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Olfactory associative memory: How and when odors bind to events 

 

B. Project Description 

1 State of the art and preliminary work 

Summary of the project 

Odors have long been thought to be particularly powerful cues of memory in the public imagination. 

However, when odor associative memory has been investigated in the laboratory the pattern of results 

has been somewhat surprising and much more interesting. In the current project, we put forward a model 

which aims to account for the various results reported in the literature and explain when odors will 

become associated to events in memory. The model argues that odor association at encoding is 

dependent on the degree to which the odor itself is the focus of attention, whether the same odor has 

previously been associated with a similar event, and to what degree the odor can inform a behavioral 

response during the event. Likewise, during retrieval, the effectiveness of the odor as a cue of memory 

depends on the degree to which the odor is perceived as being similar enough to that present during 

encoding and whether the odor is the focus of attention. Our model not only accounts for previous 

findings, but makes novel predictions. The purpose of the current project is to test our model and 

determine its feasibility as an explanation of when, and to what degree, odors associate with events in 

memory and/or retrieve specific memories.  
 

Background 

It seems obvious to many that there is something special about odor memory. Indeed, in the opening 

sentence to their seminal paper, Heywood and Vortriede (1905, p. 537) wrote, “The observation that 

smells possess a greater power to revive past experiences is so frequently made in every-day life, that it 

seemed worth while to attempt a laboratory test of its correctness”. Interestingly, from the beginning, this 

public sentiment could never be fully corroborated in the laboratory. Indeed, as we will detail below, the 

results of associative memory experiments with odors have been more complicated and more interesting 

than expected. One thing that this research has made clear is that the topic of olfaction and memory is 

interesting due to several differences with traditional memory research (Davis, 1977; Eich, 1978; Engen, 

Kuisma, & Eimas, 1973; Engen & Pfaffmann, 1960; Engen & Ross, 1973; Lawless & Cain, 1975; Lawless 

& Engen, 1977), which focused on visual and semantic information. 

Research in the field of olfactory memory can be broken down into two main areas of interest, odor 

memory and odor associated memory. Odor memory research focuses on how individuals remember 

perceiving odors and how this differs from experiences with other types of stimuli. Although this area is of 

theoretical interest, it lies outside the direct scope of the current project. Indeed, odor memory research is 

only herein described when it directly pertains to the other main area of interest, odor associated memory. 

Odor associated memory 
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Odor associated memory research examines how odors act as mnemonic cues for the retrieval of 

episodic memories. When odor associated memory has been studied in the laboratory, the research has 

fallen mostly into three categories, 1) paired-associates memory, 2) context dependent memory, or 3) 

autobiographical memory. As we will briefly detail here, each of these areas of research has informed our 

understanding of how odor associated memory is like, and unlike, associative memory in other modalities. 
 

Olfactory paired-associates memory 

Olfactory paired-associates (PAs) research involves a standard format, whereby the subject is told to 

intentionally associate an odor with a target (e.g., a word). At a later test the subject is presented with the 

odor and is asked to retrieve from memory the target. Typical manipulations include having several 

different learning lists and associating a varying number of associates to each odor.  

The PAs paradigm is, prima facie, the most obvious method for testing how odors are associated 

with targets and whether there are differences in associative memory between odors and stimuli from 

other modalities. However, two early reports found that odors were either, no more effective as 

associative cues in memory or were worse cues than comparison stimuli, such as nonsense syllables 

(Bolger & Titchener, 1907; Heywood & Vortriede, 1905). Later studies, though few in number, generally 

replicated the finding that, when a PAs paradigm is used, odors are generally less effective mnemonic 

cues than other types of stimuli (Davis, 1975, 1977).  

The finding that odors are particularly poor cues of memory when used in a PAs memory test is 

surprising for two reasons. For one, the common assumption is that odors are particularly effective, not 

poor, cues of memory. Furthermore, as we will detail below, context dependent memory (CDM) has 

shown that odors are effective contextual mnemonic cues, and potentially more effective than cues from 

other modalities. This paradox, which is still lacking an explanation in the extant literature, will be 

addressed in the current project. 

In addition to showing that odors are particularly poor associates in memory, research using the PAs 

paradigm has revealed other interesting results. In particular, a study by Lawless and Engen (1977) 

suggests that proactive interference may be particularly important in odor associative memory (whereas 

retroactive interference is generally thought to play a larger role in non-olfactory related memory 

processes; Roediger, Weinstein, & Agarwal, 2010). Lawless and Engen found that, after a two-week 

retention interval, memory was superior for the 1st item, rather than the 2nd item, associated with a 

particular odor. Although we urge caution in making too much of a finding from a single study, this pattern 

is frequently cited by authors who argue that odor associative memory is different from other stimuli (e.g., 

Herz & Engen, 1996). 

