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Peripheral Olfactory Pathway
Anatomy, Physiology, and Genetics

Melissa Singletary and Samantha Hagerty

Abstract

Various sensory systems provide environmental awareness and have evolved
to meet species-specific needs. The earliest of these senses thought to be
chemosensory in function include olfaction. Olfactory acuity varies greatly by
species, with intra-species variations also notable. Broadly, a species’ olfactory
capability is categorized based on their overall olfactory development; species
with a well-developed olfactory capability are macrosmatic (e.g. dogs, rats),
compared to microsmatics (e.g. humans) with less developed sense of smell.
A multitude of factors may influence this inter-species olfactory performance,
which include anatomical and physiological variations across species. Despite
these performance gradients, the foundational olfactory cytoarchitecture and
cellular constituents appear to be fairly conserved across species. The field of
olfaction has seen an increase in research since the discovery of olfactory recep-
tors as G-protein coupled receptors (GPCRs) and part of the largest multi-gene
family of receptors found in the mammalian gene repertoire by Linda Buck and
Richard Axell in 1991 (Buck and Axel, Cell 65:175-187, 1991) winning them
the Nobel Prize in 2004. However, the field remains understudied in relation
to the other sensory systems and lacks significant comparative studies across
species. The use of translational models, such as mice and rats, has served to
provide the predominant foundational knowledge of olfactory sensory systems.
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This chapter will focus on the understanding of olfaction through an anatom-
ical, physiological, and genetic foundation, highlighting the dog through the
peripheral nervous system.

Keywords

Olfaction « Olfactory anatomy » Olfactory genetics « Peripheral olfactory system

1 Olfactory System Overview

Odors carry information regarding the past and the present including qualita-
tive, quantitative, spatial, and temporal elements of a surrounding environment.
Intraspecies and interspecies structural olfactory system variations reflect quali-
tative and quantitative differences, representing the complexity in anticipated and
observed olfactory acuity. This overview will discuss these events in a comparative
fashion across multiple species with emphasis on the dog.

Olfaction is one of two main chemosensory systems in mammals along with
gustation. The olfactory system is considered the first sensory system to develop
evolutionarily and has remained highly conserved across species, comprising the
largest gene superfamily in mammals (Glusman et al. 2001; Reed 2004; Niimura
2012; Persuy et al. 2015). There are two main divisions of the olfactory system
and, in species such as rodents, two lesser divisions. Of the two main divi-
sions, the main olfactory epithelium (MOE) is responsible for the detection of
volatile compounds and makes up the largest area of the olfactory system. Sec-
ond, the vomeronasal organ (VNO) is primarily responsible for the detection of
pheromones. The two less prominent components of the olfactory system in rodent
species, in particular, include the Grueneberg’s ganglion and septal organ (SO), or
the Organ of Masera (Rodolfo-Maera 1943). Grueneberg’s ganglion (GG) is spa-
tially isolated from the MOE, located in the rostrodorsal aspect of the nasal cavity
and is suggested to have thermosensory and chemosensory roles, with the capac-
ity to sense coolness (Mamasuew et al. 2008) and alarm pheromones (Kikusui
et al. 2001). While Grueneberg’s ganglion has been identified in humans, its poten-
tial functional similarities to that in rodent counterspecies are not yet established
(Gruneberg 1973). An isolated patch of neuroepithelium, known as the septal
organ (SO), resides bilaterally on the caudoventral aspect of the nasal septum and
is present in rodents and other mammalian species such as the koala (Kratzing
1984). The SO is thought to function as an airflow sensor (Ma 2010) and tradi-
tional chemosensory region similar to the MOE with a greatly reduced receptor
repertoire (Grosmaitre et al. 2007). In dogs, there is a lack of evidence to support
the presence of the SO or GG (Barrios et al. 2014). The VNO is adjacent to the
nasal septum and is surrounded by cartilaginous walls. The anterior VNO duct is
stratified squamous epithelium and the posterior is a simple columnar epithelium.
In the dog all VNO receptors are VR-1 based (Quignon et al. 2006; Dzieciol et al.
2020).
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Though there is controversy regarding the estimates of how many odors can
be discriminated, it is recognized that there is an impressively large number of
natural odors and odor combinations that can be discriminated by our sense of
smell, and more so by macrosmatic species. The variety of odorants far outweighs
the number of receptors, and the complex levels of cross-reactions result in a
combinatorial coding, which leads to an indeterminate amount of possible odor
perceptions (Malnic et al. 1999; Kurian et al. 2021). In rats, it has been shown
that classification of mixtures according to the molar ratios of components occurs
which allows for detection across a range of concentrations rather than specificity
to a single previously learned concentration (Uchida and Mainen 2007).

Domestication in dogs has resulted in significant variation across breeds and
divergence of characteristics from ancestral wolves. Domesticated dogs commonly
demonstrate superior olfactory acuity to their human counterparts, and there are
various foundational morphological and physiological underpinnings in support
of this macrosmatic categorization. However, there are some reports that suggest
the morphological characteristics of olfactory acuity of domestic dogs are dimin-
ished in relation to their ancestral wolves as measured by relative cribriform plate
surface area size across 46 breeds of dogs (Bird et al. 2020, 2021). Significant
neuroanatomical variations were noted across evaluation of 33 breeds by Hecht
et al., noting that variations in specific neural networks were correlated with breed
specialization within more recent phylogenetic terminal branches (Hecht et al.
2019).

Volatile compound properties, odor complexity, olfactory receptor odotype dis-
tribution, airflow rate, passage volume, mucosa surface area, and mucus solubility
impact the odor availability, receptor interaction, and ultimately the odor precept.
Various odorants, odorant combinations or varying concentrations result in acti-
vation of unique ensembles of odor receptors. Interactions including a range of
receptor affinity agonism and antagonism contribute to the combinatorial coding at
the odor receptor level (Malnic et al. 1999; Kurian et al. 2021). Binary and more
complex mixtures in rodent model studies have shown complex and non-linear
relationships. A recent study by Zak et al. (2020) explored the dynamic range of
complex mixture in a freely breathing mouse model. Both olfactory sensory neuron
(OSN) and glomerular imaging were conducted under an active sniffing evalua-
tion across varying odor concentration and odor mixture presentations revealing a
degree of mixture suppression corresponding to increased odor components (Zak
et al. 2020).

Input is received and modified at multiple levels. The intricate balance of sig-
nal activation and inhibition is not well understood within the olfactory system
regarding complex odor mixtures. From its source, an odor will undergo vari-
ous conditions and interactions along its journey that will ultimately influence its
availability and perception by an animal. Volatile availability is affected by the
originating form and configuration influenced by factors such as surface area and
surface moisture (Jorgensen 2009).

Further effects on odor availability come from the environment under which
they are present, influenced by factors such as ambient temperature, humidity, air
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velocity, presence of airborne particulate matter, and barometric pressure (Kuehn
et al. 2008; Ajmani et al. 2016; Qifan et al. 2017).

Each of these factors described thus far may promote or inhibit an odor-
ant’s movement toward engagement with the central nervous system and olfactory
sensory pathway. The destination of a particular odorant may be entrapment, diver-
sion, expulsion, degradation, metabolization, conversion, and varying affinity for
direct or indirect receptor interaction within olfactory and non-olfactory sensory
systems. When an odorant’s journey results in interaction with an odor receptor of
positive affinity and binding adequate for activation, it begins the translation of an
environmental chemical signal into an electrical one through signal transduction
within the olfactory sensory neuron.

2 Nasal Cavity

An animal’s initial engagement with odor occurs at the entrance to the olfac-
tory pathway in the nares. Upon entrance, the odorants traverse the intricate nasal
passages where internal environmental factors influence their ultimate destination
and interaction, such as passage diameter, air velocity, epithelial cytoarchitecture,
mucous constituents, mucous viscosity, odor receptor distribution, and the air-flow
path dynamics (Lawson et al. 2012; Challis et al. 2015; Rygg et al. 2017; Robert-
Hazotte et al. 2019). The nares’ morphological and physiological characteristics
vary across species.

As the initial interface between odorant and anatomical structures, the mor-
phology of the nares influences odorant delivery to chemosensory epithelia. While
signal transduction processing at the receptor level is fairly conserved across
species, the gross anatomical features vary greatly. Some aquatic species can have
a blind-ended cavity with up to four up to four nostrils. Most mammals display
bilateral nostrils supporting a dual functioning respiratory-olfactory design. An
example of physical impact on odor delivery can be observed in some teleosts,
wherein two of the four nostrils connect to form a one-way system of flow to
the olfactory organ, facilitating a single-direction flow system for odorant delivery
and transportation that allows for continuous undisrupted access to incoming odors
(Niimura 2012). Additionally, the widely-separated and lateral positioning of the
nares in some aquatic organisms has implicated roles in spatial and directional
cues, particularly with low visibility.

It has been suggested that the dog as a species exhibits some of the largest
morphological variation amongst land mammals due to wide breed variations
(Ostrander 2012). In the dog, the nares represents a highly efficient design
for external volatile sampling as examined through experimental fluid dynamic
modeling and analysis of the functional aerodynamics associated with the sniff
(Staymates et al. 2016; Settles et al. 2003; Craven et al. 2004, 2009). Nostril
flexure along with nasal aperture anatomy controls air movement separately from
inspiration to expiration (Settles et al. 2003). Sniffing activity results in air from
within a 1-2 cm range being inhaled through the nostrils directed centrally. Upon
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exhalation the warmed and moistened air is expelled through the lateral slits or
flaps that push the air ventrolaterally. This pattern of exhalation is suggested to
enhance volatilization of nearby odorants, increasing the odorants within the inspi-
ratory sampling field minimizing dilution, direct resampling or contamination of
the central inhalational field, improving odor availability and sensitivity by the dog.
Sniffing is a sinusoidal pattern that cycles through an inspiratory and expiratory
phase at a frequency of up to 20 sniffs/minute at 4—7 Hz (Staymates et al. 2016).
The sniffing pattern may change based on the task and can quickly change nostril
selectivity based on biological relevance and odor-associations of the odor present
(Siniscalchi et al. 2011, 2016; Cavelius et al. 2022). The sniffing cycle is influ-
enced by the physiological properties of each nasal pathway separately. The highly
vascularized tissue of the rostral nasal respiratory pathway cycles through a shift-
ing lateralized congestion changing the airflow dynamics respectively through this
selective tissue swelling (Friling et al. 2014). This tissue is sensitive to selective
activation from the autonomic nervous system resulting in congestion.

Internally, once an odorant has passed the entrance at the nares, it will travel
through the nasal vestibule, past the nasal meatuses onto the ethmoturbinates to
reach the sensory cilia of the olfactory epithelium where the odorant will interact
with receptors and initiate the cascade of events that lead to the recognition of
an odor. The nasal cavity is divided into three main anatomical regions, which
encompass the nasal vestibule, the respiratory, and the olfactory (Craven et al.
2007). Each piece and part of the pathway has a role to play and can be species-
specific in form and function.

For example, the dog and rat have an elongated nasal passageway with a dedi-
cated olfactory recess located posterior to the primary respiratory division. The
longer nasal cavity of the dog may increase sensitivity and discrimination by
the relatively longer time-of-flight comparison of odorant deposition compared
to humans.

An evaluation of natural odor sampling behavior in a rat model indicated that
sniff strength has a very limited role on shaping the primary odor precept (Cenier
et al. 2013). However, sniffing in the canine model has shown that approximately
2.5 times more air is directed to the olfactory recess during active sniffing com-
pared to quiet breathing and results in a corresponding increase in uptake of highly
and moderately soluble odorants in the sensory field per unit of time (Rygg et al.
2017).

Upper respiratory and olfactory airways are structurally supported by the boney
composition of the skull. The rostroventral surface of the passageway is formed
by the bilateral incisive bones, with the lateral to dorsolateral walls formed by the
maxillary bone, rostrodorsal surface by the nasal bone, and most caudal aspect
formed by the ethmoid bone. The ethmoid bone is comprised of three regions,
including the nasal septum extending directionally from caudal to rostral, divid-
ing the midline of the nasal passages, the ethmoturbinates (also referred to as
ethmoid labyrinth), and the perforated osseous cribriform plate. This plate con-
sisting of numerous perforations through which axons traverse as the neuronal
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communication highway of odorant information directed toward the central ner-
vous system from the olfactory epithelium. The caudoventral aspect of the nasal
septum is formed by the vomer bone, an osseous structure partially making up the
roof of the choanae, which form the openings of each nasal cavity to the associated
nasopharyngeal meatus (Evans and de Lahunta 2013).

The most anterior portion of the nasal cavity through which odorants first
enter is lined by a stratified squamous epithelium (Randall et al. 1987). Collec-
tively called the vestibule, this passageway divides into meatuses that are also
referred to as turbinals or concha. These curved structures, including the maxillo-
turbinal, nasoturbinal, and ethmoturbinals, extend inward from the lateral walls of
the nasal cavity forming a fold-like appearance. The number of meatuses, turbinals,
or concha vary between species, though in the canine middle vestibule, three main
divisions are identified as the dorsal, vetral, and middle meatus (Moore 1981).
They are functionally thought to be involved in directing airflow, reducing turbu-
lence, and creating a sub-climate for inspired air to be warmed, humidified, and
filtered (Menco and Morrison 2003).

In dogs, the turbinate complex includes multiple turbinates and concha. Six
ectoturbinates are localized laterally with some projection into the frontal sinus.
Four endoturbinates are localized medially forming the dorsal concha and middle
concha with ectoturbinates I and II, respectively, then the ventral concha indepen-
dently (Barrios et al. 2014). This complex scrollwork provides large surface area
supporting an environmental chamber for air movement, heating, moisturizing,
protection, and odor molecule transport.

On gross examination of the relative tissues in the nasal cavity, there is a distinct
coloration change from sensory epithelia, which is yellow to brown, to respiratory
epithelia, which is pink to red. From a histological perspective, the epithelial thick-
ness and constituents vary significantly but have some overlap in the transition
zones where the two epithelia meet.

In mammals, this passageway is dual functioning in the act of inhalation for
both respiration and olfaction. It serves as a conduit for air carrying volatile odor-
ants and oxygen molecules to sensory neurons and pulmonary organs, respectively.
Infrastructure of the upper airway, including the nasal cavity, larynx, and trachea,
are crucial for protection of more vulnerable lower airway regions. The epithe-
lia lining the nasal septum is both sensory and non-sensory in nature, with the
anterior-most aspect comprised of stratified squamous epithelium transitioning to
non-sensory respiratory epithelium and ending in sensory olfactory epithelium in
the posterior region. Cells of the respiratory epithelial tissue secrete high levels of
defensins and antimicrobial peptides within the mucous layer lining. This mucous
layer, which traps foreign particles from inhaled air, lies atop the apical surface
of a stratified columnar epithelium covered in cilia with motile function allowing
movement of the mucus to be directed away from the lower respiratory system.
The mucous layer terminates in either the nasopharynx where it is discarded into
the gastrointestinal tract or the nasal vestibule for removal by sneezing or manual
discard. Mucosal microenvironments have been found to house a diverse range of
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immunologically protective microbes through actions such as competitive inhibi-
tion, antimicrobial peptide production, enzymatic degradation, and innate immune
cell priming. Most evaluations of the respiratory tract have neglected to evaluate
the olfactory mucosa as a separate system, though early studies suggest it is not
equivalent (Francois et al. 2016).

Air containing odorant molecules is filtered, warmed, and humidified through-
out the passage over respiratory epithelium and continues toward the folded
labyrinth of ethmoturbinate structures in the most caudal aspect of the nasal cavity,
which is lined with pseudostratified ciliated columnar olfactory epithelium. This
epithelium is considered sensory due to the presence of ciliated olfactory sensory
neurons, on which many transmembrane olfactory receptors (OR) reside. Here,
odorants will interact with receptors that line the ciliary processes, resulting in
a cascade of downstream signal transduction events that will be further detailed.
An orthonasal route of odorant introduction is the classically described nasal pas-
sageway, through which both passive and active exposure occurs with the physical
action of sniffing. Alternatively, in some cases, odorants may be introduced to
olfactory epithelium retronasally when propagated from the oral cavity through
the choanae in the caudodorsal nasopharynx to reach the nasal cavity and sensory
structures for recognition (Small et al. 2005). However, it has been suggested that
this retronasal olfaction is not significantly biologically relevant in dogs (Rygg
et al. 2017). The main classical airflow in the dog is directed at higher velocities
through the dorsal region of the left/right nasal cavity toward the olfactory recess
curling back as it turns ventro-rostrallly, allowing a second pass over the olfac-
tory epithelium. It is proposed that this air movement through the olfactory recess
maximizes odorant exposure to the olfactory epithelium (Craven et al. 2007, 2009,
2010). This feature of the dedicated olfactory recess is lacking in humans and is
thought to contribute to the higher olfactory acuity seen in dogs.

The separate nostrils, similar to other sensory structures such as ears and eyes,
allow for a bilateral comparison between left and right-sided sensory input result-
ing in improved distinction of stimulus intensity and spatiotemporal parameters
(Craven et al. 2010). Hemispheric olfactory lateralization has been suggested
through behavioral studies (Webber et al. 1987; Sobel et al. 1999; Siniscalchi et al.
2008, 2011, 2016).

Olfactory lateralization starts with odorant delivery from two nostrils into two
distinct and separate nasal chambers. Airflow patterns are mirrored on both left
and right sides where the incoming air is split across a dorsally directed path
representing 12—-13% of inspired air by the dog, which travels caudally to enter
the olfactory recess (Craven et al. 2010). The ventrally directed path moves the
remaining inspired air caudally to the pharynx where it enters the pulmonary tract
for gas exchange and respiration. The significant tissue structures that line this tract
direct these airflow patterns creating turbulence, air particulate deposition patterns
and microclimates within the nasal cavity (Rygg et al. 2017). In human studies,
it is suggested that the absorption qualities, high or low, of an odor are varied
correspondingly to airflow, low or high, resulting in optimal sensitivity respectively
(Sobel et al. 1999).
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3 Olfactory Neuroepithelia Functional Cytoarchitecture

The main olfactory epithelium (MOE), characterized histologically as pseudostrat-
ified ciliated columnar epithelium, is populated with both sensory and supportive
cellular structures. Olfactory sensory neurons (OSN), also known as olfactory
receptor neurons (ORN) and considered the parenchymal cell type of olfactory
tissue, are true bipolar neurons. Extending from the soma toward the mucosal sur-
face is a dendritic knob-like ending with approximately 20-30 non-motile cilia.
Extending from the soma in the opposite direction the axon extends and termi-
nates at the olfactory bulb (Morrison and Costanzo 1990). The dendritic processes
allow for increased surface area of the receptive field for odorant sampling. More
specific measurements have reported an estimated ciliary surface area of 23 cm?
and knob density of 60,000 knobs/mm? (Menco and Jackson 1997; Doty 1998).
OSN are surrounded by supporting (sustentacular) cells, whose primary function
is to provide structural integrity to the surrounding epithelium. Supporting cells
span from the mucosal surface to the basement membrane and are lined apically
with microvilli. In mammals, the sustentacular cells have been classically shown
to serve as an epithelial support structure and contribute to the microenvironment
homeostasis through production of aqueous secretions and various cytokines. In
more recent discoveries, these cells also show a schwann cell-like attribute through
enwrapment of the olfactory sensory neuron dendrites (Liang 2020). Other prin-
cipal cellular components within the olfactory mucosa include basal cells and
Bowman’s gland duct cells (Moran et al. 1982; Menco and Morrison 2003). Basal
cells, which are found in the lower region of the epithelium near the basal lam-
ina, have been found to act as progenitor cells for regenerating OSN following
injury or natural maturation and turnover (Morrison and Costanzo 1989; Menco
and Morrison 2003). The Bowman’s glands are the primary secretory gland of the
olfactory epithelium with some contribution from supporting cells, while goblet
cells represent the principal secretory cells in non-sensory respiratory epithelium
(Solbu and Holen 2012). The secretory composition from Bowman’s glandular
ducts is a diverse seromucous mixture of enzymes, acids, mucopolysaccharides,
immune factors, antioxidants, antimicrobial proteins, and odorant binding proteins
(OBP). The subepithelial region houses Bowman’s gland acinar cells and glandular
bulbs, Schwann cells, vasculature, connective tissue, and the OSN axonal fascicles
(Ramon-Cueto and Avila 1998).

German shepherd olfactory mucosa spans 200 cm? while in the cocker spaniel
only 67 cm?, though significantly greater than the human at 5 cm? (Quignon et al.
2012; Galibert et al. 2016). There is considerable structural refinement present
in the dog as compared to other species such as the sheep, with greater overall
thickness of the olfactory epithelium and higher olfactory sensory neuron density
within the cellular cytoarchitecture (60-80% of cells) estimating greater than 100
million OSN in the OE of the dog (Craven et al. 2010).

The ciliary dendritic knob, which protrudes into the mucous layer at the apical
surface, is lined with many sensory receptors that interact with odorants, which
are dissolved or actively transported by odorant binding proteins from incoming
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air flow. Following initial molecular events at the receptor level, generated signals
travel through the axon towards the olfactory bulb for further processing. All OSN
axons collectively form what is known anatomically as the first cranial nerve (CN
I), or the olfactory nerve, which is classified as a special visceral afferent (SVA)
fiber (Doty 1998).

A mouse model evaluating olfactory receptor neuron ciliary length showed a
pattern of intrinsic arrangement suggested to enhance odor detection sensitivity and
acuity (Challis et al. 2015). The length of cilia corresponds to the odorant response
and odorant absorption in the nasal cavity (Challis et al. 2015). Cilia play a role
in mammalian odor adaptation as one part of various complex mechanisms and
feedback circuits within the olfactory pathway, which can be rapid or persistent in
form (Zufall and Leinders-Zufall 2000).

Numerous factors contribute to olfactory acuity, which are observable inter-
species and intraspecies. The number of olfactory receptors can change with age.
A study by Kavoi et al. demonstrated dogs to have an overall increase in cilia
olfactory receptor density from birth to adulthood while other species such as
sheep showed a decrease in density with maturation, which may suggest that post-
natal odor development is important to maximizing function (Kavoi and Jameela
2011).

Unlike most neurons, OSNs are continuously exposed to the external environ-
ment making them more vulnerable to physical, chemical, thermal, or pathogenic
damage. Thus, the ability to repair and regenerate is a crucial characteristic of
the olfactory system. Injury models in the olfactory system have demonstrated the
stem cell function of basal cells (Graziadei and Graziadei 1979; Schwob et al.
1995), which can be further categorized into globose basal cells (GBC) or hori-
zontal basal cells (HBC) based on their respective morphologies and activity level.
GBC are continuously active stem cells responsible for routine turnover or acute
maintenance of OSN (Schwob et al. 1995). Horizontal basal cells are generally qui-
escent and demonstrate mitotic activity only after severe and complete olfactory
epithelial trauma where proliferation of all cell types is required (Leung et al. 2007;
Mackay-Sim 2010; Suzuki et al. 2013). Maturing OSN gradually extend from
the basement membrane through the pseudostratified neuroepithelial cell popula-
tion, growing a new dendritic process that eventually reaches the mucosal surface
and develops cilia. During this maturation process, an axon will navigate through
the cribriform plate perforations reaching a glomerulus of the olfactory bulb and
reestablishing a complete synaptic interface. The olfactory ensheathing cell (OEC)
is essential in supporting the migration of the new axons to their target glomeruli
exhibiting phenotypic and functional properties onto OSNs and basal cells in the
OE to aide in axonal elongation (Ramon-Cueto and Avila 1998). Further investiga-
tion into the mechanism of these growth-promoting properties has shown a family
of proteinases, matrix metalloproteinases (MMPs), to be critical for cell motility
and ability to transverse extracellular matrix through support of the neurotrophic
factors secreted by OEC (Ould-Yahoui et al. 2013).

The estimated lifespan of a given OSN differs by species and by environmental
exposure amongst other factors. However, one estimate in mice maintained under
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laboratory conditions suggests a given OSN lifespan averages 30-90 days but some
reported out to more than one year (Hinds et al. 1984; Kondo et al. 2010; Holl
2018). The neurogenerative capacity of individual olfactory sensory neurons allows
for remarkably fast recovery periods of approximately 4-8 weeks in humans with
some species-specific variations among mammals (Costanzo 1991).

4 Peri-receptor Environment

The unique mucosal surface of the olfactory epithelium with its cellular con-
stituents functions in peri-receptor odorant and odor-receptor interaction modifi-
cations. Odorants brought to the olfactory epithelium may traverse the mucous
layer interacting with microbiota, enzymes, proteins, cytokines, immune cells, and
metals. Emerging work to establish the microbial composition of the olfactory
system has demonstrated a core biome in mice of two dominant phyla, Firmicutes
(30-70%) and Bacteroidetes (15—-60%), followed by Proteobacteria (5-25%) and
Actinobacteria (<10%) in descending abundance (Francois et al. 2016). In one
evaluation of the human nasal mucosa, the phyla residing in olfactory-adjacent
regions were markedly different in their respective ratios, the most prevalent
being Actinobacteria (50%), followed by Firmicutes (24%), Proteobacteria (20%),
and less than 3% from Bacteroidetes (Yan et al. 2013). Among a grouping of
studies evaluating human fecal samples, the three dominant phyla representing
approximately 75% of all microbiota include Firmicutes, Bacteroidetes, and Acti-
nobacteria (Gibson and Roberfroid 2008). These results indicate a similar core
biome, with a variation in the ratios of phyla isolated. There is significant indi-
vidual variation, collection site variation, environmental factors, and collection
methods that can account for this variation.

While the sensory apparatus itself, the olfactory receptor neuron, is unsurpris-
ingly an important focus in the study of olfactory function, other factors within
the peri-receptor environment also play a critical role in signal transduction. Along
with the anatomical features discussed previously that can impact airflow dynam-
ics, internal composition of the nasal mucous layer and chemical properties within
it can influence odorant-receptor interactions. The nasal mucus layer covering both
olfactory and respiratory epithelia ranges in thickness from 5 to 30 pum in the olfac-
tory region and 5-12 pm in the respiratory region (Menco 1980). From a visual
perspective, the sensory and non-sensory regions of nasal epithelia covered by a
continuous layer of mucus have few distinguishable features. However, it is impor-
tant to differentiate these regions as they represent two functionally distinct areas
with varying contributory cells, microbial composition, and odorant concentration
parameters. For example, the odorant partition coefficient between regions of nasal
mucus has revealed quantifiable differences on odorant deposition patterns along
sensory epithelia in mammals (Nagashima and Touhara 2010; Rygg et al. 2013).

There are conflicting results in the computational modeling studies that have
examined the chromatographic theory. A combined electro-olfactogram and com-
putational fluid dynamics model in the mouse by Coppola et al. in 2019 found no
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relationship between the EOG odor-responsive localized activation pattern and the
corresponding odor sorption patterns (Coppola et al. 2019). However, in canine
simulation models, highly soluble odors showed a concentrated deposition pat-
tern along the rostral region of the olfactory recess through the dorsal meatus and
nasal septum area compared to moderately soluble odor deposition patterns spread
uniformly throughout the recess (Craven et al. 2010; Lawson et al. 2012).

Levels of enzymatic activity in the olfactory neuroepithelium have also
been shown to influence odorant properties, as higher enzymatic activity
resulted in increased active metabolites stemming from chemically-whole odor-
ants (Nagashima and Touhara 2010). Enzyme-mediated transformation of odorants
before receptor interaction as well as odorant removal by odor degrading enzymes
(ODE) are unsurprisingly major factors that influence how often and in what ways
odorant ligands meet olfactory receptors. Effects of odorant biotransformation
into metabolites within the mucus layer were emphasized through reported vari-
ations in receptor responses between in vitro and in vivo mouse studies, wherein
the only environmental difference was the presence or absence of an odorant-
metabolite mixture prior to OR engagement (Nagashima and Touhara 2010). The
key secretory source of mucus within the OE, the Bowman’s gland, produces high
concentrations of an essential metabolizing enzyme, cytochrome P450 (CYP), also
found in the liver with comparable activity levels. Other relevant metabolizing
enzymes secreted by the Bowman’s glands that participate in degradation of xeno-
biotics include dehydrogenases, oxidases, reductases, carboxylesterases, epoxide
hydrolases, uridine diphosphate glucuronyl transferase, glutathione S-transferase,
rhodanese, angiotensin-converting enzyme, peptidases, kallikrein, and esterases
(Kaliner 1991; Ohkubo et al. 1998; Mayer et al. 2009). These enzymatic fac-
tors play a complex role in odorant modification for both recognition as well as
degradation and subsequent odor removal, as the mucus layer has a high turnover
rate.

Furthermore, the presence of an extracellular signaling molecule and embry-
ological inducer known as Sonic Hedgehog (Shh) has been established in nasal
mucus where a dose-dependent relationship with olfactory function was reported
(Henkin et al. 2017).

Along with odorant modification, some odorants are chaperoned through the
mucus layer to receptor targets by odorant binding protein (OBP) (Pelosi 1996;
Badonnel et al. 2009). These multi-functional proteins facilitate the delivery of
volatile and hydrophobic odorants to their respective receptors. The quantity and
variety of OBP types vary among mammalian species, with only one OBP estab-
lished in humans while hundreds of variations have been identified in other
mammals (Briand et al. 2002). OBPs belong to the lipocalins protein family, which
consists of low molecular weight proteins with low ligand specificity, consistent
with their relatively reversible binding properties (Pevsner and Synder 1990; Pelosi
1994).

Consistent with the tight linkage between immune function and mucosal sur-
faces found throughout the body where external and internal environments meet,
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the olfactory mucosa requires considerable multi-level defense mechanisms. Pri-
mary defenses include nasal secretions that contain immunoglobulins such as IgA,
IgM, and IgG (Kaliner 1991). Pathogen-specific defenses include innate immune
cells and B-lymphocytes, antimicrobial peptides, lysozyme protein, and lactoferrin
(Mellert et al. 1992). There may also be defense-related roles of the micro-
biota populating olfactory epithelial tissue, though this remains to be directly
established.

Other components of the peri-receptor environment include metals. Copper and
zinc ions, as well as magnesium and calcium, specifically, have been reported
in the nasal mucus. The estimated concentration of copper was 40 uM in mice
and 16 wg dL™! in humans, while the reported levels of zinc, magnesium, and
calcium in humans were 14 g dL™!, 1554 pg dL™!, and 5303 pg dL~!, respec-
tively (Henkin et al. 2000). Relative concentrations of metallic content between
whole nasal mucus and that covering specifically olfactory regions have not been
compared. Although they are visually continuous, their distinct enzymatic and
glandular contributions should be taken into consideration when conducting fur-
ther evaluations. Similarly, the microbiota composition and influence within the
olfactory system is not yet established as only limited studies report direct eval-
uation of the main olfactory epithelium and a few have discussed findings in the
closely associated ethmoid recess in humans (Yan et al. 2013; Francois et al. 2016).
Evaluations of the nasal cavity microbiome have focused on respiratory epithelium
and pulmonary system considerations. While the role that microbes play in rela-
tion to social and behavioral cues through microbial odorant production within
glands has been explored, continued work on more widespread composition and
immunological roles across species is necessary.

A relatively recent field of study considering interactions between metals and
the nervous system is called “metalloneurochemistry” (Lippard 2014). Primary
metals of focus include zinc, iron, copper, and manganese as their composition
makes them likely contributors of co-factors for various proteins and enzymes.
Increased recognition of these metals in biologically-relevant environments and
a need for further elucidation of their roles within the central nervous system
have led to more directed effort toward characterization and investigative tools.
Zinc ions, specifically, have been localized in areas of the CNS including the
olfactory bulb, hippocampus, hypothalamus, and cerebral cortex in large concen-
trations. The concentration is mostly in the glomerular and granular layers and
considered mobile within neurons (Frederickson and Danscher 1990; Sensi et al.
2009). Measurable quantities were also found in cerebrospinal fluid at an esti-
mated concentration of 31.5 mg L-! (Agarwal and Henkin 1982). The observed
abundance of zinc ions in such a highly protected bodily system is biologically
considerable. Furthermore, reported reductions in some tissues during states of
deprivation, particularly in peripheral sites such as bone, testes, and plasma, with-
out a corresponding depletion from the CNS uniformly, suggest a significant role
in normal homeostatic function (Jackson et al. 1982). Glutamate is an excitatory
neurotransmitter utilized by OSN, mitral, and tufted secondary neurons of the
olfactory bulb synaptic cleft. During glutaminergic neuronal signaling at this site,
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zinc is co-released by exocytosis, which may be contributing to the neurotrans-
mitter recognition, though its target and functional role is not fully established.
Presentations of hyposmia and anosmia have been associated with zinc deficiency,
which further implicate its possible role in olfactory signal transduction.

Interest in understanding the role of various metals in receptor-level inter-
actions, neurotransmission, and overall central nervous system physiology has
steadily increased. As one of the most evolutionarily conserved subsets of the
nervous system across species, the olfactory system is a relevant site to investi-
gate such phenomena. A shuttlecock mechanism at the 4-5 transmembrane loop
of olfactory receptors, which are classified as 7-transmembrane G-protein coupled
receptors, (GPCR) has been proposed for the function of zinc or copper metals.
The suggested mechanism is based on the principle of increased biochemical sensi-
tivity to thiols and amines, which would assist activation of the olfactory receptor
upon odorant binding and further indicate OR metalloprotein properties (Wang
et al. 2003).

The interplay of metals and biology has a component established in neurobi-
ology, with many implications in the sensory system of olfaction in the olfactory
bulb and higher cognitive centers. Ionic zinc applied to the olfactory epithelium
is inhibitory to olfaction and zinc salts are commonly used to induce anosmia in
experimental settings (Smith 1938; Rowe and Smith 1972; Ishimaru et al. 2000).
Zinc particles were identified in human and animal blood that was in the nanoscale
(1-2 nm) and non-ionic which evoked significant enhancement in combination
with odorant in the olfactory sensory neuron (Viswaprakash et al. 2006, 2009).

Subsequent ex vivo experiments in isolated, viable neuroepithelium from rat
models demonstrated dose-dependent, specific, and reversible enhancement prop-
erties of zinc nanoparticles. In conjunction with effects observed at the epithelial
level in rodents, further investigation into higher processing of olfactory informa-
tion was conducted in an in vivo canine model. Functional magnetic resonance
imaging (fMRI), a method that analyzes cognitive activity through relative levels
of neuronal activation, was performed on awake and anesthetized canines exposed
to odorants with and without zinc nanoparticles. Increased activity in brain regions
involved in olfactory processing, specifically the olfactory bulb and hippocampus,
was observed following zinc nanoparticle administration with odorants, which is
consistent with previously shown signal intensity enhancement at the epithelial
level. This complementary work suggests enhancement at the level of perception
(Jia et al. 2016).

Microenvironments throughout biological systems are known to be colonized by
diverse communities of microorganisms. The characterization of these communi-
ties is integral in understanding the interactions between the host and the colonies
of microorganisms (Tress et al. 2017). Microbiomes are integral in the maintenance
of homeostasis within individuals (Biswas et al. 2020). The microorganisms of the
gut are intimately involved with digestion, provision of nutrients, social behavior,
anxiety (Francois et al. 2016), immunological tolerance, and some autoimmune
diseases. Disturbances in the commensal relationship with microbiome may lead
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to diseases (Wilson and Hamilos 2014) such as cancer, depression, and inflam-
matory and metabolic disorders (Koskinen et al. 2018). However, it is not known
if community composition changes in the microbiome between health and disease
are direct consequences of disease processes or if the changes themselves influence
disease progression (Tress, et al. 2017). Additionally, the microbiome plays pivotal
roles in epithelial development as demonstrated by germ-free rodents experienc-
ing drastic deficits in intestinal epithelial development compared to typical rodents
(Francois et al. 2016) and germfree zebrafish demonstrating deficits in olfactory
epithelium (OE) development (Casadei et al. 2019).

