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ABSTRACT  
Every time we eat, our brains are bombarded with sensory information from the olfactory and 
gustatory modalities. Through a binding process that is not fully understood, the odor and 
taste are then merged into flavor, a unitary sensation that appears to arise from inside the 
mouth. Flavors are used to guide our behavioral responses to potential sources of nutrition: 
flavorsome foods can easily be consumed in excess, while distasteful foods are generally 
rejected.   

Recent studies have shown that familiar flavors with congruent odor and taste components 
are perceived and evaluated differently than less familiar flavors with incongruent 
components. In this context, congruency denotes the extent to which an odor and a taste are 
associated with the same food object. A citrus odor mixed with a sweet/sour taste is an 
example of a congruent combination, because both sensations are associated with lemons. By 
contrast, chicken odor and sweet/sour taste would by most people be perceived as an 
incongruent combination.  

That congruency affects flavor perception suggests that associative learning within the 
olfactory-gustatory network regulates the binding process that gives rise to flavor. 
Investigating how odors and tastes that are frequently encountered together become mentally 
linked to one another has the potential to advance our understanding of how food preferences 
are formed and evolve over time. In this dissertation, I will present three lab experiments that 
in different ways have explored the role of associative learning in flavor perception.  

Study I (n=30) and Study II (n=23) investigated perceptual and hedonic effects of learning 
that has already taken place. In these studies, participants rated several flavors with varying 
degrees of congruency. Congruency was manipulated in a linear fashion: some flavors were 
highly congruent (e.g. citrus odor+sweet/sour taste), some were highly incongruent (e.g. 
chicken odor + sweet/sour taste), and others were moderately congruent (e.g. chicken/lemon 
odor mixture + sweet/sour taste). Study I first showed that congruency has a positive, linear-
like effect on flavor pleasantness. The more congruent the particular odor-taste mixture, the 
more pleasant the flavor sensation. This study also provided weak evidence that congruency 
increases the probability that a flavor’s odor will be referred (or mislocalized) to the mouth, a 
perceptual illusion that has been suggested to reflect that the unisensory components have 
been bound together as a unified and meaningful whole.  

Previous research has shown that hunger makes food more appetizing. By adhering to a pre-
registered analysis plan, the primary aim of Study II was to test whether the amplifying 
effect of congruency on pleasantness interacts with the hunger state of the perceiver. To 
promote consumption of familiar (and safe) foods, we expected the amplifying effect of 
hunger to be stronger on congruent than on incongruent flavors. Participants attended two 
experimental sessions spaced approximately one week apart. One session was completed 
during hunger and the other session was completed during satiety. This study first replicated 
the positive effect of congruency on pleasantness from Study I. However, contrary to 



expectations, the congruency by hunger state interaction was not significant. Although Study 
II provided no evidence that the effect of hunger on flavor pleasantness is stronger for 
congruent than for incongruent flavors, this fining should be considered preliminary due to 
the small sample size.  

Taken together, Study I and Study II provide strong evidence that congruent flavors are 
more appetizing than incongruent flavors (at least for some odor-taste combinations). This 
suggests that frequently encountered foods that have been determined through experience to 
be safe are preferred to novel foods that are associated with greater risks of negative 
metabolic consequences. An exploratory analysis of the combined datasets from Study I and 
Study II showed that the amplifying effect of congruency was linear. This suggests that 
while congruent flavors indeed are most pleasant, minor differences between what is 
perceived (a specific odor-taste mixture) and what is expected (a perfect prototype of the 
encountered food item) will likely be tolerable. Such graded response pattern may underlie 
our ability to accommodate fluctuations in the chemical composition of different foods.   

Study III (n=60) was designed to create new odor-taste associations. In this pre-registered 
study, two relatively unfamiliar odors were repeatedly presented during a five-day exposure 
phase. One odor was presented with a sweet taste and the other odor was presented alone. 
Four outcomes that are thought to be affected by associative learning were rated before and 
after the exposure phase: odor sweetness, odor pleasantness, odor intensity enhancement by 
taste, and odor referral to the mouth. Contrary to expectations, repeatedly presenting odor and 
taste together had no effect on any of the outcomes. Moreover, exploratory equivalence tests 
suggested that the effects were either absent, or substantially smaller than in previous studies. 
High-powered, transparently conducted, direct replications of studies with significant results 
are needed to confirm that associative learning effects can reliably be observed in 
experimental settings. If this turns out to be the case, follow-up studies should focus on 
identifying contextual factors that modulate these effects.  

In this dissertation, Study I, II, and III will be discussed in light of the so-called replication 
crisis (or credibility revolution) in experimental psychology. Methodological advancements 
that can be adopted to increase the trustworthiness of flavor research are highlighted, together 
with some recommendations on how the field should proceed to determine what associative 
learning actually contributes to the eating experience.      
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KEY CONCEPTS 
Olfaction The sense of smell 

Odor A sensation resulting from stimulation of the olfactory 
modality 

Retronasal odor An odor that is generated by odorous molecules that have 
reached the nasal cavity via the mouth and throat   

Orthonasal odor An odor that is generated by odorous molecules that have 
reached the nasal cavity via the nostrils 

Odorant  A substance that has a distinctive smell 

Gustation The sense of taste  

Taste A sensation resulting from stimulation of the gustatory 
modality 

Tastants A substance that has a distinctive taste 

Flavor The combined sensation of odor and taste 

Congruency The extent to which an odor and a taste are associated 
with the same food object 
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1 INTRODUCTION 
Eating is essential for survival, but also one of the most enjoyable activities in life. During 
each meal, synchronized activation of the olfactory and gustatory modalities results in 
complex sensations that are experienced inside the mouth (Small 2012; Spence 2015b; 
Stevenson 2014). These sensations are commonly referred to as flavors. Becaus the gustatory 
and olfactory modalities are tuned to different types of chemical compounds, flavors carry 
much more information than could be obtained by any of the unisensory modalities alone. 
This feature makes them ideal for promoting informed decision-making during both food 
selection and ingestion. 

In terms of biological relevance, flavor perception forms a central part of a broader system 
that functions to maximize nutrient intake while minimizing the risk of food poisoning 
(Stevenson 2009). The first sip of a perfectly flavored hot chocolate will leave you craving 
for more, an effect that strongly promotes consumption of fast carbohydrates. By contrast, the 
same drink will probably be rejected if it tastes sour, a defense mechanism that protects you 
from getting sick from ingesting spoiled milk. However, the same sour taste can be pleasant 
when consumed in a different sensory context. Lemonade, for example, is by most evaluated 
as pleasant despite its acidity. This demonstrates that our hedonic responses to foods are not 
only modulated by the unisensory odor and taste components, but also by the actual 
composition of the flavor mixture.    

There is little doubt that exposure plays an important role in the development of flavor 
preferences (Schifferstein and Verlegh 1996; Small et al. 2004). Hedonically neutral odors-
taste combinations that are repeatedly consumed without aversive consequences are thought 
to eventually become pleasant (e.g. Hausner, Olsen, and Møller 2012). This positive hedonic 
shift will stimulate consumption of familiar foods that have been determined through 
experience to be safe and nutritious. Interestingly, repeated exposure to flavors also seems to 
affect how the unisensory components are perceived individually. For example, the perceived 
intensity of a strawberry odor will increase when presented with a sweet taste, however, 
intensity will not be affected by the presence of a salty taste (Green et al. 2012). Several lines 
of research have presented converging evidence that odor-taste congruency, i.e. the extent to 
which the unisensory components are associated with the same object, affects both hedonic 
and perceptual characteristics of flavor. However, the exact effects of congruency, as well as 
the learning process through which congruency develops due to repeated exposure to 
olfactory-gustatory mixtures, remain poorly understood. 

Because olfaction and gustation are the building blocks of flavor, this introduction will first 
focus on how these unisensory modalities function in isolation (1.1 - Flavor components). 
After that, the multisensory binding process that combines odor and taste into flavor will be 
described (1.2 - Flavor binding). The next section summarizes the literature that has explored 
the potential role of associative learning in this binding process (1.3 - Associative learning).  
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During the last decade, the so-called replication crisis has exposed severe problems in many 
social and biomedical fields. As a consequence, researchers have started to question the 
credibility of many findings in experimental psychology. This has obvious implications for 
chemosensory research where small samples are the norm and replication studies specifically 
designed to confirm published claims are scarce. The last section of this introduction 
describes this development (1.4 – Replication crisis). 

  

1.1 FLAVOR COMPONENTS 

1.1.1 Gustation 

While the layman tends to attribute most of what is experienced during a meal to the 
gustatory modality (Rozin 1982), pure taste contributes surprisingly little to flavor (Spence 
2015a). Only five taste qualities are indisputably accepted as basic tastes (Chandrashekar et 
al. 2006; for evidence that humans may detect more than five tastes see Iwata, Yoshida, and 
Ninomiya 2014) each of which has a specific role for detecting compounds with high 
biological relevance. Three of them signal nutritious compounds (sweet for carbohydrates, 
salty for salts, and savory for proteins), and two signal potentially harmful compounds (sour 
for acids and bitter for poisons). There is definitely variability both between individuals and 
specific tastants but, in general, the hedonic tone of a taste depends on the evolutionary 
benefit of the compound it is associated with. Several lines of research suggest that while the 
gustatory modality only contributes a handful of qualities to flavor, it is absolutely central for 
assigning motivational value to food objects in our environment (Beauchamp and Mennella 
2011).   

A few days after birth, human infants show robust taste preferences according to the 
nutritious/harmful divide. Sweet and savory tastes are liked, while bitter taste is disliked 
(Ventura and Worobey 2013). These hedonic responses indicate that the gustatory system 
may be hardwired to meet the evolutionary need to consume nutritious compounds while 
avoiding toxins. During food consumption, the hedonic tone of the taste is thought to change 
the hedonic tone of the odors it is presented with (Mura Paroche et al. 2017). Following this 
associative learning process, the odors themselves will start to evoke similar hedonic 
responses as the taste. Those learned responses let us infer hedonic properties of foods based 
on their smells alone, an ability that will protect our internal environment by enabling us to 
anticipate the nutritive value of different foods without having to taste them.  

Taste signaling is initiated by small populations of specialized taste cells grouped in clusters, 
taste buds, which are dispersed throughout the tongue. Isolated taste buds are found in the 
soft palate, the pharynx, and the esophagus. When tastants bind to receptors embedded in the 
membrane of a taste cell, neurotransmitter molecules are released across the synapse which 
initiates an action potential along one out of three cranial nerves (facial, glossopharyngeal, or 
vagus). This taste signal is relayed to the solitary nucleus in the medulla oblongata (Roper 
and Chaudhari 2017; Witt, Reutter, and Miller, Jr. 2003), and from there, to the ventral 
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posterolateral nucleus of the thalamus. After synapsing, the signal finally reaches the insula 
with its overlying operculum, which together constitute the primary gustatory cortex (Smith 
and Boughter Jr. 2009). Recent evidence suggests that neuronal response patterns in the 
insula can distinguish between sweet, salty, sour, and bitter (Chikazoe, Lee, Kriegeskorte, 
and Anderson 2019; Crouzet, Busch, and Ohla 2015; Porcu et al. 2020). This means that 
quality may be the first perceptual feature of taste that is represented during gustatory 
processing. While conscious taste percepts are thought to rely on activation in these primary 
regions (Small et al. 1999; Veldhuizen et al. 2011), the hedonic dimension of taste is thought 
to be encoded in the orbitofrontal cortex, which is a secondary gustatory area (McCabe and 
Rolls 2007).  

How the nervous system discriminates between different taste qualities is not yet fully 
understood. Three models have been proposed to explain the mechanisms behind gustatory 
quality coding (Roper and Chaudhari 2017). The labelled line coding model is the one that 
has the most support. This model states that each taste quality has its own specialized 
signaling pathway that begins at the receptor level and ends in the gustatory cortex. The 
function of each individual taste cell and afferent fiber in the system is to signal one particular 
taste quality (Chen et al. 2011). In support of this notion, many taste cells are indeed most 
sensitive to a single taste quality, and the axons of these cells remain separate all the way to 
the brain (Kinnamon and Finger 2019).  