In a further use of the PAs paradigm, Herz and Cupchik (1995) focused on how odors cue memory 

for emotions felt during an initial associative learning phase. They found that odors and imagined odors 

led to similar accuracy in a PAs test, but that odor-associated memories were more emotional than 

memories associated with imagined odors. Additionally, odor cues led to a higher match in emotions 



DFG-Vordruck 53.01 – 03/18  Page 3 of 9 

reported from learning to test phase than did imagined odors. The effect of increased emotion associated 

with odor cues was enhanced when the odor was affectively congruent with the target. 

The general pattern from Herz and Cupchik (1995), i.e., more emotional but not more accurate 

memory as a function of cue type, was replicated in a further study in which olfactory stimuli were 

compared to a range of other stimuli (Herz, 1998). In this study, Herz had subjects associate semantic, 

visual, auditory, or olfactory stimuli with a target picture. Despite not leading to the retrieval of more 

memories of the pictures, odors did lead to a larger number of reported emotions and to more intense 

emotions being experienced during retrieval than any other cues. 

Taken together, we have described three of the most important results from olfactory PAs research. 

Firstly, odors are particularly poor associative cues following a PAs learning test. Secondly, olfactory 

associative learning may be characterized by strong proactive interference. Thirdly, odors seem to lead to 

more emotional memories of the original associative event. These three findings are each interesting in 

their own right, but are even more interesting when they are compared and contrasted to findings from 

olfactory CDM and autobiographical memory research. 
 

Olfactory context dependent memory 

Olfactory CDM research is similar to olfactory PAs memory research, in that the odor is manipulated 

and associated to other, target, information. However, in CDM research a single odor is typically 

presented in the background (e.g., ambient presentation of odors) and subjects either intentionally or 

incidentally learn other information (e.g., a list of words). Olfactory CDM research has revealed an 

interesting pattern of results that has significant differences from olfactory PAs research. 

The first major difference concerns the effectiveness of odors as mnemonic cues. Odors have proven 

to be particularly ineffective mnemonic cues following a PAs learning paradigm. On the other hand, 

reinstating an odor during the test phase of a CDM study in which it was presented in the learning phase 

has repeatedly led to better memory than when a) a different odor was presented during learning and 

test, b) the odor from the learning phase was not reinstated, and c) no extra odor context was used (e.g., 

Cann & Ross, 1989; Isarida et al., 2014). While there is no equivalent to the Herz (1998) study with a PAs 

paradigm in which odors have been systematically compared to other types of stimuli in their ability to act 

as effective contextual mnemonic cues, there is reason to believe that odors are at least as effective, and 

potentially more effective, contextual mnemonic cues than the typical context used in CDM research, 

namely location. 

In a seminal review on CDM, Smith and Vela (2001) calculated the effect sizes for all location shift 

CDM effects that had been published to that point. Overall, they found a mean Cohen’s d effect size of 

.27. Using a method similar to that of Smith and Vela, we calculated effect sizes from all experiments we 

could find with relevant data (including several unpublished reports that we were able to obtain, 

Bengtsson, unpublished; Magnusson, unpublished) for the purposes of this grant. Across 33 different 

olfactory CDM experiments, we found a Cohen’s d effect size of .57, which is significantly larger than that 

found by Smith and Vela for place dependent memory.  
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As with the PAs paradigm, the CDM paradigm has also been used to determine whether odors are 

particularly good at retrieving congruent emotional information. As we described above, odors used in a 

PAs paradigm led to more emotional memory (and in the Herz & Cupchik, 1995, study, this was 

especially true when the valence of the odor matched that of the to-be-remembered target). Based on this 

research, it is reasonable to think that odors are particularly strong mnemonic cues for the retrieval of 

emotionally congruent material in a CDM paradigm. Our research (Hackländer & Bermeitinger, 2017), 

however, has not found any evidence for affective congruence in olfactory CDM: In Experiment 1, we had 

subjects incidentally learn a list of positive, negative, and neutral words in the presence of either a 

positive or negative odor, or no odor. Subjects completed a recognition test in the presence of the same 

odor (or again without an odor) as in the learning phase. While we found a significant CDM effect, in that 

memory was better in the groups with, than the group without, an odor present (Cohen’s d = .55), we 

found no evidence of affective congruence. In Experiment 2 we replicated the basic effect (Cohen’s d = 

.62) using a somewhat different method, only negative vs. neutral material, and pictures, instead of 

words, as the targets. Our results are largely compatible with those of an earlier study (Cann & Ross, 

1989) which also failed to find any affective congruency effects in an olfactory CDM study.  