Variation in host phylogeny, lifestyle, diet, physiology, and medical interven-
tions can all have profound influences on the composition of the microbiome
among individuals. Genetically identical rodents can have different microbiomes
due to differences in factors of their environment including diet, litter, vendor,
shipment, facilities, and exposures to microbes early in life (Chaves-Moreno et al.
2015). Additionally, the microbiota of the gut is known to impact the nasal region
including the physiology of the olfactory epithelium (Francois et al. 2016; Isaiah
et al. 2017; Thangaleela et al. 2022), feeding behavior and the hedonistic values
of odors (Naudon et al. 2020). The epithelium of the upper airway aids in sensing
the environment and regulating inspired air, linking the environment directly to the
host immune system (Toppila-Salmi et al. 2015). Microbial communities act to aid
in homeostasis, prevent pathogen attacks, and assist in immune regulation surviv-
ing within the host as mutualistic tenants or opportunistic pathogens (Thangaleela
et al. 2022).

The bacterial community composition of the nasal cavity can mirror olfac-
tory function. Microbiomes modulate olfactory epithelial physiology that can alter
responses to odorant perception. Some bacteria produce strong-smelling com-
pounds able to influence the perception of external environmental odors (Koskinen
et al. 2018). However, describing the taxa can be challenging due to the fact
that between 20 and 60% of the human microbiome is uncultivable (Wilson and
Hamilos 2014) and low biomass samples subjected to marker gene amplification
are prone to bias arising from over amplification over represention of some taxa
(Knight et al. 2018).

Nasal cavity microbes aid in the maintenance of the physiology of olfactory
epithelium and thereby maintaining olfactory capabilities (Biswas et al. 2020). The
human nasal cavity is colonized by many taxa including Actinobacteria (50%), Fir-
macutes (28%), and Proteobacteria (14%). Normosmotics and hyposmotic humans
have significantly different microbial communities within their nasal cavities. High
proportions of taxa, such as the genus Campylobacter, appear to be significantly
associated with a decrease olfactory ability (Koskinen et al. 2018) while reduc-
tion in Corynebacterium is linked to olfactory deficits. In humans grouped into
anosmia, hyposmia, and normosmia, the nasal bacterial communities of those with
anosmia have significantly reduced diversity than in humans with hyposmia and
normosmia. Additionally, the relative abundances of Streptococcus and Anaerococ-
cus were significantly more abundant in humans suffering from anosmia (Biswas
et al. 2020).
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When measured with 16S rDNA sequencing, the mouse OE microbial commu-
nity consists of primarily of Bacteriodetes and Firmacutes with smaller proportions
of Proteobacteria and Actinobacteria (Francois et al. 2016). In canines, Bacteri-
odetes, Firmacutes, Fusobacteria, and Tenericutes dominated the oral cavity while
the nasal cavity principally contained Actinobacteria and Proteobacteria (Isaiah
et al. 2017). The majority of studies examining the microbiomes of the nasal cav-
ity have been performed with 16S marker gene amplification, which provides a
low-resolution view of the microbial communities, and are prone to bias. Metage-
nomics, sequencing all of the microbial genomes from a sample, can be performed
to achieve a higher taxonomic resolution to ascertain taxonomic and functional
information of the microbe community (Knight et al. 2018). This information
could prove to be vital in the treatment and prevention of diseases related to
the respiratory and olfactory systems and provide a more comprehensive under-
standing of the function of the microbial community in relation to olfactory
abilities.

5 Olfactory Receptors, Gene Families, Expression,
and Evolution

The high density of olfactory sensory neurons represents a large receptive field
for receiving stimuli. The olfactory system across species is a critical system well
represented by the high number of OR genes present (Persuy et al. 2015). The OR
gene origins can be traced back to the common ancestor of the phylum Chordata,
demonstrating an important role throughout evolution in all vertebrate (Niimura
2012). This likely reflects the multiple and possible undiscovered roles of ORs and
OR neurons. Physiologically, the olfactory system is involved in critical survival
functions such as foraging, feeding, hunting, predator avoidance, spatial orien-
tation, and stress. It also plays a role in the psychological processes of social
behaviors, reproduction, and maternal bonding (Persuy et al. 2015).

The OR has been identified as a G-protein coupled receptor (GPCR) repre-
senting the largest family of GPCRs, the Rhodopsin family, and form 1-3% of
the estimated mammalian gene repertoire (Glusman et al. 2001; Reed 2004).
This approximately 300 amino acid protein receptor type is defined by its 7-
transmembrane domains of approximately 20 amino acids each. The extracellular
N-terminus exhibits higher polymorphisms and variability corresponding to a large
diversity of ligand binding capacity and a more conserved C-terminus intracel-
Iular domain (Quignon et al. 2005). This receptor type operates to allow for
signal amplification translating very minute detectable amounts of odorant stimuli.
The functional importance of each transmembrane region varies relative to odor
recognition and discrimination. There is a higher level of divergence noted in the
transmembranes 3 (TM3), 4 (TM4), and 5 (TM5) (Liu et al. 2003).

The nomenclature system recently applied by the Vertebrate Gene Nomencla-
ture Committee to the cow, horse, chimpanzee, and dog is the Mutual Maximum
Similarity (MMS) algorithm. This system is a systematic classifier that assigns
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a human-centric nomenclature to olfactory receptor genes. In its evaluation,
the chimpanzee showed ~87%, cow ~30%, and dog ~50% symbolic identity
to humans, which suggested ecological, environmental, and imposed adaptive
changes in the OR gene superfamily (Olender et al. 2020).

The environment is made up entirely of molecular information, allowing for a
nearly unlimited number of odorant possibilities for the olfactory system to inter-
pret. Given the unknown amount of odorant molecules that could be encountered
and the relatively specific nature of odor perception amongst such complex mix-
tures, this chemosensory system that is equipped with a finite set of receptors is
thought to employ a combinatorial coding mechanism (Malnic et al. 1999). In
essence, a fixed capacity of olfactory machinery can interpret a vast array of odor-
ant molecules through dynamic binding properties and topographically organized
signal processing. The premise that only certain portions of an odorant molecule
may be recognized by a given receptor type allows for this combinatorial mecha-
nism by which one odorant may activate multiple receptors and one receptor may
recognize multiple structurally similar odorants. Furthermore, a given odorant may
elicit specific combinations of OR activation that leads to a distinct odor finger-
print. When the odor is presented in a mixture of others, the perceived scent may
change. This concept is supported by the commonly reported observation that odor
concentrations influence olfactory response and perception, some eliciting drastic
changes, as increased presence of a given odorant allows for recognition by more
receptors which may vary in excitability. Although the overall olfactory process-
ing mechanism seems to remain fairly consistent across species, there are notable
variations in the number and diversity of olfactory receptors between microsmatic
and macrosmatic organisms. While humans, rodents, and dogs share functional
aspects of odorant processing and perception, different genetic OR repertoire result
in very different ranges of odor recognition and sensitivity. For example, mice have
a receptor for detecting CO, that humans are lacking in their repertoire, rendering
it odorless to humans (Hu et al. 2007). As with all phenotypes that exist in nature,
selective pressures influence genotypic continuation in any given environment. The
olfactory system works in direct response to its environment, so species inhabiting
variable selective conditions may have evolved through a need for receptor diver-
sity and others for quantity or regenerative capacity. Teleosts such as Zebrafish,
for example, demonstrate fewer OR gene numbers than humans, though amongst
those numbers is more OR diversity (Table 1) (Niimura 2012).

Phenotypic characterization through behavioral assessments has been the pri-
mary method for evaluation and selection in domestic dog breeding cohorts based
on breeding goals. This may include trainability, olfactory acuity, size, or specific
features as example. More recent efforts are underway in working dogs to improve
selection through genotypic characterization and genome scanning of behavioral
selection (Eyre et al. 2022).

Studies on olfactory receptor genes across multiple dog breeds have shown
both high levels of uniformity, gene family level, and high levels of variation,
lower gene levels (Issel-Tarver and Rine 1996; Olender et al. 2004; Quignon et al.
2005; Tacher et al. 2005; Robin et al. 2009; Chen et al. 2012; Derrien et al.
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Table 1 Olfactory receptor genes species variance

Species Approx OR genes Identified % References
pseudogenes (%)

Human 860 50-60 Zozulya et al. (2001),
Gilad et al. (2005)

Mouse 1000 23 Young and Trask
(2002), Gilad et al.
(2005)

Rat 1700 28 Young and Trask
(2002), Gilad et al.
(2005)

Zebrafish 133 12 Niimura (2012),
Saraiva et al. (2015)

Dog 1100 20 Quignon et al. (2003),
Niimura (2012)

Pig 1300 9 Nguyen et al. (2012)

Cat 1052 35 Galibert et al. (2016)

Gray short-tailed opossum | 1492 20 Niimura and Nei

(Monodelphis domesitica) (2007)

Platypus (Monotremata) 718 52 Niimura and Nei
(2007)

Cow (Cetartiodactyla) 2119 46 Niimura and Nei
(2007)

Primate (Macaque) 606 46 Niimura and Nei
(2007)

Primate (Chimpanzee) 813 50-60 Gilad et al. (2005),
Niimura (2012)

African elephant 4200 53 Niimura et al. (2014)

Chicken (Gallus gallus) 479 23 Steiger et al. (2009)

Zebra finch (Taeniopygia 553 40 Steiger et al. (2009)

guttata)

Green anole (Anolis 156 27 Steiger et al. (2009)

carolinensis)

2012; Ostrander 2012; Quignon et al. 2012; Rusyn et al. 2018). Genetic diver-
sity of canine olfactory receptors comparing select breeds indicated differential
effects by breed (Robin et al. 2009). Furthermore, breed clustering was found
in good agreement with OR genotype clustering across multiple breeds, though
not completely breed-specific (Galibert et al. 2016). Despite the significant vari-
ations across breeds, an analysis of the four olfactory receptor gene subfamilies
in dogs across 26 breeds demonstrated stability in the number of genes in each
subfamily (Issel-Tarver and Rine 1996). Specific alleles have been suggested to
play a role in odor detection and odor recognition efficiency with specific sin-
gle nucleotide polymorphisms (SNPs) (Lesniak et al. 2008). Furthermore, a study
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by Yang et al. suggests the selective breeding within Labrador retriever working
dog populations has promoted SNP alleles of OR genes (Yang et al. 2022). Over-
all SNP distribution shows high heterogeneity across OR genes with more than
50% of OR genes disproportionally harboring the majority of SNPs. Also, across
the dog breeds evaluated heterogeneity was observed with 35% of SNPs showing
breed-specificity (Robin et al. 2009). Studies that focused on genetic variants of
canine olfactory receptor genes have found a significant association with particular
alleles such as cOR52N9, cOR9S13, and ORIOH1 linking single-nucleotide poly-
morphisms to odor detection capabilities (Lesniak et al. 2008; Yang et al. 2022).
A series of studies using an olfactory epithelial brushing technique presented pre-
liminary RNA profiling results in dogs that suggest the singular neuron olfactory
receptor expression may be higher than in other species such as the rat and fur-
ther demonstrated wide variations in expression which need further exploration to
establish biological significance (Galibert et al. 2016; Azzouzi et al. 2022).

In a breed-select evaluation of 10 canine nasal biopsy samples, results suggest
that up to 40% of the olfactory receptor gene repertoire may be silent and not
expressed within the RNA profiles established (Azzouzi et al. 2022). However,
other studies including mixed breeds suggest this rate to be much lower at only
14% of genes not detected (Saraiva et al. 2019). The overall ratios between both
studies suggest a higher ratio of expression in dogs as compared to those in mice
and humans and a large dynamic range was seen with some homologous subtypes
highly abundant. Additionally, across all species analyzed (rat, mouse, dog, mar-
moset, macaque, and human), additional chemosensory receptors were expressed
including trace amine-associated receptors (TAARs) and MS4A along with genetic
markers for GUCY2D/GC-D+ or GUCY1B2+ OSNs. Of the TAAR gene family,
TAARS was most abundant in humans and dogs, and of the MS4A gene family,
MS4A7/Msd4a7 was most abundant in the marmoset, dog, and rat (Saraiva et al.
2019).

Comparisons of human, mouse, and canine olfactory receptor genes showed
homologous gene clusters across various chromosomes between species showing
close conservation of at least four olfactory receptor gene subfamilies (Carver
et al. 1998). Between dogs and humans, there is a strongly conserved OR genomic
distribution suggesting shared common mammalian ancestry, though subsequent
expansion within the dog repertoire noted in emergence of canine-specific OR
genes (Quignon et al. 2003).

Varying fractions of the OR genetic repertoire among all studied organisms are
considered pseudogenes, or sequences that are non-functional due to the presence
of frameshift mutations, nonsense mutations, or substantial deletions. Another pos-
sibility for incomplete fulfillment of OR genetic capacity occurs when there are
partial sequences of intact genes, but they maintain the potential for completion
without disruptive mutations. In studies evaluating the proportion of pseudogenes
among functional genes, criteria for an OR gene to be considered functional are if
the open reading frame starts at the initiation codon and ends at the stop codon.
Additionally, truncated genes that maintain the capacity for complete sequencing
without disruptive mutations are not included in pseudogene categories (Niimura
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2012). Receptor diversity across species is evident as the percentages of known
repertoire representing pseudogenes ranges from over 50% in some species such
as humans to under 10% in other species such as pigs (Table 1) (Zozulya et al.
2001; Young and Trask 2002; Quignon et al. 2003; Gilad et al. 2005; Niimura
and Nei 2007; Steiger et al. 2009; Nguyen et al. 2012; Niimura 2012; Niimura
et al. 2014; Saraiva et al. 2015; Galibert et al. 2016). Canines have 1100 receptor
genes, 75% considered intact or non-pseudo genes compared to humans with 802
odorant receptor genes and 48% considered intact or non-pseudo genes (Nei et al.
2008; Niimura et al. 2014). The relatively low pseudogene ratio and the breed-
specific polymorphisms are suggestive of a low selective constraint relative to the
high redundancy within the olfactory combinatorial code and pseudogenization
process.

The OR sequences are further categorized into Class I and Class II genes.
Class I genes are more conserved and represent receptor types that bind primar-
ily hydrophilic odorants. Class I OR genes are further subcategorized based on
whether they interact with airborne odorants (group o), water-soluble odorants
(groups 8, €, ¢, and n), or both (group B) (Niimura 2012). Class IT OR genes rep-
resent those binding hydrophobic airborne odorants, and include only subgroup vy.
Through olfactory receptor conservation amongst various species, mammals retain
only Class I group a and Class II receptor genes, while Xenopus (amphibians)
encode Class I and II genes. However, teleosts encode all subgroups of Class I
without Class II genes (Table 2). Class I receptors may be referred to as “fish”
genes due to the characteristic binding of hydrophilic odorants that are primar-
ily water-soluble. However, a genetic repertoire to encode Class I receptors has
been conserved among some non-aquatic and mammalian species that interact
with only airborne odorants. In a phylogenic comparison of zebrafish to mouse OR
Class I, it was demonstrated that the mice exhibit similar average pairwise iden-
tity to the zebrafish families with 27.3 £4.8%SD identity. A similar comparison
of Class II OR between these species resulted in a 27.7£5.5%SD identity match.
They further showed that calculations comparing consensus sequences represent-
ing each family yielded similar results (Alioto and Ngai 2005). The conservation
of these “fish” genes in non-aquatic species represents the evolutionarily ten-
dency over time to develop pseudogenes in a particular class that has been more
selectively limited. Some interpretations indicate that these seemingly unused yet
conserved receptor types still have functional significance in humans (Niimura and
Nei 2005a, b, c; Persuy et al. 2015).

Olfactory receptors (OR) of the MOE are only one of four olfactory receptor
groups in mammals, though all share the common classification of being G-protein
coupled receptors. Other receptor groups include vomeronasal receptors (V1R and
V2R) and trace amine-associated receptors (TAARs). Distinct from the MOE, the
vomeronasal organ (VNO) operates as an accessory olfactory system structure acti-
vating anatomically distinct neural pathways in response to pheromones. Not all
mammals have an established VNO, as it is thought to have degenerated in some
species such as humans. Unlike odorant transduction in the MOE, pheromones
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Table 2 Olfactory receptor genes species variance in representative Class I and II groups

Species a Beta Y d € T n
Human 58 - 329 - - - -
Mouse 113 3 947 - - - -
Rat 136 2 1121 - - - -
Zebrafish 1 1 62 12 37 38
Dog 161 1 660 - - - -
Primate (Chimpanzee) 64 - 335 - - - -
Chicken (Gallus gallus) 10 - 290 - - - -
Zebra finch (Taeniopygia guttata) 2 - 31 - - - -
Green anole (Anolis carolinensis) 1 - 108 - - - -
*Representative of intact OR genes Steiger et al. (2009), Niimura (2012)

are processed differently and engage with only two types of vomeronasal recep-
tors (VR), VIR or V2R, which are expressed on microvilli of sensory neurons
in the VNO that project their axons to the accessory OB (Korsching 2009). VR
are far less diverse than OR found among the main olfactory epithelium, though
the two subtypes share distinct evolutionary trajectories and are not thought to be
universally conserved even in species with intact VNO. Dogs, cattle, and primates
reportedly lack the V2R subtype while this gene family shows limited expression
in rodents (Salazar et al. 1992; Young and Trask 2007).

A subset of VNO neurons (~1%) were found to express a novel group of
functionally-related GPCRs in the vomeronasal organ, termed formyl peptide
receptors (FPR) (Riviere et al. 2009). Expression of these receptors has also been
established in cells of the immune system with demonstrated responses to formy-
lated peptides and other proteins associated with inflammation (Le et al. 2007).
FPR-expressing VNO neurons are thought to play a role in detection of infected
tissues internally or among other species, as well as possible food contamination,
based on the understanding that formyl peptides are released by bacteria (Riviere
et al. 2009).

Among one subset of OSN known as GC-D neurons, which express guany-
Iyl cyclase, the characteristic cAMP pathway common to most OSN in the MOE
is absent while a cGMP-phosphodiesterase (PDE2A) pathway is displayed. This
non-canonical pathway utilizes cGMP-sensitive cyclic nucleotide gated (CNG)
channels versus the traditionally present cAMP-sensitive CNG channels. Infor-
mation propagated to higher brain centers through GC-D neuron axons are found
to synapse at glomeruli toward the caudal aspect of the olfactory bulb (Juilfs et al.
1997). Receptors demonstrating this transduction pathway were found to be sen-
sitive to urinary peptides, uroguanylin, guanylin, and carbon dioxide in certain
species (Leinders-Zufall et al. 2007; Sun et al. 2009).
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Two basic principles of the olfactory system that underly signal transduction
from OR to OB have been defined in most species. First, the “one-neuron-one-
receptor” rule describes the concept that each individual OSN expresses a single
functional OR type which interacts with a specific molecular range of odorants
(Li et al. 2004). This suggests that a species can have any size of OR genetic
repertoire, but only one of those specialized OR types is expressed on a given
neuron. The second basic principle is that certain groupings of axons share target
glomeruli, particularly OSNs expressing the same or similar ORs. Thus, combi-
nations of receptors activated by related odorants propagate signals through axons
that converge on a fixed set of glomeruli within the olfactory bulb (Korsching
2009). Consistent reports in agreement with the one neuron one receptor rule are
most prevalent in zebrafish, though a few exceptions have been reported in goldfish
(Speca et al. 1999; Sato et al. 2007).

The evaluation and categorization of receptor ligand pairs, deorphanization,
have been performed to limited capacity across odorant receptors, with more lim-
ited studies in dogs due to epithelial access. However, some studies using in vitro
cloning and expression have successfully deorphanized some of the receptor lig-
and pairs. This has resulted in the reinforcement that individual OR may respond
to numerous odorants and that a single odorant may activate multiple OR types
and additionally that odorants do not necessarily act in an additive fashion when
applied in a mixture suggesting a non-additive complex receptor combinatorial
code (Benbernou et al. 2007). Layering complexity into the odor mixture olfac-
tory receptor interaction is the ligand dimerization, inhibition, and antagonism that
can occur at a receptor (Oka et al. 2004; Katada et al. 2005).

Monogenic and Monoallelic expression of OR genes is achieved during the
maturation and differentiation process of olfactory sensory neuron development
(Monahan and Lomvardas 2015). Single genes are expressed in monoallelic fash-
ion on a single olfactory sensory neuron, meaning the random expression of the
maternal or paternal homologous allele for a given odorant receptor type occurs,
which is a monoallelic expression of what can be a possible variant of the odor
receptor gene type (Chess et al. 1994; Ishii et al. 2001; Mainland et al. 2014; Mal-
nic et al. 2016). The receptor expressed guides not only selective odorant affinity
and binding but also neuronal development guidance during axonal migration and
establishment of neural circuitry with the respective glomeruli of the olfactory bulb
(Feinstein et al. 2004; Feinstein and Mombaerts 2004).

Studies in rodent models have demonstrated a random distribution of a singly
expressed OR across spatial zones within the olfactory epithelium resulting in an
odor receptor expression pattern and zonular map (Mombaerts 1996; Mombaerts
et al. 1996a, b; Zhu et al. 2022). Though there is more to learn regarding the
full functionality of this zoning pattern and its presence across multiple species,
it is suggested to aid in discrimination and may support the long-standing chro-
matographic theory (Mozell 1966; Ressler et al. 1993; Cenier et al. 2013; Scott
et al. 2014; Secundo et al. 2014). However, recent modeling studies lack support
for a corresponding odor deposition pattern aligning with higher affinity receptor
subtypes within the epithelia (Coppola et al. 2019).
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Graphical representations of signaling pathways, or “odor maps” are used to
describe the combinations of specific OR-expressing neurons with their respec-
tive odorant receptive range. These species and odor-specific maps are key to
understanding, and possibly engineering, the foundational molecular and neural
mechanisms at play. At the core, odor maps use single-cell information about OR
expression and connectivity to establish a larger scale view of combinatorial cod-
ing topographically. Early generated maps in rabbits, rodents, and Drosophila gave
deeper insight into the consistency of molecular, anatomical, and functional orga-
nization and demonstrated that even species as distant as Drosophila share the
basic olfactory system principles (Couto et al. 2005).

On average, OR proteins are 310 amino acids in length. Collective evalua-
tion of these sequences reveals a degree of inter and intraspecies variability at
specific locations. The respective variability or alignment is thought to indicate
relatedness as well as functional significance in certain regions, particularly sites
of odorant binding and G-protein activation. The GPCR family has shown very lit-
tle divergence in key signaling characteristics. The OR as a member of this family,
there are smiliarties at the genetic level associated with conservation of signaling
molecules. The most notably conserved area is found where the third transmem-
brane region (TM3) meets the intracellular loop leading to transmembrane region
4 (TM4), in which the sequence of translated amino acids (aspartic acid—arginine—
tyrosine) is shared amongst the rhodopsin-like GPCRs such as olfactory receptors
(Rovati et al. 2007). This highly conserved region may be involved in the uni-
versal G-protein coupling mechanism observed in this family of receptors. In
contrast, the diversity of odorant structures and receptor binding characteristics
would likely implicate genetic variability at binding sites. Regions of hypervari-
ability among olfactory receptor amino acid sequences are thought to be involved
in ligand binding, and have been reported between TM3 and TM6 sites (Niimura
2012). Ligand-binding regions are more closely aligned between receptors of the
same type, or orthologous receptors, that tend to interact with similar classes of
odorants.

A unique feature of OR genes, and more broadly Rhodopsin-like GPCRs, is
the lack of introns in their coding regions and additional 5" untranslated exons
found upstream of the coding region which can be alternatively spliced. These
non-coding regions can generate multiple mRNA isoforms that are still translated
into the same protein (Young et al. 2003; Niimura 2012).

Analyzing chromosomal distribution of OR genes is thought to reveal evolu-
tionary relationships between organisms and respective conservation of specific
sequences. While OR genes are found on almost all chromosomes, they are gen-
erally grouped in close proximity on individual chromosomes in what are termed
‘clusters’, or patterns in which fewer than 500 kb separates neighboring OR genes
(Niimura and Nei 2003). Some genomic clusters contain only a few genes, while
others contain over 100 OR genes; and the proportion of pseudogenes among these
clusters varies and is thought to be associated with phylogenetic relationships. OR
gene clusters often contain distantly related gene sequences while OR genes more
closely related can be found on other chromosomes or clusters (Niimura and Nei
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2003, 2005a, b, c¢). Functional OR genes that are phylogenetically related have
been found in several chromosomal clusters, or tandem arrays, and a particular
cluster often includes genes of multiple phylogenetic clades. Gene duplication
alone, after which functional divergence or total inactivation may occur, does
not sufficiently explain the apparent complexity of how phylogenetically related
receptor genes are distributed across clusters. Other phenomena to explain OR
evolution trends between tandem arrays of gene clusters have been explored and
several explanations include repeated tandem duplication, chromosomal translo-
cation, chromosomal inversion, unequal crossing over, and recombination. Gene
duplication by unequal crossing over is thought to result in accumulation of muta-
tions and increased diversity of the sequences of associated duplicates, which may
influence rates of pseudogenization. In the case of a single fragmented cluster dis-
persing on different chromosomal regions through the process of chromosomal
translocation, the observed distributions would be possible. A chromosome fis-
sion event at an OR gene cluster has been described in the great ape that may
have generated human chromosomes 14 and 15 (Rudd et al. 2009) and suggests
that several chromosomal rearrangements could have occurred at OR gene regions
resulting in the shuffling of clusters consistent with observed genetic trends. Fur-
thermore, recombination between different regions of chromosomes may result in
complex dispersal of otherwise related clusters.

Copy number variations (CNVs), or variations seen in the genome structure
itself which demonstrate many single nucleotide polymorphisms (SNPs), are com-
mon amongst OR genes (Waszak et al. 2010). These variations can lead to
inactivation of genes or result in pseudogenes, which were previously reported to
represent a range of less than 10% to over 50% of the total number of OR genes
across species (Table 2). When a collection of individual functional OR genomes
were analyzed, approximately 15% were affected by CNVs and 20% were affected
by segregating pseudogenes (Waszak et al. 2010). Significant changes in genetic
repertoire have been attributed to frequent gene duplications and individual rates
of pseudogene formation as demonstrated in a broad scope analysis across species
(Niimura 2012).

In species that are evolutionarily similar such as humans and chimpanzees,
OR gene correlation seems to be significantly aligned (De la Cruz et al. 2009).
Additionally, mouse and human OR gene clusters are generally well conserved
although mice have a larger quantity of OR genes (Table 2). Although quantity of
individual OR genes varies between these two species, the number of gene clusters
that contain 5 or more OR genes (5+Clusters) is aligned. Therefore, while having
comparable clusters, a single mouse OR gene cluster contains greater total numbers
of OR genes than are observed in human cluster counterparts (Niimura and Nei
2005a, b, c). Variations of gene duplication or loss among individual lineages were
studied across 13 placental mammals, in which intact OR genes were categorized
into orthologous gene groups (OGGs) and sequentially compared. Among the 252
OGGs, the mean amino acid sequence identity was 81.3% and the median amino
acid sequence identity was 82.1%. They found that more expanded gene lineages
characterized by higher rates of gene duplication have evolved more dynamically
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in function between species. There were three OGGs with the highest amino acid
sequence conservation coinciding with complete orthologous alignment across the
evaluated species. This work concluded that the conservation of gene number and
amino acid sequences of these OGGs may be indicative of functional importance
common to placental mammals (Niimura et al. 2014).

6 Atypical Receptor Expression

Receptor presence is predominantly expressed within the olfactory epithelium,
though more recent studies have demonstrated growing evidence of odor receptor
expression in non-olfactory tissues. While the evolutionary purpose of ectopically
expressed OR is relatively unknown, it is possible that they may serve important
non-olfactory roles (De la Cruz et al. 2009). Supporting research has reported OR
gene expression in atypical areas including the testis, where they had suggested
involvement in sperm chemotaxis (Spehr et al. 2003). Additionally, OR expression
in arterioles of the eye may be involved in detecting chemicals within the sensitive
environment as an added alert mechanism for hazardous exposure (Pronin et al.
2014). Other reports have found OR expression in the kidney possibly implicat-
ing renin secretion and blood pressure regulation (Pluznick et al. 2009, 2013).
Another atypical location with abundant OR expression was in enterochromaffin
cells throughout portions of the gastrointestinal tract, where they are thought to
function by inducing serotonin secretion. Also in this region but functionally dis-
tinct, OR expression in duodenal enterocytes was found to upregulate in response
to high-fat diet in obese rats, which suggested a role in the dietary fat regulation
and obesity susceptibility (Braun et al. 2007; Primeaux et al. 2013). OR localized
in some areas of skeletal muscle had reported involvement in cell migration and
muscle cell adhesion (Griffin et al. 2009). As a consensus, the most common func-
tional attributes of OR in atypical regions include chemosensation, chemotaxis, and
cell migration. Collectively, non-olfactory tissues in which OR have been found
include the gastrointestinal tract, brain, kidney, muscle, placenta, eyes, and more,
but the functional significance has not been established in each site. An important
consideration is that OR proteins expressed in non-olfactory tissues appear to be
regulated by different signaling factors than in traditionally-located nasal cavity
(Persuy et al. 2015). OR gene expression regulation seems to differ in OSN of the
main olfactory epithelium as compared to atypical sites observed. For example,
pulmonary macrophages found to express OR genes were reported to respond to
localized microbial infection. In this role, bacterially-released odorants appear to
induce OR expression on proliferating macrophages that migration toward the site
of infection (Li et al. 2013).
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7 Comparative Olfactory Functional Variations

In fish species, the nose is comprised of a single olfactory organ known as
the olfactory rosette, which lacks vomeronasal organ components. The olfactory
epithelium of this organ consists of 3 olfactory neuron types, the most predom-
inant of which are ciliated and microvillous cells, followed by crypt cells. Each
innervates the same OB through fascicle bundles of olfactory nerves. The pri-
mary cells differ morphologically and spatially in the OE. While ciliated cells are
found in the deeper basally located region of OE, microvillous cells are gener-
ally found in more superficial regions. Morphologically, ciliated OSN project long
dendrite with extensive cilia processes while the microvillous OSN are equipped
with shorter dendrites and topped with short microvilli. While a full molecular
expression of receptors present in these cells has not been established (Korsching
2009), four main water-soluble odorant categories detected by teleosts have been
suggested including amino acids, gonadal steroids, bile acids, and prostaglandins
(Niimura 2012).

The olfactory transcriptome of zebrafish and mice was compared for analysis
of evolutionary relationships, and results indicated strong conservation of cellular
and molecular foundational mechanisms even though millions of years of evolu-
tionary divergence separate the species. From an outside perspective, the single
olfactory system of aquatic-dwelling teleosts would seem quite distinct from the
dual vomeronasal and olfactory system of the air-breathing rodents. However, fur-
ther focus on the molecular relationships between the two revealed a high degree
of molecular conservation. For example, all but a single chemosensory recep-
tor class-tested in mice were expressed in the zebrafish olfactory organ. While
there were divergent classes of sensory neurons present, a closely correlated neu-
ral distribution and receptor gene repertoire were demonstrated (Saraiva et al.
2015). Zebrafish are phylogenetically found between mammals and insects/worms
(Korsching 2009).

The insect olfactory system is evolutionarily independent from mammals,
though many functional, pathway components, and signaling process correlations
have been demonstrated. Odorant receptors in insects belong to the same family
as gustatory receptors (Sato et al. 2008). These are 7-transmembrane proteins that
are inversely embedded in the cell membrane and containing an N-terminus exten-
sion into the cytosol (Benton et al. 2006). Very distinct from GPCR classes, these
receptors in OSN are ion channels that require heterodimerization to a secondary
odorant receptor protein, termed Orco, to activate (Silbering and Benton 2010).
These odorant receptors are present on hair-like protrusions from exoskeleton, or
sensilla, of insect antennae. Their axons project to the antennal lobe, analogous to
the OB in mammals, where a synaptic cleft with respective glomeruli is formed.
Furthermore, the patterned code through which secondary neurons send informa-
tion to what is known as the mushroom body is analogous to olfactory signal
transduction to the piriform cortex in mammals (Vosshall 2001).

A series of events must occur to achieve the perception of odor. This sen-
sation fundamentally requires an adequate stimulus with access to an accepting
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and available receptor that can interact within a supportive environment result-
ing in activation of signal transduction. Dogs are highly adapted as macrosmatic
animals demonstrating higher olfactory acuity, which can be attributed to various
factors including anatomical, physiological, and genetic considerations related to
the peripheral olfactory pathway covered in this chapter.
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1 Olfactory Signal Transduction Pathway: Peripheral
Nervous System

Olfactory receptors (OR) are chemosensory G-protein coupled receptors (GPCR)
with three distinct, or heterotrimeric, G-proteins including alpha, beta, and gamma
subunits. They represent the largest multi-gene receptor repertoire in mammalian
genomes (Buck and Axel 1991a, b). While the repertoire of OR genes varies
by species, the relative abundance in comparison to other receptor families is
conserved across mammalian genomes. Olfactory sensory neurons (OSN) and
Bowman’s glands are the two main components that differentiate the areas of olfac-
tory neuroepithelium from respiratory epithelia in the nasal cavity. At the apical
surface, dendritic processes of an OSN are densely packed with approximately 1—
50 non-motile cilia (Morrison and Costanzo 1990). The cilia express the classic 9
+ 2 configuration, which is 9 pairs of microtubule doublets arranged in a concen-
tric ring around a central pair of microtubules in the proximal segment but tapers
to microtubule singlets more distally (Menco 1984; Williams et al. 2014). Though
this configuration is typical of motile cilia, the OSN cilia are non-motile due to
a lack of dynein arms. The heavy density of OR and signaling proteins are pref-
erentially localized in the more distal end of the cilia where improved chance of
stimulus interaction can occur (Menco 1984; Matsuzaki et al. 1999; Flannery et al.
2006; Jenkins et al. 2009), potentially increasing the sensitivity of odor detection.

A basic principle on which the olfactory system functions is the expression of
only one receptor type on a given OSN also referred to as the one-receptor-one-
neuron rule (Li et al. 2004). This monoallelic and monogenic expression provides
stimulus specificity and discrimination. Odorants engage with these OR with vary-
ing degrees of affinity, setting off a cascade of enzymatic events (Buck and Axel
1991a, b; Firestein 2001).

The summation of potentials when multiple ORs are stimulated by the same
odorant type result in an action potential when the threshold is reached (Firestein
2001). The combinatorial coding at the OR level is achieved by specific ORs being
capable of odorant detection in a narrow spectrum or a broad spectrum while a
specific odorant molecule can also activate a variety of ORs across a spectrum of
intensity and attraction. The variations of OR sensitivity and specificity result in
groups of odorant-specific activation that can be overlapping and allow for a more
considerable combinatorial coding for more odorant detection possibilities (Persuy
et al. 2015).

Odor intensity is directly influenced by odor concentration, which subsequently
may correlate to the number of OSN stimulated, though conflating factors such as
exposure duration or physiological state may limit interpretation as a solely lin-
ear relationship (Stevens 1960; Chastrette et al. 1998; Sirotin et al. 2015). There
is a wide range of receptor tuning widths, described as the average number of
activated glomeruli per single odorant, and non-linear responses to monomolecu-
lar, binary, similar molecular groups or complex odor mixtures. In mice, studies
showed increased complexity from binary mixture to more complex odor mixtures
involved increasing levels of antagonistic odor interactions (Zak et al. 2020). At
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the odorant-receptor interface, the series of molecular mechanisms involved in
odorant recognition by the receptor is not yet fully defined. The subsequent signal
cascade following receptor activation and cellular depolarization is better studied
and established.

