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1 Abstract  
The purpose of the present study was to determine olfactory detection 
thresholds in human subjects for a set of six sulfur-containing odorants 
which are known to be components of mammalian predator odors. Using 
a three-alternative ascending staircase procedure, the olfactory sensitivity 
of 12 healthy adult human subjects, 6 males and 6 females was assessed 
with 2-propylthietane, 2,2-dimethylthietane, 3-mercapto-3-methylbutan-
1-ol, 3-mercapto-3-methylbutyl formate, 3-methyl-1-butanethiol, and 
methyl-2-phenylethyl sulfide. The results showed that A) all six predator 
odorants were detected at concentrations below 1 ppb (parts per billion), 
and one of them (3-mercapto-3-methylbutyl formate) even at a 
concentration below 1 ppt (parts per trillion), B) structurally similar 
odorants yielded significantly different threshold values, and C) no 
significant sex differences were found in olfactory sensitivity with any of 
the six odorants. The findings obtained from the present study show that 
human subjects were not generally less sensitive to the predator odorants 
tested here compared to spider monkeys despite having a markedly lower 
number of olfactory receptor types. Further, they suggest that humans 
may be more sensitive to predator odorants compared to a variety of non-
predator odorants. One possible explanation for the high olfactory 
sensitivity observed here is the fact that sulfur compounds typically can 
be detected at low concentrations. An alternative explanation derives 
from an evolutionary perspective as our human ancestors were a potential 
prey of large carnivores and thus a high olfactory sensitivity for predator 
odors should be adaptive for humans.  

2 Introduction  
In the field of human olfactory perception, three main aspects are usually 
considered: sensitivity, discrimination performance and identification 
ability. In olfaction, sensitivity is defined as the lowest concentration of a 
given odorant that can be detected. Discrimination performance is 
referred to as the ability to distinguish a specific odorant from one or 
several other odorants of equal subjective intensity. Identification ability 
is defined as the ability to correctly assign a name to a given odorant. It is 
widely believed that human females are superior to males in their 
olfactory abilities. However, a superior performance of females relative 
to males with regard to olfactory sensitivity and odor discrimination has 
only rarely been found, whereas sex differences in odor identification in 
favor of females have been shown more frequently (Doty et al. 1985, 
Ship & Weiffenbach 1993, Brand & Millot 2001, Fusari & Ballesteros 
2008). Female superiority in odor identification may be the consequence 



	  

2	   	  

of female superiority in verbal abilities (Larsson et al. 2003), as it 
requires naming or labeling of odor stimuli. In contrast, olfactory 
sensitivity and discrimination tasks are usually performed by pointing or 
other non-verbal means. 

From an evolutionary perspective our human ancestors can be considered 
as prey species to large predators. Several studies suggest that olfactory 
sensitivity of mammalian prey species could be particularly high for 
predator odorants compared to other types of odorants. Behavioral studies 
showed several prey species to respond to the odors of natural predators 
with adaptive behaviors such as freezing or avoidance or orientation 
responses. Chemo-analytical studies have identified a number of odorants 
that are characteristic of the urine or faeces or scent-gland secretions of 
mammalian predators and behavioral assays have shown that prey species 
respond appropriately to these odorants alone. A recent study determined 
olfactory detection thresholds for a set of six predator odorants in a 
nonhuman primate species, the spider monkey (Ateles geoffroyi). Ateles 
geoffroyi was able to detect all six odorants at concentrations lower than 1 
ppb (parts per billion) and thus at extraordinarily low concentrations 
(Odhammer 2012). This raises the question whether other species, for 
example human subjects, are also highly sensitive for these sulfur-
containing compounds. However, very little is known about the olfactory 
sensitivity of human subjects for such predator odorants.  

It was therefore the aim of the present study to determine olfactory 
detection thresholds in human subjects for compounds known to be 
typical predator odorants and to compare the present threshold data to 
those obtained in spider monkeys. 

