported LI (SRLI) Persons believing themselves to be lactose 
intolerant without testing for LM. Nocebo and 
psychological characteristics may play a role in 
milk avoidance. 

Lactose Sensitivity (LS) Adverse symptoms with or without symptoms of 
LI and may also include depression, headache 
and fatigue, with or without LM. LS symptoms 
may overlap with Irritable Bowel Syndrome. 

 

B.4. Lactose intolerance 

Terms related to LI are defined in Table B.1. Because most of the world’s adult 
population (~65%) are LNP, and so LM, it is expected that the most common 
cause of LI symptoms is simply the failure to digest the lactose in milk and other 
dairy foods. However, this is complicated by a number of observations. For 
example, in East Asian populations with a high prevalence of LNP and LM, the 
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frequency of reported LI is similar to non-East Asian populations, with a poor 
correlation between LI and LM (Lukito et al., 2015). This may be partly explained 
by lower exposure to milk and other lactose-containing dairy foods in the diets of 
East Asian populations, although other factors such as variations in colonic 
microbiomes may also be important. 

 
Figure B.2 An approximate distribution of national lactase persistence dominant 
populations displayed in quintiles based on population data. Figure © (Szilagyi et al., 
2014). 

Lactose intolerance can be classified into four groups: Congenital, Neonatal, 
Secondary Lactase Deficiency and Adult Onset Lactase Deficiency. These 
classifications are based on the causes for the low levels of intestinal lactase and 
the symptoms produced by the presence of undigested lactose in the colon.   

B.4.1 Congenital lactose intolerance 

Virtually all mammals are born with intestinal lactase and are generally able to 
digest lactose. In humans, congenital lactase deficiency (CLI), or alactasia, is an 
extremely rare autosomal recessive condition caused by mutations in the lactase 
gene (Robayo-Torres & Nichols, 2007; Uchida et al., 2012). Insufficient lactase 
levels in the small intestine shortly after birth lead to severe symptoms of 
diarrhea, acidosis, hypercalcemia and nephrocalcinosis, with its complications 
(Saarela, Similä, & Koivisto, 1995) upon exposure to dietary lactose. Without 
treatment involving lactose withdrawal and nutritional support, CLI infants usually 
fail to thrive.  
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B.4.2 Neonatal lactose intolerance 

Neonatal lactose intolerance occurs when insufficient levels of lactase are 
present in the small intestine, and is related to the gestational age of the neonate. 
There are few studies investigating lactose hydrolysis in neonates. Lactase is first 
detected around the 12th gestational week and levels remain below those of term 
neonates through weeks 26 -34 of gestation (Antonowicz & Lebenthal, 1977; 
Nilsson, 2016). Because of this, full lactase activity is often not reached in 
premature infants, and when it is reached remains open to question. 

There is some controversy in the literature over when full term neonates achieve 
normal lactase levels. Francavilla et al. (2012) carried out a crossover study in 
full term infants to examine the effects of adding 3.8% lactose to formula fed to 
infants with cow’s milk allergy (CMA). They compared the fecal microbiome of 
healthy controls without dietary restrictions to each phase of the study, reporting 
that with added lactose, lactic acid bacteria increased significantly in the CMA 
cohort, while bacteroides and clostridia decreased. There were no significant 
differences observed in the control group. While intestinal enzymes were not 
evaluated, the authors suggested that in the healthy neonate, lactose is 
incompletely hydrolyzed, allowing some lactose to enter the lower intestine 
(Francavilla et al., 2012). The latter is also been seen in an earlier study on 
breast-fed neonates by Lifschitz et al (Lifschitz, O’Brian Smith, & Garza, 1983). 
However, an earlier study by Weaver and colleagues evaluated 40 healthy 
neonates born between 27 and 42 weeks’ gestation for lactose assimilation using 
urinary lactose:lactulose excretion ratios to assess lactase activity. They found 
that at five days after delivery, 98% of lactose was hydrolyzed by intestinal lactase 
in full-term and pre-term infants, but in the subsequent five to eight days (6-13 
days post birth) when the lactose load increased they observed differential 
capacities in the pre-term intestinal epithelium that only partially hydrolyzed 
lactose compared with nearly complete lactose hydrolysis in the full-term 
neonates. These findings suggest that rising lactase levels in pre- and full-term 
neonates during the first five days are sufficient to meet metabolic demands, but 
with increasing lactose loads in subsequent days only the full-term infants fully 
hydrolyzed lactose (Weaver, Laker, & Nelson, 1986). A more recent Cochrane 
review evaluated the possible benefit of adding oral lactase to formulae for pre-
term infants, but the single randomized controlled trial did not find any benefit, 
suggesting that neonates had achieved their full lactase capacity (Tan-Dy & 
Ohlsson, 2013). These three studies suggest that further work is needed to clarify 
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if excess lactose ingestion in neonates contributes to bacterial adaptation and at 
which stages of development. 

B.4.3 Primary adult onset hypolactasia  

Lactase production decreases with age of the child. The onset of LNP is ethnically 
determined and the frequency in high prevalence populations is also age 
determined. For example in Asians increasing rates of LNP are detected after 2-
3 years after birth (Hegar & Widodo, 2015). In Caucasians some persons can 
develop LNP status in early adulthood. In a Finnish study of lactose tolerance, 
using glucose and ethanol, on 42 LP individuals older than 36, genetic testing 
revealed a single person with the recessive CC genotype, leading the authors to 
conclude that occasionally LNP status may remain masked into adulthood 
(Seppo et al., 2008). Adult onset lactase deficiency can occur in older LP 
individuals without injury, illness or damage to the small intestine. Declining levels 
of intestinal lactase are genetically determined by the down regulation of the 
lactase gene. However, in contrast to disease-induced hypolactasia, levels of 
some other disaccharidases (e.g. sucrase-isomaltase) do not diminish with time 
(Enattah et al., 2007). During testing for lactose maldigestion, some adults 
experience symptoms of lactose intolerance. In older adults (>65) indications of 
LM may be related to bacterial overgrowth rather than an actual decline in 
intestinal lactase levels (Almeida et al., 2008).   

In 2010 a National Institute of Health single topic conference concluded that LI is 
“real” but its true prevalence is not known (Suchy et al., 2010). One reason why 
its prevalence is difficult to quantify is that LM and LI have been used as 
interchangeable terms despite being distinct conditions. Many individuals 
describe themselves as LI without a formal diagnosis of LM. This is known as 
self- reported LI (SRLI) and does not distinguish LI from LM. Systemic symptoms 
including headache, fatigue and concentration difficulties attributed to lactose is 
termed lactose sensitivity (LS). LI and SRLI also merge with the functional 
gastrointestinal disorders (FGID) described with the discussion of IBS.  

B.4.4 Secondary hypolactasia 

Secondary lactase deficiency can occur in both LP and LNP individuals 
regardless of age. Diseases, infection, medication or surgery can damage the 
integrity of villi in the proximal small intestine, leading to reduced lactase levels. 
In diseases of the proximal small intestine (e.g. celiac disease) activity of multiple 
disaccharidases can be reduced, usually as a result of decreased surface area 
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(Mones et al., 2011). With treatment the activity of these disaccharidases can 
return toward normal, although this can take years (Plotkin & Isselbacher, 1964). 

While primary LI in children will likely only establish after the age of 5, secondary 
lactase deficiency is also the most common reason for LI in children younger than 
5 years (as alluded to above as well). It is typically caused by underlying gut 
conditions, such as viral gastroenteritis, giardiasis, cow's milk enteropathy, celiac 
disease or Crohn's disease (Heine et al., 2017, and references therein). The 
authors therefore conclude that LI in childhood is mostly transient and will 
improve when underlying pathologies will be resolved (Heine et al., 2017). 

B.5 Diagnostic tests for lactose intolerance 

A number of tests are available for LP/LNP and LM. Some of these are presented 
as tests for LI, although strictly-speaking they are not as an individual could be 
LNP and LM without experiencing LI. As a result, most early reports in the 
literature equated LM with LI. This has caused confusion in the scientific literature 
and also in public perceptions, with the unintended and negative consequence of 
contributing to nutritional deficiencies through the dietary avoidance of dairy 
foods.  

B.5.1 Direct test - biopsy 

The definitive test for lactase production is assaying for its activity in an intestinal 
biopsy sample. However, this invasive procedure is not well suited to individual 
or population-level clinical diagnoses. Furthermore, biopsies can produce false 
negative results due to variation in the age-related decline of lactase levels in 
LNP adults, and the fluctuating nature of this decline providing inaccurate 
snapshots (Maiuri et al., 1991). More recently, an intestinal biopsy test for lactase 
deficiency has been reintroduced in the form of a “Quick R” test, which allows 
rapid diagnosis of enzyme deficiency during gastroscopy (Furnari et al., 2013). 
This test is convenient when gastroscopy is being conducted for other reasons, 
allowing the exclusion of secondary causes of lactose maldigestion and lactase 
deficiency, but is not appropriate for general use due to the invasive nature of 
gastroscopy.  

B.5.2 Indirect tests 

Several indirect tests of LI have been developed but for the most part are not 
standard in clinical practice. Some indirect tests are still occasionally used in 
pediatric medicine or research. These include stool chromatography (Coppa et 
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al., 2001; Roggero et al., 1986) and sugar acid tests (Robayo–Torres, Quezada–
Calvillo, & Nichols, 2006). These tests can be used to test for any sugar 
malabsorption. 