As with other electrically excitable cells, the intracellular environment of OSN
is negative compared to the exterior space, though the unique characteristic of
being exposed to the external environment requires these neurons to actively main-
tain a state of excitability under less than ideal conditions. The resting membrane
potential of OSN that remain in holding states primed for activation is -65 mV
with an activation threshold of approximately -45 mV (Firestein 2001). OR acti-
vation is initiated when the proper odorant ligand reaches the binding pocket of
an appropriate GPCR, resulting in a conformational change in the heterotrimeric
G-protein, Ggf, and guanine nucleotide exchange of GDP for GTP. This exchange
prompts dissociation of the alpha subunit, Gyolf, from Gg and G, subunits. Specific
sub-molecular events resulting in recognition and activation at the odorant-receptor
interface are not fully elucidated, as several theories associated with vibrational,
molecular, and biochemical properties are still explored yet not universally agreed
upon (Turin 2002; Block et al. 2015; Hoehn et al. 2017). The considerable repre-
sentation of OR among the mammalian gene repertoire emphasizes its evolutionary
conservation and biological relevance (Buck and Axel 1991a, b). A characteristic
of GPCR class receptors is the seven-transmembrane weaving pattern between
intra and extracellular sides of the plasma membrane. Starting with an intracel-
lular C-terminus, the protein transverses the membrane 7 times in loops leading
to an extracellular N-terminus. Upon the conformational change resulting in the
release of the Ggyorr subunit, this subunit then interacts with adenylyl cyclase III
(ACII) enzyme allowing for the intracellular conversion of adenosine triphos-
phate (ATP) to cyclic adenosine monophosphate (cAMP) (Firestein 2001). Levels
of cAMP increase to approximately 100 cAMP molecules per ACIII, allowing for
cAMP molecules to bind to the transmembrane cyclic-nucleotide gated (CNG) ion
channel which results in a conformational change and subsequent opening. CNG
channel opening allows a selective influx of positively charged calcium (Ca*) and
sodium (Na‘) into the cell. Concentration of CNG channels is estimated to exceed
2,000/um?, so the relative gradient change with incoming positive charge is con-
siderable. The changing membrane potential is further facilitated by the opening of
voltage-gated ion channels, specifically calcium-activated chloride channels, caus-
ing an efflux of negatively charged chloride (C17) into the extracellular space
(Firestein 2001). The opening of these voltage-gated ion channels is thought to
occur via transmembrane protein TMEM16B, which are suggested to associate
with the calcium-calmodulin precursor, calcium-free calmodulin apocalmodulin
(apoCaM), under resting conditions (Yang et al. 2014). The combination of posi-
tive influx and negative outflux may allow for more rapid membrane depolarization
as well as an environmental buffer to maintain proper resting states in less con-
trolled conditions. As OSN are exposed to the external environment in the nasal
cavity, the cilia on which the receptor sites are embedded may be more vulner-
able to atypical extracellular ion concentrations through external environmental
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perturbations. Therefore, this dual ion buffer system allows for a unique fail-safe
aiding in depolarization even when extracellular sodium levels may be low. As an
electrically excitable cell, the high intracellular chloride concentration compared
to the exterior environment is maintained as a mechanism for quick membrane
potential depolarization (Firestein 2001). Chloride efflux has been reported to rep-
resent 80% of the primary depolarization in the OSN (Lowe and Gold 1993). The
re-establishment of this C1~ gradient is unsurprisingly critical in maintaining a
buffer, and more recent work indicates ion transporter NKCClas the main con-
tributor (Haering et al. 2015). The NKCC1 ion transporter is a sodium, potassium,
chloride symporter transporting in a 1:1:2 ratio, respectively (Haering et al. 2015).
Redistribution of the cytosolic calcium to the extracellular space is also carried out
by Na*/ Ca?* extrusion through the transporter NCKX4 (Stephan et al. 2012). The
gradient re-establishment, or repolarization phase, initiates with temporary hyper-
polarization in which the cell is unable to respond to a stimulus while membrane
potential gradient is resetting.

There are several internal feedback mechanisms at play throughout this molec-
ular cascade involving multiple ion channels. Calcium influx during depolarization
acts directly on the associated ion channels through calcium-calmodulin binding,
decreasing the ion channel sensitivity to cAMP and dampening the response,
which elevates the threshold stimulus intensity required for subsequent excita-
tion. Additionally, the regulator of G-protein signaling (RGS) reduces levels of
cAMP production by direct inhibition of adenylyl cyclase III activity. Support-
ing evidence of this was demonstrated through experimental inhibition of RGS2,
resulting in downregulation of signal transduction in the neuronal membrane (Sin-
narajah et al. 2001). A similar multi-modal approach for response modulation to
olfactory stimuli is seen in regulation of adaptation by adjusting OSN sensitiv-
ity (Kurahashi and Menini 1997; Reisert and Matthews 2000; Firestein 2001).
Increased levels of cAMP by ACIII activate phosphokinase A (PKA), which phos-
phorylates the receptor, thereby inhibiting its continued function. Simultaneous
action by odorant receptor kinase (ORK) functions through cAMP activation of
the G-protein beta-gamma subunits. Furthermore, calcium-calmodulin activates
phosphodiesterase (PDE) within the cytoplasm, which degrades cAMP to restore
baseline levels (Firestein 2001). More recently, olfactory marker protein (OMP),
generally considered a biomarker for neuronal maturity in OSN, has been impli-
cated in modulation of the basal cAMP levels (Dibattista and Reisert 2016). OMP
is not expressed in basal stem cells or developing OSN found in the lower region
of OE but is present when functional activity is reached, which takes approxi-
mately one week in regenerating OSN (Kondo et al. 2010; Savya et al. 2019). The
achievement of functional activity would be consistent with the ability to regulate
and restore membrane potential, which is required for successful cell signaling.

Generated action potentials propagate through the basally extended axon where
it terminates at a monosynaptic second neuron target in the olfactory bulb (OB).
The OSN utilizes glutamate as its primary excitatory neurotransmitter for signal
communication (Berkowicz et al. 1994). The OSN axons will functionally col-
late with similar OR expression and bundle into fascicles enwrapped in olfactory
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ensheathing cells (OEC) and traverse through the cribriform plate to enter the
central nervous system.

2 Olfactory Signal Transduction Pathway: Central
Nervous System

As first-order neurons, the OSN axons project from their soma within the olfactory
epithelium to functionally respective glomeruli within the OB on second-order
neurons. The various glomeruli are selective for individual OR genes allowing for
collections of OSN axons expressing the same OR to bundle as axon fascicles
and innervate selective glomeruli within the OB, passing along the signal from
peripheral nervous system into the central nervous system (CNS) (Zhu et al. 2022).
The OB will serve as the initial filter within the CNS aiding in discrimination,
selectivity, and modification of odor sensitivities through modulation of odor noise
(Jia et al. 2014).

There is significant variability in relative olfactory bulb size within the CNS
across species. Some species show significantly larger relative bulb size, such as
the shark and the dog, than other species such as humans. The OB volume for the
dog was reported to be 0.18+0.02 cm® while the humans’ was 0.06+0.01 cm?
(Kavoi and Jameela 2011). The major cellular components of the olfactory bulb
include mitral and tufted cell neurons, peri-glomerular cells, and granular cells.
The site of synaptic connectivity between first-order OSN and second-order OB
neurons occurs in the glomeruli of the glomerular layer. As many different OSN
expressing individual OR alleles converge at shared glomeruli, there is signifi-
cant input from the neuroepithelial level at these synaptic sites. In rabbit models,
there are approximately 25,000 axons per glomeruli and about 1,800 glomeruli
per olfactory bulb (Firestein 2001). The olfactory bulb can be divided into six
distinct layers that are categorized based on cell types present and, particularly,
where the cell bodies of such cells are located. OB glomeruli represent spatially
encoded regions of incoming olfactory information as well as secondary process-
ing for further projections. The basic OB divisions are olfactory nerve, glomerular,
external plexiform, mitral cell plexiform, internal plexiform, and granule cell lay-
ers. First, the olfactory nerve layer is where OSN axonal projections enter the
olfactory bulb with information obtained from the nasal epithelium. The second,
termed glomerular layer, is the synaptic site where OSN release neurotransmitters
for post-synaptic excitation by secondary neurons. These neurons are collectively
called juxtaglomerular cells but are further subcategorized into periglomerular
cells, external tufted cells, and superficial short-axon cells. The third layer is called
the external plexiform layer, where primarily dendrodendritic synapses and tufted
cells are found. The fourth, or mitral cell layer, as the terminology suggests is
where mitral cell bodies are found although their dendritic processes extend to the
glomeruli for OSN convergence. Next, the internal plexiform layer is character-
ized by little synaptic activity and few cells, through which axons from mitral or
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tufted cells pass. The innermost layer is known as the granular layer, where gran-
ular interneuron cells of the OB core function as stem cells (Sarnat and Yu 2016;
Sarnat and Flores-Sarnat 2017; Sarnat et al. 2017).

The monoallelic and monogenic neuron expression also relates to associated
specific receptor glomeruli. Located on the superficial layer of the olfactory bulb,
these spherical glomeruli serve as the synaptic site between OSN axons and mitral
and tufted cells. Mitral cells are the primary efferent projection cell that are also
thought to play a role in post-synaptic signal modification, while tufted cells are
also involved in signal reception and projection. Both are considered glutamin-
ergic neurons as the excitatory neurotransmitter used is glutamate. Thousands
of OR-specific olfactory sensory neurons terminate on a single glomerulus, with
approximately 50 mitral and tufted cells involved in the post-synaptic response.
Maturation of the olfactory bulb results in mitral neuron cell developmental
changes, suggested by the increasing size of mitral cells with corresponding
decrease in quantity from juvenile age to adulthood (Wei et al. 2008). Lateral
interconnected mitral cells “refine” or “modify” the signal. This is thought to also
be a mechanism to support discrimination of odors. Glomeruli are surrounded by
periglomerular cells, which are interneurons that form dendrodendritic synapses
between the olfactory signal-carrying neurons and associated cells, mainly for
inhibitory purposes. Periglomerular cells consist primarily of inhibitory gabamin-
ergic and dopaminergic neurons acting on NMDA receptors of the mitral and tufted
projection cells within and between glomeruli (Ohm et al. 1990, 1991). The gran-
ular interneuron cells inhabiting the innermost layer also share inhibitory roles
regulating mitral and tufted cells through dendrodendritic gabaminergic synapses
(Hirata et al. 2006). An inverse reciprocal relationship between mitral and granular
cells is evident, in which mitral to granular stimulation is excitatory while granu-
lar to mitral stimulation is inhibitory (Kosaka et al. 1985). An estimated 50-100
inhibitory granular cells are reported to interact with a given mitral cell (Hirata
et al. 2006). Within the central nervous system, the olfactory bulb has the most
robust presence of dendrodendritic synapses (Kaba and Keverne 1992; Hayashi
1999). Not only the OB size but also activity vary between species. Some stud-
ies in the dog have suggested that female dogs have more active olfactory bulbs
and a suggested stronger long-term odor memory than those of males (Wei et al.
2017). This signal transduction pathway from first-order to second-order neuron
has remained ipsilateral to the point of the OB. Post-OB the pathway complexity
increases and is less well characterized with cross-over and extensive connections
throughout the brain.

Olfactory signal information continues from olfactory bulb glomerular conver-
gence through second-order neurons into the olfactory peduncle via the lateral
olfactory tract and then into primary cortical olfactory areas. These areas include
the basilar forebrain, limbic system, piriform lobe, lateral olfactory and parahip-
pocampal gyri, anterior olfactory cortex, periamygdala, entorhinal cortex, and
anterior cingulate cortex (Brunjes et al. 2011; Jia et al. 2014, 2016; Uemura 2015).
From an evolutionary perspective, the limbic system that includes the OB, entorhi-
nal cortex, hippocampus, and amygdala is generally considered a more primitive
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region of the brain associated with emotions and memories, which is relevant as
it relates to olfactory processing (Kanter and Haberly 1990). The olfactory cor-
tex consists of the anterior olfactory nucleus (AON), the tenia tecta, the olfactory
tubercle (OT), the piriform cortex (PC), cortical amygdaloid nucleus, periamyg-
daloid cortex, and the entorhinal cortex (Price et al. 1991; Zelano and Sobel 2005).
Signal processing occurs in the piriform cortex, where primary processing and
assigning contextual information of odor sources is thought to occur (Haberly
2001). Conscious perception of the odor source may occur in the frontal lobe area
of the neocortex (Ongur and Price 2000). More recent research using tandem dif-
fusion tensor imaging (DTI) and the Klingler dissection method olfactory cortex
network mapping in dogs revealed an extensive pathway to the occipital lobe in
addition to the established cortical spinal tract, limbic system, piriform lobe, and
entorhinal pathways (Andrews et al. 2022). The mapping and coding information
from the OB is not retained within the piriform cortex, but rather has more plas-
ticity. With repeated or varying exposures of odorants and odorant mixtures, the
higher cognitive response has been shown to change and demonstrate plasticity
that may result in unique odor perceptions under varying conditions. The trigem-
inal system engages with the olfactory pathway, providing ancillary information
through odor activation of trigeminal sensory receptors producing somatic sensa-
tions related to temperature and nociception. This trigeminal activation can directly
influence airflow and has even been shown to activate the piriform cortex (Hummel
and Frasnelli 2019). Quantity and quality of odors are important to optimize olfac-
tory perception, though there is much to learn about the complex neuroprocessing
of odors.

Much of the projections throughout the brain are confined respectively through
ipsilateral hemispheric communication, but there are contralateral communica-
tions that cross-over. Functional asymmetry in hemispheric processing of various
information and associated behaviors has been noted across multiple species (Gun-
turkun et al. 2020; Vallortigara and Rogers 2020). There are suggestions that
olfactory processing also is impacted by lateralization with detection, discrimi-
nation, and identification being differentially processed between the left and right
hemispheres (Cavelius et al. 2022).

The AON is the most rostral region of the olfactory cortex (OC) and has a large
number of commissural fibers that project contralateral and ipsilateral information
to the piriform cortices (PC) (Brunjes et al. 2005; Zelano and Sobel 2005; Yan
et al. 2008). The anterior commissure is one of two major regions of the brain
where pathways for transfer of information between hemispheres occur. Olfactory
allocortical structures transfer information across the midline at the anterior com-
missure. The average dog brain is 74600 mm> with the anterior commissure area
representing 2.54 mm? (Ashwell 2016).

The olfactory sensory system does communicate with the thalamus but uniquely
does not require communication with the thalamus as an intermediary prior to
higher brain centers and has a direct connection to those areas (Ongur and Price
2000; Shepherd 2005; Kay and Sherman 2007). All other sensory systems require
thalamocortical processing, but in regards to olfaction the thalamus is thought to
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hold a role in odor threshold (Challis et al. 2015). This direct connection to higher
cortical areas is thought to contribute to the strength of odor-associated memo-
ries. Studies have suggested that the olfactory bulb cortex functions in a similar
capacity to the sensory processing in the thalamus (Zelano and Sobel 2005; Sar-
nat and Flores-Sarnat 2017; Sarnat et al. 2017). Most OB output is carried toward
the PC, where signals are projected to the dorsomedial nucleus of the thalamus,
orbitofrontal cortex, and may have signal regulatory feedback roles as discussed in
the OB. In contrast to the elaborate topographical spatial patterns found in the OB
divisions, the PC is far less organized. Although there are three distinct layers, they
appear highly associative without specific signal projections to particular target
cells (Miyamichi et al. 2011; Wiegand et al. 2011). The entorhinal cortex receives
input from multiple areas of the olfactory tract and connects to the hippocampus,
so it is considered relevant in associating olfactory information with memories
(Zelano and Sobel 2005). The amygdala, part of the limbic system, sends inputs
into the hypothalamus while also feeding back onto the OB. This olfactory cor-
tex region is thought to play a role in assigning emotion to odor profiles (Zelano
and Sobel 2005; Good and Sullivan 2015). Among the olfactory cortex, the only
region not known to directly feedback to the OB is the olfactory tubercle. The
olfactory tubercle communicates with the dorsomedial thalamic nucleus as well as
with the nucleus accumbens, ventral tegmentum, and pallidum which are thought
to be the association of reward and motivation in olfaction (Heimer 2003; Ike-
moto 2007). In dogs that perform odor-based detection tasks, the reward—behavior
associations with the olfactory system include the caudate nucleus, the entorhinal
cortex, and hippocampus related to development of odor memory, and emotional
or motivational associations linked to the amygdala (Herrick 1933; Schoenbaum
et al. 1999; Haberly 2001; Gottfried 2010; Wilson and Baietto 2011; Wilson and
Sullivan 2011).

The olfactory cortex is so richly connected to other areas in the brain and
many of these connections not only receive information but provide information
to the olfactory sensory system as part of a feedback loop (Kay et al. 1996; Wil-
son 1998a, b; Zufall and Leinders-Zufall 2000). Feedback mechanisms from the
olfactory and orbitofrontal cortex to the OB are thought to function as sources
of adaptation and habituation. The source of adaptation can be either periph-
eral or central. Peripheral adaptation involves a decreased neural response in
the pre-glomerular tract while central adaptation is characterized by a reduc-
tion in post-glomerular tract neural responses (Pellegrino et al. 2017). While the
source of adaptation is mainly sensory fatigue, habituation is considered a reduced
behavioral response resulting from repeated stimulation (Rankin et al. 2009). The
collective phenomena have been further overlapped in some descriptions of adapta-
tion as the neural basis of behavior response of habituation (Pellegrino et al. 2017).
This adaptation can occur after as little as two repetitions of an intense odor stim-
ulus where perception is diminished though the electrical activity at the OSN level
is not necessarily diminished (Hummel et al. 1996; Hummel et al. 2006).
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The multidimensional nature of this sense perceives odors that may have posi-
tive or negative hedonic value (the measure of pleasantness), may be repulsive or
share in activation of the trigeminal system and may be the carrier of a biologi-
cally important message. As a primary sensory system for the dog, their behavior
is significantly influenced by olfactory inputs processed in higher cortical areas
(Siniscalchi 2016; Siniscalchi et al. 2016).

Various methods are used to evaluate neuroanatomical and functional neuro-
physiological processing including positron emission tomography scanning and
functional magnetic resonance imaging (fMRI). The use of extensive training
methods in dogs allows for voluntarily fMRI scans while awake and unrestrained
(Karl et al. 2019; Strassberg et al. in press), allowing more research to explore the
functional neurophysiological and cognitive processes. The limitations to these
studies are the time and expense of maintaining a trained cohort of dogs for vol-
untary awake scanning to achieve biologically relevant scans that are unhindered
by restraints or anesthesia, which can alter cognitive states and functional interpre-
tation of the results (Thompkins 2016; Thompkins et al. 2016). One of the pioneer
studies to scan awake unrestrained dogs showed the primary areas of the brain
involved in odor processing, which included the OB and the olfactory cortex, were
activated in both awake and anesthetized states at varying degrees, though higher
cortical regions were seen predominantly in the awake state (Jia et al. 2014). As
these higher cortical regions are involved in perception and identification through
odor detection, discrimination, learning, and memory, this finding is consistent that
an awake and alert state is necessary for maximal olfactory pathway activation
(Siniscalchi 2016; Siniscalchi et al. 2016).

The superior behavioral olfactory acuity of macrosmatic species is attributable
to multi-factorial traits. In the dog, there are a number of collective anatomical
and physiological features that include skull nasal vestibule depth increasing odor-
ant time of flight (Craven et al. 2010), larger total surface area of the olfactory
neuroepithelium (Sjaastad et al. 2010), a dedicated olfactory recess for odorant
processing (Craven et al. 2004), a greater number of functional odorant receptor
genes with lower pseudogenization rate (Quignon et al. 2003; Olender et al. 2004),
a higher density of olfactory sensory neurons present in the olfactory epithelium
(Uemura 2015), a higher density of cilia present per olfactory sensory neuron
(Uemura 2015), and an increase in OB volume relevant to the total brain weight
(Reep et al. 2007; Kavoi and Jameela 2011; Uemura 2015). These unique features
have positioned dogs as an excellent tool for uncovering the capacity and com-
plexity of odor processing in mammals and a translational model for informing
the underlying principles of odor learning and behavior.
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Canine Olfactory Dysfunction

David C. Dorman

Abstract

This chapter considers the scientific evidence available examining the impact of
disease on canine olfaction. The chapter is not intended to provide an exhaus-
tive review of the topic, but rather key concepts are introduced to the reader.
This chapter also considers the impact of aging and disease on human olfac-
tion. Humans can serve as a useful model for scent detection dogs. Thus, it
is anticipated that aging, nasal tumors, rhinitis, environmental exposures, and
other disease states that affect olfaction in humans could also impair olfaction in
dogs. There are also important differences in our ability to detect olfactory dys-
function in people and dogs. As evidenced by the recent COVID-19 pandemic,
changes in human olfaction are often the result of self-reporting by an individ-
ual allowing for detection of subtle effects that precede other clinical signs. In
contrast, assessment of olfactory function in dogs with either experimental or
naturally occurring disease is uncommon especially in clinical settings.
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1 Introduction

This chapter focuses on medical conditions that could affect olfaction in dogs. The
chapter is not intended to provide an exhaustive review of the topic, but rather key
concepts will be introduced to the reader. Whenever possible the reader has been
directed to recent reviews for more information. Because our understanding of the
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impacts of canine nasal disease on olfaction is limited, this chapter relies heavily
on inferences drawn from the human literature. Additional information drawn from
experimental studies using laboratory animals is also available to the interested
reader. Unless otherwise noted, references to dogs or canine in this chapter refer
to domesticated dogs (Canis familiaris).

1.1 Overview of Olfaction

Normal canine physiology and anatomy is discussed in Chap. 1 of this text. A
recent review is also available (Jenkins et al. 2018). In brief, there are two major
olfactory apparatuses in the nasal cavity: the main olfactory epithelium used to
detect odorants (small organic molecules) and the vomeronasal organ, which pre-
dominantly responds to pheromones. This chapter focuses on the main olfactory
system used to detect odorants. In dogs and other mammals, the sense of smell is
dependent upon delivery of the odorant to sensory olfactory neurons found within
the olfactory epithelium lining the dorsal or dorsoposterior nasal cavity (Dorman
2018). Other cells found in this pseudostratified epithelium include sustentacular
cells that serve a glial-like support role as well as basal cells that serve as pluripo-
tent stem cells. Olfactory receptor neurons have a lifetime of 2—4 weeks and are
continually replaced by replication from underlying stem cells found in the basal
cell layer (Yu and Wu 2017).

Unlike humans, dogs have an olfactory recess that is lined by olfactory epithe-
lium and receives >10% of the inspired air during inspiration (Craven et al. 2010;
Lawson et al. 2012). Sniffing increases air delivery to the canine olfactory recess
and results in enhanced uptake of soluble odorants in this region (Rygg et al.
2017). Disease processes that obstruct nasal airflow, i.e., conductive disorders,
could decrease air odorant delivery to the canine olfactory recess resulting in
reduced olfactory abilities.

The olfactory epithelium is lined by a thin mucus sheet. Odorants in the air
diffuse into this mucus sheet and subsequently bind to olfactory receptors located
on cilia found on the olfactory receptor neurons. Mucosal odorant-binding pro-
teins facilitate odorant-receptor binding (Heydel et al. 2013; Sun et al. 2018).
Each olfactory neuron contains one type of odorant receptor that can detect a
limited number of odorants (Quignon et al. 2012). Rapid metabolism of many
odorants occurs within the olfactory mucosa. Cytochrome P450 isoforms, includ-
ing CYP2A3/5/10/13 and CYP2GI found in the olfactory epithelium are thought
to contribute to the clearance of odorants (Heydel et al. 2013). Transport proteins
including organic anion transporters, organic anion-transporting polypeptide, and
divalent metal transporters are found in the mammalian nasal epithelium and may
play a role in defense from xenobiotics (Burckhardt 2012; Jeong et al. 2022).
Our understanding of how changes in the function of these proteins, receptors,
and transporters may affect olfaction is incomplete. For example, humans have
a single odor binding protein (OBPIla) and polymorphisms in the OBPIla gene
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have been associated with changes in olfactory performance. Different allelic fre-
quencies have been seen in people with either a normal (normosmic) or decreased
(hyposmic) sense of smell (Sollai et al. 2019). Whether similar effects could occur
in dogs is unknown.

The sense of smell also depends upon normal signal transduction and message
processing. Axonal projections from the olfactory neurons traverse the bony crib-
riform plate that separates the nasal and cranial cavities. Fractures of the human
cribriform plate can sever olfactory nerve filaments resulting in a partial or total
loss of smell (Gomez and Pickup 2022). It is likely that cribriform plate fractures
(e.g., following head trauma) in dogs could adversely impact olfaction. Olfactory
nerve projections enter the cranial cavity and synapse with mitral cells in the olfac-
tory bulb. Olfactory impulses from the olfactory bulb can reach more distal sites
within the brain. Neurodegeneration and other disease states affecting the central
nervous system can result in an altered sense of smell in humans (Beecher et al.
2018; Walker et al. 2021) and would be anticipated to have similar effects in dogs.
Plasticity in the olfactory system occurs as evidenced by the surprising finding
of olfaction in some people without the presence of an anatomically recognizable
olfactory bulb (Weiss et al. 2020).

1.2 Impact of Aging on Olfaction

Decreased olfactory function occurs frequently in people with incidence rates often
exceeding 50% in people aged 65 years and older (Attems et al. 2015; Doty and
Kamath 2014). Age-related changes within the nose, olfactory epithelium, olfac-
tory bulb, olfactory cortex, and other brain structures occur and may contribute to
this decline in olfactory function (Table 1).

It remains to be seen whether similar age-related changes also occur in dogs.
Experimental studies in dogs examining age-related changes in either the olfac-
tory system or olfaction remain limited. For example, Hirai and coworkers (1996)
evaluated age-related changes in the olfactory system of dogs ranging in age from

Table 1 Selected changes in the aged human olfactory system

Change References

Decreased size and number of patent foramina | Kalmey et al. (1998)
in the cribriform plate

Olfactory epithelial metaplasia Morrison and Costanzo (1990), Paik et al.
(1992)

Decreased olfactory bulb size Bhatnagar et al. (1987), Buschbhiiter et al.
(2008)

Increased neurofibrillary tangles in the Kishikawa et al. (1990)

olfactory bulb

Reduced expression of phase I and phase II Getchell et al. (1993), Krishna et al. (1995)
xenobiotic metabolizing enzymes




56 D. C. Dorman

10 to 19 years. They found that aging in dogs was associated with a decreased
number of olfactory neurons and support cells and olfactory bulb changes includ-
ing the presence of cerebrovascular amyloidosis, and ubiquitin deposits. Aging
did not, however, increase the incidence of plaques in the canine olfactory bulb
(Hirai et al. 1996). Increased plaques and A-beta protein deposits have been
seen in the hippocampus and dentate gyrus of aged dogs (Czasch et al. 2000).
In geriatric humans, a decreased number of cribriform plate foramen results in
shearing of olfactory nerve projections. Loss of these projections may contribute
to reduced olfactory ability and secondary degenerative changes in the olfactory
epithelium seen in geriatric people (Kalmey et al. 1998). Some have theorized that
increased surface and foramina areas of the cribriform plate are associated with
enhanced olfactory abilities in a species (Bird et al. 2014). Wolves and coyotes
have more complex cribriform plate morphologies when compared with domes-
ticated dogs (Bird et al. 2021; Jacquemetton et al. 2021). Relative complexity
of the cribriform plate does not differ significantly between scent breeds (bea-
gle, bloodhound), breeds used in scent detection work (German shepherd, German
short-haired pointer, golden retriever, Labrador retriever), and sight hounds (e.g.,
greyhound) (Bird et al. 2021). Behavioral data in dogs and wolves that would sup-
port the hypothesis that the more complex structure of the wolf cribriform plate
versus the dog translates into enhanced olfactory abilities in this species is limited
(Polgér et al. 2016). Likewise, anatomic studies evaluating age-related changes in
cribriform plate morphology in dogs are lacking.

1.3 Lessons Learned from COVID

Olfactory dysfunction is one of the most prevalent symptoms seen in SARS-CoV-2
patients (Izquierdo-Dominguez et al. 2020; Najafloo et al. 2021). Multiple mecha-
nisms have been proposed for how infection with SARS-CoV-2 leads to anosmia.
One mechanism focuses on the role of angiotensin-converting enzyme 2 (ACE2)
and transmembrane protease, serine 2 (TMPRSS2) as the functional receptors for
SARS-CoV-2 (Bilinska and Butowt 2020) although other alternative mechanisms
have been proposed (Hopkins et al. 2021). The prevailing hypothesis suggests that
nasal sustentacular cells expressing ACE2 are initially infected with SARS-CoV-
2. Sustentacular cell infection leads to secondary impairment of olfactory receptor
neurons leading to olfactory dysfunction. Individuals infected with SARS-CoV-
2 often develop olfactory dysfunction that precedes the onset of cough, fever,
and other symptoms (Lechien et al. 2020). Klopfenstein et al. (2020) found that
patients generally developed anosmia within four to five days of SARS-CoV-2
infection, with a duration of approximately nine days. Most patients in this ret-
rospective study recovered within 28 days. Asymptomatic dogs cohabitating with
SARS-CoV-2 infected people have had nasal swabs that yielded positive PCR with
reverse transcription and serology results consistent with infection (Sit et al. 2020).
It remains unknown whether SARS-CoV-2 infection in dogs has any effect on
olfaction.



Canine Olfactory Dysfunction 57

For the purposes of this chapter, it is important to consider how a diagnosis of
olfactory dysfunction was made in patients infected with SARS-CoV-2. In most
cases, the initial diagnosis was based on the patient’s self-reporting rather than
results from an olfactory function test (Hannum et al. 2020; Meng et al. 2020;
Printza and Constantinidis 2020). Olfactory function tests including sniffing sticks
(Bagnasco et al. 2021), the University of Pennsylvania Smell Identification Test
(UPSIT), among others have been used in clinical studies with far fewer SARS-
CoV-2 patients (Bagnasco et al. 2021; Boscolo-Rizzo et al. 2021; Hannum et al.
2020; Moein et al. 2020). This experience shows that self-reporting and olfactory
function tests serve a critical role in the diagnosis of olfactory dysfunction in
people. However, neither option is readily available for the assessment of dog
olfactory abilities. Thus, we can anticipate that changes in olfaction in disease
states will often go undiagnosed in our canine companions.

2 Disease States that Affect Olfaction
2.1 Overview of Nasal Disease in the Dog

Some systemic diseases can result in nasal effects. These include coagulopathies,
thrombocytopenia, multiple myeloma, ehrlichiosis, thrombocytopenia, hyperten-
sion, and systemic infections (Cohn 2020). Primary nasal disease in dogs is
common. Etiologies associated with primary nasal disease include nasal tumors,
inflammatory rhinitis, fungal rhinitis (e.g., aspergillosis), periodontal disease,
trauma, grass awns and other foreign bodies, amongst others (Cohn 2020; Meler
et al. 2008; Plickert et al. 2014; Tasker et al. 1999). Chronic nasal disease in
dogs is often caused by nasal tumors. Bloodhounds, Doberman pincher, Labrador
retrievers, German shepherds and other long-nosed (dolichocephalic) breeds are
more likely to develop nasal neoplasia than are mixed breed dogs, and large breed
dogs have a higher incidence than smaller breeds (Mortier and Blackwood 2020).
Dogs with foreign bodies or nasal mycosis typically occur in younger dogs.

2.2 Disease Syndromes Associated with Olfactory
Dysfunction in Dogs

Few studies describing the impact of disease on functional or electrophysiologic
changes in canine olfaction are available. Peterson and coworkers (1981) used
bilateral surgical removal of the olfactory peduncle as an experimental model of
anosmia in wolves. Two months later olfaction was tested in wolves that either
underwent the olfactory pedunculotomy or a sham surgical procedure, as well as
controls. Olfaction was tested using the animal’s ability to find familiar food (deer
meat) in an enclosure. Animals that underwent the olfactory pedunculotomy did
not find or consume the deer meat within a 10 min test period while control or
sham-operated animals readily found and consumed the deer meat.
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Myers and coworkers (1988a, b) used a combination of electroencephalography
(EEG) olfactometry, behavioral olfactometry, and electro-olfactography (EOG) to
assess the effects of canine distemper virus (CDV) and canine parainfluenza virus
(CPV) infection on olfaction in dogs. Behavioral and EEG olfactometry used
eugenol and benzaldehyde as the test odorants. Dogs infected with CDV had
altered EOG activity consistent with anosmia or hyposmia even months after the
initial viral infection. Behavioral and EEG olfactometry indicated that all dogs
infected with CPV were unresponsive to eugenol and benzaldehyde. Most dogs
infected with CPV had rhinitis and olfactory epithelial atrophy. In contrast, dogs
infected with CPV had fewer changes in their sense of smell. Dogs infected
with CPV had normal EOG activity and lacked evidence of nasal pathology.
Dogs infected with CPV had altered responses on both EEG olfactometry and the
behavioral olfactometry tests using the two odorants. The concentration of odorant
required for detection was increased in most dogs infected with CPV. Olfactory
thresholds returned to normal after the disappearance of clinical signs in naturally
infected dogs.

Houpt et al. (1978, 1982) placed a tracheostomy tube with an inflatable cuff in
the nasal cavity of dogs to produce a reversible airflow obstruction and decreased
olfactory function. They assessed olfaction using behavioral assays that required
dogs to detect a pork sample that was buried under pine wood chips (Houpt et al.
1978) or a previously trained meat from a panel of four meats in a flavor-validation
test (Houpt et al. 1982). Removal of the obstruction caused by the inflatable cuff
restored olfactory function in these animals. These investigators also used nasal
instillation of zinc sulfate as an alternative method of inducing anosmia in dogs
(Houpt et al. 1978, 1982). This chemical for this purpose has an interesting history
in the sensory literature. In the mid-1930s, intranasal administration of zinc sulfate
was touted as a preventative for juvenile polio. Unfortunately, some children given
zinc developed anosmia (Tisdall et al. 1938). Since then, zinc sulfate ablation of
the olfactory mucosa has been extensively used as an experimental model of olfac-
tory toxicity (Burd 1993). In the two studies performed by Houpt and coworkers,
the use of zinc sulfate resulted in reduced responses on the behavioral assays of
olfaction.

23 Disease Syndromes Associated with Olfactory
Dysfunction in Humans

Surveys conducted prior to the advent of the COVID-19 pandemic found that
nearly 5% of US adults who were 40 years or older reported some form of olfac-
tory dysfunction (Hoffman et al. 2016). The same survey showed that by 80 years
of age the prevalence of olfactory dysfunction approached 40% (Hoffman et al.
2016). Anosmia, hyposmia, and other forms of dysfunctional olfaction in people
have multiple underlying causes (Boesveldt et al. 2017; Scangas and Bleier 2017).
Disorders of olfaction in humans can be classified as either conductive (periph-
eral) or sensorineural (central) in origin (Scangas and Bleier 2017). Conductive
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Table 2 Common causes of

Etiol E 1
olfactory dysfunction of tology Xample
conductive and sensorineural ~ Conductive Trauma
origin in people Chronic rhinosinusitis (CRS)
Nasal polyps

Allergic rhinitis

Nasal masses

Sensorineural Upper respiratory infection

Aging

Environmental exposure

Congenital

Neurodegenerative diseases

Medications

disorders develop when odorant delivery to the olfactory epithelium is restricted.
Sensorineural disorders occur when there is decreased reception or processing of
an olfactory stimulus. Sensorineural disorders can occur at any level of organiza-
tion including altered function of olfactory receptors, olfactory neurons, or effects
on the central nervous system. Table 2 provides the select examples of conductive
and sensorineural disorders in people.

Many of these etiologies may be relevant for dogs—even though our knowledge
of effects on canine olfaction is often inadequate. For example, canine parain-
fluenza virus is a highly contagious respiratory virus that has been associated with
anosmia in dogs (Myers et al. 1988b). Other common respiratory viruses that can
produce nasal effects in dogs include canine adenovirus-2, canine herpesvirus-1,
canine influenza virus, canine reovirus, and canine coronaviruses (Sykes 2014).
In dogs and people, nasal polyps can result in occlusion of the upper airway and
extensive damage to nasal turbinates (Bottero et al. 2021). In people, nasal polyp
formation is associated with chronic rhinosinusitis and altered olfaction (Kwah and
Peters 2019; Marple et al. 2009; Stevens et al. 2016).

