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Abstract  7 

Behaviour and nutrition are inextricably linked. The behaviour of eating is the agency 8 

through which nutrients enter the body and exert their effects on physiology, metabolism 9 

and health. It is therefore inevitable that the study of eating behaviour (or appetite in 10 

general) is essential to an understanding of the discipline of nutrition, and therefore to 11 

describing the ways in which nutrients can begin to exert their effects. 12 

The fact that humans are omnivores, with the potential to eat a huge diversity of foods, 13 

clearly denotes the importance of behaviour for nutrition. The roles of culture and biology in 14 

determining what foods people put into their mouths highlights the centrality of food choice 15 

for nutrition. In turn, behavioural science has made a huge contribution to defining the 16 

mechanisms responsible for food choice. This scientific approach has also specified the roles 17 

of homeostatic and hedonic principles (and their interactions) in controlling the amount and 18 

type of food (nutrition) ingested. A substantial focus has been the investigation of the 19 

processes of satiation and satiety, with implications for understanding routes to 20 

overconsumption and obesity. All of these investigations have been incorporated within a 21 

generally accepted and well described behavioural science methodology that involves the 22 

application of objective scientific principles to the study of eating behaviour. This 23 

methodology has been heavily implicated in the search for commercially viable functional 24 

foods for satiety. In recent years, behavioural science has engaged with the fields of energy 25 

balance and physical activity; recognising that nutrient intake is not independent of nutrient 26 

utilisation. This approach has been fostered by the pervasive problem of obesity and by its 27 

dependence on the interaction between over nutrition and under activity.  28 

The diversity ŽĨ ĨŽŽĚƐ ŝŶ ƚŚĞ ŽŵŶŝǀŽƌĞ͛Ɛ ƌĞƉĞƌƚŽŝƌĞ ŝƐ ŵĂƚĐŚĞĚ ŽŶůǇ ďǇ ƚŚĞ ĚŝǀĞƌƐŝƚǇ ŽĨ 29 

humans themselves. This diversity is reality, and a future track for behavioural science 30 

seems destined to lead to understanding and managing individual differences. 31 

 32 

 33 

 34 

 35 
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Behaviour and nutrition are inextricably linked 36 

It is important to recognise that behaviour and nutrition occupy separate domains in the 37 

psychobiology of human functioning, but they are inextricably linked.  The behaviour of 38 

eating is the agency through which nutrients enter the body and exert their effects on 39 

physiology and metabolism. This means that any factors that influence the behaviour of 40 

eating have the potential to influence the impact of nutrition on health.  41 

As Rozin (1998) ŚĂƐ ƉŽŝŶƚĞĚ ŽƵƚ ͚BĞĐĂƵƐĞ ďĞŚĂǀŝŽƵƌ is so central to nutrition, the 42 

behavioural sciences play an especially important role in the understanding of what we eat 43 

and why we eat it. The study of what is in food is extremely important, but all of this 44 

knowledge amounts to little if we cannot persuade people to eat what is good for them and 45 

ƚŽ ĂǀŽŝĚ ǁŚĂƚ ǁŝůů ĚŽ ƚŚĞŵ ŚĂƌŵ͛͘ HŽǁĞǀĞƌ ŽƵƌ ŬŶŽǁůĞĚŐĞ ŽĨ ǁŚĂƚ ŝƐ ŝŶ ĨŽŽĚ ĂŶĚ ŚŽǁ ŝƚ 46 

affects the body is far more advanced than our understanding of what makes people eat 47 

some foods and not others, and what makes us start and stop eating at particular moments.  48 

The behaviours related to nutrition are extremely complicated; whilst we should not be 49 

daunted by this complexity in seeking understanding, we should be aware of what we are 50 

up against. 51 

 52 

Humans are omnivores 53 

The fact that humans are omnivores is of huge significance for both behaviour and nutrition. 54 

Humans are not restricted in their food habits to the same extent as herbivores or 55 

carnivores and, consequently, they are capable of consuming a huge range of nutritional 56 

materials.  Humans are generalists rather than specialists. Of course this ability has been of 57 

enormous evolutionary significance and has enabled humans to colonise a wide variety of 58 

environments and habitats. Just as different groups of humans can exist on widely divergent 59 

types of foods (profiles of nutrition) in different parts of the world, so the patterns of 60 

behaviour that bring these nutrients into the mouth can differ widely.  It can be appreciated 61 

that developing a science that encompasses such complexity is a daunting proposition. A 62 

science has therefore developed around a more restricted range of environments and 63 

behavioural types. Not surprisingly this science has focussed on the nutrition and 64 

behavioural types relevant to technologically industrialised societies in which we live and to 65 

the preoccupations of people living in these societies. Over the last 50 years, the issue of 66 