3 Material & Methods 
3.1  Human subjects 
A total of 12 healthy human subjects, 6 males and 6 females of 20-40 
years of age participated in the study. The average age of the males was 
29.3 years and that of the females was 30.3 years. The subjects were 
asked if they had any history of olfactory dysfunction or suffered from an 
acute upper respiratory tract infection. The test was carried out in a quiet 
and well-ventilated room at Campus Valla, Linköping University.  

All subjects were informed about the aim of the study and provided their 
consent. The study was performed in accordance with the declaration of 
Helsinki/Hong Kong.  

3.2  Odorants 
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A set of six odorants known to be components of mammalian predator 
odors was used:  

2-propylthietane (CAS# 70678-49-8)  
This odorant has been identified as a component of stoat and ferret anal 
gland secretion (Crump 1980, Brinck et al. 1983, Clapperton et al. 1988, 
Coulston et al. 1993, Burwash et al. 1998). 

2,2-dimethylthietane (CAS# 55022-72-5) 
This odorant has been identified as a component of the anal gland of 
mink, ferret, and polecat (Brinck et al. 1978, Brinck et al. 1983, 
Clapperton et al. 1988, Buglass et al. 1991, Burwash et al. 1998).  

3-mercapto-3-methylbutan-1-ol (CAS# 34300-94-2) 
This odorant is known as a putative cat pheromone and has also been 
found in bobcat urine (Miyazaki et al. 2006 & 2008).  

3-mercapto-3-methylbutyl formate (CAS# 50746-10-6) 
This odorant is known as a putative cat pheromone and has also been 
found in cat urine (Mattina et al. 1991, Miyazaki et al. 2006).  

3-methyl-1-butanethiol (CAS# 541-31-1) 
This odorant is known as a component of the defensive spray of striped 
and hooded skunk (Wood et al. 2002, Burwash et al. 1998).  

Methyl-2-phenylethyl sulfide (CAS# 5925-63-3) 
This odorant has been identified as a component of the anal gland 
secretion of mink and polecat (Sokolov et al. 1980, Brinck et al. 1983). 

Gas phase concentrations for the headspace above the diluted odorants 
were calculated using published vapor pressure data and corresponding 
formulae (Weast 1987, Dykyi et al. 2001).  

Figure 1 shows the molecular structure of the six odorants.  
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Figure 1. Molecular structure of the six odorants  

All substances were obtained from Sigma-Aldrich (St. Louis, MO) and 
had a nominal purity of at least 99%. They were diluted using near-
odorless diethyl phthalate (CAS# 84-66-2) as the solvent. For each 
odorant, a geometric dilution series in 14 steps was prepared, starting 
with a stem solution of 1:1,000 (highest concentration), and progressing 
by a factor of 5. Stem dilutions were designated step 1, and subsequent 
dilutions step 2, 3, and so forth. Table 1 shows the actual liquid dilutions 
used and the numbers assigned to each dilution step. 
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Table 1. Liquid dilutions used for each odorant. 
Dilution steps Liquid dilution  

1    1:1,000 
2    1:5,000 
3    1:25,000 
4    1:125,000 
5    1:625,000 
6    1:3,125,000 
7    1:15,625,000 
8    1:78,125,000 
9    1:390,625,000 
10    1:1,953,125,000 
11    1:9,765,625,000 
12    1:48,828,125,000 
13    1:244,140,625,000 
14    1:1,220,703,125,000 

3.3  Experimental procedure  
A 20 ml aliquot of each odorant was presented in a 250 ml high density 
polyethylene squeeze bottle equipped with a flip-up spout. Subjects were 
instructed as to the manner of sampling and at the start of the first session 
were allowed time to familiarize themselves with the bottles and the 
sampling technique. Care was taken that the flip-up spout was only a 
short distance (1-2 cm) from the nasal septum during sampling of an 
odorant in order to allow the stimulus to enter both nostrils.  