This model does, however, not tell the whole story. While some taste cells do respond most 
strongly to one specific taste quality, others have a much broader receptive field. For 
example, taste cells that detect sour can also respond to other taste qualities through 
communication with other taste cells (Roper and Chaudhari 2017). In addition, higher up in 
the gustatory processing stream, some afferent ganglion and hindbrain neurons are sensitive 
to several taste qualities. These observations support the combinatorial processing model, 
which states that information about taste quality is encoded in the combination of fibers that 
are activated at any given time point (Wu et al. 2015). One last possible mechanism for 
transduction is presented by the temporal patterning model, which states that it is the different 
temporal patterns of neuronal activity that code for taste quality (Roper and Chaudhari 2017). 
All three models continue to be raised as potential explanations of how the information is 
translated from taste receptors to percept, importantly, these models are not mutually 
exclusive and may play different roles in different parts of the gustatory processing stream.  

 

1.1.2 Olfaction 

In contrast to tastes, humans can perceive an impressively large number of odors. Although 
the exact number is hard to estimate (Gerkin and Castro 2015), most experts believe that we 
can discriminate between thousands of olfactory qualities. This ability explains why the odor 
component of flavor carries almost all the information required for food identification during 
meals. In fact, olfactory content normally dominates our eating experience (Spence 2015a), 
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which most people seem surprisingly unaware of (Hollingworth and Poffenberger Jr. 1917; 
Rozin 1982). 

In the context of food, it is relevant to highlight the dual nature of the olfactory modality. As 
the olfactory receptors are positioned in the nasal cavity (Schuenke and Schulte 2011), 
airborne odorants can reach their destination by two separate routes. Retronasal olfaction 
detects odorants emanating from food inside the mouth, which have reached the receptors via 
the throat. By contrast, orthonasal olfaction occurs when sniffing things in our external 
environment. There is some evidence that odors are perceived (Hummel et al. 2006) and 
processed (Hummel and Heilmann 2008) differently depending on the route of stimulation. 
While orthonasal olfaction surely contributes to the preparatory phase of eating (most foods 
are sniffed before they are tasted), only retronasal olfaction contributes directly to flavor. 

Olfaction is initiated when odorants bind to receptors situated inside the olfactory epithelium 
on the superior part of the nasal cavity. These receptors belong to neurons whose axons 
constitute the olfactory nerve. Unlike gustation, which is supported by three separate nerves, 
olfaction thus relies on a single pathway to carry all the sensory information. The information 
flow may appear simple, but making sense of olfactory input is a huge challenge for our 
brains. Humans express about 400 different receptor proteins (Mainland et al. 2014). In 
addition, most odorants activate several olfactory receptors, and most olfactory receptors are 
activated by many different odorants (Bear, Connors, and Paradiso 2007). Each individual 
receptor type only provides a small fraction of the information needed for odor identification. 
Instead, it is the collective activation pattern from several receptor types that is interpreted 
along the central olfactory pathway and that eventually gives rise to unitary odor percepts.  

The glomerular layer of the olfactory bulb, a small structure on the inferior side of the 
cerebral hemispheres just superior to the nasal cavity (Schuenke and Schulte 2011), is the 
first part of the brain that receives the olfactory input. Notably, neurons that express the same 
receptors will converge onto the same glomerulus (Firestein 2001), which gives rise to a 
spatial organization in the bulb that corresponds to the chemical properties of the odorants. In 
line with this observation, evidence from the animal literature suggests that the encoding 
pattern in this part of the brain is chemotopic (Johnson and Leon 2007), which means that the 
spatial arrangement of neurons mirrors the chemical attributes of the odorants. The signal is 
transmitted from the bulb to the piriform cortex, a key olfactory region that mediates 
identification, categorization, and discrimination (Gottfried 2010). The piriform cortex is 
connected to the insula, the orbitofrontal cortex, and other regions associated with emotion 
and memory (Freiherr 2017). 

 

1.2 FLAVOR BINDING 

Both behavioral and neuroimaging studies (Prescott 1999, Small 2012) have during recent 
years provided compelling evidence that flavor is something more than just the mere addition 
of its unisensory components. This literature has been inspired by the observation that during 
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food consumption, humans do not perceive odor and taste as separate sensory events. Instead, 
a flavor is experienced as a unitary sensation that possesses both olfactory and gustatory 
qualities. 

Results from these studies have shown that certain tastes can modify perceptual features of 
simultaneously presented odors and vice versa (Frank and Byram 1988; Green et al. 2012; 
Lim and Johnson 2011; Schifferstein and Verlegh 1996). These findings indicate that 
olfaction and gustation interact when we eat. Insights into the unique features of the 
multisensory percepts that result from this interaction, and the discovery of neural circuits 
where flavor-induced activation exceeds the summed activation evoked by the unisensory 
components (Seubert et al. 2015; Small et al. 2004), support the existence of a functionally 
distinct flavor modality (Gibson 1966). This modality has the unique ability to integrate 
information detected by sensory receptors that are anatomically separated in the peripheral 
nervous system. 

The function of flavor encoding is to create hedonic memory representations that can be used 
to guide subsequent decisions about what to eat and what to reject (Spence and Piqueras-
Fiszman 2014). During each meal, encountered sensations are thought to be compared to 
memory representations of similar foods. Evaluation of the flavor in relation to encoded 
memories will provide valuable information about the nutritional value of what is being 
consumed. Using flavors to represent foods has the advantage of combining gustatory 
information, which reliably signals macronutrients, with olfactory information, which 
possesses a broad sensory repertoire. This binding process thus results in the formation of 
percepts that uniquely can identify a broad range of foods, and whose biological relevance 
could not have been estimated by either of the two unisensory modalities alone. 

 

1.3 ASSOCIATIVE LEARNING  

1.3.1 Indirect support 

Associative learning is thought to play a key role in flavor perception. The idea is that when 
unfamiliar food enters the mouth, a cortical process is initiated that creates an associative link 
between odor and taste components. If the exposure continues, these associations will 
eventually result in a robust flavor memory that modulates subsequent interactions between 
the unisensory components. Many observed characteristics of flavor are thought to be the 
result of this modulation (Prescott 2012; Small 2012). Moreover, once a flavor memory has 
been firmly encoded, presenting its odor components in isolation can sometimes be enough to 
activate the complete flavor memory (Prescott 1999). This explains why many odors 
commonly presented in desserts smell sweet (e.g. vanilla), and also why the perceived 
sweetness of an odor is a good predictor of how much it will enhance the rated sweetness of 
sucrose when presented together as flavor (Stevenson, Prescott, and Boakes 1999). 
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Because synchronized exposure strengthens the associative bond between a flavor’s odor and 
taste, it will also result in increased perceived congruency. For this reason, congruency can be 
used as an indicator of how often the unisensory components have been perceived together in 
the past. In recent years, the importance of congruency in flavor perception has started to be 
explored. In a typical experiment, perceptual or hedonic ratings of a congruent (e.g. 
strawberry odor and sweet taste) and an incongruent (e.g. chicken odor and sweet taste) 
flavor mixture are compared in a relatively small number of healthy participants. This 
literature has revealed at least three features of flavor that can be modified by congruency.  

The perhaps most interesting finding is that congruent flavors are more pleasant than what 
would be expected based on the hedonic value of their unisensory components (Schifferstein 
and Verlegh 1996; Small et al. 2004), which suggests that repeated exposure affects food 
preferences. Moreover, congruency also affects the perceived location of the odor 
component. It has long been known that when we eat, olfactory content is referred to the 
mouth (Hollingworth and Poffenberger Jr. 1917). To illustrate this concept, imagine eating an 
apple. The apple odor will be perceived in the mouth together with the sweet taste, rather than 
in the nose where the olfactory receptors are situated. Summarized under the term odor 
referral, this phenomenon has been suggested to at least partially explain why humans so 
often attribute olfactory content to the sense of taste (a sip of coffee is for example said to 
taste, not smell, like coffee; Spence 2016). Evidence that odor referral may be enhanced by 
congruency comes from studies by Lim and colleagues (Lim et al. 2014; Lim and Johnson 
2011, 2012). In their experiments, odor referral was enhanced by the presence of congruent 
tastes, but not by incongruent tastes. Last, congruency may also affect the perceived intensity 
of the unisensory odor and taste components. Whereas flavors are perceived as unitary 
sensory events, their odor and taste qualities remain recognizable. An apple does for example 
have a sweet taste and a fruity aromatic profile, which demonstrates that both the gustatory 
(sweet) and olfactory (fruity) content are accessible to the perceiver. Adding a congruent 
tastant to an odor solution, e.g. sucrose to an unsweetened lemon drink, will amplify the 
intensity of the odor. By contrast, adding an incongruent tastant to the solution will not affect 
odor intensity (Fujimaru and Lim 2013; Green et al. 2012; Lim et al. 2014). This 
phenomenon is in line with findings from the literature on multisensory integration, which 
have revealed that the senses work together to enhance the salience of objects in our 
environment that are biologically relevant (Stein and Stanford 2008). It therefore makes sense 
that intensity enhancement only occurs when the odor and taste actually represent the same 
food. 

Taken together, there is evidence that congruency affects at least three aspects of the flavor 
experience: flavor pleasantness, odor referral to the mouth, and perceived intensity. Given 
that congruent odor-taste combinations are combinations that belong to the same food object 
and therefore can be assumed to have been repeatedly perceived together, these results also 
provide indirect support that associate learning plays a role in flavor perception.     
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1.3.2 Direct support   

Studies that have assessed effects of congruency to investigate the importance of learning in 
flavor perception have adopted a cross-sectional approach, comparing responses to odor/taste 
mixtures whose levels of congruency have already been established. More direct support for 
associative learning comes from studies that have presented initially unfamiliar odor-taste 
combinations repeatedly to the same participants. To isolate effects of associative learning 
that arise through synchronized activation of the olfactory and gustatory modalities from 
effects of exposure to unisensory stimuli, these studies have typically used two odors and one 
taste. One of the odors is presented together with the taste, and the other odor is presented 
alone. Perceptual and hedonic ratings are collected before and after the exposure. This 
approach have allowed researchers to compare changes between sweet-paired odors and 
odors that have been presented alone. Results from these studies suggest that odor sweetness 
(Prescott, Johnstone, and Francis 2004; Prescott and Murphy 2009; Stevenson, Boakes, and 
Prescott 1998; Stevenson, Prescott, and Boakes 1995; Stevenson and Case 2003), and 
possibly odor pleasantness (Baeyens et al. 1995; Stevenson and Case 2003; Yeomans, 
Prescott, and Gould 2009, but see also van den Bosch et al. 2015; Stevenson et al. 1998) and 
intensity (Stevenson et al. 1998, 1995, but see also van den Bosch et al. 2015; Labbe and 
Martin 2009; Yeomans et al. 2009), do increase more after exposure with sweet taste than 
after exposure without taste.     
  

1.4 REPLICATION CRISIS   

As tempting as it may be to interpret these studies as definitive proof that associative learning 
plays a key role in flavor perception, I think that every experimental psychologist working in 
a field where small, non-transparent studies of varying quality are the norm should interpret 
this type of evidence with some caution.  