We have briefly outlined the pattern of results from olfactory CDM research. Strikingly, the results 

seem to contradict those of studies using the PAs paradigm. For one, odors have been shown to be 

effective contextual mnemonic cues when using a CDM paradigm. Furthermore, there do not seem to be 

emotional congruency effects when using the CDM paradigm, while there were indications of these when 

using the PAs paradigm. However, before we can begin to put the puzzle together, we need to add one 

more piece of information, namely the results from odor-cued autobiographical memory experiments.  
 

Odor evoked autobiographical memory 

Autobiographical memories (AMs) generally refer to episodic memories that are personally relevant 

(Conway, 2001). There are several methods that researchers use to investigate AMs in the laboratory. 

One of the most common is the cueing method, in which subjects are presented with a cue (commonly a 

word cue) and are asked to retrieve the first memory that comes to mind in response to the cue. Other 

common methods include the important memories method, where subjects are asked to retrieve 

particularly important memories, and the diary method, in which subjects are asked to keep a diary listing 

their spontaneous experiences of AMs. AM research has shown three basic findings. One is a recency 

effect, whereby a large proportion of memories come from recent events and the proportion of events 

basically follows a standard remembering curve until very early ages. The second is infantile amnesia, 

whereby humans report no memories from very early ages, generally before the age of 2. The third basic 

finding is an unexpectedly (in terms of being higher than expected based on the remembering curve) high 

proportion of memories from young adulthood. This is referred to as the reminiscence bump. 

Odor evoked AM research builds on the standard AM research but includes the use of odors as 

mnemonic cues. One of the most interesting findings from odor evoked AM research is that the 

placement of the reminiscence bump is shifted towards an earlier age when odors are used as cues of 
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AM (Larsson, Willander, Karlsson, & Arshamian, 2014). As of yet it is unclear exactly what drives this shift 

in the reminiscence bump. Furthermore, it is unclear whether the shift in the reminiscence bump is due to 

a) a large proportion of odor associated memories coming from a specific period (i.e., childhood) or if b) 

odor associated memories are more likely to be old (or rated as old) in general.  

Another difference between odor evoked AMs and AMs evoked by other cues is the rarity of the 

memories (Larsson et al., 2014). By rarity we actually refer to two separate, but related, effects. For one, 

odors are actually less efficient cues of AMs, in that subjects in experiments more often fail to report any 

AM in response to odor cues than to other types of cues (see Hackländer, Janssen, & Bermeitinger, 

2019). Relatedly, when subjects do report AMs in response to odor cues, they often report that the 

memories have been thought of less frequently since the original event than AMs that are evoked by 

other cues (see Larsson et al., 2014). Although there are hypotheses that can potentially account for 

these findings, there has so far been no attempt to test any explanation of why odor evoked memories 

are particularly rare. 

A final key difference between odor cues and other cues of AM is in the experience of the memory 

during retrieval. Odor cues have been found to be particularly emotional (especially pleasant) and they 

lead to stronger feelings of being brought back to the moment of encoding (see Hackländer et al., 2019). 

As with the other findings related to odor evoked AM, the finding of experiential differences between odor 

evoked and other evoked AMs is interesting and has been substantiated several times, but there have not 

been any investigations into the underlying causes of these differences (see Hackländer et al., 2019 for a 

discussion).  
 

IEPOCHAM 

To this point, research on odor associated memory has discovered a series of interesting effects by using 

a variety of different research methods. Odor associated memory research has been reviewed in general 

(e.g., Herz & Engen, 1996), descriptions of the findings from a specific area have been made (e.g., 

Larsson et al., 2014), and theories have been developed about the role of memory in odor perception 

(e.g., Köster et al., 2014; Wilson & Stevenson, 2003). However, there has so far been no model put 

forward as to what factors increase/decrease the chances that an odor will be bound in an episodic 

memory, and how this process leads to the unique pattern of results found in odor associated memory 

research. In order to account for these findings, we put forward the IEPOCHAM (Implicit Emotional 

Processing of Odors Creates Hedonic Associative Memories) model (see Figures 1 and 2).  

