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Thesis Summary 

Evolutionary perspectives posit that weight gain, obesity, and associated health complications 

occur due to the application of inherited foraging strategies in environments where highly-

palatable, energy-dense food is easily obtainable (Lieberman, 2006). Human tolerance to risk 

is an obvious target to test this perspective experimentally. My thesis operationalised risk in 

terms of delay variability, where young, healthy participants made selections between two 

schedules that delivered high-value food rewards after either variable or fixed delays. I also 

applied a suite of computational models to specify the mechanisms of variable or fixed delay 

schedule preferences. Overall, preferences for variable delay schedules were enhanced when 

the last food reward received was delivered immediately. Experiment 1 found that this effect 

was not moderated by an operationalised environment of mild food scarcity. Experiment 2 

demonstrated that individuals in states of heightened hunger were more likely to select the 

variable delay schedule following immediate food delivery. Experiment 3 revealed that 

individuals who attend towards visual cues that signal the duration of delays before the 

delivery of food rewards were more likely to select the variable delay schedule following 

short and fixed delays, but less likely following long delays, suggesting a form of delay 

aversion. I also found some evidence to suggest that variable delay schedule preferences were 

sensitive to BMI and temporal discounting, highlighting the potential relevance of this 

research for understanding food-seeking strategies in populations vulnerable to weight gain. 

A simple TD n-Step learning model was able to capture the acquisition of preferences when 

food rewards were delivered after every selection, and motivation to consume the rewards on 

offer was high. These data suggest that humans value the delivery and consumption of quick 

food more highly than food that is delayed, and will tolerate risks of longer delays for the 

possibility of receiving food rewards at the earliest opportunity. The acquisition of variable 

delay schedule preferences is likely underlined by temporal discounting and learning.
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Chapter 1: Weight gain, health and eating behaviours 

The last several decades have seen dramatic changes to human food environments. Food 

production has become more efficient, the cost of purchasing has reduced, portion sizes are 

larger, and there is more variety on offer (Cohen, 2008). Prioritisation of convenience has led 

to a range of alterations that make food easy to access and consume quickly. These include 

advertisements, an abundance of food outlets, drive-through restaurants, and highly processed 

'ready meals' (Lieberman, 2006). Accordingly, sales of packaged and precooked foods that 

require minimal preparation (e.g. pizza, salty snacks, soft drinks) have increased (Nielsen, 

Siega-Riz, & Popkin, 2002a). Modern lifestyles have become more sedentary. Individuals are 

more likely to hold less physically demanding jobs, watch television or use computers in their 

leisure time, and use motorised transport to travel (Proper, Singh, Van Mechelen, & 

Chinapaw, 2011). Modern lifestyles can also bring psychosocial stress, potentially promoting 

weight gain through dysregulation of the hypothalamic-pituitary-adrenal axis (Bose, Oliván, 

& Laferrère, 2009; Brunner, Chandola, & Marmot, 2007). Although food production 

efficiency has been beneficial in terms of addressing issues such as malnutrition, 

environmental and dietary changes on the whole have coincided with a global rise in rates of 

weight gain and obesity that are associated with other chronic conditions such as diabetes and 

cardiovascular disease (Kearney, 2010).  

 

Worldwide prevalence of overweight and obesity is estimated to have risen from 28.8% of 

men and 29.8% of women in 1980, to 36.9% and 38% respectively in 2013 (Ng et al., 2014). 

Furthermore, in high-income/developed countries the estimated prevalence of overweight and 

obesity in men exceeds 50% of the population (Ng et al., 2014). Similar trends are also 

apparent in low-income countries where the social and economic burdens can be especially 

high (Caballero, 2007). In the UK, 26% of adults were classified as obese in 2007-08 and it is 
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forecast that this will increase to 41-48% of men and 35-43% of women by 2030 (Wang, 

McPherson, Marsh, Gortmaker, & Brown, 2011). Overweight is categorised as a body-mass 

index (BMI) between 25 and 29.9 and obesity as a BMI greater than 30; both are related to a 

number of health problems including cardiovascular disease, hypertension, type-2 diabetes 

(and other metabolic disorders), stroke, various cancers, sleep apnoea and osteoarthritis 

(Bray, 2004; Guh et al., 2009). By 2030, the medical costs related to overweight and obesity 

in the UK are predicted to rise by £1.9-2 billion/year, highlighting the significant economic 

impact of weight gain and its associated health implications (Wang et al., 2011).  

 

Weight gain is caused by an excess of energy which is stored in fat cells that enlarge and/or 

increase in number, resulting from an imbalance between energy intake and expenditure 

(Bray, 2004). Various measures have been implemented to try and tackle the problematic rise 

in unhealthy eating behaviours and weight gain, such as restricting the amount of certain 

macronutrients in the diet (e.g. fats, carbohydrates) (Johnston et al., 2014), increasing 

physical activity (Clark, 2015; Hens et al., 2017), behavioural therapies (Painot, Jotterand, 

Kammer, Fossati, & Golay, 2001), pharmacological treatments (Khera et al., 2016), and 

bariatric surgery (Buchwald et al., 2009). Although these different approaches demonstrate 

some short-term efficacy, longitudinal evidence suggests that individuals are likely to regain 

the majority of the weight lost in the longer-term (Anderson, Konz, Frederich, & Wood, 

2001), highlighting the specific challenge of sustaining weight loss. Surgical interventions 

appear to be an exception (Maciejewski et al., 2016), although these approaches are 

associated with additional risks (Chang et al., 2014). 
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Evolutionary perspectives of weight gain 

The difficulty in identifying effective preventative measures and interventions for obesity and 

its associated health problems is compounded by the somewhat inconsistent associations 

between specific eating behaviours and subclinical and clinical weight gain (Mesas, Muñoz-

Pareja, López-García, & Rodríguez-Artalejo, 2012). Evolutionary perspectives argue that the 

application of inherited, previously-adaptive, food-seeking strategies (that place a premium 

on the consumption of energy-dense foods) in our current environment (in which such foods 

are readily available at minimal search and energy costs) are likely contributors towards 

problematic eating behaviours and weight gain (Berridge, 2009; Lieberman, 2006; Pinel, 

Assanand, & Lehman, 2000). This mismatch between food-seeking strategies and food 

environments may reflect a number of mechanisms (Albuquerque, Stice, Rodríguez-López, 

Manco, & Nóbrega, 2015): the continuance of 'thrifty' genes (Neel, 1962), selectively neutral 

genetic 'drift' (that would account for the varying incidence of obesity across individuals 

(Nielsen, 2005; Speakman, 2013), or the moderation of genetic influences upon food-seeking 

behaviours by historical climate change (Sellayah, Cagampang, & Cox, 2014) 

 

When foraging for food animals make decisions based on the likelihood of increasing energy 

consumption (i.e. feeding) against energy expenditure (e.g. travelling distances, search times, 

unreliable availability, threat from predators) (Lieberman, 2006). Optimal foraging involves 

maximising energy intake whilst minimising energy costs; surplus energy is then stored 

(Charnov, 1976; de Graaf, 2006; Lieberman, 2006; Pinel et al., 2000). For example, one 

model of optimal foraging proposes that an animal should exploit a depleting food resource 

for as long as the net energy intake of the resource is higher than that of the wider 

environment (Charnov, 1976). This strategy results in maximal net energy intake over the 

course of a foraging session, and a variety of species demonstrate behaviours in line with 
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In addition to when humans decide to eat, it is likely that the type of food eaten at mealtimes, 

and also how it is consumed contribute towards weight gain. Much of this research has 

focussed on the consumption of fast-foods, takeaways and eating out at restaurants. Adults 

with high body-mass tend to show increased rates of fast-food consumption, and individuals 

who eat away from home more regularly, or purchase takeaway foods are also at higher risk 

of weight gain (Mesas et al., 2012). Longitudinal evidence has isolated positive associations 

between the frequency of fast or takeaway food consumption and increased BMI both in 

adolescent and adult samples (Bes-Rastrollo et al., 2006; Duffey, Gordon-Larsen, Jacobs, 

Williams, & Popkin, 2007; Thompson et al., 2004). However, the frequency of eating at other 

types of establishments (e.g. coffee shops) was not linked to weight gain (Thompson et al., 

2004). Large food portions tend to co-occur alongside eating fast-foods or takeaways, and 

increased portion sizes also appear to increase the incidence of overweight or obesity in 

children (Sun, Sekine, & Kagamimori, 2009) and adults (Berg et al., 2009). Individuals who 

eat until they reach satiety may also be at greater risk of weight gain (Maruyama et al., 2008) 

as are individuals that consume food more quickly (Maruyama et al., 2008; Sun et al., 2009). 

 

The available literature indicates that factors related to when, what and how humans eat are 

likely associated with body composition. However, these associations are fairly tentative due 

to small effect sizes and inconsistencies in findings (Mesas et al., 2012). Therefore, it remains 

unclear whether specific eating behaviours represent viable therapeutic targets for 

behavioural interventions addressing the issues surrounding weight gain in humans. 

 

Humans also appear unable to compensate for an additional intake of calories in their diet (de 

Graaf, 2006). Cohort data indicate that even when energy intake is increased through the 

consumption of energy-dense snacks, fast-foods, or drinks, there is little change in food 
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consumption at subsequent mealtimes, leading to an energy surfeit (Ebbeling et al., 2004; 

Marmonier, Chapelot, Fantino, & Louis-Sylvestre, 2002; Whybrow, Mayer, Kirk, Mazlan, & 

Stubbs, 2007; Zandstra, Stubenitsky, De Graaf, & Mela, 2002). In one study, healthy adults 

were allocated to receive additional daily snacks which could be high in fat, high in 

carbohydrates, or both. Regardless of the level of additional calories in the diet, participants 

failed to show any compensatory intake over the course of the day (Whybrow et al., 2007). In 

addition, overweight and obese children show less compensation for additional calories 

compared with healthy weight siblings following the consumption of energy-dense preloads 

(Kral et al., 2012). 