obesity has provided a dominant framework for understanding the intimate link between 67 

behaviour (appetite control) and nutrition. This is relevant when considering that behaviour 68 

can be seen as the agency that mediates in meeting two nutritional demands; namely, what 69 

to eat and how much to eat. Both are important for obesity. The problem of what to eat 70 

arises because of a combination of our omnivorous nature and the abundance of foods in 71 

the environment.  This is the issue of food choice and involves the conscious or automatic 72 

selection among potential edible materials. Interestingly, this food choice is not strongly 73 

programmed biologically but is dependent upon factors such as geography, climate, religion, 74 
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ethnicity, economics (price, affordability), social class and culture. The issue of how much to 75 

eat has always been conceptualised in regards to homeostatic principles of energy 76 

requirements of the body, with a stronger link to biology.  This snapshot of behavioural 77 

science will concentrate on the most prominent ways in which these strands of appetite 78 

control have influenced nutrition over the last 50 years. This means that appetite control is 79 

a central feature of the behavioural science of nutrition. For theoretical and methodological 80 

reasons, appetite control can be divided into issues of food choice and satiety. 81 

 82 

The enigma of food choice 83 

The complexity of the issue of human food choice has been elegantly described by the many 84 

years of work of Paul Rozin, whose research has made a monumental contribution to this 85 

field and whose studies stand as a landmark.  ‘ŽǌŝŶ͛Ɛ ďĞŚĂǀŝŽƵƌĂů ƐĐŝĞŶĐĞ ĂƉƉƌŽĂĐŚ ŚĂƐ ĨŝƌƐƚ 86 

of all defined the problems by exposing human food selection as the interaction of biology, 87 

culture and individual experience (Rozin 1982). Later, the approach was extended to the 88 

analysis of contextual influences on food choice and acceptability (Rozin & Tuorila 1993). 89 

These studies described that choice depended on the context of food itself (whether it was 90 

a snack, a course or a full meal), as well as the non-food contextual features such as the 91 

label, package, colour of utensils and aspects of the surroundings. This type of work 92 

resonates with the recent approach of Spence (Spence & Youssef 2016) in relation to the 93 

chemistry of food. Other contextual effects include the role of expectancies and 94 

remembrances of food, which can be seen as antecedents of the work of Brunstrom 95 

(Brunstrom et al. 2008) and Higgs (Higgs 2005; Birch et al. 2003) on expectation and 96 

ŵĞŵŽƌǇ ƌĞƐƉĞĐƚŝǀĞůǇ͘ A ĨƵƌƚŚĞƌ ŝŶŶŽǀĂƚŝǀĞ ĐŽŶƚƌŝďƵƚŝŽŶ ŽĨ ‘ŽǌŝŶ͛Ɛ ďĞŚĂǀŝŽƵƌĂů ƐĐŝĞŶĐĞ ĂƌĞ 97 

the studies on food avoidance and the development of feelings of disgust (Rozin et al. 98 

1999). This analysis elucidates how an apparently  irrational  rejection of certain foods arises 99 

from  the integration of learning and cognitions, and how such habits become embedded in 100 

the culture. The role of learning (conditioning͕ ƚŽůĞƌĂŶĐĞͿ ƌĞŵĂŝŶƐ Ă ĐĞŶƚƌĂů ƉŝůůĂƌ ŽĨ ‘ŽǌŝŶ͛Ɛ 101 

work and illustrates how psychological processes are instrumental in determining food 102 

preferences ʹ including the fascinating issue of liking for apparently aversive flavours such 103 

as the burn of chilli peppers͘ A ƐŝŵŝůĂƌ ďĞŚĂǀŝŽƵƌĂů ƐĐŝĞŶĐĞ ĂƉƉƌŽĂĐŚ ƚŽ ĐŚŝůĚƌĞŶ͛Ɛ ĨŽŽĚ 104 

preferences used by Leanne Birch has been fundamental in demonstrating how particular 105 

likes and dislikes develop according to learning principles (Birch et al. 2003).  106 

 107 

Hedonic appetite control 108 

As an addition to the complexity of human food preferences provided by the work of Rozin, 109 

a common perception about food choice is that it is dominated by the attribute of 110 

palatability.  In simple terms this means that people eat for pleasure. Indeed there are 111 

strong logical and biological reasons why the pleasurable taste of food should influence 112 
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preference and consumption, and it is clearly a major issue in the manufacture and appeal 113 

of food products in the commercial market.  This introduces the field of food hedonics.  114 

Some extreme ideas in this area have been disseminated recently through books such as 115 