Canine cognitive dysfunction (CCD) is considered a canine analog of
Alzheimer disease in people (Dewey et al. 2019). Brain lesions seen in geriatric
dogs include atrophy, B-amyloid deposits, and neurofibrillary tangles that corre-
late with cognitive decline (Youssef et al. 2016). Increased B-amyloid deposits
contribute to cerebrovascular amyloid angiopathy, a form of cerebrovascular dis-
ease. It remains unknown whether CCD is associated with olfactory dysfunction in
dogs. In contrast, anosmia, hyposmia, and other olfactory disorders are commonly
recognized in Alzheimer disease patients (Walker et al. 2021).
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3 Environmental and Pharmaceutical Exposures

Environmental exposure of working dogs is a concern. Exposure to tobacco
smoke and ambient air pollution impacts human olfactory function in people and
may contribute to age-related declines in olfactory function (Ajmani et al. 2016;
Ekstrom et al. 2022; Murphy et al. 2002). Dogs living in Mexico City, a city
with high levels of particulate matter and other forms of ambient air pollution
had chronic nasal inflammation, olfactory epithelial degeneration, and reactive
astrocytosis in the olfactory bulb (Calderén-Garcidueiias et al. 2003).

Certain medications are also associated with abnormal olfaction in people (Gau-
vin et al. 2015; Thiermann and Buchbauer 2017). The possibility that a drug that
affects olfaction in people could likewise impair performance of a scent detection
dog should always be considered when using therapeutic agents in these animals.
Few studies have examined the effect of drug treatments on the olfactory perfor-
mance of scent detection dogs. For example, dogs given either dexamethasone or
hydrocortisone plus desoxycorticosterone acetate (DOCA) had elevated olfactory
detection threshold for benzaldehyde and eugenol in the absence of nasal pathol-
ogy (Ezeh et al. 1992). Oral administration of metronidazole impaired the ability of
trained dogs to detect ammonium nitrate and trinitrotoluene (Jenkins et al. 2016).
In contrast, administration of doxycycline did not impair olfactory function of
explosives detection dogs (Jenkins et al. 2016). Administration of naloxone fol-
lowing the administration of intravenous fentanyl to working dogs did not impair
the ability of the dogs to detect universal detection calibrant (Essler et al. 2019).
The impact of vaccination for Bordetella bronchiseptica, the pathogen associated
with kennel cough in dogs, has been recently examined (Collins et al. 2022).
These studies showed that the odor threshold for a universal detection calibrant
was unaffected by the administration of either an oral or intranasal vaccine. How-
ever, the use of a combined regimen of an oral vaccine followed 28 days later
by an intranasal vaccine resulted in a small but statistically significant increase in
time to detect the calibrant (Collins et al. 2022).

4 Final Thoughts

This chapter has considered the scientific evidence available examining the impact
of disease on canine olfactory dysfunction. The scant information available on this
topic reflects several factors. Assessment of olfactory function in dogs with either
experimental or naturally occurring disease is uncommonly performed. Interest-
ingly, no mention of impaired olfaction occurs in a recent review of nasal disease
(Cohn 2020). In addition, our ability to assess olfaction in dogs remains limited
especially in clinical settings. Acute injury resulting in the loss of olfactory neu-
rons can be repaired via replacement of lost neurons by pluripotent basal stem
cells (Brenneman et al. 2002). Moreover, there is a significant amount of func-
tional reserve and adaptation that can occur following injury. Studies performed
in rats and other laboratory animal species with a well-developed sense of smell
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have shown that excessive damage to the olfactory epithelium is required before
changes in olfactory function are observed (Hurtt et al. 1988; Owens et al. 1996).
The current state of the science may leave the reader with far more ques-
tions than answers but also points to the need for future studies. In the meantime,
we should anticipate that disease states that affect the sense of smell in humans
could also impair olfaction in dogs. This conclusion is bolstered by supportive
data available from other mammalian species. For example, this chapter discussed
age-related changes that occur in both the human and canine olfactory epithe-
lium. Age-related declines in olfaction are well documented in humans but largely
unknown in dogs due to a lack of studies. Studies performed with rats have shown
age-related decreases in the number of olfactory receptor neurons found in the
olfactory epithelium as well as reduced odorant-induced activity in this epithelium
(Loo et al. 1996). Other studies have shown declines in the performance of aged
rats on simple tests of olfaction or sniffing behaviors (Hlindk and Krejci 1990; Luu
et al. 2008). This broader knowledge base should be considered when answering
the question of whether a disease state in dogs may affect their olfactory ability.
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Abstract

A critical challenge to the canine detection industry is the identification of dogs
with behavioral characteristics capable of fulfilling operational functions. This
challenge is largely due to a lack of empirical evidence regarding the particular
behavioral traits associated with long-term success in scent detection disciplines
as well as reliable methods for identifying dogs possessing those traits. This
chapter reviews behavioral characteristics universal to a range of detection tasks,
highlighting aspects that may be unique to particular disciplines. We also dis-
cuss methods used to evaluate and select dogs for detection tasks, and make
recommendations for future research needed to improve the selection process.
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1 Introduction

Scent detection dogs play a critical role in homeland security (e.g., explosives
and narcotics detection), forensics investigations (e.g., human remains detection,
arson), disaster response (e.g., search and rescue), conservation efforts (e.g., detec-
tion of invasive or endangered species), among many other emerging areas. A
critical challenge to the industry is the identification of dogs capable of fulfilling
these operational functions. To succeed in an operational detection career, dogs
must possess the physical and behavioral characteristics necessary for perform-
ing the task. While identifying dogs with the physical, structural, and medical
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attributes (e.g., size, coat type, orthopedic soundness, etc.) needed to work in
the field can be readily assessed through physical examinations and screenings
of medical records, identifying dogs with the necessary behavioral attributes is a
greater obstacle which remains a significant hurdle in the industry. This challenge
is largely due to a lack of (1) empirical evidence regarding the particular behavioral
traits associated with long-term success in scent detection disciplines, and (2) reli-
able methods for identifying dogs possessing those traits. Given that behavioral
characteristics are greater determinants of successfully completing training and
deploying in an operational role than non-behavioral characteristics (Graham and
Gosling 2009; Sinn et al. 2010), there is a significant need for improving methods
of behavioral selection. Furthermore, doing so would minimize the time, effort,
and costs associated with developing, training, and procuring dogs, ultimately
improving program efficiency, canine welfare, and industry outcomes.

Many of the behavioral characteristics that contribute to detection dog oper-
ational success are shared across the various sub-disciplines of detection (e.g.,
explosives, narcotics, search and rescue, human remains, etc.). Therefore, this
chapter will review characteristics universal to a range of detection tasks, highlight-
ing aspects with greater or less relevance to particular disciplines where applicable.
For a more in-depth discussion on specific sub-disciplines of detection, we direct
the reader to other published texts focusing on selecting dogs for explosives detec-
tion (Lazarowski et al. 2020); search and rescue (Schneider and Slotta-Bachmayr
2009); wildlife detection (Beebe et al. 2016; Jamieson et al. 2017); truffle detection
(Cejka et al. 2022); and cadaver/human remains detection (Martin et al. 2020). We
will also discuss methods used to evaluate and select dogs for detection tasks, and
make recommendations for future research needed to improve the process.

2 Behavioral Characteristics

The behavioral characteristics desired of a detection dog vary somewhat across
specific disciplines as a function of: (1) factors related to the operational environ-
mental, (2) inherent aspects of the target odor, and (3) other demands specific to
the particular task; however, some general characteristics are largely agreed to be
universal for a successful and enduring detection career. For the purposes of this
chapter, we will categorize these broad domains as (1) olfactory abilities, (2) moti-
vational variables, and (3) emotional regulation. These domains will be discussed
in further detail in the sections that follow. Because our focus is on those char-
acteristics purported to have a genetic basis and therefore be relatively stable, our
discussion will concentrate on phenotypic characterization; environmental effects
of development and training are beyond the scope of this chapter, but are reviewed
in detail elsewhere (Troisi et al. 2019; Lazarowski et al. 2021b).
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2.1 Olfactory Behavior

Not surprisingly, olfactory-related abilities are critical to detection dog perfor-
mance. Odor-detecting capabilities, such as sensitivity, specificity, and general
olfactory acuity result from sensory and anatomical features of the olfactory sys-
tem including head and nose shape, size of the nasal cavity, and number of
olfactory receptor cells (Kokocinska-Kusiak et al. 2011). For example, natural (i.e.,
untrained) olfactory detection thresholds have been shown to vary between breeds
originally bred for olfactory detection tasks (e.g., scent hounds) and those that
were not (e.g., sight hounds) (Polgar et al. 2016). However, these nuances do not
appear to have direct, appreciable impacts on the operational suitability of a detec-
tion dog, likely due to other aspects of detection dog performance resulting from
a constellation of behavioral characteristics related to motivation, endurance, and
trainability. In regard to the olfactory ability domain, olfactory behavior (i.e., ten-
dencies to engage in odor-based search and specific search technique) will likely
have a greater impact on detection performance than pure olfactory function.

One aspect of detection performance that varies in degree of importance as a
function of specific detection discipline is the type of search technique. For exam-
ple, some disciplines, such as tracking, benefit from a nose-to-the-ground search,
detecting odors in footsteps, articles left behind, or fallen skin cells. For other
disciplines, such as search and rescue, air-scenting with a nose-in-the-air search
is more effective (Jones et al. 2004), where the dog is sampling odor molecules
wafting in the air in the wake of a moving person, as is the case in person-borne
improvised explosives device detection (PBIED). However, many odor detection
disciplines utilize a combination of both techniques for the most efficient search.
Regarding behavioral selection of detection dogs, although search technique can
be trained to an extent, breeds originally selected for a particular type of search
will show inherent preferences in their tendency to utilize a particular search tech-
nique, thus leading to more efficient training. For example, scent hounds are known
for their superior tracking instincts, interrogating and pursuing primarily ground
scent. By contrast, dogs bred for upland game hunting (e.g., pointers and setters)
primarily engage in a nose-up air-scenting search to determine the direction of an
odor source and locate a target without a scent trail to follow (Beebe et al. 2016).
Capitalizing on breed-specific search techniques to accentuate certain capabilities
for specific detection roles can be illustrated by the introduction of the German-
Wirehaired pointer (GWP) breed to the Labrador retriever breeding population
of Auburn University’s Canine Performance Sciences program. The crossing of a
GWP sire (from the Deutsch-Drahthaar lineage for which the standard for breed-
ing was performance-based, which was not always upheld for GWPs bred in the
United States due to the breed’s rising popularity (DeRosa 2019)) to Labrador
retriever dams was driven by the program’s focus of producing dogs for PBIED,
for which air-scenting is a desirable trait. This introduction resulted in generations
of GWP X Labrador crosses exhibiting accentuated air-scenting (along with other
traits related to the versatility of the GWP as a hunting breed), complemented by
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the sociability and other important aspects of trainability (discussed below) of the
Labrador retriever (Lazarowski et al. 2018).

2.2 Motivational Drives

It is widely acknowledged that motivation to work is critical to the success of
any working dog, enabling the endurance to continue performing their tasks in a
range of conditions. For detection dogs, especially those trained to detect infre-
quently occurring targets, the motivation to continue searching with a low rate of
encountering a target (and, subsequently, reinforcement), which is common in most
disciplines, is critical to the ability to continue searching for long periods of time
without a decline in performance. For example, an explosives detection dog must
maintain the motivation to clear large venues or screen thousands of people with a
low probability of encountering a target without a decline in search vigilance (Por-
ritt et al. 2015); wildlife detection dogs must sustain endurance throughout long
searches, often in harsh conditions, where there may be a low density of the target
species. While there are tactics to maintain motivation, such as shorter duty cycles
or planting finds (Porritt et al. 2015; Lazarowski et al. 2021c), selecting dogs with
higher inherent motivation to work because they find it intrinsically reinforcing
will lead to less frustration and better overall performance.

Despite the term ‘drive’ often not being operationally defined due to it refer-
ring to an internal construct that is difficult to characterize, leading to debate over
the meaning and usefulness of the term (Cecil 2015), different types of moti-
vational drives related to detection dog performance are commonly discussed.
Perhaps the most important type for a detection dog is the ‘hunt drive’ (Cablk
et al. 2006), or the inherent propensity to engage in persistent olfactory-based
searching (Lazarowski et al. 2020). For some dogs, such a propensity is likely
intrinsically reinforcing, resulting in higher stamina and endurance to continue
searching for long periods of time despite challenges and distractions and with-
out receiving any external reinforcement. Thus, while proper training can result in
effective searching, selecting dogs with inherently strong hunt drives (i.e., breeds
originally bred for such tasks) will result in more effective and efficient train-
ing. As above, this characteristic is particularly important for disciplines routinely
requiring long durations of searches, in austere or challenging environments, with
seldom reinforcement, such as explosives detection, wildlife detection, and search
and rescue, but may not be as critical of a trait for disciplines requiring shorter or
less complex searches in more static environments.

As mentioned, use of the term “drive” is often ambiguous and ill-defined. In
a validation of a behavioral test predicting puppies’ future selection for a detec-
tion career, Lazarowski et al. (2021a) rated puppies’ performance on a series of
tests including a search for several hidden targets and defined the concept of hunt
drive as the dogs’ “willingness and ability to investigate areas using its nose.”
Low scores were given for dogs that did not actively investigate areas but rather
wandered aimlessly, and high scores reflected dogs that were constantly using
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their nose to methodically and efficiently clear areas without needing any handler
prompting. Higher scores for this variable were related to other metrics of detec-
tion performance, such as air-scenting and measures related to reward motivation,
and were predictive of future selection for a detection career as early as 3 months
(Lazarowski et al. 2021a). However, further research is needed to determine how
to best operationalize “hunt drive”, and whether it represents a singular construct
that is not redundant with others.

External reinforcers are also commonly used with detection dogs, the effective-
ness of which depends on the dog’s motivation to obtain the particular reinforcer
used. First, dogs learn to detect target odors by pairing the odor with a reward; the
stronger the dog’s desire for that reward, the faster and more effective this condi-
tioning will be. Next, dogs must be taught to perform an alert response to indicate
the presence and location of a target, such as sitting (common with explosives and
wildlife detection dogs), barking (common with search and rescue dogs), or per-
forming a nose-hold (common with biomedical detection dogs). Such responses are
typically shaped through operant conditioning, delivering a reward for performing
the correct behavior. Generally, the stronger the desire for the reward, the more
effective training will be. Further, for dogs without a strong inherent motivation to
hunt for the sake of it, external reinforcers can be used to motivate dogs to engage
in their task. However, note that for some dogs with high levels of arousal, highly
desired rewards may increase arousal to an unproductive level that interferes with
performance. For example, for detection dogs that strongly preferred a ball, the
use of a ball as the reward during a cognitive task interfered with problem-solving
abilities compared to when a desirable but relatively lower-value reward (a piece
of food) was used (Krichbaum and Lazarowski 2022). Therefore, the particular
reward used should be carefully chosen and dictated by the dog’s arousal level
and the demands of the task.

While food is inherently reinforcing for all animals, food rewards are not typ-
ically used in most detection dog disciplines due to the impracticalities of its use
in the field (DeMatteo et al. 2019). Moreover, the reinforcing value of food at any
given time is dependent on the dog’s current state of hunger. Regardless, using
food rewards can be effective in some contexts and for some disciplines, and is
primarily used by the Bureau of Alcohol, Tobacco, Firearms, and Explosives in
the training of their dogs (Oxley and Waggoner 2009). As mentioned, food may
represent a lower-value reward for some dogs which may be useful in situations
where maintaining low arousal is beneficial, such as shaping meticulous behaviors
or tedious laboratory-based discrimination work. Interestingly, a genetic marker
associated with food motivation and obesity was found in Labrador retrievers,
and even more so in those selected for assistance roles, leading the authors to
hypothesize a genetic underpinning of trainability (because assistance dogs are
primarily trained with food reinforcers) important for these working dogs (Raffan
et al. 2016).

For detection dogs, toys (tennis balls, Kong™, etc.) are more commonly used
than food. The desire to retrieve and interact with a toy, usually in the context of
interacting with a human, is often referred to as ‘play drive’ (Cablk et al. 2006),
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and has been reported to be important for explosives detection dogs (Lazarowski
et al. 2018, 2020), wildlife detection dogs (Cablk et al. 2006), human remains
detection dogs (Martin et al. 2020), truffle detection dogs (Cejka et al. 2022),
and drug detection dogs (Ganitskaya et al. 2020). The motivation to play with
objects is largely genetically based, stemming from the canine predatory sequence
(Lazarowski et al. 2020). While domestic dogs’ ancestor, the wolf, exhibits the full
sequence of chasing prey until it is captured, dissected, and consumed, modern dog
breeds exhibit partial predatory sequences with aspects enhanced or diminished as
a result of selective breeding for different working roles (Udell 2014; Mehrkam
et al. 2017). Though this behavior originates from predatory behavior towards
prey, it is believed that selection has led to its translation to object-play with non-
prey items and is unrelated to hunger (Burghardt 2003; Jamieson et al. 2017).
Because of the strong genetic basis of the behavior, it is intrinsically rewarding and
therefore can serve as a powerful reinforcer (that is, the toy represents an external
reinforcer but stimulates intrinsically motivated behavior). Traditionally, especially
in the security sector (i.e., explosives and narcotics detection), selection tests for
detection dogs have emphasized this object-play trait, often measured as the dogs’
desire to retrieve an object and maintain physical possession of it. However, as
discussed in Lazarowski et al. (2020), too much emphasis on physical possession
may be misleading when a dog prioritizes engaging in a search over engaging with
the reward (i.e., completes a search and receives a reward, but eventually drops it
to return to searching) which is misinterpreted as a negative quality. Arguably, a
stronger hunt drive is more important than strong object-play drive in terms of the
critical aspects of detection dog performance.

A related but somewhat different type of motivational drive discussed in relation
to detection dog suitability is “prey drive”, reflecting a dog’s desire to chase (Cablk
et al. 2006). While object-play motivation as described above is likely a remnant
predatory behavior, it is important to distinguish from that which is elicited by
and directed towards actual prey. For any detection dog that may encounter small
animals (e.g., squirrels, birds, chipmunks) while working, prey drive could result
in distraction and disruption of performance. Additionally, prey drive is of great
concern in disciplines for which such behavior could lead to chasing or attacking
the target, which could have devastating consequences if the dog harms the target
species in the case of wildlife detection dogs (Cablk et al. 2006; DeMatteo et al.
2019), or a victim in the case of cadaver dogs (Martin et al. 2020). Prey drive could
also put the dog in danger if the target species or other animals in the environment
pose a threat to the dog. For example, in a python detection project conducted by
our group in the Florida Everglades, it was critical that the dogs not chase or try to
capture (1) the target pythons upon locating them, (2) other large predator species
in the area such as bobcats, bears, and panthers, or (3) small animals into ambush
zones of alligators and crocodiles. While it is unclear how and to what extent
these play and prey mechanisms have diverged, in our experience with explosives
detection dogs, prey chasing has not been an issue without any explicit training.
We hypothesize that this is due to focusing the dogs’ efforts towards the intended



Behavioral Characteristics Associated with Detection Dog Success 73

targets and rewards used in training from an early age, fulfilling and substituting
any actual prey drive.

Little research has systematically examined the importance of these motiva-
tional variables in detection dog performance. In one study that assessed the US
Transportation Security Administration (TSA) test for evaluating explosives detec-
tion dog suitability, physical possession of a toy, described as dogs’ willingness to
carry an object absent any external input (i.e., from a person), was not predictive
of dogs’ selection. However, a separate construct related to possession but that
reflected the dog’s desire to gain possession of a toy from a person (measured
during a game of tug) was predictive (McGarrity et al. 2016). This suggests that it
was the social nature of the interaction and not the interaction with the toy itself
that was important. Similarly, the definition of play drive by Cablk et al. (2006)
considers play specifically in the context of playing with a human (e.g., playing
tug-of-war). Given that detection dogs primarily work as a dog-handler team, the
relevance of social interaction in dogs’ motivation to perform their tasks is not
surprising.

Detection dogs work closely with people throughout all stages of their career;
in training, dogs must be responsive to a trainer’s commands and actions, and
in operations, dogs must be able to effectively take guidance and direction from
their handler. Higher levels of such “biddability” translates to easier training and
better cooperation in the field (Morrill et al. 2022). Indeed, Cejka et al. (2022)
suggest that truffle detection dogs that are highly cooperative and socially moti-
vated require little to no external motivation to work. For detection dogs that work
off-leash at a distance from the handler, such as search and rescue dogs, IED
detection dogs, and some wildlife detection dogs, responsiveness to the handler is
critical to success as well as the dog’s safety (Lazarowski et al. 2020). In a study
of cognitive and behavioral characteristics associated with success for IED detec-
tion dogs trained for directional control using hand signals, those that more readily
responded to human gestures in a problem-solving task were more successful in
their career (MacLean and Hare 2018). On the other hand, handler dependence is
undesirable for detection dogs because they need to be able to make independent
decisions, sometimes contradicting the handler. For example, due to dogs’ supe-
rior olfactory sensitivity compared to humans, a dog may detect an odor that the
handler is not aware of or believes has been cleared; the handler may command
the dog to move in a different direction, putting the dog in conflict between the
odor and the handler. In this scenario, the dog should defy the handler’s com-
mand and be “obedient to odor.” This concept of “intelligent disobedience” is
well acknowledged in other working dog disciplines, such as guide dogs, where
the dog must prioritize the handler’s safety if, for example, the handler gives the
dog a command to cross the road, unaware of oncoming traffic (Lazarowski et al.
2021b). This concept was demonstrated by Lazarowski et al. (2019), demonstrat-
ing that young candidate explosives detection dogs that prioritized olfactory cues
when they conflicted with a human social cue were more likely to be selected for
operational careers in the future.



74 L. Lazarowski and B. Rogers

Such responsiveness to humans has a genetic basis which can therefore be har-
nessed when selecting dogs for detection roles. Gécsi et al. (2009) differentiate
between “cooperative workers” and “independent workers”; the former consists
of breeds originally used for working cooperatively with a human partner, bred
for their ability to work at a distance at times but still maintaining visual con-
tact and cooperation (e.g., gundogs, herders); the latter consists of breeds used for
headstrong independent tasks not involving a human partner (e.g., scent hounds,
livestock guarding dogs, sled dogs). For this reason, despite the purported olfac-
tory superiority of scent hounds such as bloodhounds, they are not commonly used
in detection tasks involving a high level of cooperation with and responsiveness to
a trainer/handler (Jamieson et al. 2017).

Another motivational aspect related to sociability is a dog’s general desire to
be around and in contact with people, termed “affability” by Wilsson and Sund-
gren (1997), also found to have a genetic basis. For example, Labrador retrievers
scored higher on affability than German shepherds, again likely due to the genetic
history of the breeds in relation to working closely with human partners (Wilsson
and Sundgren 1997). While German shepherds are commonly used in detection
roles, this is the result of their aptitude for police and patrol work (i.e., apprehen-
sion and protection) leading to their use in “dual-purpose” roles of both detection
and protection out of efficiency, rather than any superior suitability specifically
for detection work. The social nature of detection dogs is especially important for
those working in areas of high pedestrian traffic, such as dogs screening passengers
at airports or event attendees. While these roles require the dogs to be comfortable
around people and not pose a risk to the public, the public perception of a dog’s
temperament (and therefore their comfort in getting close enough to the dog for
screening) is an equal driver in selection. The importance of the public’s accep-
tance of the dogs has purportedly led to TSA prioritizing selection for “floppy
eared” breeds such as Labrador retrievers, German shorthaired pointers, and Vizs-
las over traditionally popular explosives detection “pointy eared” breeds such as
German shepherds and Belgian Malinois (though the legitimacy of this claim has
been contended). In terms of effects on behavior and training, interacting with
people can be highly rewarding for some dogs and may be just as if not more
reinforcing, and therefore motivating for work, as other external reinforcers, and
likely explains the discrepancy in the predictive validity of the different types of
possession (i.e., independent vs. during play) analyzed by McGarrity et al. (2016)
in the TSA test. However, it is important that the dog’s motivation to interact with
people is not so high that it distracts the dog from working; engaging in the search
should be more reinforcing than any competing available reinforcers such as peo-
ple. Further, DeMatteo et al. (2019) caution that too strong of a bond between
detection dog and handler can lead to instances of the dog playing the role of
therapy dog when the handler is in need of support. Rather, they suggest that dogs
that are more motivated by their reward than by their handler will be more reliable
and flexible, able to work effectively with different handlers as needed.

All of the motivational variables described above likely make up the impor-
tant construct of “trainability”, or the speed and ease with which a dog learns a
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new task. Trainability as assessed by the validated Canine Behavioral Assessment
and Research Questionnaire (Hsu and Serpell 2001) measures variables related
to attention and responsiveness to commands and correction, interest in fetch-
ing toys, and the ability to ignore distractions in the environment. Therefore, the
more motivated a dog is to respond to a person, engage in a given task, or obtain
a reward, the more trainable they will be. For example, DeMatteo et al. (2019)
argue that distractibility while working likely results from the dog’s motivation for
the reward not being strong enough to overcome competing sources of distraction.
These characteristics have commonly been reported in the literature as important
for detection dogs’ performance; for example, Martin et al. (2020) list high focus
and trainability as important traits for human remains detection dogs; Cejka et al.
(2022) mention not losing interest due to engaging in a repetitive routine for truffle
detection dogs; trainability as measured by the CBARQ is associated with success
for search and rescue (Hare et al. 2018) and explosives detection dogs (Lazarowski
et al. 2021a); and “desire to work” was shown to predict success for drug detection
dogs (Maejima et al. 2007).

The characteristics motivating search behavior appear to starkly differ between
dogs searching in operational environments, such as explosives detection or
wildlife detection dogs, versus those working in laboratory settings such as
biomedical detection dogs. For many detection dog breeding and training pro-
grams, such as Auburn University’s Canine Performance Sciences program and the
Penn Vet Working Dog Center, dogs utilized for laboratory-based detection tasks
are often byproducts of procurement for operational roles; that is, dogs that lack
the ability to work effectively in real-world settings, often due to reasons related to
fear and anxiety towards the types of stimuli encountered in operational environ-
ments (discussed below), are still quite effective in their odor detection capabilities
which are valuable for in-house detection research where the dog works in a com-
fortable, consistent environment. However, there may be additional performance
characteristics that are unique to dogs capable of succeeding in the more tedious,
nuanced task of biomedical detection, as evidenced by our experience with the
significant attrition in dogs attempted for biomedical detection training. Gadbois
and Reeve (2016) report that biomedical detection dogs must be carefully selected,
with very few able to be successfully trained for the task. In our case, the incom-
patibility of dogs bred and selected for traditional detection tasks with biomedical
detection is likely related to their high energy and arousal levels (Brady et al.
2018a), which does not translate well to detailed, repetitive discrimination tasks
in a laboratory setting. Dogs that have been successful in our biological detection
studies (i.e., discrimination of virus samples using a small carousel setup) were
selected due to their calculated, methodical “micro search” detection techniques
(Angle et al. 2016). Therefore, breeds bred for such type of searching behavior,
such as flushing breeds that were designed to interrogate areas of high target prob-
ability up close (e.g., English cockers) (Spafford 2019), may be ideally suited for
these tasks. In Chapter 12 of this text, Concha suggests that the major difference
between dogs able to perform biomedical detection and other detection tasks is the
need to compare multiple samples with similar odor profiles placed side by side
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(i.e., in a lineup or carousel), with several repetitions per session and only slight
variability in the context. Along those lines, Gadbois et al. in Chap. 15 of this
text suggest that the monotonous and artificial nature of laboratory-based discrete
discrimination tasks may require even higher motivation than other types of search-
based tasks, such as wildlife detection performed in natural environments, which
may elicit more natural search behavior that is intrinsically reinforcing. Select-
ing for strong motivational drives is often piggybacked by high levels of arousal
(Lazarowski et al. 2020), so we caution that selection for biomedical detection
should strive to strike a balance of high motivation with low arousal. However,
there is currently no published research systematically examining the search and
motivational characteristics that may differ between dogs successful at laboratory-
based and more traditional detection tasks; therefore, further research is needed to
address these hypotheses.

23 Stress Resilience, Fear, and Anxiety

The tasks required of a detection dog and the environments in which they work are
often challenging and unpredictable, which can lead to frustration and stress. Fur-
ther, housing (e.g., kennels), transport, husbandry, routine veterinary exams, and
other aspects of operations commonly encountered by detection dogs can be stress-
ful. A lack of resilience to stressors can impact a detection dog’s ability to perform
effectively, lead to chronic stress, and impact its overall welfare and ultimately
career longevity (Rooney et al. 2009, 2016). Resilience is likely multifaceted, but
is generally agreed to reflect the ability to cope with and “bounce back” from
negative experiences; in dogs, aspects of resilience include boldness, sociability,
emotion regulation, inhibitory control, and adaptability to change (Tiira 2019).
While early life experiences such as maternal care and environmental stressors
contribute to the development of stress resilience, there is also a genetic compo-
nent with some breeds such as the Labrador retriever, a popular detection dog
breed, considered to be among the more resilient breeds (Tiira 2019).

The concept of stress resilience in regard to detection dog selection has been
most commonly discussed for search and rescue dogs, due to the unpredictable
and strenuous conditions in which they work. Schneider and Slotta-Bachmayr
(2009) describe several psychological stressors leading to mental strain faced by
search and rescue dogs such as transport by helicopter, sharing confined spaces
with strangers or other dogs, and extensive searches in adverse environments (e.g.,
rubble piles and disaster sites). The authors report that during prolonged rubble
searches, the change from beneficial stress (eustress) to negative (distress), mea-
sured by the stress hormone cortisol, occurred after 60—80 min of steady searching.
Martin et al. (2020) also emphasizes the importance of the ability to deal with sim-
ilar stressful situations for human remains detection dogs in disaster environments
such as unstable surfaces from collapsed structures, smoke, and crawling in tight
spaces. The degree of stress resilience needed will vary as a function of stressors
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routinely faced in the operational environment and therefore differs across detec-
tion disciplines; for example, urban search and rescue dogs responding to a large
disaster will face many more stressors than a wilderness search and rescue dog
working in an unpopulated, naturalistic area such as a forest or field.

A characteristic related to resilience that in many ways overlaps is that of fear
and anxiety; however, here we refer to a dog’s reaction to potentially fear-eliciting
stimuli in the environment which is frequently reported as a primary reason for
failure to complete training or qualify for operational roles across a range of work-
ing dog disciplines (Goddard and Beilharz 1984; Lazarowski et al. 2018, 2021a;
Dollion et al. 2019). Fearfulness in detection dogs is often manifested as hesita-
tion toward unfamiliar stimuli, including people, environments, sounds, and objects
(Beebe et al. 2016). A dog’s reaction to unfamiliar stimuli, which can be measured
as approach or avoidance, can significantly impact its ability to work effectively.
Many terms have been used to refer to this construct (though note some have
overlapping definitions with resilience), including: nerve strength (Brownell and
Marsolais 2000; Beebe et al. 2016), environmental soundness (Lazarowski et al.
2018)/sureness (Wilsson and Sinn 2012)/stability (McGarrity et al. 2016), emo-
tional reactivity (Sherman et al. 2015), courage (Wilsson and Sundgren 1997),
and sensitivity to aversives (Brady et al. 2018b). Again, the degree of acceptable
reactivity will vary across disciplines, depending on the exposure typical of the
operational environment. For example, fearfulness has been reported to be less
important or not mentioned at all in discussions of the behavioral characteristics
necessary for wildlife conservation dogs (Cablk et al. 2006; Beebe et al. 2016) and
truffle detection dogs (Cejka et al. 2022), but is consistently reported as a critical
aspect of performance for search and rescue (Brownell and Marsolais 2000; Hare
et al. 2018) and explosives detection dogs (Rooney et al. 2004; McGarrity et al.
2016; Lazarowski et al. 2018), and has been shown to be predictive of future selec-
tion as an explosives detection dog as early as 3 months of age (Lazarowski et al.
2021a). Below we highlight a few specific fears pertinent to particular detection
disciplines.

Fear of unfamiliar people can be detrimental to the effectiveness of any detec-
tion dog that will be working in urban environments or in the proximity of people,
such as explosives detection dogs working in mass transit areas, event venues,
or security checkpoints, particularly those performing passenger screening; nar-
cotics or weapons detection dogs working in schools; contraband detection dogs
screening luggage in airports; urban search and rescue dogs; and hospital infection
detection dogs. Level of comfort around crowds/strangers will be less critical to
the performance of dogs working only with a handler or small team of people,
such as wildlife detection dogs working in fields/forests, forensics detection dogs
(e.g., arson, cadaver) working a restricted investigation scene, bed bug detection
dogs working an evacuated home, cargo screening dogs working in private areas
of an airport, and biomedical detection dogs screening samples in a laboratory.

Confidence navigating a variety of surfaces, sometimes referred to as ‘tactile
nerve strength’ (Brownell and Marsolais 2000), is one of the most commonly
reported critical attributes of successful search and rescue and wildlife detection
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dogs alike, due to the need to navigate different types of environments. For exam-
ple, urban search and rescue dogs must negotiate rubble piles and disaster sites that
contain slippery, unstable, and rough surfaces, and wilderness rescue and wildlife
detection dogs must traverse a variety of different terrain, such as thick vegeta-
tion and rocky ground (Brownell and Marsolais 2000; Schneider 2009; Hare et al.
2018; Martin et al. 2020); explosives, narcotics, and other types of detection dogs
working in different buildings and venues must be comfortable searching on a
variety of floorings such as carpet, concrete, grates, and slick floors.

Assessing this domain typically involves testing dogs’ reactions to unfamiliar,
unusual, or startling stimuli. Many detection dog programs assess dogs’ confidence
in operational scenarios by performing walk-throughs of real-world environments,
assessing their ability to navigate effectively in the presence of people, machin-
ery, noises, objects, and surfaces (Brownell and Marsolais 2000; McGarrity et al.
2016; Lazarowski et al. 2018). While more realistic, a disadvantage of testing in
these settings is the inability to control the environment and standardize the test
across dogs, which may result in unreliable outcomes. Another test format, often
referred to as emotional reactivity testing, exposes dogs to a battery of startling
and unusual stimuli and assesses reactions (response and recovery) to each (Sher-
man et al. 2015). While this testing format may seem artificial, standardization
across dogs and timepoints can be ensured and research has shown it to be a valid
and reliable method for evaluating dogs’ fearfulness. For example, Sherman et al.
(2015) found that explosives detection dogs’ aggregate responses across a range
of stimuli (e.g., unusual person, remote-controlled car, umbrella opening) in an
emotional reactivity test correlated with an external measure of anxiety (open-
field anxiety test), and that cortisol levels were higher after the test compared to
baseline. Lazarowski et al. (2021a) validated a similar test designed for puppies in
training for explosives detection, demonstrating consistency across different scor-
ers, convergence with an external measure of anxiety (CBARQ), and predictive
validity of future selection as early as 3 months of age. Therefore, emotional reac-
tivity tests may be a more accurate, efficient method than more cumbersome and
less standardized environmental testing.

3 Sourcing and Selecting Detection Dogs

An increasing challenge to the detection dog industry is the availability of dogs
with the necessary behavioral attributes for reliable detection work, which has
been further compounded during the COVID-19 pandemic. In the security sector,
challenges in sourcing dogs arise from hurdles encountered during the govern-
ment procurement process, as well as a lack of incentives for breeders to supply
purpose-bred dogs for procurement (Leighton et al. 2018). Across all detection dis-
ciplines, identifying dogs with the necessary behavioral characteristics is difficult
due to the high behavioral standards required of operational detection dogs as well
as a general lack of reliable selection tools. While further research is needed to
develop and validate reliable behavioral assessments for selecting detection dogs
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across a range of disciplines, recent progress has been made in demonstrating the
effectiveness of behavioral tests (Sherman et al. 2015; Lazarowski et al. 2021a),
survey-based methods (Hare et al. 2018, 2021), and cognitive measures (MacLean
and Hare 2018) in identifying suitable detection dogs.