 

The specific eating patterns mentioned above contribute towards higher rates of energy 

intake, yet demonstrate inconsistent associations with weight gain. It is possible that the 

influence that these specific behaviours have is moderated by an individual's ability to 

compensate for the additional calories, by reducing the amount consumed at subsequent 

mealtimes. 

 

Environmental cues, eating behaviours and weight gain 

It is likely that changes to the food environments in which humans live contribute to the 

manifestation of weight problems in the general population. For example, there has been a 

rapid growth in the production and popularity of fast-food outlets (Jeffery, Baxter, McGuire, 

& Linde, 2006; Nielsen, Siega-Riz, & Popkin, 2002b) which serve large portions of high-

energy foods and drinks (Nielsen & Popkin, 2003). Studies investigating the influence of the 

availability of fast-food on body-mass indicate that individuals who live within areas with a 

higher density of fast-food establishments may be at higher risk of weight gain 

(Fleischhacker, Evenson, Rodriguez, & Ammerman, 2011; Morland & Evenson, 2009).  
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The impact of the environment upon weight gain is not a simple one. In developing countries, 

urban lifestyle has been associated with greater risk of overweight and obesity, likely due to 

the concentration and variety of food outlets (Low, Chin, & Deurenberg-Yap, 2009). 

However, in high-income/developed countries this association is not as strong (Riva, Curtis, 

Gauvin, & Fagg, 2009), with some evidence that rural communities may even be at higher 

risk of weight gain, possibly due to the requirement of motorised transport (Befort, Nazir, & 

Perri, 2012). It is more likely that characteristics of the modern environment interact with 

individual factors to promote weight gain in vulnerable individuals.  

 

One way in which the environment may influence feeding behaviours is through the presence 

of cues that signal the availability of palatable, energy-dense foods, that stimulate people to 

overconsume (Cohen, 2008). Our current food environments contain a plethora of cues, or 

stimuli that signal the easy availability of food (Burton, Smit, & Lightowler, 2007; 

Lieberman, 2006; Malik, Willett, & Hu, 2013). However, these cues are more salient to some 

individuals than others, or in certain situations or motivational states (Polivy, Herman, & 

Coelho, 2008; Schachter, 1971). Cues in the environment that are associated with palatable 

foods or that predict food rewards acquire incentive salience, and can elicit 'wanting' or, in 

some instances craving states (Berridge & Robinson, 1998). Wanting is regulated by 

mesocorticolimbic dopamine neurotransmission and is supposedly distinct from 'liking', 

although they regularly co-occur (Berridge, 2012). More generally, wanting typically relates 

to cue-potentiated increases in motivational desire, whereas liking refers to the hedonic value 

of a reward (Berridge, 2009).  

 

Cues that have been paired with food consumption during food deprivation have been found 

to increase consumption of that specific food under conditions of satiation (Petrovich, Ross, 
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Gallagher, & Holland, 2007), indicating that cue-potentiated feeding is not simply a result of 

a generalised increase in hunger, but rather due to an increase in wanting for a specific food 

item. In humans, the presentation of a visual stimulus previously paired with chocolate 

increases responding for chocolate rewards, even when baseline responding decreases as a 

result of stimulus-specific satiety or reward devaluation (Colagiuri & Lovibond, 2015). 

Furthermore, children and adults consume larger amounts of food following exposure to 

television advertisements that contain food-related stimuli in comparison to those that do not 

(Halford, Gillespie, Brown, Pontin, & Dovey, 2004; Harris, Bargh, & Brownell, 2009). 

Collectively, these findings suggest that food-related cues are able to induce states of 

wanting, and consumption of food irrespective of hunger states or hedonic value. Cue-

potentiated food-seeking can result in overconsumption, and therefore is a likely factor 

underlying weight gain. 

 

It has been suggested that the motivational mechanisms involved in obesity are similar to 

those of other addictive behaviours (Volkow & Wise, 2005), but see (Ziauddeen, Farooqi, & 

Fletcher, 2012). The incentive-sensitisation theory of drug addiction describes how some 

abused drugs can enhance dopamine neurotransmission, hyper-sensitise the system 

underlying incentive salience attribution to drug related stimuli, and result in excessive and 

uncontrollable cue-elicited cravings for drug taking even in the absence of hedonic value 

(Robinson & Berridge, 1993, 2008). Fat and sugar enriched diets can heighten sensitivity to 

food-related stimuli that elicit cravings, but also reduce sensitivity to fluctuations in reward 

value (Corbit, 2016), implicating both mechanisms of wanting and liking. Behaviourally, 

obese males exhibit enhanced reactivity to food-related stimuli (Hendrikse et al., 2015), and 

slower avoidance responses to images of high-energy foods in comparison to lean individuals 

(Havermans, Giesen, Houben, & Jansen, 2011). Additionally, the food-seeking behaviours of 
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time whereas under hyperbolic assumptions the proportional reduction in value is not 

constant. Immediate rewards are assigned disproportionately high value, there is a steep 

initial decrease which then tails off as the delay increases. 

 

A wealth of research into this area has shown that humans value rewards received quickly 

more highly than rewards that are delayed. These preferences have been demonstrated in 

humans for a variety of rewards including primary reinforcers such as food (Rasmussen, 

Lawyer, & Reilly, 2010), liquid rewards including alcohol (Estle, Green, Myerson, & Holt, 

2007; Jimura, Myerson, Hilgard, Braver, & Green, 2009), illicit drugs (Coffey, Gudleski, 

Saladin, & Brady, 2003; Madden, Petry, Badger, & Bickel, 1997), cigarettes (Bickel, Odum, 

& Madden, 1999) as well as secondary reinforcers such as money (Johnson & Bickel, 2002).  

 

Steeper temporal discounting rates assign more relative value to rewards received sooner 

reflecting heightened impulsivity (Bickel & Marsch, 2001; Green & Myerson, 2013; Soman 

et al., 2005). Impulsivity is common to a variety of psychological disorders (Evenden, 1999) 

and, accordingly, discounting rates are markedly pronounced in individuals with addiction 

problems (MacKillop et al., 2011) including illicit drug use (Kirby et al., 1999), alcohol 

abuse (Petry, 2001), nicotine addiction (Bickel et al., 1999), and pathological gambling (Petry 

& Casarella, 1999). In terms of the specific relationship between steeper delay discounting 

and problematic eating behaviours, overweight and obese individuals, and those with 

metabolic or eating disorders tend to discount delayed rewards at faster rates than appropriate 

matched controls (Amlung, Petker, Jackson, Balodis, & MacKillop, 2016; Appelhans et al., 

2012; Barlow, Reeves, McKee, Galea, & Stuckler, 2016; Elfhag & Morey, 2008; Fields, 

Sabet, Peal, & Reynolds, 2011; Jansen et al., 2009; Klement et al., 2018; Manwaring, Green, 

Myerson, Strube, & Wilfley, 2011; Rasmussen et al., 2010; Rollins, Dearing, & Epstein, 
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2010; Stojek & MacKillop, 2017; Weller, Cook, Avsar, & Cox, 2008; Zimmerman, Mason, 

Rogers, & Brunstrom, 2018), highlighting impulsivity as a potential mechanism in unhealthy 

eating and weight gain.   

 

One limitation of this research base is the common use of hypothetical paradigms where the 

rewards offered are not received after the delays, especially in relation to directly consumable 

primary rewards (e.g. food). Some evidence suggests equivalent discounting rates between 

hypothetical and real monetary outcomes (Johnson & Bickel, 2002; Madden et al., 2004; 

Madden, Begotka, Raiff, & Kastern, 2003), and also for consumable food rewards (Lagorio 

& Madden, 2005). However, it remains unclear whether this approach is reasonable in regard 

to primary reinforcers. Irrespective of these potential limitations, it is fairly clear that humans 

value an array of rewards, including food, more highly if they are received quickly, and that 

the relative value of quick food may be further enhanced in individuals with weight 

problems. 

 

Foraging and operant biases for variable over fixed delays to reward 

In the behavioural ecology literature, a lot of attention has been given to the circumstances in 

which animals demonstrate risk-seeking and risk-averse behaviours. Normative accounts 

such as Risk Sensitivity Theory (RST) propose that risk-seeking is moderated by animals' 

energy budgets (Stephens, 1981); specifically, that risk-seeking behaviour should only be 

exhibited when animals experience energy deficits. A number of experiments demonstrate 

that when energy budgets are reduced, through manipulations of ambient temperature or food 

restriction, a range of species will demonstrate risk-prone behaviours (e.g. inappropriate 

responses to predation) in order to secure greater amounts of food. Conversely, when energy 

budgets are positive, animals are more likely to exhibit risk-averse behaviours in relation to 
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varying food amounts (Caraco, 1981; Caraco, Martindale, & Whittam, 1980; Cartar & Dill, 

1990; Hastjarjo, Silberberg, & Hursh, 1990; Kacelnik & Bateson, 1996; Lienart, Mitchell, 

Ferrari, & McCormick, 2014). These behavioural shifts are also exhibited when energy 

budgets are expected to decrease in the future. For example, in one experiment, yellow-eyed 

juncos were offered two choices which resulted in either the delivery of a constant amount of 

seeds (e.g. 3), or the delivery of a variable amount of seeds (e.g. 0 or 6), with average seed 

amounts matched across the two schedules. When the ambient temperature was reduced to 

1°C, inducing negative expected energy budgets, the birds demonstrated strong preferences 

for the more 'risky' variable amount option, in comparison to constant schedule preferences at 

an ambient temperature of 19°C (Caraco et al., 1990). Probably, risk-aversion under positive 

energy budgets reflects the expectation that energy requirements can be met by employing a 

risk-averse foraging strategy, while risk-seeking under depleted or soon-to-be depleted 

energy budgets reflect the expectation that energy requirements are no longer easily 

achievable; prompting a shift in risk-tolerance (Caraco, 1980). In essence, an animal must 

reach a specific energy threshold each day if it is to survive. Therefore, when energy budgets 

are deficient and/or food resources are scarce, the costs of not feeding sufficiently are more 

detrimental to the animal than the costs of risky foraging strategies (Stephens, 1981).  