KĞƐƐůĞƌ͛Ɛ ͚TŚĞ ĞŶĚ ŽĨ ŽǀĞƌĞĂƚŝŶŐ͛ (Kessler 2010).  Although the title is a complete misnomer, 116 

this book raised the idea that foods could be blessed with the quality of ͚hyperpalatability͛, 117 

designed with a combination of manufactured tastes, textures and mouthfeel, and exert 118 

effects on brain neurotransmitters similar to (but much weaker than) the effects generated 119 

by drugs.  These ideas gave public support to claims for the existence of food addiction. 120 

However, the application of critical reviews and analyses are now showing that this concept 121 

of food addiction lacks strong evidential support and is much different from drug addiction 122 

(e.g. Rogers 2011; Long et al. 2015; Rogers 2017).  However, an important contribution of  123 

behaviour science in this area has been to demonstrate that, under controlled scientific 124 

conditions, specific tastes and flavours can exert matching effects on liking and consumption 125 

of foods (e.g. Yeomans 1998) and that these effects can be mediated by certain brain 126 

peptides (Yeomans & Gray 2002). This sensory science approach explains how the positive 127 

(hedonic) sensations generated by tastes can inexorably exert an influence over food choice. 128 

Indeed  it is valuable to point out the many papers in recent years that highlight the significant 129 

role of sensory properties, such odour and taste quality, and food texture in moderating energy 130 

intake within meals (McCrickerd and Forde 2016; Chambers et al. 2015b) 131 

 132 

A significant advance in the area of hedonics came about with the objective demonstration 133 

that in animals the notion of pleasure was not a unitary process (Berridge & Kringelbach 134 

2008). Of course, in this area, the terms pleasure, reward and reinforcement have particular 135 

meanings and it is important to be semantically clear. However, a key distinction made 136 

ĐŽŶĐĞƌŶƐ ƐĞƉĂƌĂƚĞ ŝĚĞŶƚŝƚŝĞƐ ĨŽƌ ͚ůŝŬŝŶŐ͛ ĂŶĚ ͚ǁĂŶƚŝŶŐ͛. Liking is defined as a source of 137 

pleasure or reinforcement, whilst wanting is regarded as having a motivational component 138 

(technically referred to as incentive salience). It follows that a food that generates a 139 

combination of liking plus wanting would exert a strong influence over food choice. It is 140 

immediately apparent that a person can have a liking for a food but not want (to eat) that 141 

food at that particular time or place. Therefore, the distinction between liking and wanting 142 

is meaningful.  Importantly, a procedure has been developed to simultaneously measure 143 

both liking and wanting for foods in humans (Finlayson et al. 2007). The procedure avoids 144 

semantic confusion by using a non-verbal technique to measure wanting and also 145 

incorporates a covert (non-conscious) element known as implicit wanting (Finlayson et al. 146 

2008). With this procedure, food choice can be tracked to changes in liking or wanting 147 

independently or to combinations of both. As Mela (2006) has pointed out, this type of 148 

procedure allows a behavioural discrimination for foods that may underlay obesity and is a 149 

powerful device for investigating the level of risk associated with the consumption, and 150 

overconsumption, of certain foods and nutrients. 151 
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A further issue in this area concerns the ecology of food choice. The global diversity of diets 152 

across our planet should tell us that it is unlikely that any universal laws of food choice can 153 

ever be established. Within our current societies the vast range of food products available  - 154 

reflected in the terms ͚Cocacola-isation͛ or ͚Tescopoly͛ (e.g. Simms 2012) ʹ clearly remind us 155 

that behavioural science contributes not only to the choice of eating foods but also to the 156 

purchasing of foods in response to marketing and advertising. Before people can eat food it 157 

normally has to be purchased ʹ and this indicates the contribution made by social scientists in 158 

understanding choice and eating behaviours. 159 

The foods actually chosen are promoted to meet the requirements of the market as much 160 

as for the well-being of the consumer. In this area, the behavioural science of food choice 161 

has been derived from social scientists working in the field of behavioural economics, giving 162 

rise to the idea ŽĨ ƚŚĞ ͚ŶƵĚŐĞ͛ (Sunstein & Thaler 2008). The central conĐĞƉƚ ŽĨ ͚ĐŚŽŝĐĞ 163 

ĂƌĐŚŝƚĞĐƚƵƌĞ͛ (Thaler et al. 2014) is primarily effective in determining what people buy 164 