Over the last decade, many researchers have started to realize that some commonly used 
methodological practices may have created a literature that suffers from low replicability 
(obtaining the same result with new data; Open Science Collaboration 2015), reproducibility 
(obtaining the same result with the same data and the same analysis; Obels et al. 2020), and 
robustness (obtaining the same result with the same data but with different analyses; Kepes 
and McDaniel 2015). One event that contributed to the onset of the so-called replication crisis 
was the publication of an article by Bem in 2011 entitled “Feeling the future: Experimental 
Evidence for Anomalous Retroactive Influences on Cognition and Affect”, which contained 
nine independent experiments that seemed to reveal that the future can causally affect the 
present. At first sight, the experiments appeared methodologically sound. The combined 
sample size was impressive (n>1000), data was analyzed using standard methods, and the 
article was published in a well-respected and peer-reviewed journal (Journal of Personality 
and Social Psychology, JPSP). 
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Despite the seemingly strong evidence for extrasensory perception, follow-up studies that 
closely mimicked the original failed to replicate the findings (i.e. Ritchie, Wiseman, and 
French 2012). This pattern of results would turn out to be surprisingly common. To date, 
several large-scale replications have been published that have repeated behavioral 
experiments published in peer-reviewed journals. When using statistical significance (p<.05) 
for evaluating replication success, approximately 50% have been successful (15/28 [Klein et 
al. 2018], 10/13 [Klein et al. 2014], 3/10 [Ebersole et al. 2016], 35/97 [Open Science 
Collaboration 2015], 11/18 [Camerer et al. 2016], 13/21 [Camerer et al. 2018]). Moreover, 
the replication effect sizes have been substantially smaller than the original effect sizes. 
Several lines of research suggest that different types of biases embedded in the academic 
infrastructure may contribute to the low replication rate. Two sources of bias have been 
particularly highlighted in the literature on replicability: publication bias and questionable 
research practices.   

 

1.4.1 Publication bias 

Despite sample sizes that on average are small, an overwhelming majority of published 
results are statistically significant in psychology research. In a paper from 1959, Sterling 
reviewed 362 articles published in four randomly selected journals and found that 97% 
claimed to have rejected the null hypothesis. A follow-up study based on results from articles 
published ~30 years later came to almost exactly the same conclusion (96% success rate; 
Sterling, Rosenbaum, and Weinkam 1995). More recent studies suggest that the situation 
today is not considerably different. Fanelli (2010) found that psychology and psychiatry had 
the highest percentage (92%) of positive results out of all assessed research disciplines, and 
the success rates of the original studies in the Reproducibility Project: Psychology (Open 
Science Collaboration 2015) and Scheel, Schijen and Lakens (2020) were 97% and 96%, 
respectively.  

If this literature was free from bias and the reported proportion of positive results is a fair 
representation of the research that has been conducted, then both the proportion of all tested 
hypotheses that are true, and the average statistical power of the experiments that have tested 
those hypotheses, would need to exceed 90% (success rate = probability of the hypothesis 
being true * probability of detecting a true hypothesis). Such high numbers seem highly 
unlikely. Sterling (1959) writes: 

 

There is some evidence that in fields where statistical tests of significance are 
commonly used, research which yields non-significant results is not published. 
Such research being unknown to other investigators may be repeated 
independently until eventually by chance a significant result occurs - an "error 
of the first kind" - and is published. Significant results published in these fields 
are seldom verified by independent replication. The possibility thus arises that 
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the literature of such a field consists in substantial part of false conclusions 
resulting from errors of the first kind in statistical tests of significance.   

 

This paragraph describes publication bias, the type of bias that occurs when positive findings 
have a higher probability of getting published than negative findings. Publication bias does 
not only result from decisions made by authors. It is common knowledge that “positive” 
results are easier to publish than “negative” results. For example, the study (Ritchie et al. 
2012) that failed to replicate Bem’s (2011) study on extrasensory perception was desk 
rejected by JPSP, the journal that had published the original study. The reason given by the 
editor was This journal does not publish replication studies, whether successful or 
unsuccessful (Aldhous 2011).  

When significant results are more likely to get published than non-significant results, the 
effects that end up in the literature will give a distorted picture of reality (Rosenthal 1979). I 
will use two simple simulations to illustrate this principle. First, 1000 studies were simulated 
that compared two samples with independent t-tests. The true difference between the 
populations that the samples were drawn from was set to zero (d=0). In a research 
environment where all studies are published irrespective of outcome, the mean of the reported 
effects will accurately describe the true effect. This is illustrated in the “No bias” condition in 
Figure 1A. However, as illustrated in the “Extreme publication bias” condition in the same 
figure, the discrepancy between the true effect and the mean of the published effects will be 
large if only significant results are published.  

One thousand new studies were then simulated to illustrate how publication bias distorts the 
literature when the true effect is different from zero. Like in the previous example, each 
simulation run created two samples and compared them with an independent t-test. This time, 
the true effect was set to d=0.5 instead of d=0. In a research environment where all positive 
and negative results are published, the mean of the effects in the literature will accurately 
describe the true effect. This is illustrated in the “No bias” condition in Figure 1B. By 
contrast, if only significant effects are published, the average of the published effects will be 
much larger than the true effect. This scenario is illustrated in the “Extreme publication bias” 
condition in Figure 1B.   

This simple example shows that publication bias not only produce a lot of false positive 
results (all effects in the “Extreme publication bias” condition in Figure 1A are false 
positives), but also in an overestimation of effects that are real (almost all effects in both 
“Extreme publication bias” conditions are inflated).  
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Figure 1A and 1B illustrate the effects of severe publication bias. Each figure displays the distribution of the 
effect sizes from 1000 simulated independent sample t-tests under two different conditions: “No bias” (all 1000 
results are reported irrespective of outcome) and “Extreme publication bias” (only significant results are 
reported). Each gray dot depicts the observed effect from one simulation run, n is the number of published 
effects per condition, the central horizontal lines illustrate medians, and the black dots means.  1A) The true 
effect is zero. Without publication bias, the average of the 1000 effects is 0.02. With extreme publication bias, 
only 63 results out of 1000 are reported and their average effect is 0.59. 1B) The true effect is 0.5 (Cohen’s d). 
Without publication bias, the average of the 1000 effects is 0.52. With extreme publication bias, 550 results out 
of 1000 are reported and their average effect is 0.73. 

 

 

1.4.2 Questionable research practices  

Questionable research practices (QRPs) is another factor that is thought to contribute to the 
low success rate of replication studies. While publication bias usually refers to situations 
where negative results are not published, QRPs describe behaviors in the gray zone of what is 
considered ethical that increase the probability of obtaining positive study outcomes. While 
there is no generally accepted boundary between these behaviors and outright fraud, the latter 
is often reserved for the most severe forms of violation of research integrity such as 
fabricating, falsifying or modifying raw data. Surveys on self-reported research practices 
indicate that fraud is relatively uncommon (Fanelli 2009). By contrast, QRPs seem to be 
widespread. In an article from 2012, John, Loewenstein, and Prelec aimed to estimate the 
prevalence of QRPs by surveying 2155 U.S.-based research psychologists about their 
engagement in different behaviors that are at risk of producing biased and unreplicable 
results. As shown in Figure 2, this study indicates that QRPs are, or at least were, common. 
The most frequently reported self-admitted behaviors were: Failing to report all dependent 
measures, Collecting more data after seeing whether the results were significant, Selectively 
reporting studies that “worked”, Excluding data after looking at the impact of doing so, and 
Claiming to have predicted an unexpected finding. 
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Figure 2 depicts Figure 1 from John et al. (2012). Back bars illustrate the self-reported prevalence of QRPs, 
white bars the percentage of other psychologists that the respondents thought had engaged in QRPs, and gray 
bars a prevalence estimate derived from the percentage of the respondents who themselves had engaged in QRPs 
that would admit to having done so. The numbers above the bars represent the means of these three estimates. 
  

 

Practices that result in low replicability may not always be perceived as questionable by the 
researcher (Gelman and Loken 2012). Experimental psychologists are often faced with 
complex datasets that can be analyzed in multiple ways, especially when the research 
question is broad and/or unspecific. “Does hunger modulate flavor pleasantness?” is, without 
a pre-specified analysis plan, an example of an unspecific research question. A main effect of 
hunger across all rated flavors would obviously suggest that this is the case, however, this is 
not the only result that could be interpreted as a positive outcome.  

Because hunger is associated with a physiological need to restore normal energy levels, an 
effect on sweet but not on salty flavors could easily be justified post hoc given that sweet 
foods contain a lot of fast carbohydrates. Moreover, an effect on salty but not on sweet 
flavors could be interpreted as evidence that sweet flavors are inherently rewarding and 
therefore less sensitive to contextual manipulations. Hence, there are so far three different 
results (effect of hunger on all flavors, effect of hunger on sweet flavors, effect of hunger on 
salty flavors) that could be interpreted as evidence for an amplifying effect of hunger on 
flavor. Moreover, the researcher must decide which analysis to use, and how to handle 
covariates, missing data, outliers, etc. Even if the dataset only contains noise, a positive result 
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can be the most likely outcome when there is a high degree of analytical flexibility 
(Simmons, Nelson, and Simonsohn 2011). Researchers that conduct several tests at random 
and only report the significant ones are likely aware that what they are doing is questionable. 
However, researchers that look for visual patterns in the data and then perform a single 
analysis to test if that pattern is significant may not be aware that such practices also generate 
a lot of unreplicable results. It is perfectly acceptable to update one’s beliefs in light of new 
data. However, basing analytical decisions on the patterns that might arise in a particular 
dataset invalidates the usual interpretation of p-values. In the long run, such practices produce 
a high rate of results that do not generalize to other datasets. 

 

1.4.3 Bias in the flavor literature  

To summarize, direct replications have revealed that a large proportion of published results 
cannot be replicated by independent research teams. Publication bias and questionable 
research practices (QRPs) are thought to be two primary causes of this problem. Their 
combined effect is to increase the false-positive rate and inflate effect sizes that reflect true 
phenomena, which will result in low replicability. It is important to remember that direct 
replications are still rare (Makel et al. 2012) and that replicability may vary between different 
subfield of psychology. Because no systematic attempt has been made to estimate the 
replicability of chemosensory research, the extent to which these problems affect the 
credibility of the flavor literature remains unknown.  

This means that the replicability of the evidence for associative learning may be lower, 
higher, or similar to 50%, the approximate average of the success rates in large-scale direct 
replications (15 successes out of 28 [Klein et al. 2018], 10/13 [Klein et al. 2014], 3/10 
[Ebersole et al. 2016], 35/97 [Open Science Collaboration 2015], 11/18 [Camerer et al. 
2016], 13/21 [Camerer et al. 2018]). One methodological strength of many flavor studies that 
may benefit replicability is the frequent use of within-participant designs. Such studies may, 
due to their greater statistical power, generate results that are more stable than results from 
between-participant designs for any given number of participants. In line with this principle, 
there is some experimental evidence that replicability is stronger in cognitive (where within-
participant designs are the norm) than in social psychology (where between-participant 
designs are more common). However, replications of studies associated with cognitive and 
social psychology both seem to produce effect sizes that are much smaller compared with the 
original effects (Open Science Collaboration 2015). Moreover, the self-admitted rate of QRPs 
is high among experimental researchers in general, and similar between cognitive and social 
psychologists (John et al. 2012). 

While the best way to assess the credibility of published claims may be to conduct direct 
replications, there are many things that individual researchers can do to make their results 
more trustworthy. Methodological standards are rapidly changing to improve different 
aspects of the scientific process and enable independent researchers to evaluate the work of 
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others. Preregistration and open science practices such as sharing research materials, raw 
data, and analysis scripts are some examples of new methods that can increase the credibility 
of quantitative research outcomes (Munafò et al. 2017). While such practices are rare in 
flavor research, it is important to remember that a large proportion of the studies on 
associative learning were published in a time when discussions about replicability mostly 
took place among methodologists. However, based on recent work in this field, it seems to 
me that flavor researchers have been rather hesitant to adopt these new practices.  

In addition to investigating the role of associative learning in flavor perception, a personal 
goal for me has been the learn about and implement measures to reduce the influence of bias 
in hypothesis-driven research. I strongly believe that this will be helpful for researchers that 
wish to build on my work.      
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2 RESEARCH AIMS 
This dissertation contains three studies that in different ways have explored characteristics of 
flavor that are thought to rely on associative learning. The overarching questions that were 
addressed in these studies are:  

 

1. Does the degree of congruency between odor and taste modulate: (1) the pleasantness 
of their combined flavor, and (2) the extent to which the flavor’s odor component is 
referred, or mislocalized, the mouth. Study I provides insights into the perceptual and 
hedonic effects of associations between specific odors and tastes that have already 
been established thorugh exposure.     