The first part of the model deals with when an odor will be associated with an event in memory 

(Figure 1). Specifically, we argue that odors are particularly likely to be associated with events in memory 

when the odor is not the focus of attention during encoding and when the odor has not previously been 

associated with a similar event that is equally or less emotional. If the new association is more emotional 

than the prior association, the model would predict that the new association would be made and future 

attempts to remember would likely retrieve the new, rather than the old, association. A final piece of the 

model at encoding, which determines the strength of the association, refers to whether the odor is likely to 
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inform an appropriate response to the situation. When the appropriate response to the situation is likely to 

be informed by odor, such as when the focus of the event is ingestion related or related to mate selection, 

then the association will be stronger than if the appropriate response to the situation is generally not 

informed by odors. 

Figure 1. A visualization of the IEPOCHAM model as it relates to encoding processes. Box A represents the question 
of whether an odor is attended to. Box B represents the question of whether the odor is associated with a similar prior 
event. Box B’ represents the question of whether the prior association is equally or more emotional than the current 
event. Box C represents the question of whether the appropriate response to the current event can be informed by 
olfactory information. 

 

The second part of the model deals with when an odor will effectively retrieve a memory (Figure 2). Here, 

the model claims that the efficiency of the odor cue is dependent first on whether the odor is perceived as 

being similar enough to the odor that was present during encoding (this is not a trivial point, as many 

factors seem to influence olfactory perception, including information from other senses, e.g., Dematte, 

Sanabria, & Spence, 2009). If the odor is perceived as being similar enough to the odor at encoding, then 

the odor can act as an effective mnemonic cue. The way that the memory will be retrieved is then 

dependent on whether the odor is the focus of attention during retrieval. If not, then the odor will 

involuntarily lead to the retrieval of a memory. If, however, the odor is the focus of attention, then memory 

retrieval will be voluntary. Based on previous research on the different methods of retrieval of AM, the 

model predicts that involuntary retrieval will lead to the retrieval of more veridical memories and to a more 

emotional experience of the memory (e.g., Bertsen, 1998). 
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Figure 2. A visualization of the IEPOCHAM model as it relates to retrieval processes. Box E represents the question 
of whether the current event is similar enough to a previous event. Box F represents the question of whether the odor 
is attended to. The box on the far right hand side visualizes the prediction that involuntarily retrieved memories will be 
more veridical and emotional than voluntarily retrieved memories. 

 

Previous findings cleared up by model 

Are odors effective mnemonic cues?: There are several contradictory findings from previous 

research which the proposed model would address. The most important of these is why odors have been 

shown to be effective mnemonic cues using the CDM paradigm, but have been shown to be rather poor 

mnemonic cues when using the PAs paradigm. This is explained in the first stage of our model during 

encoding. Because during PAs learning the odor is frequently the focus of attention, it is perceived as 

emotional in its own right and is stored separately from the whole event (in this case the target item). 

However, in standard CDM paradigms the odor is not the focus of attention, so the entire event is 

perceived as emotional, not the odor itself. This increases the chances of the odor binding to the event 

and the later chance of the odor being an effective retrieval cue. 

Proactive interference: Previous research has shown odors to lead to high rates of proactive 

interference, which is when previously learned information interferes with the ability to learn new 

information. The current model explains this finding by suggesting that odor-association is related to the 

degree of emotionality of the event. As explained above, IEPOCHAM assumes that odors are generally 

poor mnemonic cues in a PAs paradigm, because here they are the focus of attention. When an odor 

does, however, associate with a target in this paradigm it should be due to a certain level of emotionality 

being reached. For the odor to associate with a new target, the emotionality of the new event must 

exceed that of the previous event, which it rarely, if ever, does in traditional PAs paradigms. This is 

addressed further in the predictions below. 

Emotional memories: Both PAs research and AM research has revealed that odors lead to the 

retrieval of emotional memories. The model explains this by, again, relying on the emotionality of events 
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in order for odors to associate with events in the first place. The more emotional the event is perceived 

as, the more likely the odor is to bind to the event. Therefore, during retrieval, if an odor leads to the 

retrieval of a memory, then it is particularly likely to be emotional. This also explains why CDM research 

has failed to show particularly strong cueing of affectively congruent material, because even the implicit 

emotional processing of the odors would lead to the “neutral event” being perceived to be emotional (and 

presumably as emotional as the “emotional” stimuli, perhaps because of a ceiling level of emotionality 

being reached). 
 