(which they will later eat) and reminds us that the word consumer has a dual meaning. The 165 

power of the brand plus promotional sales strategies clearly demonstrates an impact of this 166 

other aspect of behavioural science on nutrition; and its importance should not be 167 

underestimated. Social scientists make various contributions to the diet that is selected and 168 

eaten, but it is a sobering thought that these selections are not always of positive benefit to 169 

individuals. In certain cases the procedures of social scientists have been exploited for the 170 

promotion of foods in the market place. 171 

 172 

Homeostatic appetite control: the challenge of satiety 173 

It is possible that the issue of satiety is the most heavily researched phenomenon in 174 

appetite control relevant to nutrition. It is conceived as being fundamental to the control 175 

over how much people eat and is therefore crucial in the attempt to understand food 176 

consumption (and over-consumption) underlying obesity and the gain of adipose tissue. In 177 

its simplest form, the issue of satiety is about the feeling of fullness and the suppression of 178 

hunger and eating. A formulation devised 30 years ago (Blundell et al. 1987) ʹ called the 179 

͚SĂƚŝĞƚǇ CĂƐĐĂĚĞ͛ ʹ created a framework for thinking about the problem. In fact this 180 

formulation identifies two distinct elements namely satiation and satiety. Satiation refers to 181 

the operation of those processes ongoing during an episode of eating (such as a meal) and 182 

which bring that episode to an end. Satiety refers to the inhibition of eating (and the 183 

suppression of hunger and augmentation of fullness) when an episode of consumption has 184 

ended.  This is what people normally have in mind when they speak of satiety. In principle, 185 

the sequential operation of satiation and satiety influence the size and frequency of eating 186 

episodes ʹ including the susceptibility to snacking between meals.  Both of these processes 187 

are crucial for the control over the amount of food energy ingested. However, the two 188 

processes are not influenced equally by the same factors (De Graaf et al. 1999). The original 189 
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model of the Satiety Cascade has been adapted and amended (Kringelbach 2004; Halford & 190 

Harrold 2012; Van Kleef et al. 2012). 191 

A significant feature of the Satiety Cascade is the identification of different ʹ but 192 

overlapping ʹ psychological and physiological processes in the control of eating.  These 193 

include physiological sensory factors arising from the smell and taste of food, psychological 194 

factors such as cognitions beliefs and expectations, and physiological factors in the stomach 195 

and other parts of the gastrointestinal tract. Much attention is focussed on the release of 196 

the gastrointestinal (GI) peptides such as ghrelin, CCK, PYY, GLP1 and others. Although these 197 

agents are often referred to as appetite peptides, it should be remembered that they all 198 

have other physiological functions concerning growth, metabolism or the management of 199 

nutrients through the GI tract. The Satiety Cascade has provided a rationale for thinking 200 

about the profiles of these peptides in relation to changes in amplitude of hunger and 201 

fullness and the amount of food eventually consumed (Gibbons et al. 2013).  A recent 202 

development has been the use of behavioural science methods to measure the action of 203 

nutrients influencing small chain fatty acid (SCFA) receptors in the colon (Chambers et al. 204 

2015a).  205 

A major influence on thinking has been the effort to distinguish the relative strength of the 206 

influence on satiety of the macronutrients (Stubbs et al. 1995). These studies have 207 

suggested a hierarchy in the order of decreasing strength of protein, carbohydrate and fat 208 

(Stubbs 1995). This type of work has been influential in identifying the strong satiating 209 

properties of protein (Johnstone et al. 2008). The roles of the macronutrients together with 210 

effects of dietary fibre have formed the basis for the development of functional foods for 211 

satiety (Chambers et al. 2015b).  212 

 213 

Measurement and methodology 214 

One noticeable contribution of behavioural science to the study of nutrition has been the 215 

development of a widely used methodology and set of experimental procedures. At the 216 

centre of this methodology is a system ĐĂůůĞĚ ƚŚĞ ͚ƉƌĞůŽĂĚ  -  test meal paƌĂĚŝŐŵ͛͘ TŚŝƐ ŝƐ Ă 217 

parsimonious experimental device in which a fixed amount of food (of known composition 218 

and structure) is obligatorily consumed, normally under strictly controlled conditions. The 219 

effect of this consumption (on the strength of satiety) is assessed by the amount of food 220 

freely consumed at an eating test following a fixed period of time.  This rudimentary 221 

strategy has been used a countless number of times and has given rise to a substantial 222 

inventory of factors that influence the amount of food eaten. A strong addition to these 223 

studies has been the use of the visual analogue scale (VAS). Initially used for hunger 224 

(Silverstone 1976), the procedure was expanded to include four scales (Rogers & Blundell 225 

1979) ʹ hunger, fullness, desire to eat and prospective consumption -  which have endured 226 

for almost 40 years. Sometimes the scales are summed to give an overall appetite score 227 