 

RST seems able to explain shifts in behaviour from risk-aversion under positive energy 

budgets to risk-seeking under negative energy budgets when risk is related to food amounts. 

However, other experiments demonstrate that when risk is generated through variability in 

the delay to food reception and consumption, animals exhibit generalised risk-proneness 

(Herrnstein, 1964; Kacelnik & Bateson, 1996, 1997), that is possibly mediated by 5-HT and 

dopaminergic function (Rogers, Wong, McKinnon, & Winstanley, 2013). When presented 

with two options that deliver five units of food following either a constant (20s) delay or a 
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variable (2.5s or 60.5s) delay, starlings show strong preferences towards the 'riskier' variable 

delay schedule (Bateson & Kacelnik, 1995). This pattern of behaviour is highly replicated 

and, in contention to RST (Stephens, 1981), is relatively insensitive to energy states and 

resource availability (Kacelnik & Bateson, 1996, 1997). For example, when offered a choice 

between a variable (3s or 18s) and an adjusting 'fixed' delay schedule, starlings exhibit 

variable delay schedule preferences when the amount of food delivered by the schedules 

induces either positive or negative energy budgets (Bateson & Kacelnik, 1997). In operant 

preparations, pigeons making selections between two options that hold equal average water 

reinforcement rates, but differ in their variance, demonstrate dominant preferences for 

variable over fixed interval schedules both when water is restricted and abundant (Case, 

Nichols, & Fantino, 1995).  

 

Preferences for variability in delays to rewards can be particularly strong (Kacelnik & 

Bateson, 1996). When the rates of reinforcement of a fixed and variable delay, interval or 

ratio schedule are equal, and there is an equal likelihood of experiencing a short and long 

delay when selecting the variable schedule, a number of experiments report animal 

preferences exceeding 70% (Kacelnik & Bateson, 1996). In addition, the extent of variable 

schedule preferences largely reflects the duration of its short delay (Duncan & Fantino, 

1970). Several experiments that have implemented short delays ranging from 0s-2.5s have 

reported variable schedule preferences exceeding 90% (Ahearn, Hineline, & David, 1992; 

Bateson & Kacelnik, 1995; Cicerone, 1976; Pubols, 1962). The immediacy of reinforcement 

under the short delay may constitute such a potent stimulus that it can result in extreme 

variable schedule preferences even when the global reinforcement rate of a fixed schedule is 

higher (Rider, 1983). Given that a preference for mixed over fixed delays of 66% resembles a 

selection ratio of 2:1, the evidence demonstrates that under specific experimental constraints, 
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which usually involve extensive training or experience with the reinforcement contingencies, 

animals demonstrate a significant tolerance to risk in order to acquire food at the earliest 

possible opportunity.  

 

The mechanisms of variable over fixed delay schedule preferences 

Animal preferences for variable over fixed interval or delay schedules are well-established 

and since energy budgets are not sufficient to account for this behaviour (Case et al., 1995; 

Kacelnik & Bateson, 1996), various alternative explanations have been put forward 

(Herrnstein, 1964; Kacelnik & Bateson, 1997; Mazur, 1984).  

 

First, Scalar Expectancy Theory (SET) utilises Weber's Law in regard to estimates of 

temporal delays to explain variable delay schedule preferences (Gibbon, 1977). Weber's Law 

states that the just noticeable difference of a change in a stimulus increases at a constant ratio 

with its intensity. In relation to variable and fixed delay schedules each delay is represented 

in memory as a normal distribution with a mean equal to its duration, and standard deviation 

proportional to that mean. The representation of a fixed delay schedule is equal to this single 

distribution whereas the representation of a variable delay schedule is positively skewed by 

summing the distributions of the shorter delays with lower variance and the longer delays 

with higher variance. Selections are completed by a decision-by-sampling mechanism that 

selects one or more estimated delays from each of the variable and fixed delay schedule 

distributions; whichever is shortest is chosen. The lower variance of the short delays 

compared to the longer delays in the summed variable delay representation over-weights the 

shorter delays in this selection mechanism, promoting preferences for variable over fixed 

delay schedules (Kacelnik & Bateson, 1996, 1997; Reboreda & Kacelnik, 1991).  
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This project 

Weight gain, obesity and associated complications represent a significant global health 

burden. Possibly, these health problems arise, in part at least, through the persistence of 

previously-adaptive food-seeking strategies (that place a premium upon the consumption of 

energy-dense foods) in a food-enriched environment in which these foods are easily 

available. However, to date, there has been little experimental work to examine food-seeking 

strategies as a behavioural phenotype for vulnerability to weight gain. My thesis explores 

once such strategy: preferences for food rewards following variable over fixed delays as a 

potential experimental model. 

 

Humans have demonstrated strong preferences for variable delay schedules in response to 

desirable video clips after multiple sessions (Lagorio & Hackenberg, 2010; Locey, Pietras, & 

Hackenberg, 2009), and also preferences somewhat in line with an energy budget rule in 

response to monetary reinforcement (Pietras, Locey, & Hackenberg, 2003). Despite 

methodological differences between the procedures employed in human and nonhuman 

samples, such as a lack of reinforcement on a selection-by-selection basis or the use of 

immediately consumable rewards, these data suggest that humans also tolerate risks of longer 

delays to acquire rewards quickly. 

 

Recently, Stokes (2018) conducted a preliminary investigation into variable over fixed delay 

schedule preferences in humans for real food rewards. Over a series of selections, participants 

completed a discrete-choice procedure offering two schedules that delivered high-value food 

rewards after different delays. One schedule delivered food after a fixed delay of 15s, 

whereas the other delivered food after a variable delay of either 0s or 30s with equal 

probability (so that the global rates of reinforcement of the two schedules were equal). 
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Participants demonstrated small overall preferences for the variable delay schedule. However, 

these preferences were sensitive to the outcomes experienced on previous selections, such 

that participants were more likely to select the variable delay schedule when the previous 

food reward had been delivered and consumed immediately, suggesting that tolerance of 

uncertain delays can be strengthened by quick food. Exploratory analyses identified that this 

enhancing effect of immediate food rewards on subsequent selections was moderated by 

individual and environmental factors including BMI, restrained and emotional eating, and 

olfactory food cues. However, some of these moderating effects were small and inconsistent 

across experiments.  

 

In this thesis, I take these investigations a stage further by exploring in more detail the 

conditions under which human participants show preferences for variable or fixed delay 

schedules for high-value (immediately consumable) food rewards, drawing upon theoretical 

perspectives of foraging theory such as RST, operant learning and computational modelling.  

My overarching hypothesis is that humans, under conditions of at least moderately low 

energy budgets, will show consistent risk-tolerance to secure and consume food rewards 

quickly and that these preferences are learned in way describable as TD learning. In 

Experiment 1, I tested this hypothesis with a manipulation of reward uncertainty as mild food 

scarcity. In Experiment 2, I tested it against a manipulation of state-hunger as a crude 

indicator of negative energy budgets. Finally, in Experiment 3, I examined the importance of 

attention to predictive cues in the acquisition of variable over fixed delay schedule 

preferences. The results demonstrate a promising combination of a behavioural and 

computational assay to explore food-seeking strategies in individuals who are vulnerable to 

weight gain and its health consequences. 
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Chapter 2: Food availability and intertemporal preferences in healthy adult volunteers 

As described in the first chapter, the available literature specifies that adaptive foraging 

strategies place a premium upon the maximisation of calorie intake whilst limiting energy 

costs (Charnov, 1976; de Graaf, 2006; Lieberman, 2006; Pinel et al., 2000). Prioritising 

energy maximisation aids energy storage, protecting against starvation in environments 

where food availability is unpredictable or scarce. Possibly, the application of these 

(otherwise protective) food-seeking strategies in modern society, in which energy-dense food 

is readily available and the travelling and search costs are minimal, may contribute towards 

problematic eating behaviours, weight gain, and associated health complications (Berridge, 

2009; Lieberman, 2006; Pinel et al., 2000).  

  

Preference for risk is an obvious experimental target to test human food-seeking in the 

context of evolutionary perspectives of problem eating and weight gain. Experimental 

investigations of animal foraging have operationalised risk in terms of delay variability to 

food rewards (Kacelnik & Bateson, 1996). Specifically, animals might choose between two 

reinforcement schedules, one schedule delivers a certain amount of food after a fixed duration 

(e.g. 20s), the other delivers the same amount of food following a variable delay with two 

equiprobable outcomes (e.g. 2.5s or 60.5s) (Bateson & Kacelnik, 1995). Behavioural 

preferences for a variable delay schedule are considered risk-seeking, whereas those that 

exhibit fixed delay schedule preferences are risk-averse.  

 

Overall, animals exhibit consistent risk-seeking preferences when risk is generated by 

variability in the delays that precedes the delivery of food rewards (Herrnstein, 1964; 

Kacelnik & Bateson, 1996, 1997). Starlings exhibit strong preferences towards a variable 

(2.5s or 60.5s) over a fixed (20s) delay schedule in order to receive five units of food 
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(Bateson & Kacelnik, 1995). Furthermore, when starlings choose between a variable delay 

(2.5s or 60.5s) and an adjusting 'fixed' delay schedule, they can show equivalent selections 

between the two options even when the delay of the adjusting schedule reduces to as little as 

5s (Bateson & Kacelnik, 1996). This indicates that even when the reinforcement rate per unit 

time of a 'fixed' delay schedule is markedly more favourable to the average of a variable 

delay schedule, animals maintain preferences for the 'risky' variable option, possibly, on the 

basis that it offers some likelihood of receiving food reinforcement at the earliest possible 

opportunity. 