Olfactory detection thresholds were determined using a triangular test 
procedure in which subjects were presented with three randomly arranged 
bottles, two of which contained pure diluent and the third the stimulus. In 
order to minimize adaptation effects, testing followed an ascending 
staircase procedure, that is, starting with low concentrations that were 
stepwise increased. Based on the results of a small pilot study, testing 
started in the first session with the presentation of dilution step 7 for 
Methyl-2-phenylethyl sulfide, with dilution step 8 for 2-propylthietane 
and 2,2-dimethylthietane, with dilution step 9 for 3-mercapto-3-
methylbutan-1-ol and 3-methyl-1-butanethiol, and with dilution step 10 
for 3-mercapto-3-methylbutyl formate. The starting point for each 
subsequent session was determined by the result of the previous session 
as it was one dilution step below a subject’s previous detection threshold.  

Each bottle could be sampled twice per trial. Sampling duration was 
restricted to 1 sec per presentation in order to minimize adaptation 
effects. Subjects were required to decide whether there was no difference 
between the bottles or identify one as containing the stimulus. In the case 
of "no difference", testing proceeded to the next dilution step (that is: the 
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next higher concentration), otherwise the bottles were rearranged and the 
subject was allowed to sample a second time. If both choices were 
correct, this was provisionally recorded as the threshold dilution. 
However, if this was preceded by one correct and one incorrect choice, 
then the previous dilution (next lower concentration) was tested again, 
and if both choices were then correct this was taken as threshold. In this 
way, olfactory detection thresholds for the six odorants were determined 
for each subject. 

Testing was repeated in four more sessions (five sessions in total for each 
subject), as previous studies have shown that human performance in 
olfactory detection threshold testing increases across the first 3 sessions 
and then reaches a plateau. The sessions took about 60 min each and were 
performed 1–5 days apart. Care was taken to systematically vary the 
order in which the odorants were presented across sessions.  

3.4  Statistical analysis  
Possible differences in sensitivity between male and female subjects were 
assessed using the Mann–Whitney U-test for independent samples. A 
Friedman AVOVA was carried out to assess whether there were 
significant differences between sessions for each odorant and also for 
possible differences in olfactory sensitivity between odorants. If the 
ANOVA indicated any significant differences between sessions/odorants, 
the Wilcoxon test for related samples was performed to reveal which 
sessions/odorants were different.  

4 Results 
4.1  Olfactory detection thresholds 
Figure 2 shows the mean olfactory detection thresholds for each of the six 
odorants tested across five sessions. Statistically significant differences 
between sessions were observed with three of the six odorants, 2-
propylthietane, 3-mercapto-3-methylbutyl formate, and 2,2-
dimethylthietane (Friedman ANOVA p<0.05). Significant between-
session differences generally reflected an increase in group performance 
across sessions and only involved sessions 1 to 4 (Wilcoxon p<0.05), but 
were not found between sessions 4 and 5 (Wilcoxon p>0.05). This 
suggests that the group of subjects reached a plateau in performance 
during the last two sessions. No significant differences between sessions 
were observed with the other three odorants, 3-mercapto-3-methylbutan-
1-ol, Methyl-2-phenylethyl sulfide, and 3-methyl-1-butanethiol 
(Friedman ANOVA p>0.05).  
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Figure 2. Mean olfactory detection thresholds (±SD) of the group of 12 
subjects for each of the six odorants in each of the 5 sessions.  

4.2  Sex differences in olfactory detection thresholds 
Figure 3 compares the performance of male and female subjects with the 
six odorants tested. With only one exception (2-propylthietane in session 
4), no statistically significant differences between male and female 
subjects were observed (Mann-Whitney U-test p>0.05).  
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Figure 3. Mean olfactory detection thresholds (±SD) of the male (n=6) and the 
female (n=6) subjects for each of the six odorants in each of the 5 sessions. 
Dark columns refer to male subjects and light columns refer to female 
subjects.  