Early indirect tests included capillary galactose or glucose tests following 
ingestion of large amounts of lactose (~50g), a 14CO2 test following ingestion of 
14C-labelled lactose, or the breath hydrogen tests. Of these, the most common in 
standard clinical practice and anthropological studies is the lactose breath 
hydrogen test (LBHT), but the older blood glucose test (BGT, often misleadingly 
called the lactose tolerance test: LTT) is also used. These indirect tests have 
been correlated with intestinal biopsies and provide similar results in detecting 
LM (Newcomer et al., 1975).  

B.5.3 Blood glucose test 

The BGT measures the rise in blood glucose over baseline following an oral 
lactose load (which can vary between 12.5 - 50 g but is usually 25g, an equivalent 
to around half a liter of milk). Blood glucose is measured every 30 minutes, 
usually for two hours. A rise above 1.1-1.4 mmol/L is considered a positive 
indicator of lactose digestion (Arola, 1994). A rise of less than this is considered 
a negative outcome, indicating probable LM status. A variation on the BGT is the 
measurement of serum galactose, which denotes digester status with a rise > 0.3 
mmol/L. Alcohol can be administered before the test to prevent the rapid 
metabolism of galactose, rendering the test somewhat more reliable (Adam, 
Rubio-Texeira, & Polaina, 2004). This is because ethanol inhibits epimerase, an 
enzyme involved in the final step of the Leloir pathway in the liver converting 
galactose to glucose.   

B.5.4 Lactose breath hydrogen test 

The LBHT involves measurement of breath H2 following an oral lactose load, and 
has become the most widespread diagnostic test of LM because of its simplicity 
and accuracy (Newcomer et al., 1975). Unlike the BGT and serum galactose test, 
the LBHT detects the consequences of LM status; lactose not digested by the 
host reaches the lower intestine where it is fermented by bacteria, releasing 
gases – especially hydrogen – and short chain fatty acids (See Chapter 2 in the 
published book). Hydrogen is highly soluble and diffusible, and crosses the 
colonic epithelium into the circulatory system, where it is released as a gas in the 
lung. The amount of hydrogen exhaled is measured, either using an electronic 
hydrogen sensor or by samples of exhaled air injected at time intervals into a 
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compact gas chromatography apparatus. A rise in hydrogen by >20 parts per 
million (ppm) above the baseline generally denotes a person with LM. While LM 
is often equated with LNP, other possible causes of increased H2 production 
include excessively rapid intestinal transit, bacterial overgrowth (a consequence 
of loss of intestinal motility and/or hypochlorhydria; low acid) with aging, which 
allows usually low titers of bacteria to populate the upper segment of the intestine 
and ferment lactose, producing H2), and secondary lactase deficiency (disease 
induced loss of intestinal villi and reduction of lactase levels), (Krajicek & Hansel, 
2016). By setting the cutoff for the rise in breath H2 to 10ppm, the test sensitivity 
is increased but specificity may be lowered (Strocchi et al., 1993). 

A failure to raise hydrogen levels above 20 ppm is generally consistent with 
digester status, which in adults is a good proxy for LP status (Metz et al., 1975; 
Newcomer et al., 1975). However, other interpretations are possible. These 
include the absence of bacteria that produce H2 (possible population prevalence 
about 10%), use of pretest antibiotics (<1 month), drugs that slow intestinal transit 
including opiates, primary methane production, which may reduce the rise in H2 
(Gasbarrini et al., 2009), or altered microbiome adaptation from regular lactose 
consumption (Hertzler & Savaiano, 1996). Bacterial adaptation will not affect the 
BGT because it does not measure bacterial fermentation. The breath tests are 
thought to be more precise in identifying LM when methane production is 
incorporated in test results, as the microbiota of some individuals may not 
produce sufficient hydrogen to mount a positive H2 response alone but methane 
production maybe increased instead. Therefore measuring methane output can 
detect additional LM individuals (Knudsen & Di Palma, 2012; Waud, Matthews, & 
Campbell, 2008). Another modification is the use of carbon isotopes, an approach 
best reserved for research purposes (Hiele et al., 1988). The use of isotopes such 
as 13C, although valid, complicates general use for clinical work while adding little 
accuracy. It has been used to determine which patients should undergo intestinal 
lactase biopsy, but has also been largely replaced by indirect tests (BGT and 
LBHT). 

It may be possible to distinguish LP heterozygote individuals from homozygotes 
by examining the results of breath tests (Dzialanski et al., 2016). A statistically 
significant difference in area under the breath hydrogen curve is observed 
between heterozygotes and homozygote digesters, providing indirect information 
on zygosity. Genetic tests can be used identify LCT genotypes, but as levels of 
intestinal lactase can decline with age, these tests may only be weakly 
informative for clinicians. A possible non-genetic explanation was hypothesized 
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by Enko et al (Enko et al., 2017). Measurement of the enzyme diamine oxidase 
(DAO), or histaminase, diminishes with intestinal mucosal damage and correlates 
with lactase heterozygosity. Lower levels of DAO are associated with more 
pronounced symptoms of LI. This enzyme is involved in intestinal mucosal 
proliferation, a common occurrence after intestinal resection where the intestinal 
villi adapt to reduced surface area (Wolvekamp & De Bruin, 1994). In LM 
individuals, low DAO levels <10U/ml predicted higher levels of breath hydrogen 
with more gastrointestinal symptoms compared with DAO levels> 10U/ml (Enko 
et al., 2017). Whether heterozygotes become less able to digest lactose as they 
age, and the clinical impacts, require further examination. The relationship of 
diminished DAO to lactase genetic heterozygosity also requires further analysis. 
An alternative hypothesis is that increased LM in the elderly is related to 
increased incidence of bacterial overgrowth (Almeida et al., 2008).  

B.5.5 Interpreting test results 

In the case of the LBHT, considerable variation has been observed in the amount 
of H2 produced. Some of this variation can be understood better when the results 
of other tests are considered. Bacterial overgrowth of the small intestine can give 
false positive results through early upper intestinal lactose fermentation by 
bacteria. Furthermore, LNP individuals who regularly consume milk can stimulate 
microbial adaptation which mimics digester status in the LBHT, producing false 
negative results (Hertzler & Savaiano, 1996). In the case of the BGT there can 
be discrepancies between capillary or venous blood measurements, with the 
latter providing more accurate data (Domínguez & Fernández, 2016). In addition, 
gastric emptying delay or advancement can adversely affect digestion and 
absorption of digestion products, and medical conditions such as Type II diabetes 
can interfere with the lactose digestion / LM test results. Both the LBHT and the 
BGT have discrepancies that reduce the utility in comparing results of these two 
tests (Romagnuolo, Schiller, & Bailey, 2002; Szilagyi, 2011; Szilagyi et al., 2007). 

B.5.6 Urinary galactose tests 

Measurement of urinary excretion of galactose following an oral lactose load is 
also possible. Some authors argue that in addition to the LBHT measuring lactose 
fermented by intestinal bacteria, the urinary galactose: creatinine ratio could be 
used to measure residual absorption of lactose digestion products (Grant et al., 
1989). However the galactose test is rarely used when the LBHT and BGT are 
used (Sahi, 1978). The additional information of residual lactose fermentation and 
absorption is rarely useful clinically. 
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B.5.7 Genetic testing  

Genetic tests do not determine whether an individual is LT / LI, but ascertain 
whether they carry a known variant associated with LP. There are multiple known 
genetic causes of lactase persistence (as discussed in Chapter 1), including 
alleles -13910*T, -13915*G, -13907*G, -14009*G, -14010*C (genome positions 
relative to the start codon of LCT) (Enattah et al., 2008; Ingram et al., 2009; 
Ranciaro et al., 2014; Tishkoff et al., 2007). A further single nucleotide 
polymorphism (SNP) -22018*G is associated with lactase persistence in 
European populations in combination with -13910*T, but this is found in the 
Hazara of Pakistan without -13910*T whereas in the Chinese Han -13910*T is 
present without -22018*G, suggesting that the association of the -22018*G allele 
with LP may be more common in European populations (Ranciaro et al., 2014). 

Indirect LM tests can be combined with genetic tests to confirm and refine LI 
diagnoses. In a recent meta-analysis, a global literature search revealed 19 
studies of which 14 evaluated the LHBT, two investigated the BGT and three 
compared the LBHT and BGT results (Marton, Xue, & Szilagyi, 2012). The overall 
sensitivity of the LBHT was 0.88 (CI, 0.85 – 0.90) and specificity was 0.85 (CI, 
0.82 – 0.87). Further analyses revealed that a 50g lactose (instead of 25g or less) 
load and the exclusion of individuals younger than 18 years old increased test 
sensitivity and minimally changed specificity (lower with the high lactose load, 
and higher in the omission of children). Although only five studies evaluated the 
BGT, results were consistent with genetic tests. The sensitivity was 0.94 (CI, 0.90 
– 0.97) and specificity was 0.9 (CI, 0.84 – 0.95). The study supports the 
observation that LBHT and BGT results can predict the genetic status of the 
individual reasonably well, with the caveat that in some African populations, 
variations in microbiomes may harbor different gut bacteria which ferment lactose 
without significantly raising breath hydrogen output (reference?). 

One further caveat in using indirect tests to infer the genetic status relates to age-
determined lactase expression levels. While -13910*T explains the majority of LP 
in Europe (and individuals of European ancestry) and southern Asia, the other 
known variants together with -13910*T do not sufficiently explain lactase 
persistence in some non-European populations (Ingram et al., 2009). That is to 
say, lactase persistence has been observed in non-European populations in the 
absence of the five known genetic causes of LP. Furthermore, recent advances 
in our understanding of how epigenetic factors affect lactase expression suggest 
that decreasing levels of intestinal lactase may be part of the ageing process 
(Labrie et al., 2016; Swallow & Troelsen, 2016). The -13910*T variant leads to 
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continued expression of lactase into adulthood by increased LCT promoter 
activity, which in turn increases transcription rates. These increased rates of 
transcription are achieved by reduced levels of methylation in the -13910*T 
variant, whereas the -13910*C variant is more prone to methylation over time. 
DNA methylation is the process of adding a methyl group (CH3) to the DNA 
molecule. This does not change the DNA sequence itself but affects transcription 
regulation and often reduces transcription rates, particularly if methylation occurs 
in the promoter region. In light of this, LBHT and BGT results need to be 
considered with respect to age of the individual as there may be an age-related 
gradient of lactase levels in LP and possibly LNP individuals.  