 

2. Does the effect of congruency on flavor pleasantness interact with the hunger state of 
the perceiver? To optimize food intake, the reward value of flavor varies depending 
on whether the perceiver is hungry or sated. Study II investigates whether the 
amplifying effect of hunger on pleasantness is stronger for congruent than for 
incongruent flavors. Such a mechanism would promote consumption of foods that 
have been determined by previous exposures to be safe and nutritious.   

 

3. Can repeated exposure to unfamiliar odor-taste mixtures create new associations 
between the olfactory and gustatory modalities? While Study I and Study II 
investigated hedonic and perceptual effects of already established semantic 
associations, Study III tested whether exposure to unfamiliar odor-taste combinations 
causally affects characteristics of flavor that are thought to rely on associative 
learning.   
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3 METHODS  
3.1 TRANSPARENCY 

While transparency in itself does not guarantee quality (transparent research can still contain 
errors, be biased, or provide little to no evidential value), it does create access to the 
information needed for a proper evaluation of the quality. In response to the realization that 
many findings cannot be replicated (Open Science Collaboration 2015), researchers have 
started to adopt open science practices to allow others to scrutinize their work. Such practices 
include sharing experimental materials, analysis scripts and raw data, using preregistration to 
limit the effects of analytical flexibility and guarantee that data-independent and data-
contingent tests are clearly separated, and to report all results in a way that allows for 
statistical robustness checks. In addition to facilitating independent evaluations of what has 
already been published, this development has the potential to increase the efficiency and 
speed of discovery in the scientific community by letting others reuse data and material that 
have already been paid for. Study II and Study III were designed based on these principles 
with one important exception, due to restrictions imposed by the ethical permits, the raw data 
was not shared.   

I was not familiar with open science practices when I conducted Study I, and to be honest, 
transparency was not one of my top priorities at that time. To compensate, I will provide a 
disclosure statement to the section that describes Study I to highlight some methodological 
aspects that I think are important to consider when evaluating those results. 

 

3.2 ETHICAL CONSIDERATIONS 

The studies in this dissertation were not associated with any known risks of serious adverse 
events. All stimuli were made of odorous and gustatory products that are commonly used in 
the food industry, and all stimuli were safe to consume. At the beginning of each testing 
session, the experiment leader stressed that participation was voluntary and that the 
participant was allowed to leave at any time without reprisal. Written informed consent was 
obtained prior to data collection. Because we did not ask for permission to share the raw data, 
only the research team had access to the ratings and demographic information about the 
participants.     

All studies were approved by the Regional Ethics Review Board in Stockholm. In addition, 
Study II and III complied with the ethical principles of the Declaration of Helsinki. Study I 
compiled with all principles except number 35, which states that Every research study 
involving human subjects must be registered in a publicly accessible database before 
recruitment of the first subject (World Medical Association 2013).  
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3.3 PARTICIPANT SAMPLES      

The sample sizes of Study I (30) and Study III (60) were set a priori. No formal power 
calculations were conducted, instead, for each study, the sample size was determined based 
on available resources and previous studies on similar topics. For Study II, we planned to 
include 40 participants based on the same considerations. However, this data was collected in 
early 2020 and due to the onset of the covid-19 pandemic, the final sample size was reduced 
to 23. With the exception of one individual that did not show up for the second testing session 
during Study III, results were based on data from all participants. Participants were recruited 
via a university hosted website where people could sign up for experimental studies. Most 
were Swedish or European students.  

Similar inclusion/exclusion criteria were used for all studies. To be eligible, participants had 
to be 18-45 years old. Exclusion criteria were tobacco use, current cold or flu symptoms, self-
reported taste or smell dysfunction, and less than 11 out of 16 points on an olfactory 
screening test where 10 or below indicates olfactory dysfunction (Sniffin’ Sticks, Hummel, 
Sekinger, Wolf, Pauli, Kobal, 1997). Because chicken powder was used as stimulus material 
in Study I and II, no vegetarians and vegans were included in these studies. All participants 
provided written informed consent and received a small payment on completion. For Study I 
and Study III, participants were instructed not to eat or drink flavored beverages one hour 
before the testing sessions to limit potential odor acuity effects. For Study II, a six-hour pre-
session fast was required to enhance the effect of the experimental manipulation (intake of a 
standardized meal).  

 

3.4 STATISTICAL APPROACH 

3.4.1 Handling repeated measures data 

The datasets from Study I, II, and III contained multiple ratings from each participant. This 
hierarchical data structure violates the independence assumption of generalized linear models, 
which increases the risk type I error by producing artificially small p-values (Freeberg and 
Lucas 2009). One way to take the dependencies between the data points into account is to use 
random effects models (Winter 2013). Let’s look at a hierarchical dataset. Figure 3A displays 
the raw pleasantness ratings from Study II (Study II was chosen because it had the smallest 
sample size, which makes it easy to visualize each participant separately). The pattern of the 
boxplots clearly shows that different participants had different baselines, some people liked 
most flavors while others disliked most flavors.    
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Figure 3A and 3B illustrate a dataset that can be analyzed with models containing by-participant intercepts and 
slopes for the effect of congruency.  3A:  Raw pleasantness ratings plotted separately for each participant. Some 
participants (e.g. 8, 16, and 17) liked most flavors, while others (e.g. 6, 9, and 15) disliked most flavors. The 
non-independence between the data points can be accounted for by using a model with random intercepts. 3B: 
Predicted pleasantness ratings, one linear slope per participant and a thick, black line that depicts the estimated 
population effect. The effect of congruency varies between individuals. This can be accounted for by using a 
random slope model. 

 

 

Mathematically, the dependencies caused by by-participant variation in average pleasantness 
can be accounted for by assigning each participant to a different intercept. The structure of a 
random intercept model with Congruency as the only fixed predictor is given by this formula: 

 

𝑃𝑙𝑒𝑎𝑠𝑎𝑛𝑡𝑛𝑒𝑠𝑠() 	= 	𝛽- + 𝛽/ ∗ 𝐶𝑜𝑛𝑔𝑟𝑢𝑒𝑛𝑐𝑦	 +	𝜇-( 	+ 𝜀() 

 

Here, 𝑃𝑙𝑒𝑎𝑠𝑎𝑛𝑡𝑛𝑒𝑠𝑠()	 is participant s’s pleasantness rating during trial i. 𝛽- is the grand 
mean intercept, 𝛽- the expected increase in pleasantness when congruency increases by one 
unit, and 𝜀() is the residual (i.e. the deviation between the observed and expected rating for 
participant s during trial i). 𝜇-(	is the random intercept for participant s. This term reflects 
how much more or less pleasant this particular participant thought the favors were on 
average. 

 

Just like it is unrealistic to assume that every participant has the same intercept, it may also be 
unrealistic to assume that the effect of the experimental manipulation is the same for 
everyone. As shown in Figure 3B, the effect of congruency was not constant across 
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participants. For some people, pleasantness increased strongly across the congruency 
spectrum indicating that they were sensitive to subtle changes in the experimental 
manipulation. However, others seemed to like highly congruent and highly incongruent 
flavors just as much. To handle this variation, we can add a second random effect to the 
model to allow participants to have different slopes for the effect of congruency. The new 
formula will look like this:    

 

𝑃𝑙𝑒𝑎𝑠𝑎𝑛𝑡𝑛𝑒𝑠𝑠() 	= 	𝛽- + 𝛽/ ∗ 𝐶𝑜𝑛𝑔𝑟𝑢𝑒𝑛𝑐𝑦	 +	𝜇-( 	+ 		𝜇/( ∗ 𝐶𝑜𝑛𝑔𝑟𝑢𝑒𝑛𝑐𝑦	 + 𝜀() 

 

The only difference between this model and the previous one is the inclusion of 𝜇/( , which 
describes how much stronger or weaker the effect of congruency on pleasantness is for 
participant s. Importantly, the individual random effects (𝜇-(		and  𝜇/() are not estimated 
directly, instead, they are assumed to be drawn from two normal distributions centered at 
zero. That the distributions peak at zero implies that random effects reflect deviations from 
the estimated average population effect. The practical implication of this is that the model 
does not have to estimate two additional parameters per participant (resulting in a total of 46 
for this dataset where n=23), but rather, it only has to estimate the variances that characterize 
the distributions from which the individual random effects are drawn. It is this mathematical 
trick that enables generalization beyond the particular participant sample.     

To prevent creating biased standard errors that inflate the type I error rate, it has in general 
been recommended to use the maximal random effect structure justified by the design during 
confirmatory hypothesis-testing (Barr et al. 2013). For the studies included in this 
dissertation, this means including both random intercepts and slopes for any within-
participant effects, including interactions. However, complex random effect structures can 
sometimes prevent models from converging, especially if some of the random effects are not 
supported by the data. It can then be necessary to simplify the model by removing random 
slopes, one at the time. To control the type I error rate, methodologists have suggested that 
the best option is keep the random slope associated with the focus of the confirmatory test for 
last (Brauer and Curtin 2018). For example, if the hypothesis concerns an interaction between 
two within-participant predictors, it is advised to remove the random slopes for the main 
effects before removing the random slopes for the interaction. The analysis plans for Study II 
and III were designed based on these recommendations. For Study I, we chose to only 
include random effects that improved model fit.        

 

3.4.2 Interpreting non-significant results  

Sensitivity analyses and equivalence tests can be used to make non-significant results more 
informative. A non-significant effect can be a true negative (if the true effect is zero) or a 
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false negative (if the true effect is different from zero). In any specific case, it is impossible to 
know for sure which of the two is correct. A limitation of classical tests in frequentist 
statistics (where the null hypothesis states that the effect is zero) is that they can provide 
direct support for the existence of positive and negative effects, but not for the absence of 
effects. This creates an imbalance where results either come out positive (support for the 
alternative hypothesis) or inconclusive (no support for the null, no support for the 
alternative). Because many hypothesized effects in Study II and III were not statistically 
different from zero, we performed additional exploratory analyses to investigate (1) whether 
we had sufficient power to detect reasonable effect sizes (sensitivity analyses), and (2) 
whether our data provided direct support for the absence of meaningful effects (equivalence 
tests). These two methods will be described in the following sections.      

 

3.4.2.1 Sensitivity analyses 

Sensitivity analysis can be used post hoc to determine the smallest effect size that a specific 
test had high power to detect. This approach is based on Monte Carlo simulations (DeBruine 
and Barr 2021) and involves repeatedly simulating data that is similar to the original dataset 
in terms of size, structure, and most population parameters. The only exception is the 
magnitude of the specific effect of interest, which can be set to any value from tiny too large. 
For a given (assumed) effect size, the sensitivity of the specific test equals the proportion of 
times that the effect becomes significant. The outcome of a sensitivity analysis can thus 
reveal how likely it would have been to detect an effect size that is considered reasonable 
based on observed features in the raw data. If a test has low power to detect meaningful effect 
sizes, then the conclusion must be that a more powerful design is needed to answer the 
research question. On the other hand, if a test has excellent power to detect even the smallest 
effect size of interest, it will seem probable that there is no (meaningful) effect.    

 

3.4.2.2 Equivalence tests 

Equivalence tests is a class of analysis methods that can be used to provide direct support for 
the null hypothesis (Lakens 2017; Lakens, Scheel, and Isager 2018). In frequentist statistics, 
the procedure starts by specifying an upper and a lower equivalence bound around zero that 
defines the smallest effect size that is considered theoretically or practically meaningful. 
Based on the observed data, two separate tests can then assess whether the true effect can be 
assumed to be (1) significantly smaller than the upper bound, and (2) significantly bigger than 
the lower bound. If both tests are significant, the conclusion that follows is that the magnitude 
of the true effect falls within the specified equivalence bound, which means that it is too close 
to zero to be considered meaningful. It should be noted that it is not possible to test the 
hypothesis that the true effect is exactly zero, instead, what can be done is to provide 
evidence that the true effect is too small to be interesting.      
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4 STUDY I 
4.1 SPECIFIC AIMS 

The aim of this study was to investigate the role of congruency in two key aspects of flavor: 
odor referral to the mouth and pleasantness. Odor referral was chosen because it is thought to 
be part of the reason why humans confuse odor with taste during food consumption, an 
illusion that may reflect that the unisensory components have been merged into one 
multisensory object (Spence 2016). Pleasantness was chosen because it regulates the reward 
value of food. We hypothesized that congruency would have positive effects on both 
outcomes. This would indicate that repeated exposure to specific odor-taste combinations 
results in a more unitary and pleasant flavor experience.  