(e.g. Bellissimo et al. 2008). The applicability of these scales is based on their demonstrated 228 
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validity (Flint et al. 2000; Stubbs et al. 2000b). Surprisingly, at least for some people, these 229 

scales are highly informative and they form part of a satiety tool box that is a central part of 230 

the methodology of appetite control (for review see Blundell et al. 2010). This summary 231 

statement by experts working in the field remains valid despite the conclusion reached by a 232 

recent poorly conducted review (Holt et al. 2017). 233 

For obvious reasons, this type of methodology has been deployed within controlled 234 

environments such as a laboratory, research unit or clinic.  The procedures are highly 235 

stylised and both the presentation and consumption of foods are carried out under carefully 236 

controlled conditions. Such scientific conditions constitute one of the requirements for the 237 

evaluation of the claims of satiety power for functional foods imposed by the European 238 

Food Safety Authority (EFSA). It should be pointed out that the structure of these 239 

procedures constitutes one of the advantages but also one of the limitations of this form of 240 

appetite methodology. The need for scientific precision in measurement means that the 241 

food tests are carried out in an unnatural eating environment, such as a laboratory, rather 242 

than in the home, restaurant or school. The question arises whether or not the recorded 243 

behaviour represents eating that would occur in more normal surroundings. This has been 244 

conceived as the laboratory vs. free-living dilemma. In the laboratory, measurement of 245 

eating is precise but not natural, whereas a home setting (with food intake measured by 246 

some form of self-report or recall) would be natural but much less precise. In the 247 

behavioural science of nutrition it is recognised ʹ though not always admitted ʹ that the 248 

outcomes of studies represent a compromise between precision and naturalness. 249 

 250 

Energy density and portion size - dietary variables that influence behaviour 251 

All features of foods (taste, texture, smell, palatability, amount, colour, variety) have the 252 

potential to influence food choice, the perception of hunger and eating itself. It appears 253 

obvious that the properties of foods exert a major influence over how much food energy 254 

will be consumed. In recent years the dietary variables  of portion size and energy density 255 

have received attention because of their potential to lead people to overconsume more 256 

(food) energy than is either wished for or required, and therefore to cause weight gain or 257 

obesity. Because of the nature of these dietary variables, their actions will be exerted during 258 

the actual process of eating (rather than after consumption) and the effects are therefore 259 

on satiation rather than satiety. Portion size can be represented in a number of forms such 260 

as the size of an entire meal, the amount of an element within the meal, or the size of an 261 

individual unit  of food that could be eaten either within or separate from a meal (such as a 262 

snack item). Although it is logical that portion size should be one factor contributing to 263 

overeating, the evidence from controlled laboratory studies (e.g. Rolls et al. 2002) is 264 

stronger than evidence from long-term field trials (e.g. French et al. 2014). However, the 265 

belief generated by behavioural science studies has been sufficiently convincing for health 266 
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agencies and the food industry to take measures to reduce portion size as part of the UK 267 

government͛Ɛ Responsibility Deal (Knai et al. 2015). 268 

Since portion size may be said to be a visible extrinsic property of foods, its effect on 269 

satiation is likely to be mediated through psychological processes which interfere with the 270 

cognitive judgement of what is an appropriate amount of an item or meal. However, 271 

whereas portion size is an overt cue, energy density is usually covert. It is assumed that any 272 

effect of portion size is exerted at a subconscious level. Portion size forms  part of the 273 

͚choice architecture͛ and its effect can be regarded as a type of  sub-ĐŽŶƐĐŝŽƵƐ ͚ŶƵĚŐĞ͛, 274 

which could decrease, but more often increase, the amount eaten. Studies on portion size 275 

by social scientists have led to some counterintuitive, but also celebrated, experimental 276 

outcomes (e.g. Wansink & Kim 2005) ʹ such as the demonstration that some US moviegoers 277 

consumed a large amount of stale popcorn when it was offered in large buckets.  It is not 278 

clear that these research results have enhanced confidence in the role of portion size, or in 279 

the types of investigations carried out by certain experts in marketing and applied 280 

economics.  281 

In contrast there is much broader agreement on the effects of energy density on appetite 282 

control, although its action is also mediated at the sub-conscious level. This is because 283 

energy density is heavily dependent on the macronutrient composition of foods, and most 284 

people are unaware of the nutritional composition of much of what is eaten and have a 285 

tendency to consume food based on weight or volume rather than on the nutrient 286 

composition (which is not easily perceived). Energy density, expressed as energy per unit of 287 

weight, is a property of every single food. It has been demonstrated by Stubbs et al. (2000a) 288 

that fat has the strongest positive relationship with energy density and the water content of 289 

foods has the strongest inverse association. The contribution of fat to the overconsumption 290 

of energy was experimentally demonstrated by Stubbs and others (Stubbs et al. 1995). This 291 

phenomenon was termed high-fat hyperphagia (Stubbs & Whybrow 2004) or passive 292 