 

Investigations of intertemporal choice in relation to food rewards in humans have typically 

implemented temporal discounting paradigms, and demonstrate that humans also evaluate 

food rewards delivered earlier more favourably than food delivered after longer delays 

(Rasmussen et al., 2010). Furthermore, steeper discounting rates have been exhibited in 

humans with weight problems, highlighting impulsivity as a possible vulnerability factor for 

weight gain and obesity (Amlung et al., 2016; Fields et al., 2011; Klement et al., 2018; 

Rasmussen et al., 2010; Weller et al., 2008). However, there have been relatively few studies 

of human preferences for variable over fixed delay schedules, and the few published 

experiments have used unusual rewards such as nominal tokens in computer games or video 

clips (Kohn, Kohn, & Staddon, 1992; Locey et al., 2009). Human participants, tested five 

days a week over a two-month period, have demonstrated preferences for variable over fixed 

delay schedules in response to video reinforcement, comparable to those shown by pigeons 

with food reinforcement (Lagorio & Hackenberg, 2010).  

 

Recently, Stokes (2018) demonstrated that broadly healthy human participants exhibit small 

but consistent preferences for variable over fixed delay schedules that deliver immediately 
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consumable, energy-dense food rewards over a single session. These preferences were 

increased if the last food reward had been delivered immediately, again suggesting that 

humans evaluate food delivered immediately more positively than food that is delayed. This 

moderation of preferences by the outcome of the previous selection was also sensitive to risk 

factors for weight gain, such as BMI and, to a limited extent, attitudes to food and eating. In 

my first experiment, I aimed to extend these findings by investigating whether human 

preferences for variable over fixed delay schedules for high-value food rewards were 

sensitive to a manipulation of mild food scarcity. 

 

RST proposes that the potential to take risks to obtain some sort of good or reward is 

mediated by an individual's need for that reward (Mishra, Gregson, & Lalumière, 2012). In 

an animal foraging context, RST posits that risks should be taken to obtain food when an 

animal is experiencing deficient energy states (Stephens, 1981). Animals experiencing 

negative energy budgets, caused by manipulations of ambient temperature or food 

availability, are more likely to exhibit risk-seeking tendencies in order to obtain greater 

amounts of food (i.e. preferences for more unpredictable instrumental contingencies or 

inappropriate responses to predator proximity). In contrast, animals in positive energy states 

can demonstrate more risk-averse behaviour (Caraco et al., 1990; Cartar & Dill, 1990; 

Hastjarjo et al., 1990; Lienart et al., 2014). One explanation for this shift in risk-proneness 

suggests that an animal must consume enough calories each day to reach a specific energy 

threshold if it is to survive. Under deficient energy budgets, it can be more challenging to 

achieve this threshold by employing risk-averse food-seeking strategies. Therefore, the 

potential costs of not feeding can be more detrimental than the possible costs of risky 

foraging. In scarce environments, where energy budgets are more likely to be depleted and 
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future food availability is uncertain, the likelihood of risk-seeking foraging behaviours is 

increased in order to minimise the probability of starvation (Stephens, 1981).    

 

My first experiment sought to test the sensitivity of risky food-seeking strategies in humans 

as a function of both the variance in delays to food rewards and relative 'scarcity', 

operationalised as the certainty of food reinforcement in the environment. Therefore, 

Experiment 1 investigated whether human preferences for variable over fixed delay schedules 

are sensitive to the likelihood of reward delivery. Two groups of moderately hungry, healthy 

adult males and females completed a computerised food-scheduling assessment (see below). 

For one group, the selection of the variable delay schedule produced individually-selected 

savoury or sweet confectionary rewards following delays of 0s or 30s while selection of the 

fixed delay schedule delivered the same rewards following a fixed delay of 15s. For the other 

group, the schedules were the same except that food rewards were delivered with a 

probability of .7. I hypothesised that human preferences for variable over fixed delays 

following the immediate delivery and consumption of high-value food rewards would be 

influenced by the probability of their delivery. I also tested whether preferences for variable 

over fixed delay schedules were associated with morphometric measurements. Finally, 

participants completed two blocks of 39 selections rather than one, allowing an assessment of 

whether preferences for variable over fixed delay schedules are sensitive to stimulus-specific 

satiety (Rolls, Rolls, Rowe, & Sweeney, 1981).  

 

Method 

Ethical approval for Experiment 1 was granted by the Bangor University School of 

Psychology Ethics Committee (Ethics code: 11124). All participants provided written, 

informed consent. 
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Participants 

Thirty male and 30 female healthy adults participated. Fifty-five were recruited through 

Bangor University School of Psychology's student participant panel, and were compensated 

with course and printer credits. A further five participants were recruited from the local 

community and compensated with £15. The mean age of the sample was 20.08 ±2.50 years. 

Participants were assessed against modest exclusion criteria consisting of self-reported eating 

disorders, any food allergy, or severe obesity (BMI > 40).  

 

Design 

Thirty participants were randomly assigned to the 'certain' group, where both the variable and 

fixed delay schedules delivered food rewards with a probability of 1.00. Another 30 

participants were randomised to the 'uncertain' group, where both the variable and fixed delay 

schedules delivered food rewards with a probability of .7.  

 

Self-report and psychometric assessments 

Participants completed self-report assessments of eating behaviours, food attitudes and 

behaviours, affect, impulsivity and cognitive ability. These included the Positive and 

Negative Affect Schedule-State (PANAS; Watson, Clark, & Tellegen, 1988); Eating Disorder 

Examination-Questionnaire (EDE-Q; Fairburn & Beglin, 1994); Beck Depression Inventory-

II (BDI-II; Beck, Steer, & Brown, 1996); Three-Factor Eating Questionnaire-R18 (TFEQ-18; 

Karlsson, Persson, Sjöström, & Sullivan, 2000); Barratt Impulsiveness Scale-11 (BIS-11; 

Patton, Stanford, & Barratt, 1995) and Raven Advanced Progressive Matrices Short Form 

(APM; Arthur & Day, 1994). 
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preferred hand, delivered a single preferred food reward following variable delays of 0s or 

30s, with probabilities of 0.5; while touching the other box (e.g. blue) delivered a single 

reward following a fixed delay of 15s. Thus, the average reinforcement rates per unit time for 

either schedule were equal, but their variance differed. For the participants in the certain 

group, all selections were reinforced with one food reward following the delays of 0s, 15s 

and 30s (global reinforcement rate = 1/15s), whereas for participants in the uncertain group 

only 70% of selections were reinforced irrespective of the schedule selected (global 

reinforcement rate = 1/21.43s). 

 

Food rewards were delivered by a purpose-made motorised food dispenser into a plastic 

hopper positioned within easy reach on the participants' right-hand side. An infra-red detector 

captured the entry of the participants' hand into the hopper, providing a measure of the time 

taken to collect each food reward. Once a food reward had been dispensed, randomly jittered 

inter-trial intervals (ITIs) between 20s and 30s allowed the participants sufficient time to eat 

the reward before being offered the following selection (Stokes, 2018). The delays for non-

reinforced selections in the uncertain group merged, un-signalled into the ITIs (Figure 2.1). 

Participants made 78 selections separated into two blocks of 39 selections. 

 

The variable delay (e.g. green) and fixed delay (e.g. blue) boxes appeared randomly on the 

left- or right-hand side of the display over successive selections, and the assignment of colour 

(green vs blue) to the fixed or variable delay schedule was counterbalanced across the 60 

participants in respect to group and gender. 
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Figure 2.1. Food-scheduling assessment contingencies for the certain and uncertain groups of 
Experiment 1. One blue and one green box were presented on the display, one delivered food 
rewards after either 0 or 30s (variable delay schedule), and the other delivered food rewards 
after 15s (fixed delay schedule). The colour assigned to either schedule was counterbalanced 
between participants in respect to group and gender. In the certain group one food reward was 
delivered following the delay after every selection (average reinforcement rate = 1/15s). In 
the uncertain group food rewards were delivered after 70% of selections (average 
reinforcement rate = 1/21.43s). An ITI of 20-30s followed the delays to allow time for food 
consumption. 
 

Procedure 

Participants were asked to fast for at least two-hours following breakfast or lunch prior to 

testing sessions scheduled for 11am or 4pm. On arrival at the lab, demographic and 

psychometric data, height and weight (to the nearest 0.1cm/kg), and PBF (to the nearest 

0.1%) were collected. Participants selected their preferred food reward from the ten-item 

menu to use in the food-scheduling assessment, then completed the APM and a state-hunger 

rating while the researcher loaded the food dispenser with their chosen food reward. Once the 

first block of 39 food-selections had been completed, the food dispenser was reloaded and 

participants provided a second state-hunger rating. Participants then completed the second 

block of 39 selections before providing a final state-hunger rating, and completing a brief 

questionnaire to indicate (i) their preferred box (fixed or variable); (ii) an estimate of the 

percentage of selections for the variable delay; (iii) an estimate of the number of food 
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predictors from Model 1 excluding (i) group and (iv) the position of the box assigned to the 

variable delay on the display were removed from subsequent models. 

 

Model 2 introduced (ix) BMI; (x) the last experienced delay to food reinforcement ('fixed 

delay' as referent) and (xi) the number of selections made since the last reinforced selection. 

The term 'last experienced' delay refers to the delay between a participant's selection and the 

delivery of food on the last reinforced selection, and was implemented to make the last delay 

predictor comparable between the two experimental groups. In the certain group, this always 

referred to the delay that followed the previous selection (0s, 15s, or 30s). In the uncertain 

group, it referred to the delay that preceded the last food reward which may have been 

delivered perhaps one, two, or more selections previously. Model 3 added the interaction 

term between (i) group and (x) the last experienced delay, and the interaction term between 

(ix) BMI and (x) the last experienced delay. 