 

4.2 METHODS 

Thirty participants were included in this study (Mage=26.90, SDage=5.35; 21 women, 9 men). 
Each participant completed one 90-minute session during which different flavor stimuli were 
sampled and rated.  

Citrus and chicken were chosen as target flavors to represent clearly distinguishable familiar 
foods. Their odorants and tastants were prepared separately and combined in different ways 
to create flavor mixtures with varying degrees of congruency. Two pure odorants were used: 
citrus and chicken. These odorants were approximately isointense and did not evoke 
somatosensory or gustatory sensations. The pure citrus and chicken served as endpoints on a 
nine step linear mixture series, progressing from 100% citrus to 100% chicken in steps of 
12.5%. Two tastants were used: one that mimicked the taste component of lemonade 
(sweet/sour) and one that mimicked the taste component of chicken broth (salty/savory). 
Each tastant was separately mixed with each of the nine odorants. As illustrated in Figure 4, 
this procedure resulted in one sweet/sour and one salty/savory dilution series that each 
contained one congruent (citrus odor + sweet/sour taste, chicken odor + salty/savory taste) 
and one incongruent (citrus odor + salty/savory taste, chicken odor + sweet/sour taste) 
endpoint. 
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Figure 4. Depiction of the 18 olfactory-gustatory mixtures used in Study I. Odorants are represented on the 
horizontal axis at the top, each of the 9 vertical flavor-pairs thus have the same odor component. Tastants are 
represented on the vertical axis at the left. The flavors on the first row have a sweet/sour taste component and the 
flavors on the second row have a salty/savory taste component. As indicated in the top-left corner, tones of gray 
illustrate the levels of congruency between odorant and tastant. This figure was adapted from Figure 1 in 
Fondberg et al. (2018).  

 

 

Participants were presented with each of the 18 olfactory-gustatory mixtures three times. The 
nine pure odorants, two pure tastants, and water were each presented once, resulting in a total 
of 66 trials that were separated into three equally sized blocks with short pauses in between. 
The presentation order was pseudo-randomized and counterbalanced between participants to 
minimize order-effects. Before the main experiment, participants were first trained to attend 
to the localization of the odor component in a vanilla-flavored solution, independently of any 
taste and somatosensory sensations. To report where they perceived the vanilla odor, 
participants were shown a cross-sectional drawing of a human head (adapted from Lim and 
Johnson 2012), which displayed “Oral Cavity”, “Tongue”, “Nose”, and “Throat”, and were 
asked to select the anatomical location that best matched their experience.   
 
Each trial during the main experiment was initiated by a prompt to taste (but not swallow) 
one of the solutions. While the participant held the solution in the mouth, two questions 
appeared consecutively on the screen in random order. One was, “How much do you like the 
beverage?”, to which the participant answered by clicking on a visual analog scale with the 
endpoint anchors “Not at all” and “Very much”. The scale consisted of a continuous blue bar 
positioned across the lower section of the screen. Clicking on the scale logged the response 
and immediately removed the image. The other question was “In which location(s) do you 
perceive the odor?”. The cross-sectional drawing of the human head used during training was 
displayed on the screen for the participant to indicate the localization of the odor. Clicking on 
a “Continue” button after having selected none, one or several of the locations removed the 
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image. A pause separated the stimulus exposures, during which the participant was instructed 
to expectorate the solution, rinse with deionized water, and expectorate the rinsing water. 
Figure 5 depicts the design of the trials.     
 
 

 
Figure 5. Schematic illustration of the trial design in Study I. During each trial, participants rated the 
pleasantness of the solution (“How much do you like the beverage?”), and indicated where in the nasal/oral 
region they perceived the odor component (“In which location(s) do you perceive the odor?”). Numbers indicate 
presentation duration in seconds. Participants were allowed to take as much time as they needed during the rating 
tasks.   

 

 

4.3  RESULTS  

As hypothesized, a significant effect of congruency on odor referral to the oral cavity 
suggested that the more congruent the flavor, the more likely the odor component was to be 
perceived in the oral cavity (𝜒2(1)=6.02, p=.01). However, odor referral to the tongue was not 
significantly affected by congruency (𝜒2(1)=0.18, p=.67). These results are depicted in Figure 
6A.  

We then analyzed the pleasantness ratings. In line with our hypothesis, the effect of 
congruency was highly significant (𝜒2(1)=17.04, p<.001). Pleasantness increased 9.58 points 
on the 1-100 scale between the congruent and the incongruent endpoints. By modelling 
adjusted pleasantness ratings that accounted for differences in odor pleasantness (flavor 
pleasantness - pleasantness of the flavor’s odor component), we found no evidence that the 
effect of congruency varied between flavors with different taste components (Congruency by 
Taste component interaction: 𝜒2(1)=0.01, p=.94). In the article (Fondberg et al. 2018), we 
concluded:  
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In line with our hypothesis, this indicates that the relationship between 
pleasantness and congruency was similar for sweet/sour and salty/savory 
mixtures.  

However, a non-significant effect only means that the interaction was not strong enough to be 
statistically significant. Given the rather wide confidence interval around the observed effect 
(95% CI=[-0.09, 0.08]), I think that this result should have been interpreted with more 
caution. Therefore, I reran the analysis separately for sweet/sour and salty/savor flavor and 
found that as predicted by our initial hypothesis, pleasantness did increase significantly with 
congruency in both datasets (𝜒2sweet/sour(1)=5.69, p=.02; 𝜒2salty/savory(1)=5.86, p=.02). These 
results are depicted in Figure 6B. 

 

 

Figure 6A and 6B depicts the results from Study I. Asterisks indicate statistical significance at the 5%-level, 95% 
confidence intervals are depicted in gray. 6A: The effect of congruency on the probability of odor referral to the 
oral cavity and tongue. Estimates are derived from models with by-participant random intercepts and a fixed 
effect of congruency. 6B: Odor-adjusted pleasantness ratings for sweet/sour (top) and salty/savory (bottom) 
flavors. Odor-adjusted pleasantness was obtained by subtracting the pleasantness ratings of the odor component 
from its associated flavor pleasantness ratings. These scores were then z-transformed and analyzed with a model 
that contained random intercepts, random slopes for the effect of congruency, and fixed effects of congruency, 
taste components and the congruency by taste component interaction.  

 

 

Finally, we performed a mediation analysis to test whether the effect of congruency on 
pleasantness was mediated by odor referral to the oral cavity. We found no support for this 
notion (mediation effect < 0.001, 95% CI: [-0.01, 0.01]).   
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4.4 DISCLOSURE STATEMENT  

All manipulations (congruency) and outcome variables (odor referral, pleasantness) were 
reported in the article. Before any flavor ratings had been collected, one participant was 
excluded due to a low score on the olfactory screening test. All data points from the 
remaining participants were included in the analyses.  Before looking at the data, we had 
hypothesized that pleasantness and odor referral to the mouth would increase linearly with 
congruency. The mediation analysis was exploratory.  

The datasets from Study I and Study II were very similar, both had hierarchical structures and 
contained congruency scores (based on the mixture composition) and pleasantness ratings. 
Unlike Study II, Study I was not pre-registered and the analysis plan was therefore developed 
while the data was being explored. It is difficult to predict if the large number of researcher 
degrees of freedom that followed from this way of working affected our conclusions. 
Therefore, to explore the robustness of our results, I retested the hypotheses by using the 
statistical approach from Study II that had been specified without any knowledge of the 
research outcomes. The main difference between the approaches was that the models in Study 
I only included random slopes that improved model fit, while the models in my Study II 
included the maximal random effect structure that did not cause problems with convergence. 
The significant effect of congruency on pleasantness was unaffected by this change. 
However, the effect of congruency on odor referral to the oral cavity was no longer 
significant (b=0.12, 95% CI=[-0.03, 0.25], 𝜒2(1)=2.67, p=.10). Moreover, in hindsight, I find 
it difficult to theoretically motivate the separation between odor referral to the oral cavity, and 
odor referral to the tongue. We found a significant effect on referral to the former but not to 
the latter, however, previous studies that have used this approach have found the opposite 
pattern (Lim et al. 2014; Lim and Johnson 2011, 2012). In an attempt to test for effects on 
odor referral to the mouth irrespective of exact location in the oral region, I therefore merged 
the tongue and oral cavity ratings into one outcome variable that was set to 1 when 
participants localized the odor to any of those anatomical locations and 0 otherwise. A model 
with by-participant random intercepts, but no slopes (to use the least conservative approach), 
provided no evidence that referral to the mouth was affected by congruency (b=0.08, 95% 
CI=[-0.10, 0.25], 𝜒2(1)=0.71, p=.40).  

All of these analyses, including those from the published article, are reasonable and can be 
justified on theoretical or practical grounds. Nevertheless, when faced with a research 
question that can be assessed in multiple ways, e.g. by defining odor referral to the mouth as 
either (1) referral to the oral cavity or (2) referral to the tongue or (3) referral to the oral 
cavity or tongue, and when the analysis is not data-independent, it is difficult to know which 
result is most credible. Based on these considerations, my conclusion today is that the 
evidence from Study I that congruency increases odor referral to the mouth is rather weak. 
Replications with pre-specified analysis plans are thus highly warranted.      
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4.5 MAIN CONCLUSION 

The significant effect of congruency on pleasantness was the main finding in Study I. This 
result demonstrated that the stronger the semantic association between the odor and the taste 
component, the more appetizing the overall flavor sensation becomes. Because semantic 
associations are learned, the results of Study I thus indicate that repeated exposure has a 
positive effect on the hedonic dimension of commonly encountered foods. The effect of 
congruency was present in both sweet/sour and salty/savory flavors, indicating some 
generalizability across sensory contexts. Moreover, Study I also provides weak support for 
the notion that congruency affects odor referral to the oral cavity. If this effect is replicable, it 
would suggest that repeated exposure facilitates the formation of unitary flavor experienced 
inside the mouth.   
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5 STUDY II 
5.1 TRANSPARENCY 

Study II was pre-registered prior to data collection. The registration, analysis scripts, and all 
research material needed to replicate this study can be found on the Open Science Framework 
(https://osf.io/n7wyc/). All documents are licensed under CC-By Attribution 4.0 
International. We did not apply for permission from the Regional Ethics Review Board to 
share the raw data, hence, data is only shared on request. All prespecified tests were reported 
independent of their outcome and analyses that were not pre-registered were labelled 
exploratory. All data points from the final participant sample were included in the analyses.  

 

5.2 SPECIFIC AIMS   

The aim of Study II was to test whether the effect of congruency on flavor pleasantness 
interacts with the hunger state of the perceiver. While previous studies have suggested that 
(1) flavor pleasantness increases with congruency (Study I, Fondberg et al. 2018), and (2) 
flavors pleasantness increases with hunger (Cabanac 1971), the interaction between these two 
effects had never been explored. Study II was therefore designed to test whether the strength 
of the amplifying effect of hunger on pleasantness varies across the congruency spectrum. 
We hypothesized that the positive effect of hunger would be stronger for congruent than for 
incongruent flavors, which would result in a particularly large increase in pleasantness of 
foods that are familiar and safe. Finally, in an attempt to explore whether hunger also 
modulates the perceptual dimension of eating, we aimed to test if flavors are rated as more 
semantically congruent during hunger than during satiety. We speculated that perceived 
congruency may act as a mediator that drives hunger-induced increases in pleasantness.  