overconsumption (Blundell & MacDiarmid 1997). In a long series of studies, the landmark 293 

work of Rolls (see Rolls 2017 in this issue) investigated energy density usually by 294 

manipulating diets by 25-30 g of fat per day (Ello-Martin et al. 2007). In a field trial, this 295 

mandatory reduction of the fat content of foods had the effect of reducing dietary fat of the 296 

diet by 37% and energy density by 19%, thereby achieving an obligatory 29% reduction of 297 

energy intake. Just as reducing the fat content of diets can reduce energy intake, so 298 

increasing the fat content raises energy density and increases energy intake. This is true in 299 

free-living studies when individuals are free to choose their own foods (see Fig. 2 in Hopkins 300 

et al. 2015). Since people do not exhibit any active drive to overconsume energy when 301 

exposed to (or when they sub-consciously choose) high energy dense foods, the process 302 

must be passive. Normally, people are not actively endeavouring to consume more energy; 303 

this is unwanted energy intake that happens as a consequence of the property of the foods 304 

chosen. ͚This passive overconsumption of energy leading to obesity is a predictable 305 

outcome of market economies predicated on consumption-based growth͛ and has been 306 
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identified as a major contributor of the obesogenic environment on weight gain (Swinburn 307 

et al. 2011). Therefore, although much of the work on energy density has been carried out 308 

under laboratory conditions, the effect is potent under free-living conditions where, it has 309 

been argued, it can plausibly account for the different effects of fast-food diets compared 310 

with traditional African diets (Prentice & Jebb 2003).  311 

 312 

It is noteworthy that the effects of fat and energy density are also observed in children. 313 

When energy density was raised by doubling the amount of fat in meals (but keeping 314 

protein and carbohydrate constant) a highly significant effect on energy intake was 315 

observed (Fisher et al. 2007). When the fat content was increased by approximately 100%, 316 

the energy density was raised by 40% and the children increased the energy consumed in a 317 

meal by one third. For the high energy dense meal, the fat intake was increased by 15 g and 318 

30 g respectively for the standard and large portions. Interestingly, this effect of increased 319 

fat density on energy intake interacted additively with portion size to promote meal energy 320 

intake. This study indicated that for children a particularly damaging scenario would be to 321 

be served a large portion of a meal in which the energy density has been raised by a large 322 

increase in fat. This could easily be achieved in some fast food outlets (see above) or in 323 

some ready-to-eat take home meals.  324 

A further extension of this diet-induced effect on behaviour can be seen in combinations of 325 

nutrients and tastes. Here, a potent combination is the sub-category of high energy dense 326 

foods comprising high fat and high sugar products. This category of food items exerts a 327 

particularly strong effect on consumption through actions on both explicit liking and implicit 328 

wanting. In this particular case, there is an active drive to eat these foods (induced by the 329 

potent combination of taste and texture) which is strongly apparent in binge eaters (Dalton 330 

& Finlayson 2014). The examples of energy density and portion size illustrate well how 331 

behavioural scientists have contributed to an understanding of the effect of dietary-based 332 

variables on eating behaviour. 333 

 334 

Emerging issue: behavioural science of energy balance 335 

Owing to the attention devoted to obesity in the field of nutrition for the last 20 years, a 336 

considerable discussion has been taking place regarding the relative contribution of the 337 

behaviour that delivers  energy intake (food consumption) and the behaviour that produces 338 

energy expenditure (physical activity). It is widely accepted that obesity is a function of 339 

energy balance; however, the function is complex (Hall et al. 2011) and not simply an 340 

algebraic sum of the energy consumed in relation to the energy expended (e.g. Hamid 341 

2012). The concept of energy balance as a set of kitchen scales is both incorrect and 342 

misleading. There is, of course, considerable evidence regarding an excess of consumed 343 

energy ʹ by way of the processes documented in earlier parts of this review: injudicious 344 

food choices, weak satiety, hedonic attraction, high energy density and a combination of 345 
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sensory factors and nutrient composition. Behavioural science has contributed to an 346 

understanding of how foods lead to a high intake of energy with little or no effort on the 347 

part of the consumer. The process of overconsumption is neither intended nor wanted, but 348 

is allowed  because of the biological system of appetite control that readily permits a surfeit 349 

of energy consumed but defends strongly against an under supply of energy. It has been 350 

argued that a year-on-year excess of energy consumed (at least in the US) can account for 351 

the secular increase in average bodyweight (and BMI) of the US population (Swinburn et al. 352 

2009). In contrast, it has also been argued that the decline in daily energy expended due to 353 

the impact of technology on changing patterns of work, can easily account for the increase 354 

in adult BMI over the course of 30 years (Church et al. 2011). Consequently, there are 355 

plausible arguments ʹ and experimental evidence ʹ in favour of both increased energy 356 

intake and decreased energy expenditure in the aetiology and maintenance of obesity. 357 