Lastly, heterozygosity for LP-associated alleles should be considered. While one 
functional copy of a LP variant will maintain sufficient levels of lactase in the small 
intestine to metabolize most lactose loads, a single functional copy will produce 
smaller amounts of the enzyme (Weiss, Lee, & Diamond, 1998). It is possible that 
heterozygotes may experience symptoms of LI earlier than homozygotes during 
mild illnesses, metabolic challenges or ageing, as they may produce insufficient 
quantities of lactase, and levels may decline as they age (Swallow, 2003).  

Table B.2 summarizes the tests for lactose maldigestion (LM). Clinically the 
lactose breath hydrogen and to a lesser extent the blood glucose tests are used 
to assess lactose maldigestion. Other tests are used less often and mainly for 
research purposes. Lactase genetic tests are used for epidemiologic 
investigations. 

Table B.2 Tests for lactose maldigestion 
Test Method Interpretation Comments 
Intestinal Biopsy Crosby Capsule 

swallowed by 
patient 

Lactase U/g of tissue 
Normal 18.3U/g  

Ratio of lactase to 
sucrose used as 
sucrase is not usually 
down-regulated. 
May be variable due to 
age-related fluctuations 
of lactase levels 

Quick Test Endoscopic biopsy 
With rapid results 

Similar to above but 
more rapid at bedside 

Limited use at this time 

C14 labelled 
Lactose 

Labeled glucose 
measured  

Similar to measuring 
rise of glucose 

Early method. More 
labor intensive and not 
widely used except in 
research 
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Blood Glucose* Ingestion of lactose 
25-50g 
Measure blood 
glucose every 30 
min for 2 hrs 

A rise above 1.1-1.4 
mmol/L is positive in a 
lactose digester 

Outcome modified by 
underlying diabetes, 
small intestinal disorders 
or gastrointestinal 
problems. May not 
concur with breath 
hydrogen test results, 
but agrees with genetic 
tests. 

Blood Galactose Same as blood 
glucose 

A rise in galactose > 
0.3 mmol/L is positive 
in a lactose digester. 
Result measured by 
change in absorbance 
by release of 
galactonic acid and 
reduced nicotinamide 
adenine dinucleotide 

Rarely used as other 
tests like the glucose or 
breath tests more readily 
available 

Breath Hydrogen* Measurement of 
hydrogen and 
methane after a 
load of lactose for 3 
hrs 

Lactose digesters do 
not increase breath 
hydrogen ≥20ppm 
Or methane≥10ppm 

Most common clinical 
test. Lactose load varies 
but 25 g best clinical 
use, 50g more sensitive 
for correlation with 
genetic tests. May 
disagree with the blood 
glucose test. Multiple 
variables can interfere 
with interpretation 

Urinary Galactose Measurement of 
Galactose in urine 
5hrs after a 50g 
lactose load 

Normal lactose 
digesters µ = 45mg 
Lactose maldigesters 
µ< 8mg  5hrs 

Surpassed for clinical 
use by blood glucose or 
breath hydrogen tests 

Genetic Tests DNA from blood, 
saliva or other 
tissue source  
 

Confirms the 
presence or absence 
of alleles associated 
with lactose 
hydrolysis into 
adulthood 

Most clinical tests 
assess the C/T-13910 
alleles.  

*Breath tests and Blood glucose tests most commonly used in clinical practice 

B.6 Complexities within Lactose Intolerance 

Although historically LM became intertwined with LI, the complexities of LI now 
are more accurately characterized and understood.  

B.6.1 Single dose of lactose and interaction with residual lactase 
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Single large doses or supra-threshold doses of lactose can generate LM-positive 
test results and induce LI symptoms in LNP and LP individuals. When ingesting 
a large single dose of lactose, the lactase digestion capacity can be 
overwhelmed, even though normal intestinal levels of lactase are being 
produced. Using three indirect methods, including LBHT and 14CO2 test, Bond 
and Levitt evaluated 4 LP and 6 LNP adults and found that within the LP cohort, 
0-8% of the administered load failed to be digested whereas 42 -75% of the 
administered lactose failed to be digested in the LNP cohort (Bond & Levitt, 
1976).  

In LNP individuals, single-threshold doses have been evaluated in a number of 
investigations. In general, responses to varying the lactose loads were assessed 
using the LBHT. Hertzler, Huynh and Savaiano noted that breath hydrogen began 
to rise after a 6g dose was administered (Hertzler, Huynh, & Savaiano, 1996). 
Vesa et al. reported that gastrointestinal symptoms of LI occurred after increasing 
doses of lactose added to lactose free milk, in both LP and LNP cohorts in 
exposed individuals. They concluded that 0.5 -7g of additional lactose did not 
cause LI symptoms in LNP individuals (Vesa et al., 1998). In a Japanese study, 
Oku et al. found that a maximum single ingestion of 10g lactose was tolerated 
but higher doses induced diarrhea (Oku, Nakamura, & Ichinose, 2005). In a 
double blind random order study, a dose of 12.5g lactose (equivalent to about 
250ml of milk) was tolerated either in a single or two half-dose ingestions (Suarez 
et al., 1997; Suarez, Savaiano, & Levitt, 1995). Breath hydrogen was found to 
inversely correlate with lactose pretest intake during breath tests in LNP subjects 
(Szilagyi et al., 2005).  

B.6.2 Lactose intolerance symptoms during tests for lactose maldigestion 

LI is confirmed by observing gastrointestinal symptoms following a lactose load 
test. However, it should be questioned whether symptoms produced by a lactose 
load confirm true lactose intolerance or an inability to tolerate the specific lactose 
load under those test conditions. Houben et al. investigated 1051 clinical 
outpatients who were referred for lactose digestion evaluation using 50g lactose 
load breath testing with standard (no isotope) and carbon isotope (13CO2) 
analyses. They found 57% of participants had normal lactose digestion, 29.8% 
had LM, and 13.2% had either LM or bacterial overgrowth (based on achieving 
the rise in H2 to 20ppm). An additional 16% of subjects without H2 production 
were reclassified as LM based on CH4 levels above 5ppm (Houben et al., 2015). 
In this study, 59% reported some symptoms after the lactose load, with about half 
reporting symptoms even with normal LM outcome. Symptoms were more severe 
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with higher hydrogen output in LM individuals or those with bacterial overgrowth. 
This discrepancy within LM status and symptoms has been reported previously 
(Szilagyi et al., 2005). In addition, positive correlations between peak and total 
hydrogen and total symptoms during tests have been noted (Ladas, Papanikos, 
& Arapakis, 1982; Szilagyi et al., 2005). It can be argued that aqueous lactose 
loads (dispersed in water for the purpose of the test) may not always cause LI 
outside test conditions. A recent review suggests that LI may not be the principal 
reason for the low levels of dairy food consumption in some East Asian regions. 
Lukito et al. suggest that testing for dairy food intolerances rather than lactose 
intolerance would be a better choice in determining the true cause of adverse 
symptoms (Lukito et al., 2015).  

B.6.3 Effect of other nutrients on lactose digestion 

Aqueous lactose loads may heighten responses through enhanced osmotic 
effects, resulting in increased LI symptoms and raised hydrogen output. The 
corollary is that the type of food eaten with lactose can reduce the rate at which 
lactose reaches the lower intestine. Adding cereal to milk reduces hydrogen 
production (Dehkordi et al., 1995). An increased fat content ingested with lactose 
also delays gastric emptying, reducing the rate of lactose entering the small bowel 
(Laxminarayan et al., 2015). Testing lactose digestion status while consuming a 
standard meal may reflect real life eating habits better than using aqueous 
lactose challenges. Currently, these types of test conditions are uncommon due 
to the added complexity of administering these lactose loads. 

B.6.4 Effects of pregnancy 

Pregnancy is another condition where lactose tolerance in LNP individuals may 
improve as pregnancy progresses. Although the continued consumption of 
lactose can encourage colonic adaptation, the retarding effect of progesterone 
on intestinal transit times may also contribute to increased lactose tolerance 
(Szilagyi et al., 1996a).  

B.6.5 Effects of medication 

Various medications also influence the transit times and/or water absorption. As 
a result, the correct interpretation of test results needs to consider drug effects. 
The drug loperamide (a common over-the-counter drug used for non-specific 
control of diarrhea) slows intestinal transit by activating opioid receptors in the 
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intestine, and can improve lactose tolerance when ingested before a lactose 
challenge test (Szilagyi et al., 1996b). 

B.6.6 Disease and illness affecting intestinal motility 

Similarly, diseases affecting intestinal transit times and gastric emptying can alter 
the rate of lactose emptying into the small bowel. Hyperthyroidism (a condition 
where the thyroid gland is overactive) can aggravate LI, possibly by increasing 
the rate of gastric emptying and intestinal transit (Szilagyi et al., 1991). The result 
is a rapid increase in lactose concentration with decreased substrate enzyme 
contact time and more concentrated, rapid delivery of undigested lactose into the 
colon. Another hypothesis is that thyroxine or triiodothyronine (thyroid hormones) 
may directly inhibit lactase gene transcription (Hodin, Chamberlain, & Upton, 
1992). While such evidence is available in animal and in vitro studies, as 
described in Chapter 2, there are limited studies on the direct effects of thyroid 
hormones on lactase in humans.  