 

5.3 METHODS 

We planned to include 40 participants, but due to the onset of the covid-19 pandemic, the 
final sample size was reduced to 23 (Mage=28.17, SDage=6.31; 15 women, 8 men). Each 
participant attended two testing sessions that were scheduled to take place 5-15 days apart. 
The sessions were identical, except that one of them was completed after a fasting period of 
at least 6 h (Hunger session) and the other one after ingestion of a hummus and feta cheese 
sandwich with approximately 615 calories (Satiety session).  

Study I had defined congruency as the percentage of the odor in the flavor mixture that was 
assumed to be congruent with the taste. For example, a flavor with a 75% chicken+25% 
citrus odor and a sweet/sour taste was given a congruency score of 25. Hence, each flavor 
received a congruency score between 0 (e.g. sweet/sour taste + chicken odor) and 100 (e.g. 
sweet/sour taste + citrus odor). Because this operationalization does not capture potential 
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non-linear trends in congruency perception, for Study II, we decided to switch to a subjective 
congruency measure.  

Lemonade and chicken broth were chosen as target flavors. They were similar to the target 
flavors (citrus and chicken) used in Study I. However, based on feedback from the participants 
in Study I, the mixing recipes of the flavors were slightly adjusted to make the them taste and 
smell more like real food products. Just as in Study I, the target flavor’s unisensory odor and 
taste components were prepared separately and combined in different ways to create mixtures 
with varying degrees of semantic overlap. This time, the odor dilution series consisted of 11 
odorants that ranged from 100% pure citrus to 100% chicken in steps of 10%. Each of the 
odorants were mixed with each of the tastants (sweet/sour and salty/savory), which resulted in 
a total of 22 flavor solutions. The flavors are depicted in Figure 7.  

 

Figure 7. Depiction of the 22 olfactory-gustatory mixtures used in Study II. Odorants are represented on the 
horizontal axis at the top, each of the 11 vertical flavor-pairs have the same odor component. Tastants are 
represented on the vertical axis at the left, the flavors on the first row have a sweet/sour taste component and the 
flavors on the second row have a salty/savory taste component. As indicated in the top-left corner, tones of gray 
illustrate the degree of congruency (defiend based on the mixture composition, like in Study I) between odorant 
and tastant. This figure was adapted from Figure 1 in Fondberg et al. (2018). 

 

During the Satiety session, participants were instructed to eat the whole hummus and feta 
cheese sandwich and drink as much water as they wanted. Based on their order of inclusion, 
participants were assigned in a 1:1 ratio to attend either the Hunger or the Satiety session first. 
Both sessions contained two experimental tasks, one that assessed perceived congruency and 
one that assessed pleasantness. During each task, the 22 flavors, the 11 odorants, the 2 tastants, 
and plain water were presented once in pseudorandom order. 

The congruency task was completed first. Other studies have measured perceived congruency 
by asking participants to rate the extent to which two stimuli are appropriate for combination 
in a food product (Schifferstein and Verlegh 1996). We found this operationalization 
inappropriate for our purposes because: (1) Not all odor-taste pairs that are appropriate for 
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combination in a food product are associated with the same food object. Some unfamiliar 
combinations (e.g. sea salt and dark chocolate) are unexpectedly appropriate, even when they 
have rarely been perceived together before and thus lack established associations. (2) 
Appropriateness is closely related to pleasantness. Most food stimuli that are labelled 
“appropriate” are also pleasant by definition, and most inappropriate stimuli are unpleasant. 
We thus suspected that this measure would create an artificially high correlation between 
“perceived congruency” and pleasantness. To avoid that problem, we conceptualized 
perceived congruency solely based on the extent to which the combined sensation was 
perceived as a belonging to either one of two familiar food objects: lemonade or chicken 
broth. As shown in Figure 8B, participants were instructed to place each stimulus on a scale 
that ranged from a highly congruent lemonade flavor, via a tick mark in the middle that 
represented an incongruent 50/50 mix, to a highly congruent chicken broth flavor. The 
numbers under the scale depict the congruency score (ranging from -0.5 to 0.5) associated 
with some selected locations.   

Participants were first instructed to taste the solutions one at a time and attend to the oral 
sensation. The congruency scale was then shown on the screen together with the question 
“How similar to lemonade/chicken broth is this taste?” Clicking on the scale logged the 
response and immediately removed the image.      

The pleasantness task designed to measure pleasantness was completed last. On each trial, 
participants were instructed to taste a solution and answer the question “How much do you 
like this taste?”. A visual analog scale anchored by “Not at all” and “Very much” was used to 
collect the ratings. The pleasantness scale in depicted in Figure 8B under the congruency 
scale.   
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Figure 8A and 8B. Schematic illustration of trial designs and scales used in Study II. 8A: Depiction of the 
congruency task (top) and the pleasantness task (bottom). Congruency was rated with the solution in the mouth, 
while pleasantness was rated after the solution had been expectorated. 8B: The scales used to collect congruency 
(top) and pleasantness (bottom) ratings. Participants were allowed to take as much time as they needed during the 
rating tasks.    

 

 

5.4 RESULTS         

As expected based on the results from Study I, pleasantness increased linearly with rated 
congruency (𝜒2(1)=7.04, p=.01). The predicted increase in pleasantness between the congruent 
and incongruent endpoints corresponded to 0.17 points on the -0.5:0.5 pleasantness scale (17% 
of the full rating scale). By contrast, the 0.07 points (7% of the full rating scale) numerical 
increase in pleasantness between the Satiety session and the Hunger session was not 
statistically significant (𝜒2(1)=3.54, p=.06). Similarly, we found no evidence that rated 
congruency increased with hunger (𝜒2(1)=2.81, p =.09).  

Once these main effects had been assessed, we turned to the primary analysis which focused 
on the hunger state by rated congruency interaction. Contrary to expectations, we found no 
evidence that the amplifying effect of hunger increased with congruency (𝜒2(1)=0.26, p=.61). 
While the magnitude of this effect was tiny (binteraction=-0.03), the 95% confidence interval was 
wide [-0.16, 0.10], reflecting the relatively small number of data points. These main results 
from Study II are depicted in Figure 9. 

An exploratory sensitivity analysis was then used to formally investigate the probability of 
obtaining a significant result, given a wide range of different expected effects and our 
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observed variance parameters and residuals. The results suggested that we only had sufficient 
power to detect large interactions, corresponding to a slope difference (bcong. during hunger - bcong. 

during satiety) of at least 0.2 (20% of the total rating scale).    

 

 

Figure 9A and 9B depicts the results from Study 2. Asterisks indicate significance at the 5% (*) or 1% (**) level, 
NS=non-significant. 9A: The non-significant difference in pleasantness ratings between hunger states. The central 
horizontal lines illustrate medians and the black points means. 9B: The significant effects of rated congruency on 
pleasantness, linear trends and 95% confidence intervals separately for flavors rated during hunger or satiety. The 
slopes are very similar, which is in line with the non-significant congruency by hunger state interaction. 

 

 

5.5 MAIN CONCLUSION 

The primary hypothesis of Study II was that the amplifying effect of hunger on flavor 
pleasantness would be stronger for congruent than for incongruent flavors. This perceptual 
mechanism would promote consumption of familiar foods, which have been determined to be 
safe due to previous intake. We found no support for this notion. However, an exploratory 
sensitivity analysis revealed that we only had adequate power to detect large effects. Given the 
complex nature of flavor perception, most effects in this field, even those that are theoretically 
relevant, are likely to be small in magnitude. Our non-significant result should thus be 
interpreted with caution. Moreover, by using congruency ratings as predictor and adhering to a 
prespecified analysis plan, Study II successfully replicated the positive effect on pleasantness 
observed in Study I.     
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6 STUDY III 
6.1 TRANSPARENCY 

This study was pre-registered before any data had been collected and published with open 
access in Chemical Senses (https://doi.org/10.1093/chemse/bjab003). All materials (R code, 
PsychoPy experiments, protocol, stimulus recipes, etc.) needed to replicate this study is 
available on the Open Science Framework (https://osf.io/dtv8s/) licensed under CC-By 
Attribution 4.0 International. Like in Study I and II, data is only available on request due to 
restrictions in the ethics application. We again reported the results from all prespecified tests 
independently of outcome. No data points were excluded, and all analyses that were not pre-
registered were labelled exploratory. 

 

6.2 SPECIFIC AIMS 

The aim of Study III was to test whether attributes of flavor that differ between congruent and 
incongruent odor/taste combinations can be modified directly by exposure. By repeatedly 
presenting one odor together with taste and another odor alone, we could isolate effects of 
associative learning within the olfactory/gustatory network from effects of exposure to odors 
without taste. A screening of the literature revealed four attributes that differ between 
congruent and incongruent flavors: flavor pleasantness, odor referral to the mouth, odor 
intensity enhancement by taste, and odor sweetness. Our specific hypothesis was that these 
attributes would be more affected by exposure to combined odor-taste mixtures than by 
exposure to pure odors. While Study I and Study II explored potential effects of semantic 
associations that had already been encoded in memory, Study III was designed to 
experimentally induce such associations and assess their combined effect on perceptual and 
hedonic aspects of food perception.       

 

6.3 METHODS 

Sixty participants were included in this study (Mage=27.31, SDage=5.05; 40 women, 20 men), 
all of which attended two testing sessions (one pre-exposure session and one post-exposure 
session) of approximately 75 min that were spaced 5-11 days apart. Between the sessions, 
participants chewed two types of gums: one that was flavored with an odorant, and one that 
was flavored with a second odorant and sucrose.   

Basil and orange flower were used as target odors. During the testing sessions, the odorants 
were presented both orthonasally (sniffed from bottles when assessing odor sweetness) and 
retronasally (sipped from medicine cups when assessing the other outcomes). To produce 
flavor stimuli, sucrose was added to each of the two odorants at a concentration that 
perceptually mimicked moderately sweet drinks.  
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Unsweetened and sweetened chewing gums flavored with the target odors were used to 
present the stimuli between the testing sessions. Four different flavor categories of gum were 
prepared, two that only contained odor (pure basil and pure orange flower), and two that 
contained both odor and taste (basil-sucrose and orange flower-sucrose). At the end of the first 
session, participants were in alternating order either given 15 sweetened basil gums and 15 
unsweetened orange flower gums, or 15 unsweetened basil gums and 15 sweetened orange 
flower gums. During the next five days, subsequently referred to as the exposure phase, 
participants chewed six chewing gums per day: two before breakfast, two before lunch, and 
two before dinner. One of the two chewing gums was always sweetened, and the other 
unsweetened. Participants were in daily contact with the experiment leader to ensure that no 
gums were skipped.  

The pre and post-exposure sessions each contained three short experiments (Figure 10). The 
first experiment assessed changes in orthonasal odor sweetness between the two testing 
sessions. We only expected the perceived sweetness to increase for odors that had been paired 
with sucrose during the exposure phase. The second experiment assessed changes in retronasal 
odor pleasantness. Our hypothesis was that rated pleasantness would increase for all flavors 
due to the effect of mere-exposure. Moreover, we expected the increase in pleasantness of 
sweet-paired odors to be larger than the increase of unpaired odors, but only for participants 
that liked sweet taste to begin with. The third experiment assessed changes in odor intensity 
enhancement by taste, and odor referral to the mouth. We hypothesized that mere-exposure to 
odors without taste would not affect these phenomena, but that sweet-pairing would result in 
both increased odor intensity enhancement and increased odor referral. 