Traditionally, detection dogs have been sourced from breeding programs that
specifically breed, raise, and train purpose-bred detection dogs. For example,
Auburn University’s Canine Performance Sciences program produces purpose-bred
dogs primarily for explosives detection (Haney and Wilborn 2021), and the Penn
Vet Working Dog Center produces dogs for a range of detection careers, primarily
explosives detection and search and rescue (Hare et al. 2021). While selecting dogs
from dedicated breeding programs is advantageous in ensuring medical soundness,
breeding integrity, and assurance associated with the program or bloodline’s repu-
tation, obtaining dogs from such programs can be cost-prohibitive due to the need
to offset the costs of dog housing, personnel, and veterinary care associated with
breeding and puppy raising operations. Non-conventional methods of procurement
such as sourcing dogs from shelters or community models (i.e., individuals vol-
unteer to train and deploy with their privately owned dogs) are more common in
search and rescue and wildlife detection disciplines (Byosiere et al. 2019). Pro-
grams such as Working Dogs for Conservation and the National Disaster Search
Dog Foundation have had success selecting and training shelter dogs for detec-
tion careers; some of the behavioral characteristics that may have resulted in a
dog being incompatible as a pet living in a home and relinquished to a shelter are
often those that are desirable for a detection dog (Cablk et al. 2006; Byosiere et al.
2019). However, while more cost-effective, sourcing dogs from shelters requires a
significant amount of time screening hundreds of dogs in order to find enough with
the physical and behavioral characteristics necessary for detection careers; and
volunteer-based models may not be as reliable as purpose-bred dogs and dedicated
personnel.

4 Conclusions

Ultimately, the behavioral repertoire of a successful detection dog will depend on
the operational environment the dog will be expected to work in (e.g., urban envi-
ronments, wilderness, laboratories), the nature of the target to be detected (e.g.,
moving versus static targets), and the specific task (e.g., person-borne detection,
static object screening, multiple sample discrimination). However, accurate and
reliable identification of the behavioral characteristics relevant to detection dog
operational success remains a persistent and significant challenge in the indus-
try, and the majority of recommendations are based on anecdotal reports and
experience. For significant progress to be made, there is a need for empirical
research systematically examining behavioral characteristics, measured by objec-
tive methods, that are associated with detection dog performance outcomes (e.g.,
successful completion of training, certification, selection for an operational role,
performance in the field, etc.). Determining which outcomes are valid measures
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of success, however, is a challenge in itself. For example, standards for training,
selection, and certification vary across organizations and are often relatively sub-
jective; further, such metrics represent more immediate outcomes and may not
predict ultimate success in the field over longer periods of time (McGarrity et al.
2016; Lazarowski et al. 2021a). Efforts to improve behavioral selection should
include standardization of the terminology and methods used to assess and select
detection dogs; validation of such efforts through convergence with actual field
success; and longitudinal assessments of predictive validity across dogs’ careers
in the field.
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Abstract

Canine olfaction has been leveraged across the globe for a wide variety of
detection tasks, including medical, explosives, narcotic, and wildlife. The appli-
cations and usages of detection canines have grown substantially since the
1970s; however, technology to improve canine training and testing has largely
lagged. Despite nearly 50 years of detection canine advancement, there have
been few advancements in tools to present a controlled odorant to the canine
for training. As such, wood containers, plastic boxes, and a wide variety of
commercially available home storage containers remain popular odor delivery
vessels. However, evidence suggests these methods may be non-ideal for odor
presentation as there is no mechanism to provide standardized odor delivery,
controlled odor concentration, or reproducibly create odor mixtures as might be
required for canine olfactory testing or training. Nonetheless, based on advance-
ments in human and small mammal olfactory testing, a small, but growing body
of research on canine olfactory detection over the last 20 years has developed
more advanced tools to provide standardized and controlled odorant delivery for
the purposes of canine training and olfactory testing. These tools can largely
be categorized based on use (for training of detection canines or research
understanding canine olfaction) and technique (manual passive/diffusion odor
delivery or olfactometer active delivery). As the tools and practice of detection
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canine training advances, there is increasing overlap between the tools lever-
aged in the laboratory and those used for training in the field, but this review
will highlight the range of odor delivery vessels that are utilized in both the
field and laboratory with a focus on tools that provide a controlled and mea-
surable odor to canines on demand, namely olfactometers. We will also discuss
the various training and assessment paradigms that can be used in conjunction
with odor delivery tools and the benefits and limitations of each paradigm.

Keywords

Olfactometry  Canine detection « Odor delivery « Olfactory testing

1 Odor Delivery Tools

Canine olfaction has been leveraged across the globe for a wide variety of detec-
tion tasks, including medical, explosives, narcotic, and wildlife. The applications
and usages of detection canines have grown substantially since the 1970s; how-
ever, technology to improve canine training and testing has largely lagged. Despite
nearly 50 years of detection canine advancement, there have been few advance-
ments in tools to present a controlled odorant to the canine for training. As such,
wood containers, plastic boxes, and a wide variety of commercially available
home storage containers remain popular odor delivery vessels. However, evidence
suggests these methods may be non-ideal for odor presentation as there is no mech-
anism to provide a standardized odor delivery, controlled odor concentration, or
reproducibly create odor mixtures as might be required for canine olfactory testing
or training.

Nonetheless, based on advancements in human and small mammal olfactory
testing, a small, but growing body of research on canine olfactory detection over
the last 20 years has developed more advanced tools to provide standardized and
controlled odorant delivery for the purposes of canine training and olfactory test-
ing. These tools can largely be categorized based on use (for training of detection
canines or research understanding canine olfaction) and technique (manual passive/
diffusion odor delivery or olfactometer active delivery). As the tools and practice
of detection canine training advances, there is increasing overlap between the tools
leveraged in the laboratory and those used for training in the field, but this review
will highlight the range of odor delivery vessels that are utilized in both the field
and laboratory with a focus on tools that provide a controlled and measurable
odor to canines on demand, namely olfactometers. We will also discuss the vari-
ous training and assessment paradigms that can be used in conjunction with odor
delivery tools and the benefits and limitations of each paradigm.
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2 Manual Passive Odor Presentation

2a. Manual devices with minimal odor control

Odor presentation can be as simple as a plastic squeeze bottle filled with solutions
of odorants (Acree 1997) or a known concentration of an odorant in a glass jar
for a participant to sniff. These examples are simple, have no moving or com-
plicated parts, and can effectively present an odor as needed. Training materials
for detection canines are commonly presented in boxes, jars, or other containment
canisters. These options are used in training for simplicity of presentation and ease
of integration into a training program. In cases of canines being trained to perform
parcel checks or search large storage areas, the use of a box as a containment
vessel may act as a good approximation of final duties.

There are a number of commercially available metal boxes of varying forms
that are marketed to the canine detection community and are designed to minimize
canine interaction with the target material itself while maximizing odor availabil-
ity. However, with all these simple presentation devices the sample is at risk of
contamination during the act of sniffing, exhaling, or licking at the sample or
the container. Thus, a new/clean sample and container maybe necessary for every
trial and every participant or there is a risk of sample contamination influencing
results. Further, in the case of an open jar, the sample is subject to exposure to
the environment which may contain other odorants and turbulent air flows in the
room, making it difficult to ensure an equilibrium state is reached prior to the par-
ticipant sampling the odorant. Thus, a simple presentation container may provide
simplicity and ease of use but lacks odor control and protection of the sample from
contamination sources. In a case where fresh samples can be prepared every trial;
such devices may provide the right balance of simplicity for the user.

2b. Manual devices with odor containment

More recent containment devices are designed to provide security and protec-
tion of a training odorant from the environment (and can protect the environment
from the training odorant). The SciK9 Training Aid Delivery Device (TADD) was
patented by members of the U.S. Army Combat Capabilities Development Com-
mand Chemical Biological Center and allows restricted permeation of vapor into
the surrounding environment (Mach et al. 2021). The device (Fig. 1) contains
a hydrophobic and oleophobic odor-permeable membrane that retains sampling
materials within the device, reducing loss of sample and introduction of physical
contaminants. The lid which closes the device for storage can be removed to create
an unrestricted opening, and there are also perforated lids available that allow for
the restriction of delivered odor. This device varies from a design such as a sniffer
tin by incorporating the additional membrane layer the vapor must pass through
and by utilizing a Viton gasket that reduces odor loss and cross-contamination
during long-term storage (Mach et al. 2021).
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Lid to shut-off venting
Membrane Holder

Tamper-Evident Sticker

Odor Permeable Membrane
Gasket
4 oz Glass Jar

Odor Barrier Shipping Bag (not shown)

3 %2" wide (8.5 cm)

2 %" wide (5.8 cm)

Fig.1 SciK9 Training Aid Delivery Device (TADD) diagram, published by Sharpes et al., “Evalu-
ation of the SciK9 Training Aid Delivery Device for Containment of Powders”, U.S. Army Combat
Capabilities Development Command Chemical Biological Center, DEVCOM CBC-TR-1705; this
document is in the public domain (Mach et al. 2021)

2¢. Manual devices with controlled odor concentration

Controlling concentration of an odorant can be a challenge with manual odor pre-
sentation devices, but there have been several engineered approaches. Among the
first published studies in the field of olfactometry, Valentin’s work in the mid-
1800s referenced the encapsulation of a specified amount of odorant inside of a
corked glass tube which allowed for the preparation of known quantities of odor-
ous materials (Wenzel 1948). A similar approach with capillary tubes was followed
shortly thereafter to assess canine detection thresholds (Neuhaus 1953). However,
this technique requires precise glass instruments and can be difficult to replicate
and control.

The Controlled Odor Mimic Permeation System (COMPS) (Fig. 2) patented
by Furton and Harper (2017) is a simple device that allows odor to be delivered
in known, reproducible amounts. COMPS are composed of a permeable polymer
container housed inside nonpermeable packaging when not in use. This construc-
tion allows for multiple uses of the product; an example of COMPS is displayed
in Fig. 14. The amount of odor delivered over time may be adjusted by changing
the surface area of the COMPS bag or the thickness of the polymer used (Simon
et al. 2019).

The COMPS approach is similar to a standard approach of utilizing permeable
membranes for controlled odor diffusion. Permeation tubes can be used to emit
stable odor concentrations under continuous flow rates. This approach, however,
has rarely been used with canines with one notable exception (Walker et al. 2006).
Outside of this, there are a few other approaches to manipulating concentration
manually in a standardized manner.

2d. Manual devices to present odor mixtures

Each of the vessels that have been mentioned thus far has contained one central
housing area for the deposition of a single substance. However, when presenting
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Fig.2 COMPS interior
permeable packaging,
published by Simon et al.,
Chemical Senses, vol. 44, no.
6, 2019; this document is in
the public domain (Simon

et al. 2019)

materials such as explosive mixtures (e.g., homemade explosive mixtures) or drug
mixtures (e.g., adulterated drug mixtures), physically mixing or adulterating the
target compound may be limited due to safety or security concerns. In these cir-
cumstances, canines are trained on solely the parent compound with only limited
access to the more operationally-relevant mixtures. This can deteriorate detection
proficiency for mixed materials (DeGreeff and Peranich 2021). As such, the Mixed
Odor Delivery Device (MODD) was developed and patented by the U.S. Naval
Research Laboratory (NRL) for the presentation of odor mixtures without prepar-
ing the actual mixed product and is used to improve generalization across mixtures
containing a common target DeGreeff and Peranich 2021). The MODD (Fig. 3)
allows the user to insert up to four substances in separate wells. The odors of the
separated components mix within the device as they diffuse from the wells to the
outlet at the top of the device, allowing the canines to intake mixed odor from
separated components. As seen with the TADD, the MODD includes a gasket to
prevent vapor escape through the sides of the container (DeGreeff et al. 2017);
however, unlike the TADD, the MODD is not meant for long-term storage.
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Fig.3 The Mixed Odor Delivery Device (MODD) used to contain separated components within
the device and release a mixed odor at the sniffing outlet, published by DeGreeff et al., Foren-
sic Chemistry, vol. 4, 2017; licensed by Elsevier and Copyright Clearance Center (DeGreeff et al.
2017)

3 Olfactometry

In contrast to manually presenting odorants in vials or containers that present an
odor through diffusion principles, olfactometry (use of olfactometers) allows the
investigator to actively present an odor on demand through a controlled air flow
system (Buettner 2017) Recently, automated odor delivery systems have been cre-
ated for canine testing (Edwards 2019; Jendrny et al. 2021; Aviles-Rosa et al.
2021a). These methods were developed to ensure precise odor delivery, as well
as double-blind conditions, where neither the canine/handler team nor the test
assessor know the correct location of the target. However, the development and
use of olfactometers for canines is relatively novel and rare, although it has a
long-established history in human and laboratory animal research.

Standardizations for olfactometry for measuring air quality by human assessors
are already well established. The European Standard for “Air Quality—Deter-
mination of Odour Concentration by Dynamic Olfactometry” (EN13725) refers
to an olfactometer as a dilution system that delivers an odor sample diluted or
administered within a neutral carrier gas to an assessor. The standard specifies the
methods and procedures to be used in the determination of the odor concentration
of gaseous samples using dynamic olfactometry and human assessors and defines
performance parameters to be met by the instrument for its accuracy of dilution,
repeatability, and precision (Verhulst et al. 2011). EN13725 also puts forth a set
of requirements for the testing environment and the human assessors used. The
standards establish participant protocols such as avoiding perfumes/fragrances and
refraining from eating, drinking, or smoking for at least 30 min before serving as
an assessor. The sensitivity of the assessor is determined using n-butanol; the sam-
ple group must be within a detection range of 0.020 and 0.080 pmol/mol(Buettner
2017).
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3a. Olfactometer construction

Figure 4 illustrates the basic components of an olfactometer. There are two paths
of travel for the carrier gas to follow. Path 1 flows through the dilution unit where
pure air is mixed with odorous sample air and diluted to the target concentration;
this diluted air flows onward to the switch valve. The second path leads directly
from the carrier gas source to the switch valve. The switch valve controls the pre-
sentation of flow paths to the assessor switching from Path 1 (odorous, sample
air) to Path 2 (clean air). The recommended carrier gas is purified air. Multiple
odor ports can be connected to the same olfactometer allowing multiple asses-
sors to sample from the same device. The dilution unit, switch valve, and panelist
responses are operated by a microcontroller (Buettner 2017). The unit is controlled
by a computer and automatically dilutes sample concentrations, provides intermit-
tent clean air flows to assessors, and controls which odor ports are supplied with
air flows.

To prevent carry-over between subsequent runs of the device, all odorant-
carrying components of the olfactometer must be constructed from inert, odorless,
materials such as glass, stainless steel, or polytetrafluoroethylene (PTFE) that min-
imize absorption and are readily cleaned by heat or solvent (Buettner 2017). It is
also suggested that all wetted surfaces be heated to at least the boiling point of the
analyte of interest and the width of all tubing is maximized within the allowances
of system requirements (Mullen et al. 2021).

Fig.4 Working principle of '

an olfactometer adapted from T ‘ i
Buettner, Springer Handbook v -

of Odor, chapter 24, 2017, ' Carrier Gas
reproduced with permission Sample Input Dilution System

from Springer Nature

Switch Valve

Mixture of pure sample and
neutral air (sample air)
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Fig.5 Basic canine
olfactometer, adapted from
Aviles-Rosa et al., Front. Vet.
Sci., vol. 8, 2021; licensed
under a Creative Commons
Attribution (CC BY) license
(Aviles-Rosa et al. 2021a)
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4 Olfactometers and Canine Assessors

Olfactometers are traditionally used to investigate aspects of human olfaction
and are thus ergonomically designed for the human subject. In its application to
canines, olfactometers are constructed to suit the canine end-user allowing for the
delivery of odorous compounds via airstream to a canine assessor instead of a
human. While there are many variations of the canine olfactometer, they all share
the core components expressed by the human olfactometer. As shown in the exam-
ple in Fig. 5, the base design of a canine olfactometer appears quite similar to a
human olfactometer. A clean air supply introduces a non-odorous or purified air
source to the system that then flows either (a) down a direct path to the odor port
or (b) through a path where the clean airstream mixes with and transports a sample
odorant onward to a manifold where it is diluted with clean air and subsequently
carried to the odor port. Similarly, canine olfactometers are generally constructed
from non-odorous materials such as PTFE, glass, or stainless steel along odor-
whetted pathways. A few published examples of canine olfactometer structures
and their varied end goals are discussed herein.
Common components of canine olfactometers are included in Table 1:

4a. Canine olfactometer designs
Tucker 1963-Air Dilution Olfactometer

Tucker’s design (Fig. 6) was published in 1963. The olfactometer was composed
of glass and PTFE and included a five-stage wash bottle construction. For each
of the four flow paths, the first two wash bottles were used to flow compressed
air through silica gel to remove moisture and then through activated charcoal to
achieve odor removal from the air source. The third and fourth bottles were used to
saturate the clean air; this is the point of odor introduction for the Odor A & Odor
B paths. The last wash bottle served as an aerosol trap, retaining the saturated air
until needed further downline. This system used the first flow path as a “clean”
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Table 1 Common components of olfactometers

Part Function

Mass Flow Controller (MFC) A device that measures and regulates the flow of
gases or liquids; designed and calibrated to function
for a specific arrangement of input and flow rates

Electronic Flow Meter (EFM)/flow meter | A gauge used to measure the volume or mass of
flow rates in a system

Manifold A junction for multiple flow inputs; allows the
combination of flow streams and redirection of path

Static mixer A device whose physical design allows continuous
mixing of flowed material without the need for
moving parts

air system washing flow path; thus, this line did not receive odorant. The next
two paths were able to contain separate odorants that could be released and mixed
with the fourth flow path (“clean” air) to dilute said odorants. It was noted that
the odorant could be excluded from the “Odor B ports to create a second non-
odorous pathway and allow two dilution events to occur before the presentation of
odor occurs downstream (Tucker 1963; Krestel et al. 1984).

Hallowell 1994-Air Dilution Olfactometer

The olfactometer utilized a five-channel system with a series of mass flow con-
trollers (MFC) used to dilute the air stream by controlling the amount of odorant
gas that continued to the next phases (Fig. 7). It also allowed for the influx of
additional non-odorous gas to the vapor stream for dilution. Sample odor was
incorporated into the vapor stream by flowing clean air through a water bath-heated
glass vessel containing the sample of choice. The vapor stream passed through the
vessel and was incorporated with the sample air and continued through the next
four channels of the system where it was subsequently diluted to the target range
and delivered at the odor port. The net range of dilution factors reported for this
construction is 102-10""> (Hallowell et al. 1994).

Dechant 2021-Air Dilution Olfactometer

The Dechant air dilution olfactometer (Fig. 8) used a “zero” air purified air source
as its carrier gas. For sample introduction, air flows from the source, through a
regulator, and into the sample containment unit. This setup utilized clean air to
displace and flow the gaseous headspace of an odorant held in a glass vial within
a temperature-controlled water bath. After the odorant was incorporated with the
clean air, the vapor stream passed through a series of static mixers and MFCs.
Each junction posed an opportunity to exhaust a portion of the vapor stream or
incorporate additional clean diluent air to bring the initial vapor concentration to
the targeted concentration level. After passing through three MFCsstatic mixers,
and exhaust stages, the air-diluted sample arrived at the canine assessor’s odor port
(DeChant et al. 2021).
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Fig.6 Air dilution olfactometer, published by Tucker, Journal of General Physiology, vol. 46, no.
3, 1963; licensed under a Creative Commons Attribution (CC BY) license (Tucker 1963)

Hall et al. 2018-Odor Mixture Olfactometer

Unlike the above-described olfactometers, Hall and coworkers (2018) produced
an olfactometer that allowed for the creation and delivery of odor mixtures to
the canines (Fig. 9). The instrument was constructed of an automated 12-channel
dynamic-dilution computer-controlled system. Each of the 12 channels contained
an electronic flow meter and a saturation jar supplying a specific odorant. The flow
of filtered air through each channel was controlled by the computer, the flows of
multiple channels could be set to create a mixture of odors downstream in the odor
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Fig.7 Air dilution olfactometer, published by Hallowell et al., “Qualitative/semiquantitative
chemical characterization of the Auburn Olfactometer”, Proc. SPIE 2276, 1994; use of image
granted by the author (Hallowell et al. 1994)
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Fig.8 Air dilution olfactometer, adapted from Dechant et al., Animals, vol. 11, no. 2, 2021;
licensed under a Creative Commons Attribution (CC BY) license (DeChant et al. 2021)

manifold. The odor mixtures were created using proportional valves between the
combined odorants (Hall and Wynne 2018).

Giordano et al. 2020 Modified Vapor Delivery Source
Trace Vapor Generator for Explosives and Narcotics (TV-Gen)

The U.S. Naval Research Laboratory created the Trace Vapor Generator for Explo-
sives and Narcotics (TV-Gen) (Fig. 10). Originally designed to be used in the
testing and validation of synthetic sensors and field vapor detection equipment, the
device was adapted to be used as a canine olfactometer. The TV-Gen allowed for
the introduction of liquid samples by two separate pathways; the first for sample
introduction and a second for blank/control samples. Carrier gas from a zero-air
generator was used to transport an aqueous solution of the analyte/odorant to a
nebulizer, where the solution and analyte were vaporized and introduced to the
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Fig.10 TV-Gen, published by Giordano et al., Rev. Sci. Instrum., vol. 91, no. 8, 2020; licensed
under a Creative Commons Attribution (CC BY) license (Giordano et al. 2020)

air flow path modulated by the MFC. The vapor stream was then diluted by addi-
tional air flow as needed. All vapor transport took place in a heated manifold (up
to 130 °C). For the presentation of odor to the canine, an odor sampling port was
developed. To ensure even distribution of the vapor in the sampling point, a vapor
diffuser was designed to encourage the spread of analyte vapor throughout the
cone instead of a narrow stream of analyte vapor down the middle of the port
(Giordano et al. 2020; DeGreeff et al. 2021).

4b. Considerations and Limitations in Odor Delivery and Olfactometer Design

Odor Dilution

Odor dilution is an important concern in experimental design. Most odorant dilu-
ents are air, water, alcohol, or oil (Gamble and Smith 2009). The choice of a
diluent is important not only for incorporating the stimulus but because a poor
choice could reduce vapor phase availability and alter the sample’s perception. In
mixing an odorant with a diluent, both components become part of the presented
stimulus. Due to the need to minimize the introduction of unwanted odorants to
the sample, ultrapure diluents are preferred. Amongst the described methods of
dilution, liquid (aqueous or oil) dilutions are the most common. There is greater
control achieved when the stimulus can be diluted to the target concentration prior
to its introduction in the olfactometer. In comparison, air dilution systems require
extensive, and often expensive, mechanical components to perform sample dilution
and delivery within the unit itself.

Water dilutions are often performed using distilled or highly filtered water,
while ethanol is frequently used for alcohol dilutions (Le Berre et al. 2007). For
oil dilutions, mineral oil or paraffin oil are most commonly used to dilute lig-
uid odorant samples (DeChant et al. 2021; DeChant and Hall 2021; Concha et al.
2019) as they are assumed to be odorless for the practical purposes of experimen-
tation (Gamble and Smith 2009); however, truly non-odorous material is difficult
to achieve; (Koelega 1996; Pierce et al. 1996; Wysocki et al. 1997). Gamble et al.
(2009) demonstrated that trained mice were able to discriminate between mineral
oil vs. filtered air and between mineral oils sourced from different distributors
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(Gamble and Smith 2009). This work demonstrates that these “non-odorous” dilu-
ents do indeed retain a detectable odor and should thus be taken into consideration
in behavioral training.

Air dilutions incorporate the use of purified air which can be commercially
purchased as ultra-high purity air canisters and may also be filtered by purifiers or
traps in the flow path for the removal of moisture and contaminants or through the
use of a “zero air” generator Tucker 1963). Finally, a combination of both liquid
and air dilution may be used, where varying solution concentration accounts for
large-scale changes in output concentration and air-dilution can be used to make
finer changes in output concentration (Giordano et al. 2020).

4c. Canine Olfactometer Design Considerations

Flow Path

When designing and operating a canine olfactometer it is important to acknowl-
edge that odorants transported through the system will not be delivered with 100%
efficiency. There are losses of odor that occur due to adsorption and absorption to
surfaces such as tubing, valves, and manifolds and loss due to inefficient delivery
at the odor port (Mullen et al. 2021). Also, unintended dilution of odor can occur
at multiple steps in the process, predominantly at the vapor outlet. Both instances
decrease the intended vapor concentration (DeGreeff et al. 2021).

The presence of unattended compounds, due to insufficient clearing or clean-
ing of the vapor stream may cause contamination of the apparatus and analyte
carryover. As a result of carryover, the assessor may believe the canine subject is
detecting the intended analyte but is actually sampling the contaminating odorants
(Hallowell et al. 1994). In one example, when an ion mobility spectrometer (IMS)
was used to test the output of an olfactometer used to generate explosives vapor,
significant contamination from the dinitrotoluene (DNT), an explosives-related
compound, was detected. The presence of the DNT contamination was thought
to be from the carryover of smokeless powder vapor used in testing the previous
day. Though the olfactometer was purged overnight at 70 °C, the DNT contami-
nation could not be entirely removed without more extensive system cleaning. As
such, it is vital to consider the many points of possible carryover contamination in
the olfactometer’s design and carry out efforts to mitigate such effects.

An easily overlooked aspect of olfactometer design lies in the differences
between sample and blank/control flow paths. As seen in Fig. 3, control samples
are delivered through dedicated pathways reducing the opportunity for contami-
nant introduction and ensuring that blanks are being reproducibly delivered under
the same conditions. However, sustaining a separate flow path for control sample
introduction may result in differences between the sample and control paths due to
differences in construction and operation, and minimizing such differences should
be taken into account in instrument design (Collins et al. 2017). The delivery of
an odorous stimulus requires more points of interaction and a more complex flow
path than is needed in the delivery of a non-odorous control flow. At a minimum,
sample lines must flow clean air through a sample flow meter, through a series
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of valves, into an odor incorporation stage, then, on toward an odor delivery port.
The inclusion of air dilution steps adds to the complexity of this design, but as is,
this path incorporates specialized equipment that accounts for space in the instru-
ment’s design and cost in its manufacturing. Logically, components that are not
necessary for the delivery of a control sample would not be included to reduce
costs and eliminate unnecessary redundancy, but this can lead to unintentional dif-
ferences between the target and control paths (e.g. flow, pressure, sound). Canines
are highly intelligent animals that use sensory cues to discern differences between
stimuli. When conducting scenting experiments, the experimenter ideally wants
the canine to rely on its olfactory ability to discern differences between samples,
but olfactometers may yield non-olfactory, unintentional cues. A device that has
an innate “tell” will not yield credible results and could adversely affect the train-
ing and performance of canines that use the device. Canines may sense the subtle
differences in flow rates and the discrepancy in temperature caused by air flowing
through a different path; or the difference in pressure caused by using a differ-
ent flow meter on one line but not the other. They may pick-up on the delayed
delivery of a sample flow that travels a longer path than the control; and they may
feel differences in the vibrational frequency of operating the device in a specific
mode or hear valves switching between flow paths denoting a change in sample
type. All these considerations should be taken into account when designing and
operating an olfactometer. The continual development of the field has seen active
work to remove the influence caused by these differences resulting in constant
improvement of canine olfactometers.

Delivery Interface (Odor Port)

The conditioning of the sample odor stream in terms of temperature, humidity, and
flow rate can affect the canine’s assessment of the odor. There are considerations
to be made in terms of physical comfort in the sampling procedure, where samples
should be monitored for temperature and humidity to ensure appropriate levels are
established. Equally important, the delivery interface should be constructed with
canine comfort, as well as odor diffusion and dilution, in mind (DeGreeff et al.
2021).

The type and shape of the odor port used with an olfactometer can most notably
affect the concentration of the delivered stimulus. As a sample flow exits the olfac-
tometer into the odor port it begins to mix with the ambient air surrounding the
device. Particularly for ports with direct, single-stream introduction, a canine posi-
tioned farther away from the port’s opening will experience a more diluted sample
stimulus than one which is positioned more closely (DeGreeff et al. 2021). Below
are a few basic designs and approaches to deliver stimulus to canines through a
canine odor port.

Krestel et al. (1984) published an olfactometer design that describes an odor
port that flowed sample odorant across the canine’s sampling space. In Fig. 11,
a canine can be seen placing its nose inside the rectangular opening of the odor
chamber. The chamber included an input from the olfactometer system as well as
an exhaust system to pull odor through the chamber, across the canine’s snout, and
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out of the system allowing for circulation of sample air and exhausting odorous air
prior to the presentation of a new sample. The design also incorporated a Teflon
lever which was affixed inside the breathing chamber on its ceiling. This lever was
used for canine reporting. The shape of the odor port promotes active dissipation
of odor into the larger area and dilution of odor prior to its presentation to the
canine (Krestel et al. 1984). Such a design was sufficient for a variety of types
of olfactory testing but may not be appropriate for threshold measurements as the
influx of air into the chamber and subsequent dilution of odor at the port are not
taken into account.

Later, Johnston et al. (1994) performed olfactory threshold experiments using
an experimental chamber including an interface panel with an odor port (Fig. 12).
The odor port consisted of a 9 cm diameter aperture linking it to the olfactometer
input. A vacuum pump system was used to remove odorous air from inside of the
chamber as experiments were conducted. There were two levers contained within
this chamber corresponding to “clean air” or “scented air”” which the participating
canines used to report their interpreted stimulus. Food reinforcement could be
delivered directly to the chamber. This design of the chamber and its use of a
vacuum pump to remove air from the enclosure requires that the odorous air travel
from the olfactometer, through the odor port and into the larger chamber before it
can be removed by the vacuum system. This design creates ample opportunity for
odor mixing to occur due to incomplete removal of odorous air (Johnston et al.
1994).

Most modern odor ports resemble a blend between Krestel et al. and Johnston
et al.’s designs. In their 2021 work, Aviles-Rosa et al. described the use of an
odor port that resembled an aperture on a panel. Within the port, the odorant was
fed in from a tube at the bottom and exhausted out using a fan at the top of the
port. This design also incorporated a continuous flow of clean air through the port
that allowed for continual clearing of odor (Krestel et al. 1984). This created odor
circulation and exhausting odorous air after stimulus presentation, creating a clean
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Fig.12 Canine experimental
sampling chamber published
by Johnston et al.,
“Determination of canine
olfactory thresholds using
operant laboratory methods”,
Proc. SPIE 2092, 1994; use
of image granted by the
author (Johnston et al. 1994)

sample presentation field. These actions mitigate the likelihood of odor carryover
or stagnation in the odor port.

The TV-Gen design utilized a specially devised canine odor port modeled
from a human olfactometry port and crafted using the same materials, but with
an extended conical shape to fit a canine muzzle (Fig. 13). Odor was presented
through a multi-channel diffuser at the center of the cone allowing the odor
stream to diffuse in multiple directions ensuring circulation of vapor throughout
the port. Computational fluid dynamic modeling of the vapor distribution from a
single vapor stream confirmed that, indeed, without the diffuser, the analyte vapor
remained in a tight stream through the middle of the port, never reaching the walls.
Furthermore, the air outside of the port was entrained by the jet stream and pulled
into the cone, further diluting the air in the port. The port design reflected an
active effort to improve stimulant delivery to the canine, increasing the efficacy of
olfactometer use as a whole. Additionally, analytical measurements confirmed the
absence of carryover contamination in this design (DeGreeff et al. 2021).

5 Future Olfactometry: Gas
Chromatography-Olfactometry (GC-O)

Gas chromatography-olfactometry (GC-O) is the term used for the experimental
set-up where samples are chromatographically separated and presented, in real
time, to a human assessor for detection and evaluation of odorous compounds
eluting from the GC separation. The technique has never been used for canine
olfactory assessments in the published literature but possesses significant oppor-
tunity for future research. This section will primarily discuss the use of GC-O in
human olfactory research, followed by a brief discussion of the potential of canine
GC-O research.
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Fig.13 Canine odor port for use with the TV-Gen, published by DeGreeff et al., Anal Bioanal.
Chem, vol. 413, no. 3, 2021; licensed by Anal Bioanal. Chem and Copyright Clearance Center
(DeGreeff et al. 2021)

Sa. History of GC-O

The first application of GC-O is attributed to Fuller and colleagues published
in 1964 (Fuller et al. 1964). Fuller et al. reported the construction and use of a
GC-O comprised of a gas chromatograph flowing GC-separated vapor through an
attached, heated transfer line, delivering the vapors to the nose of a professional
perfumer (Fuller et al. 1964). The first iteration of the device fed the transfer line
into a plastic head covering with a vacuum system removing air from above. The
second iteration of the device fed the GC output into a booth where the perfumer
was able to comfortably hold their head above the output of GC eluate. The exper-
iments carried out by Fuller et al. demonstrated the novel use of human assessors
in conjunction with gas chromatographic separation. The professional perfumer
who participated in the study detected and assessed the odorous composition of
more than 150 aromatic compounds (Fuller et al. 1964).

The initial invention posited by Fuller and colleagues was expanded upon in
1976. Acree et al. noted that the odor delivery system used in designs such as
that of Fuller et al. delivered hot, dry air to the human assessor. This air would be
uncomfortable for the human detector and cause inaccuracies due to the irritating
effects of the dry air on the nasal cavities (Acree et al. 1976). The devised solution
was the “sniffer” which incorporated an additional, post-GC, air stream that flowed
through an in-line activated charcoal filter, mixed with the GC eluate, and flowed
through a large volume of rapidly moving air. The resulting vapor composition
was reported to be a moistened air flow of diluted concentration when compared
to the direct GC eluate (Acree et al. 1976).
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Fig. 14 Gas chromatography—olfactometry (GC-O) diagram adapted from Plutowska et al., Food
Chemistry, vol. 107, no. 1, 2008; licensed by Elsevier and Copyright Clearance Center (Plutowska
and Wardencki 2008)

5b. Principles of GC-O

Samples of interest can be investigated and prepared in numerous ways to allow for
volatile compound extraction and transfer onto the GC. Depending on the composi-
tion of the sample, preparation procedures may require physical homogenization or
centrifugation, other samples may be directly extracted and/or concentrated using
methods such as steam distillation, solvent extraction, supercritical fluid extraction,
solid phase extraction, and a number of headspace techniques including the use of
sorptive traps and solid phase microextraction (SPME). There are many additional
sampling methods; regardless of which sampling method is chosen, the next step
is the introduction of the sample to the GC.

Samples are introduced to the GC through the instrument’s inlet (Fig. 14a). The
GC inlet is a heated entry port that will volatilize the sample to the vapor phase.
The vapor phase sample is then passed, via carrier gas, to the GC column (B). Once
deposited onto the GC column, a programmed cycle of column heating allows the
compounds in the deposited sample to be separated by polarity and boiling point.
The composition of the stationary phase coating the inside of the GC column
influences boiling point and polarity-based separations. This separation process
separates a larger, more complex sample into individual compounds making up its
composition.

Once the sample has traveled through the GC column the entire sample may
go to the human assessor, or, more commonly today, the sample exiting the GC
column may be split and simultaneously routed to the human assessor and an
instrumental detector. In the latter case, the gas phase sample passes from the GC
column to a column flow splitter (C) where it is divided and sent along two paths.
The first stream of gas is directed to the instrumental detector (D); a variety of
instrumental detectors can be used in this scenario including thermal conductivity,
photoionization, flame ionization, and mass spectrometers (Delahunty et al. 2006).
The second split is mixed with humidified air (E) before passing through a heated
transfer line (F) and into the sniffing port control modulator (G). The temperature
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and pressure of the gas are controlled by this modulator, fine-tuning the parameters
of sample introduction to the human assessor through the sniffing port (H). The
sniffing port is a conical-shaped port, meant to fit the form of a human nose; it is
usually constructed from glass or PTFE to minimize carryover. Along these paths,
pressure and gas flow controllers may be used to ensure that the separate streams
of gas arrive at the detector and the human assessor at the same time.