Diseases affecting the villi of the small intestine often reduce lactase levels or 
lactase exposure to lactose. These diseases include Celiac disease, viral, 
bacterial (e.g. bacterial overgrowth) or parasitic infections (e.g. giardiasis), 
consequences of radiation therapy and some medication (e.g. olmesartan for 
high blood pressure). (Rubio-Tapia, et al, 2012). 

B.6.7 Microbial adaptation 

Early observations in Iran (Sadre & Karbasi, 1979) and Ethiopia (Habte, Sterky, 
& Hjalmarsson, 1973) showed after a month of regular milk powder consumption, 
LI symptoms improved in cohorts comprising mostly LNP individuals. Later it was 
shown that regular consumption of lactose in foods can improve LI symptoms in 
lactose naïve individuals (non-regular consumers of lactose and therefore non-
adapted intestinal microbes). Hertzler and Savaiano demonstrated that by 
increasing lactose doses over a 16-day period, LNP individuals produced LHBT 
results consistent with LP status. This was accompanied by a reduction in some 
LI symptoms (Hertzler & Savaiano, 1996). These results demonstrate the efficacy 
of lactose as a prebiotic; ingesting therapeutic doses of lactose to reduce 
gastrointestinal symptoms. Figure B.3 indicates the effect of daily lactose 
consumption on LHBT output in LNP individuals.  Symptoms of gas and bloating 
were reduced, while diarrhea showed no improvement. The reduced hydrogen 
production is associated with increased fecal β-galactosidase and increased 
lactic acid producing bacteria as discussed in Chapter 2 (of the published book).  
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Figure B.3 This figure shows the reduced hydrogen levels after regular and daily 
increasing consumption of lactose compared with dextrose. The study was based on 20 
participants with previously established lactose maldigestion who were randomly 
assigned 16 days of increasing weight-adjusted lactose intake (0.6-1.0g/kg) or similar 
dose of dextrose as a placebo.  After a wash-out period participants were given the 
opposite disaccharide. A lactose challenge test was carried out at the middle of each 
sugar period and after an additional 2 weeks off any test sugar. Figure from (Hertzler & 
Savaiano, 1996). 

B.6.8 Pathogenesis of lactose intolerance 

When lactose is not broken down into its constituent monosaccharides it remains 
in the intestinal lumen. Here it exerts osmotic forces, drawing water into the lumen 
and increasing intestinal transit. Lactose and water then reach the colon more 
rapidly causing cramps and possibly diarrhea. He et al. postulate that the rapid 
production of short chain fatty acid and gas (hydrogen, methane and carbon 
dioxide) contributes to LI symptoms (He et al., 2008). Symptoms of LI can be 
caused by lactose and other carbohydrates, as well as by diseases including 
celiac disease, inflammatory bowel disease (especially Crohn’s disease), 
gynecological neoplasms, neuroendocrine tumors and bacterial overgrowth. 
These conditions can be diagnosed relatively easily. However, the most common 
disorders that can be confused with LI are functional gastrointestinal disorders. 

B.6.9 Functional gastrointestinal disorders and irritable bowel syndrome 
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A group of predominantly gastrointestinal symptoms with no or minimal gross 
pathology have been classified as Functional Gastrointestinal Disorders (FGIDs) 
(Stanghellini et al., 2016). FGIDs are hypothesized to be caused by an interaction 
of three mechanisms: increased activated  intestinal immunity, altered intestinal 
permeability and abnormalities in pro-inflammatory serum cytokines (Collins, 
2016).  

Irritable Bowel Syndrome (IBS) is one of the most common FGIDs. Symptoms of 
IBS resemble reactions to maldigested carbohydrates. Symptoms experienced 
by LNP individuals in response to lactose are not unique and other malabsorbed 
carbohydrates (fructose, fructo- and galacto-oligosaccharides) can produce 
similar gastrointestinal effects, such as abdominal cramps, flatus, abdominal 
distension and sometimes diarrhea with or without nausea can be manifested 
after ingestion of other carbohydrates.  

IBS is made up of four definable groups, divided by characteristic bowel 
movement, alterations and specific time criteria. This includes IBS –D with 
predominance of diarrhea, IBS –C with predominance of constipation, or IBS –M 
with mixed symptoms (diarrhea and constipation) and finally undifferentiated IBS 
(Ford, Lacy, & Talley, 2017). All forms of IBS may be accompanied by abdominal 
cramps, flatus and a sensation of bloating. Although there are specific biomarkers 
for each form of IBS, they are typically not used clinically and there is no specific 
pathology that explains the varying forms (Camilleri, Halawi, & Oduyebo, 2017). 
In the cases of IBS-D there is a 15% past history of infectious gastroenteritis 
preceding development of IBS (Holtmann, Ford, & Talley, 2016). The prevalence 
of IBS worldwide varies between 10-20%, with no distinct geographic patterns 
(Lovell & Ford, 2012). 

B.6.10 The biopsychosocial contribution to LI 

Daily living stresses and psychological factors such as depression and anxiety 
are often associated with IBS and other FGIDs. These complex interactions have 
been labeled as the biopsychosocial model of IBS and FGIDs. Other symptomatic 
organ involvements such as fibromyalgia, functional dyspepsia, chronic fatigue 
syndrome, temporomandibular joint pain and chronic interstitial cystitis with 
symptoms may also be involved. The pathogenic role or complicity of the 
intestinal microbiota has been implicated in FGIDs and related disorders as well 
as other diseases. 
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B.6.11 Microbiome and functional gastrointestinal disorders 

Recent investigations have broadened and deepened our understanding of the 
microbiome, implicating its involvement in causing both disease and symptoms. 
The microbiome is sensitive to diet, disease states, antibiotics, stress and 
external environmental changes such as air pollution. This has caused 
researchers to reconsider the pathogenesis of LI, IBS and other pathological 
gastrointestinal symptoms. Brain-gut/gut-brain interactions (also called the ‘gut-
brain axis’) in extra gastrointestinal manifestations and mood disorders may 
explain some symptoms and pathology (Holtmann et al., 2016; Liu et al., 2016). 
There are studies demonstrating cross talk between enteric neurons and central 
neurons (Cashman et al., 2016). These findings suggest how stress may 
precipitate symptoms via changes in the microbiome. In addition to the 
microbiome, changes in some forms of IBS (associated with diarrhea) have 
similar features to bacterial changes observed in depressive disorders (Liu et al., 
2016). Since many disorders are associated with alterations of the microbiome, 
lactose digestion in LNP individuals may modify the severity of symptoms.  

The association of mood changes like depression (Ledochowski, Sperner-
Unterweger, & Fuchs, 1998) and anxiety (Tomba et al., 2012) with LI and the 
observation of extra-intestinal general symptoms (labeled as lactose sensitivity) 
(Matthews et al., 2005; Waud et al., 2008) are similar to symptoms associated 
with IBS (Borghini et al., 2017).  

B.6.12 Is lactose intolerance a cause of irritable bowel syndrome? 

When IBS was first described in the 1950’s there was a tendency to ascribe it to 
lactose intolerance. In IBS, the rate of lactose maldigestion is not increased (Vesa 
et al., 1998), but LNP patients with IBS may be more sensitive (Dainese et al., 
2014; Yang et al., 2013). The reason for this relates to a sense of hyper-vigilance 
or hypersensitivity and reduced pain threshold described in IBS patients (Nozu & 
Kudaira, 2009; Stabell et al., 2013). However, other evidence suggests that LI 
symptoms are of similar frequency in LP (Farup, Monsbakken, & Vandvik, 2004) 
and LNP patients with IBS (Yang et al., 2014). In northern Europe the frequency 
of lactase non-persistence is 4-7%, with IBS frequencies higher (10-19.9% 
frequencies). However, on examining geographic comparisons, one would not 
expect a strong positive correlation between the frequency of LNP and IBS 
because IBS appears to have a less spatially structured distribution than LP/LNP 
(See Fig B.2 compared with Fig B.4). If IBS were clearly linked with LNP, one 
would expect high rates of IBS in China (>90% LNP prevalence) but this is not 
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the case. The correlation between distributions of LNP and IBS is only -
0.17(p=0.4274) (Szilagyi & Xue, 2017). 

 
Figure B.4 Global distributions of Irritable Bowel Syndrome (Lovell & Ford 2012) noting 
the less spatially structured distribution compared with lactase persistence.  

B.6.13 The placebo and nocebo effects modifiers 

In conditions where no specific therapy exists, such as FGIDs, the placebo effect 
can alleviate or improve symptoms. A placebo effect is a beneficial or therapeutic 
effect resulting from a treatment or drug therapy with no known active ingredient. 
Placebo effects can modify lactose intolerance. In controlled trials, SRLI 
individuals were unable to distinguish lactose from the placebo with regards to 
development of gastrointestinal symptoms (Suarez et al., 1997; Suarez et al., 
1995). In colonic bacterial adaptation, some studies have hypothesized that 
symptomatic improvement after regular lactose consumption was perhaps 
attributable to a placebo effect because both placebo and lactose ingestion 
improved symptoms (Briet et al., 1997). The correlation of reduced symptoms 
with lower hydrogen production in challenge tests supports an improvement of 
symptoms with repeated lactose consumption (Ladas et al., 1982). Increased 
colonic lactobacilli and bifidobacteria in response to regular lactose consumption 
in LNP individuals is associated with lower hydrogen production (Hertzler & 
Savaiano, 1996). 
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In contrast, a nocebo effect is experiencing adverse or more severe symptoms 
resulting from consuming a substance with no active or therapeutic ingredient.  In 
response to perceived lactose ingestion, the nocebo effect can elicit adverse 
symptoms (Vernia et al., 2010). Due to the nocebo effect, individuals may limit 
their dairy food intake to reduce unpleasant symptoms. However, this can 
inadvertently cause nutritional deficiencies (as described in more detail in section 
B.9). 