 

Figure 10. Trial design of the three experiments in Study III. The first row depicts the experiment that assessed 
orthonasal odor sweetness, the second row shows the experiment that assessed odor pleasantness, and the third 
row shows the experiment that assessed odor referral to the mouth and odor intensity enhancement by taste. To 
avoid order effects, the sequence of the latter two experiments was alternated between participants, and intensity 
and odor referral were assessed in random order. This figure was adapted from Figure 1B in Fondberg, 
Lundström, and Seubert (2021).  
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6.4 RESULTS 

For odor sweetness, we focused on the Session (pre-exposure, post-exposure) by Condition 
(sweet-paired odor, unpaired odor) interaction to test whether exposure to odors in 
combination with sweet taste had resulted in a greater perceptual change than exposure to 
odors without taste. The non-significant result (𝜒2(1)=0.94, p=.33) was surprising given that, 
compared to previous research that has reported significant effects, our participants were 
exposed to the flavors a large number of times to ensure that the experimental manipulation 
would be strong, and our participant sample was large enough to detect effect sizes of the 
magnitude reported in previous studies. An exploratory equivalence test confirmed that the 
increase in odor sweetness of sweet-paired odors was either absent, or at least significantly 
smaller than previously thought (equivalence bound = ±10% of the rating scale; upper bound 
t(59)=-2.47,  p=.01, lower bound t(59)=5.29,  p<.001).     

We then analyzed odor pleasantness. As hypothesized, a small but significant main effect of 
session suggested that the odors were more positively evaluated after exposure (𝜒2(1)=6.24, 
p=.01).  The increase corresponded to ~4% of the total rating scale and did not vary 
significantly depending on whether the odor had been exposed with or without sucrose 
(Session by Condition interaction: 𝜒2(1)=1.60, p=.21). That the increase in pleasantness did 
not seem to vary between sweet-paired and unpaired odors when analyzing all participants 
was expected given that not everyone likes sweet taste. To assess whether sweet-pairing had 
resulted in a larger exposure effect among sweet-likers, we tested whether the (non-
significant) Session by Condition term was modulated by the degree to which participants 
liked sweet taste. We found no evidence that this was the case (𝜒2(1)=0.29, p=.59). Because 
this result was not in line with the literature, an additional analysis was conducted that 
assessed the same question in a slightly different way. Specifically, we tested whether the 
observed increases in pleasantness (post-exposure - pre-exposure) correlated with the 
participants’ sweet-liking scores. Again, we found no evidence for such an effect (r(58)=-0.15, 
p=.25). Results from our study thus suggest that the potential effects of associative learning on 
odor pleasantness might be weaker or more fragile than previously thought.      

Similarly, we found no evidence for effects of associative learning on odor intensity 
enhancement by taste (𝜒2(1)=0.28, p=.60), or on odor referral to the mouth (Oral cavity: 
𝜒2(1)=0.82, p=.37; Tongue: 𝜒2(1)=0.94, p=.33). This was the first time these outcomes were 
assessed longitudinally in a learning study. Researchers with an interest in these phenomena 
should design experiments that are powered to detect small effects.    
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Figure 11 depicts the four outcomes of Study III. Ratings are shown separately for each session (pre-exposure 
[Pre], post-exposure [Post]) by condition (unpaired odor [Unp], sweet-paired odor [S-P]) context. In each boxplot, 
the black point displays the mean and the horizontal line the median. The two graphs at the top depict rated odor 
sweetness (left, 0.01=”not sweet at all”, 1=”extremely sweet”) and rated odor pleasantness (right, 0.01=”not 
pleasant at all”, 1=”extremely pleasant”). Odor intensity enhancement (bottom left) was calculated by subtracting 
the intensity ratings (1=”barely detectable”, 100=”strongest imaginable”) of the pure odor solutions, from the 
intensity ratings of the same odor solutions presented with sucrose. Odor referral (bottom right) shows the 
proportions of trials that the flavor’s odor component was localized to the mouth (O.C=oral cavity, T=tongue). 
This figure was adapted from Figure 1B in Fondberg, Lundström, and Seubert (2021). 
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6.5 MAIN CONCLUSION 

In Study III, we tested whether repeated exposure to relatively unfamiliar odor-taste mixtures 
could induce associative learning within the olfactory-gustatory network. Despite its relatively 
large sample size, powerful exposure protocol, multiple outcome measures, and liberal alpha-
level (5% with no correction for multiple comparisons), Study III failed to provide any 
evidence of associative learning. Exploratory equivalence tests further suggested that the 
hypothesized effects were either absent, or at least smaller than in previous studies. One 
possibility is that this discrepancy is explained by differences between Study III’s protocol and 
previous protocols that have been used to assess associative learning. For example, while other 
researchers have used flavored solutions to present the stimuli during the exposure phase, we 
chose to use chewing gums instead so that participants could be exposed to the odors (and 
sweet taste) several times without having to visit the lab. Another possible explanation for the 
null results of Study III is that associative learning effects are weaker and less robust than 
previously thought. A high-powered, direct replication of a study with positive results would 
be useful to confirm that associative learning effects reliably can be demonstrated in 
experimental settings.   
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7 GENERAL DISCUSSION 
7.1 SUMMARY OF RESULTS 

When we eat, synchronized activation of the olfactory and gustatory modalities results in the 
creation of holistically perceived flavors that appear to arise from inside the mouth. The 
observation that frequently encountered odor-taste combinations are processed and perceived 
differently (Small et al. 2004) than unfamiliar odor-taste combinations suggests that 
associative learning modulates this binding process. Investigating how interactions within the 
olfactory-gustatory network are affected by repeated exposure has great potential to advance 
our understanding of how food preferences develop over time. In this dissertation, I have 
presented three lab experiments that in different ways have assessed this question.  

Study I and Study II explored perceptual and hedonic effects of learning that has already taken 
place. Specifically, these studies investigated how central features of the flavor percept change 
as a function of a graded manipulation of congruency. These studies were based on the 
assumption that odors and tastes that are associated with the same food often will be perceived 
together, which will generate synchronized activation of the olfactory and gustatory 
modalities. Presenting the same food over and over again will eventually create a stable, 
semantic link between the odor and taste components which will be indicated by increased 
perceived congruency. Investigating how flavor perception changes across the congruency 
spectrum thus provides an indirect way of obtaining information on how the olfactory-
gustatory network is affected by learning.  

To be able to present flavors with varying degrees of congruency to the participants, an odor 
dilution series was first obtained by using two familiar food odors to create different mixtures 
that ranged from 100% citrus to 100% chicken in steps of ~10%. Each of these odorants were 
then mixed with two different tastants, one sweet/sour that mimicked the taste of soft drinks, 
and one salty/savory that mimicked the taste of chicken broth. The final stimulus set thus 
contained two supposedly congruent flavors: citrus odor+sweet/sour taste (lemonade) and 
chicken odor+salty/savory taste (chicken broth), two supposedly incongruent flavors: chicken 
odor+sweet/sour taste and citrus odor+salty/savory taste, and several intermediate mixtures.      

In Study I, congruency was operationalized as the proportion of the odor in the odor mixture 
that was associated with the same food as the taste it was presented with. The results revealed 
a positive, linear-like effect of congruency on flavor pleasantness. This finding is in line with 
results from a previous study where highly congruent flavors were rated as more pleasant than 
highly incongruent flavors (Small et al. 2004). Moreover, Study I provided some evidence that 
congruency also increases the probability that a flavor´s odor component will be perceived in 
the oral cavity, but not on the tongue. We interpreted this finding as an indication that the 
extent to which odors and tastes are merged into flavor depends on how often the combination 
has been perceived in the past. However, given that the effect on odor referral was not robust 
to subtle changes in the analytical approach and that previous studies in general have reported 
referral to the tongue but not to the oral cavity (Lim et al. 2014; Lim and Johnson 2011, 2012), 
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I am no longer convinced that this result reflects a true effect. A careful theoretical and 
experimental investigation of the validity of a distinction between odor referral to the oral 
cavity and to the tongue is highly warranted. After that, a strictly controlled pre-registered 
study with high power to detect small effects could then provide a replicable estimate for the 
potential effect.    

By using a similar stimulus set and adhering to a pre-registered analysis plan, Study II 
replicated and corroborated the positive effect of congruency on pleasantness from Study I 
with a new participant sample. This time, congruency was operationalized as the degree to 
which an odor-tastes mixture resembled a familiar flavor with strongly associated unisensory 
components. The advantage of this approach was that it could capture potential non-linearities 
between the ingredients in a flavor solution and the degree to which the odor and taste in 
combination were perceived as a semantically coherent food object. Study I and Study II 
provide strong evidence that congruent flavors are more appetizing than incongruent flavors. 
Importantly, this effect seems to be of substantial magnitude, which indicates that congruency 
has practical relevance for the eating process.  

Turning to the primary hypothesis of Study II, we found no evidence that the amplifying effect 
of congruency on pleasantness interacts with the hunger state of the perceiver. Specifically, we 
expected that hunger would have a positive hedonic effect on pleasantness that would be 
stronger for congruent than for incongruent flavors. However, the observed difference in 
pleasantness between hunger and satiety was not significant, and we found no evidence that 
this (non-significant) effect varied with congruency. This observation is consistent with the 
notion that if hunger promotes consumption of foods by making their flavors more pleasant, 
then familiar and novel foods will be affected to the same extent. With that said, a non-
significant result does not in itself provide evidence that the true effect is zero. An exploratory 
sensitivity analysis revealed that our design only had sufficient power to detect large effects. 
Given the complex nature of flavor perception and the large number of factors that affect 
pleasantness, small interactions may seem more plausible than large ones. While the results 
from Study II do suggest that strong interactions between hunger state and congruency are 
unlikely to exist, replication studies with high power to detect small effects or test for 
equivalence are needed for conclusive results.  

The aim of Study III was to test whether repeated exposure to relatively unfamiliar odor-taste 
mixtures is accompanied by measurable changes in how their flavors are perceived. Instead of 
exploring potential effects of already established associations, this study investigated whether 
such associations could be experimentally induced by exposure. Like in Study II, we pre-
registered the analysis plan to limit researcher degrees of freedom. A screening of the 
literature revealed four perceptual phenomena that have been suggested to be affected by 
exposure to odor and (sweet) taste in combination: flavor pleasantness (Schifferstein and 
Verlegh 1996; Small et al. 2004), odor referral to the mouth (Lim and Johnson 2011, 2012), 
odor intensity enhancement by taste (the ability of tastes to enhance the intensity of congruent 
odors (Lim et al. 2014)), and odor sweetness (Stevenson et al. 1995). After a five-day 
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exposure phase where one odor was perceived together with sweet taste and another odor was 
perceived alone as a control condition, associative learning was not demonstrated for any of 
the outcomes. Exploratory equivalence tests revealed that the effects were either absent or 
smaller than in previous studies.  

Because previous studies on associative learning have relied on small sample sizes and non-
transparent analytical procedures that cannot be guaranteed to have been developed 
independently of the data at hand, a transparently conducted replication of a study with strong 
results is needed to confirm that associative learning can reliably be observed in experimental 
settings. Ideally, such studies should be conducted by independent research teams. Based on 
the available evidence, I do not think one can conclude that associative learning is an 
important factor in flavor perception in humans. I do, however, think that there are reasons to 
be optimistic about the potential of this field. While some aspects of food perception seem to 
be partially innate (Newcomb, Xia, and Reed 2012), there is little doubt that environmental 
exposure also is highly important. The question is not whether learning affects flavor, but to 
what extent learning effects are mediated by associations between the olfactory and gustatory 
modalities. The observation that most odors that are often perceived with sugar are both 
pleasant and sweet-smelling suggests that some taste qualities actually can get transferred to 
the odor via repeated exposure. However, whether experimental conditions can be identified 
that reliably produce perceptual or hedonic changes after a relatively short exposure phase 
remains to be determined. A good starting point would be to conduct a direct replication of a 
successful experiment on odor sweetness, which, based on previous research, seems to be the 
most promising target.  

 

7.2 FURTHER EXPLORATION OF THE RELATIONSHIP BETWEEN 
CONGRUENCY AND PLEASANTNESS 

The main finding of this dissertation is without doubt the amplifying effect of odor-taste 
congruency on flavor pleasantness. This effect was first revealed in Study I and then replicated 
in Study II with a pre-registered analysis. Based on the highly significant result from the linear 
model in the first study, we argued that the observed effect was linear. However, that an effect 
is significant actually says very little about the shape of the relationship. Linear and non-linear 
trends can both give rise to significant results when fitted to linear models and as shown in 
Figure 5 in that article, visual inspection of the pleasantness ratings actually indicated that a 
sigmoid-like function may have generated a better model fit.  