4.3  Gas phase concentrations 
Since odorants may differ in their vapor pressure two odorants presented 
at the same liquid dilution may also differ in their gas phase 
concentration. Furthermore, the molecules in the gas phase rather than the 
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liquid dilutions are ultimately perceived by the subjects. To be able to 
compare the detection thresholds among the six odorants tested in this 
study the gas phase concentrations for the mean detection threshold in the 
fifth session were therefore calculated for each odorant. Additionally, the 
gas phase concentrations at threshold for the best- and the poorest-
performing subject in session 5 were calculated. Table 2 summarizes the 
mean olfactory detection threshold of the subjects for the six odorants in 
the fifth session and shows various measures of corresponding gas phase 
concentration (Weast 1987). All six odorants were detected at 
concentrations below 1 ppb (parts per billion), and one of the odorants, 3-
mercapto-3-methylbutyl formate, was even detected at a concentration 
below 1 ppt (parts per trillion).  

Table 2. Olfactory detection threshold values for the six odorants, expressed 
in various measures of gas phase concentrations. Given are the mean values 
across the group of 12 subjects (M) as well as the best (B) and the poorest 
(P) individual threshold value in the fifth session.  
 

Gas phase concentrations Odorant Dilution 
step Molec./cm³ ppm log ppm M log M 

2-propyl-
thietane 

M: 8 
B: 14 
P: 6 

2.6•109 
1.7•105 

6.4•1010 

1.0•10-4 
6.0•10-9 
2.4•10-3 

-4.02 
-8.22 
-2.63 

4.3•10-12 
2.7•10-16 
1.1•10-10 

-11.37 
-15.57 
-9.97 

2,2-
dimethyl-
thietane 

M: 7.33 
B: 9 
P: 6 

3.0•1010 
2.1•109 

2.6•1011 

1.1•10-3 
1.0•10-4 

9.6•10-3 

-2.96 
-4.12 
-2.02 

5.0•10-11 
3.4•10-12 

4.3•10-10 

-10.30 
-11.46 
-9.37 

3-
mercapto-
3-methyl-
butan-1-ol 

M: 7.67 
B: 9 
P: 6 

1.1•109 
1.4•108 

1.7•1010 

4.1•10-5 
4.8•10-6 

6.0•10-4 

-4.39 
-5.32 
-3.22 

1.8•10-12 
2.2•10-13 

2.7•10-11 

-11.74 
-12.66 
-10.57 

3-
mercapto-
3-methyl-
butyl 
formate 

M: 11.17 
B: 14 
P: 10 

3.2•106 
3.4•104 

2.1•107 

1.0•10-7 
1.0•10-9 

8.0•10-7 

-6.93 
-8.91 
-6.11 

5.3•10-15 
5.6•10-17 

3.5•10-14 

-14.27 
-16.25 
-13.46 

3-methyl-
1-butane-
thiol 

M: 9.42 
B: 12 
P: 8 

9.1•108 
1.5•107 

9.0•109 

3.4•10-5 
5.0•10-7 

3.0•10-4 

-4.48 
-6.28 
-3.48 

1.5•10-12 
2.4•10-14 

1.5•10-11 

-11.82 
-13.62 
-10.83 

Methyl-2-
phenyl-
ethyl 
sulfide 

M: 6.83 
B: 14 
P: 4 

8.1•108 
7.9•103 

7.7•1010 

3.0•10-5 
3.0•10-10 

2.8•10-3 

-4.53 
-9.54 
-2.55 

1.3•10-12 
1.3•10-17 

1.3•10-10 

-11.87 
-16.88 
-9.89 
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4.4  Differences in olfactory sensitivity between the odorants 
To be able to assess possible differences in olfactory sensitivity between 
the odorants, the gas phase concentration at threshold for each subject in 
the fifth session was calculated. Statistically significant differences were 
observed between the detection thresholds for the six odorants (Friedman 
ANOVA p<0.05). 3-mercapto-3-methylbutyl formate was detected at 
significantly lower concentrations compared to all five other odorants, 
whereas 2,2-dimethylthietane was detected at significantly higher 
concentrations compared to all five other odorants (Wilcoxon p<0.05). 
No significant differences in sensitivity were found for the other odorants 
tested.  