B.6.14 Lactose in pharmaceutical preparations 

It has been debated whether small doses of excipient lactose in medications 
could cause symptoms. One study described 20 LM individuals of whom three 
experienced significant symptoms with a 5g lactose load whereas seventeen 
were able to tolerate these doses (Gudmand-Høyer & Simony, 1977). While this 
study emphasized individual lactose “sensitivity” (not to be confused with the later 
definition of systemic effects in lactose sensitivity), most drugs contain less than 
100mg of lactose, with budesonide being the significant outlier; containing 
600mg. Budesonide is a non-systemic, locally active formulation of cortisone 
used to treat for example asthma and IBD (Eadala et al., 2009). Perhaps because 
of the low lactose content of most drugs (Eadala et al., 2009), there is no evidence 
the lactose is causing symptoms even when multiple capsules are taken in one 
dose. In LNP individuals, as much as 400 mg of lactose does not produce a 
hydrogen response on breath tests with negligible amounts of lactose reaching 
the intestinal microbiota (Montalto et al., 2008). Most studies define lactose levels 
of > 5-6 g as the threshold for eliciting hydrogen production and >10 – 15 g for 
the start of symptoms. However, no published controlled trials have evaluated a 
low dose such as <1g lactose in producing symptoms. 

B.6.15 Food sensitivities 

Diet has been implicated in gastrointestinal manifestations of IBS. With the 
recognition of microbial/host neurone interactions, IBS has been redefined as a 
gut brain axis dysfunction (Holtmann et al., 2016; Liu et al., 2016). Research in 
this area of microbe interactions leading to psycho-neurological disorders 
implicates diet-host interactions in the development of IBS. Lactose was 
considered as a cause when IBS was first described. Undigested lactose alters 
the intestinal microbiota, and it is possible that systemic features attributed to LI 
could be expressed via microbiome complicity (Windey et al., 2015). Many foods 
or food combinations can induce food sensitivities which mimic symptoms 
attributed to lactose intolerance (Kitts et al., 1997; Mullin et al., 2014). As a result 
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dietary management of IBS has gained wider attention with a number of specific 
and non-specific diets. 

B.6.16 “Lactose intolerance” as media-driven popular science 

Lactose intolerance has captured the imagination of the general public and many 
dairy and non-dairy related gastrointestinal symptoms are erroneously attributed 
to lactose without clinical investigation. Food fads often question dairy food 
consumption, raising objections such as “humans are the only animals who 
consume other species’ milk” and “it is not natural.” Furthermore with FGIDs 
affecting up to 20% of the population, explanations are sought for the causes of 
these symptoms. Media interest has grown following the increasing frequency of 
self-reported lactose intolerance without defining digestion status. An on-line 
search of the term “lactose intolerance” yields over 2.1 million hits, providing an 
indication of how pervasive this concept is within popular science (Google, 2017). 
Sites range in topics on dairy foods from helping to harming life. Possibly as a 
result of this media attention, and self-diagnoses, lactose has been implicated in 
many unpleasant gastrointestinal symptoms. However, it is likely that other food 
components are contributing to and/or causing gastrointestinal symptoms. 
Isolating specific food components causing gastrointestinal symptoms can be 
difficult, and such symptoms are often multifactorial, requiring clinical 
investigations to confirm individual cases. 

B.7 Allergies, sensitivities and intolerances to milk 

Other nutrients in milk such as fats and proteins can also cause gastrointestinal 
symptoms similar to LI. This section explores several hypothesized mechanisms 
inducing symptoms.  

B.7.1 Long-chain triacylglycerol 

Dairy fats can induce gastrointestinal symptoms that have been confused with LI, 
including long-chain triacylglycerol in some dairy foods (Mishkin, 1997). Nolan-
Clarke found that fat content was more positively correlated with adverse 
gastrointestinal symptoms than lactose in a cohort of patients with Crohn’s 
disease self-reporting symptoms following dairy food consumption. This suggests 
that lactose often has been mistakenly identified as the causative nutrient (Nolan-
Clark et al., 2011). As the majority of patients in this study were LP (93%), this 
study reinforces the overlap between LI and other dairy food sensitivities. 

B.7.2 Reactions to A1 and A2 dairy proteins  
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It has been reported that β-casein milk proteins can have physiological effects on 
the gastrointestinal tract and on modifying inflammation and intestinal transit. 
There are several types of β-caseins present in cow’s milk. The A1 protein, 
associated with northern European cow breeds such as Friesian, Ayrshire and 
British Shorthorn, seems to interact with µ-opioid receptors in the gut and is 
postulated to decrease intestinal motility. The A2 β-casein, produced mostly in 
cows originating in southern France and the Channel Islands including Guernsey, 
Jersey, Charolais and Limousin breeds, does not induce these physiological 
effects. The A1 effects are hypothesized to be mediated via β-casomorphines 
(mostly BMC-7). In addition, mucin secretion in the gut is increased via interaction 
of this molecule with the µ-opioid receptor (Pal et al., 2015). Jianqin et al. carried 
out a two-week crossover study comparing A1/A2 milk with A2 milk only and 
found that the A1/A2 combination significantly increased serum biomarkers of 
inflammation and reduced short chain fatty acids in stool. They also noted 
changes in stool consistency and measurements of cognitive ability (Jianqin et 
al., 2015). However, other studies have not found differences related to the 
consumption of A1/A2 or A2 milk indicating that the current scientific evidence 
supporting the health benefits of A2 (or more correctly, non-A1) milk is 
inconclusive (Pasin, 2017). The possible benefits of consuming milk with A2 
proteins rather than a combination of A1/A2 merit further evaluation. 

B.7.3 Cow’s milk allergy 

Lactose does not play a role in milk allergy. Allergic reactions are mediated by 
immunological reactions involving, for example, IgE. Allergies can have very 
serious outcomes, including death, while carbohydrate intolerances produce 
uncomfortable but non-life threatening symptoms. Cow’s milk allergy and LI are 
distinct conditions. 

Cow’s milk protein allergy (CMA) was first recognized in children with a 
prevalence of 2-3% (Høst et al., 1995). The main milk proteins inducing allergies 
are αs1-, αs2-, β-, and κ-casein and α- and β-lactoglobulin (Wal, 2004). The main 
manifestations include skin irritation (e.g. dermatitis, urticarial), cardiopulmonary 
complaints (e.g. asthma) and gastrointestinal symptoms. The gastrointestinal 
manifestations can be similar to inflammatory bowel disease, either ulcerative 
colitis (bloody diarrhea) or diarrhea without blood (Virta, Kautiainen, & Kolho, 
2016). Higher antibody counts to milk protein in inflammatory bowel disease have 
been reported but subsequently it was concluded that these antibodies were 
unlikely to be pathogenic (Jewell & Truelove, 1972). Without blood in the stool, 
the symptoms overlap with the irritable bowel syndrome (IBS). 
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Adults rarely acquire CMA, but when they do cardiopulmonary and skin 
symptoms often are more severe and with fewer gastrointestinal symptoms (Lam 
et al., 2008). Occasionally individuals following a lactose-free (but not dairy-free) 
diet are diagnosed with CMA through allergy testing (Olivier et al., 2012). 
Diagnosis relies on a battery of tests including questionnaires, measurement of 
IgE and IgG, skin tests and at times food challenge (Liu et al., 2012). CMA plays 
a minor but important role within milk/lactose intolerance in adults (Paajanen et 
al., 2005). Milk intolerance and cow’s milk allergy are clearly differentiated. In milk 
intolerance digestive effects are less severe whereas CMA in children is an 
allergic reaction with features sometimes resembling colitis (Bahna, 2002). The 
diagnosis has specific guidelines (Wal, 2004). However, on occasions where 
CMA in adults suggests lactose intolerance, an allergic investigation requiring the 
consultation of an allergist is recommended (Crittenden & Bennett, 2005).  

In the last twenty years the number of reported food allergy related diseases have 
increased, often involving the gastrointestinal tract.  One recent example is 
eosinophilic esophagitis, which has been increasing in incidence. This condition 
mostly affects male children but more recently older adolescents and adults are 
also affected. Restriction of six major foods (milk, wheat, fish/shellfish, nuts 
(peanuts/pine nuts), egg and soy) reduces heartburn and difficulty in swallowing 
(Furuta & Katzka, 2015). Recent studies estimate that 85% of allergies causing 
eosinophilic esophagitis are attributed to cow’s milk allergy (Kagalwalla et al., 
2017). Table B.3 outlines various nutrients in milk and dairy foods which may 
produce symptoms.  
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Table B.3 Terms, symptoms and possible causes of lactose intolerance  
Term Symptoms Causes 
Cow’s Milk Protein 
Allergy  (CMA) - 
Children  

Skin rashes  
Anaphylaxis 
Cardiopulmonary symptoms 
including tachycardia, altered 
blood pressure and asthma 
Gastrointestinal pain 
Diarrhea 
Vomiting 

Allergic  (IgE, IgG, IgA) 
reactions to casein, α-
lactalbumin and β-
lactoglobulin and bovine 
serum albumin 

Cow’s Milk Protein 
Allergy (CMA) -
Adults 

As above but more severe 
and fewer gastrointestinal 
symptoms 

As above 

Milk Sensitivity  Mostly gastrointestinal 
symptoms 
Bloating 
Flatulence 
Diarrhea  
Vomiting 