However, the sample size of Study I may have been too small to test the shape of the 
relationship in a meaningful way. But because Study II used almost exactly the same stimulus 
set, procedure, and scale, I am now in a much better position to address this question. There is 
no theoretical reason to expect any specific shape so instead of comparing different 
prespecified models to each other, I simply plotted the average pleasantness ratings (+ 95% 
CI) separately for all measured levels of congruency. Each dataset was first mean centered to 
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remove baseline differences between the studies. Due to the repeated measures design, the 
congruency levels contained several ratings from each participant. To not violate the 
independence assumption when calculating the confidence intervals, these ratings were first 
averaged. This resulted in a dataset with flavor ratings from 53 individuals. Congruency was 
defined as the percent of odor in the chicken/lemon odor mixture that semantically matched 
the taste (just like in Study I). 

Figure 12 depicts the results. None of the 95% confidence intervals exclude the best fitting 
linear slope and the positive and negative deviations from linearity are evenly distributed 
across the congruency spectrum. This exploratory finding needs to be replicated by 
confirmatory research, however, based on the available evidence, the best guess today is that 
the amplifying effect of congruency on flavor pleasantness actually is linear. A linear 
relationship would indicate that minor differences between what is perceived (a specific odor-
taste mixture that arises from the mouth) and what is expected (a perfect prototype of the 
encountered food) only have small, negative effects on the reward value of foods. Although 
congruent odor-taste mixtures indeed would be most pleasant, slightly less congruent 
mixtures would not be automatically rejected. Such flexibility would enable the perceiver to 
appreciate a wide range of flavors, which likely is an important ability given that most flavor 
categories are quite heterogeneous.     

This result may also have implications for the interpretation of the results in Study III, which 
provided no evidence for associative learning effects. Throughout this dissertation, I have 
conceptualized congruency as the extent to which an odor and a taste are associated with the 
same food object. Congruent sensations are attributes of the same external object, while 
incongruent sensations are attributes of different objects. It is this idea that links Study I and 
II to Study III, in which exposure to relatively unfamiliar flavors was used to create new 
associations. These associations were expected to increase the perceived congruency of the 
unisensory components, and modify the experience of the resulting flavor. The specific odor-
taste pairs were chosen to be neither as congruent as the citrus odor+sweet/sour taste mixture, 
nor as incongruent as the chicken odor+sweet/sour taste mixture. Importantly, the congruent 
combinations in Study I and II had likely been perceived thousands of times by most 
participants. Given that the difference in pleasantness between the moderately congruent and 
the highly congruent mixtures was no more than 10 points on the 1:100 pleasantness scale, 
experimental designs with 10-20 exposures may only be expected to generate effects that are 
much smaller than that. However, it is of course possible that other perceptual features, e.g. 
odor sweetness, display larger effects that are easier to reliably detect in experimental 
settings.  
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Figure 12 depicts the pleasantness ratings from Study I and Study II separate for each level of congruency. To 
account for the baseline difference between the studies, both datasets have been mean centered. Error-bars 
represent 95% confidence intervals and the black line is the best fitting linear slope. The relationship between 
congruence and pleasantness appears to be linear.     

 

 

 

 

 

 



 

 41 

8 FUTURE DIRECTIONS 
Few studies on flavor perception are pre-registered and there is great variability in the 
analysis pipelines that have been used to investigate key questions. Moreover, even though 
typical sample sizes are small, often around 15-50 participants, null result studies are rare. 
The extent to which this is a consequence of questionable research practices and publication 
bias is not known. However, even if these problems are less severe than in other subfields of 
experimental psychology, I definitely see room for improvement.  

The bright side is that things are starting to change. The replication crisis has brought about 
many changes in the standards by which research is being conducted and evaluated. So far, 
topics like replicability and transparency have mostly been discussed by social psychologists 
and meta researchers. However, I think that the time has come for us who investigate other 
aspects of human nature to also be slightly more skeptical about commonly accepted truths in 
our fields. In addition, to enhance the credibility of the published literature, we also need to 
change the way that new evidence is produced. I will in the next couple of paragraphs outline 
some of the most promising developments that are currently taking place to make research 
claims more credible.  

 

8.1 OPEN SCIENCE AND PREREGISTRATION  

It is not possible to demonstrate quality without transparency. Therefore, researchers need to 
share the material that was used to arrive at any given conclusion. Scrutinizing the work of 
others should be seen as a service to the field that enhances the self-correcting feature of the 
scientific method by sorting out claims that are not supported by the evidence. Sharing 
research data (in a privacy preserving manner) is equally important. Open data not only 
enables quality checks, but also allow others to reuse the data to answer new research 
questions. This practice has great potential to accelerate scientific progress and increase the 
return of invested funds.  

Being transparent about when ideas were generated is another central component of a 
transparent workflow. When done right, preregistration helps both the researcher and the 
readers to separate outcomes that result from prediction from outcomes that result from 
postdiction (Nosek et al. 2018). A prediction is a hypothesis that is generated from the 
existing literature, intuition, dreams, everyday observations of natural phenomena, 
computational modelling, or almost any other source of inspiration. The only exception is the 
data that is going to be used to test the hypothesis. Data-independent analyses that test 
predictions generate interpretable p-values that correspond directly to the strength of the 
evidence for the hypothesized association. Although testing predictions with new data is vital 
for separating true claims from false claims, generating new hypotheses based on existing 
data, e.g. postdiction, is also necessary for scientific progress. However, complex datasets 
will almost always contain “significant” associations, some of which reflect noise and others 
of which reflect true effects. Interpreting unexpected findings in the same way as findings 
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that support predictions will inevitably result in an unacceptably high type I error rate, which 
in turn decreases the field´s replicability. Instead, results that are data-contingent should be 
considered hypothesis-generating, rather than hypothesis-testing. In general, such results need 
to be confirmed prospectively with new data before they can be assumed to reflect true 
phenomena.    

Without access to a detailed preregistration, it is impossible for others to know whether the 
described analyses were conducted in a hypothesis-generating or a hypothesis-testing mode 
of research. Methodologists have therefore argued that it should be required for researchers 
that want to make confirmatory claims to register both their hypotheses and an analysis plan 
in advance (Wagenmakers et al. 2012). I definitely agree and hope that in a few years, studies 
without a high-quality preregistration will be given much less evidential value than today.  

 

8.2 DIRECT REPLICATIONS   

Given that bias is known to affect the trustworthiness of the published literature, there is an 
urgent need for direct replications of key experiments. While many researchers still hesitate 
to conduct studies that are designed solely to confirm the work of others, this type of studies 
are necessary for science to be self-correcting. After a decade of crisis or revolution, 
depending on one’s perspective (Vazire 2018), it has become clear that psychology needs to 
expand its focus from producing “novel” results to also testing the reliability of results that 
have already been published. Almost all effects in the flavor literature are described in a way 
that implies generalizability beyond the exact experimental conditions and participant sample 
of the particular study. This implies that other researchers should be able to detect it when 
using similar methods and large samples. Conducting replications that closely resemble the 
original is thus necessary to separate reliable results that deserve further investigation from 
unreliable results that are best to be treated as noise (Simons 2014).  

Unfortunately, direct replications in the flavor literature are rare, a problem that is definitely 
not unique to this subfield within psychology (Makel, Plucker, and Hegarty 2012). By 
contrast, conceptual replications, i.e. studies that test the same theoretical idea by using 
different methods, are fairly common. This type of research design allows investigators to test 
the generalizability of effects whose reliability have already been established. The problem 
that arises when conducting many conceptual, but no direct, replications is that it takes a long 
time before researchers begin to question false claims. While a successful conceptual 
replication is almost always interpreted as evidence for the theory in the original study, a 
failed conceptual replication is much more difficult to interpret (even when it is adequately 
powered). Null results from such studies could be caused by methodological moderators, 
however, null results are also to be expected when the original result is a false positive. Study 
III is an example of a conceptual replication that probably would have been more informative 
if it had been designed as a direct replication. The observed null-results might reflect that 
associative learning effects are either absent, or at least not as strong as previously thought. 
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However, the results might equally well be explained by some methodological aspect of our 
research design.   

The best way to determine which explanation is correct is to conduct an independent, high-
powered, pre-registered, transparent, direct replication of a study with strong, positive results. 
Importantly, this should be a priority before we start to explore potential moderators, 
mediators, or neural or behavioral correlates.           

 

8.3 SLOW SCIENCE 

Obtaining a better understanding of the perceptual mechanisms that regulate our eating 
experiences should be a prioritized task in chemosensory research. If done right, this field can 
address urgent questions such as: Which cognitive and perceptual factors contribute to 
healthy and pathological eating patterns? Can the reward value of food be manipulated by 
focused interventions? and How does our ability to acquire new food preferences change 
throughout the life course, and can this ability be enhanced? To produce results that are not 
only reliable, but also more useful, I think that flavor researchers need to focus on fewer 
topics to allow for a greater in-depth examination of selected questions. Identifying the most 
promising topics and then investing enough resources to get a firm understanding of the 
construct itself and the factors that regulate it, not only in lab-setting, may require a different 
way of doing research.  

The cornerstones of any large-scale research program should be transparency and equal 
appreciation of positive and negative results. Initially, the research may be carried out in an 
exploratory fashion (Scheel, Tiokhin, et al. 2020). Trying out different ways of modelling and 
measuring the construct, identifying and exploring auxiliary assumptions, experimenting with 
different stimulus material and procedures, and qualitatively evaluating promising outcomes 
are some examples of meaningful activities at this stage. Importantly, these results should be 
honestly reported as part of a hypothesis-generating process. When the research team has a 
firm understanding of what they want to test and how they want to test it, the next step is to 
identify experimental conditions that reliably produce the hypothesized result. This means 
conducting high-powered, direct replications of successful experiments until a method has 
been identified that almost always “works”.  

After that, different aspects of the experimental design can be changed in a controlled manner 
to determine how generalizable the finding is across different conditions. For example, while 
the effect of congruency on pleasantness in Study I and II does seem to be replicable, we do 
not know whether it is flavor specific (we used citrus and chicken odor and sweet/sour and 
salty/savory taste in both studies) or reflects a more general perceptual phenomenon. After 
all, if congruency only affects the pleasantness of meaty and citrus-like flavors, it may not 
require further investigation. This is a general problem in chemosensory research that 
probably cannot be solved without structural reforms. Selecting, preparing, presenting, and 
storing odorants and tastants require a lot of time and effort, which likely explains why most 
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studies in this field (including my own) only have used one or two flavors. However, 
generalizing from such a small sample to the entire population of flavors may be just as 
problematic as generalizing from one or two participants to all healthy adults (Yarkoni 2020).  

When the research team has identified effects that reliably can be produced in strictly 
controlled lab-experiments using different stimuli, the next step is to test the effects in real-
life settings. Investigations in ecologically valid environments with real foods will provide 
valuable information on the practical relevance of the findings.   

To reduce bias towards positive results, short term successes (defined as significant results 
published in high-impact journals) need to be decoupled from the researchers’ 
competitiveness on the academic labor market. This would require major reforms of the 
incentive structures in academia that may seem unlikely today, however, I do think that the 
growing realization that a lot of research efforts are wasted due to suboptimal practices will 
eventually make funders and other important stakeholders recognize the need for change.  
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9 CONCLUDING THOUGHTS 
In this dissertation, my primary aim has been to highlight the most important results from 
Study I, II and III, together with some methodological aspects that I think are particularly 
important to consider when evaluating research in this field. Hopefully, my commitment to 
open science practices has reduced the influence of bias and produced materials and results 
that will be useful to other researchers in this field. The results presented in this dissertation 
have not revolutionized our understanding of the perceptual factors that regulate eating 
behavior, however, I do think that I have made a small but significant contribution to the field 
by first of all revealing and replicating a linear-like effect of congruency on flavor 
pleasantness, and second, to present null-results that highlight the need for independent and 
rigorous replications of associative learning effects.       
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