5 Discussion 
The present study yielded three main findings: A) all six predator 
odorants were detected at concentrations below 1 ppb, and one of them 
even at a concentration below 1 ppt, B) structurally similar odorants 
yielded significantly different threshold values, and C) no significant sex 
differences were found with any of the six odorants.  

5.1  Human olfactory sensitivity for predator odorants 
The results of the present study show that all six odorants were detected 
at concentrations below 1 ppb (parts per billion), and one of the odorants, 
3-mercapto-3-methylbutyl formate, was even detected at a concentration 
below 1 ppt (parts per trillion). A comparison of the olfactory detection 
thresholds found here to those reported for non-predator odorants 
suggests that humans might be particularly sensitive for predator 
odorants. Human olfactory detection thresholds have been reported in the 
ppm (parts per million) range for a wide variety of odorants (Van Gemert 
2003), whereas the predator odorants tested in the present study were 
detected in the ppb and even ppt range. Previous studies that assessed 
human olfactory sensitivity reported mean detection threshold values in 
the ppm range for homologous series of alkanes and alcohols (Doleman 
& Lewis 2001). Human subjects detected aromatic aldehydes at 
concentrations below 1 ppm and the best performing individuals detected 
some of these flower-like odorants at a concentration below 1 ppb 
(Kjeldmand et al. 2011). Similarly, human subjects showed a lower 
olfactory sensitivity for six amino acids compared to predator odorants 
(Laska 2010). From an evolutionary perspective, it seems reasonable to 
assume that human subjects should be particularly sensitive to predator 
odorants as their ancestors were a potential prey of large carnivores.  
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An alternative explanation for the high olfactory sensitivity observed for 
the odorants used in the present study is the fact that all six predator 
odorants are sulfur-containing compounds. Sulfur compounds typically 
can be detected at low concentrations (Blank 2002).  

5.2  Comparison between the olfactory sensitivity for the six predator 
odorants 

One of the main findings of the present study is that 3-mercapto-3-
methylbutyl formate was detected at significantly lower concentrations 
compared to all five other odorants, whereas 2,2-dimethylthietane was 
detected at significantly higher concentrations compared to all five other 
odorants. This is remarkable considering that 3-mercapto-3-methylbutyl 
formate has a similar chemical structure as 3-mercapto-3-methylbutan-1-
ol, and 2,2-dimethylthietane has a similar chemical structure as 2-
propylthietane (see figure 1). A basic question is how molecular structure 
of odorants can affect olfactory perception or how molecular structure of 
odorants is related to olfactory sensitivity. Correlations between 
detectability and molecular structural features of odorants appear to 
follow complex rules. Any differences in molecular structural features of 
odorants may have a systematic effect on olfactory detectability as it has 
been suggested that type and number of functional groups attached to the 
molecule and combination of molecular structural features of an odorant 
determines the interaction with a given receptor and thus its detectability 
(Johnson et al. 2007, Laska et al. 2009). An alternative explanation to the 
present results may suggest that differences in olfactory sensitivity for 
different odorants is due to differences in the biological relevance of the 
odorants in question. However, it is unknown whether the odorants tested 
here differ in their biological relevance for humans.  

5.3  Sex differences on olfactory perception 
No statistically significant differences in olfactory sensitivity between 
male and female subjects were found in the present study. In contrast to 
some other studies the results of the present study demonstrate that 
female subjects are not more sensitive than male subjects, at least for the 
six odorants tested here. Investigations regarding sex differences in 
olfactory sensitivity suggest either no differences in sensitivity or found 
that women outperform men on tests of olfactory detection threshold, 
depending on the type of odorant. Among the studies that reported 
statistically significant differences between genders in olfactory 
sensitivity, females always outperformed males, for instance with 2-
methyl-3-mercapto-butanol (Chopra et al. 2008) skatol and valeric acid 
(Jacob et al. 2003), exaltolide (Koelega 1970), isoamyl acetate, isovaleric 
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acid, L-carvone and cineole (Menashe 2007). The majority of studies, 
however, reported no sex differences in olfactory sensitivity and failed to 
find significant differences between males and females in olfactory 
detection thresholds. Although females in some studies displayed slightly 
lower threshold values than men, no statistically significant differences 
were reported (Venstrom & Amoore 1968, Punter 1983). In a study 
conducted by Griffith & Patterson (1970), the olfactory sensitivity of 
human subjects was determined for the steroid 5a-androst-16-en-3-one. 
Although no statistically significant differences between genders were 
found, the proportion of male subjects that were unable to detect this 
odorant even at high concentrations (44.4%) was markedly higher than 
the proportion of women (7.6%).  