During the last decade the British Nutrition Foundation (Watson & Benelam 2012) has 358 

emphasised that health is not only a matter of good nutrition (although this is vital) but also 359 

requires an optimal level of physical activity (Stensel 2010).  360 

The key to understanding ƚŚĞ ͚ďĂůĂŶĐĞ͛ ŽĨ ĞŶĞƌŐǇ ĐŽŶƐƵŵĞĚ ĂŶĚ ĞǆƉĞŶĚĞĚ ŝƐ ƚŚĞ 361 

recognition that physical activity does not only contribute to the energy expenditure side of 362 

the equation, but also influences energy intake. In other words, energy expenditure and 363 

energy intake are not independent of each other, they interact. This concept can be traced 364 

back to the work of pioneers of nutritional physiology ŝŶ ƚŚĞ UK ǁŚŽ ƉŽƐƚƵůĂƚĞĚ ƚŚĂƚ ͚the 365 

differences between the intakes of food (of individuals) must originate in the differences in 366 

thĞ ĞǆƉĞŶĚŝƚƵƌĞ ŽĨ ĞŶĞƌŐǇ͛ (Edholm et al. 1955). The landmark study of Jean Mayer with the 367 

jute mill workers in Bengal (Mayer et al. 1956) demonstrated that dietary intake was related 368 

to the energy expended in the physicality of work ʹ though with a U-shaped rather than a 369 

linear function. Recent large scale investigations (Shook et al. 2015) together with 370 

systematic reviews (Beaulieu et al. 2016) have supported this. The strong message from this 371 

body of work is that people who are habitually physically active have a sensitive control of 372 

homeostatic appetite whereas in sedentary people the control is weaker (poor match of 373 

energy intake with expenditure). If this is true then one would expect to find positive 374 

associations between sedentariness and the amount of surplus stored energy (adipose 375 

tissue) and inverse relationships with the amount of moderate and vigorous activity. There 376 

is abundant evidence for this (e.g. Ekelund et al. 2016; Myers et al. 2016).  377 

The implication of this picture is that the behavioural science of nutrition should not be 378 

conducted in isolation, but should instead be integrated with the behavioural science of 379 

energy expenditure. The foods that people put into their mouths (what Rozin referred to as 380 

͚ǁŚĂƚ ǁĞ ĞĂƚ ĂŶĚ ǁŚǇ ǁĞ ĞĂƚ ŝƚ͛Ϳ ŝƐ ŶŽƚ ũƵƐƚ Ă ŵĂƚƚĞƌ ŽĨ ƚŚĞ ĐŚŽŝĐĞ ĂƌĐŚŝƚĞĐƚƵƌĞ ŽĨ ƚŚĞ ĨŽŽĚ-381 

related external environment, but is also influenced by the (reduced) demands for energy 382 

expended imposed by the environment. The introduction of energy expenditure into the 383 

framework for understanding appetite control also directs attention to the role of 384 

metabolism and especially the impact of body composition. Although there will continue to 385 
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be an interest in the pure psychological approach to food intake in which eating is reported 386 

as a function of psychological variables, there is an undisputed role for biological variables. 387 

For a quarter of a century ʹ since the discovery of leptin (Zhang et al. 1994) - this has been 388 

dominated by the belief in a role for body fat (the adipocentric hypothesis). However, there 389 

is growing evidence that an underlying metabolic drive to eat is strongly associated with the 390 

fat-free mass in the body (lean tiƐƐƵĞͿ ĂŶĚ ǁŝƚŚ ƚŚĞ ďŽĚǇ͛Ɛ ƌĞƋƵŝƌĞŵĞŶƚ ĨŽƌ ĞŶĞƌŐǇ ;ƌĞƐƚŝŶŐ 391 

metabolic rate ʹ RMR) in order to maintain vital biological organ functioning (e.g. Blundell et 392 

al. 2012; Weise et al. 2014; Dulloo et al. 2016). In addition, recently some anthropologists 393 

have introduced evolutionary theory and field data on primitive tribes into the arguments 394 

about the overall balance of energy (in and out) (e.g. Pontzer et al. 2012). Although hunting 395 

(for the right product) and gathering (the groceries) in supermarkets is definitely not the 396 

same process as the hunting and gathering still carried out by the Hadza people of Tanzania 397 

(Marlowe 2010); the question is can we learn anything about the former from studying the 398 

latter? Can anthropology throw any light on the behavioural science of nutrition? It is 399 

probably better to widen the scientific horizons rather than to make them narrower. 400 

 401 

Evaluation and challenges 402 

More than 35 years ago in the UK, an entity now called the ͚British Feeding and Drinking 403 