Sc. Limitations and Challenges of GC-O

System Limitations

The use and operation of GC-O as an instrumental technique poses issues, limita-
tions, and inconveniences to the participant and researcher alike. Beginning with
the introduction of samples into the device, there are restrictions placed upon what
compounds can be deposited into a GC. Gas chromatographs cannot be used to
analyze aqueous phase samples; additionally, samples that are phase compatible
can still be a poor pairing for GC-O. Thermally labile compounds can decom-
pose during the analysis process, the heating of samples can cause the breakdown
of targeted analyte and the appearance of background artifacts, and the necessary
sample preparation steps may preferentially trap certain types of compounds over
others in the sample.

The information gathered from GC-O experiments is dependent on the combi-
nation of many factors including sample preparation, column choice, flow capacity,
system resolution, and detector sensitivity. For instance, insufficient GC conditions
for separating complex mixtures often result in poor selectivity, resulting in over-
lapping and unresolved peaks in the chromatogram. A response to this complaint
is the adoption of Multidimensional GC-O (MDGC-0O). MDGC-O incorporates
the use of an additional GC column allowing for a multidimensional separation of
compounds. However, like GC-O, MDGC-O has its limitations; it has been noted
that while sensitivity and selectivity can improve, the additional technical compo-
nents create opportunities for sample loss and increase the operating costs of the
technique (Delahunty et al. 2006).

The Participant Factor

In the established use of humans as the GC-O assessor, the assessor-based chal-
lenges of its use are apparent. A challenge arises from the differences between
analyte interpretation at the instrumental detector versus its interpretation by the
assessor and discrepancies between responses acquired by different assessors.
There is an inherent offset in signal processing that occurs with using a living
being as a detector; the assessor must complete analyte uptake, sensory percep-
tion, and cognitive processing before providing a verbal or physical response (i.e.,
clicker, written, actuator slide bar) regarding the presented sample. Additionally,
within these tasks, there are concerns over compounds missed during the assessor’s
completion of complex reporting procedures causing researchers to opt for simple
reporting tasks such as noting one or two characteristics of the odor such as onset
time and perceived profile. However, simplifying the task the assessor completes
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diminishes the amount of information that is gained from the session. Even when
working within these simplified duties, there are some tasks such as reporting when
odors end that are harder to attain reproducible results for; this outcome is viewed
even when the same assessor provides repeated responses (Delahunty et al. 2006).
When variations in the sensory abilities of differing assessors are incorporated, the
many levels of variations due to human involvement become apparent.

5d. Canine Application of GC-O

GC-O is currently used as a manner of preparing and presenting odors to human
assessors. However, this technology has the potential to be adapted for use with
canines. The adaptation of this technology would allow the canine assessor to
be presented with a flow of separated compounds. The canine would be tasked
with acting as a detector for odorous compounds present in the GC eluate. This
adaptation of technology would allow researchers to investigate such questions as
(1) the presence or absence of known odor, (2) the beginning and end point of
odorous compounds in a complex mixture, or (3) the intensity of odor. While the
use of GC-O in this manner would require participating canine assessors to be
trained to perform new, discrete trained responses, it is believed within the realm
of canine research to incorporate GC-O in this manner. Recent advancements in
the quality of portable field GC-based instrumentation may make this application
more possible; however, the difficulty in GC-O for canine assessment would be in
training a canine to wait, potentially for many minutes or even tens of minutes to
detect the target, as a GC run can be from several minutes to as long as 30 min.

In a step towards GC-O testing using canines, researchers have collected frac-
tions of the GC eluent onto sorbent materials and then delivered these materials to
the canine in an odor recognition test. In research by Hudson (2009) and Vaughan
t al. (2022), a GC-fractionation technique was used to probe the odorants of inter-
est to trained detection canines (Vaughan et al. 2022) (Hudson 2009). Researchers
studied the canine detection olfactory targets for human scent and crude oil, respec-
tively; both highly complex mixtures of volatile compounds. In order to pinpoint,
or narrow, the odors of olfactory interest, sections of the chromatograms were
delivered to the canines, not through an olfactory port, but by collecting the frac-
tion on sorbent materials and then presenting the fractions, as well as positive and
negative controls prepared in the same manner, to canines trained to detect human
scent or crude oil, respectively, in a series of controlled trials.

6 Animal Training Technologies

Sensory evaluation in animals is not as simple as asking a participant if two
different stimuli are perceived as the same stimulus or to what degree they are
perceptually different or similar to each other. Thus, different methods have been
developed to conduct sensory evaluations in animals; each leverages animal behav-
ior and operant conditioning to teach an animal to respond differently to different
stimuli. By evaluating the animal’s behavior and response to different stimuli,
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researchers can assess how an animal perceives an olfactory stimulus in relation
to another. Although we will focus our discussion on olfaction, it is important
to note that the methods described below can be utilized to study any sensory
modality. Nonetheless, by incorporating any of the odor-generating/presenting
tools above and one of the behavior paradigms below, a wide range of animal
sensory perception questions can be answered.

6a. Go/no-Go Paradigm

The Go/no-Go paradigm (GNG) is one of the most common methods used to
study olfactory learning, discrimination, and generalization in animals, and a fre-
quent choice of paradigm for use with olfactometers. A GNG paradigm consists
of training the animal to show a behavioral response when a conditioned stimulus
(CS+) is presented (Go response) and not showing the trained response when other
stimuli (CS—) are presented (No-Go response) (Fig. 15). During a GNG, only one
stimulus is presented to the animal during a trial.

GNG task has been widely used in different species to study cognitive and
sensory processes (Bodyak 1999; Friedrich 2006; Kay et al. 2006; Frederick et al.
2011; Berditchevskaia et al. 2016; Carlson et al. 2016; Meule 2017; Hall and
Wynne 2018; DeChant et al. 2021; Nakamura et al. 1987), and the behavior trained
as the Go response varied among studies. One common trained response during a
GNG task is to press a lever when the CS+is presented and to not press the lever
in the presence of a CS— (Kay et al. 2006; Nakamura et al. 1987). In rodents, it
is also common to train the mice or the rat to hold their nose in an odor port until
they perceive the CS+and then go to another port where the reward (e.g., water)
is delivered (Bodyak 1999; Carlson et al. 2016). The most common method used
in rodents is to deliver water as a reinforcer within the port in the presence of the
CS+and not deliver water when a CS— is presented. The behavioral “Go” response
is then to measure licks to the water delivery system (Otto et al. 1991; Abraham
et al. 2012).
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DeChant et al. (2021) used a GNG task with an air dilution olfactometer to
evaluate canines’ generalization to different concentrations of an odorant. In this
study, canines were trained to hold their nose for 4 s in the odor port or to press
a lever when the target odorant was delivered (both “Go” responses were trained)
and not press the lever or hold their nose out of the port if the target was absent
(DeChant et al. 2021). A similar procedure was used by Hall and Wynne (2018)
to evaluate whether canines trained to detect a target odor when presented in odor
mixtures showed improved generalization to novel mixtures containing the same
target odor. In this study, researchers trained canines to hold the nose in the odor
port when they perceived the target in a mixture and to remove the nose from the
port when the target odor was absent (Hall and Wynne 2018).

GNG paradigms are easy to implement because they only require the presenta-
tion of an odor to a single sample port for a trial. This reduces the need for multiple
odor ports to simultaneously present target and non-target odors. The main diffi-
culty training canines with a GNG is to train the No-GO response, particularly to
impulsive canines (Lazarowski et al. 2020). During initial training, canines may
tend to respond to all stimuli presented, but by simply not reinforcing incorrect
responses they should quickly learn to alert only to the target odor. One way to
potentially overcome this and accelerate training is to reinforce correct Go and
No-Go responses. This might reduce bias to the Go response, facilitating training,
although reinforcing No-Go responses is not necessary and is frequently used in
rodents (Slotnick and Restrepo 2001).

From a cognitive perspective, the GNG paradigm involves response inhibition
(Helton 2009; Chikazoe et al. 2009). For instance, response inhibition control is
needed to not alert to novel stimuli as the prepotent response in a GNG paradigm
is the Go response (Helton 2009; Chikazoe et al. 2009). The frequency at which
the CS+and the CS— are presented can have an influence on the rate of false alerts
(e.g., responding to CS— ) and misses (e.g., not responding to the CS+). Higher
rates of CS+trials lead to higher false alerts and higher rates of CS— trials lead
to more misses (Helton 2009; Chikazoe et al. 2009). To prevent the development
of bias toward one response, CS+, and CS— trials should be randomized within a
session and presented at equal rates (Chikazoe et al. 2009).

6b. Alternative Forced Choice (AFC)

The alternative forced choice (AFC) paradigm is another method used for sensory
and cognitive analysis in animals (Shenoy and Yu 2012). Different from the GNG,
AFC paradigms consist of presenting one or multiple CS— stimuli and a single
CS+stimulus simultaneously to the animal in the same trial. The animal is then
trained to search the different samples presented and give the trained response only
to the CS+stimulus. As in the GNG paradigm, CS— are usually blank matrices
(e.g., clean cotton gauze), the diluent of the CS+(background), or just an empty
vial. However, the use of distractor odors as CS— is frequently used, particularly
when studying discrimination (e.g. Cleland et al. 2002). A distractor odor is an
odor different from the target odor (CS+) used to ensure the animal is responding
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exclusively to the CS+and not novel odors. Most of the studies in laboratory set-
tings present the animal with only two (2-AFC) (Gomez et al. 2007; Frederick et al.
2011; Hall et al. 2016a; Shenoy and Yu) or three (3-AFC) (Fig. 16) (Reeve et al.
2018; Aviles-Rosa et al. 2021b; DeChant and Hall 2021) samples simultaneously,
but an experimenter can adjust the method to present n number of samples during
a trial. Independent of the number of samples presented in a trial, the CS+or a
testing odor (e.g., when studying generalization) must be always present in a trial
and the animal must respond to one of the stimuli presented (hence forced choice).
Failure to respond to a stimulus in a predetermined period of time results in the
termination of the trial and the initiation of the next trial. Within these paradigms,
how best to handle trials with no response can be challenging, but generally leads
to either scoring the response as incorrect, repeating until a response is made, or
removing the trial from analysis.

AFCs are commonly used in studying canine olfaction. Lazarowski et al. (2015)
and Dorman et al. (2021) used a 2-AFC to evaluate generalization to untrained
variations of Ammonium Nitrate (AN) compounds. In these studies, canines had
to move an object containing the CS+. Moving the CS+provided canines access

——| Yes |—{ Faise Alert |— End oftrial |
| Correct Rejection I—{ Trial continues |

|

Alert?

7]
Alert?
—-—| Miss |— Trial continues |
o
—l Yes ]——' False Alert-}—[ End of trial |
L Alert?

Fig.16 A representation of a three alternative forced choice (3-AFC). Within a trial, there are two
CS— and one CS+. The canine has to search all samples and alert to one of them (forced choice)
before the end of the trial duration. Trial duration is established by the experimenter, and it is usu-
ally 30 s to 2 min. If the canine gives the trained final response for the CS+, it is recorded as a Hit
or a correct alert. If the canine gives the trained response for a CS— sample, the trial response is
recorded as a false alert or false positive. If the canine does not alert to any of the samples, the trial
response is recorded as a miss or false negative. The experimenter might decide to repeat the trial
or to terminate the trial if the canine does not alert to any of the samples at the end of the trial
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to a treat. Hall et al. (2015, 2016b, a) used a 2-AFC where canines were trained
to root in a bin containing the CS+to evaluate alcohol discrimination and the
effect of Pavlovian conditioning on odor acquisition and resistance to extinction.
Reeve et al. (2018) and Martini et al. (2018) used AFC paradigms to evaluate
canines’ ability to detect breath samples and bar magnets, respectively. DeChant
and Hall (2021) used a 3-AFC to determine the olfactory threshold of canines
to isoamyl acetate; in this paradigm, isoamyl acetate concentration was gradually
reduced (serial dilution) until canines were not able to accurately discriminate
isoamyl acetate (CS+) from mineral oil (CS—). A 3-AFC and 5-AFC were used
by Aviles-Rosa et al. (2021b) to evaluate generalization to different quantities of
explosives (Aviles-Rosa et al. 2021b). Notably, AFCs are more frequently used
with manual odor delivery devices and less frequently with olfactometry. This is
in part because AFCs provide greater efficiency per trial statistically (probability of
a correct response due to chance is related to the number of alternatives), allowing
for fewer trails to be conducted. Thus, when manual labor is required, a more
efficient test procedure is selected. Further, AFCs are less frequently used with
olfactometry due to increased cost from replication of components and difficultly
for olfactometry to present multiple stimuli at different locations simultaneously
(Aviles-Rosa et al. 2021a).

Both the GNG and the AFC have been used to study different cognitive and
olfactory phenomena in animals. Studies in rodents that compared their perfor-
mance doing the same task (e.g., discrimination between odorants) with a GNG
or 2-AFC, have found certain biases and differences between paradigms (Gomez
et al. 2007; Frederick et al. 2011; Shenoy and Yu 2012). For instance, in a GNG
paradigm, studies have found that rodents show a shorter response time and more
false alerts relative to a 2-AFC (Shenoy and Yu 2012). This is thought to be a strat-
egy to maximize the reinforcement rate and reduce the cost of the task (Gomez
et al. 2007; Shenoy and Yu 2012). For instance, in a GNG paradigm, usually only
Go trials are reinforced while in a 2-AFC every trial has a reinforceable response
option. Reinforcement differences between methods can result in a bias toward
the overt response in the GNG leading to more false alerts in the GNG relative to
the AFC when performing the same task (Frederick et al. 2011). Frederick et al.
(2011) were able to standardize both tasks by modifying certain parameters such
as intertrial interval. This suggests that the difference between tasks may be due
to the task parameters rather than the tasks differing in the cognitive processes
they measure. Adjusting parameters, such as reducing intertrial interval and rein-
forcing correct No-Go responses, can make the GNG and AFC tasks more similar.
However, from an olfactory/olfactometer perspective, the intertrial interval length
may be a physical requirement to allow sufficient odor clearance. Furthermore,
researchers might select one method over the other based on the aims of the study.
For instance, if the aim of the study is to find whether canines are able to discrim-
inate the CS+from n different CS— then an AFC paradigm will be better suited
as it allows the presentation of multiple CS — in a single trial. On the other hand,
if the question is to determine the lowest concentration an animal can detect the
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CS + from background, then a GNG might be better to leverage more precise
olfactometry at lower cost than an AFC.

6¢c. GNG and AFC hybrid methods

Frequently, a hybrid between the GNG and the AFC is used in canine testing.
Herein we consider procedures where multiple samples are presented to the animal
in a trial, but the CS+is not presented in every trial (Gazit et al. 2005; Porritt et al.
2015; Concha et al. 2019; Lazarowski et al. 2021c, b; Essler et al. 2021; Aviles-
Rosa et al. 2021a; Waggoner et al. 2022), as hybrid between a GNG and an AFC
because these procedures do not meet the methodological definition of one or the
other. However, it is common that people to refer to what we call a hybrid as either
GNG or AFC.

Hybrid methods or even AFC paradigms are sometimes erroneously described
as GNG. For instance, a paradigm where five different samples are presented to
the animal simultaneously is erroneously visualized as five independent GNG tri-
als where the canine has to alert (Go response) or not alert (No-Go response) to
each sample (Lazarowski et al. 2020). Analyzing the data in this way increases
data collection (e.g., five data points per trial instead of only one data point) but
this violates the assumption of statistical independence between trials. Statisti-
cal independence means that the occurrence of an event does not influence the
occurrence of another event (Veech and Crist 2010). For instance, if each sam-
ple within a hybrid or AFC trial is independent from each other and each sample
has an equal probability of being either CS+or CS— , then there should be trials
where the CS+is presented more than once (e.g., 3 out of the five samples con-
tain the CS+). Furthermore, if samples within a trial are independent from each
other, canines’ response to a sample should not result in the termination of the
trial and the experimenter should allow the canine to investigate and respond (or
not) to each sample independently of their response to other samples. This is not
frequently the reported procedure in canine testing where an incorrect or correct
response will result in the termination of a trial. Instead of being independent,
samples within a trial are pseudorandomized. This means that within a trial only
one sample is predetermined to contain the CS+and the rest CS— . Thus, if sam-
ple one is the CS+then the other samples have to be CS—. Because of this, the
assumption of independence between samples is not correct. Furthermore, canines
can easily learn this contingency and alert only to one sample and ignore the
remaining samples after finding the CS+(e.g., if the canine alerts to Sample 2, the
canine will not even sniff the subsequent samples). Assuming independence will
also influence how an experimenter determines performance levels above or below
statistical chance. For instance, in a GNG paradigm where the CS+and CS— are
presented equally (e.g., 50% of the trials), chance performance is 50% (e.g., Go or
No-Go response is a binomial outcome). However, chance performance in a hybrid
method depends on the number of samples presented. In an AFC method where
three samples are presented to the animal, chance performance is 33% instead of
50% (e.g., by chance the canine can alert to one of the three ports and be correct).
Because of this, each sample within a trial should not be considered independent
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from each other. Evaluating canines’ responses within a trial and not to each indi-
vidual sample is the most appropriate way to collect and analyze the data in AFC
and hybrid methods.

Similarly, sometimes hybrid methods are described as AFC. For instance, the
example discussed above where five samples are presented simultaneously to the
animal, can be erroneously visualized as a 6-AFC if we assume the canine is
“forced” to alert to one of the 5 samples or to show an alternative “all clear”
response indicating the CS+is not present. The all-clear response can be a trained
behavior (different from the alert to the CS+) or just not responding for a set
period of time. The latter sometimes is mistakenly called a No-Go response. As
mentioned above in an AFC paradigm, the animals are trained to expect that the
CS+is always present. Thus, because in a hybrid method, not all the trials contain
the CS+, it is wrong to describe a hybrid method as an AFC because it does not
meet the methodological definition of an AFC. The conceptualization of hybrid
methods as AFC is less problematic than its conceptualization as GNG because it
does not assume independence between samples but, it makes difficult the estima-
tion of chance performance because this measurement will also need to take into
consideration the number of target and blank trials withing a session.

Hybrid methods, where multiple samples are presented and the CS+is not
always present, are commonly used in detection canine olfactory testing because
hybrid methods better resemble the detection canines’ working environment than
AFC. For example, working canines do not find a CS+in every search or trial
but during a search, they may encounter multiple CS-. This procedure has
been recently integrated into an automated olfactometry paradigm for canines
(Aviles-Rosa et al. 2021a).

6d. Matching-to-sample (MTS)

Matching-to-sample (MTS) paradigms consist of presenting a stimulus to the ani-
mal and subsequently the animal has to identify the same stimulus in a set of two
or more different stimuli (Pefia et al. 2006). In rodents, MTS paradigms are com-
monly performed by modifying GNG tasks. In an MTS-GNG task the animal is
presented with an odorant and subsequently presented with the same or different
odorant. The rodent has to show the Go response when both odorants presented
are the same and not show the GO response when the odorants are different (Lu
et al. 1993; Pefia et al. 2006; Roddick et al. 2014). This allows for the paradigm
to be conducted with a single odor port, and is readily amenable to automation
with olfactometry. In canines, MTS are conducted using multiple simultaneously
available options. First the canine samples or sniffs the sample stimulus. After
sampling, the canine searches an array of samples in a line, circle, or carousel
to identify the matching stimulus (Brisbin and Austad 1991; Marchal et al. 2016;
Hale 2017; Lazarowski et al. 2021a; Schoon 1996). MTS paradigms require higher
cognitive processing than regular discrimination tasks, and therefore are commonly
used to evaluate working memory (Hartman et al. 2001; Krichbaum et al. 2021),
and the ability of an animal to learn abstract concepts (e.g., the concept of same
and different) (April et al. 2011; Lazarowski et al. 2021a).
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MTS are frequently used to test canine olfaction for forensic purposes where
canines have to match the human scent in an object linked to a crime with the
scent of a suspect (Schoon and De Bruin 1994; Marchal et al. 2016; Schoon 1996).
Importantly, MTS tasks require significantly more training time than simple dis-
crimination tasks. Marchal et al. (2016) reported that initial training required to
train canines five days a week for at least 18 months and that continued train-
ing was necessary throughout life. During training, samples and distractor odors
should be changed daily or at least regularly to ensure canines learn the matching
tasks and are not learning to avoid learned non-matches (e.g., see Hale 2017). If
the canines learn the matching task, changing samples should not result in a sig-
nificant performance decrement. A performance decrement when new samples are
introduced during training may suggest that the canines are leveraging additional
cues, such as familiarity with comparison stimuli rather than direct matching to
the sample (Hale 2017).

7 Consideration and Limitations

The methods described above are validated methods to assess olfaction in canines.
When selecting a method, a researcher must take into consideration the pros and
cons of each method and select the one that fits best based on the purpose or the
aim of the research, the labor, and the participant canines. For instance, GNG,
AFC, and hybrid methods are excellent for proof-of-concept studies in laboratory
settings where the aim is to investigate canines’ olfactory capability to detect or
discriminate different odors, but free searches may be better to evaluate different
parameters in operational scenarios. Further, when controlling odor presentation
and concentration are paramount, GNG paradigms maybe more convenient for use
with expensive and sophisticated olfactometry equipment (e.g. Hall and Wynne
2018; DeChant et al. 2021), but when odor control can be adequately accomplished
with more simplistic olfactometry, a hybrid approach may strike an ideal balance
between odor control and operational relevance (e.g. Aviles-Rosa et al. 2021a).
Independent of the method or task used for canine olfactory assessment, double-
blind conditions during testing and training should always be ensured to prevent
canines from learning unintended cues from the handler, experimenter, or trainer.
The learning of unintentional cues (e.g. a “Clever Hans Effect”; (Pfungst 1911;
Samhita and Gross 2013) can be a significant concern in study designs. For
instance, a handler’s belief of a target odor presence can increase false alert rates.
The iconic study in this topic by Lit et al. (2011) found that certified canines gave
trained responses to an area with no target if the handler was told that a target was
in the area (Lit et al. 2011); however, in a follow-up study DeChant et al. (2020)
showed that when handlers were given details of the number of target odors or
ambiguous information, but not intentionally mislead, handler knowledge changed
search behaviors, but did not necessarily affect false alert rates (DeChant et al.
2020). Both studies suggest that while the effects of handler bias could occur in
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detection canines, it can be prevented. The use of automated olfactometry is ideal
to ensure double-blind testing (Lit et al. 2011; DeChant et al. 2020).

Testing parameters can also produce some unintended biases. To prevent
canines from showing bias to a position within the apparatus it is important that the
experimenter randomize the order and place that the samples are presented within
a session and that the sample appears in each position the same number of times
(Lazarowski et al. 2020). This will reduce the possibility of a canine developing a
side bias. In the case of GNG paradigms, the number of CS+and CS— trials should
be balanced and randomized to prevent canines from developing a bias toward the
Go or No-Go responses. Further, response bias for Go or No-Go responses can be
manipulated by changing the response requirements. For example, Edwards et al.
(2022) found that canines’ response bias for Go responses was reduced, leading
to increased accuracy, when the response effort was increased (e.g., longer nose
hold) (Edwards et al. 2022). Similarly, the topography of the canine alert (e.g. sit
or nose hold) can have a potential impact on performance (e.g. Essler et al. 2020).

Ta. The Importance of control tests

Even when the researcher designs testing in such a way to prevent bias or to pre-
vent canines from learning unintended cues, the only way to be sure canines are
responding exclusively to the intended olfactory stimulus is by conducting posi-
tive and negative controls. A negative control consists of a normal or abbreviated
training session where the target odor is removed, but all other variables remain
the same. This can be done by removing all odors from the apparatus (in the case
of olfactometry) and replacing with clean non-target samples. This session then
explicitly tests if canines can identify the “target” location by reinforcing canine
indications to the target odor in the absence of the odor. Thus, if canines perform
at a rate greater than chance during a control test, this indicates that canines can
identify the “target” using a cue other than the intended odor. These other stimuli
could be visual, auditory or another unintended odor stimulus from the apparatus
(in the case of automated equipment), or contamination with materials used during
odor preparation (Lazarowski et al. 2020). Thus, further investigation is required
to identify the source of the unintended cue, but the procedure provides a direct
and explicitly reinforced test of whether canines can make correct responses in the
absence of the intended target.

Alternatively, in a positive control, the canine is presented with a new sample of
the target odor to ensure canines correctly respond to the anticipated trained target
(Lazarowski et al. 2020). The performance of canines during a positive control test
is expected to be identical to its performance during training or testing. A signifi-
cant performance decrement during a positive control test suggests that the canine
was responding to unintended cues from the sample (e.g., contamination) rather
than the specific desired target odor (Lazarowski et al. 2020). Conducting control
tests are an important way a researcher or a handler can be sure that participant
canines are conducting the task utilizing only the intended olfactory stimulus.
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8 Conclusions

In this chapter, we have reviewed the various tools and technologies to (1)
present odors to research participants in a controlled manner and (2) experimental
paradigms to train and evaluate canine odor perception using these tools. The final
application for the reader is to merge the desired odor control methods with the
desired training paradigm.

Frequently, the choice made on either the odor delivery system or training
paradigm leads to little freedom in another. For example, the selection of an expen-
sive air dilution olfactometer may likely lead to only Go No-Go paradigms due to
the expense of having multiple identical sample ports for alternative choice testing.
An experimenter could manipulate the olfactometer to generate several different
outputs from one device using simpler clean flow paths to reduce costs, but canines
can frequently identify minimal differences in odor flow, pressure, temperature,
etc., and leverage these cues to identify the target path.

Because of canines’ remarkable ability to identify minor differences between
targets and non-targets that may be unrelated to odor, the importance of con-
trols that manipulate a stimulus thought to control performance (e.g., the target
odor) is paramount by either removing it for a control session (negative control)
or replacing the target sample (positive control).

As shown in the preceding text, there are a vast array of methods to present
an odor to a canine and just as many behavioral paradigms to assess performance.
There are even further potential combinations of odor delivery and behavioral test-
ing preparations. Thus, researchers have ample room for creativity to develop and
use a method that best suits their experimental needs.
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Abstract

Canine olfactory research is susceptible to human bias that influences the relia-
bility and validity of results. In this chapter, we provide case-study examples of
handler, evaluator, and observer bias common to olfactory detection work. Dogs
are socially apt and readily pick up on cues from their handler regarding the
study parameters such as the location or presence of their target. Additionally,
dog-handler team evaluators could unintentionally relay information to the han-
dler or dog; therefore, double-blind testing, in which the handler and evaluator
are unaware of the study parameters, is the gold standard of canine olfactory
research. This chapter suggests blinding and other experimental controls for
reducing human effects.
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1 Introduction

The study of canine olfaction has become increasingly important as dogs are
used for several tasks that require the detection of harmful and illicit substances.
Dogs provide national and personal security through the detection of explosives,
narcotics, medical diseases, and biological warfare agents. However, to deter-
mine dogs’ capabilities and form decisions regarding efficient implementation and
evaluation of results, it is imperative that the methods for examining detection
performance are reliable and valid. Human bias is one of the major threats to the
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soundness of canine olfactory research, and therefore, it should be systematically
examined. The aim of this chapter is to outline types of human bias, their effect
on canine olfactory research, and provide strategies to reduce or eliminate them.

2 Handler Effects

For nearly a century it has been understood that animal behavior research is
susceptible to human biases that can influence the results. This phenomenon is
particularly apparent when the experimenter or observer has a vested interest in
the performance of the animal and is present when the data is being collected.
Critically, these effects often occur unknowingly or unintentionally. The powerful
effect of unintentional human cueing on animal behavior was first widely recog-
nized by the classic Clever Hans horse, who was claimed to have the ability to
perform arithmetic by stomping his hoof a certain number of times in response
to mathematical questions. In truth, Hans had learned to respond to unintentional
cues by his handler, who exhibited subtle changes in body language and facial
expressions as the horse approached the correct answer.

Dogs are extremely social and adept at producing strong bonds with people
making them an ideal candidate for working roles involving cooperation with a
handler (Zubedat et al. 2014). However, this sociability makes them proficient at
picking up on conscious and unconscious cues given by their handlers which can
create confounds in detection research. This effect, known as the experimenter
expectancy effect, occurs when the experimenter’s or observer’s expectations of
the study conditions or results inadvertently influence the subjects’ performance.
In the case of detection dog-handler teams, dogs are more likely to alert if their
handler believes a target odor is present (Lit et al. 2011), will search longer if the
handler knows that there are unfound target odors in the search, and spend less
time in blank areas (DeChant et al. 2020).

It is important to reduce experimenter and handler influence that affects the
validity of the results as it is necessary to know the true capabilities of the dog-
handler team in an operational scenario in which they would be unaware of the
parameters of their search (e.g., number of targets, length of search, etc.). One sug-
gestion is to allow dogs to work off-leash to increase the dogs’ independence and
decision-making and reduce handler influence over the dog’s movement; however,
this method does not remove all potential cues dogs may utilize. Dogs can eas-
ily learn that certain hand signals, body orientation, and emotional content of their
handler’s speech are associated with the presence and location of a target (Edwards
et al. 2017). For example, common handler errors include walking slower when in
the presence of a target, faster when in a known blank area, and reaching for the
reward in their pocket in anticipation of a correct alert.



Sources of Human Bias in Canine Olfactory Research 121

3 Single-Blind Testing

The most efficient method to remove the potential of any handler cues is by testing
dog-handler teams in situations in which the handler is uninformed of the testing
parameters (e.g., presence or location of targets), known as single-blind testing.
Single-blind testing is now widely accepted as standard practice in canine olfac-
tory research. In fact, Johnen et al. (2017) suggest that the results gleaned from any
study in which the handler is not blind should be carefully examined for poten-
tial handler effects. A recent study specifically evaluated how handler knowledge
might affect search behavior and performance on a detection task (DeChant et al.
2020). In the study, the experimenter told the handlers in the Known Group how
many hides were present in the search but did not tell the handlers in the Unknown
Group. Teams in the Unknown Group spent significantly more time searching the
blank areas than teams in the Known Group. Though an obvious effect of han-
dler knowledge, it may not seem like a problem at face value. However, given
that teams in the Known Group spent less time in the blank area, they were less
likely to false alert and less likely to fatigue. These influences would not exist in
an operational scenario; therefore, the performance of the Known Group is not a
valid representation of performance in the field. In addition, dogs in the Unknown
Group looked back at their handler more frequently than dogs in the Known Group,
suggesting that they were looking for cues that they may otherwise receive.

Two studies from our group support and elaborate on the findings from DeChant
et al. (2020) by directly comparing canine team search performance in non-blind
and single-blind searches. In Lazarowski et al. (2021) detection dogs were tested
for their ability to recall odors not experienced in 12 months as a test of long-
term memory. Due to logistical constraints (i.e., two handlers running nine dogs
in multiple searches), only a portion of the searches were run single-blind. Thus,
whether the handler was blind or not on a given search was considered as a fac-
tor in the analyses to determine potential effects. The results indicated that hits
(i.e., the number of responses to the target odor) were significantly higher in non-
blind compared to single-blind searches. This finding suggested that the dogs were
attuned to, likely unintentional, cuing by the handler as to the location or at least
the presence of the target in the non-blind searches. Therefore, to address this,
the authors excluded non-blind searches from the analyses and restricted results
to only single-blind searches. However, in a similar study, there was no differ-
ence in performance on single-blind and non-blind searches, likely due to the very
high accuracy in performance leading to ceiling effects (Waggoner et al. 2022).
Therefore, the influence of handler cues may vary based on the difficulty of the
task.

We have further examined handler effects in ongoing (unpublished) work to
analyze the effect of non-blind testing not only on dogs’ responses to targets but
also their false alerts, both of which are important for detection success. In this
study, dogs were trained to detect 12 target odors across training steps culminating
in a final criteria phase before advancing. A portion of the searches (26.78%) in



122 S. Krichbaum et al.

Table 1 Average (plus or minus standard error) hit rate and proportion of searches with a false
alert across odors tested in the final step of criteria for single blind and non-blind searches

Condition Hit rate Proportion of searches with a false alert
Single blind 78.73 (3.27) 25.31 (4.70)
Non-blind 91.11 (1.66) 6.00 (1.55)

this phase were conducted single blind, so we were able to directly compare perfor-
mance on single blind and non-blind runs. Table 1 shows the average hit rate (i.e.,
number of responses to the target odor divided by the total number of targets) and
proportion of searches with a false alert (i.e., number of responses to a non-target
odor divided by the total number of searches) for single blind and non-blind runs.
Using independent-sample #-tests we found a significantly lower hit rate (#(22) =
—3.37, p = 0.003) and a higher proportion of searches with a false alert (#(10) =
3.90, p = 0.003) in the single-blind than non-blind runs. Further examination of
performance indicated that these effects were more pronounced when the handler
was less experienced compared to a more experienced handler, and may vary due
to target difficulty; however, these effects require further examination.

Together, these findings suggest that when olfactory detection research is con-
ducted non-blind there is a significant influence of human bias on performance
that threatens the internal validity of the study. The effects seem to inflate per-
formance which could lead evaluators to believe that a dog-handler team is more
proficient than they are. Due to this, single blind testing is critical in order to
accurately assess performance. Specifically, this form of testing minimizes han-
dler bias while allowing the evaluator to deliver timely feedback to the handler
regarding the team’s performance (e.g., when they have identified a target odor).
However, though often preferred by the handler for these reasons, single blind
testing does not account for any sources of bias from other parties present, such
as the evaluator.

4 Double-Blind Testing

While single blind scenarios minimize handler effects, there is the potential influ-
ence of the non-blind evaluator on the team’s performance. For example, the
evaluator could cue the dog or the handler to the presence or location of a target
(Centre for the Protection of National Infrastructure 2018). As above, this situation
is not realistic to operational scenarios in which no one present would know where
the target was located. Therefore, the gold standard for olfactory detection research
is double-blind testing. In double-blind testing none of the individuals present,
including the handler, evaluator, or any other participating observers are aware of
the test conditions, thereby directly reflecting an operational scenario (Scientific
Working Group on Dog and Orthogonal Detector Guidelines 2011). To demon-
strate the influence of a non-blind evaluator on detection performance, DeChant
et al. (2020) compared detection performance on single-blind and double-blind
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searches. Overall, no differences in hit rate were observed, demonstrating that
an impartial observer can be present without influencing detection performance.
However, it is important to note that the evaluator in this experiment was a trained
researcher. A less impartial evaluator, especially one with a vested interest in the
outcome such as the lead researcher or the supervising trainer, could impact team
performance with intentional or unintentional cues.

To further understand the effects of an external evaluator, our group completed a
study (unpublished) similar to DeChant et al. (2020) in which the evaluator was not
a member of the experimental team but rather was an experienced canine training
supervisor that routinely conducted team evaluations. In this study, we assessed 15
professional detection dog-handler teams on single- and double-blind operational
search scenarios. Each team completed two searches consisting of ten small rooms,
five of which contained a target and five contained a distractor. The handler was
blind in all searches, but the information given to the evaluator was manipulated
across conditions. Specifically, in one search the evaluator was blind to the location
of targets (double blind condition), and in the other search, the same evaluator was
not blind to the location of targets (single blind condition). In both conditions, the
evaluator carried a clipboard with a camera attached and was asked to keep the
camera pointed in the direction of the detection team. A proctor, remaining outside
of the test area (out of view of the evaluator and team) monitored the video feed
from the camera via a wireless connection between the camera and monitoring
device. In the double-blind condition, the evaluator communicated when the team
made an alert to the proctor through the wireless connection, and the proctor would
reply “target” or “no” to signal if the response was correct. In the single-blind
condition, the evaluator was given a map to ensure they understood the location
of the targets.