In contrast to olfactory sensitivity, gender differences in odor 
identification consistently showed a female superiority (Doty & Kerr 
2005, Fusari & Ballesteros 2008). The term odor identification refers to 
the ability to name an odorant correctly. Some studies have also reported 
that females are better at odor memory tasks (Choudry et al. 2003, 
Larsson et al. 2003) including long term olfactory memory (Lehrner 
1993) and retention of new odor names (Dempsey & Stevenson 2002). 
However, female superiority in odor identification may be the 
consequence of female superiority in verbal abilities (Larsson et al. 
2003).  

The controversial findings with regard to sex differences in olfactory 
sensitivity may reflect several procedural factors including age and 
number of the subjects tested, or increased olfactory sensitivity as a result 
of repeated exposure to a certain odorant (Yee & Wysocki 2001). 
However, some studies showed gender differences among male and 
female children in which female children were more sensitive to certain 
odorants than male children (Koelega & Köster 1974). Another 
explanation for gender differences in olfactory capabilities may be related 
to differences in the role of each gender from an evolutionary 
perspective. Some authors believe that females were responsible for 
gathering food which required the ability of odor identification and 
enhanced olfactory sensitivity, as such females were more likely to be 
successful in gathering food for their offspring (Herz & Inzlicht 2002).  

5.4  Comparison between species 
Figure 4 compares the olfactory detection threshold values for the six 
odorants tested here between human subjects and spider monkeys 
(Odhammer 2012). With three of the six odorants the detection thresholds 
of the spider monkeys fell into the range of human threshold values: 2-
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propylthietane, 3-mercapto-3-methylbutan-1-ol, and Methyl-2-
phenylethyl sulfide. With only one exception (2,2-dimethylthietane) the 
best-scoring human subjects had lower detection thresholds than the best-
scoring spider monkeys. These comparisons indicate that the human 
subjects (Homo sapiens) were not generally less sensitive to the predator 
odorants tested here compared to the spider monkeys (Ateles geoffroyi). 
Interestingly, Homo sapiens has a markedly lower number of functional 
olfactory receptor genes (humans about 390 and spider monkeys about 
900 functional olfactory receptor genes; Gilad et al. 2004, Niimura & Nei 
2006) and a markedly smaller relative size of the olfactory bulbs 
compared to Ateles geoffroyi (humans 0.09% and spider monkeys 0.9% 
of total brain volume; Stephan et al. 1988). This suggests that the number 
of functional olfactory receptor genes or the relative size of the olfactory 
bulbs do not necessarily correlate with the olfactory sensitivity of a given 
species. Some authors suggest that the degree of neural connectivity can 
be implicated with regard to the sensitivity of olfactory systems rather 
than the numbers of genes and the size of certain parts of the brain 
(Keverne 2004).  
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Figure 4. Comparison of the olfactory detection threshold values (expressed 
in gas phase concentration) of the spider monkeys (white squares) and of 
human subjects (black circles) for the six odorants tested. Data points of the 
spider monkeys represent threshold values of individual animals (Odhammer, 
2012). Data points of the human subjects represent the mean threshold 
values (from n = 12) and the best and poorest individual threshold, 
respectively.  

5.5  Conclusion  
The present study showed that human subjects are particularly sensitive 
for predator odorants. Molecular structure was found to be one of the 
factors that influence the detectability of the odorants. No significant sex 
differences in olfactory detection thresholds for the predator odorants 
tested were found.  
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