GƌŽƵƉ͛ ;BFDGͿ ǁĂƐ ĞƐƚĂďůŝƐŚĞĚ ďǇ PƌŽĨĞƐƐŽƌ TƌĞǀŽƌ SŝůǀĞƌƐƚŽŶĞ ĂŶĚ Ă ŐƌŽƵƉ ŽĨ ĐŽůůĞĂŐƵĞƐ 404 

following the 1976 Dahlem Konferenzen on Appetite. The BFDG was dominated by 405 

influential psychologists such as David Booth who inaugurated the jouƌŶĂů ͚AƉƉĞƚŝƚĞ͛͘ TŚĞ 406 

BFDG and Appetite did much to expand research into the effect of behavioural science 407 

(especially psychology) on factors influencing eating behaviour and nutrition. What has been 408 

the effect of this large body of work? There is no doubt that behavioural science has 409 

contributed a litany, a methodology, an enthusiasm and a continuing vital enquiry to the 410 

field of nutrition. The impact has influenced dietitians and nutritionists who have 411 

themselves adopted the methodology of behavioural science and blended these with their 412 

more natural survey procedures. There is now a huge catalogue of outcomes of 413 

psychological and environmental manipulations on eating behaviour with implications for 414 

the ingestion of nutrients. However, many of these studies are often acute, with single 415 

manipulations on single occasions with a variety of contextual factors, but more often than 416 

not in a laboratory setting and on many occasions with university students as subjects.  One 417 

noticeable consequence of this approach has been the demonstration that a momentary 418 

inspection of eating behaviour is both labile and extremely volatile. Almost every 419 

manipulation can produce some measurable change. This is probably a fair reflection of 420 

human eating behaviour which, at any particular moment, may be subject to irrational and 421 

often unwanted shifts. These momentary changes can be contrasted with the unhelpful 422 

stability of many (disadvantageous) eating habits, which are remarkably resistant to change. 423 

Although there exists a wide range of planned behavioural methods that can be deployed to 424 

change unhealthy food habits (e.g. Abraham & Michie 2008), these can be extremely time 425 
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consuming and expensive on expertise. At the current time, behavioural science has 426 

contributed to our understanding of the complexity of behavioural nutrition but has not 427 

produced a behavioural solution for nutritional problems (including obesity). 428 

However, the lack of a present day solution to nutritional problems that exist on a world 429 

scale is not the fault of behavioural science. This science has been grappling with the great 430 

diversity of global eating patterns and the extremely high degree of individual variability. 431 

This is partly why human behaviour is so fascinating (but also frustrating). This individual 432 

heterogeneity in behavioural outcomes, apparent in responses to manipulations of energy 433 

intake and expenditure, is associated with allelic variation contributing to an underlying 434 

biological heterogeneity.  Behavioural science cannot be blamed for the complexity of 435 

human behaviour. However, one feature that the science can be held responsible for is an 436 

insistence on the use of the statistical mean (group averages) to define experimental 437 

outcomes. The use of the mean, and the convenient statistical differences between means 438 

(at the magical p <0.05 level), has tended to convey an orderliness and neatness to 439 

behavioural data and has had the effect of eliminating from enquiry the more important, 440 

but inconveniently untidy, issue of human variability. As certain statisticians have pointed 441 

ŽƵƚ ͚TŚĞ ŵĞĂŶ ŝƐ ĂŶ ĂďƐƚƌĂĐƚŝŽŶ͘ ‘ĞĂůŝƚǇ ŝƐ ǀĂƌŝĂƚŝŽŶ͛ (Blastland & Dilnot 2008).  Behavioural 442 

science of nutrition is taking a long time to deal with this issue. 443 

However, the complexity and the individual variability of human behaviour is being 444 

addressed.  The advent of technological devices for detecting and recording personal data 445 

(behavioural and nutritional) together with algorithms in the field of big data analytics are 446 

revolutionising the degree to which behavioural diversity can be monitored and utilised for 447 

the benefit of individuals.  Hence the solution is scalable not ŽŶ ƚŚĞ ďĂƐŝƐ ŽĨ ͚ŽŶĞ ƐŝǌĞ ĨŝƚƐ Ăůů͛ 448 

but on the basis of individual solutions for everybody. There is already considerable 449 

progress in this area (Martin et al. 2016). 450 

The era of the behavioural science approach based on laboratory study has achieved plenty 451 

and is coming to an end; the era of behavioural science of larger populations, under more 452 

realistic living circumstances is taking over. This approach has the capacity to embrace both 453 

energy intake and energy expenditure and to provide a more expansive outlook to issues in 454 

nutrition. 455 

 456 

  457 
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