 

Schedule selection latencies 

Schedule selection times (s) were analysed with linear regression models with the same 

multilevel structure. Selection times shorter than 100ms or longer than 4.49s (the third 

quartile plus 1½ times the interquartile range) were excluded. Model 1 regressed the 

continuous outcome variable, selections times, on (i) group; (ii) block; (iii) gender; (iv) the 

position of the box assigned to the variable delay on the display; (v) the colour of the box 

assigned to the variable delay; (vi) time of day; (vii) the type of food chosen by the 

participant and (viii) self-reported state-hunger. Model 2 removed all variables except for (i) 

group and (ii) block, and added (ix) BMI and (x) the last experienced delay to food 

reinforcement. 
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al., 2000). Animals exhibit large and consistent preferences for variable over fixed delay 

schedules in relation to food rewards (Bateson & Kacelnik, 1995; Kacelnik & Bateson, 

1996), even when the global reinforcement rate per unit time of a fixed delay schedule is 

markedly superior to a variable delay schedule (Bateson & Kacelnik, 1996). Recent work in 

our laboratory indicates that humans exhibit modest but consistent preferences for variable 

over fixed delay schedules for high-value, energy-dense food rewards over a single session 

(Stokes, 2018), and these preferences appear to be influenced by individual factors linked to 

weight gain (e.g. BMI). Experiment 1 replicates and extends the findings of Stokes (2018), 

demonstrating that healthy young men and women exhibit modest but consistent preferences 

for variable over fixed delay schedules, which were not moderated by the likelihood of food 

reward delivery. 

 

In the animal literature the duration of the short delay within the variable schedule has a large 

bearing on the strength of the observed preferences (Rider, 1983). In my experiment, 

selections for the variable delay schedule were enhanced following the quick delivery of 

high-value food rewards. Participants also collected the delivered food and subsequently 

made selections more quickly, indicating that the immediate delivery of food rewards was 

associated with a motivation to consume the food rewards promptly. Interestingly, the 

likelihood of selecting the variable delay schedule was also slightly enhanced following long 

delays in comparison to fixed delay, suggesting that participants were willing to tolerate 

longer delays for the opportunity to receive food immediately.     

 

RST suggests that the risks an animal will take to receive food is influenced by its internal 

energy state (Caraco, 1980; Stephens, 1981), promoting risk-averse foraging strategies as 

long as it can survive until the morning, otherwise it will engage in risk-prone behaviours as a 
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way of avoiding potential starvation. Therefore, when food is scarce and energy stores 

depleted, animals are more likely to be risk-prone. RST is able to explain behavioural shifts 

from risk-seeking to risk-aversion when risk is generated by variability in reward amounts 

(e.g. delivery of 3 seeds vs the delivery of either 0 or 6 seeds) (Caraco et al., 1990). However, 

when risk is generated by variability in the delay to a reward, energy budget has little 

influence over generalised risk-seeking preferences for variable over fixed delay schedules 

(Bateson & Kacelnik, 1997; Case et al., 1995). It is possible that risk-seeking preferences 

under delay variability reflect a foraging strategy that promotes energy storage through 

feeding at the earliest possible opportunity irrespective of energy states (de Graaf, 2006; Pinel 

et al., 2000). In Experiment 1, I operationalised an environment of mild food scarcity with 

participants who were moderately hungry (having fasted for at least two-hours before 

completing the food-scheduling assessment). Food reinforcement was delivered after only 

70% of selections in the uncertain group, in comparison to 100% of selections in the certain 

group. Participants who received food rewards after every selection showed a slight (albeit 

non-significant) increase in variable delay schedule preferences both overall and following 

the immediate delivery of food rewards. Preferences for variable over fixed delay schedules 

also showed no substantive association with self-reported state-hunger. This suggests that 

preferences for variable over fixed delay schedules that are acquired over a single session are 

also insensitive to food availability and modestly challenged energy budgets.  

 

Investigations of intertemporal choice in relation to food rewards in humans show steeper 

delay discounting rates in individuals with weight problems (Amlung et al., 2016; Fields et 

al., 2011; Klement et al., 2018; Rasmussen et al., 2010; Weller et al., 2008). In a sample of 

otherwise healthy female adults (screened to exclude 'caseness' for eating disorders and 

depression), Stokes (2018) found that overweight participants were more likely to select a 
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variable delay schedule than healthy weight participants following the quick delivery of high-

value food rewards. In Experiment 1, participants were also more likely to select the variable 

delay schedule after the delivery of quick food, possibly reflecting an increase in subjective 

value of the variable delay schedule. Furthermore, this preference was enhanced in 

individuals with higher BMIs. My sample had not screened to exclude individuals who 

exhibited 'caseness' of eating disorders or depression, supporting the possibility that the value 

attributed to quick food rewards relative to delayed food rewards can support preferences for 

variable delay schedules in individuals with weight problems. 

 

This experiment contained a number of strengths. First, in contrast to previous investigations 

of delay discounting (Rasmussen et al., 2010) and preferences for variable over fixed delay 

schedules (Locey et al., 2009), participants selected their favourite food item out of a menu of 

ten options for consumption in the food-scheduling assessment. This ensured that preferences 

for intertemporal schedules were examined in the context of consummatory behaviours for 

high-value food rewards. Second, participants had fasted for two-hours before taking part and 

therefore were moderately hungry. State-hunger ratings were provided before each block of 

39 selections, and increased hunger was associated with quicker food collection latencies, 

indicating that participants were motivated to receive the food rewards. Third, the sample 

consisted of young, healthy, male and female adult volunteers who reported low concern 

about their eating and current mood. Moreover, participants in the certain and uncertain 

groups were well-matched in terms of demographic, psychometric and clinical 

characteristics.  

 

Fourth, participants made 78 selections in total, split into two blocks. The second block was 

initially included to capture stimulus-specific satiety effects. However, there was a marginal 
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(but non-significant) increase in the proportion of variable delay schedule selections in the 

second block of selections in comparison to the first, and schedule selection and food 

collection latencies were shorter, possibly reflecting other influences such as the acquisition 

of delay schedule contingencies and preferences. Finally, the proportion of variable delay 

schedule selections made during the food-scheduling assessment was positively related to 

participants' estimates of their variable delay schedule selections (reported in the post-

assessment questionnaire), indicating that individuals' behavioural preferences were reflected 

in their explicit self-reported recollections of the assessment contingencies. 

 

These findings also require some qualifications. First, adapting the likelihood of reward 

delivery as a proxy for food scarcity may have introduced certain confounds. The delays for 

non-reinforced selections merged, un-signalled into the 20s-30s ITIs, possibly making it very 

difficult for participants in the uncertain group to fully acquire the action-delay 

contingencies. Alternatively, receiving food rewards after 70% of selections in the uncertain 

group may have delayed the onset of stimulus-specific satiety compared with the certain 

group, possibly maintaining variable delay schedule preferences by a mechanism unrelated to 

food scarcity. Second, although variable over fixed delay schedule preferences did not differ 

by reward type (i.e. sweet rewards vs savoury rewards), they may still have reflected the 

energy density between the ten different food items. Participants may have sated at different 

rates, possibly moderating schedule preferences and selection or collection latencies.  

 

Third, preferences for variable over fixed delay schedules are increased by the delivery of 

quick food in comparison to food that is delayed, suggesting that impulsiveness may 

influence the acquisition of delay schedule preferences. However, some post-hoc exploratory 

analyses failed to show any associations with motor, attention or non-planning impulsivity 
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captured by the BIS-11 (Patton et al., 1995). Impulsivity is multifaceted construct and it is 

likely that the factors of impulsivity not captured by the BIS-11 (e.g. temporal discounting) 

may show stronger associations with variable over fixed delay schedule preferences. Finally, 

female participants were not as quick as male participants to collect the dispensed food 

rewards. There are significant gender differences in relation to behavioural and neural 

responses to food, reflecting higher dietary restraint in women (Cornier, Salzberg, Endly, 

Bessesen, & Tregellas, 2010). Although there were no differences evident in relation to delay 

schedule preferences, this discrepancy suggests that female participants were not as 

motivated to consume the food rewards as male participants. 

 

In summary, Experiment 1 found that young, healthy male and female adult volunteers 

exhibit modest preferences for variable over fixed delay schedules to high-value food 

rewards. These preferences were enhanced by the quick delivery of food, which in turn was 

moderated by body composition, but not by mild food scarcity. In Experiment 1, participants 

were only moderately hungry before completing the food-scheduling assessment. Experiment 

2 (Chapter 5) extended these findings by explicitly testing the influence of food-related 

motivation (i.e. hunger) as a robust assessment of physiological state on food-scheduling 

behaviour. First however, I present a range of computational models that aimed to explain 

how participants acquire preferences for variable delay schedules and their moderation by the 

delivery of immediate vs delayed high-value food rewards. 
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Chapter 3: Non-learning models of preferences for variable over fixed delay schedules 

for high-value food rewards 

In Experiment 1, human participants completed a single session of the food-scheduling 

assessment. One group received food rewards after each selection and the other group 

received food rewards after 70% of selections. I found that young, healthy adult participants 

showed small but consistent preferences for variable over fixed delay schedules. 

Furthermore, participants' preferences for the variable delay schedule were markedly 

strengthened following selections that delivered food rewards immediately, suggesting that 

the value of the variable delay schedule is enhanced by quick food.  

 

Preferences for variable over fixed delay schedules are a well-established phenomenon in the 

animal foraging (Kacelnik & Bateson, 1996, 1997) and operant literatures (Case et al., 1995; 

Herrnstein, 1964). Broadly, there are two theories about the processes that underpin these 

preferences. Value-based perspectives suggest that variable delay schedules are assigned 

higher value on average than a fixed intermediate schedule (Mazur, 1984), while temporal 

representation accounts (Reboreda & Kacelnik, 1991) suggest that the combination of delays 

under a mixed schedule result in positively skewed estimations due to the over-weighting of 

shorter delays in memory, such that variable delay schedules are represented to deliver 

rewards more quickly than fixed delay schedules. Both accounts are supported by 

experimental evidence, especially once preferences have been overlearned, as they are in 

most animal preparations (Kacelnik & Brito e Abreu, 1998; Mazur, 1984).  

 

In this chapter, I describe three sets of computational models, adapted from the existing 

literature that might account for preferences between variable and fixed delay schedules. 

These models articulate and specify, in quantitative and testable forms:- 
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Simple discounting 

Preferences for variable over fixed delays reflect action-values determined as the 

probabilistic ratio of temporally discounted rewards (Mazur, 1984). 

 

Matching 

Preferences for variable over fixed delay schedules reflect a form of matching behaviour 

(Herrnstein, 1961) that compares the two schedules in terms of their local rather than global 

rates of reinforcement per unit time. 