On average there were more hits in the single blind (M = 4.47, SEM = 0.17)
than the double blind (M = 4.27, SEM = 0.18; t(14) = —1.38, p = 0.189) con-
dition and fewer false alerts in the single-blind (M = 1.20, SEM = 0.30) than the
double-blind (M = 1.80, SEM = 0.31; #(14) = 1.79, p = 0.095) condition. Though
the differences are not significant, the difference in total number of false alerts
between the two conditions (double-blind: 27; single-blind: 18) is noteworthy. This
data is visually represented in Fig. 1.

In addition to hits and false alerts, we compared the percentage of rooms in
which communication occurred between the handler and evaluator (either verbal
or non-verbal, scored from video by an independent observer) between the two
conditions. We found levels of communication (in seconds) to be low regardless
of conditions (double blind: M = 9.76, SEM = 5.00; single blind: M = 7.86, SEM
= 3.95) and no significant difference between them (#(13) = —0.46, p = 0.653).
However, anecdotally, we observed a difference in the type of verbal communi-
cation that occurred during some searches such that in specific situations, more
direct forms of verbal communication were given by the evaluator on single blind
searches when the handler was unsure of his dog’s behavior. In one instance, a
handler mentioned while searching a target room during a single blind search that
he thought a target might be present as the dog was showing interest in certain
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Fig.1 Average number of hits and false alerts for each condition (SB: single blind; DB: double
blind)

areas but had not given a final response. In response, the evaluator told the handler
“good job” and allowed the team to continue searching until a final response was
given. Situations like this, in which the handler is made privy to information prior
to the dog performing an alert response, can potentially influence the behavior of
the handler. Specifically, the handler may choose to remain in a certain area longer
than he/she would have if blind to the presence of a target odor in that location,
which could increase the dog’s probability of detecting and responding to the odor.

We also evaluated the difference in average duration (in seconds) to search a
room between the two conditions. We found an insignificant trend suggesting that
average duration to search a room was longer in the double (M = 56.99, SEM
= 2.50) than single blind (M = 52.27, SEM = 3.29; 1(13) = —1.28, p = 0.095)
condition (Fig. 2).

Together, these results suggest that non-blind evaluators can influence detection
team performance. Though the effects shown here are not significant, there are
trends suggesting that dogs are more likely to alert to targets and less likely to
false alert when the evaluator is not blind compared to when the evaluator is blind.
In addition, it seems that search duration is influenced by the blinding of the
evaluator suggesting that teams do not search as long when the evaluator is not
blind, which, as discussed above, affects the probability of a false alert as well
as the team’s endurance and fatigue. However, the above results may lack the
number of observations (number of teams) to have the effect size needed to detect
a significant effect. Therefore, further examination of these variables with a larger
sample size is needed to further elucidate these findings.
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Fig.2 Average duration to search a room in each condition (SB: single blind; DB: double blind)

5 Observer Bias

The types of influence discussed above describe situations in which the knowl-
edge or beliefs of individuals present during testing directly or indirectly influence
the team’s performance. However, even when care is taken to minimize such influ-
ence over the behavior of participants, biases held by observers involved in the data
collection can influence the interpretation of the dog’s behavior and therefore the
results. Observers often selectively attend to information that confirms hypotheses
or certain beliefs based on prior knowledge. For example, Tuyttens et al. (2014)
showed that providing observers with false information prior to scoring an ani-
mal’s behavior influenced how they scored the behavior, though the behavior was
not actually influenced. Thus, there is risk of observer bias in canine olfactory
detection research when experimenters have expectations based on hypotheses or
have a vested interest in the dog or team’s success. Moreover, observer bias is
more likely to occur when the behavior being observed is subtle, ambiguous, or
subjective in nature (Tuyttens et al. 2014; van Wilgenburg and Elgar 2013). This
scenario is especially likely to occur in canine olfactory research given that the
alert response of the dog (e.g., sitting, lying down, freezing) is inherently variable
and requires a certain degree of subjective interpretation. Further, individuals may
differ in how conservative their interpretation of a dog’s response is, leading to
variability in observations (Edwards 2019).

Post-hoc examination of data from a previous odor detection study from our
group (unpublished) sought to evaluate the effects of observer bias on several
detection metrics. In this study 14 dogs were tested in an odor recognition test
to determine their ability to alert to their trained targets as well as generalization
to chemically similar odors. The test was conducted using a fixed sampling array
in which ten discrete sampling positions were arranged in a circle. Test sessions
consisted of twelve trials, with each containing either a target odor placed in one of
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Table 2 Average (plus standard error) number of hits, false alerts, COB on targets, and COB on
distractors scored by the blind evaluator and the non-blind observer

Scorer Hit False alert COB on target COB on distractor
Blind evaluator 6.93 (0.54) 1.36 (0.39) 1.43 (0.50) 1.93 (0.74)
Non-blind observer | 7.21 (0.57) 1.57 (0.52) 1.57 (0.57) 0.43 (0.17)

the ten positions selected at random or no target odor (blank trial). All nine other
positions contained a distractor. All test sessions were conducted double blind;
therefore, the handler and evaluator, both present in the test area, were blind to the
position of the target on every trial. However, an observer, who was not blind to
the position of the target, scored the dog’s performance behind a two-way mirror.
Both the blind evaluator and the non-blind observer scored the dogs’ responses on
each trial. Responses recorded included an alert, defined as sitting in front of one
of the positions in the circular array, or a “‘change of behavior” (COB), a distinctive
pattern of behavior characterized by an alteration in ongoing behavior that occurs
when a dog detects a trained odor (Furton et al. 2010). Change of behavior may
include a head snap, change in direction, or other alterations in body posture and
movement distinctive from normal searching behavior in the absence of a target,
and are considered a valuable response by the dog especially when tested in a
challenging scenario when it may be expected that the dog will not perform its
trained final response (e.g., in a generalization test).

In order to determine the effects of observer bias on the interpretation of dogs’
responses, we compared the scoring of the blind evaluator and the non-blind
observer (see Table 2). Independent samples #-tests showed no significant differ-
ence in the average number of hits, false alerts, or COB on targets (ps > 0.71).
However, there was an insignificant trend suggesting that the non-blind observer
was less likely to record a COB on a distractor than the blind evaluator (#(26)
= 1.98, p = 0.06). This could be explained by the non-blind observer being less
attentive to the dog’s behavior toward non-targets, or under-interpreting the dog’s
behavior toward non-targets compared to targets. Indeed, the non-blind evaluator
was much more likely to record a COB to a target than a distractor (1.57 vs.
0.43), with only a slight discrepancy for the blind evaluator. This finding suggests
that knowledge of the location of the targets and distractors can not only directly
influence a participant’s behavior, but how an observer interprets behavior. Thus,
it is critical to operationally define a response (e.g., form and/or duration of the
behavior) to reduce subjectivity and allow consistency across observers (Edwards
2019; Lazarowski et al. 2020).

6 Conclusion

Human bias, as in all research, is an important consideration when designing tests
of canine olfactory abilities to ensure that the abilities are assessed without cues
that influence the validity of the results. At a minimum, the handler, and when
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possible, the evaluator, should be blind to the testing conditions and target locations
during assessments to prevent any intentional or unintentional cuing to the dog
or handler regarding the presence or absence of target or other test parameters.
Further, any observers involved in recording and scoring the dogs’ behavior should
also be blind to the study conditions to minimize biases during interpretation.
With those parameters in place, the test results more closely represent operational
performance and provide unbiased estimates of canine detection team performance
and the factors affecting it.
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Human Scent Dynamics—Combining
Theory and Practice in Locating
People
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Abstract

The search and rescue and forensic communities train dogs to find, and some-
times identify, missing people and fugitives. In order to be able to do this
effectively, knowledge on human scent and how it spreads is essential. Here
we integrate knowledge from research into human volatile organic components
(VOC:s), aerosols, and skin rafts with current models of flow dynamics and grav-
itational effects, and include the effect of degradation into the dispersion model.
Odorant availability is described for lost humans, articles they have left behind,
and the path they have walked based on this model. Knowing what odors are
available allows trainers to set up exercises to focus the dog effectively on the
desired odor cue and to find odor sources more efficiently.

Keywords

Detection dogs ¢ Search and rescue dogs «+ Human scent « Odor plume * Odor
availability « Volatile organic components « Skin rafts « Flow dynamics

1

Introduction

EEINT3

When looking for people, dogs are trained for “tracking,” “trailing,” and/or “air
scenting,” based on what their operational deployment or specific sport requires.
Although trainers are conscientious about trying to teach the dog team their task, it
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is sometimes difficult to see what the dog has actually learned in terms of odorants
they respond to. Here we endeavor to clarify what odorants are available for the
dog in different scenarios, in time, and in space. This should help in setting up
efficient training exercises to focus the attention of the dog on the desired odor
profile. We will attempt this by examining how diverse types of odor sources
create plumes including live humans, articles they leave behind, and tracks they
leave when moving away from where they were.

The physical processes that are involved in the dispersion of human-based
scents can be grouped into four distinct areas: chemistry and volatility of the chem-
icals at the source, movement of chemicals downwind by flow and turbulence,
gravitational movement of larger particles, and chemical interactions during dis-
persion (Conchou et al. 2019; Vickers 2000). The role that each of these processes
plays in modulating the chemical dynamics of odors is fairly well understood on
their own, but the odor plumes that dogs use to locate humans is a rich and com-
plex mixture of all of these processes occurring simultaneously (Gu et al. 2022;
Kowadlo and Russell 2006). Thus, the chemical composition of an odor that is
detected by a dog, say one hundred meters downwind of a human, is different than
the chemical composition of those odors emanating from the source person (Eck-
enrode et al. 2022). Understanding how each of these individual processes alters
both the concentration and relative concentration of the individual components in
an odor plume is critical to understanding how to train dogs. These processes will
be discussed first in more general terms.

In addition, these four processes led us to conclude that diverse types of odor
sources will have different plume dynamics. For example, a living source, such as
a human or animal, will continually produce a relatively constant ratio of chem-
icals over the lifetime of any individual odor plume (Young et al. 2020) and can
be considered to produce what we have termed an infinite odor plume. This infi-
nite plume stands in contrast to a finite plume that is produced by a non-living
source such as any article a person has left behind, such as a piece of clothing
or something else they have dropped or discarded or scent they have left behind
when walking. These odor sources contain a limited number of chemicals and the
four processes described above interact with this source which results in a change
in the concentration and composition of the odor source over time and space. This
distinction will be covered in detail later (Packzkowski and Schiitz 2011) for each
of the three odor sources we will be discussing—Ilive humans, scented articles, and
tracks.

Understanding the significant differences in odor availability, which depend on
the type of odor source present and its relationship to space and time, leads to a
better understanding of common training scenarios and what a dog can learn under
these circumstances. Alas, this is not as simple or straightforward as one would
like, but we believe that understanding the processes involved will lead to more
efficient and effective training.



Human Scent Dynamics—Combining Theory and Practice in Locating People 131

2 Processes Involved in the Creation and Spreading
of Odor Plumes

2.1 Odor Plumes

For the purposes of this chapter and ease of communication, we will label all scent
trails, point marks, or other odor signatures that may be used by dogs to locate
chemical sources as odor plumes. This singular label will include both the aerial
borne odors that dogs use as well as tracks, locations, or sources on the ground or
in building structures. While one could argue that the physical location (air vs solid
substrate) is different, the physical and theoretical processes by which scents are
dispersed from their source and eventually arrive at the dog’s nostril are identical
(Moore and Crimaldi 2004). By labeling all of these sources as odor plumes, we
can treat the mechanics of dispersion under a single larger theory.

Before we describe the physical and chemical processes of odor plume creation
we need to cover a small note on scales. Odor plumes can be considered to have
two interrelated scales: spatial and temporal scales. An example of spatial scales
includes the area, or space, over which an odor plume spreads downwind. Plumes
can extend for meters or even kilometers downwind and can spread laterally in
those same dimensions. Temporal scales can be associated with the age of the
odor source. For example, an inanimate object sitting in a forest will age over
time and, as such, the chemical composition of the source will be altered by the
chemical processes covered below. Yet, these spatial and temporal scales can also
be intertwined (Moore and Crimaldi 2004). In one situation, a dog that is down-
wind of the source of an odor plume will sample the odor plume temporally in
a series of sniffs, but each sniff is actually a different spatial location within the
plume. So, the dog samples the spatial distribution of a plume as a temporal dis-
tribution across its nose. The same phenomenon occurs as the dog moves upwind
(spatially) but is guided by the temporally distinct odor sniffs. Finally, as a puff
of odors moves downwind (spatially), the chemicals contained in the puff will
interact with the environment over time (temporally) and become aged (Weissburg
et al. 2002).

2.1.1 Chemistry and Volatility at the Source

The olfactory abilities of dogs are primarily tuned to volatile organic compounds
(VOCs). Volatile organic compounds are characterized by high vapor pressure and
low water solubility. Because of these two properties, these compounds are readily
emitted into aerial environments as gases. In the terrestrial environment, classes of
VOC:s are responsible for odors produced by flowers, plants, and perfumes as well
as aerial pollutants. These compounds are quite diverse in terms of chemical struc-
ture and function, but the majority of compounds produced by living organisms
can be grouped as terpenoids, alcohols, and carbonyls. In regard to the creation of
human odor plumes, VOCs are readily liberated into the air and move downwind
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with air currents. Such VOCs are too small to be impacted by gravitational forces
and they spread following the physics of flow dynamics described below.

A second source of potential compounds for odor plumes includes aerosols
produced by humans. Aerosols are larger than VOCs and are subject to different
dispersion mechanics (covered below). Aerosols are a suspension of either solid or
liquid particles that are released into the air. In regard to human sources, droplets
from exhalation from either the mouth or nostrils can form aerosols that are part
of the human odor plume. Sweat and coughing can be other sources of aerosols
that eventually mix with air and are transported downwind. Typically, aerosols
and particles are defined and categorized by the diameter of the object in question.
The dividing point between aerosols and particles is typically set around 0.5 to 5
microns where aerosols are smaller than this and particles are larger, and their size
is linked to their rate of settling.

A typical kind of particle in human odor plumes is called skin rafts or cor-
neocytes. Rafts are considered naturally discarded or sluffed skin, skin cells, and
patches of skin. These rafts contain VOCs, chemicals attached to the dermis, as
well as bacterial communities associated with the skin. Rafts are larger and heav-
ier than both VOCs and aerosols (30-50 microns) and are heavily influenced by
gravitational forces. Given the size and speed at which rafts settle off an odor
source, these sources are unlikely to play any significant role in the production of
downwind odor sources. Each raft could be considered a new and singular point
source for a small-scale odor plume.

2.1.2 Movement of Molecules as a Result of Flow and Turbulence
In air, odor plumes are transported from source to nose by advection or dispersion
and these two processes work at different temporal and spatial scales. Advection
is the larger scale, bulk movement of odor molecules by air flow. In all but the
smallest microscopic situations, advection or air flow is the dominant transport
mechanism. Dispersion can be attributed to smaller and slower process like stir-
ring (turbulence interweaving of air parcels), molecular diffusion, and spreading
due to shear effects in the flow. Shear can be imagined as two ‘sheets’ of air mov-
ing across each other at different velocities. Molecular diffusion (VOCs in air ~5 X
10 cm?/s) only has an effect in 20 mm above an odor source over the course of
10 h and is unimportant for the formation of odor plumes at the spatial and tempo-
ral scales of dog searching. There is a great deal of confusion in the dog literature
that attributes a significant role of diffusion in dog searches (particularly within
‘sealed’ containers). Even in these situations, convection or air flow redistributes
odor molecules more than diffusion does. A physical and mathematical derivation
to prove this last statement can be found elsewhere (Moore 2016).

Because dispersion and diffusion are slow and small-scale phenomenon, the
majority of the spatial and temporal structure that appears in odor plumes is due
to the diverse types of flow that occur in different situations (Elkinton and Cardé
1984). This flow influences all molecules (independent of size or shape) in the
same manner. Here, the mechanisms of turbulence (related to the fluctuation of
velocity) and convection (air movement due to differential heating and cooling)
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determine the concentrations and fluctuations of odor molecules downwind of
a source (Pannunzi and Nowotny 2019). These two processes create the typical
heterogeneity seen in images of smokestacks or smoke plumes. This same het-
erogeneity is present within odor plumes. As odorants move down wind, puffs or
filaments of odorants are broken apart and stirred. Here turbulent stirring coupled
with molecular mixing (diffusion at the corners of these filaments and puffs) redis-
tributes the odorants and creates the characteristic fluctuations that appear within
odor plumes.

The conclusion of all of this for dog searches is that flow creates the sen-
sory landscape for dogs and that sensory landscape contains VOC signals that
are patchy in space and fluctuate in time. Flow also affects the distribution of
aerosols and rafts, but contrary to VOCs, these two odor sources are more strongly
influenced by gravitational forces discussed below.

One final aspect to consider for odor plume searches and dogs is the interaction
between air flow and the ground. Air flow across any solid surface (ground, vehi-
cles, roads) forms a boundary layer (Schlichting and Kestin 1961; Jackson et al.
2007). The boundary layer is a gradient of decreasing air velocity as the surface is
approached. Thus, even on windy days, the flow at or in grass and vegetation, or
along buildings and other obstructions, is significantly slower than higher off the
ground termed free space. Within this slower flow, odorants can be trapped and
no longer transported downwind. Odorants trapped within the boundary layer will
move more slowly and appear to be a higher concentration than those higher up off
the ground. The spatial and temporal heterogeneity of odors is also significantly
less in this boundary layer. This is likely why dogs will often spend a significant
amount of time sniffing and investigating vegetation patches.

2.1.3  Gravitational Movements of Aerosols and Particles

Air flow and the associated turbulent dynamics will move odorants around in three
dimensions, while gravitational forces will work solely on larger particles and
aerosols to cause these odor sources to settle to the ground. The physics of settling
of particles in both flow and stationary fields is well developed and modeled by
Navier—Stokes equations and the Stokes-Cunningham law (Concha Arcil 2009;
Tedeschi et al. 1999).

The important reference point for the consideration of gravitational forces in
the generation of odor plumes is the relationship between the overall size of the
particle and the velocity or rate at which those particles settle. It is important
to note here that size is continuous from the smallest molecules to the largest
particles. Gravity impacts all of these sources of odorants but can be ignored for
molecules. Even small particles (less than 1 micron in diameter) will take hours to
days to settle from a distance of five feet. In the same vein, air flow and turbulent
dynamics also determine the dispersion of both molecules and aerosols. Yet, given
the quick settling time of larger aerosols, air flow has extremely small impacts
on the movement of larger particles. Recent work, based on COVID-19 infections,
has produced estimates of settling velocities for aerosols of different diameters (Gu
et al. 2022). For small aerosols (1 microns), settling velocities are quite slow and
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are centered less than 0.1 mm/s. At this velocity, an aerosol of this size would take
over 200 h to settle to the ground if released at a height of 1.5 m. This time frame
is long enough that flow dynamics will likely be important in dispersing these
smaller aerosols within an odor plume. Conversely, an aerosol/particle around 100
microns in diameter would have a settling velocity of 1 to 2 mm/s. This droplet
would hit the ground from the same height as above in just over 2 min.

In context of odor plume dynamics, these settling times allow us to return to
the intertwined concept of space and time. If we return to our imagined odor
source of a stationary human that is living, breathing, and maybe even speaking,
then the odor plume downwind from this source is the combination of VOCs,
aerosols, and skin rafts. In regard to aerosols, larger droplets and rafts will fall
more quickly in time and thus, will be located closer to the human source in space.
Conversely, smaller droplets with slower settling speeds will be moved farther
downwind before they settle onto the ground. The differences in settling time
will produce spatial differences in aerosol sizes. A gradient of aerosol size will
be produced downwind from the human starting with larger aerosols and their
associated odorants progressing to smaller and smaller aerosols.

2,14  Chemical Interactions During Movement Downwind

As molecules are liberated into the air and move downwind, they are subject to a
number of chemical interactions that have the potential to change their structure
and overall concentration within a plume as well as the relative ratios of chemicals
within the plume. As a broad class of chemicals, VOCs vary in their functional
groups, lengths, and degree of saturation. Because of this variation, a summary of
the degree and nature of these interactions is difficult, but some general trends can
be developed. There are a small number of gas-phase oxidants that are responsible
directly for most gas-phase chemical transformations. Hydroxyl radical (OH) and
ozone (O3) are the most important. These oxidants rapidly combine and remove
compounds from odor plumes (Kim et al. 2011). In addition, temperature, humid-
ity, and light can impact the effects of oxidants as well as provide additional
interactions to remove VOCs from odor plumes. Furthermore, the rates of oxi-
dant reactions increase with humidity and are accentuated during sunlight hours as
compared to nighttime reaction rates. Finally, those compounds that are saturated
(hydrogen bonds at all of the sites) are less reactive with atmospheric oxidants
than compounds with functional groups such as double bonds, aldehydes, and
alcohols. Thus, functionalized compounds are more likely to react with oxidants
and be removed from odor plumes as they move downwind (Atkinson 2000). Most
odor compounds are highly functionalized making them even more susceptible to
chemical reactions within a plume.

Interestingly, environmental conditions can play a significant role in altering
the concentrations and composition of odor plumes. Humidity can affect VOCs,
aerosols, and skin rafts in differential fashion. The presence of increased humidity
will also increase the presence of free OH™ ions contained within water droplets,
rain, or humid vapors (Tobias et al. 2000). VOCs can react with elevated ozone
concentrations as well as OH™ in water vapor to form products that are lower in
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volatility and can be incorporated into aerosol particles. In addition, humidity can
serve to increase the rate at which aerosol particles grow in size which, in turn,
increases the settling velocity of the particles. Increased light (as mentioned above
and through increased UV radiation) as well as increased temperature will increase
decay rates of gas phase compounds.

2.2 Categorizing Plume Types

Keeping in mind that the purpose of these plume descriptions is for dog searches,
we can summarize the preceding theory to generate diverse types of odor plumes.
Each of these plume types will have distinctive characteristics and mixtures of
odorants downwind which will be important for both the training of dogs to track
odors as well as for the overall understanding of plume dynamics for handlers.

2.2.1 Source Concentrations

There can be two diverse types of odor plumes based on the types of sources that
may exist. Living sources (primarily humans in these cases) can be considered infi-
nite sources. The term infinite refers to the fact that biological processes within the
living organism will provide a constant source of chemicals that will be liberated
downwind. As odorants move from the source to the air, they are quickly replaced
by the metabolic processes involved in biological functioning. These sources can
be contrasted with finite sources. These sources are associated with non-living
or once-living material. Examples include worn clothing, human-scented articles,
biological stains, and residual odor. The critical distinction between infinite and
finite revolve around the source concentration of compounds. In a finite source,
the concentration of chemicals at the source gets depleted over time as chemi-
cals are dispersed downwind. Since there are no active biological processes to
replace the chemicals, it is possible that both the concentration and the mixture of
compounds in finite sources change over time.

For example, consider a finite odor source that consists of two compounds, A
and B. Furthermore, consider that the volatile nature of compound A is three times
greater than compound B. In this simple case, the concentration of compound A
will be depleted faster over time than the concentration of compound B. Thus, the
mixture of the two compounds in the odor plume will also change as the source
ages. As long as compounds remain in the original odor source, there will be an
odor plume downwind, but the relative ratios of compound A and B will change
over time. This is not the case for infinite odor sources.

Thus, the first axis of odor plumes can be those with finite odor sources or
those with infinite odor sources.

2.2.2 Source Composition
The second axis of odor plumes revolves around the source composition. As
noted above, humans are complex sources of odors consisting of VOC molecules,
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droplets or aerosols, and particles. For the purpose of this categorization, parti-
cles are large enough and gravity strong enough that particles like skin rafts are
unlikely to play a significant role in the creation of odor plumes. This leaves two
diverse types of odor plumes and, unlike the finite and infinite, a possible combina-
tion of both. With molecular plumes comprised primarily of VOCs, the dominant
dispersal mechanics associated with this plume will be bulk flow and turbulence.
Plumes composed of primarily aerosols will be dispersed by a combination of flow
for smaller aerosols and droplets and gravity for larger ones. Finally, plumes con-
sisting of both VOCs and aerosols will be dispersed downwind by both flow and
gravitational forces.

223 A Plume System for Training Dogs

Finally, we can combine these two different plume axes to create a matrix of plume
types. The importance of these plume types resides in the changes in chemical
concentration and composition as the plume ages (either downwind or through
time) and as the plume is dispersed.

Finite molecular plumes: These are plumes primarily composed of VOCs ema-
nating from a non-living source. These plumes are generated by biological stains,
inanimate objects like clothing and articles a person has dropped or thrown away.
The concentration and relative composition of these plumes are based on the orig-
inal sources size and the types of chemicals being volatilized. Small sources, such
as skin rafts and blood spots will lose compounds rather quickly (minutes to hours)
and the relative composition of the odor plume will also change given the small
source concentrations and differences in rates of volatilization. Larger sources
such as clothing will last longer given the large concentration of chemicals in
the original source of the odors. Both sources of these plumes are also subject
to photooxidation (breakdown of chemicals exposed to sunlight), oxidation, and
other mechanics of decay that impact chemicals at the source. Still, as long as the
source exists, there will be an odor plume moving downwind of the source.

Infinite molecular plumes: These plumes arise from either living sources or
sources so large that they can be considered infinite compared to the rates of
volatilization of chemicals in the source. Because the concentration of chemicals
in the source is constantly being replaced through metabolic processes, the rela-
tive concentration of chemicals being liberated into odor plumes remains largely
unchanged. Thus, the relative ratios of chemicals in the odor plume as it moves
downwind or even as the age of the plume changes remain constant. Within search-
ing contexts, these plumes will have a stable ratio of odors contained in the plume
compared to finite molecular plumes. It is important to note that the concentra-
tion of source chemicals can change through time as the quality of human scent
changes with diet, age, health, and even with stress. Although infinite molecular
plumes move as a singular plume downwind, differences in the chemical proper-
ties of odorants may cause some molecules to get entrapped in the environment
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due to adsorption onto surfaces and structures in the environment or some odor-
ants may have different rates of decay as they move downwind. These processes
are relatively slow compared to the transport mechanics of turbulence and flow.

Infinite aerosol plumes: Droplets, particles, and aerosols given off by living organ-
isms can be dispersed by flow mechanics but are subject to gravitational forces
because of their size. As in the previous two plumes, the composition of chemi-
cals in the source may change due to diet, health, age, or seasonality. Unlike the
previous two plumes, these particles do not move together as they are dispersed
downwind and by gravitational forces. These plumes consist of droplets and par-
ticles ranging widely in size and shape and as such, gravity will act differentially
on the particles. The particles will be deposited in a size-sort manner with larger
particles being closer to the source of the droplets and smaller particles being
transported longer distances away before settling out from the plume. Because of
these gravitational mechanics, the relative ratio and concentration of odorants will
vary greatly as a function of distance (or age) from the odor source. In this man-
ner, finite aerosol plumes are similar to finite molecular plumes in regard to the
change in concentration and ratios within the plume.

Finite aerosol plumes: These plumes would consist of a set concentration of
droplets being released from a non-living source. It is possible that plumes like this
exist as in raindrops that form on leaves or a person walking through a forested
area. In these situations, the odor sources are finite. As the rain ends, the formation
of droplets on leaves or grasses also ends. For a person walking through soil set-
tings, the aerosols liberated by the interaction between the footfall, water or dew
on plants, and the crushed plant elements form miniature finite aerosol plumes. As
the person moves on, the particular source also moves in space and time. Given
the nature of settling for these particles, it is possible that finite aerosol plumes are
important for very small droplets, but as far as dog searches over larger distances
are concerned, these plumes are unimportant.

3 Humans as Scent Source

When looking for a person, dogs use the erratic scent plume from a person on the
breeze. They “air scent”: holding their heads up in the air, taking extremely long
inhalations whilst breathing out through their mouths, they work upwind toward
their scent source, a human being—human scent.

Although recent chemical analysis of human scent has focused on VOCs pro-
duced by people as a primary scent source (Curran et al. 2007), human scent had
been characterized as a combination of volatiles and skin rafts since Syrotuck pub-
lished his “Scent and the scenting dog” in 1972. Results obtained from the study
of infectious diseases, focusing on microbial clouds and aerosols, have recently
spiked, and can now be added to form a more complete picture. Let us look at
these different groups more closely.
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The skin is a major source of volatiles emitted by people. Stoddart described
this in his book titled “The Scented Ape—the biology and culture of human odor”
(1990). People have several types of glands that are unevenly distributed over the
body: eccrine glands for thermoregulation all over the body, apocrine glands con-
veying sexually interesting information mainly in the armpit and groin regions, and
sebaceous glands conveying individuality everywhere a person has hair (so not on
the palms of the hand or soles of the feet). The main products of these glands
(water, cholesterol, and sebum, respectively) are basically “odorless” but skin bac-
teria break them down into smaller, more volatile molecules that contribute to our
odor signature. Recently, it has also been shown that higher ozone concentrations
lead to increased VOC production (Gao et al. 2015).

Odor signatures are studied by several research groups in different countries,
and with technology developing further, a clearer picture is developing. Different
body parts emit different odor signatures, which fits in with the uneven distribution
of the glands over our bodies: hands only have eccrine glands, whilst armpits have
all three. Although odor signatures consist of the breakdown products of bacteria,
people have quite stable skin bacteria populations (that are difficult to change
even if you wanted to) and the resulting signature is very different between people
(Schoon et al. 2009). Based on such profiles, people can be reliably differentiated.
The odor signatures seem to be quite stable (Prada et al. 2014), but a recent study
(Gokool 2022) showed that the longer apart (up to 35 days was tested) samples are
collected, the more different they become. Studies have also shown that there are
systematic differences in VOC composition between men and women and between
ethnic groups (Colon-Crespo et al. 2017), and since gland productivity is also
linked to age, age differences are also apparent in odor signatures (Haze et al.
2001). Airborne chemicals also differ with the emotional state of people (Williams
et al. 2016), perhaps serving as a “danger” signal for other people.

In summary: the human skin can be categorized as an infinite source of VOCs
and people have uniquely different odor signatures, although they slowly change in
time and there are some common factors between groups of people. Since people
usually have a temperature of around 37 °C, these volatiles are emitted in a steady
stream.

Besides these skin volatiles, volatiles are also emitted by the lungs. Exhaled
breath is a mixture of nitrogen, oxygen, carbon dioxide, water vapor, inert gasses,
and hundreds of volatile compounds (de Lacy Costello et al. 2014). In a study on
metabolite plumes emitted by trapped people (Huo et al. 2011), carbon dioxide,
ammonia, and acetone were found to be reliable indicators of life. The spread of
carbon dioxide was influenced by water in the debris. Huo found higher levels of
ammonia than previously reported in breath, and the conclusion was that it was
also emitted by the skin. The amount decreased during sleep. The concentration
of acetone in breath varies widely: between people, but also within a person with
diurnal and dietary effects (Spanél et al. 2011).

From an odor availability point of view, it is important to conclude that although
a stable indicator, carbon dioxide is said to be odorless at low concentrations, and
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that the levels of ammonia and acetone were very variable, on top of a very variable
VOC composition that differed between people and in time.

The skin VOCs and breath volatiles spread following the rules described in the
theoretical section above. The source of the odors is infinite as long as the per-
son remains alive and in place, and the released volatiles follow the rules of flow
dynamics. This would imply that the odorant signature travels, as a whole, roughly
downwind in a heterogeneous plume, gradually diluting as the plume widens.
However, there are several factors that lead to changes in odorant signature with
increasing distance:

e [ocal conditions may lead to VOCs and other volatiles being selectively
adsorbed to the environment, which could lead to a change in the relative pro-
portions of the components in the air, and thus change the odor signature with
increasing distance.

e Differences in solubility between VOCs can have an effect in moist environ-
ments when some VOCs dissolve and others do not.

e Another factor is the degradation of VOCs through a reaction with ozone in the
air. Different VOCs do this in different degrees (Carter 1994). This process is
stimulated by UV radiation, so this will occur more on a sunny day than on a
shady one and is also influenced by rain and humidity. This degradation also
leads to differences both in quality and quantity of the odor signature with time/
distance from the source.

Besides volatiles produced by bacterial breakdown of skin gland products and
breath, skin rafts also spread VOCs. Syrotuck (1972) described rafts as cornflake-
shaped flakes that were consumed by resident bacteria producing such VOCs.
Eckenrode et al. (2022) described rafts (which they more correctly called “cor-
neocytes”) in much more detail, showing how VOCs contained within the keratin
structure could be released at a later moment in time when the keratin structures
degraded as a result of bacterial activity or environmental processes. Besides this
release of VOCs that originated from the human body, new VOCs are thought to
be produced through bacterial metabolism as a result of bacteria consuming the
rafts.

The rafts themselves are 30-50 micron in diameter and 1 micron thick (Piérard
et al., 2015), making them particles so they do not spread following the laws of
flow dynamics. Aerodynamic qualities of their shape and gravity determine their
spreading. In essence, they do not move very far before they settle, and they can
settle in uneven concentrations, similar to leaves in the fall. Each raft in itself is
a finite source of VOCs. Within its lifetime, the resulting odorant signature will
vary, depending on local conditions for the raft and bacteria on it. At a higher tem-
perature, the VOCs emitted directly from the raft will be depleted more quickly
than at a lower temperature because of increased bacterial activity. As tempera-
tures increase and conditions begin to dry, bacterial activity may become limited
changing the odorant signature. In another scenario, a temporary drop in temper-
ature will decrease both the volatility of the already present VOCs and decrease
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bacterial activity, but both may revive when the conditions improve (higher tem-
perature and humidity), leading to a temporary lull in the production of odorants.
Once the bacteria have consumed the raft, they no longer produce volatiles but go
into a resting phase. Rafts are therefore finite sources of VOCs and since they do
not travel far they are present close to the person (or deposited along a path they
have travelled; this will be discussed later).

Another odor source people emit is aerosols. Humans emit aerosols directly
through coughing and sneezing, but also by simply talking. Studies have shown
that there are major interpersonal differences and that the volume of our speech
impacts the number of aerosols we emit (Asadi et al. 2019). These tiny (1 micron)
aerosols can carry viruses and bacteria and contain proteins and non-volatile
metabolites. Smaller particles remain buoyant for a longer period of time and
thus aerosols travel farther downwind than the larger rafts. Still, these aerosols
are subject to gravity and degradation. They can be breathed in easily (which is
how diseases get transmitted), and they may release odorants outside and inside
the nose.

The total result of VOCs, skin rafts, and aerosols emitted from the human body
and spreading has consequences for the availability of odorants for a searching
dog. In essence, it follows that the amount of odorant information increases as
the dog gets closer. At a great distance, there will be some VOC information, but
this may be selectively diluted due to the adsorption of volatiles to the environ-
ment and may consist in part of degradation products of the original volatiles. As
the dog nears an odor source, the VOC odorant profile will become less diluted,
fresher, and more complete. Closer by, information from aerosols is added, and
even closer the information from skin rafts is added as well, completing the full
odorant signature of the person. A visual analogy would be that far away, you see
something moving, closer by you see it is a happy person dancing, and when you
get even closer you can see it is a middle-aged man wearing a raincoat and boots.
Environmental conditions also impact the availability of the odorants. The visual
counterpart of this would be wisps of mist clouding the view.

4 Articles as a Scent Source

In the course of locating people, dogs can come across articles that people have
dropped. These articles can provide valuable information in search and rescue or
tracking operations—the person came along this path, so the dog is on the right
track. These articles have been handled by a person, so their scent is on them.
What does this mean in terms of odor availability for the dog?