Not an immune response 
(i.e., not an allergy) 
May be related to lactose 
fermentation 

β-Casein related  
Sensitivity  

Mostly gastrointestinal 
symptoms 
Cramps  
Bloating 
Altered bowel movements 
Vomiting 

Genetic alteration in β-casein 
in cows.  Mainly European / 
non-Asian Cattle. 
Casomorphins in milk may 
alter function of intestinal 
motility by interacting with µ-
opioid receptors to slow 
transit 

Milk Fat related 
Symptoms 

Abdominal discomfort, pain 
and distension 
Nausea 
Vomiting 

Possible effect on 
Gastrointestinal motility with 
a delay in gastric emptying  

Lactose as part of 
FODMAP* 

Gastrointestinal and systemic 
symptoms 
Flatulence 
Bloating 
Abdominal pain 
Constipation 
Diarrhea 

Bacterial fermentation of 
carbohydrates in the colon 
Osmotic effects of short 
chain fatty acids in the bowel 

* Fermentable oligo-, di-, monosaccharide and polyol sensitivity. The role of lactose in 
FODMAP may be independent of the process of lactose maldigestion by the host. 
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B.8 Management of lactose intolerance 

The growing research interests and public awareness of lactose intolerance were 
addressed by a National Institute of Health conference in 2010. Following this 
conference, Shaukat et al. published a review of therapeutic options. They found 
that most LI individuals were able to tolerate 12-15g of lactose in single dose 
ingestion but there was insufficient evidence for other modalities of therapy 
(Shaukat et al., 2010). The recommendation was made to consume acceptable 
quantities of lactose in single meal periods (i.e. 1 cup of milk, 12.5g or 2 cup 
equivalents in divided doses).   

B.8.1 Fermented dairy products with reduced lactose content  

However, other options may also be effective. These include the consumption of 
low-lactose products such as cheese, yogurt, other fermented dairy products 
(kefir) or specially produced reduced-lactose milk. In fermented dairy products 
the presence of active lactic acid producing bacteria reduce the lactose compared 
to equivalent amounts of milk (see also Chapter 6). A list of the lactose content 
of different dairy foods can be obtained from the Food Intolerance Network (Food-
Intolerance-Network, 2017)  

B.8.2 Exogenous lactase 

There are a number of lactase-based oral pills which can be taken before 
consuming dairy foods to reduce or prevent gastrointestinal symptoms. These 
lactase medications reduce breath hydrogen production and symptoms in LNP 
individuals by providing exogenous lactase that cleaves lactose (Francesconi, 
2016; He et al., 1999; Ianiro et al., 2016; Ibba et al., 2014; Montalto et al., 2005). 
These enzymes are usually derived from fungi or yeast. The quantity of lactase 
varies but many contain from 1000 to 3000 IU per caplet, and the number of 
caplets taken can vary depending on consumed lactose load. The dose is taken 
about 15 minutes before dairy consumption and the efficacy varies depending on 
quantity of lactose consumed. Most enzymes can predigest 20g but efficacy is 
reduced with higher lactose intakes such as 50g of lactose in single meals (Ianiro 
et al., 2016). 

B.8.3 Bacterial adaptation as therapy 

Symptoms of lactose intolerance may be more severe with intermittent ingestion 
of dairy. Regular consumption of slightly higher doses of milk (e.g. 12.5 - 25g 
lactose in divided doses) may increase tolerance through encouraging microbial 
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adaptation. Maldigested carbohydrates can promote colonic bacterial adaptation, 
as hypothesized by Gibson and Roberfroid, who noted that certain carbohydrates 
promote beneficial host lactic acid bacteria growth. Those carbohydrates were 
regarded as prebiotics (Gibson & Roberfroid, 1995).  

Many bacteria, including lactic acid bacteria used in yogurt production, thrive on 
regular carbohydrate ingestion. Generally, bifidobacteria – the dominant bacterial 
group in the gut of breastfed and prebiotic-containing formula-fed infants - 
produce less hydrogen gas and therefore cause fewer gas-related symptoms 
(see for details on lactose-fermenting bacteria also chapter 4). Early studies by 
Bouhnik et al. showed that the disaccharide lactulose (a disaccharide formed of 
galactose and fructose) as well as short-chain fructo- and galacto-
oligosaccharides promoted growth of bifidobacteria, also in adults (Bouhnik et al., 
2004a; 2004b). Doses as low as 2.5g of fructo-oligosaccharides are bifidogenic 
(Bouhnik et al., 1999). Regular consumption of small doses of lactulose can result 
in improved symptoms of lactose intolerance and a reduction of breath hydrogen 
in response to challenge resulting from bacterial adaptation (Hertzler & Savaiano, 
1996). A two-week study administering oral lactulose to participants reported 
improved symptoms to a lactose challenge (Szilagyi, Rivard, & Fokeeff, 2001). 

In a recent study a galacto-oligosaccharide prebiotic was investigated by the US 
Food and Drug Administration, offering another treatment strategy based on 
microbial adaptation. It was shown that LNP individuals after using a galacto-
oligosaccharide product for one month were symptom-free after ingesting lactose 
(Azcarate-Peril et al., 2017; Savaiano et al., 2013). This was accompanied with 
changes in the microbiota composition. The relative abundance of lactose-
fermenting Bifidobacterium, Faecalibacterium, and Lactobacillus was shown to 
be significantly increased in response to GOS and after the introduction of dairy 
food also the lactose-fermenting Roseburia species were increased (Azcarate-
Peril et al, 2017). This suggests that microbiota adaptation plays a pivotal role in 
the alleviation of symptoms related to lactose maldigestion. The treatment is likely 
to be more effective for LNP individuals due to the effect on the microbiome. This 
product, RP-G28 (Ritter Pharmaceuticals), has potential to become the first FDA-
approved drug for treatment of LI.  

B.8.4 Dietary management - FODMAPS  

Gibson and Shepherd hypothesized that certain carbohydrates are not digested 
well by the host. These carbohydrates then reach the lower intestine and are 
catabolized by bacteria, producing metabolites and gases responsible for many 
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of the symptoms. The hypothesis is based on the presence of fermentable oligo, 
di-, monosaccharides and polyols (FODMAP) in many food items (P. Gibson & 
Shepherd, 2005; see also chapter 4 for further explanation of this concept). The 
proposed mechanism is similar to that postulated by He et al.’s for lactose-
induced symptoms in LNP populations (He et al., 2008) (See Chapter 2 for 
discussion). However, in Gibson’s hypothesis, LP/LNP status is less relevant, 
although symptoms may be more pronounced in LNP individuals (Gibson & 
Shepherd, 2005). The treatment is a restriction of foods containing FODMAPS 
for a limited time. This is then followed by selective reintroduction of 
carbohydrates using a diary to record symptoms related to the specific FODMAP. 
There are a number of clinical trials providing evidence of success with FODMAP 
restricted diets in patients with IBS (O'Keeffe et al., 2017) and IBS symptoms in 
patients with IBD in remission (Pedersen et al., 2017). However, a systematic 
review of nine trials of FODMAP for IBS found a number of biases, suggesting 
the results may be attributable to a placebo effect (Krogsgaard, Lyngesen, & 
Bytzer, 2017).  

Prolonged FODMAP diets are generally not recommended because of the 
potential harm in reduction of short chain fatty acids (SCFA) derived from 
carbohydrates and an increased metabolism of proteins (Valeur et al., 2016). This 
combination of reduced short chain fatty acid production via altered microbiome 
fermentation may promote colorectal carcinogenesis (Han et al., 2017), and 
dieticians recommend the reintroduction of different foods with FODMAP. 
However, recent studies have used FODMAP without complications for more 
prolonged periods (O'Keeffe et al., 2017). FODMAP diet may also alleviate 
fibromyalgia, a non-pathologic form of joint symptoms often associated with IBS 
(Marum et al., 2017).  

B.8.5 Dietary management - gluten-restricted diet 

Gluten restriction for individuals with non-celiac wheat sensitivity can be an 
effective dietary management strategy. These individuals find that wheat product 
consumption is associated with gastrointestinal symptoms, and follow a gluten-
restricted diet with apparent benefits. The benefits appear to be more pronounced 
in patients who have the genetic predisposition to celiac disease (HLA-DQ2/8) 
(Aziz et al., 2016; Vazquez–Roque et al., 2013). Some authors, however, have 
argued that the main benefit of gluten free diet is due to its FODMAP restriction 
and not the gluten itself (El-Salhy et al., 2015). In the case of secondary 
hypolactasia caused by celiac disease, a gluten-free diet or other management 
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strategies may encourage the return of lactase to the small intestine although this 
process may be slow (Plotkin & Isselbacher, 1964). 

B.9 Approaches to adults with “lactose intolerance” 

The general goal when working with patients is to minimize adverse symptoms 
while maintaining nutrition. In view of the variety of possible conditions described 
in this chapter, the traditional approach of taking a full patient history is important 
in order to accurately link the ingestion of dairy products with symptoms. It is 
important to note that dairy usually needs to be consumed in order to establish 
lactose as the cause. Small quantities are usually insufficient to cause symptoms. 
On the other hand, general food intolerances and some secondary causes of LM 
may begin any time in life. A large portion of general digestive complaints will fall 
into the category of functional digestive disorders, each with its own management 
plan (See Figure B.5).  

Limiting the discussion to lactose or dairy-related symptoms, we start with SRLI. 
It should be recalled that SRLI is similar in frequency in both LP and LNP 
populations (Barr, 2013; Zhao et al., 2017). Investigations begin with establishing 
whether lactose digestion or maldigestion (LM) is occurring, usually with the 
breath hydrogen test or the BGT. If the patient is LM, lactose withdrawal with 
lactose-free dairy or exogenous lactase may be tried. Alternatively, the recently 
FDA-approved galacto-oligosaccharide prebiotic may be helpful (Azcarate-Peril 
et al., 2017). In this latter case, patients are thought to be able to withstand 
increased lactose consumption by prebiotic modification of intestinal microflora.  