Important predictions of the model 

Each stage of the model leads to unique predictions. The first stage of the model relates to the question 

as to whether the odor is attended to during encoding. The model states that odor associations are more 

likely to occur when the odor is not the focus of attention during encoding. The reason for this is that 

odors are generally processed in terms of emotionality (e.g., Yeshurun & Sobel, 2010). When the odor is 

the focus of attention, then the emotionality in the situation is attributed to the odor and the odor is more 

likely to be stored in memory as a separate entity from the rest of the event. However, when the odor is 

not attended to, then the entire event is likely to be encoded as emotional (due to the emotional 

processing of the non-attended odor). This emotionality will increase the chance that the odor will be 

associated with the rest of the event (for a review of the effects of arousal and emotion on memory, see 

Mather & Sutherland, 2011). Indeed, the model predicts that the more emotional the entire situation is, 

the stronger the overall memory (including the association with the odor) will be. Some of the most 

important novel predictions of this stage of the model are listed here. 

Prediction 1: Increased attention to odors during encoding should decrease the ability of odors to act 

as mnemonic cues.   

Prediction 2: Odor associated events should generally be encoded as being more emotional than 

events not associated with odors. 

Prediction 3: Increasing attention to odors during encoding should increase the chance that odors are 

processed as semantic, or meaningful and abstractable, information, instead of odor objects or sensory 

emotions (e.g., Yeshurun & Sobel, 2010). 

Prediction 4: Odors should be viewed as less central to the memories they are associated with than 

other stimuli. Furthermore, when memory is cued by an odor, there should be less memory of the cue 

itself (i.e., in the future it will be less likely to remember what cued the memory) than when memory is 

cued by other stimuli.  
 

The second stage of the model relates to the question of whether the odor has previously been 

associated with a similar event. If not, then this increases the chance of a new association being created. 

If, however, the odor has previously been associated with a similar event, then there is a high chance of 

proactive interference preventing a new association from being made. The exception is if the new event is 

more emotional than the prior association, as more emotional events should generally be more relevant 
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for future behavior. The following two novel predictions are based on the reasoning of this stage of the 

model. 

Prediction 5: The success of forming a second association to an odor should be a function of the 

similarity between the new to-be-learned information and the information that was previously associated 

with the odor, whereby increased similarity between the targets should decrease the chance of forming a 

new association.  

Prediction 6: Retroactive, rather than proactive, interference should occur if the second event an odor 

is associated with is more emotional than the first event. 
 

The third stage of the model at encoding refers to whether odors are behaviorally relevant for the situation 

at encoding. The reasoning at this stage of the model is based on what the ultimate “purpose” of the 

olfactory system in humans is. It has been proposed that humans mostly use their olfactory sense to 

evaluate the edibility of potential foodstuffs, to determine whether certain situations are safe, and to 

evaluate others, including potential mates, in social situations (Stevenson, 2009). The IEPOCHAM model 

states that a situation in which odors are likely to inform the appropriate response will increase the 

chance and the strength of odor binding in memory. The following specific predictions follow from the 

reasoning at this stage of the model. 

Prediction 7: Odors should more easily associate with events to which odors can inform appropriate 

responses. 

Prediction 8: Odors should more easily associate to events when they are correlated with certain 

responses. 
 

The model not only aims to explain when, and to what degree, an odor will associate with an event in 

memory, but also when and how odors will act as mnemonic cues during retrieval. The first stage of the 

model at retrieval deals with whether the odor is perceived as being similar enough to the odor during 

encoding. If not, then the odor may be associated with a new event (see the first stage at encoding). If, 

however, the odor is perceived as being similar, then the odor may be an effective cue of the target 

memory.  

Prediction 9: Altering the perception of a previously experienced odor will decrease the effectiveness 

of the odor as a mnemonic cue for the events previously associated with the odor. 
 

The final stage of the model deals again with the question of whether the odor is the focus of attention, 

but this time during retrieval. If the odor is the focus of attention, then it should be more likely to lead to 

voluntary retrieval of a memory. If, however, the odor is not the focus of attention, then it should be more 

likely to lead to involuntary retrieval of a memory. Based on this reasoning, and previous findings from AM 

research showing that involuntarily retrieved memories are more emotional than voluntarily retrieved 

memories (e.g., Berntsen, 1998), the following prediction can be made. 

Prediction 10: Odors that are attended to at retrieval are less effective mnemonic cues and, when 

they do lead to the retrieval of memories, these are generally less emotional.  
 