 

Scalar Expectancy Theory 

Preferences for variable over fixed delay schedules reflect the increased variability of delay 

representations in memory with their length, resulting in an over-weighting of short delays in 

decision-by-sampling processes (Reboreda & Kacelnik, 1991). 

 

Method 

Model formulation and description 

Simple discounting 

Preferences for variable over fixed delay schedules may reflect nothing more than the over-

weighted value of immediate rewards at the expense of delayed and discounted rewards, both 

in the variable and fixed delay schedules (Mazur, 1984). To test this, I formulated two 

simple, non-learning models based on delay discounting rules. The first model assumed that 

individuals discount exponentially, and the second assumed that individuals discount 

hyperbolically. Both models assumed that participants had full knowledge of the 

contingencies of the food-scheduling assessment (i.e. the likelihood of food delivery after 

each selection, the length of the delays between actions and the delivery of rewards, and the 
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Scalar Expectancy Theory 

The final non-learning model draws from SET as an explanation of risk-seeking behaviour in 

animals exposed to uncertain delays in foraging contexts (Kacelnik & Bateson, 1997). SET 

applies Weber's Law (Laming, 2010) in relation to temporal information, stating that the 

mnemonic representation of a delay is normally distributed with a mean equal to the delay 

and a standard deviation proportional to the delay, meaning that the variability of delay 

representations in memory increases alongside delay length (Kacelnik & Bateson, 1996). 

While the representation of a fixed delay schedule in memory is equal to the distribution of 

the fixed delay, the representation of the variable delay schedule is formed by combining the 

distributions of short delays with less variance, and long delays with more variance. 

Summing these distributions shows a positive skew of the overall representation in favour of 

shorter delays in the variable delay schedule (Figure 3.1).  

 

Selection between a variable and fixed delay schedule operates through decision-by-sampling 

from memory. On each selection, participants sample exemplars from the distributions of 

delays in the mental representation of the variable and fixed delay schedules; whichever is the 

shorter determines the selected option. Thus, preferences for the variable delay schedule 

reflects the over-weighting of short delays in memory even when the global rates of 

reinforcement per unit time are equal (Kacelnik & Bateson, 1996, 1997; Reboreda & 

Kacelnik, 1991). To assess SET as an explanation of variable delay schedule preferences in 

Experiment 1, I adapted a previously established model (Kacelnik & Brito e Abreu, 1998).  
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Matching 

The canonical matching model (Figure 3.2c) showed only a small number of instances where 

it predicted selections significantly more accurately than Naïve Bayes (e.g. selections 15-19), 

with peak advantage at selection 18 (DM=-2.50, p=.01). Naïve Bayes began to predict with 

greater accuracy from selection 49 (DM=0.02, p=.51). The exponential matching model 

(Figure 3.2d) showed significantly better predictive accuracy than Naïve Bayes somewhat 

later in the time-series (selections 44-50) and its advantage peaked at selection 49 (DM=-

1.91, p=.03). The hyperbolic matching model (Figure 3.2e) generalised to unseen selections 

significantly more effectively than Naïve Bayes from selection 35 to 62, with peak advantage 

at selection 49 (DM=-3.30, p=.001). 

 

Scalar Expectancy Theory 

SET (Figure 3.2f) showed significant predictive advantage over Naïve Bayes from selection 6 

to 21 which peaked at selection 18 (DM=-3.87, p=.001). However, the predictive ability of 

Naïve Bayes began to overtake SET from selection 53 (DM=0.10, p=.54). 

 

Model generalisability: food-scheduling selections in the uncertain group 

Simple discounting 

Both the exponential discounting model (Figure 3.2a) (-0.36 < DMs < 3.20, ps=ns) and 

hyperbolic discounting model (Figure 3.2b) (-0.40 < DMs < 3.22, ps=ns) predicted less 

accurately than Naïve Bayes over the majority of selections. 
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Matching 

The canonical matching model (Figure 3.2c) (-0.60 < DMs < 3.13, ps=ns), the exponential 

matching model (Figure 3.2d) (-0.51 < DMs < 1.90, ps=ns), and the hyperbolic matching 

model (Figure 3.2e) (-0.89 < DMs < 0.98, ps=ns) mainly showed a predictive disadvantage to 

Naïve Bayes across the series of selections. 

 

Scalar Expectancy Theory 

Finally, across the series of selections, SET (Figure 3.2f) predicted less accurately than Naïve 

Bayes (0.10 < DMs < 3.25, ps=ns). 

 

Model goodness-of-fit 

The goodness-of-fit statistics for each model were compared in the certain and uncertain 

groups separately. The BIC statistics calculated over each participant's full dataset showed 

that the three different model structures (Simple discounting, Matching and SET) resulted in 

largely different fits (Table 3.1). In the certain group, on average the matching models 

showed the poorest fit (M=412.83), followed by the simple discounting models (M=257.60), 

and then SET (M=203.57). This pattern was reflected in the uncertain group, the matching 

models fit the data least well (M=652.77), then the simple discounting models (M=271.10), 

followed by SET (M=193.98). 

 

Table 3.1. Mean BIC goodness-of-fit statistics of each computational model for 30 
participants in the certain group, and 30 participants in the uncertain group. 
 Certain Uncertain (70%) 
Exponential Discounting 257.77 271.09 
Hyperbolic Discounting 257.42 271.11 
Matching Law 415.15 652.69 
Exponential Matching Law 411.69 652.52 
Hyperbolic Matching Law 411.65 653.10 
Scalar Expectancy 203.57 193.98 
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Discussion 

Preferences for variable over fixed delay schedules are a well-established phenomenon in the 

animal literature (Kacelnik & Bateson, 1996, 1997). Value-based perspectives and skewed 

mnemonic temporal representations both provide viable accounts of the underlying processes 

when variable delay schedule preferences are overlearned (Mazur, 1984; Reboreda & 

Kacelnik, 1991). Using two complimentary assessment criteria; model generalisability and 

goodness-of-fit, I assessed three sets of computational models in relation to modest variable 

over fixed delay schedule preferences seen in the certain and uncertain groups of Experiment 

1. 

 

Simple discounting 

Preferences for variable over fixed delay schedules may simply reflect the over-weighted 

value of immediate rewards at the expense of delayed and discounted rewards, both in the 

variable and fixed delay schedules (Mazur, 1984). That is, a variable delay schedule is valued 

more highly than a fixed delay schedule because of the disproportionately high value 

attributed to rewards delivered after short delays over more heavily discounted rewards at 

longer delays. In this experiment, I found that simple, non-learning models formed on these 

basic temporal discounting principles (exponential or hyperbolic), did not fit participants' 

selections particularly well, and also were unable to consistently predict unseen selections 

more effectively than the proportion of historic variable delay schedule selections offered by 

Naïve Bayes. 

 

Matching 

Operant perspectives propose that variable delay schedule preferences may result from the 

relative rates of reinforcement per unit time of the competing schedules. Basic matching 
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principles underestimate preferences for variable over fixed interval schedules when the 

global rates of reinforcement of two delay schedules are equal (Herrnstein, 1964). Therefore, 

I applied three models based on matching assumptions that utilised the local rates, rather than 

global rates, of reinforcement per unit time. These non-learning models performed in a 

similar fashion to the simple discounting models, in that they fit the data poorly, and the 

models could not consistently account for future selections more accurately than the 

proportion of variable delay schedule selections made previously. 

 

Scalar Expectancy Theory 

SET (i.e. skewed representations of temporal information) has also been offered as an 

explanation of animal preferences for variable over fixed delay schedules (Kacelnik & Brito e 

Abreu, 1998; Reboreda & Kacelnik, 1991). Specifically, the representation of the delays 

associated with variable delay schedules are skewed towards shorter delays, biasing 

selections based upon a decision-by-sampling mechanism. Although a model based upon 

SET assumptions best fit the data, it was not able to consistently generalise to unseen delay 

schedule selections in Experiment 1. 

 

These findings illustrate how the goodness-of-fit statistics do not mirror the generalisability 

statistics. Although the SET model provided the best fit to participants' selections, it 

performed as poorly, if not more so than the simple discounting and matching models when 

predicting selections in comparison to Naïve Bayes. Furthermore, while SET fit participant 

selections more effectively when rewards were delivered after 70% of selections, the 

generalisability results showed that SET was unable to predict unseen selections more 

accurately than Naïve Bayes at any point in the time-series. In fact, none of the presented 
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models were able to outperform Naïve Bayes in terms of generalisability in the uncertain 

group of Experiment 1.   

 

This clear differentiation between the goodness-of-fit statistics and generalisability shows the 

major strength in the implementation of the two complementary assessment criteria. 

Goodness-of-fit statistics reflect how closely a model can account for data that it has seen, but 

cannot differentiate between different sources of variation that it is fitting to (e.g. random 

noise vs the underlying process of interest). The only way that a model can generalise to 

unseen data is if it is indeed fitting to and accounting for variation that results from the 

underlying process (Myung & Pitt, 2018). Here, I used a novel accumulative assessment of 

model generalisability to demonstrate not only whether a model could predict unobserved 

data at an arbitrary threshold (e.g. 50% of the data), but whether a model could generalise 

consistently across participants' series of selections. Note that it may not be the case that the 

models presented here are overfitting. The matching models, for example, exhibited 

extremely poor fit statistics in relation to the other models and also did not generalise 

particularly well.  

 

In summary, all models showed some instances of improved generalisability over Naïve 

Bayes when rewards were delivered after every selection, but none were consistently more 

accurate at predicting unseen selections. None of the models could generalise more 

effectively than Naïve Bayes when food rewards were delivered after 70% of selections. 