In the case of lactose digesters, the techniques outlined earlier may be tried but 
there is no good evidence of efficacy. However, some patients do report an 
amelioration of adverse symptoms perhaps attributable to the placebo effect. 
Alternatively, the carbohydrate elimination, via the outlined FODMAP diet, may 
also help. A FODMAP diet may also be tried in LM patients where lactose 
manipulation alone did not achieve the desired effect. Similarly, after celiac 
disease has been excluded, a gluten-free diet may be used to assess celiac 
sensitivityin both lactose digesters and LM patients. 

If none of these interventions improve symptoms experienced after dairy intake, 
other dairy productrelated causes should be considered. Adult milk allergy is rare 
and less commonly associated with causing gastrointestinal symptoms. Milk fats, 
although less well studied, are also possible culprits. Other specific dairy food 
components may need to be investigated with the help of a dietician. A1 variant 
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milk has recently been investigated for its potential role in causing gastrointestinal 
disturbances (Pal et al., 2015). However, further studies of A1/A2 milk variants 
are needed to clarify the clinical implications of this dairy but nonlactose potential 
cause of symptoms. 

 
Figure B.5 Schematic decision tree to manage self-reported lactose intolerance, where 
GOS is galacto-oligosaccharide, FGS is fructo- oligosaccharide, and GFD is gluten-free 
diet. This is not intended as a clinical guideline. 

 
B.10 Lactose intolerance in children 

Both LP and LNP children can generally tolerate lactose. In early childhood, the 
immaturity of intestinal lactase can give rise to symptoms of LI, most often due to 
secondary causes such as gastroenteritis. In a recent survey of pediatricians in 
Southeast Asia (Thailand, Singapore, and Indonesia) regarding LI in children 
aged 1_5 years, about half of those questioned estimated that primary LI was 
5%. The remainder of estimates ranged from 12% to 20%. Secondary LI 
estimates ranged from 10.8% to 23.9% (Tan et al., 2018). In cases of secondary 
LI, restriction of lactose for a limited time until the intestinal mucosa recovers is 
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usually effective. However, it is important to distinguish and rule out CMA, as in 
these cases lactose need not to be restricted but cow’s milk protein should be 
eliminated from the diet (Heine et al., 2017). In older children, recommendations 
for adults’ LI management apply. 

B.11 Nutritional impacts of dairy avoidance 

In the 2010 NIH lactose intolerance conference, the panel concluded that the 
deficiency of nutrients in dairy food restricted diets was the most important 
detrimental consequence of lactose intolerance. Avoiding dairy foods negatively 
affects bone health and possibly increases the risk of osteoporosis as dairy foods 
are a significant source of dietary calcium and vitamin D (Savaiano, 2011).  
However, including dairy foods in the diet may also reduce the risk of 
hypertension, colorectal cancer, possibly obesity and metabolic syndrome 
(Suchy et al., 2010). Hypertension and colon cancer may respond favourably to 
calcium consumption as it affects cellular communications and promotes anti-
proliferation behaviours. Other nutrients in milk and dairy foods may also 
encourage antineoplastic effects. In the case of obesity, diabetes and the 
metabolic syndrome, data are conflicting (Bergholdt, Nordestgaard, & Ellervik, 
2015; Louie et al., 2011). Therapeutic consumption of dairy food to promote 
microbiome health would have a positive health effect for lactose consuming LNP 
individuals. 

The SRLI individuals avoiding or limiting dairy food intake are at risk of nutritional 
deficiencies through dairy food avoidance strategies. A number of studies have 
established that in controlled trials these persons were unable to distinguish 
lactose from placebo. Nonetheless, these individuals limit their dairy food intake 
due to a perception that consuming dairy foods will cause unpleasant symptoms 
(Suarez et al., 1997; Suarez et al., 1995). However, the correlation between 
lactose maldigestion and lactose intolerance is poor (Lukito et al., 2015) in both 
high LP and high LNP populations. Other studies have found poor or no 
correlation between adverse symptoms and LM in patients with IBS, although 
symptoms may be aggravated by lactose and other poorly absorbed fermentable 
carbohydrates (Farup et al., 2004; Yang et al., 2014). This phenomenon may 
persist without IBS. The frequency of SRLI in Canada is 16% (Barr, 2013) while 
in China it is 15.2 % (Zhao et al., 2017). The importance of addressing nutrition 
in LI remains a serious challenge for clinicians, researchers and the dairy 
industry. Even if symptoms are ultimately related to food sensitivities, maintaining 
dairy foods in the diet for nutrient breadth and microbiome support is important.  
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In diarrheal illnesses, the use of dairy products has been controversial. In 
pediatric gastroenteritis, for example, dairy products are assumed to aggravate 
clinical symptoms through lactose consumption. Intestinal lactase levels 
decrease temporarily in gastroenteritis due to a flattening of the villi, so avoiding 
foods containing lactose for about 18 hours reduces gastrointestinal symptoms 
(MacGillivray, Fahey, & McGuire, 2013). Since this condition is usually time 
limited, it is unlikely to negatively affect nutrition. However, malnutrition may 
cause prolonged diarrhea through a blunting of the intestinal villi harboring 
intestinal lactase. Grenov et al. published recommendations that in pediatric 
patients with mild to moderate diarrhea, the addition of lactose may improve 
nutritional intake. The mechanism here may also include intestinal bacterial 
adaptation (Grenov et al., 2016).  

Inflammatory bowel diseases are intestinal disorders often associated with 
diarrhea. While the role dairy foods during active phases is still debated, in pre-
illness phases, milk and dairy foods may reduce risk of Crohn’s disease and 
possibly ulcerative colitis (Opstelten et al., 2016; Szilagyi, Galiatsatos, & Xue, 
2016).  

Lactose intolerance and other food intolerances may lead to increased rates of 
comorbidities. Among these are osteoporosis, mental changes and abdominal 
pain (Schiffner, Kostev, & Gothe, 2016). Calcium may be important in several 
specific disorders as outlined at the NIH 2010 conference (Suchy et al., 2010), 
and may be relevant to growth and maintenance of bones and teeth. It is also 
involved with regulating muscle contraction (including the heart) and in blood 
clotting. In addition, dietary calcium may modulate the microbiome (Chaplin et al., 
2016). In obesity and diabetic control, calcium may modify the microbiome via 
binding of fats and bile salts (Gomes, Costa, & Alfenas, 2015). 

It has been hypothesized that Asian populations may have a lower metabolic 
requirement for calcium than northern European populations. A meta-analysis of 
twelve studies examining the metabolism of calcium in Chinese populations 
(predominantly LNP) concluded that as little as 300 mg of calcium /per day may 
be adequate to maintain normal functions, whereas 1-2g /per day is 
recommended by the Institute of Medicine. In China, much of the calcium 
ingested was derived from non-dairy sources, such as soybeans, green 
vegetables and fish. More recently, the use of dairy foods in China is being 
encouraged as an additional source of calcium (Fang et al., 2016). Further work 
is necessary to better define the role of dairy foods in health maintenance and 
disease risk reduction. 
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B.12 Conclusions 

Lactose intolerance is now better understood by the scientific community to be 
composed of multiple etiologies related to dairy consumption, with further 
progress to be made in the public understanding of lactose digestion. Similar 
symptoms can have non-dairy causes, often confused with LI. Lactose 
intolerance is no longer simply equated with lactase non-persistence. The 
adaptive flexibility of the microbiome in responding to regular consumption of 
dairy foods may encourage individuals, both LP and LNP, to consider adding milk 
and dairy foods to their diet for health reasons. Recent work on sensitivities and 
allergies has further demonstrated that dairy components other than lactose can 
induce symptoms previously attributed to lactose. This highlights the importance 
of clinical testing to ascertain the cause of LI and how to best manage the LI and 
non-LI symptoms. Given the nutrient density and nutrient diversity of milk and 
dairy foods, and their specific value for certain key nutrients such as calcium, 
nutritional management strategies for their dietary inclusion rather than 
avoidance, offer important avenues for further research. These and other factors 
raise perceptions and misunderstandings of lactose intolerance to the level of an 
important public health issue. 

Generally gaps in public understanding of lactose intolerance and dairy 
consumption could relate to 1. The growing impact of different food intolerances 
on digestive symptoms. 2. The “blanket” blame on lactose intolerance for all dairy 
related symptoms. This notion is promoted by popular media and will require time 
to sort out. 3. The lack of clear understanding of health benefits of dairy products. 
This uncertainty may be due both to the lack of awareness by the public, of 
potential benefits and the lack of consistency of main outcomes in nutritional 
studies. Further studies may clear these discrepancies. 4. Finally the changing 
demographics in western cultures with increasing LNP proportions in traditional 
milk consuming areas, but with reduced cultural habits of milk drinking may 
contribute to misunderstandings about lactose intolerance.  

Taking into consideration these gaps of knowledge may help guide more specific 
ways to manage true lactose intolerance related symptoms. 
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Appendix C  Correlation of ET with Hunted and Fished 

The negative correlation observed in ET : Hunted and ET : Fished resources 
using the Kelly (2013) data proved less useful than the ET : Gathered resources 
for predicting the proportional contribution of assemblages in reconstructed 
prehistoric diets. Figure C.1 is provided here for completeness to compare with 
Figure 3.17 which formed the basis of predicting Gathered resources in diets.  