Whenever you touch something, you leave skin residue. This consists of water,
lipids, amino acids, and inorganic salts, as separate chemical components but also
as rafts. There is a limited amount of this residue left on the article, and therefore
as an odor source, it is finite. This is in contrast to a human being who continually
produces volatiles, skin rafts, and aerosols.
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Besides being finite, the skin residue interacts with the article material. As a
result of this interaction, some components are adsorbed more strongly than others,
leading to differences in the odor signature in the vapor phase. For example, several
studies have been done as part of optimizing human scent sampling and significant
differences have been found between different textiles (Prada et al. 2014). Similar
studies using blood residue have shown differences in odorant profiles through
interaction with porous and non-porous materials (Rust et al. 2016).

Since the source is finite, the more volatile components will evaporate first,
leaving the less volatile ones to disperse more slowly. Aside from this, microbial
activity may serve to degrade the residue. This has a significant effect on the odor
signature in time, as was shown by Filetti et al. (2019): whole classes of com-
ponents disappeared before the articles were 10 days old, leaving only aromatic
hydrocarbons, fatty acids, and amines being released from day 10-15.

Environmental circumstances, like temperature and humidity, have a signifi-
cant effect on chemical alteration of an odor source. This effect can be direct, for
example, higher temperatures and wind lead to faster evaporation, or indirect, for
example, influencing moisture and temperature conditions for bacterial activity.
The impact of raindrops may lead to aerosol formation, releasing volatiles into
the air when it is light rain, but heavy rain may wash away residue, depleting the
article as a source of scent.

The total result of this process is similar to that of human beings in that the
closer the dog gets to the article, the more complete odorant information becomes
available. However, the scale of this change is much more limited as a result of
non-proportional availability of the odor signature due to interaction with the arti-
cle material, differences in vapor pressure of the different odorants, and differences
in degradation by microbial activity. This also implies that even at close range, the
odor profile coming off from such an article will differ from that of the live human
who touched it.

5 Track as a Scent source

When following the path a person has walked, people use the words “tracking”
and “trailing” to describe what the dog is doing and what scents it is following.
The precise definitions and interpretations of these terms vary.

Syrotuck (1972) described these terms based on the dog’s observable behavior.
A tracking dog works in a very characteristic head-down posture, indicating almost
each of the subjects’ footsteps, not varying more than one or two feet away from
them. He defined a trailing dog as being able to work some distance from the
track, overshooting some corners and cutting others, and assumed the dogs were
more oriented to the rafts fallen beside the track. He also defined air-scenting dogs
as working with a characteristic head held high, searching for scent in air currents,
and completely ignoring ground deposits or airborne scent from the tracks.
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Jeff Schettler’s (2013) definition of tracking seems in line with this, but he links
available odorants to his definitions. When tracking, the dog’s nose is in the tracks
made by a human on a soft surface. By this definition, tracking is impossible on
the hard surface of urban environments since there is no ground disturbance there.
His definition of trailing combines Syrotucks trailing and air scenting into one. He
describes trailing as a dog following a particular human scent pattern wherever
it might lie—on the ground or in the air—so “scent specific,” following that one
particular person based on their unique scent profile.

In this chapter, we are examining tracks from the viewpoint of the availability of
odorants—depending on where these tracks were laid, environmental conditions at
the time, and the effect of aging. Taking this approach, the model Syrotuck set up
in a time when understanding of human scent was in its infancy, is still very valid.
He described three main groups of odorants: “crushed plant vapor” as odorants
coming from physically broken bits and pieces a person has stepped on (think
of grass being mown); “vegetative scent” as odorants arising from the surface
as a result of bacterial life in a changed biological environment striving toward
a new equilibrium (footsteps releasing nutrients—changing water/air availability
etc.); and “human scent” as residue the person leaves behind (skin rafts).

Combining this with current knowledge, the presence of crushed plant odorants
is clearly apparent in areas where there is vegetation (dead or alive). However,
physical abrasion of lichen on hard surfaces may also produce an odorant peak
(Garcia-Plazaola et al. 2017), as may the shifting of pebbles or seashells on a
path. Some research has been done on the release of odorants from mowed grass
(Harvey et al. 2014). Mown grass clippings emit a class of VOCs called Green
Leaf Volatiles (GLV), and some of these react with ozone to produce aerosols.
These GLVs changed over the 60 min Harvey studied them in response to dif-
ferent conditions. The short peak of crushed plant odorants Syrotuck described is
therefore dependent on the degree of abrasion (i.e., weight and shoe profile of the
tracklayer), it may be more widely available than only on grass/soft surfaces, it
may last longer than Syrotuck thought depending on what was broken, and the
signal may change with time depending on the availability of ozone and other
environmental conditions.

Vegetative scent caused by ground disturbance leads to all kinds of changes.
Syrotuck described this in terms of bacteria that multiply as a consequence of
ground disturbance. Ground disturbance caused by a footstep causes the release of
nutrients, changes the availability of oxygen, and may push water to new places.
As a result, the footstep leads to changed circumstances for bacteria that can
begin to multiply, and thus to a change in VOCs being released. However, the
disturbance has more effects. For example on insects; when disturbed, a particular
species of ground beetles (Anchomenus dorsalis) emit specific volatiles presumably
as a defense mechanism or some other kind of chemical communication signal
(Bonacci et al. 2011). Multiple ground organisms emit particular alcohols that are
characteristic of an “earthy” smell, and Conrady et al. (2021) found a significant
increase of these volatiles after soil disturbance. They measured for up to 60 min in
their study without finding a systematic decrease of VOCs during this time. Their
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soil disturbance was pretty massive compared to a footstep (they disturbed 3.5 L of
soil) but they conducted this study in the field and not in laboratory circumstances
which makes this study very relevant for our topic. Fungi have been shown to
emit VOCs that can be measured directly (Hung et al. 2015). These VOCs also
mediate interactions between other organisms in their surroundings, which may in
turn have an effect on odorants being released. In conclusion, Syrotuck’s idea of
vegetative scent caused by ground disturbance stands. It is however caused by a
wider group of organisms than only bacteria, and since some of these organisms
are not limited to living in soft soil, “vegetative scent” is a wider phenomenon.
These odorants are released during a longer period of time until a new equilibrium
is reached, but the available odorants will decrease and may also change during
that time.

The third main group, the available human scent, is minute compared to what is
present close to a person or on an article the person has had in his possession given
the short contact time with the soil and the brief presence of a walking person at
a particular spot. Syrotuck described this only in terms of rafts that served as food
for the resident skin bacteria. However, we now understand that rafts also carry
volatiles within them that may be released when the raft physically degrades, we
understand that environmental bacteria also feed on rafts, we know that VOCs
directly emitted from people may adsorb into the surroundings and linger instead
of being blown away and that rafts and aerosols will be deposited more closely to
the track.

Little is known about the direct disposal of odorant residue through the soles
of shoes aside from Neuhaus (1953) who experimented with butyric acid (one of
the smaller human VOCs) and calculated that this should permeate through shoes.
Hepper and Wells (2005) found that sealing off shoes prevented dogs from pick-
ing up directional cues in a track on carpet squares, leading them to conclude that
dogs used odorants that had leaked through the shoes of the person who walked
the track, but to our knowledge, this has not been validated by chemical analy-
sis. Of course, if a person stands somewhere for a longer period of time, a “scent
pool” will develop in the vicinity of the location. More volatiles seep through their
shoes, volatiles a person releases directly may get adsorbed to the surroundings,
and the larger components such as rafts and aerosols will obey the laws of gravity
and be deposited on the ground. When the person continues on his way, VOCs
may be desorbed, and rafts/aerosols resuspended depending on environmental cir-
cumstances such as wind and physical stimulation. And similarly to what happens
with articles containing human scent, the most volatile components will disappear
first since this track is a “finite source,” so the odorant profile being released in
time changes.

When walking, all three groups of components contribute to the scent track but
depending on what one is wearing and where one is walking, the relative contri-
bution to the total picture will differ. At one extreme, walking on vegetation on
soft soil in a pleasantly warm, moist environment will enhance the availability of
crushed plant odorants in the short term and the vegetative odorants caused by the
ground disturbance in the longer term, overpowering the available human scent.
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At the other extreme, walking on a dry hard surface will lead to relatively more
human odorants being available but in hot conditions, these may be depleted rela-
tively quickly. Intermediate conditions will produce other mixtures. And walking
across multiple surface types, or even moving from a shady area to a sunny area
on the same type of surface, can lead to changes in the available odorants, both
in terms of amount and quality. Even along a track on a single surface, the total
scent picture may vary since volatiles, aerosols, and particles may “heap” together
in pockets as a result of local conditions. Think of leaves heaping up in particular
spots in the fall as a result of very local wind turbulence. In consequence, the
signal along the track may vary from “huge” to “absent” and may vary in qual-
ity depending on the local surface, available microorganisms, speed the person
walked, type of shoes they wore, and many other factors described earlier in the
topic “Humans as scent source.”

Similarly to the articles as a scent source described above, environmental fac-
tors play a key role in how the scent picture on a track develops in time. Wind may
stimulate evaporation by blowing away volatiles changing the local source concen-
trations. Temperature will have a direct effect by increasing the volatility and an
indirect one by influencing the metabolism of organisms. Moisture is necessary
for microorganisms to interact with the environment and the residue, and oxygen
(or lack thereof) also affects organic life. Light rain impacting the soil generates
aerosols with the characteristic smell associated with light rain (Joung and Buie
2015), but heavy rain washes out residuals.

Changing environmental factors after the track has been laid may lead to a
temporary dip in available odorants. For example, temporary lower temperatures
(at night), or a temporary lack of moisture (extremely hot midday) may temporarily
decrease organic life activity and therefore decrease the production of volatiles. But
when circumstances change—a higher temperature when the sun comes out after
a cold night; an increase in moisture when the dew sets in after a dry day—the
system comes alive again and more volatiles are produced.

Whatever the track consists of, it is a finite source. After some time, the crushed
plants will no longer emit volatiles or aerosols. The vegetative scent that is the
result of ground disturbance will cease when a new equilibrium has been reached.
The human VOCs will have dispersed or broken down, and the aerosols and rafts
will have been degraded or consumed.

The total result of these processes is that when tracking, the dog is confronted
with a continually changing scent picture that it has to follow. In an otherwise
stable, undisturbed, and uncontaminated background, this is relatively easy since
there is nothing else and dogs are very good at “novelty detection,” or finding
things that stick out. But in more disturbed and contaminated environments the
dog has to follow a particular shade of grey, whilst this shade of grey may become
a dotted line instead of a solid one and may change hue along the way. There is
a lot of information available on tracks and we cannot say what components the
dog is paying attention to just by watching—careful testing is needed to figure that
out. The debate on how long a dog can follow a track is never-ending.
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6 Practical Conclusions

Live humans can be considered infinite odor sources, and their odors can be con-
sidered a complex source comprised of three different major sources of odors. As
outlined above, volatiles are likely the largest component. Volatiles will remain
a relatively stable (although particular environmental circumstances cause degra-
dation) and continuous source of odorants that are transported downwind by the
dynamics of air flow in a gradually widening plume with patches of higher con-
centrations. Given that the molecules are small, their movement is unaffected by
gravitational forces. Aerosols are tiny particles given off by living sources from
specific areas on the body, e.g., mouth, sweat glands. It is possible that aerosols
may also contain volatile organic compounds as potential sources of odorants.
Aerosols will be spread both by the flow dynamics of air movement as well as set-
tling dictated by the interaction between the size of the aerosols and gravitational
forces. Finally, skin rafts are larger particles of shed skin that contain VOCs as
well as the bacterial fauna present on the skin. These sources are subject to strong
gravitational forces and will be deposited relatively close to the source compared
to VOCs. These particles are dispersed mainly by the movement of the source and
not by air flow dynamics. Skin rafts are also subject to decomposition which will
liberate additional odorants after having been shed.

A person standing still will, in principle, produce these three odor sources
infinitely, VOCs spreading far, aerosols traveling less far and rafts falling close
by. An object a person drops is a finite odor source that will mostly produce
VOCs. And besides being finite, the relative concentration of different volatiles
will change as the source ages. This will happen because of differences in volatil-
ity, but also due to degradation of the human skin residue left on the object. The
VOC:s from this finite odor source will spread by flow dynamics but will gradually
fade away as the source depletes.

A person walking leaves behind a finite odor source after they have left. The
VOCs will travel away in a moving plume; the aerosols deposited slightly down-
wind are finite sources in themselves and will deplete, and the rafts settling closer
to the path are also a finite source of human scent that will deplete. Aerosols
and rafts are likely to be distributed patchily along the path. Added to this are
the VOCs that are produced by the abrasion of plants and other organic material
by the person stepping on them; VOCs that are produced by microorganisms in
response to this disturbance, and rainfall may release these odorants in the air by
generating aerosols.

Taken together, the complexity of a human odor source will increase as a dog
moves from a distant location to the source, revealing a more complete scent pro-
file the closer the dog gets. Far downwind from a stationary source, the human
odor plume will be composed of only VOCs. As a dog approaches the odor
source, aerosols along with VOCs will be contained within the mixture of odorants.
Finally, close to the odor source, the odor plume will become complete: consisting
of VOC:s, aerosols, and skin rafts.
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How much information does a dog need to be able to identify a person? Dogs
are sometimes trained to be “scent specific,” meaning they have to use the charac-
teristic individual scent of the person to follow their track, point out objects these
people have handled, and identify this person standing somewhere. Usually, this is
done by giving the dog a “smeller” as a starting scent, and the dog is expected to
match the scent in this example to whatever we want him to point out: the track,
another article, or the person himself; a typical “match to sample” paradigm. But
let us look at this problem from the point of scent availability.

Matching the scent of a “smeller” to a live human standing close by seems the
simplest, especially if the smeller is made of inert material and has been in the
possession of the person for long enough to have collected enough skin residue.
An important variable is the age of the smeller—the “fresher” it is, the closer it
will resemble the person standing there, thus making it easier.

Matching the scent of a “smeller” to that of the same person on another article
is the next step in complexity. Important variables are the degree in which the
materials of “smeller” and “article” differ (the more similar the easier), and differ-
ence in age between the “smeller” and the article (the closer in time the two were
scented, the easier).

The third step in complexity is matching a smeller, or the scent of a person
on any article, or a person directly, to a track, since the track combines human
scent with other odorants. Here it follows that tracks with less additional odorants
should be easier (meaning typical “hard surface tracks”), and the closer in age the
two are the easier it is as well.

Finding a human track is easier in areas with little disturbance than in busy
areas. Locating a specific human track is much more difficult. Human scent along
a slightly aged track is, at best, patchy. It resembles a grainy picture of the person
who walked along the path, possibly obscured by other odorants generated by
disturbances and abrasions in the environment. And like us, dogs find it easier to
recognize familiar people in such a grainy picture than unknown people. But the
true measure of what a dog is capable of may not be finding his “friend.” It may
be finding and identifying a complete stranger. Which is not easy based on a very
grainy, black-and-white, faded picture. Be aware of this! Determining what dogs
actually learn to do requires careful testing (Schoon 2022).

This also holds for identifying articles left along a path as having been dropped
there by the person whose track the dog is following. Dogs are great novelty
detectors and will pay attention to anything “new” in the environment; things that
have not blended into the general background odor. Dogs are not usually explicitly
trained to be scent specific and ignore items left by someone else during tracking
exercises—people just expect them to be able to do that. They probably could, but
did they learn to do that? Confirmation can only be had by (correctly) evaluating
the individual dog.

Looking at training exercises from the point of view of what odorants are avail-
able for a dog can help focus the dogs on what we want them to focus on. By using
unfamiliar people, we are focusing the dog to get as much odorant information as
possible. By training in varied locations and varying environmental conditions,
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we are focusing the dog on how varied in time and space human scent profiles
and plumes can be. By training on hard surfaces, we are focusing the dog on the
human scent in the track but may have to live with this only being possible for a
limited track age. By training on vegetated soft soils, we are focusing the dog on
vegetative odorants. This may not be very human scent specific, but especially in
remote areas where people tend to get lost the dog may be capable of doing very
aged tracks. By using live people at the end of a track, we are stimulating the use
of air scenting. There is no right or wrong here, it just depends on what you want
to teach the dog. So think, and then do.
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to learn complex procedures utilizing multiple memory systems. Dogs may not be
unique in their cognitive abilities (Lea & Osthaus, 2018), yet when considering
their roles in human society, dogs enjoy a privileged and important position. Dogs
serve as companions, models of human cognition and aging, and emotional support
animals. It is their highly developed sense of smell combined with their ability to
work well with human handlers that have given rise to their use in roles that
require them to detect a range of olfactory and chemical stimuli, as well as attend
to human needs.

Utilizing their primary sense, olfaction, dogs have proved reliable in a variety of
scent detection roles, including detecting pathologies such as SARS-CoV-2 (Lippi
et al., 2021) or prostate cancer in urine samples (Taverna et al., 2015), conservation
work (Beebe et al., 2016), detection and location of human remains (Riezzo et al.,
2014), and explosives detection (Furton & Myers, 2001). Relative to humans, dogs
have a larger repertoire of genes that encode olfactory receptors (Quignon et al.,
2003). The dog’s umwelt, their unique perception of the world (von Uexkiill, 1957)
depends heavily on their sense of olfaction. Dogs use smell to identify other dogs,
other animals, and humans. There is some evidence that dogs may use their sense
of smell as a self-recognition cue (Horowitz, 2017), and evidence of olfactory
dominance over other senses. In one study (Gazit & Terkel, 2003), dogs made use
of olfactory cues over visual cues when searching for explosives. Dogs and other
macrosmatics (i.e., keen-smelling species) have hundreds more active olfactory
receptor (OR) genes than humans. It is hypothesized that olfactory information is
encoded by specific receptors that respond to the chemical nature of each odorant.
The “one neuron-one receptor” rule suggests that each olfactory gene is responsi-
ble for the expression of one olfactory receptor neuron (Bystrova & Kolesnikov,
2021; Mombaerts, 2004), which in turn is receptive to a variety of odorants.

Just as it can be difficult to imagine life as a pentachromat (having five color
receptors, like pigeons), it is difficult to imagine a dog’s olfactory experience, both
in terms of the intensity of olfactory inputs and the range of smells. Therefore, it is
important to understand the cognitive processes of dogs as they pertain to olfaction
and to not treat dogs as merely better scent detectors. The best way to do this is
through careful behavioral experimentation that allows researchers to examine cog-
nitive capacities of dogs as they pertain to olfaction. Understanding the processes
underlying canine olfaction also has important applied implications. First, because
dogs are heavily relied upon in applied settings such as detection and service ani-
mals, training and performance expectations can be updated to ensure efficient
training practices and humane treatment of all working dogs (Cobb et al., 2015).
Second, dogs have also been identified as potential models for progressive human
diseases such as Alzheimer’s disease (AD) and dementia. Both AD and demen-
tia and their precursor, mild cognitive impairment, are associated with declines in
olfactory ability (Doty & Kamath, 2014; Jung et al., 2019; Windon et al., 2020)
and cognitive functioning (Murman, 2015). Cognitive dysfunction syndrome is a
similar progressive aging disease in dogs (as well as cats; Landsberg et al., 2012)
that may serve as a model for human neurodegenerative diseases (Chapagain et al.,
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2018). Understanding the extent to which dogs can serve as a valuable transla-
tional model of age-related decline in humans depends on fully understanding dog
cognition, as does maximizing their effect as service animals. This chapter will
review recent methodological advances in the study of dog cognition as it pertains
to olfaction. Specifically, we focus on the areas of memory, concept learning and
categorization, odor representation, and quantity discrimination.

1 Odor Memory

Memory research in dogs has provided valuable translational benefits for the study
of aging and neurogenerative disease. As interest in canine cognition has grown,
the study of dog memory in its own right has expanded to examine factors that
influence dogs” memory processes (Foraita et al., 2021), as well as how individual
differences relate to dogs’ ability to learn and perform various tasks (MacLean
et al., 2017).

To date, the majority of studies have used visual or visuospatial tasks to assess
dog memory (e.g., Fiset et al., 2003; Kaminski et al., 2008; Milgram et al., 1994).
However, given the importance of olfaction in dogs’ behavior and their highly
developed sense of smell (Hayes et al., 2018), as well as its relevance to detection
roles that dogs are commonly utilized for, examining dog memory through olfac-
tion may provide valuable insights. Researchers have examined various memory
systems to address basic and comparative questions about olfactory memory in
dogs as well as applied research regarding the extents and limits of detection dogs’
memory for trained odors. As declines in olfactory functioning and cognition are
associated with aging in humans, assessing odor memory in aging dogs could have
translational benefits for the study of neurogenerative diseases in humans. In this
section we will review various types of memory in dogs that have been examined
using the olfactory sense, highlighting differences in comparison to non-olfactory
modalities.

1.1 Working Memory

Working memory (WM) is a cognitive system used to hold and process a lim-
ited and temporary amount of information and is critical for executing cognitive
functions, including learning and problem-solving. In non-human animals, WM
is defined as short-term memory of a stimulus, object, or location within a sin-
gle experimental session (Dudchenko, 2004), and is measured in terms of duration
and capacity (for a theoretical review of WM in humans, see Cowan, 2017). Work-
ing memory duration refers to the amount of time that a previously encountered
stimulus is remembered in a single session. The delayed matching-to-sample task
(dMTS) is commonly used to assess working memory duration in animals (Lind
et al., 2015). In this task, a subject is presented with a sample stimulus (e.g., red
circle), after which it is removed for a delay period. After the delay, the subject is
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presented with two comparison stimuli, one that matches the sample (red circle)
and another that does not (e.g., blue square); a response to the matching compar-
ison is rewarded. By varying the delay interval between the sample presentation
and the comparison stimuli, WM duration can be probed. A subject’s WM dura-
tion is defined as the longest delay at which the subject maintains above-chance
performance in accurately choosing the matching comparison (Lind et al., 2015).

Studies involving the dMTS task with dogs have demonstrated differences in
WM durations for auditory (60 s; Kucemierek & Kowalska, 2002) and visuospa-
tial (110 s; Chan et al., 2002) stimuli. Recently, Krichbaum et al. (2021) developed
the first olfactory dMTS for dogs to assess WM duration using a potentially more
dominant stimulus modality for the species. In this task, dogs were presented with
a sample odor followed by a choice between two comparison odors, one match-
ing the sample odor (S+) and one non-matching odor (S—); dogs were rewarded
for choosing the S+. Once each dog learned to perform the MTS task with no
delay and trial-unique stimuli (i.e., each of 48 odors only appeared in one trial per
session), WM duration was probed by inserting variable delays (0-, 30-, 60-, and
90-s) between the sample and comparisons. Dogs demonstrated a typical memory
function with performance decreasing across delays and indicated a WM duration
between 60 and 90 s. To further challenge the limits of WM duration, proactive
interference was manipulated in subsequent tests by repeating stimuli throughout
the session. Proactive interference occurs when memory for earlier events in time
influences memory for later ones (Wright et al., 2012), which is minimized in
experimental settings when stimuli are trial unique (i.e., they appear once per ses-
sion) and increases when they are reused (i.e., there is repetition within a session).
When the number of odors used in each dMTS session was reduced to sets of 2 and
6 (stimuli repeated on each trial with a 2-odor set, and 8 times per session in the 6-
odor set, thus increasing proactive interference to different degrees), similar delay
functions were observed across all odor sets, and accuracy on the 48- and 6-odor
sets was comparable. However, dogs only performed significantly above chance
on 0-s delays for the 2-odor set, suggesting that the combined effect of delay
and proactive interference diminished dogs’ olfactory working memory duration
(Krichbaum et al., 2021). Figure 1 illustrates these forgetting functions. Overall,
dogs appear to demonstrate a similar WM duration for olfactory and auditory
stimuli, while studies using visuospatial stimuli report longer durations (however,
see Krichbaum et al., 2021 for an explanation of potential methodological factors
contributing to this difference).

Another aspect of WM is its capacity, or the number of items that can be
remembered in a single session. Krichbaum et al. (2020) adapted the odor span task
(OST), used in rats (Dudchenko et al., 2000) and humans (Levy et al., 2003), to
evaluate dog olfactory WM capacity. The OST is an incrementing non-matching-
to-sample procedure in which on every trial the animal has a choice between
a novel odor (S+) and an odor presented on a previous trial (S—), thus requir-
ing memory for all previously encountered odors in the session. WM capacity is
reflected by the accuracy in correctly identifying the novel odor as the number of
odors increases across the session. Krichbaum et al. (2020) initially trained dogs
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Fig.1 From Krichbaum et al. (2021) showing the forgetting functions for the 2, 6, and 48-odor
sets. As delay increases, dogs perform worse. This decrease is strongest when PI is at its highest
(i.e., 2-odor set)

in sessions consisting of 24 trials (i.e., 24 odors to remember). Working memory
capacity was then assessed in sessions where the number of odors in the ses-
sion was expanded to 36, 48, and 72 trials, increasing the length of the span of
odors that dogs needed to remember. There was no difference in overall session
accuracy across the 36, 48, and 72 trial testing conditions, and dogs maintained
above-chance accuracy on all set sizes. The study demonstrated that dogs per-
formed similarly on the OST to rats and were able to maintain high accuracy for
up to 72 odors (April et al., 2013). Krichbaum et al. (2020) conducted an additional
analysis to determine if accuracy of the OST in dogs was affected by the number
of intervening trials (i.e., the number of trials since the S— was last encountered,
an analysis similar to the n-back task used to measure WM capacity in humans;
cf., Kirchner, 1958). Krichbaum et al. (2020) found that accuracy decreased as the
number of intervening odors increased, and above-chance performance was main-
tained up to 7-8 trials since last encountered. The results of this study indicate
that the OST may be a valuable method of measuring WM capacity in dogs.

1.2 Long-Term Memory

Long-term memory refers to memory for prior events that is maintained over
extended periods of time (e.g., Cowan, 2008). In dogs, the salience of olfactory
stimuli may lead to the long-term retention of species-relevant odors that can ulti-
mately influence interactions later in a dog’s life. Understanding the extent and
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limits of long-term odor memory in dogs also has important implications for the
training of detection dogs.

Dogs’ olfactory system develops within the first few weeks post-birth (Lord,
2013). Therefore, memories regarding species-relevant odors may be formed
within the first weeks of development. Based on previous evidence demonstrat-
ing prenatal olfactory learning in dogs (Wells & Hepper, 2006), Hepper and Wells
(2006) evaluated how prenatal, postnatal, and perinatal (both pre- and postnatal)
exposure to an odor would influence long-term retention of that odor. In this study,
puppies were exposed to aniseed through the mother’s diet, either through the
amniotic fluid during prenatal development, the mother’s milk during postnatal
development, or a combination of exposure through the amniotic fluid and breast-
milk (i.e., perinatally). Puppies in the prenatal group were exposed to aniseed
during the last 20 days of gestation while puppies in the postnatal group were
exposed to aniseed during the first 20 days after birth. The perinatal exposure
group experienced both prenatal and postnatal exposure to aniseed. At 10 weeks
of age, all puppies were presented with food flavored with and without aniseed
to assess their preference. Overall, puppies with perinatal odor exposure demon-
strated a stronger preference for aniseed relative to the other groups for at least
5 weeks after the last exposure, suggesting that both pre- and postnatal experiences
may influence preferences for extended periods of time and result in long-term
changes in behavior.

Another study demonstrated long-term memory for odors experienced during
early development by evaluating kinship recognition in dogs (Hepper, 1994). At
4-5 weeks of age, puppies spent more time investigating cloths with the odor of
their siblings and their mothers relative to unfamiliar dogs, illustrating a greater
preference for the scent of both their siblings and their mother. Mothers also
demonstrated a preference for their offspring based on olfactory cues alone. When
retested after 2 years of separation, the odor preferences between the mothers and
the offspring remained, although sibling recognition appeared to be modulated by
social experiences after infancy. The extent to which kin recognition through olfac-
tion is based on long-term odor memory due to experience and associations with
individuals or whether it is influenced by the detection of genetic cues of related-
ness is unclear. However, research overall suggests that exposure to odors during
early developmental periods can result in long-term memory for those odors.

Long-term memory can also be assessed by measuring responses to repeated
stimuli (e.g., habituation or sensitization; Squire & Zola, 1996). This type of test
is based on the spontaneous tendency to explore items less as they become familiar
across repeated exposures and to show more interest in exploring novel stimuli.
Thus, decreased exploration of a familiar stimulus indicates recognition of that
stimulus. In dogs, one study evaluated odor recognition by presenting familiar and
novel odors to dogs and measuring the time spent investigating each odor (Salvin
et al., 2012). The results showed that dogs habituated to a novel odor (male con-
specific urine sample) after two presentations (i.e., investigation time significantly
decreased between the first and second presentation of the odor). The authors also
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observed a trend indicating that older dogs demonstrated less habituation rela-
tive to young and middle-aged dogs, possibly demonstrating age-related memory
decline. However, when Salvin et al. (2012) presented dogs with a novel odor to
measure dishabituation effects, only half of the dogs showed a novelty response to
the unfamiliar odor. These results are potentially due to the sample of dogs tested
being detection dogs, which are often discouraged from investigating urine in their
environments. Therefore, this study presents evidence that memory for odors may
be assessed in dogs through habituation to previously presented odors, but more
research with different populations of dogs is needed to demonstrate this effect
more clearly.

Other studies measuring long-term olfactory memory in dogs have examined
the potential limits of long-term memory for trained odors. Studies have used a
variety of retention intervals to measure long-term olfactory memory for previ-
ously trained odor discriminations, reporting high performance on memory tests
after periods of 6 weeks (Wright et al.,, 2017), 69 days (Lubow et al., 1973),
4 months (Johnston, 1999), 233 days (Lo et al., 2020), and 1 year (Lazarowski
et al., 2021a, b; Waggoner et al., 2022). Results from these studies have also found
that long-term memory for odors is not influenced by the number of intervening
odor discriminations learned as additional discriminations are trained, with dogs
demonstrating equivalent performance for discriminations learned early and later
in training (Lo et al., 2020; Williams & Johnston, 2002; Waggoner et al., 2022).
Thus, dogs’ long-term odor memory does not seem to be susceptible to retroactive
interference in these cases (i.e., the memory of an event affected by memories of
more recent items or events). Comparative tests between species have also shown
that dogs outperformed both rats and humans on the same odor memory test (Lo
et al., 2020).

Such research also has practical applications to the training of detection dogs.
Detection canine training is often challenged by constraints on time and access to
training locations and materials. Therefore, how long a detection dog can remem-
ber odors is important for informing training practices and allocating resources
towards maintenance training. Lazarowski et al. (2021a, b) assessed whether detec-
tion dogs could accurately locate a set of explosive odors after a period of 1 year
without exposure to those odors. More importantly, the study examined the effec-
tiveness of minimal maintenance training that utilized a non-hazardous odor that
could safely and easily be used in a variety of training settings. In this study, two
groups of detection dogs were trained to detect 10 different target odors followed
by a 12-month period in which one group received once-a-month maintenance
training with only one of the odors from the initially trained set, specifically a
non-hazardous (i.e., non-explosive) odor. The other group did not participate in
any odor-detection activity during the maintenance period. All dogs were then re-
tested on the previously trained target odors not experienced in 12 months. Dogs
that received no odor training across the 12 months recognized the odors with
moderate accuracy (85%), whereas dogs that received maintenance training with
the single odor demonstrated nearly perfect recognition for the other 9 target odors
not experienced in 12 months. The results of this study indicate that dogs are able
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to remember odors fairly well after extended periods and that minimal mainte-
nance training with a single odor can sustain long-term memory at high levels for
other odors not used in maintenance training. Importantly, the single maintenance
training odor was a non-hazardous odor unrelated to the training explosives, sug-
gesting that safe “surrogate” odors can be used for the maintenance training of
detection dogs when access to hazardous materials may be limited.

Recently, our laboratory assessed long-term retention for previously learned
rules rather than specific stimuli. Using a convenience sample of dogs previously
trained for dMTS and OST procedures described above, we re-tested 9 of the
original dogs in the dMTS (n = 3) and OST (n = 6) studies after an average
of two years (1-3 years) since their last session. Dogs had engaged in routine
odor detection tasks but had not participated in dMTS or OST procedures since
the conclusion of the previous studies. To test long-term memory for the matching/
non-matching rules, we replicated the last test session that each dog had performed
1-3 years prior. Our results (unpublished) demonstrated that two out of three dogs
reassessed on MTS performed significantly above chance, while only one dog
that was reassessed on the OST scored significantly above chance. Together these
findings suggest that dogs are able to remember task procedures and associated
rules for extended periods with no practice.

Overall, research indicates that long-term odor memory in dogs is particularly
robust and resilient to extended periods of time and interference, possibly due to
the sophisticated nature of the dog olfactory system and the enhanced salience of
odors for the species. Dogs not only remember odors experienced during critical
periods of early development for extended periods of time, but long-term memory
for trained odors has also been demonstrated in a number of studies. These results,
along with findings indicating dogs’ long-term memory for task procedures involv-
ing olfactory stimuli, could help inform decisions regarding training practices for
specific detection tasks.

1.3 Episodic Memory

Episodic memory is a form of long-term memory that includes encoding infor-
mation related to specific events that an individual experiences. Because these
memories are associated with an event in the past, individuals must not only
remember what happened during the event but also where and when it occurred.
These pieces of information (what, where, when) must also be bound to memories
of a specific event, and not derived from other sources.

Episodic memory research in dogs is only in its initial stages, however it seems
dogs can remember the “what” and “where” of specific events (Kaminski et al.,
2008; Fujita et al., 2012). One study has attempted to demonstrate episodic mem-
ory using olfactory stimuli in dogs. Lo and Roberts (2019) used a what, where,
and when (WWW) task that utilized four different boxes with various odors (i.e.,
what) that were placed in separate locations (i.e., where) and visited at differ-
ent times (i.e., when). In the first experiment, dogs were presented with all four
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boxes at specific locations and times. The dogs were then shown the first and last
box simultaneously and only rewarded for choosing the first box. Even when con-
trolling for handler cues, dogs demonstrated high accuracy on the WWW task.
However, because dogs were only ever presented with the first and last box, they
may have only remembered one stimulus (i.e., the odor from the first box) and
ignored all other events and cues. As a result, the authors ran a second experi-
ment in which any of the four boxes could be presented during the test phase, and
dogs were always rewarded for picking the box visited earlier in the sequence.
Dogs were able to meet criteria on average in six test sessions, demonstrating high
performance overall. The authors conducted two additional experiments to deter-
mine what strategies dogs could be using to solve this task by running tests that
forced dogs to use specific components of episodic memory (i.e., a what-when
test that eliminated the use of spatial information). Dogs continued to perform
well on the WWW task even when tested on various components separately, indi-
cating dogs are likely using all three components of episodic memory to solve
the task. While this study provides evidence that dogs may have episodic memory
for olfactory cues, additional research is needed to determine if memory for the
“what,” “where,” and “when” of an event is encoded into one single memory or
if dogs remember all three components separately. Outside of olfaction, Fugazza
et al. (2020) report that dogs seem to exhibit episodic memory for their own spon-
taneous actions. Dogs were trained to repeat a set of behaviors when given a
command (“repeat”). Not only could dogs learn to repeat the trained set of behav-
iors, but most could also repeat untrained but recognizable and discrete behaviors
that had been untrained when commanded to repeat. It has been suggested that
these sorts of “surprise” tests represent episodic memory, as they are more likely
to rely on incidentally encoded memories that would have to be remembered in an
episodic-like manner (Zentall et al., 2008).

1.4 Context-Dependent Memory

While the majority of odor memory studies in dogs have focused on assessing
memory processes in dogs using odor stimuli, another approach is to evaluate
how odors can serve as contextual cues for memory retrieval. Human research
has demonstrated the powerful impact that odors can have on the formation of
our memories, but little research has investigated these effects in dogs. Quaranta
et al. (2020) used a spatial learning task in which dogs were required to remember
the location of five rewards they had observed as they were hidden in different
locations. During the memory encoding phase, the odor of vanilla was dispersed
in the environment and dogs were allowed to investigate until they located all of
the hidden rewards. Dogs were then bro