Taken together these findings suggest that models formulated on simple discounting, 

matching, or SET assumptions are unable to adequately describe the modest variable delay 

schedule preferences observed in Experiment 1. 
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In the animal literature, preferences for variable over fixed delay schedules are typically 

overlearned, meaning that non-learning accounts can adequately describe the behaviour (Case 

et al., 1995; Herrnstein, 1964; Kacelnik & Bateson, 1996, 1997; Kacelnik & Brito e Abreu, 

1998; Mazur, 1984). However, In Experiment 1, participants completed a food-scheduling 

assessment where the instrumental contingencies needed to be learned. The requirement to 

acquire an understanding of these contingencies suggests that models that can capture 

learning may be more appropriate. In the next chapter I apply a set of reinforcement learning 

models to the data of Experiment 1, namely TD learning models, which are able to capture 

how individuals learn about instrumental contingencies, specifically the delays between 

actions and future rewards utilising temporal discounting assumptions. 
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delivered immediately, and to a lesser extent following a long delay, in comparison to a fixed 

delay. The TD n-Step model should be able to recreate this modulation of preference as a 

function of the last delay to food reinforcement.  

 

The food-scheduling assessment was run in simulation as a validation of the standard TD n-

Step model and the TD n-Step Risk Sensitivity model. First, the parameters that were fit to 

each participants' full dataset were assigned to an equivalent simulated participant. The model 

updated the schedule values after each outcome and made selections using the resulting 

probabilities from the Softmax action selection mechanism. Each simulated participant made 

78 selections, 2,500 times to average out noise. Second, the mean proportion of variable 

delay schedule selections following each delay (0s, 15s and 30s) in simulation was plotted 

against the mean proportion of variable delay schedule selections after each delay from 

Experiment 1. This was followed up by comparing the proportion of variable delay schedule 

selections following each delay for each simulated participant against the proportion of 

selections following each delay for each study participant. Pearson's correlations and root-

mean-square error (RMSE) were used to quantify the error of the simulated data following 

each delay in each of the experimental groups.  

 

Figures 4.51 and 4.52, qualitatively demonstrate that both the TD n-Step model and the TD n-

Step Risk Sensitivity variant were able to recreate the pattern of selections following each 

delay to the last food reward in both the certain and uncertain groups. If the last food reward 

was delivered immediately compared with after a fixed delay, the likelihood of selecting the 

variable delay schedule was enhanced in simulation. Furthermore, the likelihood of selecting 

the variable delay schedule was also increased if the last food reward was delivered following 

long delays, albeit to a lesser extent than the short delay. 
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Figure 4.51. The effect of the delay to the last food reward on subsequent variable delay 
schedule selections from the participants of Experiment 1, and from the TD n-Step 
simulation. Simulated data was generated by running 78 selections 2,500 times for each 
participants assigned parameter estimates. The proportion of variable delay schedule 
selections following each delay was calculated on each iteration, and averaged. The 
simulation recreated the pattern of variable delay schedule selections following each delay 
type in both experimental groups. The likelihood of selecting the variable delay schedule was 
enhanced following short delays, and to a lesser extent following long delays, in comparison 
to fixed delays. 
 

Scatterplots demonstrate that the TD n-Step generated proportion of variable delay schedule 

selections following each delay was positively related to the proportion of variable delay 

schedule selections following each delay in the participant data, with correlations and RMSEs 

of (.71 < rs < .92) and (.11 < RMSEs < .17) in the certain group, and (.45 < rs < .83) and (.12 

< RMSEs <. 16) in the uncertain group (Figure 4.61). The simulated selections were least 

closely associated with selections following fixed delays in both the certain (r=.71, p<.001, 

RMSE=.17) and uncertain groups (r=.45, p=.01, RMSE=.16).  
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previous non-learning models, it was unable to account for unseen selections more effectively 

than a Naïve Bayes baseline. By contrast, a simplified TD model, TD n-Step, best fit the data 

and was able to predict unseen selections with significantly more accuracy than Naïve Bayes 

across the series when food rewards were delivered after every selection. The two variants of 

TD n-Step; Motivation and Risk Sensitivity, also demonstrated superior predictive ability 

than Naïve Bayes in the certain group, and the addition of the risk sensitivity parameter 

allowed the model to explain some of the participants' behaviour in the uncertain group 

where rewards were delivered after 70% of selections. 

 

 
Figure 4.8. The relationship between the TD n-Step estimated value of the selected delay 
schedule, and the speed that participants retrieved the dispensed food rewards. For 
illustration, food collection latencies were grouped into TD n-Step schedule value estimate 
ranges of 0.20 and averaged. Participants reached for and retrieved the food rewards more 
quickly when the value of the selected schedule was higher. 
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random exploratory behaviour which neither the model nor Naïve Bayes can predict, or 

conversely, very early exploitation of a single schedule, which Naïve Bayes can predict with 

high accuracy. It is plausible that participants of the uncertain group were not learning in the 

same way as participants of the certain group. Possibly, participants were not able to learn the 

explicit contingencies when rewards were delivered with a probability of .7, meaning that 

putative reinforcement learning rules such as temporal discounting could not account for their 

behaviour. Although the TD n-Step Risk Sensitivity variant did not show consistent 

predictive ability across the full series of selections, a model that can override reinforcement 

learning rules by taking the reliability of the fixed delay schedule into account may explain 

behaviour under conditions of heightened uncertainty.  

 

A model that captures the underlying processes of behaviour should be able to recreate 

behavioural patterns in simulation. Therefore, the standard TD n-Step model and the Risk 

Sensitivity variant were run in simulation to see whether they could reproduce the effect of 

the last delay to food reinforcement on subsequent selections on a group and individual basis. 

Both n-Step models were able to recreate the pattern of variable delay schedule selections 

following each delay in simulation; where the likelihood of selecting the variable delay 

schedule was enhanced following the delivery of quick food in both groups of Experiment 1. 

The Risk Sensitivity variant showed stronger relationships with the data and slightly less 

error than the standard n-Step model. Although, both models produced simulated behaviour 

that closely mirrored the participants' in both groups following each delay. The ability of the 

models to recreate observed behaviour in simulation lends further support to the role of a TD 

n-Step learning rule in the acquisition of variable or fixed delay schedule preferences. 
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behaviour in the latter half of selections when rewards were more scarce. The TD models in 

general demonstrated the best goodness-of-fit, and in simulation the n-Step models accurately 

reproduced how preferences for variable delay schedules can be enhanced following the 

delivery of quick food. Furthermore, the schedule value output generated by the basic n-Step 

model predicted the speed in which participants made schedule selections and retrieved the 

dispensed food items. Taken together these findings suggest that a simple TD n-Step learning 

rule (with or without an additional Risk Sensitivity parameter) adequately describes how 

human participants learn about and process the value of rewards received after different 

delays, and propose that temporal discounting is involved in the acquisition of preferences for 

variable over fixed delay schedules when assessment contingencies are novel and require 

learning. Next, Experiment 2 investigated whether explicitly altering food-related 

motivational state (i.e. hunger) would influence variable or fixed delay schedule preferences, 

and also served as a replication as to whether a TD n-Step learning rule can explain the 

acquisition of these preferences. 
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Chapter 5: The influence of hunger on food-scheduling preferences 

Experiment 1 demonstrated that moderately hungry adults show modest preferences for 

variable over fixed delay schedules. This preference was enhanced when the last food reward 

had been delivered and consumed immediately. Overall, this latter enhancement was 

sensitive to BMI, but not to the relative uncertainty of food rewards as suggested by RST 

(Caraco et al., 1990; Stephens, 1981). Experiment 2 explicitly manipulated state-hunger in 

human participants as a way to test the effects of negative energy budgets on the acquisition 

of variable or fixed delay schedule preferences. 

 

It is possible to hypothesise that state-hunger will either enhance or diminish preferences for 

variable over fixed delay schedules. On the one hand, hunger acts as a motivating stimulus 

that makes food appear more attractive, and promotes actions to obtain and consume food 

items, as well as non-food items (Briers, Pandelaere, Dewitte, & Warlop, 2006; Lozano, 

Crites, & Aikman, 1999; Nisbett & Kanouse, 1969; Xu, Schwarz, & Wyer, 2015). Feelings of 

hunger can also underline impulse control (Loeber, Grosshans, Herpertz, Kiefer, & Herpertz, 

2013), promoting food-seeking behaviours. Central administration of ghrelin (e.g. into ventral 

tegmental structures) can increase impulsive behaviours (e.g. motor responding) and heighten 

delay discounting (Anderberg et al., 2016). Higher levels of self-reported hunger have also 

been associated with higher rates of commission errors in a go/no-go task when food-

associated stimuli act as distractors (Loeber et al., 2013). RST suggests that hunger, at least a 

crude signal of negative energy budgets, should enhance preferences for actions that might 

deliver quick food or at least enhance the stability of these preferences following quick food 

(Caraco et al., 1990; Stephens, 1981). Accordingly, hunger might be expected to increase 

selections of variable delay schedules for high-value food rewards in my food-scheduling 

assessment. 
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following morning, half of the participants consumed a 303kcal energy drink and the other 

half consumed nothing. I expected to replicate the findings of Experiment 1, specifically that 

participants would demonstrate small preferences for variable over fixed delay schedules for 

high-value food rewards, and that these preferences would be enhanced following the 

immediate delivery and consumption of food rewards. In addition, I predicted that both these 

effects would be enhanced in participants who were hungry (i.e. those who had not consumed 

the preload). 

 

Chapter 4 revealed that a simple TD n-Step learning model best accounted for variable or 

fixed delay selections that the model had observed (during fitting), but also best predicted 

selections that the model had not observed when rewards were delivered after every selection. 

The performance of TD n-Step was assessed against a Naïve Bayes model that predicted that 

participants' future selections would mimic the proportion of historic selections. In addition, 

the TD n-Step value estimates of the variable and fixed delay schedules were associated with 

the speed of schedule selections, and food reward retrieval. In Experiment 2, I aimed to 

replicate the predictive advantage of the TD n-Step model over Naïve Bayes compared to the 

alternative non-learning models of Chapter 3 (Simple discounting, Matching and SET).  

 

Experiment 2 included several methodological changes to Experiment 1. First, participants of 

Experiment 1 were required to fast for at least two-hours before morning or afternoon 

sessions so that they were moderately hungry. In Experiment 2, participants were required to 

fast from 10pm in the evening before attending the laboratory at 9am the following morning. 