 

 
Figure C.1 Scatterplots showing the negative correlation between effective temperature 
and (a) hunted and (b) fished resources.
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Appendix D  Alternative Ohalo II reconstruction Kcal 
method  

The edible mass method was used for analyses to estimate the relative 
proportions of assemblages in the Ohalo II diet (see Sections 3.5.3 to 3.5.6 for 
how the edible mass method was used). For interest and completeness, the 
following information is provided on the alternative Kcal method but was not used 
in downstream analyses. 

Early attempts to quantify the Ohalo II diet used a calorie-based normalizing 
approach, again using ET to estimate the relative contribution of each 
assemblage. The calculations were based on a 3,000 kcal per day per person 
estimate. In the Upper Palaeolithic, hunter-gatherers have been estimated to 
have consumed 3,000 kcal per day per person, given their lifestyle and activity 
levels (Ungar and Teaford, 2002). Although in Lee’s study of the Ju/’hoansi it was 
estimated that the average energy requirements of modern hunter-gatherers was 
only 1,975 kcal per day based on their sex, age, activity levels and ecology of the 
region (Lee, 1969), the 3,000 kcal for the Upper Palaeolithic is supported in the 
literature and considering the geographic and ecological diversity of the HG 
groups in this study, the higher energy requirement of 3,000 kcal per day was 
used to reconstruct the diets.  

Graphs of Kelly’s HG data were constructed in Excel examining the ratio of 
Gathered : (Hunted + Fished) and Fished : (Hunted + Gathered) resources. This 
predicted Gathered 40.68%, Fished 37.07% and Hunted 22.25%. While linear 
regression is not the appropriate statistical method to use with count-based 
ratios, it yielded similar results to the sigmoidal prediction of 38% Gathered and 
62% Fished and Hunted. 
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Figure D.1 Kcal method illustration showing the linear regression used to estimate 41% 
gathered, 37% fished and 22% hunted resources in the Ohalo II diet. 

Table D.1 Estimated kcals for Gathered, Fished and Hunted resources based on 
a 3,000 kcal per day diet 

Gathered Fished Hunted 

 
40.68% = 1220.4 kcal 

 
37.07% = 1112.1 kcal 

 
22.25% = 667.5 kcal 

 

Estimating the Plant (Gathered) Assemblage Contribution 

From the above calculations, 1220.4 kcal per person per day was applied to the 
grains and plant assemblage to calculate this energy requirement based on the 
number of grains, cereals and fruits recovered. The kcal per gram data were 
obtained for each edible entry by finding the exact or nearest species equivalent 
using the USDA ND. The total numbers of grains, cereals and seeds were used 
to calculate the fraction of the edible plant assemblage for each entry. This 
fraction and the kcal per gram were used to calculate the grams/per person/per 
day values for each item in the plant assemblage scaled to a total of 1220.4 kcal. 

Estimating the Aquatic (Fished) Assemblage Contribution 

Similarly, the value of 1112.1kcal per person per day was applied to the fish 
assemblage. The kcal per gram data were obtained for two categories of fish 
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(carp and cichlids) by finding the exact or nearest species equivalent using the 
USDA ND. The numbers of identified specimens (NISP) were used to calculate 
the fraction of the fish assemblage for the entries. Edible weights per fish were 
calculated and then multiplied by the number of fish in the assemblage together 
with the calorific values for this weight. Then the fraction of contribution to the fish 
assemblage was applied to obtain the grams/per person/per day values for each 
item in the fish assemblage scaled to a total of 1112.1kcal. 

Estimating the Faunal and Avifaunal (Hunted) Assemblage Contribution 

The separate assemblages of faunal and avifaunal were combined into one 
category to represent the Hunting proportion of the diet totalling 667.5kcal per 
person per day. The kcal per gram data for each animal and bird entry were 
obtained by finding the exact or nearest species equivalent using the USDA ND. 
The numbers of identified specimens (NISP) were used to calculate the fraction 
of the combined assemblage for the entries. Edible weights per animal or bird 
were calculated, allowing for wastage and skeletal weights (Reitz and Wing, 
2008), and then multiplied by the NISP in the assemblage together with the 
calorific values for this weight. Then the fraction of contribution to the animal 
assemblage was applied to obtain the grams/per person/per day values for each 
item in the animal assemblage scaled to a total of 667.5kcals. It would be 
preferable to use minimum numbers of individuals (MNI) values rather than NISP 
values to avoid over-representation of species in the faunal, avifaunal and fish 
assemblages, but only NISP values were recorded for the majority of the data.  

Analyses of results from linear correlation trendlines were examined, although 
these are not a robust or appropriate tool given the data are proportional. Using 
the slope of the trendline, the ratio of Gathered : Hunted+Fished resources was 
predicted as 41 : 59. This is similar to the logistic regression sigmoidal prediction 
of 38 : 62. With the trendlines it was also possible to solve for the contributions 
of each assemblage, predicting Gathered : Hunted : Fished as 41 : 22 : 37 which 
are values similar to the sigmoidal prediction.  However, only the sigmoidal 
predictions were used to weight the relative contributions of the floral, faunal and 
aquatic assemblages to reconstruct the Ohalo II diet.  

It should be further noted that the data (Table 3.11) is taken largely from 
Murdock’s Ethnographic Atlas (1967) and reproduced in Robert Kelly’s The 
Lifeways of Hunter-Gatherers (2013). Kelly points out that “the methods used to 
estimate the amounts of gathered, hunted and fished foods in this table are often 
vague and inconsistent…In some cases, the relative values are based on weight, 
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in others they are estimates of the actual calories contributed by each category, 
and some are simply from the ethnographers’ impressions” (Kelly, 2013, pp40-
43). The weight (actually mass) is not specified whether this is wet or dry. Given 
the uncertainties in this underlying data, it was decided that in my analyses, 
proportions of hunted, gathered and fished resources in archaeological 
reconstructed diets would be estimated using edible wet mass.  

While the proportion of gathered foods in the diet correlates with ET, lending 
support to use these data to estimate the proportion of gathered resources in the 
Ohalo II diet, aquatic and hunted resources show different patterns. It is 
reasonable to assume HG groups in colder climates will rely less on plant foods 
as the few resources that do grow (lichens, mosses and pine boughs) are often 
not palatable to or digestible by humans. However, it should not be assumed that 
hunted foods are the only alternative.
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Appendix E  Alternative data normalisation method  

I also tested the effect of normalising by each nutrient mean (see Figure E.1) 
which generated identical plots to PCAs of data before normalisation because 
normalising by each nutrient mean does not affect the variance. I performed one 
final check of scaling up four nutrients chosen randomly (in this case Selenium 
and Vitamins A, D and E) by 100,000x to test that the scaling within the PCA 
function in R. The scaling preserves the relationships, with the absolute values 
less important than the relationships within the data, and the PCAs with randomly 
chosen scaled up nutrients were identical to Figures 4.36.  

 

 

Figure E.1 Comparison of PCAs showing identical plots of (a) and (b) data normalised 
by nutrient means and (c) and (d) without data normalisation. 

a 

b d 

c 
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The bigger picture about the data normalisations performed with these data are 
to sharpen intuitions by revealing patterns and relationships inherent in the data. 
Without any data normalisation, most of the variance in the nutrient data is 
represented by a handful of outliers, which skew the PCA space.
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Appendix F  Nutrient pairs correlation scatterplots 
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Figure F.1 Scatterplots of all nutrient pairs PCAs coloured by food category 
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Appendix G  Mclust alternative excluding Energy 

Data for mclust analyses were normalised using the ECDF, and including and 
excluding Energy yielded different results (see Figures G.1 and 4.40). The 
analyses including Energy are presented in Section 4.8.4. The mclust analysis 
was attempted excluding Energy, and produced different results of 5 clusters, 
with an uneven distribution of nutrients in clusters (see Table G.1 and Figure 
G.1). That removing one nutrient (Energy) produces different results illustrates 
the sensitivity of mclust as a clustering tool to outliers and skewed data. Again, 
Model VII was selected with a log-likelihood of 945.5551 for n=27, df=444 and 
BIC score = 427.7586. However, the BIC score for Model VII and 3 clusters was 
427.082637 whereas the Model VEI (Distribution: diagonal; Volume: varying; 
Shape: equal) for 5 clusters was 381.5100. However, as Energy correlates with 
other nutrients and was included in other upstream and downstream analyses, 
the mclust results including Energy were formally presented in the thesis, with 
this exploration excluding Energy presented here for completeness.  

Table G.1 Nutrient cluster assignments in mclust (Energy excluded) 
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 
Protein   Lipid Carbohydrate Potassium Vitamin C 
Calcium Sodium Sugars total         Vitamin B6 Vitamin K 
Iron        Vitamin A     Fiber   
Magnesium Vitamin D    
Phosphorus Vitamin E        
Zinc Vitamin B12    
Copper      Cholesterol    
Selenium     
Thiamin              
Riboflavin     
Niacin     
Folate     
Choline     
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Figure G.1 Mclust model evaluation of 5 clusters: (a) BIC values; (b) Classification and 
(c) Uncertainty on data normalised by ECDF with Energy excluded. 

From these scores it can inferred that, with Energy excluded, Model VII with 5 
clusters is optimal but Model VII with 3 clusters and a BIC score just 0.676 lower 
is also defensible (see Figure G.1a). It is also apparent from Figure G.1b that the 
cluster sizes are highly variable so that in Figure G.1c the uncertainty can only 
be calculated for two clusters. It is also worth noting that in the Best model 
selection (Figure G.1a), the BIC values for 3 clusters are high, but slightly lower 
than for 5 clusters, again suggesting that the numbers of clusters determined by 
model-based selection is not unambiguous. 
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