Blood glucose measurements were taken on arrival to the lab to provide a compliance check 

that participants followed the fasting instructions. This approach also ensured that participant 

baseline energy states were matched prior to the preload manipulation. Second, half of the 



Chapter 5       105 

sample were randomly allocated to consume a 303kcal energy drink 30-minutes before 

completing the food-scheduling assessment, while the other half were allocated to a group 

that did not consume anything. Third, in Experiment 1, participants made 78 selections split 

into two blocks. For half of the participants, food rewards were delivered after every 

selection, and for the other half only 70% of selections were reinforced. In Experiment 2, 

participants completed one block of 39 selections, and rewards were delivered after every 

selection. Using one block reduced the likelihood of further satiation in those who had 

already consumed a preload. Fourth, Experiment 1 included male and female participants and 

found gender differences in the speed with which they retrieved the dispensed food rewards, 

though not in their schedule preferences. Other data indicate gender differences in risk-

seeking (Charness, 2012), as well as behavioural and neural responses to food (Cornier et al., 

2010). Therefore, Experiment 2 recruited only female participants to allow assessment of 

hunger as motivational state on food-scheduling preferences without the potential confound 

of gender. Finally, I included the Food-Cravings Questionnaire-State (FCQ; Cepeda-Benito, 

Gleaves, Williams, & Erath, 2000) to test whether the two groups of participants were 

matched for cravings of different food types before completing the food-scheduling 

assessment. 

 

Method 

Ethical approval for Experiment 2 was granted by the Bangor University School of 

Psychology Ethics Committee (Ethics code: 14747). All participants provided written, 

informed consent. 
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Participants 

Fifty healthy, adult female volunteers, aged 21.12 ±3.57 years old were recruited from 

Bangor University School of Psychology's student participant panel, and were compensated 

with course credits. Participants were assessed against modest exclusion criteria consisting of 

only self-reported eating disorder symptoms, any food allergy, and severe obesity (BMI > 

40). 

 

Design 

Twenty-five participants were randomised to consume a 303kcal energy drink (the 'preload' 

group). Another 25 participants were randomly assigned to consume nothing (the 'no-preload' 

group). Following a 30-minute wait, during which the participants in the preload group would 

begin to feel sated, all participants completed the food-scheduling assessment. 

 

Self-report and psychometric assessments 

Participants completed the same self-report assessments of eating behaviours, food attitudes 

and behaviours, affect, impulsivity and cognitive ability as in Experiment 1. These included 

the PANAS (Watson, Clark, & Tellegen, 1988); EDE-Q (Fairburn & Beglin, 1994); BDI-II 

(Beck, Steer, & Brown, 1996); TFEQ-18 (Karlsson, Persson, Sjöström, & Sullivan, 2000); 

BIS-11 (Patton, Stanford, & Barratt, 1995) and the APM (Arthur & Day, 1994). Participants 

also completed an additional measure of food cravings assessed via the FCQ (Cepeda-Benito 

et al., 2000). 

 

The FCQ (Cepeda-Benito et al., 2000) assesses state cravings for different types of food 

groups (sweet and savoury) via five subscales; Desire, Lack of Control, Positive 

Reinforcement, Negative Reinforcement and Hunger. Fifteen items are scored on 7-point 
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green and one blue box side-by-side on a standard touch-sensitive display. Both boxes 

measured 80mm x 80mm and were positioned 65mm apart, subtending a visual angle of 

15.75o at a viewing distance of approximately 470mm. Touching one of the boxes (e.g. 

green), with the index finger of the preferred hand, delivered a single preferred reward 

following variable delays of 0s or 30s, with probabilities of 0.5; while touching the other box 

(e.g. blue) delivered a single reward following a fixed delay of 15s. Thus, the global 

reinforcement rate per unit time of both schedules was equal (1/15s), but the variance 

differed.  

 

Food rewards were delivered through a bespoke motorised food dispenser into a plastic 

hopper positioned within easy reach on the participants' right-hand side. An infra-red detector 

measured the time taken to collect each food reward by capturing the entry of the participant's 

hand into the hopper. Once a food reward had been delivered, randomly jittered ITIs between 

20s and 30s allowed the participants sufficient time to eat the reward before making another 

selection (Figure 5.1).  

 

The variable delay (e.g. green) and fixed delay (e.g. blue) boxes appeared randomly on the 

left- or right-hand side of the display over successive selections, and the assignment of colour 

(green vs blue) to the fixed or variable delay schedule was counterbalanced within each 

group. 

 

Procedure 

This experiment took place over two study visits. In the first visit, participants provided 

demographic information and were instructed to fast from 10pm the same evening before 

attending the second session at 9am the following morning. On arrival at the lab, fasting 
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blood glucose (to the nearest 0.1mmol/L), height and weight (to the nearest 0.1cm/kg), PBF 

(to the nearest 0.1%), and psychometric data were collected. Participants selected their 

favourite food to use in the food-scheduling assessment, completed the APM and provided a 

baseline VAS hunger rating. 

 

 
Figure 5.1. One blue and one green box were presented on the display, one delivered food 
rewards after either 0 or 30s (variable delay schedule), and the other delivered food rewards 
after 15s (fixed delay schedule). One food item was delivered after every selection (average 
reinforcement rate = 1/15s). The colour assigned to either schedule was counterbalanced 
within each group. An ITI of 20-30s followed food delivery to allow time for consumption. 
 

Next, participants randomly assigned to the preload group consumed a 303kcal vanilla 

flavoured drink; Resource Energy drink (Nestle Health Science, Gatwick, UK), and waited 

for 30-minutes in an adjacent area with comfortable chairs, while those in the no-preload 

group simply waited 30-minutes. During the 30-minute interval the food dispenser was 

loaded with their favourite food reward. A second hunger rating was reported before 

completing the food-scheduling assessment. 
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On completion of the food-scheduling assessment, participants' provided a final hunger rating 

and completed a final questionnaire to indicate (i) their preferred box (fixed or variable); (ii) 

an estimate of the percentage of selections for the variable delay; (iii) an estimate of the 

number of food rewards received; and (iv) an estimate of the average delays for each box. 

Finally, participants were debriefed, thanked and discharged. 

 

Data analysis 

Participants with fasting blood glucose levels higher than 5.9mmol/L on the morning of the 

experiment were excluded from data analysis. Between-group matching of age, mood 

(PANAS, BDI-II), eating behaviours and concerns (EDE-Q, TFEQ-18), impulsivity (BIS-11), 

cognitive ability (APM), BMI, PBF, state-hunger and other assessment characteristics (e.g. 

the type of food chosen) were tested with simple linear and binomial regressions with the 

predictor (i) group ('preload' as the referent). 

 

Manipulation check of the preload  

All participants completed a hunger rating before consuming (or not) the 303kcal drink, and 

completed a second rating after 30-minutes had elapsed. To establish whether this 

manipulation influenced state-hunger ratings a simple regression was performed with hunger 

ratings as the outcome variable. Participant was entered into the intercept as a random effect, 

and Time ('Pre-manipulation' as referent), Group ('preload' as referent) and their interaction 

were predictor variables. 

 

Selections of the variable delay schedule 

As in Experiment 1, participants' selections between variable and fixed delay schedules were 

assessed with a series of binomial logistic regression models with sets of fixed-effect 
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predictors, and participant and selection (1 through 39) included in the intercept as random 

effects.  

 

An initial set of predictors included (i) group ('preload' as referent); (ii) fasting blood glucose; 

(iii) the position of the box assigned to the variable delay on the display ('left' as referent); 

(iv) the colour of the box assigned to the variable delay ('blue' as referent) and (v) the type of 

food chosen by the participant ('sweet' as referent). All predictors from Model 1 excluding (i) 

group were removed from subsequent models. Model 2 introduced (vi) BMI and (vii) the last 

delay to food reinforcement ('fixed delay' as referent). Model 3 added the interaction term 

between (i) group and (vii) the last delay, and the interaction term between (vi) BMI and (vii) 

the last delay. 

 

Computational modelling 

The computational models applied to the data of Experiment 1 were tested again with the 

data of Experiment 2. The models were assessed separately for the preload and no-preload 

groups in relation to their ability to predict unseen selections (generalisability), and then their 

ability to account for observed selections (goodness-of-fit). The model that best explained 

behaviour that it had not observed during fitting was then run in simulation to test whether it 

could recreate the enhanced preference for variable delay schedules following the immediate 

delivery (and consumption) of food rewards. Finally, schedule selection and food collection 

latencies were assessed with simple linear regressions against the value estimates of the 

schedule selected and the schedule update. 
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Schedule selection latencies 

Schedule selection times (s) were analysed with linear regression models with the same 

multilevel structure. Selection times shorter than 100ms or longer than 4.32s (the third 

quartile plus 1½ times the interquartile range) were excluded. Model 1 regressed selections 

times on (i) group; (ii) fasting blood glucose; (iii) the position of the box assigned to the 

variable delay; (iv) the colour of the box assigned to the variable delay and (v) the type of 

food chosen by the participant. Model 2 removed all variables except for (i) group, and added 

(vi) BMI and (vii) the last delay to food reinforcement. Model 3 added (ix) the TD n-Step 

estimated value of the selected schedule.  

 

Food collection latencies 

Food collection times (s) were analysed with linear regression models with the same 

multilevel structure. Collection times longer than the fixed delay (15s) were excluded. The 

distribution of collection times was positively skewed and therefore was log-transformed. 

Model 1 regressed food collection times on (i) group; (ii) fasting blood glucose; (iii) the 

position of the box assigned to the variable delay on the display; (iv) the colour of the box 

assigned to the variable delay and (v) the type of food chosen by the participant. Model 2 

removed all variables except (i) group, and added (vi) BMI and (viii) the delay to food 

reinforcement following the selection. Model 3 added (ix) the TD n-Step estimated value of 

the selected schedule, and (x) the TD n-Step schedule value update. 

 

Results 

Demographic, eating and mood features of the sample are shown in Table 5.1. Participants in 

the preload and no-preload groups did not significantly differ in terms of mood, eating 










































































































































































































































































